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CHAPTER 1

Introduction

Simple phenomena of magnetism have been recognized from earliest times, due to its observable macro-
scopic effects, e.g. the attraction to certain metals. [1] Nevertheless, a deeper understanding of mag-
netism was not conceivable until the advent of modern principles of quantum mechanics. [2–4] Nowa-
days, the research area of magnetism is tremendous and strongly interdisciplinary, combining different
fields of chemistry and physics. From a chemist’s point of view, the research area of magnetochemistry
deals with molecular magnetism and its attendant phenomena. [5–7] For a complete understanding of
complex magnetic systems and magnetic behavior, results are not only generated in the laboratory by
experimentalists, but increasingly also in silico by theoreticians with the help of computational chem-
istry. This ’computational magnetochemistry’ [8] complements experimental results and allows detailed
investigations of properties at a molecular level by high-level theoretical calculations.

In the scope of this thesis, theoretical contributions to two forefront research fields of modern magne-
tochemistry are presented: (i) single-molecule magnets and (ii) quantum bits. In the following sections
1.1 and 1.2, respectively, both research areas are briefly introduced. In the end, a short summary of
theoretical methods of the computational magnetochemistry is given in section 1.3, which have been
employed for this work.

1.1 Single-molecule magnets

Single-molecule magnets (SMMs) are one particular class of molecular magnets that have attracted in-
creasing attention in recent years. [9–21] The motivation of this research area is to find suitable molecules
that display a remanent magnetization. This makes these molecules nanomagnets and thus, poten-
tially appealing for high-density data storage in the future. In theory, a remanent magnetization can
be achieved by the design of bistable magnetic states which are separated by an energy barrier, the
so-called spin reversal barrier Ueff. By applying an external magnetic field (magnetization process),
one of these two magnetic states becomes energetically favored due to the Zeeman splitting. [22] In an

1



1.1 Single-molecule magnets

ensemble of molecules, this leads to an unequal population of the initially equally populated magnetic
states, which in turn results in a macroscopic remanent magnetization. This remanent magnetization,
however, diminishes over a certain period due to a relaxation of magnetization like in old magnetic
tapes used for audio or data storage. [23] As an example, Figure 1.1 shows the normalized relaxation of
magnetization at a constant temperature. The rate of relaxation is characterized by the relaxation time
τ . At t = τ approximately 37 % of the initial magnetization has already vanished due to the exponential
decay. Consequently, an infinite relaxation time τ → ∞ would classify an ideal SMM. In addition, the
relaxation time is strongly temperature dependent. If one assumes that the only possible relaxation
pathway is over the thermal barrier, the temperature dependence of τ for such a system can be de-
scribed by τ (T ) = τ0 exp (Ueff/kBT ). [24] The parameter τ0 describes the relaxation time at T = Ueff/kB.
However, it might be easily misleading, since even high-temperature SMMs exhibit τ0 values in the
order of picoseconds due to huge effective barriers (Ueff/kB > 1000K). [25,26]

This raises an important question, namely, what represents the spin-reversal barrierUeff in a molec-
ular compound. From an experimentalist’s point of view,Ueff represents the barrier that was obtained,
e.g., by a fit of temperature-dependent relaxation times with the help of a phenomenological fitting
formula. [24] From a theoretical point of view, Ueff cannot directly be obtained, however, an energy
spectrum of spin–orbit coupled magnetic states can be calculated by ab initio methods that might cor-
relate a theoretical barrier U0 to an experimental value Ueff (see section 1.3).

The fundamental design principle of SMMs is based on an easy-axis type of magnetic anisotropy (for
depiction see Figure 1.2). This anisotropy corresponds to an easy axis of magnetization (large Zeeman
splitting) in one direction combined with a perpendicular hard plane of magnetization (small Zeeman
splitting). Consequently, by applying an external magnetic field an anisotropic Zeeman splitting of
the magnetic states is obtained. In this respect, the opposite easy-plane type of magnetic anisotropy
is unfavored for the design of SMMs and represents in one direction a hard axis of magnetization
combined with a perpendicular easy plane of magnetization (see Figure 1.2).

Unfortunately, there is no strict definition of what qualifies a molecule to be an SMM. Only a mi-
nority of published SMM compounds really show an open hysteresis in magnetization experiments, i.e.
a remanent magnetization, and thus, act as nanomagnets. In reality, compounds with a distinct mag-
netic anisotropy are usually reported as SMMs. With the tremendous expansion of SMM research over

Figure 1.1: Normalized relaxation of the mag-
netization in dependence on t/τ .
The red dotted line marks the start-
ing point where the external mag-
netic field Hdc is removed.
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1.1 Single-molecule magnets

easy axis
дx = дy , дz
дx ,дy < дz

isotropic
дx = дy = дz

easy plane
дx = дy , дz
дx ,дy > дz

Figure 1.2: Different types of ideal magnetic single-ion anisotropies. The colored arrows represent the magnetic
axes and their ease of magnetization (blue – easy axis; pink – intermediate axis; red – hard axis).

the years, further subcategories like single-ion magnets [27–31] (SIMs) and single-chain magnets [12,32–35]

(SCMs) were introduced. In this respect, the term single-ion magnet is used for SMMs containing only
a single paramagnetic ion, whereas single-chain magnets describe 1D coordination polymers of mag-
netically coupled anisotropic spin centers. Interestingly, even single metal ions can act as nanomagnets
(’single-atom magnets’) as recently shown for holmium(iii) ions deposited on a MgO surface. [36,37]

For the basic design of SMMs it is of considerably interest to stabilize magnetic states which exhibit
a high magnetic anisotropy. This can be achieved by maximizing the total angular momentum J and
at the same time stabilizing the corresponding spin–orbit coupled magnetic states

��J ,mJ = ±J
⟩

in the
ground state. Hence, the late 3d transition metal ions and trivalent lanthanide series with their elec-
tronic configurations of [Ar] 3d6−9 and [Xe] 4f8−13, respectively, are of great interest, since these ions
potentially show the largest angular momentum J according to Hund’s rules. [38] Corresponding late
4d and 5d transition metal ions are less fruitful for the design of SMMs, since they tend to favor low-
spin configurations, due to an even larger ligand-field splitting. [39] Nonetheless, a small number of 4d
transition metal-based SMMs have been published in the last years, however, most of them are polynu-
clear complexes containing trivalent lanthanides. [40–43] Table 1.1 lists selected metal ions together with
the maximum possible values for the spin, angular momentum, and total angular momentum. As a
result, for the 3d metal ions cobalt(ii) shows the largest Jmax value of 9/2, whereas all of the late triva-

Table 1.1: Properties of selected late 3d and 4f paramagnetic metal ions.

Electronic configuration Typical metal ions Smax Lmax Jmax Ground state multiplet

[Ar] 3d6 iron(ii) 4/2 2 8/2 5D
[Ar] 3d7 cobalt(ii) 3/2 3 9/2 4F
[Ar] 3d8 nickel(ii) 2/2 3 8/2 3F
[Ar] 3d9 copper(ii) 1/2 2 5/2 2D

[Xe] 4f8 terbium(iii) 6/2 3 12/2 7F6
[Xe] 4f9 dysprosium(iii) 5/2 5 15/2 6H15/2
[Xe] 4f10 holmium(iii) 4/2 6 16/2 5I8
[Xe] 4f11 erbium(iii) 3/2 6 15/2 4I15/2
[Xe] 4f12 thulium(iii) 2/2 5 12/2 3H6

[Xe] 4f13 ytterbium(iii) 1/2 3 7/2 2F7/2

3



1.1 Single-molecule magnets

lent ions with the exception of ytterbium(iii) already posses a larger possible Jmax value than cobalt(ii).
Therefore, it is not surprising that a large number of SMM compounds contain cobalt(ii) or trivalent
lanthanide ions (vide infra). The ground state multiplet for the late trivalent lanthanide ions reaches the
maximum value of Jmax, due to the much stronger spin–orbit coupling as compared to the ligand-field
splitting in those compounds (’weak field limit’). [44] In case of the 3d transition metal ions, the ligand-
field splitting is much stronger and the orbital momentum contribution is often quenched (L < Lmax)
resulting in a total angular momentum J that is significantly smaller than Jmax. The quenching of the
orbital momentum is based on a lowering of the molecular symmetry, i.e. on the coordination envi-
ronment and its geometry. For instance, in case of cobalt(ii) the maximum orbital momentum of L = 3

can only be obtained in linear coordination geometries. [45]

The compound [Mn12O12(CH3COO)16(H2O)4] · 2 CH3COOH · 4 H2O
(
denoted as {Mn12}

)
is supposed

to be the first reported SMM. [46–49] This complex exhibits an S = 10 ground state due to antiferro-
magnetic exchange between the eight manganese(iii) and four manganese(iv) ions. As one of the
consequences of the discovery of {Mn12}, early scientific attempts in SMM research trended towards
maximizing the total number of spins even further. Thus, larger polynuclear SMMs on the basis of
the {Mn12} prototype were published over the years. [50–52] But even these large polynuclear systems
showed rather poor SMM behavior in terms of their spin-reversal barrier

(
{Mn12}: 64 K; [53] {Mn30}:

15 K; [51] {Mn84}: 18 K [52]) . Consequently, the concept of generating SMMs with a large number of
spins S was abandoned. Instead, theoreticians suggested a reduction of paramagnetic centers and the
tailoring of donor of environments that generate and stabilize high magnetic anisotropies. [54]

In this context, cobalt(ii)-based SMMs have attracted attention in recent years. Besides the potential
high magnetic anisotropy, cobalt(ii) complexes exhibit a large variety of coordination geometries where
tetrahedral and octahedral coordination spheres are preferred. Initial works on cobalt(ii) SMMs were
focused on tetranuclear cobalt(ii) cubanes. [55–57] Later on, a large number of tetrahedral and pseudote-
trahedral mononuclear cobalt(ii)-based SIMs have been reported [58–77] and these clearly outnumber
the amount of cobalt(ii) SIMs possessing an octahedral coordination sphere. [78–82] The large amount
of published cobalt(ii) SIMs goes hand in hand with a notable number of reported magneto-structural
correlations for these systems. [73,76,83,84] In the scope of this thesis, section 2.1 presents computational
studies and theoretical trends on two cobalt(ii) SIMs with a high distortion of their donor environment
to elevate their effective barrier. The tuning of the magnetic anisotropy by introducing strong axial
donors in case of cobalt(ii) is, unfortunately, limited. Strong donors lead to short Co–X bond lengths
(X – donor atom) and to a stabilization of low-spin cobalt(ii) with S = 1/2, due to the significantly smaller
ionic radius of low-spin cobalt(ii) as compared to its high-spin pendant (effective ionic radii when six-
coordinated: 65 pm for low-spin; 75 pm for high-spin). [85] As an example, cobaltocene derivatives are
known to show a low-spin configuration and thus, are not suitable as SMMs. [86,87] Furthermore, strong
donors can promote an oxidation and stabilization of diamagnetic low-spin cobalt(iii).

Besides manganese and cobalt, other 3d transition metal containing SMMs have been found. An
octanuclear iron(iii) system was an early example in addition to the {Mn12} prototype and has been
investigated in detail. [88,89] Nowadays, a huge variety of mixed polynuclear SMMs containing 3d–3d′,
3d–4d, 3d–4f metals is known. [43,90,91] Aside from SMMs, over the years SIMs based on the 3d transition
metals manganese, iron, cobalt, and nickel in various oxidation states have been reported. [92]

4



1.1 Single-molecule magnets

After the discovery of the first mononuclear terbium(iii) SIMs on the basis of [Tb(Pc)2]+, [Tb(Pc)2],
and [Tb(Pc)2]– (H2Pc = phthalocyanine), [27–29] trivalent lanthanide ions were increasingly considered
for the design of SIMs. Among the lanthanides, terbium(iii) and dysprosium(iii) stand out as the most
prolific candidates. [93–97] Theoretical studies on dysprosium(iii) advised an axial donor environment
with a high rotational symmetry to be beneficial for SIM behavior. [98,99] In recent years, several dys-
prosium(iii) SIM compounds with high spin reversal barriers above 1000 K (695 cm−1) have been re-
ported. [25,26,100–103] The two complexes showing the highest temperature for an open hysteresis up-to-
date (60 K and 80 K) are based on dysprosocenium derivatives. [25,26] Unlike cobalt(ii), dysprosium(iii)
is chemically quite stable and does not show a low-spin ground state configuration due to its large
spin–orbit coupling. Therefore, dysprosium(iii) combined with strong axial donor ligands is expected
to be a prolific candidate for the future design of high-temperature SIMs. In this context, section 2.2
of this thesis presents a semi-empirical approach that can be used to determine the main anisotropy
axes and the ligand-field splitting in dysprosium(iii)-based SIMs. Ab initio computational studies are
presented in the following section 2.3, which demonstrate why a terbium(iii)-based sandwich complex
does not show a magnetic anisotropy and thus, no SIM behavior in the experiment.

Single-chain magnets (SCMs) have been recognized as a profitable subclass of SMMs. [12,33–35,104,105]

Homometallic cobalt(ii)-based coordination polymers form the largest group of SCMs. [32,106–114] This is
based on the fact that for SCMs, besides a high magnetic single-ion anisotropy, a distinct magnetic ex-
change between the individual spin centers is also essential. However, trivalent lanthanides are known
to show only a weak magnetic exchange due to their contracted 4f valence shells. [115] Therefore, mixing
lanthanides with 3d transition metal ions is a usual way to enhance the magnetic exchange between
the alternating paramagnetic centers. [116,117] Another way to promote a desired magnetic exchange
between lanthanide ions is the use of organic radicals as linkers. [118] Due to the periodicity combined
with the magnetic anisotropy, a deeper understanding of magnetic properties in these systems, how-
ever, tends to be much more complicated than in SIM compounds. Consequently, these systems need to
be simplified in terms of their molecular structures before ab initio treatment. In the scope of this thesis,
the section 3.1 contains theoretical investigations on magnetic coordination polymers with a focus on
cobalt(ii)-based SCM compounds. In the following section 3.2, a theoretical approach is described that
allows to connect single-ion computational results with experimental properties of SCMs to obtain a
description for magnetic domains in such compounds.

Besides finding suitable donor environments for the paramagnetic metal ions to enhance SMM be-
havior, [98,99,103] other promising strategies have been pursued.

In this sense, one strategy is based on the idea to reduce intra- and intermolecular interactions that
can cause efficient relaxation pathways. [119,120] One way to curtail intermolecular magnetic interactions
is by the isolation of individual SMM molecules, e.g. by diamagnetic dilution experiments [27,28,120,121] or
by co-crystallized solvent molecules. [122] Another way to separate individual paramagnetic molecules is
the introduction of peripheral spacer groups like alkyl chains. [123] A separation can also be achieved by
the deposition of SMMs on surfaces like polymeric thin films [124] or gold, [125,126] which at the same time
is very promising for addressing individual molecules and their properties, e.g. with scanning tunneling
microscopy. [127] Furthermore, it was shown that SMMs encapsulated in carbon nanotubes show a non-
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covalent interaction leading to a self‐assembly that can help to enhance the relaxation times. [128,129]

Carbon nanotubes additionally offer more ways of addressing SMMs, e.g. by electric current. [130] In a
recent work, it was shown that a SMM containing two dysprosium(iii) ions encapsulated into a reduced
(C80)6− fullerene leads to the formation of a magnetic exchange between both lanthanide ions via an
unpaired electron and as a result, shows an open hysteresis up to 21 K. [131]

Hyperfine interactions with nuclear spins were found to influence the low-temperature spin relax-
ation times. [66] For instance, the absence of a nuclear spin in a 164Dy enriched SIM shows significantly
longer relaxation times than the corresponding 161Dy-based SIM with a nuclear spin of I = 5/2. In
addition, a lowering of quantum tunneling of magnetization can be realized by the replacement of the
hydrogen isotope 1H by 2H. [132,133]

Despite the enormous progress in SMM research, up to now only a single compound is known to
show an open hysteresis around temperatures of liquid nitrogen (−196◦C). [25] Unfortunately, this pre-
vents the promising application of SMMs in future information technology. Despite high effective
spin-reversal barriers, the efficient relaxation in the low-temperature range is indicative for the pres-
ence of other dominant spin relaxation processes, where the temperature dependence of relaxation
times is a key to study the different relaxation processes. [24] Consequently, a deeper understanding
of the relaxation processes is tempting and essential. Thus, it is nowadays a challenging focus in the
research area of SMMs. [19,45,134–138]

1.2 Quantum bits

The design of quantum computers (QCs) is one thrilling driving force for science in the 21st cen-
tury. [139–144] Besides the academia, the engineering of real-world quantum computers has increasingly
attracted private companies in most recent years. [145–148] The motivation to design and build QCs arises
from their substantial differences in information processing as compared to classical computers. These
differences originate from the distinctions in their basic computing units, which potentially can out-
perform classical computers in specific tasks (vide infra). In a classical computer, the smallest possible
computing as well as storage unit is a so-called bit, which in terms of its value represents a binary
system (1 or 0; true or false; yes or no). The corresponding computing unit in a quantum computer
is a so-called quantum bit (qubit) and operates significantly different. As shown in equation (1.1), a
qubit in its quantum state |ψ ⟩ describes a superposition of the two expectation values |0⟩ and |1⟩ where
α2 + β2 = 1 is the normalization condition.

|ψ ⟩ = α |0⟩ + β |1⟩ , α , β ∈ C (1.1)

The quantum state |ψ ⟩ can be represented by an infinite number of possible linear combinations be-
tween |0⟩ and |1⟩ at the same time, which makes the substantial difference in information processing as
compared to a classical bit. According to the principles of quantum mechanics, the qubit remains in its
superposition until a measurement of its state is made. In combination with the Copenhagen interpreta-
tion, |α |2 and |β |2 give the probabilities to find the qubit in the state |0⟩ and |1⟩, respectively. A general-
purpose QC, however, needs more than a single qubit to operate in a desired way. [149] In theory, a set
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of two qubits forms a computational basis with the four expectation values |00⟩, |01⟩, |10⟩, and |11⟩. [150]

Consequently, the quantum state |ψ ⟩ as given in equation (1.2) is a superposition within this basis and
represents a four dimensional vector space with the normalization condition α2 + β2 + γ 2 + δ2 = 1.

|ψ ⟩ = α |00⟩ + β |01⟩ + γ |10⟩ + δ |11⟩ , α , β ,γ ,δ ∈ C (1.2)

Besides superposition, quantum entanglement is another quantum mechanical phenomenon that is
utilized in the engineering of QCs. [151] In 1998, the first entangled pair of qubits was reported, [152] and
since then, records of the number of qubits in a quantum system have been broken every year. [145–148]

Furthermore, a first commercially available quantum computer was officially announced in early 2019
by a private company. [146] In this regard, the entanglement of a large number of qubits [153–158] and the
suppression of qubit decoherence [159–163] mark current challenges in the design of quantum computers.
In addition, the sophicsticated realization of quantum logic gates for the manipulation of individual
qubits creates a number of obstacles that have to be overcome. [164–168]

A powerful QC with a decent number of entangled qubits allows the execution of quantum algorithms
(QAs). [149] As an example, the so-called Shor algorithm is one well-known QA, which describes the
prime factorization of large numbers. [169] Unfortunately, the integrity of current cryptographic systems
like the Rivest–Shamir–Adleman (RSA) algorithm relies on the impossibility to factorize large numbers
in a manageable amount of time. [170] By using nuclear spins in a molecule as qubits researchers have
experimentally shown that Shor’s algorithm works already on the factorization of small numbers. [171]

Consequently, computer scientists are working on QAs that can be used for cryptography in a future
quantum computing era. [172] Another well-known QA is the search algorithm of Grover, [173–176] which
was demonstrated in an experiment with two entangled nuclear spin qubits shortly after its publica-
tion. [152] It was shown that the algorithm is significantly faster in finding elements in an unstructured
database than classical search algorithms. Besides, QCs and QAs can be advantageous for many other
research fields including computational chemistry [177,178] and mathematics. [179]

The physical implementation of qubits can be achieved in different ways, e.g. by the polarization
of single photons, [180] nuclear spins, [152] electron spins, [181] and superconducting materials. [182] All
these implementations show different characteristics like their encoding schemes and coherence times.
Moreover, different techniques of physical implementation can be combined. [183,184] Furthermore, other
subjects in the strongly interdisciplinary research area of qubits are of great interest such as error com-
pensation, [185] noise reduction, [186,187] room-temperature stability, [188] and the design of qubit-classical
interfaces. [189,190]

From a chemist’s point of view, qubits implemented as nuclear and electron spins have increas-
ingly attracted attention. [191,192] Both ways of physical implementation have the advantage that they
show relatively long coherence times in the range of milliseconds. [193] In addition, molecular qubits
based on nuclear and electron spins can easily be addressed by NMR and EPR experiments, respec-
tively. [152,194] The addressing of electron spin-encoded qubits can additionally be performed by electric
field pulses. [195] Moreover, individual molecular qubits deposited onto a surface can be manipulated by
scanning tunneling microscopy. [196,197]
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The application of molecular qubits is limited due to decoherence phenomena, i.e. the loss of their su-
perposition quantum state. To successfully operate quantum algorithms, the coherence times of qubits
need to be much longer than the operation times of quantum logic gates. [149] One of the strongest
sources of decoherence in molecular qubits are nuclear spins [198] and intermolecular dipolar interac-
tions. [199] Therefore, molecular spin qubits are typically diluted in diamagnetic matrices to decouple
them from their environments. [200,201]

An isolated Kramers doublet (Seff = 1/2) is a desired magnetic ground state for the construction
of molecular qubits with an electron-spin encoding. Formally, this can be realized by metal ions with
exactly one unpaired valence electron like vanadium(iv) and copper(ii) or by the combination of several
metal ions that lead to an S = 1/2 ground state due to antiferromagnetic exchange interactions. At this
point, coordination chemistry helps to tailor molecules that are potentially suitable as molecular qubits.
Furthermore, it supports the rational design of molecules containing several qubits. [194,202,203] As an
example, it was lately shown that electronic spin qubits can be embedded into coordination polymers
like metal-organic frameworks. [204] Thus, the development of molecular qubits that can be used to
generate scaleable structures is a challenging focus of current research. [191,205]

An example for a molecular spin qubit is the octanuclear cluster [{Me2NH2}{Cr7NiF8(O2CCMe3)16}](
denoted as {Cr7Ni}

)
consisting of seven chromium(iii) ions combined with one nickel(ii) ion that

are antiferromagnetically coupled and form an electron-spin encoded qubit with an S = 1/2 ground
state. [206,207] In a subsequent study, this molecular qubit prototype have been used to generate a two
qubit-encoded molecule {Cr7Ni}– Ni – {Cr7Ni}, in which two units of {Cr7Ni} are antiferromagneti-
cally linked by a nickel(ii) complex with an easy-axis anisotropy. [208] Besides qubits with a polynu-
clear electron-spin encoding, mononuclear vanadium(iv)-based complexes containing a vanadyl group
were recently found to be promising candidates for molecular qubits with long coherence times in the
range of milliseconds at temperatures of liquid helium. [200,209–211] Additionally, endohedral fullerenes
with encapsulated atoms like 14N@C60 are advantageous for the design of electron-spin qubits, since
these complexes separate the paramagnetic centers from their environments and the fullerene cage
can be easily linked to other molecules. [181] A coherence time of 1 µs at room temperature was re-
cently demonstrated for a mononuclear copper(ii) complex, in which all nuclear spins in the dianionic
complex fragment have been removed. [212] In this context, theoretical investigations can help to inves-
tigate molecular vibrational modes that promote a decoherence due to spin–vibronic coupling with an
increasing temperature. [213,214] However, computational modeling of molecular qubits is in this respect
a research field that has not been fully exploited yet. [215]

An S = 1/2 spin ground state can be designed by paramagnetic ions with an odd number of unpaired
electrons that show a triangular arrangement and an antiferromagnetic exchange. As an example, C3-
symmetric trinuclear copper(ii) complexes are a class of compounds that fits these requirements. [216]

These systems display a magnetic phenomenon that is known as spin frustration, which leads to a
degenerate ground state that can be manipulated not only by magnetic fields but also by electric fields
due to spin chirality (spin-electric effect). [195,217,218] As a consequence, such molecules are interesting
for the design of molecular qubits since, they can potentially encode two qubits due to the possibility
to be manipulated by magnetic as well as electric fields. [192] A large antiferromagnetic coupling is
advantageous for such systems, because it leads to a separation of the S = 1/2 ground state.
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In the scope of this work, chapter 4 presents theoretical studies on two trinuclear 3d transition metal
complexes with a triangular arrangement of the spin centers. The compounds in sections 4.1 and 4.2
are based on cobalt(ii) and copper(ii), respectively, and both show an antiferromagnetic exchange that
leads to an S = 1/2 ground state. The trinuclear copper(ii) complex shows a lower magnetic anisotropy
combined with a high molecular symmetry as its cobalt(ii) counterpart, which makes the former one
in its spin-frustrated antiferromagnetic ground state attractive as a potential molecular spin qubit.

1.3 Computational magnetochemistry

The field of computational chemistry has transformed enormously, e.g. from a simple description of
a single hydrogen molecule [219] to the simulation of proteins by molecular dynamics to support drug
design. [220] This tremendous progress can be attributed to mainly three things: (i) the development
of sophicsticated theoretical methods and approximations, [221–230] (ii) their efficient implementation
into a growing number of quantum chemistry computer codes, [231–235] and (iii) the colossal increase in
computing power. [236] Consequently, it is nowadays possible to apply highly accurate computational
methods to molecular systems continuously growing in size. Detailed investigations of properties at
a molecular level by theoretical methods are of great benefit, because computational results help to
complement and verify experimental results.

Computational magnetochemistry [8] deals basically with the theoretical description of paramagnetic
compounds and their magnetic properties. For such systems, the magnetic exchange interactions as
well as single-ion anisotropies are primarily important to adequately describe their electronic structure
and magnetic behavior. Regarding the magnetochemistry of 3d transition metal and lanthanide sys-
tems, a challenging issue for computational studies are the relatively small energy differences between
spin states with usually less than 200 cm−1 (2.4 kJ/mol). Additionally, the complexity as well as the com-
putational effort rapidly increases with an expanding number of involved paramagnetic ions. In case
of 3d transition metal and lanthanide-based paramagnetic systems, however, the spin density is mostly
localized in ’magnetic orbitals’ at the metal center and only partly at its donor atoms. Consequently,
basic principles for the magnetic superexchange between metal ions like the Goodenough–Kanamori
rules could be deduced in the past. [237–239] The picture of complex magnetic interactions became much
clearer in recent years due to the growing support of computational methods and their results.

When considering the magnetochemistry of molecular magnets, the states of most interest are the
ones below approximately 200 cm−1, which corresponds to kBT /hc at room temperature. Magnetic
states with higher energies can mostly be neglected due to a lack of thermal population. However,
which interactions and effects play an important role in these low-lying magnetic states strongly de-
pends on the magnetic system itself and thus, has to studied for each individual case. As an example,
the low-lying magnetic states observed in tetrahedral cobalt(ii)-based single-ion magnets are funda-
mentally different from the ones found in cobalt(ii)-based single-chain magnets. Hence, it is crucial to
describe a magnetic system by an adequate phenomenological Hamiltonian, which in turn allows the
correlation between theory and experiment, e.g. in case of the effective spin-reversal barriers from the
experiment Ueff and theory U0, respectively.
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1.3 Computational magnetochemistry

In case of a single paramagnetic 3d metal ion with a quenched orbital momentum (L = 0), the zero-
field splitting (ZFS) describes the splitting of the electronic ground state term into the magnetic states��S,mS

⟩
withmS = S, S − 1, ... ,−S . In general, the ZFS can be described by the phenomenological Hamil-

tonian as given in equation (1.3). [240]

ĤZFS = D
(
Ŝ2z − S(S + 1)/3

)
+ E

(
Ŝ2x − Ŝ2y

)
(1.3)

As an example, the effective spin reversal barrier in cobalt(ii)-based single-ion magnets with a tetrahe-
dral or pseudotetrahedral coordination environment can be represented by such a Hamiltonian. In this
regard, section 2.1 deals with two pseudotetrahedrally-coordinated cobalt(ii)-based single-ion magnets
showing a large ZFS that can be tuned by a distortion of the coordination sphere. Table 1.2 shows the
ZFS for the pseudospin models Seff = 1/2 – 5/2 combined with examples for mononuclear 3d transition
metal-based compounds. For the given examples in Table 1.2, the pseudospin, also known as effective
spin, is identical to the real spin S due to no first-order orbital momentum contribution and thus, the
ground state terms split into 2Seff + 1 states. For systems with a magnetic anisotropy (D , 0), the

Table 1.2: Expected zero-field splitting (ZFS) for selected effective spin models with examples of the 3d transition
metal row (axial ZFS with D < 0 and E = 0 is considered). Note that Seff ≥ 1 is required for a ZFS.

Seff 1/2 1 3/2 2 5/2

ZFS splitting

U0
a 0 |D | 2|D | 4|D | 6|D |

examples for 3d transition metal ions

metal ion copper(ii) nickel(ii) cobalt(ii) chromium(ii) manganese(ii)
coordinationb TBPY-5 OC-6 T-4 SP-4 OC-6
pseudosymmetry D3h Oh Td D4h Oh

elec. configuration [Ar] 3d9 [Ar] 3d8 [Ar] 3d7 [Ar] 3d4 [Ar] 3d5
S 1/2 1 3/2 2 5/2
L 0 0 0 0 0
ground state term 2A′

1
[2D] 3A2g[3F] 4A2[4F] 5B1g[5D] 6A1g[6S]

a U0 is assumed to be |D |(S2

eff − 1/4) for an odd and |D |S2

eff for an even number of unpaired spins, respectively.
b polyhedral symbol according to IUPAC (OC-6 – octahedron; SP-4 – square plane; T-4 – tetrahedron; TBPY-5 – trigonal bipyramid).
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ZFS as illustrated in Table 1.2 depends on the axial ZFS parameter D. In case of an easy-axis type of
anisotropy (D < 0), the ground state is formed by the magnetic states with

��S,mS = ±S
⟩
, i.e. the largest

magnetic moment µz , and is thus, desired for the design of magnetic compounds with a high single-ion
anisotropy. Furthermore, an additional rhombic ZFS parameter E can be introduced for cases that con-
tain a rhombic magnetic distortion. The theoretical effective spin-reversal barrier U0 in these systems
(see Table 1.2) is assumed as the energy separation between the lowest and highest ZFS states. In case
of copper(ii) compounds the ground state in a single ion consists of an isolated Kramers doublet, e.g. in
the trinuclear copper(ii) complex that is presented in section 4.1. Therefore, it does not posses a ZFS.
Low-lying magnetic states in such compounds are based upon pure spin–spin interactions.

Section 4.2 of this thesis presents an antiferromagnetically coupled trinuclear cobalt(ii) complex with
a pseudooctahedral coordination sphere. Besides the magnetic states that originate from the spin–spin
coupling, the electronic ground state of the cobalt(ii) centers shows an unquenched orbital momentum
(L , 0). In these cases, the ground state contains a first-order orbital momentum contribution and
thus, a corresponding phenomenological Hamiltonian, e.g. to fit magnetic susceptibility data, needs to
include a spin–orbit coupling operator L̂·Ŝ to suitably describe the interactions. In case of octahedrally-
coordinated cobalt(ii) ions, the electronic ground state is a degenerate 4T1g[4F] term with L ≈ 1. This
ground state term splits further into (2S + 1) × (2L + 1) = 12 spin–orbit states leading to three subterms
J = 1/2, 3/2, and 5/2 in that energetic order due to spin–orbit coupling. From a theoretical point of view,
the lowest possible barrier U0 in this case is supposed to be the energy difference between the J = 1/2
first Kramers doublet and the second Kramers doublet, which belongs to the J = 3/2 manifold. Based on
a large energy difference between the first and second Kramers doublet, the relaxation of magnetization
at lower temperatures is often dominated by non-Orbach processes, i.e. an under barrier relaxation (Ueff

≪U0). [137] The situation also gets more complex if more than one paramagnetic center is involved, since
the states that originate from spin–spin interactions have to be additionally taken into account.

If magnetic exchange interactions are much weaker than the energy difference of the spin–orbit
coupled states, the low-temperature behavior can be approximated by a pseudospin approach. The
sections 3.1 and 3.2 present octahedrally-coordinated cobalt(ii) coordination polymers. The low-lying
magnetic states in these compounds arise from the magnetic exchange interaction of highly anisotropic
paramagnetic centers. By taking only the ground state Kramers doublets of the single-ions into account
(Seff = 1/2) the low-temperature magnetic behavior can be described and interpreted.

In the scope of this work, ab initio calculations for several dysprosium(iii)-based SIMs (section 2.2)
and a terbium(iii) sandwich complex (section 2.3) were performed. For rare-earth ions like dyspro-
sium(iii) and terbium(iii) the spin–orbit coupling is much stronger as compared to 3d transition metal
ions. At the same time, the interaction of the contracted 4fn valence shell with a surrounding ligand
field is expected to be much smaller (’weak field limit’). [44] As a result, the spin–orbit terms in triva-
lent lanthanides like the 6H15/2 and 6H13/2 terms in dysprosium(iii) show a large energetic separation(
3460 cm−1 in dysprosium(iii) ions

)
. [241] Therefore, a corresponding spin-reversal barrier U0 in these

compounds is based on the ligand-field splitting of the spin–orbit coupled ground state. In dependence
on the magnetic ion, the splitting of the ground state term can be described by a J -manifold with

��J ,mJ
⟩

andmJ = J , J − 1, ... ,−J , which will be discussed in section 2.2.
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In the following, a brief introduction of modern theoretical methods commonly used in the field
of computational magnetochemistry is presented. These approaches have been explicitly used in the
scope of this work to theoretically investigate magnetic molecular properties.

The magnetic exchange interaction between two paramagnetic centers A and B can phenomenolog-
ically be described by a Heisenberg–Dirac–van Vleck Hamiltonian as given in equation (1.4).

ĤHDvV = −JAB ŜAŜB (1.4)

The two paramagnetic centers A and B are represented by their spin operators ŜA and ŜB, respectively,
and are either uncoupled (JAB = 0), ferromagnetically (JAB > 0), or antiferromagnetically (JAB < 0) cou-
pled. If more than two paramagnetic centers are magnetically coupled in a system, the interactions are
decomposed into a sum of pair interactions. Occasionally, other conventions for the phenomenological
Hamiltonian like ĤHDvV = −2JAB ŜAŜB can be found in the literature.

From a theoretical point of view, approaches based on density functional theory (DFT) are commonly
used to calculate the magnetic exchange in polynuclear metal ion complexes. [242] The ferromagnetic
(FM) state (S = SA + SB) can fully be described by a single determinant and thus by single-reference
methods like Hartree–Fock or DFT. On the contrary, the antiferromagnetic state

(
S = |SA − SB |

)
, is a

linear combination of configuration state functions (CSFs) and hence, it cannot be described by single-
reference methods. At this point, multi-reference approaches would be formally required to adequately
represent the antiferromagnetic state. Unfortunately, this would also enormously increase the compu-
tational effort. Instead, the broken-symmetry DFT (BS-DFT) method is a widely used technique to over-
come the obstacle of describing antiferromagnetic states by single-reference DFT calculations. [243–246]

Within this approach the antiferromagnetic state is initially approximated by the corresponding fer-
romagnetic state’s converged wave function. In a second step, a set of localized orbitals is generated,
e.g. by a Boys localization, [247] and the unpaired electrons in the valence shell at one metal site are
flipped and back-transformed into molecular orbitals, which gives S = |SA − SB |. In a subsequent SCF
procedure, the molecular orbitals are optimized resulting in the BS solution. Although the BS wave
function leads to unphysical net spin densities as compared to the actual antiferromagnetic state, its
energy as well spin expectation value can be used in spin projection techniques. As an example, the
coupling constant JAB for the Hamiltonian in equation (1.4) can be obtained by Yamaguchi’s [248–250]

approach as given in equation (1.5).

JAB = − 2 (EBS − EFM)⟨
S2FM

⟩
−
⟨
S2BS

⟩ (1.5)

This approach is based on the assumption that the ferromagnetic as well as the BS wave functions are
eigenfunctions of the spin operators ŜA and ŜB, respectively. BS-DFT in combination with Yamaguchi’s
approach became a widely used method in the computational magnetochemistry nowadays. However,
results of BS-DFT calculations strongly depend on the density functional. Hence, finding an appro-
priate functional to reproduce experimental trends can be an ambitious task due to the sheer number
of available possibilities. [251,252] Within the scope of this work, the BS-DFT approach was employed
with the Turbomole [231,253] and Orca [235] package of programs for the polynuclear complexes like the
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cobalt(ii)-based SCMs in the chapter 3 as well as the trinuclear cobalt(ii) and copper(ii) complexes in
chapter 4. For all calculations, highly polarized def2-TZVPP triple-ζ basis sets [254] in combination with
hybrid functionals including Hartree–Fock exchange such as B3LYP [255–257] and PBE0 [258–260] were used
due to their advantage in terms of accuracy over non-hybrid functionals in case of BS-DFT. [242]

Despite BS-DFT, the constrained DFT (C-DFT) approach is an alternative single-reference method to
approximately obtain a representation for the antiferromagnetic state. [261–264] Within the C-DFT for-
malism the energy of the system is minimized under a certain constraint that can be based either on
charge or spin density distributions. Thus, the choice of suitable constraints is important for C-DFT
calculations, since the results can strongly depend on them. In this context, the C-DFT method was
used as it is implemented in the NWChem program [234] for the nickel(ii) and cobalt(ii)-based coordina-
tion polymers in chapter 3. In these cases, a spin constraint was used, which kept the net spin density
of the metal centers and their donor atoms constant

(
S = ±1 for nickel(ii) and S = ±3/2 for cobalt(ii)

)
.

This constraint was used for the ferromagnetic as well as the antiferromagnetic states.

High-level multi-reference ab initio calculations can become fundamental for a deeper understand-
ing of molecular magnets and their magnetic properties. [26] With the growing interest in magnetic
molecules like SMMs (see section 1.1) and molecular qubits (see section 1.2) the need of adequate com-
putational methods arose, which are able to accurately reproduce their anisotropic magnetic properties.
Magnetic anisotropy originates from the interplay of spin–orbit interactions at the paramagnetic metal
center with the surrounding ligand-field. [265] As a consequence, these interactions among others, e.g.
electron correlation and relativistic effects, have to be included in the computational method at a suf-
ficient level of theory. Unfortunately, this significantly increases the computational effort at the same
time leading to large hardware requirements. Ab initio methods like the CASSCF/CASPT2/RASSI-SO
for 3d transition metal ion-based systems and CASSCF/RASSI-SO for lanthanide systems became pop-
ular procedures to determine single-ion magnetic properties in silico. [265–267]

The basis of computational procedures like CASSCF/CASPT2/RASSI-SO is formed by the multi-
reference complete active-space SCF (CASSCF) method. [224] Within the CASSCF approach, the molec-
ular orbitals (MOs) of a system are divided into three groups of the following order: (i) an inactive
space, (ii) an active space, and (iii) a virtual space. The inactive space consists of doubly occupied
MOs, whereas the MOs in the virtual space are empty. The active space contains a set of MOs that
are either empty, singly, or doubly occupied. Depending on the number of electrons and orbitals in
an active space, a variety of configuration state functions (CSFs) can be generated by excitation of
electrons within this defined active space. The CASSCF wavefunction describes a particular number
of states which in turn are linear combinations of these CSFs. In an iterative SCF procedure, the CSF
coefficients as well as the MOs coefficients of the CASSCF wave function are optimized. The MO coef-
ficients can be optimized for either every state (CASSCF) or in an average way for all states at the same
time (state-average CASSCF). [268] Usually, for the theoretical investigation of molecular systems state-
average CASSCF calculations are performed, since this approach reduces the computational effort and
avoids convergence problems in excited states. [268] The results of CASSCF calculations strongly depend
on the selected active space. Therefore, this active space has to be chosen in a way that adequately de-
scribes the chemical problem. Concerning questions of the magnetochemistry, a precise description of
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the valence shell containing unpaired electrons is of most interest and thus, the active space accord-
ingly contains MOs with a high contribution of the atomic orbitals of the valence shell (vide infra).
At the same time, however, these calculations might lead to a poor description of UV/vis excitation
energies where charge-transfer excitations can play an important role due to the choice of the active
space focussing on a magnetochemical description. Alternatives to the CASSCF method like the re-
stricted active space SCF (RASSCF) and the generalized active space (GASSCF) approaches are known
and reduce the total number of CSFs by applying specific constraints to the active space(s). [269,270] This
is especially useful for cases where a large number of orbitals have to be included in the active space.

Within the scope of this work, state-average CASSCF (further denoted as CASSCF) calculations for
paramagnetic complexes containing 3d transition metal and lanthanide ions were performed with the
Molcas package of programs. [233,271,272] In case of systems containing more than one paramagnetic
metal ion, several ab initio calculations were performed in which the remaining paramagnetic ions
were substituted by diamagnetic ions like zinc(ii) for 3d transition metal ions or yttrium(iii) for triva-
lent lanthanide ions. Highly precise ANO-RCC basis sets were used in all performed CASSCF calcula-
tions. [273–276] In addition, relativistic effects were taken into account and treated by a scalar-relativistic
Douglas–Kroll–Hess Hamiltonian of the second order. [277,278] Table 1.3 lists the different types of inves-
tigated metal ions combined with their computational details. For the ions given in Table 1.3 CASSCF
calculations of corresponding metal complexes were performed for all possible spin multiplicities with
the given number of calculated states. This is especially important for 3d transition metal complexes
like cobalt(ii) and nickel(ii), since these metal ions depending on the ligand-field can show either a
high-spin or low-spin ground state configuration.

The chosen active spaces for the investigated 3d transition metal ion complexes contained MOs with
a significant amount of the atomic orbitals belonging to the 3d and 4d shell of the metal center due to a
phenomena known as double-shell effect. Due to the inclusion of additional empty orbitals like the 4d
shell, small amounts of electron density can shift in these empty orbitals which in consequence leads to
a more accurate electronic description in terms of excited state energies. [279] The corresponding 3d and
4d atomic orbitals in their spherical representation are depicted in Figure 1.3. In contrast, the inves-
tigated lanthanide-based systems only contained the contracted 4f atomic orbitals in the active space
(see Figure 1.4). In these cases, the inclusion of a second empty shell like the 5f shell was not consid-
ered due to the formal large active spaces containing 14 orbitals. Furthermore, the 4fn valence shell in
trivalent lanthanides is strongly contracted as compared to 3d transition metal ions. [280] Consequently,
the interaction of the 4f valence shell with donor atoms is expected to be much weaker as compared to
the corresponding situation in 3d transition metal complexes.

The multi-configurational CASSCF wave function takes static correlation effects into account. Be-
sides, the inclusion of dynamic electron correlation is essential to reproduce the low-lying magnetic
states in 3d transition metal complexes. In the scope of this work, this was effectually achieved by the
performance of CASPT2 calculations. The original second-order Møller–Plesset pertubation theory
(MP2) approach takes a single-reference Hartree–Fock wave function as a base. [222] CASPT2 is a multi-
reference expansion of MP2 that adds dynamic correlation by taking the CASSCF wave function as a
base, i.e. as unperturbed zeroth-order wave function. [225,226] Subsequently, the CASPT2 method gener-
ates a configuration space from the CASSCF reference wave function in which electrons are substituted
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1.3 Computational magnetochemistry

Table 1.3: Computational details of the performed CASSCF calculations within the scope of this work in depen-
dence on the paramagnetic ion and its multiplicity.

Ion Active space CAS(n,m) 2S + 1 Calculated states

cobalt(ii) 3d + 4d shell CAS(7, 10) 4 10
2 40

nickel(ii) 3d + 4d shell CAS(8, 10) 3 10
1 15

copper(ii) 3d + 4d shell CAS(9, 10) 2 5

terbium(iii) 4f shell CAS(8, 7) 7 7
5 140
3 26
1 26

dysprosium(iii) 4f shell CAS(9, 7) 6 21
4 108
2 32

3d2− 3d1− 3d0 3d1+ 3d2+

4d2− 4d1− 4d0 4d1+ 4d2+

Figure 1.3: Spherical atomic orbitals of the 3d (top) and 4d shell (bottom) which were considered for selection
in the active space for corresponding CASSCF calculation of the 3d transition metal complexes like
cobalt(ii) and nickel(ii).

4f3− 4f2− 4f1− 4f0 4f1+ 4f2+ 4f3+

Figure 1.4: Spherical atomic orbitals of the 4f shell which were considered for selection in the active space for
corresponding CASSCF calculation of the lanthanide containing complexes like terbium(iii) and dys-
prosium(iii).
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1.3 Computational magnetochemistry

from occupied (inactive space and active space) to unoccupied orbitals (active space and virtual space).
As a result, correction terms for the energy as well as the wave function can be calculated that represent
the dynamic correlation energy arising from electron–electron pair interactions. [281] The application
of CASPT2, however, shows some disadvantages. Firstly, the approach relies on the CASSCF refer-
ence wave function for which a proper active space has to be selected (vide supra). Secondly, CASPT2
like MP2 is computationally demanding in terms of hardware requirements as well as computational
time. [282] This is often counterbalanced by a reduction of the computational model, i.e. simplifying
the molecular structure. Such calculated dynamic correlation effects based on a smaller structural
model can be projected on the results of a larger computational model, e.g. in terms of ligand-field
parameters. [283] The occurence of so-called ’intruder states’ is another disadvantage of the CASPT2
method. [282] These states show a small energy difference in respect to the reference state and thus, lead
to singularities within the CASPT2 implementation. The ’intruder state’ problem can be minimized by
the application of so-called level shifts. [284] The performed CASPT2 calculations in the scope of this
work all contained a level shift of ϵ = 0.3 a.u., which is of reasonable size for transition metal com-
plexes. [285] Despite these disadvantages, in the field of computational magnetochemistry CASPT2 is
a valuable computational method that helps to improve the accuracy of theoretical results by adding
a significant amount of dynamic electron correlation. In addition, alternative methods to CASPT2 to
adequately treat dynamic correlation like the extended multi-state CASPT2 (XMS-CASPT2) [286–288] and
second-order n-electron valence state perturbation theory (NEVPT2) exist. [289,290] Furthermore, a con-
troversial discussion has evolved in the literature whether CASPT2 is still an ab initio method due to
the application of empirical parameters like the level shift or the so-called ionization potential–electron
affinity (IPEA) shift which both directly affect computational results. [291,292]

Wave functions with different multiplicities (see Table 1.3) as obtained from CASPT2 for 3d transition
metal complexes and CASSCF calculations for lanthanide complexes, respectively, can be combined in
a so-called (restricted active space) state interaction with spin–orbit coupling (RASSI-SO). [293] The orig-
inal RASSI approach calculates matrix elements of one- and two-electron operators between different
CASSCF wave functions. [294] The additional treatment of spin–orbit interaction in the RASSI-SO ap-
proach is based on so-called atomic mean-field integrals. [295] As a result, a set of spin–orbit coupled
magnetic states is obtained by the RASSI-SO approach by taking either the CASSCF or CASPT2 wave
functions as a base. These spin–orbit effects become important for heavy elements and therefore, they
are required to sufficiently describe the low-lying magnetic states and their magnetic parameters.

In a final step, the ab initio results of single-ion calculations of individual paramagnetic centers can
be used to simulate magnetically coupled polynuclear systems with the help of the Lines model as it is
implemented in the POLY_ANISO module of Molcas. [296–299] This approach was used in the scope of
this work for mimicking magnetic domains in cobalt(ii)-based SCMs (section 3.2) and for the simulation
of magnetic properties in case of two trinuclear 3d transition metal complexes (sections 4.1 and 4.2).
The POLY_ANISO module yields the energies of the magnetic exchange states as well as their magnetic
properties such as the magnetic susceptibility. In case of mononuclear paramagnetic compounds, the
corresponding SINGLE_ANISO module in Molcas was employed which gives the same type of magnetic
properties, however, by neglecting magnetic exchange.
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CHAPTER 2

Single-Ion Magnets

In this chapter multi-reference theoretical studies on mononuclear paramagnetic complexes are being
discussed. In section 2.1 two potential pseudotetrahedral cobalt(ii) single-ion magnets that exhibit a
slow relaxation of magnetization in the experiment are presented. The experimental data are comple-
mented by ab initio results and show that the distortion of the [N2O2] coordination sphere leads to an
increase in the zero-field splitting which defines the thermal relaxation barrier in these complexes.

Two semi-empirical approaches utilizing Hartree–Fock wave functions are presented in section 2.2,
which can be used to determine the magnetic anisotropy and related properties of dysprosium(iii)
single-ion magnets. The methodology of both approaches is described and their results are bench-
marked against ab initio reference values of three selected dysprosium(iii) single-ion magnets.

A terbium(iii) sandwich complex, which shows no single-ion magnet behavior in terms of an out-
of-phase susceptibility in the experiment, is studied by theoretical methods in section 2.3. The lack of
magnetic anisotropy in this case is surprising, since terbium(iii)-based complexes are supposed to be
promising candidates for the design of high temperature single-ion magnets due to their large magnetic
anisotropy.

2.1 Cobalt(ii)-based single-ion magnets

Part of this chapter has been published in:

• (P1) Magnetic relaxation in cobalt(ii)-based single-ion magnets influenced by distortion of the
pseudotetrahedral [N2O2] coordination environment. Michael Böhme, Sven Ziegenbalg, Azar Ali-
abadi, Alexander Schnegg, Helmar Görls, Winfried Plass, Dalton Trans. 2018, 47, 10861–10873.

Paramagnetic compounds, which show a slow relaxation of magnetization and contain only one para-
magnetic center, are known as single-ion magnets (SIMs). Cobalt(ii) is a distinguished and versatile
candidate among the 3d transition metal row for generating such molecules. [15] This is primarily based
on the high magnetic anisotropy, which is a crucial prerequisite for SIM behavior, as typically found
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2.1 Cobalt(ii)-based single-ion magnets

in high-spin cobalt(ii) complexes. Cobalt(ii) ions show a balanced flexibility in their coordination ge-
ometry, however, preferring tetrahedral and octahedral coordination spheres. [300] The [N2O2] donor
environment was found to stabilize four-coordinate cobalt(ii) in the high-spin state with a distinct
magnetic anisotropy. [59,60,73,301]

The two mononuclear cobalt(ii) complexes [Co(LSal,2-Ph)2] (1) and [Co(LNph,2-Ph)2] (2) have been syn-
thesized and investigated by experimental and theoretical methods. The pseudotetrahedral coordina-
tion geometry of both homoleptic complexes is strongly distorted due to the utilization of the sterically
demanding Schiff-base ligands HLSal,2-Ph (

2-(([1,1′-biphenyl]-2-ylimino)methyl)phenol
)

and HLNph,2-Ph(
1-(([1,1′-biphenyl]-2-ylimino)methyl)naphthalen-2-ol

)
. The two compounds 1 and 2 crystallize in two

different space groups (1: Pbcn; 2: C2/c) and their asymmetric unit cells contain half of the complex
molecules. On a molecular level both complex structures possess a C2 rotational axis which generates
the second ligand molecule (see Figure 2.1).

Both pseudotetrahedral complexes show nearly identical Co–O1 (=̂ Co–O1A; 1: 201.0(2) pm; 2:
199.4(1) pm) and Co–N1 bond lengths (=̂ Co–N1A; 1: 189.5(2) pm; 2: 191.1(1) pm) as well as a simi-
lar O1–Co–N1 bite angle (=̂ O1A–Co–N1A; 1: 94.83(8)◦; 2: 93.00(4)◦), whereas the most significant
structural difference is found in the dihedral angle δ between the two chelate planes (1: 72◦; 2: 65◦;
for graphical definition see Figure 2.2). The two complexes are based on different ligand systems and
hence, their potentially different electronic influence was investigated by DFT methods on a molecular
level. A natural population analysis [302] of both optimized deprotonated ligand species (LSal,2-Ph)− and
(LNph,2-Ph)− reveals no significant charge difference at the N donor atom in both ligands (see Figure 2.3).
The negative charge of the phenolate donor is slightly decreased by approximately 4% in (LNph,2-Ph)−

O1O1A

N1A

N1

Co1 O1

Co1

N1A

N1

O1A

Figure 2.1: Molecular structures of [Co(LSal,2-Ph)2] (1; left) and [Co(LNph,2-Ph)2] (2; right). Orange dashed lines
represent π · · · π interactions. Thermal ellipsoids are drawn at the 50 % probability level. Hydrogen
atoms are not shown for clarity.

Figure 2.2: Definition of the dihedral angle δ between
the two planes formed by the atoms Co1, O1,
N1 and Co1, O1A, N1A, respectively.
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2.1 Cobalt(ii)-based single-ion magnets

Figure 2.3: Optimized structures of the deprotonated ligand species (LSal,2-Ph)− (left) and (LNph,2-Ph)− (right). The
numbers represent electronic charges of the donor atoms as obtained by natural population analysis.

due to the larger aromatic ligand backbone which supports a better charge delocalization. Neverthe-
less, the difference in the electronic influence between the two different ligand systems on the central
cobalt(ii) ion was assumed to be negligible. As a consequence, disparaties in properties between 1 and
2 are primarily attributed to the differences in the distortion of their cobalt(ii) coordination spheres, i.e.
the different dihedral angles δ . In addition, a very similar complex [Co(LSal,2-Ph)2] ·CH2Cl2 (1 ·CH2Cl2)
with a less distinct distortion (δ = 79◦) as compared to 1 due to co-crystallized dichloromethane molecule
is known from the literature. [73]

Multi-configurational CAS(7, 10)SCF/CASPT2/RASSI-SO ab initio studies have been performed to
gain insights into the magnetochemistry of 1 and 2. The calculations confirmed that the [N2O2] donor
environment in 1 and 2 stabilizes cobalt(ii) in a high-spin state (S = 3/2), since the lowest low-spin
state (S = 1/2) is well-separated

(
relative CASPT2 energies: 12837 cm−1 (1); 11664 cm−1 (2)

)
. This is

important to verify, since it is known that square planar cobalt(ii) complexes exhibit a low-spin ground
state [303,304] and a spin crossover is expected at about δ ≈ 20◦. [305] Cobalt(ii) in a low spin state, how-
ever, would be undesirable for the general design of SIMs, due to a smaller magnetic moment and a
weaker magnetic anisotropy. The 4A2[4F] ground state is well-separated from the higher threefold
quartet terms as expected for pseudotetrahedrally coordinated cobalt(ii) ions (see Table 2.1). As a con-
sequence, only the 4A2[4F] ground state, which splits into two Kramers doublets (KDs), can be assumed

Table 2.1: Relative CAS(7, 10)SCF/CASPT2
energies for the ten quartet
states in 1 and 2.

pseudosymmetry
state SO(3) Td D2d 1 2

1 4F 4A2
4B1 0 0

2 4T2
4B2 2060 1811

3 4E 5304 4642
4 6617 6044
5 4T1

4A2 9107 8143
6 4E 9404 9468
7 9951 10900
8 4P 4T2

4E 19351 19422
9 19496 20189
10 4B2 23993 24500
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2.1 Cobalt(ii)-based single-ion magnets

to be populated up to room temperature. This finding justifies the application of an effective spin
Hamiltonian (Seff = 3/2) for the fit of experimental magnetic data, i.e. taking only the two lowest KDs,
i.e. the 4A2[4F] ground term, into account. The strong distortion of the coordination geometry by
means of the dihedral angle δ lowers the pseudosymmetry from Td to D2d , which goes along with a
splitting of the threefold terms 4T1 and 4T2 into 4A2+E and 4A1+E, respectively. [306] For a free cobalt(ii)
ion the 4A2[4F]→ 4T1[4P] excitation is expected at 660 nm. [307] In fact, two different reflection maxima
in the solid state UV/vis spectra of 1 (642 nm and 697 nm) and 2 (654 nm and 694 nm) are apparent,
which correspond to a splitting of the 4T1[4P] term. The relative CASPT2 energies also confirm such a
splitting (1: 417 and 515 nm; 2: 408 and 505 nm), however, the values differ in terms of absolute values
and only give a qualitative representation. At this point, it is important to note that the performed ab
initio calculations were focused on the magnetic properties and thus, the active space was selected ac-
cordingly: 3d and 4d shell of the central cobalt(ii) ion. [279] In fact, to obtain accurate UV/vis excitation
energies in 1 and 2 the inclusion of ligand centered molecular orbitals in the active space seems to be
important, e.g. to better reproduce charge-transfer processes.

Field and temperature-dependent magnetization measurements reveal a high magnetic anisotropy in
1 and 2, since no saturation could be obtained at an applied field of 5 T. However, for both compounds no
open hysteresis could be observed in the magnetization measurements indicating an effective relaxation
of magnetization. For both compounds the calculated average transition dipole matrix element between
the twofold degenerate states forming the ground state KD is significant (1: 0.248; 2: 0.290) and this
supports the idea of a quantum tunneling of magnetization as an effective relaxation mechanism while
explaining the lack of a remanent magnetization. The projection and decomposition of the two lowest
KDs into Seff = 3/2 effective spin wave functions shows non-pure |mS = ± 3/2⟩ eigenstate contributions
in the ground state KD (1: 0.988; 2: 0.985) which goes together with non-zero average transition dipole
matrix element between the twofold degenerate ground state.

Both compounds were studied by dynamic AC magnetic susceptibility measurements and exhibit a
frequency-dependent out-of-phase susceptibility χ ′′

M up to about 8 K at applied DC fields of 400 and
1000 Oe in the experiment. In these cases, the temperature independent quantum tunneling of magne-
tization is supressed by applying a magnetic field which lifts the degeneracy of the ground state KD.
The temperature dependence of the relaxation times τ−1c is shown in Figure 2.4 and it reveals differ-
ent T n dependencies implying more than one relaxation mechanism. In case of 1 a linear dependence
log τ−1c ∝ T below 3 K is obtained which leads to the conclusion of a one-phonon direct relaxation
process, [24] since the quantum tunneling of magnetization can be assumed to be mostly suppressed by
the applied DC fields. Between 3 and 4.5 K a log τ−1c ∝ T 5 dependence in 1 is apparent that indicates
the presence of a two-phonon Raman process as dominant relaxation pathway. [24] The exponential
growth log τ−1c ∝ exp(T ) above 4.5 K is related to a thermal Orbach relaxation process. On the other
hand, for 2 a log τ−1c ∝ T 9 dependence is present for the temperature range between 3.5 and 6 K, which
leads to the conclusion that a two-phonon Raman process combined with a low energy phonon mode
is the dominant relaxation mechanism. [24] Furthermore, the absence of an exponential growth in the
measured temperature range is indicative of a higher thermal barrier Ueff in 2 as compared to 1.
Ab initio calculations of 1 and 2 reveal a theoretical spin reversal barrierU0 of 73 and 83 cm−1, respec-

tively. Thus, the stronger distortion from a pseudotetrahedral coordination geometry in 2 by means of a
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2.1 Cobalt(ii)-based single-ion magnets

Figure 2.4: Temperature dependence of the
relaxation times as log–log plot of
τ−1c vs. T for 1 and 2 at applied DC
fields of 400 and 1000 Oe.
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smaller dihedral angle δ leads to a higher thermal barrier. This trend is further supported by published
results for 1 ·CH2Cl2 which shows a weaker distortion from an ideal tetrahedron (δ = 79◦) and a lower
theoretical spin reversal barrierU0 of 61 cm−1. [73] In fact, frequency-domain Fourier-transform (FD-FT)
THz-EPR measurements for 1 and 2 reveal lower transition energies (1: 47 cm−1; 2: 64 cm−1). Nev-
ertheless, the trend that a stronger distortion of the pseudotetrahedral coordination sphere towards a
square planar geometry leads to a higher energetic splitting of the two KDs forming the 4A2[4F] ground
multiplet is reproduced. The ab initio calculatedU0 values for 1 and 2 are apparently overestimated that
is most probably based on the fact that the molecular structures of 1 and 2 were taken directly from
their single-crystal data. Only the positions of the hydrogen atoms have been optimized prior to the
employed ab initio calculations. The fit of the experimental relaxation times for 1 and 2 resulted in
an effective thermal barrier Ueff of 49(1) cm−1 and 78(16) cm−1, respectively, at an applied DC field of
1000 Oe (see Figure 2.5). The large error ofUeff in case of compound 2 is based on the dominant Raman
relaxation mechanism (cf. Figure 2.4) and a lack of appropriate data points, which describe a thermal
Orbach relaxation mechanism.
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Figure 2.5: Arrhenius plot of relaxation times for 1 (left) and 2 (right) with an applied DC field of 1000 Oe. The
black line describes the best fit and colored lines represent the contribution of specific relaxation
processes.
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2.1 Cobalt(ii)-based single-ion magnets

The theoretical spin reversal barrierU0 in case of tetrahedrally coordinated cobalt(ii) ions is identical
to the energetic splitting of the 4A2[4F] ground multiplet into its two KDs. Thus, it can be described
by an Seff = 3/2 effective spin and the barrier U0 can be expressed by the axial and rhombic zero-field
splitting (ZFS) parameters D and E: U0 = 2

√
D2 + 3E2. Furthermore, the given energies in Table 2.1 in

combination with equation (2.1) can be used to estimate the axial ZFS parameter D for four coordinate
cobalt(ii) complexes in D2d pseudosymmetry (1: −28.1 cm−1; 2: −32.3 cm−1; ζeff = 446 cm−1). [70,308]

D =
4

9
ζ 2eff

[
1

E (4B1 [4F] → 4E [4F]) −
1

E (4B1 [4F] → 4B2 [4F])

]
(2.1)

Table 2.2 summarizes the determined zero-field parameters for 1 and 2 in dependence on the employed
experimental and theoretical methods. In all cases, a negative axial ZFS parameter is obtained indicating
an easy-axis type of anisotropy (D < 0) which is more distinct in case of 2 in terms of a larger absolute
value. The ab initio calculated ZFS parameters are, like the U0 values, slightly overestimated in terms
of their absolute values. In fact, the relative CASPT2 energies in combination with equation (2.1) give
a better agreement to the experimental values.

Figure 2.6 depicts the anisotropy axes in 1 and 2 as obtained by the ab initio calculations by employing
an Seff = 3/2 effective spin Hamiltonian. For both compounds, the easy-axis of anisotropy bisects the
N1–Co–O1 (N1A–Co–O1A) bite angle and lays within the planes of the two sixfold chelate rings. It
can be concluded that the distortion of the [N2O2] coordination sphere in terms of the dihedral angle
δ is not influencing the orientation of the easy-axis, since 1 ·CH2Cl2 shows the same orientation. [73]

The corresponding hard plane of anisotropy is perpendicular to easy-axis and formed by two hard axes
where one of these two coincides with the molecular C2 rotational axis.

Table 2.3 lists magnetochemical parameters as obtained by ab initio calculations for the two KDs
of the 4B1

[
4A2[4F]

]
ground state term employing an Seff = 1/2 effective spin Hamiltonian. The easy

Table 2.2: ZFS parameters D and E for 1 and 2 as obtained by experimental and theoretical methods.

1 2
method D (cm−1) E (cm−1) D (cm−1) E (cm−1)
simultaneous fit of χMT and M −25.1 – −31.4 –
FD-FT THz-EPR −23.1 −2.9 −30.6 −4.1
CASPT2 energies and equation (2.1) −28.1 – −32.3 –
CASSCF/CASPT2/RASSI-SO −35.8 −4.2 −40.3 −5.5

Figure 2.6: Ab initio calculated anisotropy axes (dashed green line: easy axis; dashed red lines: hard axes) for 1
(left) and 2 (right). Hydrogen atoms are omitted for clarity.
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

Table 2.3: Relative RASSI-SO energies and
their components of the д tensor
(Seff = 1/2) for the two KDs of the
4B1

[
4A2[4F]

]
ground state for 1 and

2.

KD 1 2

1 EKD1 (cm−1) 0 0
дx 0.681 0.778
дy 0.807 0.960
дz 7.715 7.856

2 EKD2 (cm−1) 73 83
дx 2.572 2.624
дy 3.640 3.539
дz 4.882 4.938

axis of anisotropy in 1 and 2 coincides with the magnetic дz axis of the ground state KD (Seff = 1/2).
The corresponding д values of the ground state KD show a distinct easy-axis anisotropy (дz ≫ дx,y)
where the larger дz value, i.e. the higher magnetic anisotropy, was obtained for 2. In both compounds,
non-zero transversal components of the д tensor дx,y are apparent and the larger absolute values were
calculated for 2 which shows the higher distortion of the [N2O2] coordination sphere from an ideal
tetrahedron. In case of the second KD the [N2O2] donor environment in both compounds does not
fully stabilize an easy axis anistropy, since large transversal components were obtained (дx,y > 2.5).

In conclusion, the higher distortion of the pseudotetrahedral [N2O2] coordination sphere towards a
square planar coordination geometry in 2 as compared to 1 leads to a higher magnetic anisotropy and
a larger axial ZFS which goes together with a higher effective spin reversal barrier that is confirmed
by experimental as well as theoretical methods. At the same time, the strong distortion in terms of the
dihedral angle δ results in a significant average transition dipole matrix element in the ground state
KD of 1 and 2, respectively, which indicates a quantum tunneling of magnetization. Therefore, both
complexes only show SIM behavior with applied DC magnetic fields, which suppress the quantum
tunneling by lifting the twofold degeneracy of the ground state KD. Despite the high spin reversal
barriers for both complexes, the relaxation of magnetization seems to be rather efficient in the low
temperature range and the temperature dependence of the relaxation times indicates an under-barrier
spin relaxation via spin–phonon coupling. [24,137]

2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

Part of this chapter has been published in:

• (P2) rhOver: Determination of Magnetic Anisotropy and Related Properties for Dysprosium(iii)
Single-Ion Magnets by Semi-Empirical Approaches utilizing Hartree–Fock Wave Functions.
Michael Böhme, Winfried Plass, J. Comput. Chem. 2018, 39, 2697–2712.

Besides late 3d transition metal ions like cobalt(ii), late rare-earth metal ions like terbium(iii), dyspro-
sium(iii), and holmium(iii) are also promising candidates for the design of single-ion magnets (SIMs),
since these ions exhibit the largest intrinsic magnetic moments. [309] Unlike the valence shell of 3d tran-
sition metal ions, the 4fn valence shell in trivalent lanthanide complexes plays only a minor role in
chemical bonding due to its strong contracted character. As a consequence, the coordination geom-
etry, which is determined by ligand steric factors rather than by the metal ion in these complexes,
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

usually shows a low symmetry [309] and often results in an unpredictable orientation of the magnetic
anisotropy. In a dysprosium(iii) ion the Russell–Saunders coupled 6H15/2 term is the electronic ground
state (approximately 94%) [241] according to Hund’s rules with J = L+S = 15/2. [310,311] Due to the strong
spin–orbit coupling as occurring in trivalent lanthanide ions, the ground multiplet is well-separated
from the consecutive terms

(
relative energies in a free ion: [241] 3460 cm−1 (6H13/2), 5780 cm−1 (6H11/2),

9060 cm−1 (6H9/2), and 10100 cm−1 (6H5/2)
)
. Consequently, regarding the magnetic properties of dys-

prosium(iii)-based compounds, the 6H15/2 ground term is of most interest. By introducing a ligand field
(LF), which acts on a central dysprosium(iii) ion, the J = 15/2 ground multiplet splits into eight doubly
degenerate KDs. Thus, these

��J = 15/2, mJ
⟩

magnetic levels
(
further denoted as

��mJ
⟩ )

are of most sig-
nificance and primarily responsible for the magnetochemical properties of dysprosium(iii)-based SIM
compounds.

From a theoretical point of view, high-level ab initio calculations are necessary to adequately re-
produce these low-lying spin–orbit coupled magnetic states. Usually, multi-reference methods like
state-average CAS(9,7)SCF/RASSI-SO are employed to tackle this issue, however, at the same time
their computational effort is rather elaborate. [26,99,121] Therefore, theoretical studies are often based on
cropped computational structures and dynamic electron–electron correlation is mostly neglected for
lanthanide-based systems to keep the computational expenses feasible. On the other hand, approaches
based on ligand-field theory [312,313] (LFT) are much less computationally demanding and have been
widely used for the investigation of magnetic properties of metal complexes in the past. [314–316] This
was before ab initio multi-reference methods were developed [224] and became computationally feasi-
ble for molecular systems. The accuracy of LFT-based approaches, however, is strongly limited by the
representation of the surrounding acting LF, e.g. by formal point charges. [317]

The motivation was to develop and verify two semi-empirical approaches that accurately reproduce
magnetic properties of dysprosium(iii)-based SIM compounds. The starting point was to revise the LF
approach and to improve the LF representation, e.g. by replacing the applied potential that is normally
obtained by point charges with a wave function derived one. This new electrostatic potential, however,
cannot be directly obtained from CAS(9,7)SCF/RASSI-SO ab initio calculations, since another goal was
to significantly reduce the computational effort, i.e. by performing much faster single-determinant
calculations. Therefore, to achieve this second objective the paramagnetic metal center, namely the
dysprosium(iii) ion, is replaced by a diamagnetic ion. Besides this LFT-based method, a second semi-
empirical approach, denoted as improved electrostatic (IES) approach, was developed that is based on
the electrostatic ansatz introduced by Chilton and coworkers, however, employing a more accurate
representation of the LF. [318] The calculation of the electrostatic potential on basis of a closed-shell
Hartree–Fock wave function as well as its application to both semi-empirical approaches have been
implemented into a computer program named ’rhOver’.

The concept of a diamagnetic–electrostatic pseudo-potential (DEPP) has been introduced in the scope
of this project. [319] Its basic idea is the replacement of the dysprosium(iii) ion by diamagnetic ions like
yttrium(iii) or lutetium(iii) in theoretical calculations of SIM compounds to obtain an electrostatic po-
tential from these (corresponding models denoted as Y and Lu, respectively). Furthermore, as a proof
of concept these electrostatic potentials can further be altered by an additional Slater–Dirac exchange
term ṼX (models denoted as Y–X and Lu–X, respectively). [320,321] The choice of the diamagnetic ions
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

is based on similar properties, namely the same ionic charge, similar electronegativity values (dys-
prosium(iii): 1.22; yttrium(iii): 1.22; lutetium(iii): 1.27) [322] as well as comparable effective ionic radii
(radii when eight-coordinated: dysprosium(iii): 1.03 Å; yttrium(iii): 1.02 Å; lutetium(iii): 0.97 Å). [85] A
single-determinant method like Hartree–Fock can be employed to obtain a closed-shell wave function,
which shows a faster convergence in the iterative self-consistent field steps as compared to open-shell
systems. Subsequently, this wave function is used to calculate an electrostatic potential for a diamag-
netic isostructural compound (denoted as DEPP or ṼDEPP) and this provides a more accurate picture of
the electron charge distribution as compared to point charges. Although the ion replacement results in
an incorrect spin density representation, the obtained closed-shell wave functions lead to similar charge
distributions. Hence, a similar electrostatic potential of the ligand system is expected, which can be
subsequently applied to semi-empirical methods. As an example, Figure 2.7 shows the electrostatic
potential mapped on the electron density for the two isostructural complexes [Dy(acac)3(H2O)2] and
[Y(acac)3(H2O)2], respectively. Apparently, no evident differences in the electrostatic potential are no-
ticeable and thus, a similar electronic charge distribution can be assumed. The approach of diamagnetic
ion exchange is supported by an experimental point of view, since it is a commonly used experimental
technique to suppress spin–spin interactions (intermolecular as well as intramolecular in polynuclear
complexes) in corresponding isostructural diamagnetically diluted compounds. [27,28,120,121]

In case of trivalent lanthanide ions, the LF splitting can be assumed to be small (’weak-field limit’)
based on the contracted character of the 4f valence shell in combination with a shielding effect from
the filled 5s and 5p shells. [309] As an example, Figure 2.8 shows the radial probability density of the 4f
shell for a dysprosium atom, where the major part of the charge density is located in the inner region
of the atom

(
expectation value

⟨
r 2
⟩

= 0.793 a.u. (0.420 Å)
)
. The radial probability density contracts

even more when going from a dysprosium atom to a dysprosium(iii) ion as early Hartree–Fock cal-
culations suggest:

⟨
r 2
⟩

= 0.726 a.u. (0.384 Å). [280] As a result, polynuclear lanthanide(iii) compounds
often show small exchange coupling constants compared to transition metal complexes. [115] The an-
gular distribution of the dysprosium(iii) 4f charge density is depicted in Figure 2.9 in terms of the 16��mJ

⟩
eigenstates as obtained by Sievers’ parameterization. [44] Within low-symmetry dysprosium(iii)

compounds the |±15/2⟩ eigenstates are expected to be dominant in the ground state KD [98,99] and, thus,
lead to a strong oblate charge distribution.

The LF that acts on the 4f shell of a central dysprosium(iii) ion is mathematically represented by a LF
operator ĤLF and can be expanded into a sum of operators, e.g. in terms of extended Stevens operators
(ESOs) Ôq

k (J ) as shown in equation (2.2). [323–325] The multiplicative factors θk are ion as well as rank k

specific [323] and the parameters Bqk , representing the LF, need to be calculated for each individual case.

ĤLF =
∑

k=2,4,6

k∑
q=−k

θkB
q
k Ôq

k (J ) (2.2)

Within the ESO formalism the operator equivalents to express the LF operator are based on the so-
called tesseral harmonics Zq

k , which are a linear combination of the complex spherical harmonics Yk,q

to form purely real representations. A second common parameterization, namely the Wybourne for-
malism, [326] has been established, which is based on operator equivalents formed by spherical harmon-
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

[Dy(acac)3(H2O)2] [Y(acac)3(H2O)2]

Figure 2.7: Electrostatic potential as obtained from a Hartree–Fock calculation for [Dy(acac)3(H2O)2] (left) and
[Y(acac)3(H2O)2] (right), respectively, mapped on their electron densities (iso-value: 0.05; Hacac –
acetylacetone).

Figure 2.8: Radial probability function
[ϕ4f(r )]2 r 2 of the 4f shell derived
from the ANO-RCC basis set for
dysprosium. [276]
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electronic ground state as obtained by Sievers’ parametrization. [44]
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

ics, particularly the spherical tensor operators Ck,q(θ ,φ) =
√

4π
2k+1Yk,q(θ ,φ). Depending on the used

parameterization the corresponding LF parameters can be either real (Bqk ; extended Stevens formalism)
or complex (Bk,q ; Wybourne formalism) with the exception of Wybourne parameters Bk,0 that are al-
ways real. The LF parameters have been determined within the Wybourne formalism by employing
equation (2.3), because a smaller number of parameters needs to be determined due the mathematical
relation Bk,−q = (−1)q B∗

k,q . The superscript ’(α , β)’ in equation (2.3) refers to a rotation about the two
Euler angles α and β which is essential to determine the main anisotropy axis. Subsequently, the LF
parameters Bk,q can been converted into the extended Stevens parameters Bqk by the use of tabulated
conversion factors. [327]

B
(α,β )
k,q =

2k + 1

4π

∫
C∗
k,q(θ ,φ) [ϕ4f(r )]2 Ṽ(α,β )

DEPP(r ,θ ,φ) r 2 sinθ dr dθ dφ (2.3)

The potential Ṽ(α,β )
DEPP needs to be calculated only for regions with a significant 4f charge density, since

equation (2.3) includes [ϕ4f]2 that converges rapidly to zero due to the contracted 4f valence shell (cf.
Figure 2.8). Concerning the technical implementation into the computer program rhOver, however, it
is necessary to replace the integral in equation (2.3) with a finite sum of grid points in order to obtain
the LF parameters. The implemented numerical grids are based on an M4 radial mapping scheme of
Treutler and Ahlrichs (radial scheme parameters: ξ = 0.9; α = 0.6) [328] in combination with randomly
rotated angular Lebedev grids of different sizes. [329,330]

Once the LF parameters B
q
k have been determined the LF matrix

⟨
mJ

�� ĤLF

���m′
J

⟩
can be constructed

and the eigensystem as given in equation (2.4) can be solved by diagonalization.

E
��mJ

⟩
= ĤLF

��mJ
⟩

(2.4)

As a result, the relative energies EKDn (n = 1–8) of the eight KDs forming the J = 15/2 manifold as well as
their decomposition into

��mJ
⟩

eigenfunctions are obtained as eigenvalues and corresponding complex
eigenvectors, respectively. To determine the orientation of the main anisotropy axis the approach
introduced by Baldoví and coworkers is used, [331–333] which maximizes the contribution of the |±15/2⟩
eigenstates within the ground state KD (denoted as weight wKD1

±15/2). Hence, it is necessary to solve the
LF eigensystem for each specific Euler rotation (α , β) of the main anisotropy axis.

Chilton and coworkers introduced a considerably simplified electrostatic approach to determine the
main anisotropy axis of dysprosium(iii) coordination compounds. [318] This approach is based on min-
imizing the electrostatic energy arising from the LF and a |±15/2⟩ charge density of the dysprosium(iii)
valence shell. It was shown that the deviation between the ab initio determined main anisotropy axis
and the one obtained by the electrostatic approach was reasonable (2.4–14.8◦) for a variety of dys-
prosium(iii)-based coordination compounds with SIM behavior. [318] The accuracy of this approach is
primarily determined by two aspects. Firstly, the assumption of a pure |±15/2⟩ eigenstate contribution
within the ground state KD which is represented by its charge density ρ±15/2. Secondly, the electro-
static potential ṼLF of the LF, which is based on formal point charges and obtained by a multipole
expansion. In order to improve the accuracy of this simple but efficient electrostatic approach, it is
essential to improve the LF representation, i.e. the electrostatic potential ṼLF. At this point, the pre-
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

viously introduced ṼDEPP is used as a replacement for the point charge based LF potential ṼLF. In the
following, this approach is denoted as improved electrostatic (IES) approach. The main anisotropy axis
can be determined within this approach by minimizing E±15/2(α , β) in dependence on the two Euler
angles of rotation α and β

(
see equation (2.5)

)
, which is similar to the original approach by Chilton and

coworkers. [318] For its implementation into rhOver the identical numerical grid as in the LFT approach
can be used, since equation (2.5) contains the charge density of the |±15/2⟩ eigenstates ρ(α,β )±15/2 which
also rapidly converges to zero with an increasing distance r .

E
(α,β )
±15/2 =

∫
ṼDEPP(r ,θ ,φ) ρ(α,β )±15/2(r ,θ ,φ) r

2 sinθ dr dθ dφ (2.5)

Three mononuclear dysprosium(iii) complexes showing a slow-magnetic relaxation in the experi-
ment were selected as test compounds to verify both semi-empirical approaches: [Dy(acac)3(H2O)2]
(3; Hacac – acetylacetone), [DyZn2(H3teabmp)2(CH3OH)]+ (4), and [DyZn2(H3teabmp)2]+ (5). [334,335]

Scheme 2.1 depicts the corresponding ligand system H6teabmp
(
2,2′,2′′-(((nitrilotris(ethane-2,1-diyl))-

tris(azanediyl))tris(methylene))tris-(4-bromophenol)
)
. The complexes are critical cases with respect to

the orientation of their magnetic anisotropy axis. Complex 3 shows an effective barrier ofUeff = 46 cm−1

and is the basis of a large variety of mononuclear dysprosium(iii) complexes with β-diketonate ligands
and hence, was chosen for that reason. [95,334,336–339] Complexes 4 and 5 were chosen because both
compounds seem to be chemically very similar, however, their magnetic properties are significantly
different in terms of the experimentally determined effective barrier Ueff (4: 305 cm−1; 5: 44 cm−1).

The determination of the main anisotropy axis is one of the main features of the IES and LFT ap-
proaches. As an example, Figure 2.10 illustrates the orientation of the main anisotropy axis in 3–5 as
obtained by ab initio and the IES approach with DEPP model Lu. In case of 3, the orientation of the
magnetic anisotropy axis is arranged within the chelate planes of two acac– ligands, which are in trans
position to each other. In case of 4 and 5, the magnetic anisotropy axis is oriented along two axial
coordinated phenolate moieties, which show an O–Dy–O angle of 169.3◦ and 173.1◦ respectively. The
accuracy of both semi-empirical approaches in combination with the applied DEPP model (Lu, Lu–X,
Y, Y–X) can be judged by a comparison of the obtained anisotropy axes with the ab initio-obtained ones
by measuring the angle between both axes (denoted as deviation from ab initio). Table 2.4 summarizes
the results together with values obtained from the original electrostatic approach employing formal

Scheme 2.1: Ligand used for the complexes 4 and 5.

H6teabmp
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

Figure 2.10: Orientation of the ground state main anisotropy axis for the investigated mononuclear dyspro-
sium(iii) compounds [Dy(acac)3(H2O)2] (3; left), [DyZn2(H3teabmp)2(CH3OH)]+ (4; center), and
[DyZn2(H3teabmp)2]+ (5; right) as obtained by the improved electrostatic (DEPP model Lu; yel-
low dashed lines) and ab initio approach (blue dashed line). The angle between both axes is 2.0◦ (3),
3.0◦ (4), and 1.8◦ (5), respectively.

Table 2.4: Deviation (in ◦) of the obtained main
anisotropy axis in dependence on the used
approach

(
(improved) electrostatic as well as

ligand-field theory (LFT)
)

and the employed
diamagnetic–electrostatic pseudo-potential
(DEPP) as compared to ab initio reference
calculations (RMSD – root-mean-square de-
viation). The literature values are based on
the original electrostatic approach employ-
ing formal point charges. [318]

DEPP
Y Y–X Lu Lu–X Lit. [318]

(improved) electrostatic approach

3 1.9 5.1 2.0 5.8 10.9
4 6.2 2.5 3.0 1.6 6.6
5 5.3 2.1 1.8 1.4 8.0

RMSD 4.8 3.5 2.3 3.6 8.7

LFT approach

3 2.1 2.7 2.9 3.0 –
4 2.0 1.5 1.6 1.2 –
5 3.6 0.5 2.5 0.2 –

RMSD 2.7 1.8 2.4 1.9 –
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

point charges. [318] Most notably, the accuracy in respect to the ab initio-obtained main anisotropy axes
is in all cases, i.e. for both approaches with all DEPPs, better than the previously published formal point
charge based values from the literature. This significant improvement in accuracy can be directly re-
lated to the better representation of the LF, i.e. taking electron charge densities into account.

In general, the LFT approach in terms of the determined main anisotropy axes tends to be more accu-
rate than the IES approach, since the latter one is based on the assumption of a pure |±15/2⟩ eigenstate
charge density. However, the ab initio reference calculations show that in case of 3 this assumption
becomes inaccurate

(
ab initio wKD1

±15/2 values: 93.2% (3); 99.9% (4); 99.7% (5)
)
. Nonetheless, the IES ap-

proach is accurate, since the largest obtained root-mean-square deviation (RMSD) for this approach is
4.8◦ (DEPP model Y), where the largest deviation from ab initio is 6.2◦ for compound 4. In case of the
DEPP model Lu the results of the IES approach lead to a smaller RMSD of 2.3◦. Within the IES approach
the additional inclusion of the Slater–Dirac exchange (DEPP models Y–X and Lu–X) leads to ambigu-
ous results in terms of the accuracy (Y → Y–X: improvement; Lu → Lu–X: decrement). Figure 2.11
depicts the resulting relative electrostatic energy E

(α,β )
±15/2 for compounds 3–5 in dependence on the two

Euler angles of rotation of a pure |±15/2⟩ eigenstate’s charge density acting on the DEPP model Lu. The
orientation of the easy-axis is twofold degenerate due to the absence of a magnetic field which would
lead to a Zeeman splitting and thus, two distinct minima of the energy are apparent. Compound 4,
which shows the highest effective barrier in the experiment (Ueff = 305 cm−1), exhibits a steep potential
well with a circular appearance. As a consequence, the two degenerate |±15/2⟩ eigenstates with their
associated orientation of the easy-axis of magnetization are adequately stabilized by the two phenolate
oxygen donors (cf. Figure 2.10). In case of 3 and 5, these potential wells become less steep which could
be an indicator for their lower effective barriers in the experiment (3: 46 cm−1; 5: 44 cm−1).

Regarding the determination of the anisotropy axis, the LFT-based approach is more precise than
the IES approach (cf. Table 2.4), since the former does not rely on a pure |±15/2⟩ eigenstate within the
ground state KD. In fact, it maximizes the contribution of the |±15/2⟩ eigenstate within the ground state
KD to determine the magnetic anisotropy axis. Concerning the accuracy, the largest RMSD within this
approach is 2.7◦ (DEPP model Y), where the largest deviation from ab initio is 3.6◦ for compound 5. The
additional inclusion of the Slater–Dirac exchange (DEPP models Y–X and Lu–X) leads to a further im-
provement in the accuracy in terms of the obtained RMSD values. The |±15/2⟩ eigenstates’ contribution

Figure 2.11: Contour plots for 3 (left), 4 (center), and 5 (right) in dependence on the two Euler angles of rotation
(α , β). The contour interval is 100 cm−1 and the color code (blue: low energy; red: high energy)
represents the relative electrostatic energy E

(α,β )
±15/2 of a |±15/2⟩ eigenstate’s charge density acting on

the DEPP model Lu.
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

Figure 2.12: Contour plots for 3 (left), 4 (center), and 5 (right) in dependence on the two Euler angles of rotation
(α , β). The contour interval is 20% and the color code (blue: low weight; red: high weight) represents
the weight wKD1

±15/2 of the |±15/2⟩ eigenstates within the ground state KD (DEPP model Lu).

within the ground state KD is well-reproduced by the LFT approach
(
wKD1

±15/2 values obtained by the LFT
approach with DEPP model Lu–X: 91.3% (3); 99.9% (4); 99.3% (5)

)
and this additional information makes

this approach advantageous over the IES approach. The corresponding contour plot for 3–5 showing
the weightwKD1

±15/2 of the |±15/2⟩ eigenstates within the ground state KD in dependence on the two Euler
angles of rotation is depicted in Figure 2.12. Notably, for all investigated compounds the maximum
contribution of the |±15/2⟩ eigenstates wKD1

±15/2 agrees with the minimum in electrostatic energy E±15/2.
Therefore, it is possible to accurately determine the magnetic anisotropy axis with both approaches.

Besides the determination of the main anisotropy axis, the LFT-based approach provides the LF split-
ting of the J = 15/2 manifold that can be compared to the ab initio reference values. However, the re-
sulting KD energies differ in absolute values due to the different electronic structure of dysprosium(iii),
yttrium(iii), and lutetium(iii) ions within the inner-core region. Thus, a comparison of the relative LF
splitting (0–100%) is more appropriate, which is presented in Figure 2.13 in dependence on the applied
DEPP model together with the ab initio reference values. Furthermore, the relative LF splitting as ob-
tained by a point charge model employing formal charges is shown. The best reproduction of relative
LF splittings is apparently achieved with the DEPP models Y–X and Lu–X and, hence, the inclusion
of Slater–Dirac exchange seems to be important to reproduce the relative LF splitting as compared to
the ab initio reference values. Additionally, these two models give the smallest deviation from the ab
initio calculated main anistropy axes and therefore are the most accurate ones (cf. Table 2.4). As ex-
pected, the results obtained by formal point charges (denoted as PCM) give the largest deviation, which
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Figure 2.13: Relative LF splitting (in %) of 3 (left), 4 (center), and 5 (right) as obtained from CAS(9,7)SCF/RASSI-
SO (denoted as ab initio) and the LFT approach employing different DEPP models (Y–X, Lu–X, Y,
Lu) as well as formal point charges (denoted as PCM).
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2.2 Magnetic anisotropy in dysprosium(iii) single-ion magnets

is most distinct in case of 3, since this compound possesses two additional neutral aqua ligands. The
complete neglect of neutral ligands marks one major drawback of the point charge model employing
formal charges, especially when ab initio calculations show a significant change in the LF splitting with
an increasing number of neutral ligand molecules for mononuclear dysprosium(iii) complexes. [98] In
terms of the accuracy, the two DEPP models containing only the pure electrostatic potential contribu-
tion (Y and Lu) give, in sum, a better agreement to the reference values as compared to the point charge
based results.

The energy of the second KD EKD2 within the J = 15/2 manifold is an important quantity, since
it is often assumed as the theoretical thermal barrier U0 for mononuclear dysprosium(iii) complexes,
although magnetic relaxation through higher KDs was already observed. [100,136] Figure 2.14 shows the
correlation for the second KD energies EKD2 for 3–5 as calculated by the LFT approach (ELFT

KD2; DEPP
models Y–X and Lu–X) and the ab initio reference values (EKD2). Apparently, for both DEPP models
a linear correlation is obtained and therefore, corresponding scaling factors were fitted (Y–X: 2.378;
Lu–X: 1.667). In fact, the approach employing formal point charges (PCM) gives no linear correlation
in respect to the ab initio reference values. This confirms the previous PCM results to be related with
large deviations in the relative LF splitting as compared to the ab initio values. Again, the loss in
accuracy as compared to the DEPP-based results can be directly related to the simplified point charge-
based representation of the LF. Nevertheless, all semi-empirical approaches are able to reproduce the
qualitative trend of EKD2 (order of relative EKD2 energies: 3 < 5 < 4).

The fitted scaling factors were used to adjust the relative energies of the first three excited KDs
(EKD2–EKD4). The related values are listed in Table 2.5 together with the RMSD values. The energies of
the first excited KDs are well-reproduced by LFT in combination with the DEPP models Lu–X and Y–X,
where the DEPP model Lu–X is slightly more precise (RMSD: 0.4 cm−1) as compared to Y–X (RMSD:
2.1 cm−1). The accuracy decreases with the increasing number of the KD state, where also in these
cases the DEPP model Lu–X seems to be more accurate (smaller RMSD values) for predicting higher
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Table 2.5: Relative energies of the first three excited KDs as obtained from CAS(9,7)SCF/RASSI-SO (denoted as
ab initio) and the LFT-based approach in combination with the DEPP models Y–X and Lu–X.

EKD2 (cm−1) EKD3 (cm−1) EKD4 (cm−1)
ab initio Y–Xb Lu–Xc ab initio Y–Xb Lu–Xc ab initio Y–Xb Lu–Xc

3 164.6 167.8 163.9 243.1 279.2 274.9 284.6 341.1 339.9
4 375.6 373.9 375.8 535.6 517.1 551.2 592.4 557.6 594.5
5 331.3 331.6 331.4 382.1 378.1 400.6 469.9 439.5 455.0

RMSDa – 2.1 0.4 – 23.6 23.1 – 42.2 33.1
a root-mean-square deviation from ab initio; b scaled with 2.378; c scaled with 1.667

KD energies. Furthermore, no trend in the distribution of the predicted energies can be found, since
both overestimated as well as underestimated energies for the higher KD states occur. Nevertheless, in
most of the cases the lowest KD states are of great interest to understand and explain magnetochemical
properties of SIMs at lower temperatures.

Finally, a merit of the presented LFT-based approach is the needed computational time as compared
to the ab initio reference calculations. As can be seen from Table 2.6, the semi-empirical method, in
terms of time of a single CPU core, speeds up the calculation time by more than one order of magnitude.
However, it should be noticed that in reality even less wall time is needed, since most of the procedures
are efficiently parallelized. The speed-up factor tend to increase with the system size (3: 16.4; 4: 20.2;
5: 20.6), although 4 is slightly larger than 5 (in terms of atoms and basis functions). However, the
wave function convergence of the CASSCF step has a significant impact on the computational time,
since this is the most time-demanding procedure within the ab initio calculations. In addition, within
the LFT approach a further improvement in speed-up could be achieved by using even faster single-
determinant methods, since the scalar-relativistic Hartree–Fock calculation is apparently the most time-
demanding step. As an example multipole accelerated RI-DFT [340] methods could be employed, which
scale significantly faster than Hartree–Fock calculations. Further speed improvements could be also
achieved by reducing the applied basis sets.

In conclusion, two semi-empirical approaches (LFT and IES) to determine the magnetic anisotropy
axis in dysprosium(iii)-based SIMs are presented. The basic idea of the experimental diamagnetic ion
replacement is adopted to the field of computational chemistry. It is possible to reproduce CAS(9,7)SCF/

Table 2.6: Comparison of CPU timings
(
in CPU

hours; hardware specifications: 2 Intel
Xeon E5645 CPUs (12 cores, each 2.4 GHz)
and 48 GB of RAM

)
between ab initio

CAS(9,7)SCF/RASSI-SO calculations and
the presented semi-empirical LFT-based
approach (DEPP model Y–X)

3 4 5

Integrals 7.9 107.9 110.3
CASSCF (multiple) 47.8 1225.7 1018.5
RASSI-SO 4.4 38.5 33.2

sum ab initio 60.0 1374.4 1161.9

DKH2 HF SCF 3.4 67.4 55.7
rhOver 0.2 0.7 0.7

sum semi-empiric 3.7 68.1 56.4

speed-up factor 16.4 20.2 20.6
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RASSI-SO calculated properties by Hartree–Fock calculations of isostructural yttrium(iii)- or lute-
tium(iii)-based compounds. A closed-shell Hartree–Fock wave function is used to obtain a so-called
diamagnetic–electrostatic pseudo-potential (DEPP) of a compound which is then applied to both semi-
empirical approaches. The LFT-based approach is found to be more significant than the IES one, due to
its higher accuracy and its ability to provide more information, such as the LF splitting and the decom-
position into eigenstates. It was further found that an additional Slater-Dirac exchange term within the
DEPP model leads to smaller deviations between the LFT approach and ab initio obtained anisotropy
axes as well as in their relative LF splittings. The improvement in accuracy as compared to a previ-
ous point charge-based electrostatic approach is gained by taking electron charge distributions into
account. [318] In future, the presented approach could easily be extended to other trivalent lanthanide
ions. The unique calculation of a DEPP of a single compound could then be used to obtain the properties
for a whole series of isostructural trivalent lanthanide complexes. Additionally, the application of the
presented approaches to polynuclear dysprosium(iii) complexes needs to be scrutinized. Finally, fur-
ther speed-up improvements need to be investigated, such as the application of multipole accelerated
RI-DFT [340] and smaller basis sets.

2.3 Terbium(iii) sandwich complex

Part of this chapter has been published in:

• (P3) Lanthanide(iii) Sandwich and Half-Sandwich Complexes with Bulky Cyclooctatetraenyl Lig-
ands: Synthesis, Structures, and Magnetic Properties. Volker Lorenz, Phil Liebing, Michael Böhme,
Axel Buchholz, Winfried Plass, Liane Hilfert, Sabine Busse, Felix Engelhardt, Cristian G. Hrib, Frank
T. Edelmann, Eur. J. Inorg. Chem. 2017, 4840–4849.

The combination of highly anisotropic lanthanide(iii) ions with organometallic ligands is of great in-
terest, since it allows the formation of strongly axial lanthanide(iii)-based SIMs. Another reason for
investigating lanthanide(iii)-based organometallic sandwich complexes is the possibility of forming
double- or even higher multi-decker complexes, which facilitates easy access to parallel-aligned and
stacked axial magnetic moments. Such organometallic lanthanide(iii) containing complexes, e.g. with
cyclooctatetraenyl-based ligands, have been known for decades. [341–345] Furthermore, ligands based on
carbon donor atoms are presumed to be strong donors. [346] This, in combination with the nearly lin-
ear arrangement, as is often found in sandwich complexes, can be beneficial for the stabilization of a
magnetic easy-axis anisotropy.

As an example, mononuclear cyclooctatetraenyl-based complexes of dysprosium(iii) and erbium(iii),
respectively, have been synthesized and characterized, however, showing significant differences in
their magnetic properties. [347] While [Er(COT)2]– shows a remarkable hysteresis in magnetization
measurements up to 12 K, the corresponding dysprosium(iii) complex [Dy(COT)2]– displays no in-
dication for an open hysteresis at all. Interestingly, the situation dramatically changes when the size
of the aromatic system is changed, i.e. to cyclopentadiene-based ligands. The recently discovered dys-
prosocenium complex [Dy(Cpttt)2]+ (HCpttt = 1,2,4-tri-tert-butyl-cyclopentadiene) is an outstanding
example, since this compound shows an open magnetic hysteresis up to 60 K. [26] These examples show
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2.3 Terbium(iii) sandwich complex

that the quest of finding an ideal combination of a paramagnetic metal ion exhibiting a strong mag-
netic anisotropy and a corresponding suitable ligand environment to build high-temperature SIMs can
be quite challenging. At this point, theoretical investigations based on a molecular system are a helpful
contribution towards verifying and understanding fundamental differences in magnetic properties.

Aside from dysprosium(iii) and erbium(iii), terbium(iii) is another promising candidate for design-
ing complexes with SIM behavior. For a single terbium(iii) ion, the high number of unpaired spins
(S = 6/2) in combination with a strong orbital momentum contribution (L = 3) leads to a 2S+1L J =

7F6
ground multiplet. The J = 6 manifold formally contains eigenstates with high magnetic moments, e.g.��J = 6,mJ = ±6

⟩
. However, these states need to be energetically stabilized by the acting ligand-field

to contribute to the magnetic ground state. One of the first lanthanide(iii)-based compounds exhibit-
ing an out-of-phase susceptibility [27,348] as well as magnetic hysteresis [28] was the anionic complex
[Tb(Pc)2]– (H2Pc = phthalocyanine), which was discovered by Ishikawa et al. in 2003. This compound
shows an effective barrier of Ueff = 230 cm−1. Later on, due to the redoxactivity of the Pc2 – system a
corresponding neutral [29] ([Tb(Pc)2]) and a similar cationic complex [349] ([Tb(Pc(OEt)8 )2]+; H2Pc(OEt)8 =
2,3,9,10,16,17,23,24-octaethoxyphthalocyanine) have been presented. Both complexes show an out-of-
phase magnetic susceptibility combined with higher thermal barriers Ueff as compared to [Tb(Pc)2]–

([Tb(Pc)2]: 410 cm−1; [Tb(Pc(OEt)8 )2]+: 550 cm−1). It was found that the oxidation of the Pc2 – system
leads to a contraction of the Tb–centroid(Pc) distance ([Tb(Pc)2]– : 141 and 142 pm; [Tb(Pc)2]: 139 and
140 pm). Thus, this distance plays an important role and directly influences on the resulting thermal
barriers Ueff in the experiment. [349]

Within the scope of this project a homoleptic anionic terbium(iii) sandwich complex [Tb(COT′′)2]–(
6; H2COT′′ = 1,4-bis(trimethylsilyl)-cyclooctatetraene

)
together with its countercation [Li(DME)3]+

(DME = 1,2-dimethoxyethane) was synthesized and characterized. [350] Figure 2.15 depicts the molec-
ular structure of the anionic complex [Tb(COT′′)2]– . Both COT′′2 – ligands coordinate the central
terbium(iii) ion in η8-fashion and the centroid–Tb–centroid angle is 179.0◦. The Tb–chelate plane
distances are 191.2(2) pm and 191.9(2) pm, respectively, which are rather elongated as compared to
phthalocyanine-based systems ([Tb(Pc)2]– : 141 and 142 pm).

Figure 2.15: Molecular structure of the
anionic sandwich complex
[Tb(COT′′)2]– (6). Thermal
displacement ellipsoids are
drawn at 50% probability level.
Hydrogen atoms were omitted
for clarity.
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2.3 Terbium(iii) sandwich complex

Static magnetic susceptibility measurements as well as magnetization measurements were performed
and show that the compound is paramagnetic. However, no hysteresis could be observed in the mag-
netization measurements at 2 K. Moreover, dynamic magnetic measurements surprisingly gave no in-
dication for the existence of magnetic anisotropy, since no out-of-phase signal χ ′′

M could be observed
in the experiment.
Ab initio CAS(8,7)SCF/RASSI-SO calculations for 6 have been performed and confirmed a 7F6 ground

multiplet for the central terbium(iii) ion. In addition, an energetic separation of the remaining septet
states 7FJ with 0 ≤ J < 6 is apparent (7F5: 2507 cm−1; 7F4: 3852 cm−1; 7F3: 4932 cm−1; 7F2: 5687 cm−1;
7F1: 6353 cm−1; 7F0: 6605 cm−1). The distinct energetic separation of multiplets is a direct consequence
of a strong spin–orbit coupling as is typically observed in lanthanide-based systems. Hence, the mag-
netic properties up to room temperature can be primarily described in terms of the ligand-field splitting
of the 7F6 ground septet due to its energetic separation from the other multiplets. Furthermore, the low-
est quintet state can be found at 24482 cm−1.

Figure 2.16 depicts the calculated ligand-field splitting of the 7F6 ground multiplet for 6 in combina-
tion with the magnetic moment µz in z direction that describes the Tb–centroid axis of the COT′′2 –

ligand. The absolute ligand-field splitting of the J = 6 manifold for 6 is found to be 748 cm−1, which
is a result of the two strong dianionic COT′′2 – donors. Most notably, theoretical calculations reveal
that the ground state contains a large contribution of the

��J = 6,mJ = 0
⟩

eigenstate (99.6%) in 6. As a
consequence, this magnetic ground state does not exhibit a magnetic moment. Furthermore, it is appar-
ent from Figure 2.16 that the remaining magnetic states of the 7F6 ground multiplet show rather small
magnetic moments. This can be explained by a strong mixing between

��J = 6,±m J
⟩

eigenstates and
their corresponding

��J = 6,∓m J
⟩

counterparts resulting in small magnetic moments, e.g. |µz | = 0.11 µB

in the first two excited states. This, however, explains the absence of an out-of-phase susceptibility χ ′′
M

in the experiment for 6. Firstly, due to the
��J = 6,mJ = 0

⟩
magnetic ground state, which does not ex-

hibit a magnetic moment and, thus, no magnetic anisotropy. Secondly, the remaining magnetic states
of the 7F6 ground multiplet, which can be occupied by thermal excitation, show only small magnetic
moments µz due to a strong mixing ofm J eigenstates with opposite signs.

Figure 2.16: Calculated ligand-field splitting of
the 7F6 ground multiplet and the re-
sulting magnetic moments for 6. The
labels on the right-hand side repre-
sent the main contributions from the
pure

��J = 6,mJ
⟩

eigenstates.
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2.3 Terbium(iii) sandwich complex

Figure 2.17: Temperature dependent behavior of χT (left-hand side, HDC = 1000Oe) and magnetization data at
T = 2K (right-hand side) for [Li(DME)3][Tb(COT′′)2]. The triangles (▲) represent the experimental
data and the red lines the SINGLE_ANISO simulations based on the ab initio calculations of the
anionic complex [Tb(COT′′)2]– (6).

The magnetization measurements at T = 2K as well as the magnetic susceptibility χMT data of 6
were simulated to verify and adjudge the quality of the ab initio calculations. Figure 2.17 presents
the corresponding experimental as well as simulated data. Both simulations, which do not contain
intermolecular magnetic interactions, are in good agreement with the experiment. Hence, intermolec-
ular interactions are negligible and the magnetic properties of 6 arise mainly from the non-interacting
isolated terbium(iii) centers. The room-temperature χMT value (experiment: 11.45 cm3 K mol−1; calcu-
lation: 11.48 cm3 K mol−1) is nearly identical to the expected theoretical value of 11.82 cm3 K mol−1 for
a single terbium(iii) ion. The slow increase in magnetization (see Figure 2.17) indicates and confirms
the low magnetic moments in the energetically low-lying magnetic states of 6 as obtained by ab initio
calculations. As a result, the formal saturation magnetization Msat = 9.72 µB for a single terbium(iii)
ion with J = 6 and дJ = 3/2 is not reached by applying a strong magnetic field of 5 T (50 kOe) at 2 K.

Further investigations into the magnetic states of the 7F6 ground multiplet have been performed to
grasp the significant differences in magnetic properties between 6 and the well-known Pc-based ter-
bium(iii) SIMs as presented in the introduction of this chapter. In general, the crucial difference can
be seen in the stabilization of different

��J = 6,mJ
⟩

eigenstates in their ground states
(
6:

��J = 6,mJ = 0
⟩
;

[Tb(Pc)2]– :
��J = 6,mJ = ±6

⟩)
. Thus, it is beneficial to point out the differences in the eigenstates to

understand the different stabilization behavior in dependence on the acting ligand-field. The acting
ligand-field itself plays a crucial role, since it is responsible for the splitting of the 7F6 ground multiplet.
Figure 2.18 depicts the angular spin density distribution of the pure

��J = 6,mJ
⟩

eigenstates as obtained

Figure 2.18: Angular spin density distribution of
��J = 6,mJ

⟩
eigenstates of a terbium(iii) ion in its 7F6 electronic

ground state as obtained by Sievers’ parametrization. [44]
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2.3 Terbium(iii) sandwich complex

by Sievers’ parametrization. [44] Most notably, the angular appearance gradually changes from a prolate(��J = 6,mJ = 0
⟩)

to an oblate shape
(��J = 6,mJ = ±6

⟩)
within the series

��mJ
�� = 0, 1, ..., 6. Without any

acting ligand-field these eigenstates would all be energetically degenerate. However, in case of 6, the
presence of the two COT′′2 – ligands lifts this degeneracy and stabilize the prolate

��J = 6,mJ = 0
⟩

eigen-
state. This can be explained by the prolate molecular structure of the anionic complex [Tb(COT′′)2]– ,
since the centroid–centroid distance of both COT′′2 – ligands is elongated (382.7 pm) as compared to
the average diameter of both COT′′2 – ligands (368.5 pm). Figure 2.19 visualizes the spin density of
the prolate

��J = 6,mJ = 0
⟩

and oblate
��J = 6,mJ = ±6

⟩
eigenstates as embedded in the coordination en-

vironment of 6. The negative charges of the COT′′2 – ligands are delocalized on the carbon atoms
in their pz orbitals, which form a prolate octogonal prismatic coordination sphere. On the contrary,
the Pc-based SIM [Tb(Pc)2]– shows an oblate square antiprismatic N8 donor environment, where the
centroid–centroid distance between both Pc ligands is 283.1 pm and the averaged length of the two N4

square coordination plane edges is 396.9 pm. [348] As a consequence, it is tempting to assume that the
Tb–chelate plane distance plays an essential role in the design of potential terbium(iii)-based SIMs.

A similar complex [Tb(COT)(Cp*)] (HCp* = pentamethylcyclopentadiene), containing only a sin-
gle COT2 – ligand, has been magnetically investigated in the literature. [351] Like 6, this compound
does not show an out-of-phase susceptibility in the experiment. A fit of the magnetic susceptibility
of [Tb(COT)(Cp*)] with the CONDON program [352] revealed also a

��J = 6,mJ = 0
⟩

magnetic ground
state. [351] Noteworthy, this compound shows a significantly contracted Tb–centroid(COT2 – ) distance
of 182.5 pm as compared to the corresponding distances in 6

(
191.2(2) pm and 191.9(2) pm

)
. Never-

theless, [Tb(COT)(Cp*)] does not show any indication for SIM behavior in terms of an out-of-phase
susceptibility as well as a hysteresis in magnetization measurements. The complex [Tb(COT)(Cp*)]
possesses a weaker ligand-field splitting (ca. 400 cm−1) of the ground multiplet than 6 (748 cm−1) due
to its formal replacement of the second COT2 – ligand by a weaker [346] (Cp*)– one

(
Tb–centroid(Cp*)

distance: 233.3 pm
)
. Interestingly, in [Tb(COT)(Cp*)] the difference in energy between the two states

with the highest
(��J = 6,mJ = ±6

⟩)
and lowest

(��J = 6,mJ = 0
⟩)

magnetic moments are rather small (ca.
30 cm−1) as compared to the homoleptic complex 6 (506 cm−1).

Figure 2.19: Spin density distribution of pure
��J = 6,mJ = 0

⟩
(left) and

��J = 6,mJ = ±6
⟩

(right) eigenstates of a ter-
bium(iii) ion embedded in the coordination environment of 6 (hydrogen atoms as well as trimethylsi-
lyl moieties were omitted for clarity). The carbon atoms of both COT′′2 – ligands (blue: C–H; red:
C–Si(CH3)3) form an octagonal prism which stabilizes the

��J = 6,mJ = 0
⟩

magnetic state with its
prolate spin density. Angular spin densities have been obtained by Sievers’ parametrization. [44]
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2.3 Terbium(iii) sandwich complex

In case of organometallic terbium(iii) sandwich complexes, COT2 – -based ligand systems seem to
destabilize the

��J = 6,mJ = ±6
⟩

eigenstates for the benefit of stabilizing the
��J = 6,mJ = 0

⟩
eigenstate.

This is primarily based on the predefined elongated Tb–centroid distances as found in 6 due to the
nature of COT2 – -based ligands. However, for the rational design of high temperature SIMs, a distinct
magnetic anisotropy in terms of a strong magnetic moment is a crucial requirement, i.e. the stabiliza-
tion of the

��J = 6,mJ = ±6
⟩

eigenstates in the ground state. In summary, organometallic terbium(iii)
sandwich complexes in combination with COT2 – -based ligand systems appear to be unsuitable to form
complexes with a high magnetic anisotropy.
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CHAPTER 3

Magnetic Coordination Polymers

This chapter presents theoretical studies on one-dimensional (1D) and two-dimensional (2D) magnetic
coordination polymers based on octahedrally-coordinated nickel(ii) and cobalt(ii) ions. In this regard,
finding suitable structural approximations for the computational studies of periodic magnetic coordi-
nation compounds is a major challenge. In section 3.1 theoretical results of broken-symmetry DFT
(BS-DFT) and constraint DFT (C-DFT) calculations based on dinuclear structural models of magnetic
coordination polymers are presented and discussed. Additionally, the single-ion anisotropy of the para-
magnetic centers in these compounds is investigated by ab initio methods.

In section 3.2 a theoretical approach that uses ab initio calculations to determine magnetic properties
of 1D coordination polymers like single-chain magnets (SCMs) is demonstrated. The main idea of this
approach is to mimic the temperature dependence of magnetic domains in 1D periodic compounds in
the low-temperature range by taking ab initio calculations of individual spin centers as a base and then
applying them to a coupling scheme of spin rings. This approach is tested against three cobalt(ii)-
based compounds with SCM behavior and can be used to extrapolate magnetic properties for arbitrary
magnetic domain sizes, which is helpful to investigate domain sizes in these compounds by theory.

3.1 Magnetic exchange and single-ion anisotropy

Part of this chapter has been published in:

• (P4) Synthesis, structures, magnetic, and theoretical investigations of layered Co and Ni thio-
cyanate coordination polymers. Stefan Suckert, Michał Rams, Michael Böhme, Luzia S. Germann,
Robert E. Dinnebier, Winfried Plass, Julia Werner, Christian Näther, Dalton Trans. 2016, 45, 18190–
18201.

• (P5) Influence of metal coordination and co-ligands on the magnetic properties of 1D Co(NCS)2
coordination polymers. Michał Rams, Zbigniew Tomkowicz, Michael Böhme, Winfried Plass, Stefan
Suckert, Julia Werner, Inke Jess, Christian Näther, Phys. Chem. Chem. Phys. 2017, 19, 3232–3243.
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3.1 Magnetic exchange and single-ion anisotropy

• (P6) Static and Dynamic Magnetic Properties of the Ferromagnetic Coordination Polymer
[Co(NCS)2(py)2]n . Michał Rams, Michael Böhme, Vladislav Kataev, Yulia Krupskaya, Bernd Büch-
ner, Winfried Plass, Tristan Neumann, Inke Jess, Zbigniew Tomkowicz, Christian Näther, Phys.
Chem. Chem. Phys. 2017, 19, 24534–24544.

In 2001, about one decade after the discovery of the first single-molecule magnet, the first single-chain
magnet (SCM) was reported by Caneschi and coworkers. [106] SCMs can be formally seen as 1D co-
ordination polymers of SIMs that are ferro- or ferrimagnetically coupled. Like SIMs, SCMs exhibit a
slow-magnetic relaxation of magnetization and can show a hysteresis in magnetization measurements.
Therefore, SCMs are potentially useful for future applications, e.g. to magnetically store data on a
nanoscale size. [10,12,34,353,354] The cooperative magnetic properties in SCM compounds are based on
magnetic domains that are formed by magnetically-coupled anisotropic paramagnetic metal centers.
The properties of these magnetic domains and their size depend on several parameters, e.g. tempera-
ture, magnetic exchange, single-ion anisotropies, and the chain geometry. As a result, the theoretical
description of magnetic properties for SCM compounds by computational methods as well as analytical
models is much more complex as compared to SIMs containing only a single paramagnetic spin center.
For the understanding and description of SCMs, it is, hence, beneficial to break-down the complex mag-
netic behavior into individual parts by theory, e.g. the magnetic exchange and single-ion anisotropies.

The magnetic properties of the two isostructural 2D coordination polymers [Ni(NCS)2(py4-CEE)2]n
(7; py4-CEE – ethylisonicotinate) and [Co(NCS)2(py4-CEE)2]n (8) were investigated by computational
methods. Additionally, the three linear cobalt(ii)-based SCMs [Co(NCS)2(py4-Bz)2]n (9; py4-Bz – 4-
benzoylpyridine), [Co(NCS)2(py4-Vin)2]n (10; py4-Vin – 4-vinylpyridine), and [Co(NCS)2(py)2]n (11) were
theoretically studied. [355–357] Figures 3.1 and 3.2 depict the molecular structures of the crystallographic-
ally-independent centers together with their repeating sequences for the 2D coordination polymers (7
and 8) and 1D SCMs (9–11), respectively. The main difference between the investigated 1D and 2D
coordination polymers can be found in the linking of individual paramagnetic centers by the thio-
cyanate ligands. In case of the 1D structures 9–11, the neighboring metal centers are linked by two
µ-1,3-bridging thiocyanate ligands. In fact, the 2D coordination polymers 7 and 8 show two different
types of thiocyanate bridges: (i) one µ-1,3-thiocyanate double bridge and (ii) two µ-1,3-thiocyanate
single bridges (see Figure 3.1). As a result, the thiocyanate ligands determine the resulting dimen-
sionality (1D or 2D) of the coordination polymers and also mediate the magnetic exchange. In case
of compound 8 only Rietveld-refined structural data could be experimentally obtained, whereas for
all other compounds suitable single-crystal data was received. All the compounds 7–11 consist of
pseudooctahedrally-coordinated 3d metal ions

(
7: nickel(ii); 8–11: cobalt(ii)

)
with an [N4S2] donor

environment formed by four thiocyanate ligands in the basal plane and two apical pyridine-based
co-ligands. The structures of the compounds 7–9 contain a single crystallographically-independent
paramagnetic center (denoted as 7-Ni1/8-Co1/9-Co1), whereas 10 and 11 possess two independent co-
ordination sites each (denoted as 10-Co1/10-Co2/11-Co1/11-Co2). Both cobalt(ii) centers in 10 and
11, respectively, show a different orientation of the π -planes of the two pyridine-based co-ligands (see
Figure 3.2).

In the experiment, the magnetic coupling in the SCMs 9–11 was found to be ferromagnetic (J > 0)
by fitting the static magnetic susceptibility data with an analytical model for a periodic chain of Ising
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3.1 Magnetic exchange and single-ion anisotropy

7 [· · · 7-Ni1· · · ]n

8 [· · · 8-Co1· · · ]n

Figure 3.1: Investigated 2D coordination polymers [Ni(NCS)2(py4-CEE)2]n (7; top) and [Co(NCS)2(py4-CEE)2]n (8;
bottom) with their corresponding repeating sequence of crystallographically-independent coordina-
tion sites and a view of the layered thiocyanate network along the a-axis. Hydrogen atoms and
co-ligands in the layered view have been omitted for clarity.

9 [· · · 9-Co1· · · ]n

10 [· · · 10-Co1· · · 10-Co2· · · ]n

11 [· · · 11-Co1· · · 11-Co2· · · 11-Co2· · · ]n

Figure 3.2: Investigated cobalt(ii)-based SCMs [Co(NCS)2(py4-Bz)2]n (9; top), [Co(NCS)2(py4-Vin)2]n (10; cen-
ter), and [Co(NCS)2(py)2]n (11; bottom) with their corresponding repeating sequence of
crystallographically-independent coordination sites. Hydrogen atoms were omitted for clarity.
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3.1 Magnetic exchange and single-ion anisotropy

spins (Seff = 1/2). [358,359] Due to a lack of an analytical fitting model for the specific topology of the 2D
coordination polymers 7 and 8, the experimental magnetic susceptibility data of both compounds could
not be fitted. However, the strong increase of the static magnetic susceptibility in the low-temperature
range (T < 50K) is indicative for a ferromagnetic ordering within the 2D networks of 7 and 8. The
theoretical studies on the magnetic exchange of 7–11 were based on dinuclear computational models.
These models are the smallest possible structural approximations of the periodic structures and allow to
directly determine the magnetic coupling between two neighboring spin centers, e.g. by Yamaguchi’s
approach

(
see equation (1.5)

)
. The atomic positions for these computational models were taken from

the single-crystal and Rietveld-refined structural data, respectively. For the design of an adequate struc-
tural representation in silico, it is important to reproduce the electron and spin density distributions at
the paramagnetic centers and the bridging ligands as compared to the periodic compounds. At this
point, however, an issue with the preservation of the neutral charge in the dinuclear computational
models arises. Taking an adequate structural cutout from the neutral periodic compounds, either leads
to an excess of negative or positive charges in the computational models. High anionic charges on
structural fragments, however, can result in convergence problems of the wave function in the self-
consistent field steps. Furthermore, highly unbalanced charges in the computational models could lead
to an inappropriate representation in terms of electron and spin distributions and thus, potentially
affect the corresponding computational results.

In the case of the 2D coordination polymers 7 and 8 two different intra-layer thiocyanate bridging
motifs are present (see Figure 3.1) and therefore, two different magnetic exchange interactions were
investigated. The two isostructural computational models for 7 and 8 are depicted in Figure 3.3. Both
computational models contain point charges to compensate the overall negative charge of the dinuclear
structural fragments [M2(NCS)7(py4-CEE)4]3 – and [M2(NCS)6(py4-CEE)4]2 – (M = Ni, Co). The negative
charges of the terminal thiocyanate ligands need to be compensated by positive charges of +0.5 for
a single and +1.0 for a double thiocyanate bridge, respectively. These point charges are located at
the actual positions of the adjacent 3d metal ions and are depicted in Figure 3.3 as pink and purple
spheres, respectively. The calculated magnetic coupling constants J1 and J2, representing the two dif-
ferent thiocyanate bridging motifs are listed in Table 3.1 and were obtained by C-DFT calculations
in combination with the B3LYP hybrid functional. [255–257,261,262] Ferromagnetic intra-layer interactions
for both thiocyanate bridges were only received in the case of 7 in combination with the single-crystal
structural data (J1/kB = 10.5 K; J2/kB = 7.7 K). The calculated values in this case seem reasonable, since
two other nickel(ii)-based compounds possessing identical thiocyanate bridging motifs (single thio-

Figure 3.3: Dinuclear computational mod-
els for the two bridging modes
observed in the isostructural 2D
coordination polymers 7 and 8
utilized to obtain J1 (left) and J2
(right), respectively (color code:
orange – nickel(ii) or cobalt(ii);
pink – point charge of +0.5; purple
– point charge of +1.0). Hydrogen
atoms were omitted for clarity.
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Table 3.1: Computational results for the magnetic exchange of the investigated coordination polymers 7 and 8.

origin of computational ref. computational density
J/kB (in K)structure method functional

7 single-crystal structure [355] C-DFT B3LYP J1 10.5
J2 7.7

7 Rietveld refinement [355] C-DFT B3LYP J1 3.2
J2 −14.2

8 Rietveld refinement [355] C-DFT B3LYP J1 40.9
J2 19.3

8 single-crystal structure of 7 [355] C-DFT B3LYP J1 −42.2
J2 −9.4

cyanate bridge: [Ni(tppz)(NCS)(µ-1,3 -NCS)]n ; double thiocyanate bridge: [Ni(terpy)(NCS)2]2; tppz –
2,3,5,6-tetrakis(2-pyridyl)pyrazine; terpy – 2,2′:6′,2′′-terpyridine) show very similar experimental cou-
pling constants: 11.2 K (corresponds to J1/kB) and 7.0 K (corresponds to J2/kB), respectively. [360,361] By
using the Rietveld-refined structural data of 7 as a base for the theoretical calculations, C-DFT calcula-
tions yield a weak ferromagnetic and an antiferromagnetic coupling coupling for J1 and J2, respectively.
The obtained antiferromagnetic intra-layer interaction J2 contradicts the former results and thus, can
be directly related to the lower precision of the structural data from the Rietveld refinement. In case
of 8, no single-crystal data was available and thus, the Rietveld refinement structural data had to be
used for corresponding C-DFT calculations. The calculated coupling constants based on the Rietveld-
refined structures of 8 lead to a stronger ferromagnetic coupling as compared to 7. In fact, experimental
observations in terms of specific heat measurements and magnetic susceptibility data show a weaker
magnetic ordering in 8 as compared to 7. Therefore, the Rietveld-refined structural data, due to its
lower precision, is inappropriate for the determination of magnetic coupling constants by theoretical
methods. Since both compounds 7 and 8 are isostructural, additional C-DFT calculations with a re-
placement of the nickel(ii) ions by cobalt(ii) ions in the single-crystal structure of 7 were performed.
This, however, yielded in an antiferromagnetic exchange for both intra-layer interactions (see Table
3.1) and strongly contradicts experimental observations. As a result, no suitable magnetic coupling
constants could be obtained by theory for 8, due to the lack of appropriate structural data.

For the cobalt(ii)-based SCMs 9–11 a slightly different approach was taken in matters of the charge
compensation of the dinuclear computational models. Figure 3.4 depicts the four dinuclear cobalt(ii)-
based computational models for 9–11. Instead of point charges sodium ions for 9–11 as well as zinc(ii)
ions for 11 have been used as terminal capping ions in the computational models (see pink and purple
spheres in Figure 3.4). Furthermore, the intra-chain repeating sequence of [· · · 11-Co1· · · 11-Co2· · · 11-
Co2· · · ]n in compound 11 (see Figure 3.2) formally leads to two different magnetic interactions as rep-
resented by the two coupling constants J12 (11-Co1· · · 11-Co2) and J22 (11-Co2· · · 11-Co2). In case of
9 and 10, only a single computational model that represents the intra-chain coupling constants J11 and
J12, respectively, is required. Table 3.2 lists the theoretically determined coupling constants for the 1D
coordination polymers 9–11. C-DFT results of 9 and 10 with sodium capping ions in the dinuclear
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3.1 Magnetic exchange and single-ion anisotropy

9-Co1Co1 (J11) 10-Co1Co2 (J12)

11-Co1Co2 (J12) 11-Co2Co2 (J22)

Figure 3.4: Dinuclear cobalt(ii) computational models used to investigate the intrachain magnetic coupling of
the SCMs 9–11. The pink spheres in the models 9-Co1Co1 and 10-Co1Co2, respectively, designate
sodium ions for anionic charge compensation of the structural fragments, whereas the purple spheres
in the models 11-Co1Co2 and 11-Co2Co2, respectively, represent sodium as well as zinc(ii) ions.
Hydrogen atoms were omitted for clarity.

Table 3.2: Computational results for the magnetic exchange of the investigated SCMs 9–11.
origin of computational ref. terminal computational density

J (in K)structure capping ion method functional

9-Co1Co1 single-crystal structure [356] sodium C-DFT B3LYP J11 35.3
BS-DFT B3LYP J11 −4.7

10-Co1Co2 single-crystal structure [356] sodium C-DFT B3LYP J12 27.6
BS-DFT B3LYP J12 109.6

11-Co1Co2 single-crystal structure [357] sodium BS-DFT PBE0 J12 2.3
zinc(ii) BS-DFT PBE0 J12 6.2

11-Co2Co2 single-crystal structure [357] sodium BS-DFT PBE0 J22 −9.6
zinc(ii) BS-DFT PBE0 J22 15.1
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3.1 Magnetic exchange and single-ion anisotropy

computational models confirm the experimental findings of a ferromagnetic intra-chain interaction. In
fact, the corresponding BS-DFT calculations for 9 show an antiferromagnetic coupling, whereas for 10
a ferromagnetic intrachain coupling is predicted. However, for the latter the BS-DFT obtained coupling
constant is four times larger than the C-DFT calculated one. At this point, C-DFT calculations seem to
be superior to BS-DFT calculations. However, to perform C-DFT calculations it is necessary to apply
an arbitrary constraint on either charge or spin density distributions. For the conducted C-DFT cal-
culations of the compounds 7–10, this constraint was based on the sum of spin density located at the
central metal ion and the coordinated donor atoms of the ligands. However, if the spin density tends to
delocalize this applied spin density constraint clearly becomes inaccurate. Therefore, the utilization of
BS-DFT, which is not based on an arbitrary constraint, is much more favorable to investigate the mag-
netic exchange interactions. As a consequence, to improve the quality of the BS-DFT results a different
capping ion, namely zinc(ii), as terminal capping ion was additionally tested in the two computational
models of 11. [357] In this respect, the use of zinc(ii) within the computational models leads to a fer-
romagnetic interaction for both magnetic intra-chain interactions due to its higher Lewis acidity and
the stronger electron withdrawing effect. In fact, the application of sodium capping ions resulted in
a weaker ferromagnetic interaction in 11-Co1Co2 and in an antiferromagnetic magnetic exchange in
11-Co2Co2. It is important to note that the calculated coupling constants only represent a qualitative
parameter and cannot directly compared to the experimental ones. This is mainly based on the differ-
ent employed Hamiltonians and spin representations. The fit of experimental data for the investigated
compounds is based on an effective spin model (Seff = 1/2) assuming a linear chain of Ising-spins. In
contrast, the coupling constants obtained by DFT calculations are based on the actual spin of the 3d
metal ions (Seff = S) assuming isotropic Heisenberg-type of spins. The issue of different spin represen-
tations and how their corresponding coupling constants can be compared will be further discussed in
section 3.2.

To investigate the magnetic single-ion anisotropies, computational studies based on state-average
CASSCF/CASPT2/RASSI-SO ab initio calculations were performed for all crystallographically-indepen-
dent 3d metal ion centers in 7–11. [355–357] The corresponding mononuclear computational models are
depicted in the Figures 3.5 (7–8) and 3.6 (9–11). For all computational models sodium ions were used
as terminal capping ions at the position of the two adjacent 3d metal ions to compensate the dianionic
charge of the [M(NCS)4(L)2]2 – structural fragments (L – pyridine-based co-ligand).

Ab initio calculations of 7-Ni1 show a high-spin 3A2g[3F] ground state as expected for octahedrally-
coordinated nickel(ii) ions. The zero-field splitting (ZFS) parameters for 7-Ni1 (Seff = 1; D: 9.7 cm−1;
E: 0.4 cm−1) indicate a weak easy-plane anisotropy with an isotropic |S = 1,MS = 0⟩ ground state. The
easy plane of anisotropy was found to be oriented within the [N4] coordination plane (angle between
planes: 2.5◦), whereas the hard axis of anisotropy is nearly parallel to the S–S vector of the thiocyanates
(angle between axes: 2.4◦). The weak magnetic anisotropy in 7-Ni1 is not surprisingly, since the
3A2g[3F] ground state, as observed for octahedrally-coordinated nickel(ii) ions, shows no first-order
spin–orbit contribution. Hence, even strong axial octahedral coordination environments only lead to
a weak ZFS [83] and only a few mononuclear nickel(ii)-based compounds showing a slow relaxation of
magnetization are known. [362,363] Consequently, based on the single-ion calculations it was concluded
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3.1 Magnetic exchange and single-ion anisotropy

7-Ni1 8-Co1

Figure 3.5: Mononuclear computational models used to investigate the single-ion anisotropy of the
crystallographically-independent centers in 7 and 8. The pink and purple spheres represent point
charges of +0.5 and +1.0, respectively, for anionic charge compensation of the structural fragments.
Hydrogen atoms were omitted for clarity.

9-Co1 10-Co1 11-Co1

10-Co2 11-Co2

Figure 3.6: Mononuclear cobalt(ii) computational models used to investigate the single-ion anisotropy of the
crystallographically-independent centers in 9–11. The pink spheres represent sodium ions for anionic
charge compensation of the structural fragments. Hydrogen atoms were omitted for clarity.
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3.1 Magnetic exchange and single-ion anisotropy

that the [Ni(NCS)2(L)2] building unit (L – pyridine-based co-ligand) with its [N4S2] coordination sphere
in general is rather unsuitable for generating potential SCMs due to the lack of an easy-axis anisotropy.

The situation is significantly different for the cobalt(ii)-based systems 8–11 where ab initio calcula-
tions show a high-spin 4T1g[4F] ground state multiplet. The [N4S2] coordination environment leads to a
significant splitting of the threefold 4T1g[4F] state in 8–11 (relative CASPT2 energies: 469–1385 cm−1),
which is further increased by spin–orbit interactions (relative RASSI-SO energies: 1146–2068 cm−1).
As a consequence, the ground state KD in 8–11 is well separated from the higher KDs of the 4T1g[4F]
ground multiplet (relative EKD2 energies: 183–270 cm−1). Consequently, the magnetic anisotropy of
the ground state KD plays an important role in the low-temperature range and only this ground state
KD needs to be taken into account by an effective spin Hamiltonian with Seff = 1/2. Table 3.3 lists
the calculated Cartesian д factors for the two lowest KDs in 8–11 as obtained for an effective spin
model of Seff = 1/2. For all crystallographically-independent cobalt(ii) centers in 8–11 ab initio calcula-
tions reveal a strong easy-axis of magnetization within the ground state KD (дz > дx,y ). However, in all
cases non-vanishing transversal componentsдx andдy are apparent, which mark a deviation from ideal
Ising-behavior (дx,y = 0). The largest transversal components were obtained for 8-Co1 (дx : 2.498; дy :
2.900), which is most probably based on the fact that the Rietveld-refined structural data was employed
in this case due to a lack of precise single-crystal data. This is consistent with a noticeably small дz
value in 8-Co1 (≈ 7.2) as compared to the other cobalt(ii) centers (range: 8.0–8.7) whose computational
models are based on single-crystal structural data. Therefore, the single-ion center 8-Co1 is left out for
the further discussion. Again, this underlines the necessity of precise single-crystal structural data, to
obtain magnetochemical parameters by theory with the help of high-level ab initio calculations.

The ground state easy-axis of magnetization is primarily determined by the N–N vector of the two
axial pyridine-based co-ligands (angle between both axes in 9–11: 0.5–3.3◦). The дx and дy axes form
the corresponding hard plane of magnetization which lays within the [N2S2] plane of the four basal
thiocyanate ligands (angle between planes in 9–11: 1.3–5.2◦). Besides, 9-Co1 shows a different co-
ordination mode in terms of the thiocyanate donor atoms within the basal plane where the N and S
donor atoms show a cis instead of a trans arrangement as found in the other structures. This, how-
ever, neither significantly influences the orientation of the magnetic axes nor the resulting дz factor.
Since both the compounds 10 and 11 contain two crystallographically-independent cobalt(ii) centers,

Table 3.3: CASSCF/CASPT2/RASSI-SO calculated Cartesian д factors for the two lowest KDs of the 4T1g ground
term for all crystallographically-independent centers in 8–11 (Seff = 1/2).

KD 8-Co1 9-Co1 10-Co1 10-Co2 11-Co1 11-Co2

1 EKD1 (cm−1) 0 0 0 0 0 0
дx 2.498 1.397 1.198 1.532 1.299 1.445
дy 2.900 1.486 1.484 2.300 1.820 1.889
дz 7.199 8.747 8.445 7.997 8.357 8.544

2 EKD2 (cm−1) 260 270 183 192 192 259
дx 3.146 0.424 2.905 2.432 2.764 3.677
дy 2.413 1.807 2.975 2.507 2.833 2.954
дz 0.111 4.194 4.840 4.938 4.823 1.440
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3.1 Magnetic exchange and single-ion anisotropy

the resulting дz factors between both centers (10-Co1/10-Co2 and 11-Co1/11-Co2) can be directly at-
tributed to their structural differences, namely the orientation of the π -plane of the pyridine-based
co-ligands with respect to the thiocyanate chain (see Figure 3.6). In terms of these orientations, the
investigated cobalt(ii) centers in 9–11 can be classified into three groups: (i) parallel/parallel, (ii) per-
pendicular/perpendicular, and (iii) parallel/perpendicular. Scheme 3.1 illustrates this classification for
the different cobalt(ii) sites in 9–11 together with their calculated дz factors, where the parallel/parallel
orientations show the smallest дz values and the parallel/perpendicular orientations the largest дz val-
ues. Based on these results, the electronic effect of the substituents at the 4-position is expected to be
small. Nevertheless, due to packing effects these substituents are mainly responsible for the different
number of crystallographically-independent centers in the chains as well as the different repeating se-
quences. Furthermore, the existence of two crystallographically-independent cobalt(ii) centers in 10
and 11, respectively, leads to a non-parallel alignment between the easy-axes of neighboring spin cen-
ters

(
angle between axes: 9.1◦ (10-Co1/10-Co2); 13.8◦ (11-Co1/11-Co2)

)
. In fact, the chain in 9 with

its [· · · 9-Co1· · · ]n repeating sequence leads to an ideal parallel alignment of the easy-axes. The same
situation is found for the the two neighboring 11-Co2/11-Co2 centers within the [· · · 11-Co1· · · 11-
Co2· · · 11-Co2· · · ]n repeating sequence. As a consequence, it was concluded that the presence of one
crystallographically-independent coordination site with a parallel alignment of the easy-axes is favor-
able for the general design of SCM compounds. [12]

In conclusion, the magnetic exchange and single-ion anisotropies of 1D and 2D coordination poly-
mers based on 3d metal ions have been investigated by theoretical approaches. The theoretical cal-
culations allow a break down of the complex magnetic behavior of the investigated SCM compounds
into individual properties. It is shown that the employed dinuclear structural models have a significant

parallel/parallel
10-Co2 (7.997)
11-Co1 (8.357)

perpendicular/perpendicular
10-Co1 (8.445)

parallel/perpendicular
9-Co1 (8.747)
11-Co2 (8.544)

increasing cobalt(ii) single-ion anisotropy

Scheme 3.1: Classification of the crystallographically-independent cobalt(ii) coordination sites in the SCMs 9–11
into three groups in dependence on the orientation of the π -planes (in green) of both pyridine-based
co-ligands with respect to the direction of the thiocyanate chain (hydrogen atoms have been omitted
for clarity). The values in the parentheses are the corresponding Cartesian дz factors of the ground
state KD.

50



3.2 Ab initio modelling of magnetic domains and properties in SCMs

influence on the resulting magnetic coupling constants. On the one hand, the quality of the structural
data used in the BS-DFT calculations, e.g. as obtained by single-crystal or Rietveld refinements, has a
severe impact on the results. This strongly emphasizes the need of precise single-crystal data to obtain
even a qualitative agreement to experimental findings. On the other hand, the terminal capping ions,
which were introduced in the dinuclear structural models for anionic charge compensation at the po-
sitions of the adjacent 3d metal ions, also affect the electron and spin density distribution and thus, the
calculated theoretical coupling constants. Single-ion ab initio calculations based on mononuclear com-
putational models reveal an easy-axis type of anisotropy in the investigated cobalt(ii) centers, whereas
for an isostructural nickel(ii) coordination site an easy-plane anisotropy was obtained. Furthermore,
the cobalt(ii) centers showed a large splitting of the high-spin 4T1g[4F] ground state multiplet due to
the [N4S2] pseudooctahedral coordination sphere and additional spin–orbit interactions. The easy-
axis of magnetization in the cobalt(ii) centers is determined by the axial pyridine-based co-ligands and
therefore, this opens up the possibility to adress the single-ion anisotropy by a substitution of these
co-ligands. Due to the presence of two crystallographically-independent cobalt(ii) coordination sites,
two of the investigated 1D coordination polymers show an intersecting angle between the easy-axes
which marks a deviation from ideal Ising-behavior. Therefore, ab initio computational studies are a
helpful tool to investigate SCMs and can justify the application of idealized analytical spin models, e.g.
a linear chain Ising model, to fit experimental data. However, it was also shown that the quality of the
computational results strongly depends on the precision of structural data.

3.2 Ab initio modelling of magnetic domains and properties in SCMs

Part of this chapter has been included in:

• (P7) How to link theory and experiment for single-chain magnets beyond the Ising model: mod-
elling magnetic properties from ab initio calculations of molecular fragments. Michael Böhme,
Winfried Plass, Chem. Sci. 2019, 40, 9189–9202.

A large variety of SCM compounds have been reported over the years, where one of the largest groups
consists of homometallic cobalt(ii) coordination polymers. [32,105–114,356,357] Besides, a variety of hetero-
metallic SCM compounds have been reported containing 3d–3d, [353,364] 3d–4d, [365] and 3d–5d [366,367]

transition metal ions. Furthermore, 3d–4f [116] and purely lanthanide-based systems seem to attract
more attention due to the high magnetic anisotropy of the late trivalent rare-earth metal ions. [368–370]

Magnetic parameters of SCM compounds, e.g. the magnetic coupling constant J , are usually deter-
mined by fitting experimental data like the magnetic susceptibility with rather simple analytical mod-
els, which are known for decades. [358,359,371] These models, however, are based on assumptions, e.g. an
ideal Ising-type of anisotropy and a parallel alignment of magnetic axes. Additionally, in the majority
of models the spin centers are assumed to be identical, an assumption that breaks down in the case of
heterometallic SCM compounds. Unfortunately, from an experimental point of view there is no verifi-
cation for the assumptions of an analytical model.
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3.2 Ab initio modelling of magnetic domains and properties in SCMs

Although a notable number of compounds with SCM behavior have been reported within the last
years, only a few were investigated by ab initio quantum mechanical methods. [104,117,356,357,370,372,373]

This is mainly because computational studies on one-dimensional periodic systems like SCMs are chal-
lenging and computationally demanding. For theoretical studies coordination polymers need to be
divided into smaller structural fragments of individual spin centers, which can then be treated by ab
initio methods. [355–357] In the case of SCMs, this leads to single-ion properties like the magnetic axes,
д factors, and zero-field splitting energies. These single-ion parameters, however, cannot be directly
related to experimental results of one-dimensional periodic compounds that are cooperative and based
on magnetic domains. Therefore, establishing this direct correlation between theory and experiment
is of great interest for the further understanding of SCM compounds.

Scheme 3.2 illustrates the basic design concept of 1D coordination polymers with a desired SCM be-
havior. In general, two prerequisites are mandatory: [12] (i) paramagnetic spin centers with a single-ion
anisotropy (blue boxes) and (ii) an appropriate exchange coupling between these centers (yellow boxes).
The resulting green box in Scheme 3.2 represents a magnetic domain with the combined properties,
which depend on several parameters, e.g. temperature, magnetic exchange, and single-ion anisotropies.
For an ab initio description of a magnetic domain with a specific size, it would formally be neces-
sary to apply a structural model of the same size to a computational method. Clearly, even for small
magnetic domains the computational effort would rapidly become unfeasible. Furthermore, for the
temperature dependence it would be necessary to study magnetic domains of different sizes. Instead,
for SCMs multi-reference procedures like CASSCF/CASPT2/RASSI-SO are based on mononuclear frag-
ments, which is due to computational limitations and the inability to describe a periodic system at such
level of theory. The results of these calculations, however, only give a limited insight into the mag-
netic behavior of an SCM compound, because they are based on mononuclear properties (blue boxes
in Scheme 3.2). Nevertheless, these calculated single-ion properties, e.g. the orientation of the mag-
netic axes, are of interest. The magnetic exchange (yellow boxes in Scheme 3.2) cannot be suitably
investigated by single-ion ab initio calculations. In fact, it can be determined by DFT methods such
as broken-symmetry DFT (BS-DFT) and constraint DFT (C-DFT). [355–357] However, as shown in sec-
tion 3.1 even obtaining a qualitative agreement to experimental values can be challenging with DFT
approaches, especially if no adequate structural data is available.

Scheme 3.2: The single-ion anisotropy of the in-
dividual spin centers (blue) in com-
bination with the magnetic coupling
(yellow) form the cooperative mag-
netic properties of a magnetic do-
main (green) within a single-chain
magnet.
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3.2 Ab initio modelling of magnetic domains and properties in SCMs

To describe the magnetic interactions between neighboring spin centers in an SCM, a spin coupling
scheme is necessary. This scheme describes the topology in terms of which pairs of spin centers are
magnetically coupled rather than an actual geometric structure. In this regard, a coupling scheme
based on n-membered spin rings was employed, which for a specific temperature range adequately
mimics magnetic properties of 1D periodic chains of Ising spins. This approach of spin rings is a finite
model and was introduced by Glauber in which he showed that the dynamic process of spin-flips in
an Ising chain can be described by a “closed n-particle ring system”. [374] A graphical representation of
this approach is visualized in Scheme 3.3. It shows that the extrapolation of an n-membered spin ring
towards n → ∞, a so-called apeirogon, becomes indistinguishable from a 1D periodic chain.

A key characteristic of ferromagnetically coupled 1D periodic systems is the so-called correlation
length 2ξ that is temperature-dependent and describes the magnitude of ferromagnetic ordering, i.e.
the magnetic domain size. Its graphical representation is illustrated in Figure 3.7. The correlation length
2ξ∞ for a periodic chain of Ising spins can be described by equation (3.1).

2ξ∞ = exp

(
J

2kBT

)
(3.1)

Upon lowering the temperature, the correlation length of a periodic chain with ferromagnetic exchange
(J > 0) grows as 2ξ∞ → ∞. Nonetheless, the correlation length for a real compound is finite due to a
variety of reasons (chain defects, impurities, particle size of the bulk material). Figure 3.7 depicts the
correlation length 2ξ∞ as a function of kBT /J where J represents the magnetic coupling constant within
an effective spin Hamiltonian of Seff = 1/2. Additionally, the correlation length of a 12-membered spin
ring (2ξring) and a 12-membered spin chain (denoted as open chain; 2ξchain) coupling scheme, respec-
tively, are also displayed in Figure 3.7. The latter can be interpreted as a special case of a spin ring
where one magnetic coupling interaction is removed, i.e. between the first and last center. However,
as shown in Figure 3.7 both coupling schemes show a different temperature dependence of their cor-
relation lengths. Unlike the periodic chain, the two finite coupling schemes with n members show a
limit of the correlation length 2ξ ≈ n at lower ratios kBT /J which is the so-called superparamagnetic
limit. Concerning the temperature dependence, the coupling scheme of a 12-membered spin ring is
able to reproduce the exact correlation length of a periodic chain above a critical ratio of approximately
0.3kBT /J . Therefore, the coupling scheme of a 12-membered spin ring has the advantage over the open
chain coupling scheme and was accordingly used for further treatment.

... [ ]∞

n = 3
triangle

n = 6
hexagon

n = 9
nonagon

n = 12
dodecagon

n → ∞
apeirogon

Scheme 3.3: Graphical representation of an n-membered spin ring coupling scheme for selected model sizes.
The blue spheres represent individual spin centers, whereas the yellow lines describe the magnetic
exchange interactions between them. The extrapolation n → ∞ is indistinguishable from a 1D
periodic chain.
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≈ 0.3 kBT / J
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periodic chain (n → ∞)

Figure 3.7: Graphical representation of the correlation length 2ξ (left-hand side) and correlation length in de-
pendence on kBT /J (right-hand side) for a periodic chain (2ξ∞; red dashed line), a 12-membered open
chain

(
2ξchain(n = 12); black solid line

)
and a 12-membered spin ring

(
2ξring(n = 12); blue solid line

)
of Ising-type spins. The grey dotted line marks the critical ratio down to which a 12-membered spin
ring reproduces the correlation length of a periodic chain (kBT /J ≥ 0.3).

The static magnetic susceptibility of an SCM compound is one of the magnetic properties that is
directly affected by the correlation length and its temperature dependence (χMT ∼ 2ξ ). Therefore,
one can conclude that the magnetic susceptibility contains information on the magnetic exchange in-
teractions in an SCM. The magnetic exchange, however, cannot be obtained by single-ion ab initio
calculations of individual coordination centers. Nevertheless, this piece of information is essential
for the description of a magnetic domain. In this work, the missing exchange interaction was deter-
mined by fitting the theoretical magnetic susceptibility data χ̃ calc

M T against experimental data χ
exp
M T .

The overall procedure is illustrated in Scheme 3.4. The theoretical magnetic susceptibility data was
obtained by employing the presented spin coupling scheme of a 12-membered spin ring together with
the single-ion ab initio calculations. For the coupling scheme, however, the specific magnetic exchange
interactions Ji j between the neighboring spin centers needs to be specified, where the indices i and j re-
fer to crystallographically-independent spin centers. It is important to note that the coupling constant
J used in the experimental fit is fundamentally different from Ji j used in the coupling scheme, since
both are based on different spin representations. By providing an initial guess for the exchange inter-
actions Ji j the magnetic susceptibility of a magnetic domain could be simulated in silico. In a next step,
the calculated magnetic susceptibility data was compared against experimental data and the assumed
exchange interactions Ji j were accordingly adjusted. The procedure of adjusting Ji j and obtaining new
magnetic susceptibility data χ̃ calc

M T was repeated until the root-mean-square deviation between theo-
retical and experimental χ exp

M T values could not further be minimized. The procedure of fitting χ̃ calc
M T

against χ exp
M T by adjusting Ji j was performed manually, however, it would be possible to implement it

into a script routine.

In the scope of this project, the three cobalt(ii)-based SCMs as introduced in section 3.1
(
[Co(NCS)2

(py4-Bz)2]n (9); [Co(NCS)2(py4-Vin)2]n (10); [Co(NCS)2(py)2]n (11)
)

were selected as test cases for the
presented approach. The three compounds are of interest, since they show a different repeating se-
quence of crystallographically-independent cobalt(ii) ions in their periodic structures (see Figure 3.2):
[· · · 9-Co1· · · ]n , [· · · 10-Co1· · · 10-Co2· · · ]n , and [· · · 11-Co1· · · 11-Co2· · · 11-Co2· · · ]n . For all inde-
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Scheme 3.4: Flow chart of fitting the theoretical molar
magnetic susceptibility χ̃ calc

M T against ex-
perimental data χ

exp
M T (color code: blue –

single-ion anisotropy; yellow – magnetic
exchange; green – combined properties).

pendent centers (9-Co1, 10-Co1, 10-Co2, 11-Co1 and 11-Co2) single-ion ab initio calculations based
on the CASSCF/CASPT2/RASSI-SO procedures were performed. On top of that, the single-ion cal-
culations in combination with a coupling scheme of 12-membered spin rings were employed in sub-
sequent simulations with the POLY_ANISO module [297–299] which is part of the Molcas package of
programs. [233,271,272] The POLY_ANISO simulations are based on the Lines model, which describes the
exact magnetic exchange for ideal Ising and ideal Heisenberg types of anisotropies otherwise it is an
approximation. [296] The performed POLY_ANISO simulations took the correct repeating sequence of
crystallographically-independent centers of the investigated SCM compounds into account. In the case
of 11, this would formally lead to two different magnetic exchange interactions (J12: 11-Co1· · · 11-Co2;
J22: 11-Co2· · · 11-Co2). In an effort to reduce the number of parameters these two couplings were as-
sumed to be identical (J12 ≡ J22). A temperature range of 10–50 K was selected for the fitting of 9–11.
The lower temperature limit was chosen in such a way that the critical ratio of kBT /J ≥ 0.3 for the
correlation length of a 12-membered spin ring was fulfilled. This ratio in combination with the largest
experimental coupling constant (J/kB = 32K for 9) gave approximately 10 K. Figure 3.8 shows the
experimental and theoretically fitted magnetic susceptibility data for 9–11. In all cases, the simulated
magnetic susceptibility reproduces the experimental values. The fitted coupling constants Ji j are sim-
ilar for all three compounds (9: J11/kB = 4.17K; 10: J12/kB = 4.89K; 11: J12/kB = J22/kB = 4.82K),
which is most likely based on the similar structural motif, namely the double thiocyanate bridges con-
necting the cobalt(ii) centers. Unfortunately, at this point there is no expression that correlates the
theoretical coupling constants Ji j with the experimentally determined ones J .

A coupling scheme of a 12-membered spin ring leads to 212 = 4096 different spin microstates when
taking only the ground state KDs of each of the 12 cobalt(ii) centers into account (Seff = 1/2). Figure
3.9 illustrates the expected energy spectrum for such a 12-membered spin ring in units of E/J . For
an ideal Ising-type of anisotropy the 4096 microstates split up into 7 different spin multiplets that are
separated in units of J . Furthermore, Figure 3.9 also shows the corresponding spin states for systems
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Figure 3.8: Experimental temperature dependence of χMT (•) for 9 (left-hand side), 10 (center), and 11 (right-hand
side). The red line shows the best fit of the magnetic susceptibility based on the POLY_ANISO simula-
tions. For these simulations the ab initio calculations were used to simulate the magnetic susceptibility
employing a 12-membered spin ring coupling scheme in the temperature range of 10K ≤ T ≤ 50K.
The root-mean-square deviation between the experimental and theoretical magnetic susceptibility
was minimized by adjusting the theoretical coupling constant Ji j between the individual centers.

Figure 3.9: Energy spectrum scaled in units of J as
obtained for a coupling scheme of a 12-
membered spin ring simulating different
spin anisotropies (A – Ising; B – weak
anisotropic Heisenberg; C – anisotropic
Heisenberg; D – isotropic Heisenberg). The
lowering of the anisotropy from A to D goes
together with an overlap of the multiplets.
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Figure 3.10: Spin states as obtained by the
POLY_ANISO program employing
the ab initio fragment calculations of
9–11. A 12-membered spin ring coupling
scheme together with the fitted coupling
constants Ji j were used. The energy
differences (in blue) are defined for an
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with non-ideal Ising behavior. The lower the anisotropy gets (see A→D in Figure 3.9), the wider the
energy range of spin states that belong to one specific spin multiplet. Consequently, this leads to a
smaller energy gap between the ground state doublet and first excited spin multiplet. Hence, for a
fully isotropic Heisenberg spin system a quasi-continuum without an energy barrier is obtained. This
explains the necessity for metal ions with a high magnetic anisotropy like cobalt(ii) for the general
design of SCMs. Therefore, the calculated energy spectrum of spin states is indicative for the overall
anisotropy of an SCM compound. Besides the magnetic susceptibility, the POLY_ANISO simulations
yield the energy spectrum for the spin states which are depicted in Figure 3.10 for 9–11. In the case
of 9, seven distinguishable spin multiplets are apparent, whereas for 10 and 11, respectively, the spin
multiplets are intersecting. For all compounds the lifting of the degeneracy of the spin multiplets in-
dicates a deviation from ideal Ising behavior. As a consequence, compound 9 is supposed to show
the highest anisotropy of all three compounds which is confirmed by the single-ion ab initio calcula-
tions in section 3.1 (see Scheme 3.1). In addition, its repeating sequence of [· · · 9-Co1· · · ]n leads to
an ideal parallel alignment of the easy-axes of magnetization in the chain. Whereas in case of 10 and
11, a notable angle between the easy-axes of magnetization of the crystallographic centers exists

(
9.1◦

(10-Co1/10-Co2); 13.8◦ (11-Co1/11-Co2)
)
. The obtained microstate energies allow the determination

of a theoretical coupling constant Jcalc that can be directly compared to the experimental one J that
represents the magnetic exchange in a pure Ising chain. For instance, Jcalc can be determined by calcu-
lating the energy gap between the first excited spin multiplet and the ground doublet (Jcalc = Ē1 − Ē0).
However, this approach fails if the microstates of the first and second excited multiplets show an in-
tersection. Therefore, another approach was taken which determines Jcalc from the energy difference
between the ground doublet and the highest spin multiplet (see also Figure 3.10). For a 12-membered
spin ring with ideal Ising spins this energy difference is equal to 6J (see Figure 3.9) and thus, Jcalc can
be calculated by equation (3.2). By using equation (3.2) theoretical coupling constants Jcalc were ob-
tained for 9–11 (9: 29.2 K; 10: 29.6 K; 11: 29.8 K), which are in good agreement with the experimentally
determined ones

(
9: 32(2) K; 10: 27(3) K; 11: 28(2) K

)
. [356,357]

Jcalc =
(
Ē6 − Ē0

) /
6 (3.2)

The individual contribution of each crystallographically-independent cobalt(ii) center to the overall
anisotropy of the SCM was studied for 10 and 11, respectively, by simulating hypothetical compounds.
For these hypothetical compounds a 12-membered spin ring containing only a single crystallograph-
ically-independent coordination site was simulated

(
[· · ·M· · · ]12 where M = 10-Co1, 10-Co2, 11-Co1,

and 11-Co2
)
. For the sake of comparison, the previously determined values Ji j (10: J12/kB = 4.89K;

11: J12/kB = J22/kB = 4.82K) were used in these hypothetical simulations. Figure 3.11 pictures the
resulting energy spectra of spin states for the hypothetical compounds (denoted as 10-Co1, 10-Co2, 11-
Co1, and 11-Co2) together with the spectra obtained for compounds respecting the actual repeating
sequence of cobalt(ii) centers (denoted as 10 and 11). The energy spectrum of the simulations with
10-Co1 and 11-Co2, respectively, shows distinguishable spin multiplets, unlike their counterparts with
10-Co2 and 11-Co1, respectively. Thus, in the former two cases the deviation from ideal Ising behavior
is decreased which indicates a higher anisotropy. This goes hand in hand with the trend in дz values of
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3.2 Ab initio modelling of magnetic domains and properties in SCMs

Figure 3.11: Spin states of hypothetical compounds consisting of only one crystallographically-independent
cobalt(ii) center (10-Co1, 10-Co2, 11-Co1, and 11-Co2) as obtained by the POLY_ANISO program
employing the ab initio fragment calculations. A 12-membered spin ring coupling scheme together
with the fitted theoretical coupling constants Ji j have been used. The lower single-ion anisotropy
in case of 10-Co2 and 11-Co1 goes together with an overlap of the spin multiplets.

the individual centers as shown in Scheme 3.1. Consequently, this leads to a higher coupling constant
Jcalc/kB (10-Co1: 32.1 K; 11-Co2: 32.9 K) as compared to the values representing the correct repeating
sequences (10: 29.6 K; 11: 29.8 K). In case of the two cobalt(ii) centers with a lower single-ion anisotropy,
namely 10-Co2 and 11-Co1, smaller Jcalc/kB values were obtained (10-Co2: 28.4 K; 11-Co1: 25.9 K).
This demonstrates that the resulting coupling constant Jcalc is affected by the individual single-ion
anisotropies. Consequently, the lower single-ion anisotropy in the centers 10-Co2 and 11-Co1 results
in a decrease of coupling constants J/kB in the real compounds 10 and 11.

With the fitted coupling constants Ji j various sizes of n-membered spin rings can be simulated for
9–11. By considering the individual repeating sequences of the investigated compounds and the ratio
between the crystallographically-independent centers, however, only specific values ofn are reasonable
(9: n = 3–12; 10: n = 4, 6, 8, 10, and 12; 10: n = 3, 6, 9, and 12). An upper limit of n = 12 existed due
to hardware limitations and the rapidly increasing number of spin microstates 2n . Unfortunately, this
size limit directly affects the maximum correlation length that can be simulated (2ξ ≈ n). For the
investigated compounds the limit where 2ξ reaches 12 was found at approximately 10 K (the lower
limit of the temperature fit range). Below that temperature, the magnetic domains in the simulated
systems cannot further grow, which inevitably leads to a deviation from the experimental data. At
this point, the idea was to study magnetic properties, e.g. the magnetic susceptibility data, and their
dependence on n in a way that allows to extrapolate the properties for domain sizes with n > 12. As a
result, equation (3.3) was derived and was used as fit formula for the theoretical magnetic susceptibility
χ̃ calc

M (n)T in dependence on n.

χ̃ calc
M (n)T = a · 1 − bn

1 + bn
(3.3)

The equation is based basically on the correlation length 2ξring of an n-membered Ising spin ring and
contains two fit parameters. [375] The parameter a represents the product χMT of a periodic chain (n →
∞), whereas b describes a value of the spin correlation function (0 < b < 1). Unfortunately, the fit of
χ̃ calc

M (n)T according to equation (3.3) as a function ofn had to be performed for every single temperature
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3.2 Ab initio modelling of magnetic domains and properties in SCMs

in increments of ∆T for a specific temperature range. This is necessary, since both fitting parameters
a and b themselves depend on T and hence, no average values of a and b can be taken for the whole
temperature range. Once the parameters a and b were determined for the whole temperature range,
the magnetic susceptibility for any model size n at a specific temperatureT could be simulated by using
equation (3.3) and the fitted parameters a and b. As an example, Figure 3.12 shows the fit of χ̃ calc

M (n)T
for 9 at T = 7 K together with the extrapolated limit for a periodic chain (n → ∞).

The extrapolated magnetic susceptibility for a periodic chain χ̃ calc
M (n → ∞)T of the compounds 9–11

shows in the low temperature range (4.5K ≤ T ≤ 10K) a discrepancy as compared to the experimen-
tal data. In case of 9 and 10, respectively, the extrapolated magnetic susceptibility χ̃ calc

M (n → ∞)T
overestimates the experimental magnetic susceptibility, whereas in case of 11 χ̃ calc

M (n → ∞)T under-
estimates the experimental data. This discrepancy is most likely based on the magnetic interchain
exchange which is antiferromagnetic in case of 9 and 10

(
experimental z J ′/kB values: −0.24(2)K (9)

and −0.27(2)K (10)
)

and ferromagnetic in case of 11 (experimental z J ′/kB = 0.5 K). [356,357] This inter-
chain magnetic exchange becomes dominant below 10 K for 9–11 and based on the static susceptibility
data significantly influences the size of the magnetic domains. Consequently, the extrapolation of the
magnetic susceptibility for 9 and 10 was adjusted to finite values of n, where n = 19 (9) and n = 17 (10)
were found to give the best least-square fit to the experimental data (see Figure 3.13). The smaller limit
of the domain size in 10 goes together with its slightly stronger antiferromagnetic interchain coupling.
With the given Co· · ·Co distances (9: 565 pm; 10: 559 pm) the length of the magnetic domains can
be estimated (9: 10.7 nm; 10: 9.5 nm). For 11 the situation is different, since this compound shows a
ferromagnetic interchain interaction in the experiment. At this point, the interchain interaction cannot
be neglected and the description of compound 11 based on a 1D periodic Ising model becomes inaccu-
rate. However, the extrapolated magnetic susceptibility was corrected by a mean-field approach (best
fit with z J ′/kB = 0.85K), which is shown in Figure 3.13. Unfortunately, the mean-field approach does
not correct for the correlation length nor its temperature dependence. Thus, the domain size in 11
could only be estimated (2ξ ≈ 71 atT ≈ 3.5K), which corresponds to a length of 40 nm of the magnetic
domains with the given Co· · ·Co distance of 564 pm. [110]

In summary, a theoretical approach is presented which directly relates mononuclear ab initio single-
ion calculations to magnetic data of 1D coordination polymers. A coupling scheme of an n-membered

Figure 3.12: Calculated magnetic susceptibility
χ̃ calc

M (n)T of 9 at T = 7K for different
values n of an n-membered spin ring em-
ploying the theoretical coupling constant
J11/kB = 4.17 K. The blue solid line repre-
sents the best fit

(
a = 12.70(2) cm3K/mol; b

= 0.7673(7)
)

according to eqn (3.3) and the
red dashed line represents the limit for a
periodic system (n → ∞). 0
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Figure 3.13: Experimental temperature dependence of χ exp
M T (•) for 9 (top left), 10 (top right), and 11 (bottom).

Colored lines represent χ̃ calc
M (n)T based on ab initio fragment calculations by applying a coupling

scheme of an n-membered spin ring for different values of n with the fitted coupling constant Ji j of
the Lines model. In case of 9 and 10 the extrapolation (red solid line) gave the best agreement with
the experimental data with n = 19 and n = 17, respectively. In case of 11, the dashed red line shows
the mean-field corrected extrapolated magnetic susceptibility to take care of the ferromagnetic in-
terchain interactions (z J ′/kB = 0.85K).

spin ring is employed, which reproduces the correlation length of a periodic chain for a given temper-
ature range. Unfortunately, the intrachain magnetic exchange cannot be obtained by ab initio calcu-
lations of individual centers. This missing piece of information, however, can be obtained by fitting
the ab initio magnetic susceptibility against experimental data via adjusting the theoretical intrachain
coupling constant. The low-temperature experimental properties, e.g. the magnetic susceptibility, of
1D periodic compounds were reproduced for three selected cobalt(ii)-based SCMs by single-ion ab ini-
tio calculations in combination with the coupling scheme of a 12-membered spin ring. The obtained
energy spectra of spin states for the three investigated SCMs show a lifting of the degeneracy of the ex-
cited spin multiplets, which indicates a non-pure Ising anisotropy for these compounds. A theoretical
coupling constant Jcalc was received by calculating the relative energy of the highest spin multiplet. Hy-
pothetical chains, consisting only of one particular coordination center, can be simulated to show the
impact of indiviual single-ion anisotropies on the resulting coupling constant Jcalc. Finally, the mag-
netic susceptibility data was extrapolated for larger domain sizes, which, based on the experimental
data, helps to study effects of domain sizes.
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CHAPTER 4

Triangular 3d Transition Metal Complexes

In this chapter two homotrinuclear cationic complexes based on triaminoguanidine ligands were stud-
ied by computational methods to shed light on their magnetic properties.

In section 4.1 aC3-symmetric copper(ii) complex is presented that was investigated by experimental
as well as theoretical methods. The complex is based on a triaminoguanidine-based ligand system which
allows a triangular arrangement of the three copper(ii) ions. The complex shows a spin frustration due
to the antiferromagnetic exchange between its copper(ii) ions. As a consequence, this complex can act
potentially as a molecular building unit for quantum bits. The theoretical studies of this compound
were focused on the intermolecular and magnetic interactions.

A trinuclear cobalt(ii) compound which is based on a similar triaminoguanidine-based ligand system
is introduced in section 4.2. This complex, however, shows a weaker antiferromagnetic coupling, noC3

symmetry and thus, possesses three crystallographically-independent anisotropic cobalt(ii) ions. Com-
putational studies prove that the magnetic properties of the three cobalt(ii) centers in this compound
can be assumed as nearly identical which justifies the applied analytical spin Hamiltonian to fit the
experimental data.

4.1 Triangular copper(ii)-based complex

Part of this chapter has been published in:

• (P8) Molecular electronic spin qubits from a spin-frustated trinuclear copper complex. Benjamin
Kintzel, Michael Böhme, Junjie Liu, Anja Burkhardt, Jakub Mrozek, Axel Buchholz, Arzhang Arda-
van, Winfried Plass, Chem. Commun. 2018, 54, 12934–12937.

Quantum technology is one of the challenging research areas of the current century. [376,377] To suc-
cessfully build a quantum information processing unit, namely a quantum computer, it is necessary to
find suitable, stable as well as addressable quantum bits (qubits) that can be entangled. A key char-
acteristic of these qubits is the coherence time T2, which represents their quantum state lifetime. For
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4.1 Triangular copper(ii)-based complex

the general design it is essential to find qubits, e.g. molecular electron spin qubits, with long coher-
ence times. In recent years, several magnetic compounds have been published that can act as potential
qubits. [209,212,378] Unfortunately, the coherence times T2 of these compounds are still limited to a few
microseconds. Therefore, a challenging task for the future will be to find and to design molecules that
preserve long coherence times at higher temperatures, namely the room temperature.

Triaminoguanidine-based systems are of considerable interest, since they easily offer the oppurtu-
nity to bind three metal ions in close proximity. [216,379–385] The ligand system is flexible and does not
only feature the formation of discrete trinuclear complexes, but also complexes with a higher nuclear-
ity [386–389] and 3d metal ion coordination polymers. [390,391] In addition, in some casesC3-symmetric trin-
uclear compounds with an antiferromagnetic exchange can be obtained, e.g. with copper(ii) ions. [201,216]

SuchC3-symmetric copper(ii)-based systems are also of great interest due to the fact that they can po-
tentially display a magnetic phenomenon, which is known as spin frustration, and that shows a degen-
erate magnetic ground state. Systems with a degenerate magnetic ground state can be used as qubits
for promising applications in future information technologies. [392]

The trinuclear copper(ii) compound [Cu3(saltag)(py)6]ClO4
(
H5saltag = tris(2-hydroxybenzylidene)-

triaminoguanidine
)

was synthesized and characterized by experimental as well as theoretical meth-
ods. [201] The complex crystallizes in the trigonal space group P31c and the unit cell shows two cationic
complex molecules [Cu3(saltag)(py)6]+ (12) which are both depicted in Figure 4.1. Furthermore, the
crystal structure contains three perchlorate anions (denoted as PC1–PC3) as well as one pyridinium
cation which are all located on crystallographic threefold axes. The two trinuclear complex molecules
exhibit aC3 symmetry and thus, one crystallographic independent copper(ii) ion per molecule (denoted
as Cu1 and Cu2, respectively). Both crystallographic independent copper(ii) ions possess a distorted
trigonal bipyramidal [N4O] coordination environment. This is confirmed by continuous shape mea-
sures by giving the best fit for a trigonal bipyramid (Cu1: S(D3h) = 1.694; Cu2: S(D3h) = 1.705). [393–395] In
a previous work, a corresponding complex [Cu3(saltag)(bpy)3]+ (bpy = 2,2′-bipyridine) was presented,
which is based on the identical saltag5 – ligand system. [216] In this complex, however, each copper(ii)
coordination sphere is saturated by one bidentate bpy ligand as compared to six monodentate py ligands
in 12. Consequently, the bpy-based complex shows a distorted square pyramidal [N4O] coordination
sphere for the sole crystallographic independent copper(ii) ion

(
best fit: S(C4v) = 2.866

)
. [216]

Cu1 Cu2
Figure 4.1: Molecular structure of the two cationic C3-symmetric complexes of [Cu3(saltag)(py)6]+ (12) as ob-

tained by single-crystal structure data. Hydrogen atoms were omitted for clarity.
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Two different types of intermolecular interactions are present in the crystal structure: (i) π · · · π
interactions between the py ligands and (ii) electrostatic interactions between the cationic complex
molecules and the perchlorate anions. Both types of interactions are depicted in Figure 4.2. Coun-
terpoise corrected [396] DFT-D3 studies based on B3-LYP/def2-TZVPP [254,255,257,397] level of theory re-
veal strong electrostatic [Cu3(saltag)(py)6]+· · ·ClO4

– binding energies (Cu1: 69 and 63 kcal/mol; Cu2:
60 kcal/mol). These attractive energies contain a small amount of py· · ·ClO4

– interactions (Cu1: 17
and 14 kcal/mol; Cu2: 13 kcal/mol). Further DFT investigations were performed in which several ini-
tial structures from the single-crystal data were optimized. Four different structural models (12-Cu3,
PC1· · · 12-Cu3· · · PC2, PC1· · · 12-Cu3, and 12-Cu3· · · PC2) based on the Cu1 complex molecule were
selected and optimized in the high-spin state (S = 3/2) under the constraint of a C3 symmetry. The
DFT-D3 optimized structures are depicted in Figure 4.3 together with their continuous shape measures
for a trigonal bipyramidal

(
S(D3h)

)
and a square pyramidal

(
S(C4v)

)
coordination geometry, respec-

tively. Interestingly, the distorted trigonal bipyramidal coordination sphere in 12 is stabilized by the
interaction with the perchlorate anions. This is based on the fact that the optimized structures with at
least one perchlorate anion tend to lead to structures with a distorted but distinct trigonal bipyrami-
dal coordination geometry. Without any perchlorate anion present, the [N4O] coordination sphere in
the DFT-optimized structure 12-Cu3 is much more distorted and marks the transition point between
trigonal bipyramidal and square pyramidal coordination geometries

(
S(D3h) ≈ S(C4v)

)
.

Figure 4.2: Representation of intermolecular interactions for the two cationic complex molecules 12-Cu1 (left-
hand side) and 12-Cu2 (right-hand side) in the crystal structure. The π · · · π interaction is shown
as yellow dashed line. Ionic interactions of the cationic complexes with the perchlorate counterions
(PC1–PC3) are depicted as pink dashed lines. Hydrogen atoms were omitted for clarity.
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12-Cu3
S(D3h) = 1.943
S(C4v) = 1.999

PC1· · · 12-Cu3· · · PC2
S(D3h) = 1.261
S(C4v) = 2.435

PC1· · · 12-Cu3
S(D3h) = 0.997
S(C4v) = 3.688

12-Cu3· · · PC2
S(D3h) = 1.615
S(C4v) = 2.005

Figure 4.3: DFT-optimized structures of the trinuclear copper(ii) complex fragment for models without (12-Cu3)
and with (PC1· · · 12-Cu3· · · PC2; PC1· · · 12-Cu3; 12-Cu3· · · PC2) interacting perchlorate anions (PC1
and PC2) with side (left column) and top view (right column) for each structure. The given values
S represent continuous shape measures of the copper(ii) centers for a trigonal bipyramidal

(
S(D3h)

)
and a square pyramidal

(
S(C4v)

)
coordination geometry, respectively (see also text). [393–395]
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The magnetochemistry of compound 12 was studied by temperature-dependent magnetic suscepti-
bility measurements and EPR spectroscopy. The χMT data was fitted with a phenomenological spin
Hamiltonian assuming three identical spins together with a single magnetic coupling constant J for all
intramolecular magnetic interactions (for depiction see Scheme 4.1). The best-fit of the susceptibility
data give J = −297.8(5) cm−1, an isotropic д factor of 2.1557(6), and a weak intermolecular interac-
tion of z J ′ = −0.048(3) cm−1. Broken-symmetry (BS) DFT calculations based on DFT/B3-LYP/def2-
TZVPP [254,255,257,397] were conducted to verify the strong antiferromagnetic exchange in 12. Within
these calculations the RI-J with ’chains of spheres exchange’ (RIJCOSX) approximation was used to re-
duce the computational effort. [398] For these BS-DFT calculations two different structural models were
employed for each of the crystallographic independent complex molecules: (i) a dinuclear copper(ii)
model [Cu2Zn(saltag)(py)6]+ (denoted as 12-Cu1Cu1 and 12-Cu2Cu2) and (ii) a trinuclear copper(ii)
model [Cu3(saltag)(py)6]+ (denoted as 12-Cu1Cu1Cu1 and 12-Cu2Cu2Cu2). For the dinuclear model
the coupling constants of the two complex molecules were calculated by using Yamaguchi’s approach
(see equation (1.5)). The calculated values (12-Cu1Cu1: −281 cm−1; 12-Cu2Cu2: −274 cm−1) are in
good agreement with the experiment (−297.8(5) cm−1). Spin density distributions show a significant
spin density at the – N –– N – bridge, whereas no spin density is evident at the central carbon atom of
the triaminoguanidine moiety. For the trinuclear copper(ii) system the coupling constant J was ob-
tained from the energy difference between the high-spin and BS state

(
J = −2/3 (EHS−EBS); see Scheme

4.1
)
. This approach assumes that the BS state is an actual representation of the low-spin state, which

for copper(ii) ions was shown to be an appropriate approximation in BS-DFT calculations as shown
literature. [399] In case of 12, however, the coupling constants with this approach (12-Cu1Cu1Cu1:
−255 cm−1; 12-Cu2Cu2Cu2: −249 cm−1) show a larger deviation from the experimental value.

Dynamic properties of 12, namely its coherence timeT2, were measured by echo-detected EPR spec-
troscopy. For these experiments the bulk material of 12 was dissolved in pyridine and pyridine-d5,
respectively, to increase the spatial distribution between individual molecules which can enhance the
spin relaxation. In a frozen pyridine solution aT2 time of 340 ns atT = 3K was obtained for 12, whereas
in a frozen pyridine-d5 solution a significantly longer coherence time of 591 ns was received. As a result,
the trinuclear copper(ii) compound 12 can act as a potential molecular electron spin qubit.
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Scheme 4.1: Spin coupling scheme for the C3-symmetric trinuclear copper(ii) compound 12 (left-hand side; J
represents the magnetic coupling constant). Expected energy spectrum of spin states for a spin-
frustrated trinuclear copper(ii) system (right-hand side).
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Ab initio computational studies based on the CASSCF/CASPT2/RASSI-SO protocol were performed
for both crystallographically-independent copper(ii) centers to gain a further insight in the magnetic
anisotropy of 12. Both employed structural models 12-Cu1 and 12-Cu2, respectively, are visualized in
Figure 4.4. In these models two of the three identical copper(ii) ions have been replaced by diamagnetic
zinc(ii) ions. The calculations reveal a well-separated 2A′

1
[2D] ground state as expected for copper(ii)

ions in a trigonal bipyramidal coordination geometry. The relative CASPT2 energies of the higher
2E′[2D] and 2E′′[2D] terms show a small splitting and can be found between 10675–11966 cm−1 and
12731–12867 cm−1, respectively. For the ground state KD the magnetic axes of 12-Cu1 and 12-Cu2,
respectively, are depicted in Figure 4.5. The single-ion calculations reveal a rhombic system with three
different д factors (дx/дy/дz for 12-Cu1: 2.413/2.255/2.019; дx/дy/дz for 12-Cu2: 2.413/2.250/2.019). The
magnetic easy-axis (largest д factor; дx) was found to be in parallel to the molecular C3 axis.

The situation is somewhat different for the magnetic axes of theC3 symmetric molecular compound.
The molecular system was simulated with the POLY_ANISO program on basis of the single-ion calcu-
lations. [297–299] The simulated trinuclear system shows an axial symmetry consisting of two д factors
(д∥/д⊥ for 12-Cu1: 2.425/2.158; д∥/д⊥ for 12-Cu2: 2.423/2.158). The calculated easy-axis of magneti-
zation д∥ for the molecular system was found to coincide with the threefold rotational axis. In the
experiment the д factors for the molecular system were determined by different experimental tech-
niques and are listed in Table 4.1 together with the theoretical ones. EPR measurements of the bulk
material show that the copper(ii) centers possess an axial symmetry (д∥ and д⊥). A comparison be-
tween the experimental д factors of the bulk material with the obtained д factors in frozen solutions
of pyridine and pyridine-d5, respectively, reveals differences in д∥ (see Table 4.1), whereas for д⊥ no
significant change was observed. Therefore, in the frozen solutions the change in д∥ is indicative of a
structural change, which is related to the pyridine ligands, at the copper(ii) coordination spheres. This
is supported by the ab initio determined orientation of д∥ and the performed DFT optimizations studies
without perchlorate anions present (see Figure 4.3).

12-Cu1 12-Cu2

Figure 4.4: The two model structures [CuZn2(saltag)(py)2(NH3)4]+ used for the ab initio calculations of 12 (color
code: Cu – cyan; Zn – dark grey).
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12-Cu1 12-Cu2

Figure 4.5: Magnetic axes obtained from ab initio calculations for the ground state KD of a single copper(ii) ion
in 12-Cu1 (left-hand side) and 12-Cu2 (right-hand side) indicated as dashed lines: red – hard axis (дz),
orange – intermediate axis (дy), green – easy axis (дx). Hydrogen atoms have been omitted for clarity
(atom color code: Cu – cyan, Zn – dark grey).

Table 4.1: Experimental and theoretical д fac-
tors for 12 (дav = д∥/3 + 2д⊥/3).

Method д∥ д⊥ дav

fit of χMT – – 2.155
EPR (bulk) 2.189 2.040 2.090
EPR (pyridine) 2.287 2.049 2.128
EPR (pyridine-d5) 2.302 2.036 2.125

POLY_ANISO (12-Cu1) 2.425 2.158 2.247
POLY_ANISO (12-Cu2) 2.423 2.158 2.246

In conclusion, a trinuclear spin-frustrated copper(ii) complex was characterized by experimental
and theoretical methods. The strong antiferromagnetic exchange is confirmed by BS-DFT calculations
and is based on the close proximity of the three copper(ii) centers in combination with the – N –– N –
bridging unit, both provided by the deprotonated triaminoguanidine-derived ligand backbone. Ab ini-
tio single-ion calculations reveal a rhombic magnetic anisotropy, which leads to an axial system in the
molecular case due to the C3 symmetry. For 12 a coherence time T2 of 591 ns was measured at 3 K in
a frozen solution of pyridine-d5. Therefore, the studied compound can potentially act as a molecular
electron spin qubit. EPR spectroscopy experiments of the compound in combination with DFT opti-
mization studies suggest a deformation of the trigonal bipyramidal coordination sphere at the copper(ii)
centers in solution. Most likely this change is based on a loss of intermolecular interactions between
the complex molecule and the perchlorate anions upon dissolution.
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4.2 Triangular cobalt(ii)-based complex

Part of this chapter has been published in:

• (P9) Modeling Spin Interactions in a Triangular Cobalt(ii) Complex with Triaminoguanidine Lig-
and Framework: Synthesis, Structure and Magnetic Properties. Daniel Plaul, Michael Böhme,
Serghei Ostrovsky, Zbigniew Tomkowicz, Helmar Görls, Wolfgang Haase, Winfried Plass, Inorg.
Chem. 2018, 57, 106–119.

Another triaminoguanidine-based ligand system has been used, in this case, to synthesize a corre-
sponding trinuclear cobalt(ii) complex with a triangular arrangement of the metal centers. Unlike the
copper(ii) complex from section 4.1, this complex, like the vast majority of triaminoguanidine-based
metal complexes, shows noC3 symmetry. [379–381,384,385] Hence, the individual spin centers are expected
to differ in their magnetic single-ion properties, i.e. the zero-field splitting and the magnetic anisotropy.
Unfortunately, the magnetochemistry of polynuclear paramagnetic complexes can become quite diffi-
cult if paramagnetic ions like cobalt(ii) are magnetically coupled and at the same time contain a strong
magnetic anisotropy. This leads inevitably to the necessity of sophisticated spin Hamiltonians to de-
scribe, fit, and interprete experimental data. With an increasing number of fit parameters in an applied
Hamiltonian, however, a risk of overparameterization evolves. Furthermore, this raises the crucial
question if simplified analytical models, which e.g. assume identical spins in a triangular system, are
reasonably sufficient to describe the experimental magnetic properties. At this point, computational
studies based on structural fragments of individual paramagnetic centers can be helpful or in some
cases even essential to verify employed spin Hamiltonians and their results.

The trinuclear cobalt(ii) compound [Co3(pytag)(py)6(Cl)3]ClO4
(
H2pytag = 1,2,3-tris[(pyridine-2-yl-

methylidene)amino]guanidine
)

was synthesized and characterized by experimental as well as theo-
retical methods. The cationic complex fragment [Co3(pytag)(py)6(Cl)3]+ (13; see Figure 4.6) shows a
triangular arrangement of three crystallographically-independent cobalt(ii) ions. This triangular ar-
rangement is achieved by the planar triaminoguanidine-derived ligand system, which provides three
identical [N3] binding pockets. Moreover, for each cobalt(ii) center two apical pyridine ligands and
one chlorido ligand in the basal plane of the triaminoguanidine ligand help to saturate the coordina-
tion sphere. In sum, this leads to a [N5Cl] pseudooctahedral donor environment for all three cobalt(ii)
ions in 13.

Figure 4.6: Molecular structure of the cationic
complex [Co3(pytag)(py)6(Cl)3]+

(13) as obtained by single-crystal
structure data. Thermal displace-
ment ellipsoids are drawn at 50%
probability level. Hydrogen atoms
were omitted for clarity.
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The static temperature-dependent magnetic susceptibility for 13 has been measured at an applied
DC field of 1000 Oe. The low-temperature data indicate an antiferromagnetic exchange between the
three cobalt(ii) centers which is mediated by the – N –– N – bridges. This behavior is also known for
other trinuclear 3d metal ion complexes with triaminoguanidine-based ligand systems. [201,216,382,385]

The high-temperature χMT value of about 7.0 cm3 K mol−1 is significantly higher than the expected
spin-only value for three isolated high-spin cobalt(ii) ions (5.63 cm3 K mol−1), which is typical for oc-
tahedrally coordinated cobalt(ii) ions due to an orbital momentum contribution. Dynamic magnetic
susceptibility measurements for 13 were performed, however, no indication for an out-of-phase mag-
netic susceptibility χ ′′

M with or without an applied DC field was obtained. Additionally, the magneti-
zation for 13 was measured at 1.8 and 4.5 K in the field range between 0 and 6 T. This data together
with the static magnetic susceptibility data were used to fit the magnetic parameters of 13. For this
fit all cobalt(ii) ions in 13 were assumed to be identical to avoid a potential overparameterization. The
best-fit shows an antiferromagnetic exchange

(
Jex = −12.0(2) cm−1) and an average д factor of 2.39(1),

which is the result of a first-order orbital contribution within the 4T1g[4F] ground multiplet. This
goes together with a large ZFS as obtained and represented by the axial and rhombic ZFS parameters(
D = 55(2) cm−1, E = 4.8(5) cm−1) for an effective spin Hamiltonian Seff = 3/2. Magnetic circular dichro-

ism (MCD) spectroscopy was performed at various temperatures (3, 6, and 12 K) for 13 which shows
four field-dependent positive bands with low intensities in the range of 16000–22500 cm−1. These bands
can be attributed to the two excitations 4T1g[4F] → 4A2g[4F] and 4T1g[4F] → 4T1g[4P], respectively.
However, due to the non-ideal octahedral coordination geometry the lifting of the degeneracy of the
4T1g[4F] and 4T1g[4P] multiplets is expected which leads to more observable bands.

Theoretical calculations have been performed to verify the experimental results and, more impor-
tantly, to validate the employed phenomenological Hamiltonian assuming identical cobalt(ii) coordi-
nation sites although the compound does not possess a molecular C3 rotational axis.

In the beginning, the intramolecular magnetic interactions have been theoretically investigated by
BS-DFT calculations [248–250] based on the B3LYP hybrid functional [255,257,397] in combination with accu-
rate triple-ζ def2-TZVPP basis sets. [254] Figure 4.7 illustrates schematically the three different magnetic
coupling constants J12, J13, and J23 between the three crystallographically-independent cobalt(ii) cen-
ters in 13 (denoted as Co1, Co2, and Co3). Two structural models (denoted as 13-Co2Zn and 13-Co3)

Figure 4.7: Schematic representation of 13 and corresponding coupling constants (left-hand side). The right-
hand side depicts the employed ion types in the BS-DFT calculations with their [Ar] 3dn electronic
configuration.
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have been employed to calculate the intramolecular coupling constants (see Figures 4.7 and 4.8). The
model 13-Co2Zn is based on an isostructural dinuclear cobalt(ii) compound [Co2Zn(pytag)(py)6(Cl)3]+

of 13, where one of the three paramagnetic centers was replaced by a diamagnetic zinc(ii) ion. The
replacement of one cobalt(ii) center leads to three different structures [Co2Zn(pytag)(py)6(Cl)3]+ and
thus, to six different spin states, since for each structure two spin states had to be calculated (high-
spin and broken-symmetry). For the model 13-Co2Zn the individual magnetic coupling constants Ji j
can directly be obtained by Yamaguchi’s approach

(
see equation (1.5)

)
. Besides, the BS-DFT model

13-Co3 contains three cobalt(ii) ions (see Figure 4.8). As a result, only four spin states in 13-Co3 have
to be calculated (cf. Figure 4.8). However, within this model the individual magnetic coupling con-
stant between two neighbouring cobalt(ii) centers cannot directly be obtained. In fact, three coupling
constants (J1, J2, and J3) were calculated with Yamaguchi’s approach, which are defined as in equation
(4.1). These coupling constants are a linear combination of the individual pair couplings Ji j and can be
easily transformed in the latter ones

(
see equation (4.2)

)
.

J1 =
1/2

(
J12 + J13

)
J2 =

1/2
(
J12 + J23

)
J3 =

1/2
(
J13 + J23

)
(4.1)

J12 = J1 + J2 − J3 J13 = J1 + J3 − J2 J23 = J2 + J3 − J1 (4.2)

The calculated magnetic couplings are summarized in Table 4.2. Both computational models do
verify an antiferromagnetic coupling between each pair of cobalt(ii) centers, which is in agreement
with the experiment. Additionally, in both models no significant difference between the individual
pair couplings is apparent. This justifies the application of a single magnetic coupling constant Jex in
the phenomenological Hamiltonian used for the fit of the experimental data. The average coupling

13-Co2Zn 13-Co3

Figure 4.8: Representation of BS-DFT spin states in 13 (for further explanation of the symbols see Figure 4.7) for
the two employed computational models 13-Co2Zn (left-hand side) and 13-Co3 (right-hand side).

Table 4.2: BS-DFT calculated magnetic coupling constants as obtained by the two employed models (13-Co2Zn
and 13-Co3) in combination with the average coupling constant Jav.

13-Co2Zn 13-Co3 experiment

J12 (cm−1) −15.9 −16.5 –
J13 (cm−1) −15.6 −16.6 –
J23 (cm−1) −15.7 −16.6 –

Jav (cm−1) −15.7 −16.6 −12.2(2)
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constants Jav (13-Co2Zn: −15.7 cm−1; 13-Co3: −16.6 cm−1) are in good agreement with the experiment
(Jex = −12.2(2) cm−1). Besides, only a minor difference between the results of model 13-Co2Zn and
13-Co3 exists and hence, the model 13-Co3 is advantageous due to the lower computational effort in
terms of the number of spin states, which had to be calculated (see Figure 4.8).

CASSCF/CASPT2/RASSI-SO ab initio calculations were performed to investigate the magnetic single-
ion anisotropies for all three cobalt(ii) coordination sites. A simplified structural model of the cationic
complex 13 was developed to keep the computational effort feasible, which is mostly determined by
the CASPT2 part. In these ab initio models, two of the three cobalt(ii) centers have been replaced by
diamagnetic zinc(ii) ions and their apical py ligands in turn by NH3 ligands to reduce the computational
effort. This leads to three different ab initio models of the general formula [Co2Zn(pytag)(py)2(NH3)4

(Cl)3]+ which are depicted in Figure 4.9 and denoted as 13-Co1, 13-Co2, and 13-Co3. The ab initio re-
sults of these models clearly show a lifting of the 4T1g[4F] ground multiplet’s degeneracy (see Table 4.3).
CASPT2 relative energies of the higher multiplets 4A2g[4F] (13-Co1: 18136 cm−1; 13-Co2: 18151 cm−1;
13-Co3: 17718 cm−1) and 4T1g[4P] (13-Co1: 19690–21809 cm−1; 13-Co2: 19560–21821 cm−1; 13-Co3:
19200–22327 cm−1) confirm the assigned transitions as observed in the MCD measurements. The lift-
ing of the degeneracy of the multiplets can be attributed to a Jahn-Teller distortion as expected for
octahedrally coordinated cobalt(ii) ions. The distortion of the coordination sphere of the metal ions is
supported by continuous shape measures

(
S(Oh) = 2.20/2.70/2.32 for 13-Co1/13-Co2/13-Co3

)
where

13-Co1 13-Co2 13-Co3

Figure 4.9: Ab initio computational models [Co2Zn(pytag)(py)2(NH3)4(Cl)3]+ for all crystallographically-
independent cobalt(ii) centers in 13 (color code: Co – orange, Zn – pink).

Table 4.3: Relative RASSI-SO energies (in cm−1) of the Kramers doublets of the 4T1g ground multiplet for the
three crystallographically-independent cobalt(ii) centers in 13.

term in term in
KD Oh symmetry D4h symmetry 13-Co1 13-Co2 13-Co3

1 4T1g
4A2g 0 0 0

2 172 127 151
3 4Eg 762 918 819
4 1063 1162 1115
5 1315 1498 1352
6 1425 1613 1494
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a parameter S(Oh) = 0 represents an ideal octahedron. [393–395] This distortion leads to a splitting of
the 4T1g ground term into well-separated 4A2g and 4Eg terms. Therefore, even at room temperature
only the two lowest KDs can be assumed to be thermally populated due to the significant energy gap
between the 4A2g and 4Eg terms. Thus, the application of an effective spin Hamiltonian Seff = 3/2 is
justified, which takes only the two lowest KDs into account. The single-ion anisotropies of the three
individual cobalt(ii) centers 13-Co1–13-Co3 in terms of axial and rhombic ZFS parameters for an ef-
fective spin Hamiltonian model Seff = 3/2 are summarized in Table 4.4. It was found that in all cases,
an easy-plane type of anisotropy (D > 0) together with a significant rhombic distortion was obtained.
The distinct E/D ratio of 0.10 is in agreement with the experimentally fitted value (0.09), however, a
deviation in terms of absolute values of the calculated D and E values is apparent. The difference in
the calculated ZFS parameters between the three cobalt(ii) centers, especially in the parameter D, can
most likely be attributed to the different orientation of the apical py ligands. The calculated average д
factor for the three cobalt(ii) centers do nicely reproduce the average experimentally determined one
(see Table 4.4). The corresponding depiction of the anisotropy in terms of the easy-plane and hard-
axis can both be found in Figure 4.10. The easy-plane of anisotropy roughly coincides with the [N3Cl]
coordination plane formed by the pytag2 – ligand and the chlorido ligand

(
angle between both planes:

11.4◦ (13-Co1), 22.5◦ (13-Co2), and 22.5◦ (13-Co3)
)
. This, however, might be a result of the distortion

of the three octahedral cobalt(ii) coordination spheres. The smallest angle of intersection between the
hard-axes of anisotropy and an existent bond vector was found for the Co–N bond of the py ligands.
The orientation of the easy-plane as well as the hard-axis of anisotropy, respectively, indicates a rather
low magnetic anisotropy, because of the distinct angles of intersection. This idea is supported by the
fact that no out-of-phase magnetic susceptibility χ ′′

M with and without an applied DC field was ob-
served for 13. The [N5Cl] donor environment in case of 13 leads to an easy-plane anisotropy, whereas
in the case of the SCM compound 11 the cobalt(ii) centers with their [N4S2] donor sphere show an
easy-axis type of anisotropy (see section 3.1). This is interesting, since both types of cobalt(ii) centers
are pseudooctahedrally-coordinated and possess two apical py ligands. Therefore, it can be concluded
that the single-ion anisotropy in these cases is mostly determined by the donor atoms within the basal
plane. In addition, the [Co(py)2]2+ structural motif with its two py ligands in trans position seems to
allow stabilization of both types of magnetic anisotropies (easy-axis and easy-plane).

Table 4.4: Calculated and experimental ZFS parameters and Cartesian components of the д tensor for the two
lowest KDs of the 4T1g term (Seff = 3/2) for 13.

13-Co1 13-Co2 13-Co3 fit of χMT

D (cm−1) 84.7 77.7 74.2 55(2)
E (cm−1) 8.4 8.0 8.0 4.8(5)
E/D 0.10 0.10 0.10 0.09

дx 2.735 2.611 2.719 –
дy 2.564 2.521 2.520 –
дz 1.903 2.016 1.959 –
дav 2.401 2.382 2.399 2.39(1)
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Figure 4.10: Ab initio calculated (Seff = 3/2) main anisotropy axes projected onto the molecular framework of
13 (hydrogen atoms are omitted for clarity). The figure on the left-hand side shows the easy-plane
anisotropy as formed by the easy-axes (green dashed lines). The figure on the right-hand side shows
the hard-axes of magnetization (red dashed lines).

In summary, it is shown that despite the lack of a C3 symmetry in the molecular structure of 13,
its cobalt(ii) units can be treated as identical spin centers. BS-DFT calculations confirm an antiferro-
magnetic exchange and both employed BS-DFT models were able to reproduce the experimental data.
By means of ab initio results, small differences in the individual ZFS parameters of the three cobalt(ii)
ions are apparent, however, the application of a phenomenological Hamiltonian assuming identical
spin centers is justified. Moreover, ab initio calculations reveal an easy-plane type of anisotropy with
a distinct rhombic distortion for all three paramagnetic centers, which confirms the experimental re-
sults (fit of magnetic data and MCD measurements). In addition to the experiment, the easy-plane of
anisotropy was found to nearly coincide with the pytag2 – ligand plane.
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CHAPTER 5

Summary

In this thesis, quantum chemical methods have been used to study the magnetochemistry of 3d tran-
sition metal and lanthanide-based systems. Along this line, ab initio multi-reference methods such as
CASSCF as well as CASPT2 and calculations based on density functional theory were used. The focus
was on the additional gain of information through the application of different theoretical methods, the
development of new approaches as well as suitable structural models, and the verification of analytical
models used for the evaluation of experimental data.

With quantum chemical ab initio multi-reference methods, molecular systems with one paramag-
netic metal ion were investigated in chapter 2. Such molecules can potentially be used as so-called
single-ion magnets and are of great interest as they may serve as tiny molecular storage devices in the
future. In section 2.1 two mononuclear cobalt(ii)-based single-ion magnets with a distorted tetrahe-
dral coordination sphere were introduced and discussed. The distortion of the tetrahedral coordination
sphere towards a square-planar geometry proved to be advantageous for an increase of the relaxation
barrier. In addition, the distortion of the cobalt(ii) coordination sphere was found to influence the mag-
netic relaxation behavior. Despite the high relaxation barrier for cobalt(ii)-based single-ion magnets
for the two presented complexes, a slow relaxation of magnetization is observed only under an external
magnetic field. This leads to the conclusion that efficient magnetic relaxation processes are present in
both complexes, e.g. a temperature-independent quantum tunneling of magnetization or a coupling
with vibrational modes which lie below the spin relaxation barrier.

Besides single-ion magnets based on 3d transition metal ions, trivalent lanthanide-based ones have
attracted a lot attention in recent years. The ab initio calculation of single-ion magnetic properties
on these systems, however, goes together with a high computational effort and thus, alternative ap-
proaches to calculate magnetic parameters such as the anisotropy axis should be considered. In section
2.2 two approaches based on electrostatic and ligand-field calculations were described, which can be
used for a fast and accurate determination of the magnetic anisotropy axis in dysprosium(iii)-based
single-ion magnets. Both methods provide a high accuracy in determining the anisotropy axis when
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additional ab initio CASSCF results were used as a reference. Besides, the ligand-field approach yields
additional information about the ligand-field splitting of the ground term. Both presented methods
provide a higher level of accuracy than a literature-known approach, which is based on point charges
as a representation of donor atoms. For the electrostatic as well as the ligand-field approach it is neces-
sary to obtain an electrostatic potential. In order to reduce the overall computational effort, a so-called
diamagnetic electrostatic pseudo-potential was introduced. This potential represents the electrostatic
potential of an isostructural compound in which the dysprosium(iii) ions have been replaced by dia-
magnetic yttrium(iii) or lutetium(iii) ions. The diamagnetic–electrostatic pseudo-potential is calcu-
lated analytically from a converged Hartree–Fock wave function and can subsequently be used in the
electrostatic as well as ligand-field approach. It has been shown that the magnetic anisotropy axis for
mononuclear dysprosium(iii)-based compounds can be determined accurately from Hartree–Fock cal-
culations of the corresponding diamagnetic compounds. Within the scope of this project, a FORTRAN
program named ’rhOver’ was developed, which performs the calculation of the diamagnetic electro-
static pseudo-potential and the determination of the anisotropy axis by both presented approaches.

The lack of a slow relaxation of magnetization in a terbium(iii)-based sandwich complex can be
explained by ab initio calculations (section 2.3). In the beginning, this experimental finding was un-
expected as terbium(iii) ions show a high intrinsic magnetic anisotropy. In addition, a variety of ter-
bium(iii) single-ion magnets are known in the literature. The investigated anionic sandwich complex
is based on two substituted cyclooctatetraene-based ligands. The performed ab initio calculations show
that the electronic ground state consists of a spin–orbit coupled state without a significant magnetic
moment and thus, confirms the experimental findings. It was concluded that the used ligand system is
not suitable for stabilizing the spin–orbit coupled terbium(iii) ground state with a large magnetic mo-
ment. The major reason for this is the elongated distance between the terbium(iii) ion and the π plane
of the COT′′2 – ligands, which makes this structural motif unsuitable for single-ion magnet behavior.

In chapter 3 theoretical studies on magnetic cobalt(ii) and nickel(ii)-based coordination polymers
with thiocyanate bridging ligands were discussed. In section 3.1 two-dimensional coordination poly-
mers and one-dimensional cobalt(ii) single-chain magnets were investigated by BS-DFT and ab initio
methods. The BS-DFT calculations are based on dinuclear computational models for the polymeric
structures that included a negative charge compensation by terminal point charges or cations. The
performed BS-DFT calculations give only a qualitative agreement to the experiment due to the weak
ferromagnetic couplings mediated by the thiocyanate ligands. On the one hand, these results strongly
depend on the choice of the terminal capping ions that have been introduced for the anionic charge com-
pensation. On the other hand, not for all investigated systems single-crystal X-ray structure data are
available and thus, for some compounds Rietveld-refined structures had to be used, which are of lower
quality than single-crystal X-ray structure data. Ab initio calculations indicate for the ground state
an easy-axis type of anisotropy in the individual cobalt(ii) centers where the anisotropy axis nearly
coincides with the Co–N bond axis of the axial pyridine-based ligands. In perspective, this opens up
the possibility to easily modify the single-ion anisotropy by choosing different axial ligands. In fact,
a corresponding nickel(ii) compound with two axial pyridine-based ligands shows a weak easy-plane
type of anisotropy with a small zero-field splitting. This structural motif is, thus, rather unsuitable for
the design of single-chain magnets.
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Currently, the theoretical investigation on cobalt(ii)-based single-chain magnets by ab initio multi-
reference methods is limited to a single paramagnetic center due to the high computational effort and
hardware limitations. Unfortunately, from such calculations magnetic parameters are obtained that
describe a single-ion center. In fact, experimental studies of single-chain magnets often yield param-
eters that represent a magnetic domain due to the cooperative effects. In the section 3.2 an approach
was presented that allows to connect theory and experiment by the combination of ab initio single-ion
calculations with a spin-coupling scheme. The employed spin-coupling scheme is formally based on a
spin ring. The presented approach allows the determination of parameters of magnetic domains from
ab initio single-ion calculations which then can be compared to experimental data. Unfortunately, the
magnetic coupling between the cobalt(ii) centers cannot be obtained from the single-ion calculations.
However, this missing piece of information can be determined by fitting the theoretical against the
experimental magnetic susceptibility data while using the magnetic coupling constant as a fit parame-
ter. The individual centers in the investigated cobalt(ii)-based single-chain magnets show an easy-axis
type of anisotropy. Nevertheless, they all deviate from an ideal Ising behavior, which is assumed in the
analytical fitting models for the experimental data. In addition, theoretical studies showed that the ori-
entation of the pyridine ligands has a significant influence on the single-ion anisotropy. By simulation
of hypothetical chains, the influence of each crystallographically-independent cobalt(ii) center on the
resulting chain properties can be investigated.

In chapter 4 quantum chemical methods were used to investigate antiferromagnetically coupled tri-
nuclear 3d transition metal complexes based on tritopic triaminoguanidine ligands. Such systems are
not suitable as single-molecule magnets, however, they can be used as a computing unit in quantum
computers, a so-called quantum bit. In section 4.1 a spin-frustrated trinuclear copper(ii) system was
studied, which is potentially suitable as such a molecular electron spin quantum bit. The investigated
compound possesses a C3 symmetry in the solid state with two slightly different trinuclear cationic
complex molecules. The two crystallographically-independent copper(ii) ions in both trinuclear com-
plex molecules show a trigonal bipyramidal coordination. The strong intramolecular antiferromag-
netic exchange between the copper(ii) ions is confirmed by BS-DFT calculations based on two different
structural models. The magnetic exchange occurs via the – N –– N – bridging unit of the deprotonated
triaminoguanidine-based ligand system. Ab initio calculations based on CASSCF/CASPT2 reveal a local
magnetic anisotropy with a rhombic distortion at the copper(ii) centers. This local rhombic anisotropy,
however, leads to an axial anisotropy for the molecular case due to theC3 symmetry of the both complex
molecules. Experimental results of EPR spectroscopy in solution of pyridine and pyridine-d5, respec-
tively, indicate a structural change at the copper(ii) centers. Corresponding DFT optimization studies
reveal that the break-up of intermolecular interactions between the complex molecules and perchlorate
anions leads to such a structural change.

A corresponding trinuclear cobalt(ii) species based on a triaminoguanidine derivative was discussed
in section 4.2. In contrast to the previously investigated trinuclear copper(ii) compound, the crys-
tal structure of the cobalt(ii) compound shows only a single cationic complex molecule without a C3

symmetry. Therefore, the cobalt(ii) compound possesses three crystallographically-independent metal
centers. The complex shows a weak intramolecular antiferromagnetic interaction, which is quantita-
tively reproduced by BS-DFT studies. Despite the absence of a C3 symmetry, the BS-DFT calculations
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reveal that the exchange interaction between the individual cobalt(ii) ions is nearly identical. Addi-
tional ab initio calculations based on CASSCF/CASPT2 show only small differences in the easy-plane
type of magnetic anisotropy at the three cobalt(ii) centers. These differences are attributed to the
slightly different orientation of the axial pyridine ligands. By using theoretical methods it is proven
that for a magnetochemical interpretation of experimental results the assumption of having three iden-
tical cobalt(ii) centers for the investigated compound is reasonable.

The theoretically investigated magnetic systems in this thesis are potentially suitable either as single-
molecule magnets (chapters 2 and 3), namely as molecular storage units, or for application as molecular
electron spin quantum bits in quantum computers (chapter 4). Both research areas are strongly interdis-
ciplinary and combine the fields of chemistry, physics, engineering, and computer science. However,
the application of potentially suitable molecules, such as the presented ones, as single-molecule mag-
nets or quantum bits, respectively, is still very limited. On the one hand, finding efficient ways to
implement and address such molecules in electronic devices remains an unanswered, but important
question. On the other hand, the temperature at which suitable molecules show the desired properties
is far too low, i.e. below the temperature of liquid nitrogen (−196◦C), and thus extremely uneconomical.
From chemistry’s point of view, one task is to design better molecular systems that allow an applica-
tion at higher temperatures with room temperature being the most desirable. In order to achieve this, a
profound understanding of the properties and processes in complex magnetic systems is indispensable.
However, it is also of substantial interest to develop methods and interfaces connecting electronics with
these molecules and their properties in order to make their application possible.

The detailed investigation of properties at the molecular and atomic level by methods of computa-
tional chemistry is of great benefit and can help to verify and complement experimental results. An-
other advantage of computational chemistry is the increase in computing power due to technological
progress. As a result, it is possible to apply highly accurate computational methods to systems con-
tinuously growing in size. Last but not least, the expanding importance of computational chemistry
can be seen from an increasing number of scientific publications which besides experimental work,
also contain theoretical contributions based on computational studies. By combining theoretical and
experimental results, trends can be found, deduced, and extrapolated which can be useful for the future
design of molecules with desired magnetic properties. However, it is always necessary to scrutinize
the results of theoretical calculations and to verify them with experimental values.
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CHAPTER 6

Zusammenfassung

Im Rahmen dieser Arbeit wurden mit Hilfe der computergestützten Chemie magnetochemische Frage-
stellungen an 3d-Übergangsmetall- und Lanthanoidsystemen untersucht. Dabei kamen quantenche-
mische ab-initio-Multireferenzmethoden wie CASSCF und CASPT2 sowie Berechnungen auf Grund-
lage der Dichtefunktionaltheorie zum Einsatz. Der Fokus lag dabei auf dem zusätzlichen Informa-
tionsgewinn durch die Anwendung unterschiedlicher Methoden der Theoretischen Chemie, der Ent-
wicklung neuer Ansätze als auch geeigneter Strukturmodelle sowie der Anwendbarkeitsüberprüfung
analytischer Modelle für die Auswertung experimenteller Daten.

Mit Hilfe von quantenchemischen ab-initio- Multireferenzmethoden wurden in Kapitel 2 molekulare
Systeme mit einem paramagnetischen Metallion untersucht, die sich potentiell als sogenannte Ein-
zelionenmagnete eignen. Solche Systeme sind von großem Interesse, da sie zukünftig als sehr kleine
molekulare Speichereinheiten in der Informationstechnologie dienen können. Im Unterkapitel 2.1 wur-
den zwei mononukleare Cobalt(ii)-basierte Einzelionenmagnete mit einer verzerrt-tetraedrischen Ko-
ordinationssphäre vorgestellt. Dabei erweist sich eine Verzerrung des tetraedrischen Cobalt(ii)-Koor-
dinationszentrums in Richtung einer quadratisch-planaren Anordnung als vorteilhaft für die Erhöhung
der Relaxationsbarriere. Zusätzlich wurde durch die Verzerrung am Cobalt(ii)-Koordinationszentrum
ein Einfluss auf das magnetische Relaxationsverhalten festgestellt. Trotz der hohen Relaxationsbar-
riere für Cobalt(ii)-basierte Einzelionenmagnete wird eine langsame Relaxation der Magnetisierung
nur unter einem äußerem angelegten Magnetfeld in beiden Verbindungen beobachtet. Dies lässt Rück-
schlüsse auf das Vorhandensein effizienter Relaxationsprozesse zu, zum Beispiel ein temperaturun-
abhängiges Quantentunneln der Magnetisierung oder die Kopplung mit tiefliegenden Gerüstschwin-
gungsmoden unterhalb der Spinrelaxationsbarriere.

In den letzten Jahren haben neben Einzelionenmagneten auf Basis von 3d-Übergangsmetallionen
auch entsprechende lanthanoidbasierte Verbindungen an Bedeutung gewonnen. Die ab-initio-Berech-
nung von magnetischen Einzelioneneigenschaften an lanthanoidbasierten Systemen geht mit einem
großen Rechenaufwand einher, sodass alternative Ansätze für die Berechnung magnetischer Parameter,
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wie zum Beispiel der Anisotropieachse, in Betracht zu ziehen sind. Im Unterkapitel 2.2 wurden zwei
Methoden auf Basis von elektrostatischen und Ligandenfeld-Berechnungen beschrieben, die zu einer
schnellen und akkuraten Bestimmung der Anisotropieachse in Dysprosium(iii)-basierten Einzelion-
enmagneten verwendet werden können. Mit beiden Methoden wird eine hohe Genauigkeit bei der
Bestimmung der magnetischen Anisotropieachse erreicht, wobei CASSCF-Berechnungen als Referenz
dienen. Daneben liefert der ligandenfeld-basierte Ansatz zusätzliche Informationen zur Aufspaltung
des Grundterms. Beide vorgestellten Methoden zeigen eine höhere Genauigkeit als literaturbekannte
semiempirische Ansätze, die auf Punktladungen als Re prä sen ta ti on der Donoratome basieren. Für
den elektrostatischen und ligandenfeld-basierten Ansatz ist es notwendig, ein elektrostatisches Po-
tential zu berechnen. Um den Rechenaufwand zu verringern, wurde ein sogenanntes diamagnetisches
elektrostatisches Pseudopotential eingeführt. Dieses repräsentiert das elektrostatische Potential einer
isostrukturellen Verbindung, in der die Dysprosium(iii)-Ionen durch diamagnetische Yttrium(iii)- oder
Lutetium(iii)-Ionen ersetzt wurden. Das diamagnetische elektrostatische Pseudopotential wird aus der
konvergierten Hartree-Fock-Wellenfunktion analytisch berechnet und kann anschließend in der elek-
trostatischen als auch ligandenfeld-basierten Methode verwendet werden. Es wurde gezeigt, dass die
magnetische Anisotropieachse für mononukleare Dysprosium(iii)-basierte Verbindungen aus den ent-
sprechenden diamagnetischen Verbindungen akkurat bestimmt werden kann. Im Rahmen dieses Pro-
jektes wurde ein FORTRAN-Programm mit dem Namen

”
rhOver“ entwickelt, welches die Berechnung

des diamagnetischen elektrostatischen Pseudopotentials und die anschließende Bestimmung der An-
isotropieachse mit beiden Methoden durchführt.

Das Fehlen einer langsamen Relaxation der Magnetisierung in einem Terbium(iii)-Sandwichkomplex
kann mit Hilfe von ab-initio-Berechnungen erklärt werden (Unterkapitel 2.3). Dieser experimentelle
Befund war zunächst unerwartet, da Terbium(iii)-Ionen intrinsisch über eine hohe magnetische An-
isotropie verfügen und eine Vielzahl von Terbium(iii)-Einzelionenmagneten existiert. Der untersuchte
anionische Sandwichkomplex basiert auf zwei substituierten Liganden auf Cyclooctatetraen-Basis. Die
durchgeführten ab-initio-Berechnungen belegen, dass der elektronische Grundzustand aus einem Spin-
Bahn-gekoppelten Zustand ohne magnetisches Moment besteht, was die experimentellen Befunde er-
klärt. Es wurde geschlussfolgert, dass das verwendete Ligandensystem sich nicht dazu eignet einen
Grundzustand mit einem ausgeprägten magnetischen Moment zu stabilisieren. Als einer der Haupt-
gründe wurde hierbei der große Abstand zwischen dem Terbium(iii)-Ion und der π -Ebene der COT′′2 –

Liganden ausgemacht, weshalb dieses Strukturmotiv als Einzelionenmagnet ungeeignet ist.

Im Kapitel 3 wurden theoretische Berechnungen an magnetischen Cobalt(ii)- und Nickel(ii)-Koor-
dinationspolymeren mit Thiocyanat-Brückenliganden diskutiert. Im Unterkapitel 3.1 wurden zweidi-
mensionale Koordinationspolymere und eindimensionale Cobalt(ii)-Einzelkettenmagnete mit Hilfe von
BS-DFT- und ab-initio-Berechnungen untersucht. Die BS-DFT-Berechnungen basieren auf dinuklearen
Strukturfragmenten für die Polymerstrukturen, welche zur negativen Ladungskompensation termi-
nale Punktladungen oder Ionen enthalten. Die erhaltenen Ergebnisse lassen nur qualitative Aussagen
zu den schwachen ferromagnetischen Kopplungen zu, die durch die Thiocyanat-Brückenliganden ver-
mittelt werden. Zum einen sind die Ergebnisse von der Wahl der terminalen Ionen abhängig, welche
zur Ladungskompensation eingeführt wurden. Zum anderen sind nicht für alle Systeme Einkristall-
röntgenstrukturdaten vorhanden, sodass für einige Verbindungen auf Rietveld-verfeinerte Molekül-
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strukturen zurückgegriffen wurde, die eine geringere Qualität gegenüber Daten aus der Einkristallrönt-
genstrukturanalyse besitzen. Ab-initio-Berechnungen weisen auf eine

”
easy-axis“-Anisotropie in den

einzelnen Cobalt(ii)-Zentren für den Grundzustand hin, wobei die Anisotropieachse hauptsächlich mit
der Co–N Bindungsachse der Pyridinliganden übereinstimmt. Perspektivisch erlaubt dies die Einzel-
ionenanisotropie direkt durch die Wahl der axialen Liganden zu modifizieren. Ein Nickel(ii)-Äquivalent
weist dagegen eine schwache

”
easy-plane“-Anisotropie mit einer schwachen Nullfeldaufspaltung auf

und ist mit dem vorliegenden Strukturmotiv eher ungeeignet für den Aufbau von Einzelkettenmag-
neten.

Die theoretische Untersuchung an Cobalt(ii)-Einzelkettenmagneten mittels ab-initio-Multireferenz-
methoden ist aktuell aufgrund des hohen Rechenaufwandes auf ein einzelnes paramagnetisches Zen-
trum beschränkt. Aus solchen Berechnungen folgen daher magnetische Parameter, die ein einzelnes
Zentrum beschreiben. Dagegen werden in experimentellen Untersuchungen von Einzelkettenmag-
neten oft Parameter erhalten, die aufgrund von kooperativen Effekten eine magnetische Domäne be-
schreiben. Im Unterkapitel 3.2 wurde gezeigt, wie mit ab-initio-Einzelionenberechnungen und unter
Verwendung eines Spin-Kopplungsschemas eine Kongruenz zwischen Theorie und Experiment herge-
stellt werden kann. Die vorgestellte Methode erlaubt es, aus ab-initio-Einzelionenberechnungen mag-
netische Parameter von Domänen zu bestimmen und diese mit experimentellen Daten zu vergleichen.
Das verwendete Spin-Kopplungsschema basiert dabei auf einem magnetisch gekoppelten Spin-Ring.
Einzig die magnetische Kopplung zwischen den Cobalt(ii)-Zentren kann nicht aus den Einzelionen-
berechnungen erhalten werden. Diese fehlende Information kann aus dem Angleichen der theore-
tischen an die magnetische Suszeptibilität aus dem Experiment erhalten werden, wobei als Angleichs-
parameter die magnetische Kopplung dient. Die untersuchten Zentren der Cobalt(ii)-Einzelketten-
magnete weisen eine unterschiedlich starke

”
easy-axis“-Anisotropie auf und weichen von einem ide-

alen Ising-Verhalten ab, welches jedoch für die Auswertung der experimentellen Daten angenom-
men wurde. Zusätzlich wurde durch die theoretischen Studien festgestellt, dass die Orientierung der
Pyridinliganden einen erheblichen Einfluss auf die Einzelionenanisotropie hat. Durch die zusätzliche
Simulation von hypothetischen Ketten kann der einzelne Einfluss jedes kristallographisch unabhängi-
gen Cobalt(ii)-Zentrums auf die resultierenden Ketteneigenschaften untersucht werden.

Im Kapitel 4 wurden mittels theoretischer Methoden antiferromagnetisch gekoppelte trinukleare 3d-
Übergangsmetallkomplexe auf Basis von tritopischen Triaminoguanidin-Liganden untersucht. Solche
Systeme sind nicht als Einzelmolekülmagnete geeignet, sie können jedoch als sogenannte Quantenbits
in Quantencomputern als grundlegende Recheneinheit dienen. Im Unterkapitel 4.1 wurde ein spin-
frustriertes dreikerniges Kupfer(ii)-System betrachtet, welches sich potentiell als molekulares Quan-
tenbit eignet. Das untersuchte System weist im Festkörper eine C3-Symmetrie mit zwei leicht unter-
schiedlichen kationischen trinuklearen Komplexmolekülen auf. Die kristallographisch unabhängigen
Kupfer(ii)-Ionen in beiden trinuklearen Komplexfragmenten sind trigonal-bipyramidal koordiniert. Die
starke intramolekulare antiferromagnetische Wechselwirkung zwischen den Kupfer(ii)-Zentren kann
mit BS-DFT-Berechnungen bestätigt werden, die auf zwei verschiedenen Strukturmodellen beruhen.
Der Austausch geschieht hierbei über die vorhandene

”
– N –– N –“-Brücke des deprotonierten triamino-

guanidin-basierten Ligandsystems. Quantenchemische Berechnungen auf Grundlage von CASSCF/
CASPT2 legen eine lokale rhombisch-verzerrte magnetische Anisotropie an den Kupfer(ii)-Zentren of-
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fen. Aufgrund der C3-Symmetrie der beiden Komplexmoleküle führt diese lokale rhombisch-verzerrte
Anisotropie jedoch zu einem axialen System im Molekül. Experimentelle Ergebnisse der EPR-Spek-
troskopie in Lösungen von Pyridin und Pyridin-d5 deuteten auf eine strukturelle Änderung an den
Kupfer(ii)-Zentren hin. Entsprechende DFT-Optimierungsstudien zeigen, dass durch das Aufbrechen
von intermolekularen Wechselwirkungen zwischen den Komplexmolekülen und den Perchlorat-An-
ionen eine Geometrieänderung an den Kupfer(ii)-Zentren stattfindet.

Eine analoge dreikernige Cobalt(ii)-Spezies auf Basis eines Triaminoguanidin-Derivats wurde im Un-
terkapitel 4.2 behandelt. In der Kristallstruktur ist, im Gegensatz zur zuvor untersuchten trinuklearen
Kupfer(ii)-Verbindung, jedoch nur ein einzelnes kationisches Komplexmolekül vorhanden, welches
keine C3-Symmetrie aufweist. Die Cobalt(ii)-Spezies besitzt daher drei kristallographisch unabhän-
gige Cobalt(ii)-Zentren auf. Die Verbindung zeigt eine schwache intramolekulare antiferromagnetische
Wechselwirkung, die mittels BS-DFT-Methoden qualitativ und quantitativ überprüft werden konnte.
Trotz nichtvorhandener C3-Symmetrie konnte durch die BS-DFT-Berechnungen festgestellt werden,
dass die Austauschwechselwirkung zwischen den einzelnen Cobalt(ii)-Ionen nahezu identisch ist. Ab-
initio-Berechnungen auf Grundlage von CASSCF/CASPT2 zeigen geringe Unterschiede hinsichtlich
der magnetischen

”
easy-plane“-Einzelionenanisotropie an den drei Cobalt(ii)-Zentren auf. Diese wird

auf die leicht unterschiedliche Orientierung der axialen Pyridinliganden zurückgeführt. Es kann für
diese Verbindung unter Verwendung theoretischer Methoden gezeigt werden, dass die Annahme von
drei identischen Cobalt(ii)-Zentren für die magnetochemische Auswertung und Interpretation experi-
menteller Ergebnisse gegeben ist.

Die in dieser Arbeit theoretisch untersuchten magnetischen Systeme eignen sich potentiell entweder
als Einzelmolekülmagnete (Kapitel 2 und 3), das heißt als molekulare Speichereinheit, oder für die
Verwendung als molekulares Quantenbit-Recheneinheit in Quantencomputern (Kapitel 4). Beide For-
schungszweige sind stark interdisziplinär und verbinden Gebiete der Chemie, Physik, Ingenieurwis-
senschaften und Informatik miteinander. Die Anwendung potentiell geeigneter Moleküle, wie denen in
dieser Arbeit vorgestellten, als Einzelmolekülmagnete oder Quantenbits ist jedoch noch stark begrenzt.
Einerseits bleibt die Implementierung und Adressierung solcher Moleküle in elektronischen Geräten
ein ungelöstes Problem. Andererseits sind die gewünschten Effekte aktuell nur bei sehr niedrigen
Temperaturen zu beobachten sind, die weit unterhalb der Temperatur des flüssigen Stickstoffs liegen
(−196◦C) und damit außerordentlich unwirtschaftlich sind. Aus Sicht der Chemie besteht eine Auf-
gabe darin, bessere molekulare Systeme zu entwickeln, die eine Anwendung bei höherer Temperatur
(bestenfalls Raumtemperatur) ermöglichen. Um dies zu erreichen, ist dabei ein tiefgreifendes Verständ-
nis der Eigenschaften und ablaufenden Prozesse in komplexen magnetischen Systemen un ent behr lich.
Jedoch ist auch die Entwicklung neuer Methoden und Schnittstellen, die elektronische Geräte mit den
Molekülen und ihren Eigenschaften verknüpfen, von außerordentlichem Interesse um eine Anwendung
zu ermöglichen.

Das detailierte Erforschen von Eigenschaften auf molekularer Ebene mittels der computergestützten
Chemie ist hierbei von großem Nutzen und hilft dabei experimentelle Ergebnisse zu überprüfen oder zu
ergänzen. Ein weiterer Vorteil der computergestützten Chemie ergibt sich aus der Steigerung der ver-
fügbaren Rechenkapazität durch den technologischen Fortschritt. Dadurch ist es heutzutage möglich,
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akkurate Rechenmethoden der Theoretischen Chemie auf immer größere Systeme anzuwenden. Nicht
zuletzt erkennt man die zunehmende Wichtigkeit der computergestützten Chemie an einer steigen-
den Anzahl an wissenschaftlichen Publikationen, die neben einer experimentellen Charakterisierung
zusätzlich über einen Theoriebeitrag verfügen. Durch Zusammenwirken von theoretischen und ex-
perimentellen Ergebnissen können Trends mit Hilfe von Struktur-Eigenschafts-Beziehungen gefunden
und abgeleitet werden, die für die zukünftige Gestaltung von Molekülen mit gewünschten magne-
tischen Eigenschaften herangezogen werden können. Dabei ist es jedoch notwendig, die Ergebnisse
theoretischer Berechnungen kritisch zu hinterfragen und experimentellen Werten gegenüberzustellen.
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List of Abbreviations, Chemicals, and Symbols

Abbreviations

BS broken-symmetry
B3LYP hybrid functional combining Becke’s three parameter exchange and

the correlation functional of Lee, Yang, and Parr
BP86 Becke’s exchange combined with Perdews correlation functional
CASSCF complete active space self-consistent field
CASPT2 complete active space pertubation theory of the second order
C-DFT constraint density functional theory
CSF configuration state function
DEPP diamagnetic–electrostatic pseudo-potential
DFT density functional theory
ESO extended Stevens operator
EPR electron paramagnetic resonance
FM ferromagnetic
IES improved electrostatic (approach)
IPEA ionization potential–electron affinity
HS high-spin
KD Kramers doublet
LF ligand field
LFT ligand-field theory
LS low-spin
MCD magnetic circular dichroism
MO molecular orbital
PBE exchange-correlation functional of Perdew–Burke–Ernzerhof
PBE0 hybrid functional based on PBE
PCM point charge model
QA quantum algorithm
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List of Abbreviations, Chemicals, and Symbols

QC quantum computer
RASSI restricted active space state interaction
RI resolution of identity
RIJCOSX RI with ’chains of spheres exchange’
RMSD root-mean-square deviation
RSA Rivest–Shamir–Adleman
SA state-average
SCM single-chain magnet
SI state-interaction
SIM single-ion magnet
SMM single-molecule magnet
SOC spin–orbit coupling
UV ultraviolet
VIS visible
ZFS zero-field splitting

Chemicals and moieties

CyPh2PO cyclohexyl-(diphenyl)phosphine oxide
Hacac acetylacetone
bpy 2,2′-bipyridine
HCp* pentamethylcyclopentadiene
HCpttt 1,2,4-tri-tert-butyl-cyclopentadiene
H2COT cyclooctatetraene
H2COT′′ 1,4-bis(trimethylsilyl)-cyclooctatetraene
DME 1,2-dimethoxyethane
H2Pc phthalocyanine
H2Pc(OEt)8 2,3,9,10,16,17,23,24-octaethoxyphthalocyanine
py pyridine
py4-Vin 4-vinylpyridine
py4-Bz 4-benzoylpyridine
py4-CEE ethylisonicotinate
H2pytag 1,2,3-tris[(pyridine-2-ylmethylidene)amino]-guanidine
H5saltag tris(2-hydroxybenzylidene)triaminoguanidine
H6teabmp 2,2′,2′′-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))-

tris-(4-bromophenol)
terpy 2,2′:6′,2′′-terpyridine
tppz 2,3,5,6-tetrakis(2-pyridyl)pyrazine
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Symbols

B
q
k ligand-field parameter (extended Stevens formalism)

Bk,q ligand-field parameter (Wybourne formalism)
Ck,q spherical tensor operator
D axial zero-field splitting parameter
E energy
E rhombic zero-field splitting parameter
д д tensor
H magnetic field
ĤLF ligand-field operator
J magnetic exchange constant
J total angular momentum
L orbital angular momentum
M magnetization
r distance
r radial distance (spherical coordinates)
S spin
Seff effective spin
S̃ pseudospin
T temperature
TB blocking temperature
Zq
k tesseral harmonics

Ueff effective spin reversal barrier
U0 calculated spin reversal barrier
ṼDEPP diamagnetic-electrostatic pseudo-potential
ṼLF ligand-field potential
Yk,q spherical harmonics
δ dihedral angle
ζeff effective spin-orbit coupling constant
θ azimuthal angle (spherical coordinates)
θk multiplicative Stevens factor
µ magnetic moment
µB Bohr magneton
ρ±15/2 charge density of the |±15/2⟩ eigenstates
τc relaxation time
ϕ4f 4f radial wave function
φ polar angle (spherical coordinates)
χ magnetic susceptibility
χM molar magnetic susceptibility
χ ′

M in-phase molar magnetic susceptibility
χ ′′

M out-of-phase molar magnetic susceptibility
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Magnetic relaxation in cobalt(II)-based single-ion
magnets influenced by distortion of the
pseudotetrahedral [N2O2] coordination
environment†

Michael Böhme, ‡a Sven Ziegenbalg, ‡a Azar Aliabadi,b Alexander Schnegg,b

Helmar Görlsa and Winfried Plass *a

The synthesis, structure, and magnetic properties of two mononuclear cobalt(II) complexes [Co(LSal,2-Ph)2]

(1) and [Co(LNph,2-Ph)2] (2) are reported. The utilized sterically demanding Schiff-base ligands HLSal,2-Ph

(2-(([1,1’-biphenyl]-2-ylimino)methyl)phenol) and HLNph,2-Ph (1-(([1,1’-biphenyl]-2-ylimino)methyl)

naphthalen-2-ol) lead to a strong distortion of the [N2O2] coordination environment in the complexes 1

and 2, which can be primarily attributed to the variation in the dihedral angle between the planes of the two

chelate ligands. Magnetic susceptibility and FD-FT THz-EPR measurements as well as ab initio calculations

reveal that both complexes exhibit an easy-axis type of anisotropy. For both compounds frequency-depen-

dent ac susceptibility measurements show an out-of-phase susceptibility under applied static fields of 400

and 1000 Oe. A detailed analysis of the underlying relaxation process is given, revealing significant differ-

ences in the contributions of Orbach, Raman, and direct processes within the observed temperature range.

Fitting of the magnetic data leads to a spin-reversal barrier of 49 cm−1 for 1 at an applied field of 1000 Oe.

For 2 the barrier is not well defined by the analysis of the relaxation times and is, therefore, approximated by

the experimental barrier derived from FD-FT THz-EPR measurements (62.8 cm−1). The results from ab initio

calculations and FD-FT THz-EPR measurements show that the distortion of the coordination sphere in

complexes 1 and 2 from the pseudotetrahedral towards a square-planar coordination geometry leads to an

increase in both the axial (D) and the rhombic zero-field splitting (E).

Introduction

The magnetochemistry of cobalt(II) compounds has received
considerable attention in recent years, due to their significance
in a broad range of research fields such as magnetic fluids,1,2

magnetic nanoparticles,3,4 and magnetic metal–organic
frameworks.5–7 Moreover, complexes with cobalt(II) ions are
promising candidates8 among the 3d transition metals for gen-
erating molecules that show slow relaxation of magnetiza-

tion.9,10 Such compounds can act as potential single-molecule
magnets (SMMs) and are of great interest for future
technologies.11–14

Early examples of such cobalt(II) single-molecule magnets
were based on polynuclear metal clusters, e.g. tetranuclear
cubanes.15–20 Moreover, 1D coordination polymers containing
cobalt(II) ions have been found to show the so-called single-
chain magnet properties.21–24 However, besides the poly-
nuclear cobalt(II)-based systems mononuclear complexes also
have recently proven to display slow magnetic relaxation,
leading to the so-called single-ion magnets (SIMs).25,26

Nevertheless, only a few of them show a slow relaxation of
magnetization without an external magnetic field.26–32 A large
variety of such cobalt(II)-based single-ion magnets with various
coordination geometries has been reported. The largest group
is formed by tetrahedral26–29,33 and pseudotetrahedral
complexes.25,34–40 Furthermore, examples are also known for
higher coordination numbers with five-,41–48 six-,49–52,53–59 and
eight-coordinate geometries.60 In the past few years, a couple
of cobalt(II)-based single-ion magnets with a [N2O2] donor
environment based on N,O-chelate ligands have been

†Electronic supplementary information (ESI) available: Crystallographic data,
UV-vis reflectance spectra, magnetization data, in-phase and out-of-phase ac sus-
ceptibility data, Cole–Cole plots, Arrhenius plots, ab initio computational data,
ab initio calculated magnetic axes, structures and population analyses of the
deprotonated ligands. CCDC 1811673 and 1811674. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/C8DT01530A
‡These authors contributed equally to this work.

aInstitut für Anorganische und Analytische Chemie, Friedrich-Schiller-Universität

Jena, Humboldtstraße 8, 07745 Jena, Germany. E-mail: sekr.plass@uni-jena.de;

Fax: +49 3641 948132; Tel: +49 3641 948130
bBerlin Joint EPR Lab, Institute for Nanospectroscopy, Helmholtz-Zentrum Berlin für

Materialien und Energie, Kekuléstraße 5, 12489 Berlin, Germany
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reported.25,35–37 The [N2O2] donor environment is known to
stabilize high-spin pseudotetrahedral cobalt(II) ions and
marks an interesting intermediate between the [N4]

28,29 and
[O4] coordination environments.27 Magneto-structural cor-
relations for mononuclear cobalt(II)-based single-ion magnets
have been reported with respect to the influence of structural
parameters on the zero-field splitting (ZFS), e.g. for (pseudo-)
tetrahedral,37,39,61 square-pyramidal,46,62 and octahedral
complexes.63

Herein, we present two mononuclear cobalt(II) complexes
[Co(LSal,2-Ph)2] (1) and [Co(LNph,2-Ph)2] (2) containing two biden-
tate ligands (see Scheme 1). Both complexes exhibit a strongly
distorted pseudotetrahedral [N2O2] coordination environment,
with the most significant structural variation observed for the
dihedral angle between the chelate planes of the two ligands.
This is achieved by the use of bulky biphenyl groups in the
ligand systems. The magnetic properties of 1 and 2 are exam-
ined by susceptibility and magnetization measurements and
further supported by FD-FT THz-EPR measurements as well as
ab initio calculations.

Experimental section
Instrumentation

Elemental analyses were carried out on Leco CHNS-932 and El
Vario III elemental analyzers. NMR spectra were recorded on a
Bruker AVANCE 400 MHz spectrometer. Mass spectrometry
(MS) spectra were recorded on a Bruker MAT SSQ 710 spectro-
meter. IR spectra were recorded on a Bruker Equinox spectro-
meter equipped with a diamond ATR unit in the range of
4000–400 cm−1. X-ray powder diffraction (XRPD) measure-
ments were performed on a Stoe Powder diffractometer with a
Mythen 1 K detector at room temperature. Measurements were
done using capillary tubes while the Debye Scherrer scan
mode was applied with a 2θ scan type. The X-ray tube was a
Cu-long fine focus tube.

Syntheses

All starting chemicals were purchased from commercial sup-
pliers and were used without further purification. All reactions
and preparations of the samples were carried out under

aerobic conditions. HLNph,2-Ph was synthesized according to
literature procedures.37

Synthesis of HLSal,2-Ph. 2-Aminobiphenyl (1.35 g; 7.98 mmol)
and salicylaldehyde (1.00 g; 8.19 mmol) were dissolved in
methanol (8 mL) and refluxed for two hours. After cooling to
room temperature, the crystallized ligand was filtered off and
dried under reduced pressure. Yield: 64% (1.39 g, 5.09 mmol).
1H-NMR (400 MHz, DMSO-d6, 25 °C): δ = 12.53 (1 H, s, OH),
8.93 (1 H, s, CH), 7.6 (1 H, dd, 3J = 1.5, 7.66 Hz, Ph), 7.48 (2 H,
m, Ph), 7.38 (8 H, m, Ph), 6.94 (1 H, t, 3J = 7.44 Hz, Ph), 6.83
(1 H, dd, 3J = 8.24 Hz, Ph) ppm. 13C-NMR (100 MHz, DMSO-d6,
25 °C): δ = 170.37, 163.71, 160.07, 145.78, 139.01, 136.27,
133.25, 132.70, 130.36, 129.52, 128.84, 128.15, 127.21, 127.13,
119.41, 119.03, 116.48 ppm. MS (DEI): m/z = 273 (92%; [M]+),
180 (100% [M − C6H5O]

+). IR (ATR): ν̃ = 3050 (w), 2745 (s),
2655 (vs), 2325 (vs), 1613 (vs), 1591 (m), 1573 (vs), 1560 (vs),
1502 (vs), 1492 (vs), 1474 (vs), 1450 (vs), 1431 (s), 1391 (w),
1367 (s), 1276 (m), 1224 (vs), 1187 (vs), 1175 (s), 1156 (vs),
1150 (m), 1109 (m), 1074 (w), 1050 (s), 1032 (m), 1008 (m),
984 (w), 973 (m), 945 (s), 909 (vs), 864 (w), 847 (s), 816 (vs),
787 (vs), 777 (m), 764 (s), 753 (s), 744 (m), 737 (vs), 727 (w),
699 (m), 656 (m), 621 (vs), 611 (s), 581 (m), 567 (vs), 559 (s),
549 (m), 521 (w), 510 (s), 484 (s), 475 (m), 448 (vs), 440 (s),
376 (s), 356 (s) cm−1.

Synthesis of [Co(LSal,2-Ph)2] (1). One equivalent of
Co(CH3COO)2·4H2O (0.062 g; 0.249 mmol) and two equivalents
of HLSal,2-Ph (0.100 g; 0.366 mmol) were dissolved in a
1 : 1 mixture of dichloromethane and methanol (20 mL). After
5 minutes of stirring, the solution was filtered and the filtrate
was left undisturbed for crystallization. Crystals were formed
by slow evaporation of the solvents. Single-crystal X-ray diffrac-
tion was carried out for crystals carefully dried under reduced
pressure. Yield: 56% (0.062 g; 0.103 mmol). Anal. calcd (%) for
C38H28CoN2O2 (M = 603.57 g mol−1) calculated: C, 75.62;
H, 4.68; N, 4.64. Found (%): C, 75.41; H, 4.68; N, 4.63. MS (DEI):
m/z = 603 (100%; [M]+), 331 (9%; [M − LSal,2-Ph]+), 272 (8%;
[LSal,2-Ph]+). IR (ATR): ν̃ = 3057 (w), 3018 (w), 1606 (s), 1577 (s),
1563 (m), 1528 (s), 1499 (m), 1476 (m), 1464 (s), 1454 (m),
1435 (vs), 1386 (s), 1364 (w), 1351 (m), 1320 (s), 1266 (m), 1248
(w), 1219 (w), 1175 (vs), 1147 (vs), 1128 (s), 1115 (m), 1075 (w),
1053 (w), 1031 (m), 1008 (w), 976 (w), 949 (w), 927 (m), 917 (m),
872 (w), 861 (m), 850 (m), 794 (w), 775 (s), 753 (vs), 735 (vs),
726 (vs), 701 (vs), 655 (w), 614 (m), 597 (s), 559 (m), 547 (m),
534 (s), 506 (s), 483 (s), 451 (s), 405 (m), 366 (m), 354 (m) cm−1.

Synthesis of [Co(LNph,2-Ph)2] (2). One equivalent of
CoCl2·6H2O (0.029 g; 0.122 mmol), two equivalents of
HLNph,2-Ph (0.084 g; 0.260 mmol) and KOH (0.025 g;
0.446 mmol) were dissolved in ethanol (20 mL) and refluxed
for one hour. The precipitate formed after cooling to room
temperature was filtered off and redissolved in a 2 : 1 mixture
of acetone and methanol (30 mL). Crystals were formed by
slow evaporation of the solvents. Yield: 43% (0.037 g;
0.053 mmol). Anal. calcd (%) for C46H32CoN2O2 (M = 703.69
g mol−1) calculated: C, 78.51; H, 4.58; N, 4.02. Found (%): C,
78.42; H, 4.38; N, 4.03. MS (DEI): m/z = 703 (73%; [M]+),
381 (100%; [M − LNph,2-Ph]+), 322 (9%; [LNph,2-Ph]+). IR (ATR):

Scheme 1 Used bidentate ligands.
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ν̃ = 3078 (w), 3047 (m), 3024 (m), 1614 (s), 1602 (vs), 1583 (m),
1570 (m), 1532 (m), 1498 (s), 1476 (vs), 1457 (vs), 1424 (s),
1407 (m), 1389 (w), 1366 (m), 1307 (m), 1268 (s), 1250 (m),
1219 (m), 1184 (s), 1177 (m), 1165 (w), 1142 (w), 1117 (m),
1091 (w), 1072 (w), 1056 (w), 1042 (m), 1009 (m), 976 (vs),
965 (w), 944 (m), 912 (vs), 895 (s), 858 (m), 834 (m), 783 (m),
778 (m), 772 (s), 757 (w), 743 (m), 735 (m), 717 (s), 698 (m),
651 (m), 625 (s), 611 (m), 602 (m), 593 (w), 574 (m), 553 (m),
516 (m), 497 (m), 471 (m), 452 (m), 415 (m), 373 (m) cm−1.

Crystal structure determination

The intensity data were collected on a Nonius Kappa CCD
diffractometer, using graphite-monochromated Mo-Kα radi-
ation. Data were corrected for Lorentz and polarization effects,
but not for absorption.64,65 The structures were solved by
direct methods (SHELXS66) and refined by full-matrix least
squares techniques against Fo

2 (SHELXL-97 66). All hydrogen
atoms were located by difference Fourier synthesis and refined
isotropically. All non-hydrogen atoms were refined anisotropi-
cally.66 Diamond 4.4.1 was used for structure represen-
tations.67 Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication CCDC-1811673 for 1, and CCDC-1811674 for 2.†

UV-vis spectroscopy

UV-vis spectra were recorded utilizing a Varian Cary 5000 UV/
vis/NIR spectrophotometer equipped with a Praying Mantis
accessory (Harrick). Data were collected between 200 and
800 nm. The baseline was measured using a pure BaSO4

sample. For the measurements the samples were ground with
BaSO4.

SQUID measurements

Magnetic measurements were performed using a Quantum
Design MPMS-5 SQUID magnetometer. Susceptibility data
were collected in the temperature range from 2 to 300 K with
static fields of up to 5 T. The polycrystalline samples were fixed
with paraffin. The collected data were corrected for the dia-
magnetism of the sample holder, the capsule, the paraffin,
and the diamagnetic contribution of the ligand as described
previously.68 Data obtained by dc measurements were analyzed
by using the program PHI.69 Dynamic susceptibility was
measured with alternating fields of 1 Oe magnitude and con-
stant dc fields of 0, 400 and 1000 Oe in the frequency range
from 10 to 1488 Hz at temperatures from 2 to 8 K. The frequen-
cies used are: 10, 13, 17, 22, 28.7, 37.3, 55, 63.2, 82.2, 106.9,
139.1, 181, 235.6, 306.4, 398.9, 518, 674.5, 876.2, 1143.3, and
1488.1 Hz. To quench any residual remanence between the
measurements, the sample was heated up to 60 K and the field
was set to zero in an oscillating approach. After cooling down
to the next starting temperature, the new field was applied in a
‘no overshoot’ approach. The obtained data were fitted to
eqn (2) for each temperature using OriginPro 2016G.

Low temperature FD-FT THz-EPR

Frequency-domain Fourier-transform THz-EPR (FD-FT THz-
EPR) was used to determine the transition energies of ground-
state EPR transitions in the range between 30 and 90 cm−1

(1–3 THz). The FD-FT THz-EPR spectrometer is described else-
where.70 Its main components are a high-resolution FT-IR
spectrometer equipped with a Hg arc lamp as the radiation
source, an evacuated quasi-optical transmission line, a 10 T
superconducting magnet and a liquid He cooled bolometer
detector. EPR spectra were identified by dividing raw spectra
obtained at different external magnetic fields. The resulting
spectra are referred to as magnetic field division spectra
(MDS). All FD-FT THz-EPR measurements were carried out at
the THz-Beamline of the BESSY II facility at Helmholtz-
Zentrum Berlin (HZB).

CW X-band EPR

Continuous wave (CW) EPR spectra were recorded on a Bruker
ELEXSYS E580 spectrometer equipped with a critically coupled
Bruker ER 4118X-MD5 dielectric resonator. Experiments were
carried out at a microwave (MW) frequency of 9.68 GHz, a MW
power of 0.4955 mW, a lock-in modulation frequency of 100
kHz and a modulation amplitude of 0.1 mT. The measurement
temperature of 10 K was adjusted by using a MercuryiTC unit
(Oxford Instruments). Both FD-FT THz-EPR and X-band EPR
spectra were simulated with the Matlab EPR simulation
toolbox EasySpin.71,72

Theoretical methods

All structures for the ab initio computational studies were
based on the atomic positions of the single-crystal data of 1
and 2, respectively. The positions of all hydrogen atoms were
optimized with the Turbomole 7.1 package of programs73 at
the RI-DFT/TPSS/def2-SVP74–80 level of theory in combination
with Grimme’s D3 dispersion correction.81 Within these
optimizations the cobalt(II) ion was replaced by a diamagnetic
zinc(II) ion to reduce the computational effort due to a faster
convergence at the self-consistent field step. The structures of
the free deprotonated ligands (LSal,2-Ph)− and (LNph,2-Ph)− were
optimized with RI-DFT/TPSS/def2-TZVP74–80 and D3 dispersion
correction.81 Natural population analyses82 were performed
with Turbomole based on the converged DFT/TPSSh/def2-
TZVP78–80,83 wave function of the optimized deprotonated
ligand structures.

Ab initio calculations for 1 and 2 were performed with the
MOLCAS 8.0 SP1 84–86 package of programs. For these calcu-
lations, scalar-relativistic ANO-RCC basis sets87–89 (Co and
donor atoms: ANO-RCC-VTZP; remaining atoms:
ANO-RCC-VDZ) were used in combination with a second-order
Douglas–Kroll–Hess Hamiltonian. The Cholesky decompo-
sition of the two-electron integrals was used (integral
threshold: 1 × 10−8 a.u.). In the first step CASSCF calculations
with 7 electrons in 10 orbitals (3d and 4d shell) were per-
formed for 10 quartet (4F, 4P) and 40 doublet states (2G, 2P,
2H, 2D, 2D, 2F). Subsequently, CASPT2 calculations90 were
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employed on the basis of the CASSCF wave functions for all
quartet and the 12 lowest doublet states to take dynamic corre-
lation into account. In the last step, SO-RASSI calculations on
the basis of the CASPT2 wave functions were performed to
allow a mixing of states including those of different multiplici-
ties by spin–orbit mixing. Single-ion anisotropies and simu-
lations of magnetic susceptibilities were obtained by the
SINGLE_ANISO module utilizing the corresponding SO-RASSI
wave function.

Results and discussion
Crystal structure description

The structures of 1 and 2 were determined by X-ray diffraction
experiments and the detailed crystallographic data are sum-
marized in Table S1.† Complex 1 crystallizes in the ortho-
rhombic space group Pbcn, whereas 2 crystallizes in the mono-
clinic space group C2/c. It should be mentioned that a crystal
structure of complex 2 measured at room temperature has
been reported previously.91 As expected the cell parameters of
the low-temperature crystal structure reported herein are con-
sistent with a slight temperature induced contraction of the
crystal structure of 2 (cf. Table S2†). The crystallographic phase
purity of the bulk material was confirmed by X-ray powder
diffraction (XRPD) showing close resemblance of the expected
reflection pattern based on the single-crystal data (see
Fig. S1†).

In complexes 1 and 2 the cobalt(II) ion is coordinated by
two singly deprotonated ligand molecules leading to a dis-
torted pseudotetrahedral [N2O2] coordination environment.
The molecular structures of 1 and 2 are depicted in Fig. 1.
Selected bond lengths and angles are given in Table 1. For
both compounds the asymmetric unit contains only half of the
complex molecule, as the two coordinated ligand molecules
are crystallographically equivalent and related by a C2 axis. The
Co–O and Co–N bond lengths observed for complexes 1 and 2
are very similar. This similarity also holds for the bite angles
of the chelate ligands, which are observed in a very small
range of 93–95°.

Since both complexes have the same coordinated chelate
moiety on the cobalt(II) ion (donor set, bite angle), the vari-
ation in the dihedral angle δ between the two chelate planes
represents the most significant difference in their coordination
spheres (for definition see Fig. 2). The variation in the di-
hedral angle δ formally describes the transition from a tetra-
hedral (δ = 90°) to a square-planar coordination geometry (δ =
0°). For both complexes 1 and 2 a considerable distortion from
the pseudotetrahedral geometry is observed (1: 72°; 2: 65°).
This distortion of the coordination environment of complexes
1 and 2 was further investigated by calculating the so-called
continuous shape measures (CShM).92–94 These are quantitat-
ive measures describing the distortion of a given coordination
environment from an ideal tetrahedral (S(Td)) and square-
planar geometry (S(D4h)) starting with zero for a perfect match.
The CShM data for 1 and 2 are summarized in Table 2. The

larger deviation from an ideal tetrahedral coordination geome-
try (S(Td) = 4.80) and the smaller dihedral angle (δ = 65°) are
observed for complex 2. However, both complexes still show a
significant deviation from a square-planar coordination
geometry.

In addition, the recently introduced geometric parameter εT
was used to describe the elongation of the coordination
environment (see Table 2).37 This parameter is defined as the
ratio between the average obtuse and acute angles of the
pseudotetrahedral coordination sphere. For the complexes 1–2
the elongation parameter εT varies only within a rather small
range (1.24–1.28). This is not unexpected, as the coordinating

Fig. 1 Molecular structure of 1 (top) and 2 (bottom). Thermal ellipsoids
are drawn at the 50% probability level. Orange dashed lines represent
π⋯π interactions (see the text for details). Hydrogen atoms are not
shown for clarity.

Table 1 Selected bond lengths (in pm) and angles (in °) for 1 and 2 a

1 2

Co–N 201.0(2) 199.41(11)
Co–O 189.51(19) 191.08(10)
O1–Co–N1 94.83(8) 93.00(4)
O1–Co–N1A 128.37(9) 133.88(4)
N1–Co–N1A 108.81(12) 106.47(7)
O1–Co–O1A 105.45(12) 102.95(6)

a Atoms with suffix A indicate the symmetry equivalents generated by
the crystallographic two-fold axis.
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ligands in both complexes are based on the same chelate
moiety within a rigid backbone. Moreover, this also agrees
with the small variation of the bite angles in 1–2 (93°–95°).

The complexes 1 and 2 exhibit intramolecular π⋯π inter-
actions between the phenyl rings directly attached to the imine
nitrogen donors (see Fig. 1; centroid⋯centroid distances: 372
pm (1); 331 pm (2)). These intramolecular interactions are a
major source for the observed large torsional distortion from
the pseudotetrahedral coordination environment. However, no
intermolecular association e.g. via π⋯π interactions is present
in the crystal structures of 1 and 2 leading to large inter-
molecular distances between the cobalt centers (nearest
Co⋯Co distances: 896 pm (1); 879 pm (2)). Crystal packing
diagrams for 1 and 2 are depicted in Fig. S2 and S3.†

UV-vis spectroscopy

Solid state UV-vis spectra of 1 and 2 were recorded using a
Praying Mantis accessory and are depicted in Fig. S4.†
Reflection maxima are observed at 642 and 697 nm for 1. Both
maxima can be attributed to a 4A2[

4F] → 4T1[
4P] transition,

since the average of both maxima (670 nm) is close to the
value reported in the literature for tetrahedral cobalt(II) ions
(660 nm).95 The presence of two reflection maxima in the case
of 1 indicates a splitting of the 4T1[

4P] multiplet into 4A2[
4P]

and 4E[4P] multiplets, which is due to the strong distortion of
the pseudotetrahedral ligand-field. A similar situation is found
for compound 2, with the corresponding reflection maxima
observed at 654 and 694 nm leading to an average value of
674 nm.

Magnetic properties

Magnetic susceptibility measurements were carried out with
an applied magnetic field of 0.1 T between 2 and 300 K. The
temperature dependence of χMT for 1 and 2 is depicted in
Fig. 3. The room temperature χMT values of 1 and 2 are nearly
identical (2.44 and 2.43 cm3 K mol−1, respectively) and higher
than the expected spin-only value of 1.875 cm3 K mol−1 for a
single S = 3/2 ion.96 This behavior is well-known for (pseudo-)
tetrahedral cobalt(II) systems and indicates the presence of a
considerable spin–orbit coupling. Between 50 and 300 K the
χMT values are nearly constant. Below 50 K a sharp decrease
can be observed leading to values of 1.64 and 1.69 cm3 K
mol−1 at 2 K for 1 and 2, respectively. This decrease can be
attributed to a large magnetic anisotropy and/or an antiferro-
magnetic intermolecular interaction. To further investigate the
magnetic behavior, field and temperature-dependent magneti-
zation measurements between 2 and 5 K up to 5 T were per-
formed (Fig. S5†). Even at an applied field of 5 T the magneti-
zation did not reach saturation for 1 and 2, which is another
sign for high magnetic anisotropy. Moreover, no indication for
hysteresis effects could be observed in magnetization as well
as field cooled (FC) and zero-field cooled (ZFC) measurements
for compounds 1 and 2.

Magnetic susceptibility and magnetization data were fitted
simultaneously by using the program PHI.69 The used spin
Hamiltonian given in eqn (1) considers the Zeeman interaction
(first term) as well as the axial zero-field splitting (ZFS), as rep-
resented by the parameter D. Attempts to additionally include
the rhombic ZFS term E in the fit of the magnetic data did not
lead to reasonable results. In fact, the obtained values were
close to zero with statistical errors substantially larger than the
actual values. Moreover, the inclusion of the parameter E in
the fit does not affect the values of the other parameters. In
addition, a correction term for temperature-independent con-
tributions to the susceptibility χtic was included in the fit.
However, no correction term for intermolecular interactions

Fig. 2 Definition of the dihedral angle δ between the two planes
formed by the atoms Co1, O1, N1 and Co1, O1A, N1A, respectively. Note
that this angle describes the torsion of the two chelate planes around
the pseudo C2 rotational axis bisecting the two chelate moieties.

Table 2 Parameters describing the distortion of 1 and 2

δ (°) S(Td) S(D4h) εT
a

1 72.4 3.11 19.4 1.24
2 65.3 4.80 15.7 1.28

a εT is defined as the ratio between the average obtuse and acute angles
of the pseudotetrahedral coordination sphere.37

Fig. 3 Thermal dependency of χMT for 1 and 2. Lines represent simu-
lated values for best-fit parameters (see the text and Table 3).
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was necessary to fully describe the obtained susceptibility and
magnetization data. The latter is in accordance with the large
intermolecular distances found in 1 and 2 (nearest Co⋯Co dis-
tances: 896 pm (1); 879 pm (2)). For both complexes reason-
able fits could be obtained only by using an anisotropic
g-tensor. The corresponding parameters are summarized in
Table 3.

Ĥ ¼ gμBBŜþ D Ŝz2 � 1
3
SðSþ 1Þ

� �
ð1Þ

The dynamic magnetic behavior of the compounds 1 and 2
was investigated by alternating-current (ac) susceptibility
measurements at various temperatures utilizing an oscillating
magnetic field of 1 Oe in magnitude and frequencies between
10 and 1488 Hz. The in-phase (χ′M) and out-of-phase (χ″M)
magnetic susceptibilities were measured in the temperature
range from 2 to 8 K. For both complexes, maxima for χ″M are
apparent in the presence of constant external dc fields of 400
and 1000 Oe, respectively. These maxima are temperature-
dependent and shift to higher temperatures with increasing
frequency of the ac field (Fig. S6 and S7†). However, without
an applied dc field no out-of-phase signal χ″M could be
detected for both complexes.

The obtained data for the ac susceptibility were fit to eqn
(2) leading to parameter sets including the isothermal (χ0: for
ω → 0) and adiabatic susceptibility (χS: for ω → ∞) as well as
the relaxation time τc and the α parameter (see Tables S3–S6†),
with the latter describing the distribution of the relaxation
times. The best visual representation of the obtained para-
meters is Cole–Cole plots (Fig. S8 and S9†).97 The simulations
using these parameter sets are in good agreement with the
experimental data. The experimental data for 1 could be fit in
the temperature range between 2.0 and 5.3 K, whereas for 2
this was possible between 3.6 and 6.0 K. The temperature
dependency of the experimental relaxation times for com-
pounds 1 and 2 is depicted in Fig. 4 as the log–log plot of τc

−1

vs. T.

χðωÞ ¼ χS þ
χ0 � χS

1þ ðiωτcÞ1�α ð2Þ

Besides the quantum tunneling of magnetization (QTM),
several possible spin–lattice relaxation mechanisms can be
operative, which all show their distinct temperature depen-
dence. The usually fast relaxation via QTM, which is tempera-
ture independent and related to the rhombic ZFS parameter E,
can be partly or fully suppressed in the presence of a small
external dc field.99 The Orbach process is related to spin rever-
sal by a thermal process via excited spin state levels and, con-

sequently, follows an exponential temperature dependence.
Additional mechanisms involve the one-phonon direct (∼T )
and the two-phonon Raman processes (∼Tn). Although the
direct process is forbidden for Kramers ions such as cobalt(II),
due to the van Vleck cancellation mechanism, it can be
enhanced by hyperfine interactions with the nuclear spin (I =
7/2) and is found to be dominant for temperatures below
approximately 3 K.100 On the other hand, the Raman processes
can be expected to be responsible for a strong enhancement of
the spin–lattice relaxation at higher temperatures. Depending
on the structure of energy levels a different temperature depen-
dence (∼Tn) is expected. For Kramers ions the exponent is n =
9 in the case of comparably low phonon energies and n = 5 for
the opposite case.98 However, depending on the actual ratio
between energy levels and available phonon energies (acoustic
or optical) for Kramers ions n values of also 2 and 6 are poss-
ible.101 The general functional dependence of the relaxation
time τc for a Kramers ion excluding QTM is given in eqn (3),
with the first, second, and third terms describing Orbach,
Raman, and direct spin–phonon processes, respectively.

τc
�1 ¼ τ0

�1 exp
�Ueff

kBT

� �
þ CTn þ AðHdcÞ4T ð3Þ

For the fit of the temperature-dependent data of the relax-
ation times τc of compounds 1 and 2 at different dc fields,
eqn (3) was used. From Fig. 4 it is obvious that different relax-
ation mechanisms are operative for both compounds, which
also depend on the examined temperature range. In fact, for 1
the data below about 3 K clearly indicate the presence of a
direct process, whereas the data for the higher temperatures
are consistent with the presence of both Raman and Orbach
processes. For compound 2 experimental data are only avail-
able for temperatures above 3.6 K with an almost constant

Fig. 4 Relaxation times as the log–log plot of τc
−1 vs. T for 1 and 2 with

applied dc fields of 400 and 1000 Oe. Lines representing the slopes
indicative of direct (∼T ) and Raman relaxation processes (∼T5 and ∼T9)
are depicted as a guide for the eye.98

Table 3 Magnetic parameters for 1 and 2 obtained by simultaneous fit
of the susceptibility and magnetization data to eqn (1)

g⊥ gk D (cm−1) χtic (cm
3 mol−1)

1 2.148(2) 2.395(1) −25.1(2) 2.9(1) × 10−4

2 2.123(3) 2.393(2) −31.4(4) 3.5(2) × 10−4
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slope corresponding to n = 9 over the full temperature range.
Consequently, the exponent in the Raman term was set con-
stant with values of n = 5 and n = 9 for 1 and 2, respectively,
and the term for the direct process was excluded in the case of
compound 2. The resulting parameters of the fits for 1 and 2
are summarized in Table 4 and the corresponding Arrhenius
plots are displayed in Fig. 5.

For complex 2, similar values for the thermal barrier Ueff of
76 and 78 cm−1 were obtained for both applied dc fields of 400
and 1000 Oe, respectively. The similarity for the parameter sets
obtained at the different applied dc fields also holds for the τ0
and C values, indicating an overall similar contribution from
the Raman process independent of the dc field. Interestingly,
the obtained thermal barriers are in agreement with the
energy splitting between the ground and excited Kramers
doublet as derived from ab initio calculations (82.8 cm−1 for
Ueff ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ 3E2

p
, vide infra). Nevertheless, based on the

experimental ZFS parameter D these barriers are clearly overes-
timated with respect to the expected value of 62.8 cm−1. It has
to be noted though that the fitted barriers show rather large
statistical errors, which is due to the lack of appropriate data
points at higher temperatures that could clearly differentiate
between the Raman and Orbach process. This can be seen
from the Arrhenius plot showing the contributions of the

different relaxation processes (see Fig. 10†). To further address
this point we also performed a fit to eqn (3) for which Ueff was
fixed to the energy separation derived from the FD-FT THz-
EPR measurements (62.8 cm−1, vide infra). The parameters
derived for this fit are summarized in Table S7† and the
corresponding Arrhenius plot together with the contributions
of the individual relaxation processes is depicted in Fig. S11.†
This also leads to a reasonable fit and again shows that the
available data cannot clearly differentiate between the contri-
butions of a Raman and Orbach process. We additionally per-
formed a fit for the relaxation times of complexes 1 and 2
using solely the Orbach model (see Table S8†). Not unexpect-
edly, this leads to significantly smaller values for Ueff, which
again is due to the lack of appropriate high temperature data
points. Consequently, the corresponding τ0 values are signifi-
cantly larger than those observed for similar systems.25,37,40

This indicates the presence of an additional Raman process
for the data points in the high temperature range accessible
for compound 2. This is also evident from the decomposition
of the individual contributions of the different relaxation pro-
cesses as depicted in Fig. S10 and S11.† Therefore, the
inclusion of the Raman process is essential for an appropriate
description of the relaxation behavior of complex 2.
Nevertheless, the observed deviations in the low temperature
range might indicate the presence of some contribution of a
direct process. However, the inclusion of a direct process
clearly leads to overparameterization.

In the case of complex 1, a significant dependence of the
relaxation behavior on the applied dc field is observed (see
Fig. 4 and 5). Fitting the data obtained for applied dc fields of
400 and 1000 Oe leads to Ueff values of 48 and 49 cm−1,
respectively. These values are in good agreement with the
energy splitting between ground and excited Kramers doublet
estimated from the dc magnetic data (50.2 cm−1, cf. Table 3)
and that derived from FD-FT THz-EPR measurements
(47.3 cm−1, vide infra). As in the case of complex 2 the contri-
bution of the Raman process, indicated by the parameter C, is
nearly independent of the applied dc field, whereas the values
obtained for the attempt time τ0 as well as the parameter A for
the direct process at both applied dc fields indicates signifi-
cant differences in their contribution to the relaxation behav-
ior. However, the latter can be attributed to a lack in accessibil-
ity of appropriate experimental data, which in the high temp-
erature range prevents the differentiation between the Orbach
and Raman process, whereas the missing data in the low temp-
erature range hamper the inclusion of a possible QTM process

Fig. 5 Arrhenius plot of relaxation times as ln τc vs. 1/T for 1 and 2 with
applied dc fields of 400 and 1000 Oe. Lines represent simulated values
for best-fit parameters (see the text and Table 4).

Table 4 Parameters for the magnetic relaxation of complexes 1 and 2 obtained by the fit of the experimental relaxation times to eqn (3) with fixed
n (1: n = 5; 2: n = 9)

1 (Hdc = 400 Oe) 1 (Hdc = 1000 Oe) 2 (Hdc = 400 Oe) 2 (Hdc = 1000 Oe)

Ueff (cm−1) 48(3) 49(1) 76(16) 78(16)
τ0 (S) 3.3(28) × 10−10 2.8(7) × 10−11 0.8(32) × 10−11 0.2(18) × 10−11

n 5.0 5.0 9.0 9.0
C (s−1 K−n) 8.5(8) × 10−1 7.2(3) × 10−1 6.6(3) × 10−4 5.8(3) × 10−4

A (Oe−4 s−1 K−1) 6.4(4) × 10−9 4.7(4) × 10−11 na na
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in the fit. As expected, fitting the relaxation times to eqn (3)
with n = 5 and the barrier Ueff fixed to the energy separation
derived from the FD-FT THz-EPR measurements (47.3 cm−1,
vide infra) leads to an excellent agreement with the experi-
mental data (see Table S7 and Fig. S11†).

Table 5 gives a comparison of the relaxation behavior for
compounds 1 and 2 with other reported pseudotetrahedral
cobalt(II) complexes with the [N2O2] coordination environ-
ment. It is noteworthy that all these cobalt(II) complexes do
only exhibit slow relaxation of magnetization in the presence
of an applied dc field. The obtained thermal barriers Ueff as
well as attempt times τ0 of compounds 1 and 2 compare very
well with those of other reported complexes listed in Table 5.

Low temperature THz EPR

The FD-FT THz-EPR magnetic-field division spectra (MDS)70

and X-band spectra of 1 and 2 are depicted in Fig. 6.
Experimental spectra are plotted alongside spectral simulations
obtained with eqn (1) and the parameters are given in Table 6.

The FD-FT THz-EPR MDS of 1 (Fig. 6a) gives rise to a field
dependent absorption line at around 47 cm−1, which shifts to
∼51 cm−1 upon increasing the field to 5 T. From Fig. 6a it
becomes apparent that the MDS at 1.5 T, 2 T, 3 T, and 4 T are

Table 5 Pseudotetrahedral cobalt(II)-based single-ion magnets with
[N2O2] coordination environment

Compounda Ueff (cm−1) τ0 (s) Hdc (Oe) Ref.

[Co(LSal,2-Ph)2] (1) 49(1) 2.8(7) × 10−11 1000 b

[Co(LNph,2-Ph)2] (2) 62.8c 1.4(1) × 10−10 d 1000 b

[Co(LNph,4-Br)2] 36 5.6 × 10−10 400 37
[Co(LNph,2-Ph)2]·CH2Cl2 43 8.4 × 10−10 400 37
[Co(Ldpip)2] 62 1.0 × 10−10 1000 25
[Co(Ldpip,6-OMe)2] 44 2.6 × 10−9 1000 25
[Co(Lhpbdti)2] 39 1.3 × 10−8 2000 35
[Co(Lhpbdmti)2] 13 2.2 × 10−6 2000 36
[Co(Lhdeppdmti)2] 35 1.6 × 10−9 400 36

aHLdpip = 2-(4,5-diphenyl-1H-imidazol-2-yl)phenol; HLdpip,6-OMe = 2-(4,5-
diphenyl-1H-imidazol-2-yl)-6-methoxyphenol; HLhpbdti = 2-(2-hydroxy-
phenyl)-4,5-bis(2,5-dimethyl(3-thienyl))-1H-imidazole; HLhbpdmti = 2-(2-
hydroxy-5-bromo-phenyl)-4,5-bis(2,5-dimethyl-(3-thienyl))-1H-imidazole;
HLhdeppdmti = 2-(2-hydroxy-5-diethylphosphono-phenyl)-4,5-bis(2,5-
dimethyl-(3-thienyl))-1H-imidazole. b This work. c This value is derived
from FD-FT THz-EPR measurements. The value determined from the
fit of the relaxation times to eqn (3) (Ueff = 78(16) cm−1) is not well
defined (see discussion in the text) and overestimates the barrier. d This
value is derived from a fit to eqn (3) with Ueff and n fixed (see Table S7).

Fig. 6 EPR spectra for complexes 1 (a) and 2 (b): Top panels: FD-FT THz-EPR MDS (solid black line) recorded at 2.5 K (1) or 2.4 K (2) and at the mag-
netic field (B0) indicated on the y-axis together with their simulation (dashed red line). The MDS were obtained by dividing raw spectra taken at
B0 and B0 − 1 T. Bottom panels: Experimental (solid black line) and simulated (dashed red line) X-band EPR spectra. X-band spectra were recorded at
u = 9.68 GHz and 10 K. Simulation parameters: see Table 6.
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well simulated with the chosen parameters. However, above
this field range simulation and experiment deviate. The reason
for the deviation is not clear now. With the same parameter
set the X-band EPR spectra of 1 depicted in the bottom panel
of Fig. 6a could be simulated. In the case of 2 the FD-FT THz-
EPR MDS (Fig. 6b) clearly indicate an even larger ZFS, giving
rise to a ground state EPR transition at 64 cm−1. Again, FD-FT
THz-EPR and X-band EPR could be accurately modeled assum-
ing a large rhombic ZFS with the spin Hamiltonian parameters
given in Table 6.

It should be noted here that FD-FT THz-EPR is most sensi-
tive to 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ 3E2

p
, while the resonance position of the X-band

EPR spectra for the present case is most sensitive to E/D.
However, changes in the latter term are strongly correlated to
the g-values. We therefore started the simulations with
g-values, which are in accordance with the values obtained
from the fit of the susceptibility and magnetization data given
in Table 3. In a second step a set of D and E values was deter-
mined, which reproduces both FD-FT THz-EPR and X-band
spectra (Table 6).

Computational studies

Ab initio computational studies were performed to confirm the
experimental findings and to obtain further insights into the
magnetochemistry of 1 and 2. In general, (pseudo-)tetrahed-
rally coordinated high-spin cobalt(II) ions exhibit a 4A2[

4F]
ground state (see Fig. S12†). For both complexes, a high-spin
ground state configuration was confirmed (see Table S9†). The
4A2[

4F] ground state is well-separated from the higher 4T2[
4F]

(relative CASPT2 energy for 1: 2060 cm−1; 2: 1811 cm−1) and
4T1[

4F] (1: 9951 cm−1; 2: 8143 cm−1) states. However, both
T-multiplets show a lifting of their degeneracy due to the
strong structural distortion. The lowest doublet state of 1 and
2 can be found at 12 837 cm−1 and 11 664 cm−1 (relative
CASPT2 energies), respectively.

The magnetic susceptibility data of 1 and 2 were simulated
using the SINGLE_ANISO module on the basis of the SO-RASSI
wave function (see Fig. S13†). The simulated graphs qualitat-
ively reproduce the experimental data of both compounds with
a steep decrease below 50 K (cf. Fig. 3). For these simulations
no intermolecular interactions were taken into account
leading to good agreement, which proves that such influences
are negligible in 1 and 2. The calculated χMT values at room
temperature (1: 2.72 cm3 K mol−1; 2: 2.81 cm3 K mol−1) are
somewhat overestimated compared to the experimental values
(1: 2.44 cm3 K mol−1; 2: 2.43 cm3 K mol−1). Such an overesti-
mation can be indicative of vibronic couplings as has been
reported for single-molecule magnets containing 3d metal

ions.102 Nonetheless, experimental as well as theoretical values
suggest a pronounced spin–orbit contribution to the 4A2[

4F]
ground state, which shows no first-order orbital momentum
contribution.

The inclusion of spin–orbit coupling (for relative SO-RASSI
energies see Table S10†) leads to a splitting of the 4A2[

4F]
ground state into two so-called Kramers doublets (KDs).
Single-ion magnetic properties (Seff = 3/2) for 1 and 2 were cal-
culated for this ground multiplet and the obtained axial as
well as rhombic ZFS parameters are given in Table 7. Although
the calculated D values (1: −35.8 cm−1; 2: −40.3 cm−1) clearly
overestimate the experimentally obtained axial ZFS para-
meters, they support the observed axial anisotropy (D < 0).
Fig. 7 depicts the easy and hard axes of 1 and 2 for the 4A2[

4F]
ground multiplet. In both compounds the easy axis coincides
with the molecular C2 axis. Furthermore, both compounds
exhibit a strong rhombic distortion of the magnetic anisotropy
as represented by the rhombic ZFS parameter E (1: −4.2 cm−1;
2: −5.5 cm−1), which leads to significant E/D ratios of 0.117
and 0.136 for 1 and 2, respectively.

The increase in |D| is formally associated with an increase
in the thermal barrier for spin reversal (Ueff ≈ |2D|). At the
same time, however, also the rhombic ZFS parameter |E| is
increasing. The rhombic ZFS parameter E plays a crucial role
with respect to the appearance of slow magnetic relaxation be-
havior, since it is related to the efficacy of QTM.103 Thus, the
absence of an out-of-phase susceptibility without applying an
external magnetic dc field (Hdc = 0 Oe) in 1 and 2 can be
explained by a strong QTM in their ground state KD. The pres-

Table 6 Parameters as obtained by simulations of the FD-FT THz-EPR
and X-band EPR spectra assuming S = 3/2

D (cm−1) E (cm−1) |E/D| g⊥ gk

1 −23.1 2.9 0.126 2.15 2.6
2 −30.6 4.1 0.134 2.12 2.5

Table 7 Ab initio calculated ZFS parameters and their Cartesian com-
ponents of the g-tensor (Seff = 3/2; gav

2 = (gx
2 + gy

2 + gz
2)/3) for the

4A2[
4F] ground multiplet of 1 and 2

D (cm−1) E (cm−1) |E/D| gav gx gy gz

1 −35.8 −4.2 0.117 2.32 2.10 2.23 2.61
2 −40.3 −5.5 0.136 2.36 2.09 2.26 2.68

Fig. 7 Ab initio calculated anisotropy axes (green broken lines: easy
axes; red broken lines: hard axes) of 1 (left column) and 2 (right column).
Hydrogen atoms are omitted for clarity.
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ence of a strong quantum tunneling is underlined by signifi-
cant average dipole transition matrix elements within the
ground state KDs for 1 and 2 (see Fig. S14†).

The calculated average g-factors gav for the 4A2[
4F] ground

multiplet (1: 2.32; 2: 2.36; gav
2 = (gx

2 + gy
2 + gz

2)/3) somewhat
overestimate the values obtained by the fit of susceptibility
and magnetization data (1: 2.24; 2: 2.21; gav

2 = (gk
2 + 2g⊥

2)/3),
which might be attributed to the presence of vibronic coup-
lings as already mentioned above.102 The magnetic axes for an
effective spin Seff = 3/2 are depicted in Fig. S15 and S16,†
where in both compounds the easy axis of magnetization gz
coincides with the easy axis of anisotropy (see Fig. 7).
Additionally, the rhombic distortion in 1 and 2, given by the
rhombic ZFS parameter E, leads in both compounds to a small
difference between the Cartesian components gx and gy (see
Table 7). The magnetic axes for an effective spin Seff = 1/2 are
depicted in Fig. S17–S20† for both KDs of the 4A2[

4F] ground
state. The corresponding g-values are summarized in
Table S11.†

Population analyses for the free deprotonated ligand
species were performed to investigate electronic influences in
the different ligand systems (see Fig. S21 and Table S12†). In
both deprotonated ligands, the phenolate donor shows a stron-
ger negative charge compared to the N donor atom of the
Schiff-base ligand. Changing the aromatic system, which is
attached to the aryloxide, from benzene (LSal,2-Ph)− to naphtha-
lene (LNph,2-Ph)− leads to a charge delocalization and, thus, to a
slightly lower negative charge at the phenolate donor. At the
same time, the negative charge at the N donor atom is almost
retained. Nevertheless, the electronic influence of the different
substituents as well as the size of the aromatic system, which
is bound to the aryloxide, is expected to be rather small.
Hence, the differences in the magnetic properties of 1 and 2
can be attributed primarily to the dihedral distortion of the
chelate planes within the coordination sphere.

Conclusions

The two cobalt(II) complexes 1 and 2 show a strongly distorted
pseudotetrahedral [N2O2] coordination environment. The
observed distortion can be attributed to the bulky biphenyl
groups, which are present in both compounds. Due to the
close similarity of the coordinated chelate moieties in com-
plexes 1 and 2 (donor set, bite angle), the variation of the di-
hedral angle δ between the two chelate planes represents the
most significant difference in the coordination environment of
the cobalt(II) ions. The magnetic properties were investigated
by static as well as dynamic magnetic susceptibility measure-
ments, low temperature THz-EPR measurements, and ab initio
calculations. It has been found that both complexes exhibit an
easy-axis type of anisotropy. For both complexes an out-of-
phase magnetic susceptibility could be observed with applied
dc fields. The detailed analysis of the relaxation mechanism
revealed the presence of Orbach as well as the Raman and
direct process for 1, whereas for 2 the data could only be used

to fit an Orbach and Raman term. For 1, a thermal barrier Ueff

of 49 cm−1 is obtained. In the case of compound 2 this barrier
is not well defined by the accessible experimental relaxation
times and is, therefore, approximated by the energy splitting
for the Kramers doublets as derived from FD-FT THz-EPR
measurements (62.8 cm−1). Ab initio calculations confirm an
easy-axis anisotropy for the presented complexes and reveal a
strong rhombic distortion of the magnetic anisotropy. The
results obtained for complexes 1 and 2 by FD-FT THz-EPR
measurements and ab initio calculations indicate that for an
increasing distortion towards a square-planar coordination
geometry both the axial and rhombic ZFS parameters D and E
increase.
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Table S1: Crystallographic data and structure refinement parameters for 1 and 2

1 2

formula C38H28CoN2O2 C46H32CoN2O2

formula weight (g mol−1) 603.55 703.67

crystal size (mm) 0.088 × 0.082 × 0.080 0.044 × 0.042 × 0.038

crystal system orthorhombic monoclinic

space group Pbcn C2/c
a (pm) 2021.52(4) 2534.89(7)

b (pm) 895.92(2) 881.26(2)

c (pm) 1583.27(3) 1602.15(3)

α (◦) 90 90

β (◦) 90 106.217(1)

γ (◦) 90 90

V (106 pm3) 2867.49(10) 3436.63(14)

Z 4 4

T (K) 133(2) 133(2)

δcalc (g cm−3) 1.398 1.360

F(000) 1252 1460

µ(Mo Kα) (mm−1) 0.637 0.543

Θ range of data collection (◦) 2.49 ≤ Θ ≤ 27.48 2.46 ≤ Θ ≤ 27.45

measured reflections 19230 11933

unique reflections (Rint) 3290 (0.0713) 3903 (0.0243)

no. of parameters 251 295

goodness-of-fit on F2 1.104 1.078

R1 (I > 2σ(I)) 0.0549 0.0303

wR2 (all data) 0.1328 0.0705
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Table S2: Comparison of the literature known and the obtained crystal structures of 2

Literature [S1] 2

space group C2/c C2/c
cell

a (pm) 2538.08(13) 2534.89(7)

b (pm) 883.92(4) 881.26(2)

c (pm) 1626.56(10) 1602.15(3)

α (°) 90 90

β (°) 105.756(6) 106.217(1)

γ (°) 90 90

T (K) 293 133

Shape
S(Td) 4.927 4.801

S(D4h) 15.454 15.676

δ (°) 64.8 65.3
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 measured at 298 K

Fig. S1: X-ray powder diffraction (XRPD) patterns of 1 (top) and 2 (bottom) both measured at 298 K.
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a

c

Fig. S2: Packing diagram for 1, for clarity the intramolecular π · · · π interactions depicted in Fig. 1 are omitted here.

a

c

Fig. S3: Packing diagram for 2, for clarity the intramolecular π · · · π interactions depicted in Fig. 1 are omitted here.
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Fig. S4: Diffuse reflectance spectra of the compounds 1 and 2. Note that a change of the light source occurs at 350 nm.
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Fig. S5: Variable-field magnetization data at different temperatures of the complex 1 (left) and 2 (right). Lines represent simu-
lation according to the parameters given in Table 3 in the manuscript.
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Fig. S6: Temperature dependence of the in-phase and out-of-phase ac susceptibility χ′′M at different frequencies for 1. Lines are
guides for the eyes.
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Fig. S7: Temperature dependence of the in-phase and out-of-phase ac susceptibility χ′′M at different frequencies for 2. Lines are
guides for the eyes.
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Table S3: Relaxation times τc and α parameters for the Cole-Cole fits of complex 1 with an applied field of 400 Oe

T (K) τc (s) α χS (emu mol−1) χ0 (emu mol−1)

2.1 2.77× 10−3 0.149 0.278 0.804

2.2 2.58× 10−3 0.136 0.269 0.771

2.3 2.44× 10−3 0.135 0.258 0.739

2.4 2.28× 10−3 0.149 0.246 0.713

2.5 2.15× 10−3 0.146 0.233 0.682

2.6 1.98× 10−3 0.137 0.227 0.656

2.7 1.86× 10−3 0.133 0.222 0.632

2.8 1.77× 10−3 0.127 0.213 0.610

2.9 1.64× 10−3 0.126 0.206 0.590

3.0 1.55× 10−3 0.115 0.202 0.571

3.1 1.44× 10−3 0.133 0.194 0.556

3.2 1.31× 10−3 0.120 0.193 0.540

3.3 1.25× 10−3 0.110 0.188 0.522

3.4 1.17× 10−3 0.107 0.184 0.508

3.5 1.08× 10−3 0.104 0.179 0.495

3.6 9.85× 10−4 0.098 0.175 0.481

3.7 9.10× 10−4 0.076 0.173 0.466

3.8 8.58× 10−4 0.078 0.171 0.457

3.9 7.73× 10−4 0.071 0.165 0.446

4.0 6.90× 10−4 0.071 0.161 0.435

4.1 6.21× 10−4 0.065 0.156 0.425

4.2 5.51× 10−4 0.068 0.155 0.416

4.3 4.90× 10−4 0.051 0.153 0.405

4.4 4.37× 10−4 0.042 0.148 0.396

4.5 3.80× 10−4 0.047 0.147 0.391

4.6 3.42× 10−4 0.039 0.147 0.381

4.7 2.97× 10−4 0.033 0.140 0.372

4.8 2.49× 10−4 0.021 0.140 0.365

4.9 2.13× 10−4 0.001 0.150 0.358

5.0 1.95× 10−4 0.019 0.137 0.352

5.1 1.52× 10−4 0.014 0.139 0.345
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Table S4: Relaxation times τc and α parameters for the Cole-Cole fits of complex 1 with an applied field of 1000 Oe

T (K) τc (s) α χS (emu mol−1) χ0 (emu mol−1)

2.0 6.93× 10−3 0.254 0.054 0.858

2.1 6.56× 10−3 0.261 0.073 0.826

2.2 6.26× 10−3 0.264 0.069 0.800

2.3 5.47× 10−3 0.242 0.067 0.744

2.4 5.46× 10−3 0.259 0.066 0.734

2.5 5.09× 10−3 0.249 0.062 0.713

2.6 4.63× 10−3 0.250 0.062 0.682

2.7 4.34× 10−3 0.253 0.058 0.664

2.8 3.98× 10−3 0.232 0.055 0.635

2.9 3.67× 10−3 0.234 0.060 0.619

3.0 3.29× 10−3 0.219 0.054 0.594

3.1 2.98× 10−3 0.215 0.056 0.576

3.2 2.66× 10−3 0.187 0.054 0.552

3.3 2.40× 10−3 0.172 0.057 0.533

3.4 2.12× 10−3 0.167 0.060 0.518

3.5 1.88× 10−3 0.155 0.055 0.504

3.6 1.68× 10−3 0.137 0.057 0.487

3.7 1.49× 10−3 0.131 0.057 0.477

3.8 1.32× 10−3 0.110 0.056 0.461

3.9 1.16× 10−3 0.101 0.057 0.449

4.0 1.01× 10−3 0.086 0.058 0.436

4.1 8.76× 10−4 0.091 0.057 0.428

4.2 7.73× 10−4 0.067 0.055 0.415

4.3 6.55× 10−4 0.065 0.057 0.407

4.4 5.64× 10−4 0.052 0.053 0.397

4.5 4.92× 10−4 0.055 0.054 0.392

4.6 4.10× 10−4 0.040 0.054 0.380

4.7 3.47× 10−4 0.033 0.056 0.372

4.8 2.89× 10−4 0.032 0.055 0.365

4.9 2.44× 10−4 0.021 0.052 0.357

5.0 2.03× 10−4 0.015 0.055 0.351

5.1 1.66× 10−4 0.019 0.054 0.345

5.2 1.40× 10−4 0.010 0.053 0.338

5.3 1.13× 10−4 0.012 0.056 0.332
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Table S5: Relaxation times τc and α parameters for the Cole-Cole fits of complex 2 with an applied field of 400 Oe

T (K) τc (s) α χS (emu mol−1) χ0 (emu mol−1)

3.6 1.15× 10−2 0.219 0.128 0.510

3.7 9.17× 10−3 0.177 0.130 0.481

3.8 7.27× 10−3 0.162 0.124 0.462

3.9 6.04× 10−3 0.151 0.120 0.451

4.0 4.78× 10−3 0.109 0.119 0.430

4.1 4.14× 10−3 0.126 0.117 0.427

4.2 3.30× 10−3 0.091 0.116 0.406

4.3 2.72× 10−3 0.070 0.117 0.394

4.4 2.31× 10−3 0.076 0.114 0.392

4.5 2.04× 10−3 0.084 0.109 0.388

4.6 1.59× 10−3 0.067 0.106 0.375

4.7 1.33× 10−3 0.040 0.107 0.363

4.8 1.08× 10−3 0.054 0.104 0.357

4.9 9.00× 10−4 0.039 0.104 0.350

5.0 7.16× 10−4 0.082 0.094 0.347

5.1 6.13× 10−4 0.042 0.098 0.338

5.2 5.26× 10−4 0.032 0.098 0.329

5.3 4.29× 10−4 0.014 0.101 0.324

5.4 3.65× 10−4 0.020 0.097 0.319

5.5 3.06× 10−4 0.010 0.101 0.314

5.6 2.43× 10−4 0.008 0.098 0.309

5.7 2.20× 10−4 0 0.106 0.303

5.8 1.70× 10−4 0 0.099 0.299

5.9 1.42× 10−4 0.004 0.096 0.293

6.0 1.24× 10−4 0 0.111 0.290
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Table S6: Relaxation times τc and α parameters for the Cole-Cole fits of complex 2 with an applied field of 1000 Oe

T (K) τc (s) α χS (emu mol−1) χ0 (emu mol−1)

3.8 9.67× 10−3 0.153 0.045 0.471

3.9 7.80× 10−3 0.131 0.045 0.457

4.0 6.14× 10−3 0.113 0.044 0.437

4.1 4.98× 10−3 0.103 0.044 0.421

4.2 4.04× 10−3 0.102 0.041 0.412

4.3 3.35× 10−3 0.068 0.044 0.395

4.4 2.73× 10−3 0.058 0.043 0.384

4.5 2.38× 10−3 0.062 0.042 0.382

4.6 1.82× 10−3 0.050 0.040 0.367

4.7 1.52× 10−3 0.044 0.042 0.358

4.8 1.26× 10−3 0.054 0.038 0.354

4.9 1.02× 10−3 0.057 0.037 0.347

5.0 8.85× 10−4 0.036 0.046 0.340

5.1 6.93× 10−4 0.065 0.032 0.336

5.2 5.96× 10−4 0.023 0.038 0.325

5.3 4.94× 10−4 0.022 0.039 0.320

5.4 3.96× 10−4 0.027 0.039 0.314

5.5 3.20× 10−4 0.017 0.034 0.308

5.6 2.70× 10−4 0.031 0.033 0.306

5.7 2.50× 10−4 0 0.053 0.298

5.8 1.89× 10−4 0.012 0.041 0.295

5.9 1.59× 10−4 0 0.044 0.291

6.0 1.33× 10−4 0.015 0.047 0.284
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Fig. S8: Cole-Cole plots for complex 1 at different temperatures. Solid lines represent the best fit.
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S13



 −4

 −5

 −6

 −7

 −8

 −9

 −10

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

ln
 τ

c

T −1 (K−1)

Direct process

Raman process

Orbach process

Fit

1  Hdc = 400 Oe

 −4

 −5

 −6

 −7

 −8

 −9

 −10

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

ln
 τ

c

T −1 (K−1)

Direct process

Raman process

Orbach process

Fit

1  Hdc = 1000 Oe

 −4

 −5

 −6

 −7

 −8

 −9

 −10

0.15 0.20 0.25 0.30 0.35

ln
 τ

c

T −1 (K−1)

Raman process

Orbach process

Fit

2  Hdc = 400 Oe

 −4

 −5

 −6

 −7

 −8

 −9

 −10

0.15 0.20 0.25 0.30 0.35

ln
 τ

c

T −1 (K−1)

Raman process

Orbach process

Fit

2  Hdc = 1000 Oe
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Table S7: Parameters for the magnetic relaxation of complexes 1 and 2 obtained by fit of the relaxation times to Equation (3)
with fixed n (1: n = 5; 2: n = 9) and Ueff = 2

√
D2 + 3E2 (D and E are taken from FD-FT THz-EPR measurements, see Table 6)

Hdc (Oe) Ueff (cm−1) τ0 (s) n C (s−1K−n) A (Oe−4s−1K−1)

1 400 47.3 4.1(1) × 10−10 5.0 8.4(4)× 10−1 6.4(3)× 10−9

1000 47.3 4.68(5)× 10−10 5.0 6.6(1)× 10−1 5.2(4)× 10−11

2 400 62.8 1.6(2) × 10−10 9.0 6.3(2)× 10−4 na
1000 62.8 1.4(1) × 10−10 9.0 5.4(2)× 10−4 na
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Fig. S11: Arrhenius plots of relaxation times for 1 (top row) and 2 (bottom row) with applied dc fields of 400 Oe (left column)
and 1000 Oe (right column). The black line describes the best fit to Equation (3) with fixed n (1: n = 5; 2: n = 9) and
Ueff = 2

√
D2 + 3E2 (D and E are taken from FD-FT THz-EPR measurements, see Table 6) and colored lines represent the
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Table S8: Parameters obtained by fit of the Arrhenius plot by considering only the Orbach process

Hdc (Oe) Ueff (cm−1) τ0 (s)

1 400 22(1) 2.4(9)× 10−7

1000 29.0(7) 5(2)× 10−8

2 400 35.7(7) 2.6(4)× 10−8

1000 37.1(7) 2.0(4)× 10−8
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Fig. S12: Ligand-field splitting of a high-spin cobalt(II) ion in a (pseudo-)tetrahedral coordination environment.
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Table S9: Relative CASSCF and CASPT2 energies (in cm−1) for all quartet and the 12 lowest doublet states of 1 and 2

2S + 1 Term Subterm 1 2

CASSCF CASPT2 CASSCF CASPT2

4 4F 4A2 0 0 0 0
4T2 1865 2060 1612 1811

4615 5304 4013 4642

6297 6617 5675 6044
4T1 8839 9951 8775 8143

9112 9404 9254 9468

9131 9107 9731 10900
4P 4T1 21779 19351 22249 20189

22633 19496 22498 19422

26256 23993 26833 24500

2 2G + 2P 16209 12837 15043 11664

18115 15717 16691 14487

18159 15206 17089 14161

19391 16359 19108 16062

19511 16127 19657 16236

20642 17683 20706 17788

21918 19170 21701 18985

23361 20108 22937 19747

24067 21976 23628 21541

24542 22065 24366 22005

25581 22949 25156 22613

26070 22682 25904 22908

... ... ... ... ...
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Fig. S13: Magnetic susceptibility χT for 1 (black line) and 2 (red line) as obtained with the SINGLE ANISO module utilizing
CASSCF/CASPT2/SO-RASSI wave functions.

Table S10: Relative SO-RASSI energies (in cm−1) for the lowest Kramers doublets (KDs) of 1 and 2

Term KD 1 2

4F 4A2 1 0 0

2 73 83
4T2 3 1960 1721

4 2113 1889

5 4624 4035

6 4773 4194

7 6444 5863

8 6534 5946
4T1 9 8654 8779

10 8740 8818

11 8974 9178

12 9424 9558

13 9584 10072

14 9917 10289
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Fig. S14: Splitting of the two Kramers doublets of the 4A2[4F] ground state for 1 (left) and 2 (right) in combination with their
magnetic moments in the direction of the easy-axis. The arrows represent possible magnetic relaxation pathways between
two states together with their average dipole transition matrix element as obtained by SINGLE ANISO. Transitions marked
in red represent an inversion of the sign of the magnetic moment, whereas blue represents the conservation of the sign. Only
relaxation pathways from |MS = −3/2〉 towards |MS = ±1/2〉 and |MS = +3/2〉 are shown.
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Fig. S15: Ab initio calculated magnetic axes (Seff = 3/2; green dashed line: gz; yellow dashed line: gy; red dashed lines: gx) for
the 4A2[4F] ground multiplet of 1. Hydrogen atoms were omitted for clarity.

Fig. S16: Ab initio calculated magnetic axes (Seff = 3/2; green dashed line: gz; yellow dashed line: gy; red dashed lines: gx) for
the 4A2[4F] ground multiplet of 2. Hydrogen atoms were omitted for clarity.
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Fig. S17: Ab initio calculated magnetic axes (Seff = 1/2; green dashed line: easy-axis; red dashed lines: hard-axes) for the
ground state KD of 1. Hydrogen atoms were omitted for clarity.

Fig. S18: Ab initio calculated magnetic axes (Seff = 1/2; green dashed line: easy-axis; yellow dashed line: intermediate axis; red
dashed line: hard-axis) for the first excited KD state of 1. Hydrogen atoms were omitted for clarity.
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Fig. S19: Ab initio calculated magnetic axes (Seff = 1/2; green dashed line: easy-axis; red dashed lines: hard-axes) for the
ground state KD of 2. Hydrogen atoms were omitted for clarity.

Fig. S20: Ab initio calculated magnetic axes (Seff = 1/2; green dashed line: easy-axis; yellow dashed line: intermediate axis; red
dashed line: hard-axis) for the first excited KD state of 2. Hydrogen atoms were omitted for clarity.
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Table S11: Relative SO-RASSI energies and their components of the g-tensor (Seff = 1/2) for the two Kramers doublets (KDs)
of the 4A2[4F] ground state for 1 and 2

1 2

KD1 EKD1 (cm−1) 0 0

gx 0.681 0.778

gy 0.807 0.960

gz 7.715 7.856

KD2 EKD2 (cm−1) 73 83

gx 2.572 2.624

gy 3.640 3.539

gz 4.882 4.938

Fig. S21: Optimized structures of the deprotonated ligand species (LSal,2-Ph)− (left) and (LNph,2-Ph)− (right).

Table S12: Charges of the donor atoms for the deprotonated ligand species as obtained by population analyses (Mulliken and
natural population analysis (NPA))

Ligand Mulliken NPA

O N O N

(LSal,2-Ph)− −0.457 −0.203 −0.647 −0.451

(LNph,2-Ph)− −0.436 −0.215 −0.625 −0.446
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rhOver: Determination of Magnetic Anisotropy and Related
Properties for Dysprosium(III) Single-Ion Magnets by
Semiempirical Approaches Utilizing Hartree–Fock Wave
Functions
Michael Böhme , and Winfried Plass *

Dysprosium(III) ions are promising candidates for the design of
single-ion magnets (SIMs) as they show an intrinsic strong mag-
netic anisotropy. However, time-demanding multireference
methods are usually necessary to reproduce low-lying magnetic
states. In this work, we present an improved wave function-
based semiempirical ligand-field (LF) theory approach to obtain
magnetochemical properties of dysprosium(III)-based SIMs. We
reduce the computational effort by replacing the central
dysprosium(III) ion with either yttrium(III) or lutetium(III), which
allows to obtain a closed-shell wave function from Hartree–Fock
calculations. The wave function is subsequently used to deter-
mine a so-called diamagnetic–electrostatic pseudo-potential
(DEPP) of the compound, which in turn can be applied to LF

theory to obtain magnetochemical properties. The presented
approach is tested against ab initio CASSCF/RASSI-SO reference
calculations and shows accurate prediction of magnetic anisot-
ropy axes and a significant accuracy improvement as compared
to point charge-based LFT methods. In addition, we also intro-
duce an improved electrostatic (IES) approach, which applies
the obtained DEPPs to a known electrostatic method intro-
duced by Chilton et al. (Nat. Commun. 2013, 4, 2551) to obtain
the direction of the main anisotropy axis in dysprosium(III)-
based SIMs. © 2018 Wiley Periodicals, Inc.

DOI:10.1002/jcc.25565

Introduction

Molecular-based magnetism is a research area that has been
seen tremendous development in recent years, in which triva-
lent lanthanide-based compounds play a prominent role.[1–3]

Dysprosium(III) ions are promising candidates,[4–9] as they show
a strong magnetic anisotropy, which is an essential prerequisite
for single-ion magnet (SIM) behavior. Such compounds show a
preferred orientation of their magnetization within a magnetic
field and a related effective energy barrier (Ueff) to invert this
orientation. Like their macroscopic counterparts, namely perma-
nent magnets, such compounds can show hysteresis up to a
specific blocking temperature (TB). Nevertheless, after two
decades of intensive research the temperature range for such
behavior is unfortunately still limited to rather low tempera-
tures (≈ 60 K),[4] preventing promising applications, for exam-
ple, such as in future information technology.[10–12] For this
reason, one major goal is to improve the magnetization behav-
ior, which goes along with the suppression of various magnetic
relaxation processes like thermal relaxation, quantum tunneling,
and Raman processes.[2,13,14] In addition to the choice of the
magnetic ions another important task is to find suitable ligand
environments[15,16] that support the desired magnetic behavior.

In cases of systems with easy-axis anisotropy, a related
important molecular property is the orientation of the magnetic
anisotropy axis. Usually, trivalent lanthanide ion complexes
show higher coordination numbers as compared to transition
metal complexes and, thus, low-symmetry complex structures
are frequently observed. The low-symmetry of the ligand field

(LF) often results in an unpredictable orientation of the mag-
netic anisotropy axes as well as the splitting of the ground mul-
tiplet. Unfortunately, it is quite complex and time-consuming to
obtain the LF splitting as well as the quantization axis via exper-
iment and, furthermore, the obtained orientations of the easy-
axis in real systems are also associated with non-negligible
experimental uncertainties.[17]

At this point computational chemistry can help to under-
stand and improve the magnetic properties of SIM compounds.
However, from a theoretical point of view dysprosium(III)-based
complexes are challenging due to the many effects, which have
to be taken into account, that is, electron–electron correlation,
spin-orbit coupling, and relativistic effects. Thus, sophisticated
multireference methods are required to describe the 6H15/2

ground multiplet of the dysprosium(III) ion and its LF splitting.
However, due to strong spin–orbit coupling, as generally found
for lanthanide ions, the ground multiplet is energetically well-
separated from higher multiplets, and hence the magnetic
properties of a dysprosium(III)-based SIM up to room tempera-
ture are primarily based on the LF splitting of the ground multi-
plet. The CASSCF/RASSI-SO procedure is a well-established
ab initio method to calculate magnetochemical properties of

M. Böhme, W. Plass
Institut für Anorganische und Analytische Chemie, Lehrstuhl für Anorganische
Chemie II, Friedrich-Schiller-Universität Jena, Humboldtstr. 8, 07743 Jena,
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dysprosium(III)-based complexes, which allows all mentioned
effects to be adequately taken into account.[18] Unfortunately,
such calculations are restricted by the associated demand in
computational time due to a large number of states in the
CASSCF/RASSI-SO procedure and existing hardware limits. Typi-
cally, the high computational effort is lowered by applying
structural simplifications and the use of reduced basis sets for
non-donor atoms. However, this might lead to the risk of a
model-based bias due to inaccurate representations of charge
distributions, although sophisticated computational methods
were employed.

In recent years, several semiempirical and ab initio computa-
tional approaches have been put forward to calculate related
properties of dysprosium(III)-based SIMs. A variety of computer
codes have been developed along that line employing ab initio
methods (CERES[19]), different LF theory[20,21] (LFT) approaches
(CONDON,[22,23] SIMPRE[24–26]) or even pure electrostatic models
(MAGELLAN[27]). Nevertheless, their accuracy is primarily deter-
mined by the employed electrostatic representation of the sur-
rounding ligand environment, for example, by utilizing formal
point charges. To address this problem, improved point charge
models were introduced, for example, by shifting charges
toward the central metal ion due to the fact that the charge is
not located at the nuclei position of the donor atom, but rather
within the valence shell of the metal ion.[28–30] However, there
is no universal approach for such a spatial displacement of
charges, this depends on the type of donor atom as well as the
coordination numbers, and thus has to be considered carefully
for the individual case.[29] Furthermore, a main issue, namely
the representation of the LF by (formal) point charges, still
exists in all these approaches. To the best of our knowledge,
until now no semiempirical approach to calculate related prop-
erties of dysprosium(III)-based SIMs exists, which represents the
quantum nature of electrons properly, that is, taking their
charge distributions into account. Hence, our primary motiva-
tion is to elaborate a fast semiempirical approach, while pre-
serving a certain accuracy as compared to ab initio reference
calculations.

Herein, we introduce a wave function-based semiempirical LFT
approach to obtain magnetochemical properties of
dysprosium(III)-based SIMs. For the determination of the required
electronic wave function we take advantage of the chemical simi-
larity between dysprosium(III) and the closed shell yttrium(III) and
lutetium(III) ions in terms of their properties (charge, ionic radius,
and electronegativity). Thus, diamagnetic isostructural yttrium(III)-
and lutetium(III)-based models are assumed to have a very similar
charge distribution as compared to the original dysprosium(III)-
based complexes. In fact, such an ion replacement is often being
used experimentally for diamagnetic dilution studies to investi-
gate intra- and/or inter-molecular interactions.[31–34] As a conse-
quence closed-shell Hartree–Fock calculations on the
diamagnetic models can be used to determine the wave function,
instead of computationally demanding CASSCF calculations that
are required in the case of dysprosium(III) complexes. Subse-
quently, the obtained wave function is used to calculate a so-
called diamagnetic–electrostatic pseudo-potential (DEPP) of the
compound, which is then applied to LFT to obtain

magnetochemical properties. This leads to a fundamental
improvement of the representation of the LF as compared to
approaches based on (formal) point charges. The procedure of
calculating the DEPP from a Hartree–Fock wave function and its
application in LFT to determine related magnetochemical proper-
ties has been implemented in a computer code named rhOver.
This includes the determination of the main anisotropy axis by
maximizing the | J = 15/2, mJ = � 15/2i contribution in the
ground state Kramers doublet. In addition, an improved electro-
static (IES) approach has been implemented by applying the
DEPP of a specific compound to the electrostatic approach intro-
duced by Chilton et al.[27] In general, the electrostatic approach is
based on the minimization of the electrostatic energy, which is
given by the interaction of the LF potential of the complex and
the intended ground state | J = 15/2, mJ = � 15/2i charge den-
sity of the free dysprosium(III) ion. This electrostatic minimum
was shown to correlate with the orientation of the main anisot-
ropy axis.[27]

In the following, we describe the theory as well as our two
implemented approaches (LFT and IES). Subsequently, technical
details for the implementation in rhOver are given and
explained. Our methods are then tested by their application to
three sample compounds, which show slight but crucial struc-
tural differences, and further verified by comparing the obtained
results to ab initio reference calculations. Finally, we summarize
the results and give an outlook for future perspectives.

Methodology

A list of abbreviations used throughout this report and their
meanings is given in Table 1.

Effective LF Hamiltonian

A quantum chemical system can be described by a Hamiltonian
as represented in eq. 1, which in turn is a sum of several opera-
tors. Particular interactions and effects have to be taken into
account to adequately describe a molecular system, namely the

one-electron operator (Ĥ0), the electron–electron interaction

(Ĥee), and the spin–orbit coupling interaction (ĤSO). Although of
significantly lower influence on the overall energy of the

system, the LF splitting represented by its LF operator (ĤLF)
is primarily responsible for the magnetic properties of
dysprosium(III)-based SIMs. Furthermore, additional weak
effects can be taken into account if necessary, for example, the

Table 1. Abbreviations used throughout the text.

DEPP diamagnetic–electrostatic pseudo-potential
DFT density functional theory
ESO extended Stevens operator
IES improved electrostatic (approach)
KD Kramers doublet
LF ligand field
LFT ligand-field theory
PCM point charge model
REC radial effective charge
RMSD root-mean-square deviation
SIM single-ion magnet
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Zeeman effect when applying an external magnetic field. The
ab initio multireference CASSCF/RASSI-SO/SINGLE_ANISO proce-
dure[18] takes care of these interactions, however, at high com-
putational costs.

Ĥ¼ Ĥ0 + Ĥee + ĤSO + ĤLF ð1Þ

Nevertheless, the computational effort to calculate magneto-
chemical related properties can be significantly lowered by
solely describing the relevant part of the system, namely the LF

operator ĤLF, within the concept of an effective Hamiltonian.

The separation of the LF operator ĤLF from the remaining oper-

ators within the Hamiltonian Ĥ can be applied if the influences
of the latter are significantly larger than the LF splitting (i.e.,

Ĥ0, Ĥee, ĤSO � ĤLF). As a consequence the LF operator ĤLF can
be treated separately, if the electronic ground state is known
and the LF splitting is small as compared to electronic excited
states. In fact, in the case of a free dysprosium(III) ion experi-
mental data show that the 6H15/2 term has the primary contri-
bution to the electronic ground state (94%), with a well-
separated first excited electronic state at 3460 cm–1 (96% of a
6H13/2 multiplet).[35] Consequently, for the currently known
dysprosium(III)-based SIMs, which are still limited to low tem-
peratures, the excited 6H13/2 multiplet is negligible for thermal
excitations. As a result, the electronic ground state of a
dysprosium(III)-based SIM can be approximately described with
LFT by a spin-orbit coupled J = 15/2 manifold in combination
with its jJ = 15/2, mJi eigenfunctions (further denoted as jmJi).
For mononuclear dysprosium(III) coordination compounds the

LF operator ĤLF splits the J = 15/2 manifold of the 6H15/2

ground multiplet into eight doublet states, the so-called Kra-
mers doublets (KDs). The relative energies of these KDs as well
as their composition in terms of jmJi eigenfunctions depend on
the applied LF and consequently on the geometry of the com-
plex. In fact, these KDs are primarily responsible for the magne-
tochemical properties and it is known that in low-symmetry
environments the oblate j�15/2i eigenstates dominate the
ground state KD of dysprosium(III)-based SIMs in the majority
of cases.[16]

Dysprosium(III) 4f valence shell

The 4f valence electrons of trivalent rare-earths metal ions play
a minor role in chemical bonding due to their strong contrac-
tion. Moreover, polynuclear dysprosium(III)-based compounds
often show small exchange coupling constants as compared to
transition metal complexes due to their shielded 4f valence
shell. Nevertheless, in case of dysprosium(III) these valence elec-
trons are responsible for the resulting magnetochemical
behavior.[2,9,33]

Figure 1 presents the 4f radial probability function [φ4f(r)]
2r2 for

a dysprosium atom as obtained by the corresponding ANO-RCC
basis set.[36] Apparently, the major part of the charge density is
located within the inner region of the atom with a radial expecta-
tion value of hr2i = 0.793 a.u. (0.420 Å). The radial probability will
contract even more when going from a dysprosium atom to a

dysprosium(III) ion. This is consistent with earlier reported Hartree–
Fock calculations for a dysprosium(III) ion that show indeed a
slightly decreased radial expectation value of hr2i = 0.726 a.u.
(0.384 Å).[37] In addition, Figure 1 also depicts the effective ionic
radius of a dysprosium(III) ion within an eight-coordinated ligand
environment of approximately 1.95 a.u. (1.03 Å), which confirms
the shielding of most parts of the 4f valence shell.[38]

In addition to the radial distribution also the angular distribu-
tion of the dysprosium(III) 4f charge density needs to be
addressed when it comes to LF effects. Figure 2 shows the den-
sities of the 16 eigenstates jmJ = −15/2, −13/2, …, +15/2i
obtained by the parameterization introduced by Sievers[39] (see
eq. 2), where Yk,0 are the spherical harmonics and ck, jmJj are tab-

ulated ion-specific coefficients with the rank k. Within low-
symmetry dysprosium(III) compounds the j�15/2i eigenstates are
expected to be dominant in the ground state KD,[15,16] which leads
to a strong oblate charge distribution with respect to the corre-
sponding easy-axis of magnetization (denoted as quantization axis
or z axis). Moreover, it is obvious from Figure 2 that the prolate
character increases when going from j�15/2i to j�1/2i.

ρ�mJ
r,θð Þ¼ φ4f rð Þ½ �2

X
k¼0,2,4,6

ck, jmJ jYk,0 θð Þ ð2Þ

LFT approach and parameterizations

The LF operator ĤLF as shown in eq. 1 mathematically represents
the ligand environment, which acts on the 4f shell of the cen-
tral dysprosium(III) ion. To determine the energetic LF splitting
it is necessary to solve the corresponding eigenequation given
in eq. 3 in the basis of the |mJi eigenfunctions of the J = 15/2
manifold.

Figure 1. Radial probability function [ϕ4f(r)]
2r2 of the 4f shell derived from

the ANO-RCC basis set for dysprosium.[36] [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 2. |mJi eigenstates and their angular charge distributions within the
6H15/2 ground multiplet of dysprosium(III).[39] [Color figure can be viewed at
wileyonlinelibrary.com]
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E mJj i ¼ ĤLF mJj i ð3Þ

For the parametrization of the LF operator ĤLF two different
normalizations have been reported as operator equivalents in
literature, namely the formalisms according to Stevens[40] and
Wybourne.[41] The Wybourne formalism is based on a represen-
tation of the spherical harmonics leading to complex values for
the relevant parameters, whereas the Stevens formalism utilizes
so-called tesseral harmonics that are a linear combination of
spherical harmonics so that exclusively real parameters are
obtained. However, the operator equivalents for both formal-

isms (tesseral Zq
k and spherical harmonics Yk,q) form an ortho-

normal basis ( Yk,qjYk0 ,q0
� �¼ Zq

k jZq
0

k0

D E
¼ δkk0δqq0 ) in which the

eigensystem in eq. 3 can be expressed. Basically, this leads to a
difference in the representation of the angular-dependent part
of the LF, which however can be transformed into each other.
Nevertheless, there are certain advantages and disadvantages
related with the choice of parameterization. In fact, the
Wybourne formalism requires imaginary crystal field parame-
ters, whereas within the Stevens formalism only real valued
crystal field parameters are used. In our implementation we
therefore first determine the LF parameters Bk,q within the
Wybourne formalism, and subsequently convert them into the
so-called extended Stevens parameters (Bqk ), which are then

used to construct the corresponding LF matrix hmJ j ĤLF m0
J

�� �
and solve the eigensystem by diagonalization.

In eq. 4 the representation for the LF parameters Bk,q within
the Wybourne formalism is given, which is based on operator
equivalents formed by spherical harmonics, particularly the

spherical tensor operators Ck,q θ,ϕð Þ¼
ffiffiffiffiffiffiffiffiffi
4π

2k +1

q
Yk,q θ,ϕð Þ:

Bk,q ¼ 2k + 1
4π

ð
C*
k,q θ,ϕð Þ φ4f rð Þ½ �2eVDEPP r,θ,ϕð Þ r2 sinθ dr dθ dϕ ð4Þ

where eVDEPP is the so-called DEPP (for determination see vide
infra section Diamagnetic–electrostatic pseudo-potential). In
fact, only parameters Bk,q with q ≥ 0 have to be determined, as
the parameters with q < 0 can be obtained by

Bk, −q ¼ −1ð Þq B*k,q, which is a result of the Condon–Shortley phase

(−1)q within the definition of spherical harmonics. Moreover, the LF
parameters Bk,q only contain angular information, as the isotropic radial
part of the 4f wave-function φ4f(r) leads to a constant factor due to the
integration over r (further details on the implementation of eq. 4 in
rhOver can be found in section Numerical grid construction).

Once the Wybourne parameters Bk,q have been determined
they can be easily converted into extended Stevens parameters
Bqk with eq. 5 using tabulated conversion factors λk,q.

[42]

Bqk ¼
λ−1k, jqj ImBk, jqj, q< 0
λ−1k,0 Bk,0, q¼ 0
λ−1k,q ReBk,q, q> 0

8><
>: ð5Þ

In the Stevens formalism the LF operator ĤLF itself can be
expanded into a sum of operators, e.g. in terms of extended

Stevens operators (ESOs) Ô
q
k Jð Þ as shown in eq. 6.[40,43,44]

ĤLF ¼
X

k¼2,4,6

Xk
q¼−k

θkA
q
k rk
� �

|fflfflffl{zfflfflffl}
¼Bqk

Ô
q
k Jð Þ ð6Þ

For trivalent lanthanide ions it is common to include only the
operator ranks k = 2, 4, 6, although operators with higher
orders exist.[45] Moreover, as the operator with rank k = 0 is iso-
tropic, it has no contribution to the relative multiplet splitting
and can thus be neglected. The ion-specific tabulated constants
θk and hrki are the Stevens factors and the 4f radial expectation
values, respectively. The specific contribution of each ESO in

ĤLF is represented by the corresponding LF parameter Aq
k

(or Bqk ), which is based on the individual LF. Any geometrical
change, for example, in the coordination sphere, is directly
related with a change in the corresponding LF parameters. As

all matrix elements mJ Ô
q
k Jð Þ

��� ���m0
J

D E
can be analytically calcu-

lated[40] any LF operator ĤLF can approximately be expressed
by a sum of ESOs. In the case of expressing the LF operator in
terms of ESOs, the operator equivalents are based on the so-

called tesseral harmonics Zq
k . Subsequently, the LF matrix hmJ j

ĤLF m0
J

�� �
can be constructed and the eigensystem solved by

diagonalization. As a result, the relative energies EKDn (n = 1–8)
of the eight KDs forming the J = 15/2 manifold as well as their
decomposition into jmJ> eigenfunctions are obtained as eigen-
values and corresponding complex eigenvectors, respectively.

To determine the orientation of the main anisotropy axis we
use the approach introduced by Baldoví and coworkers in the
SIMPRE program,[24–26] which maximizes the contribution of the
j�15/2> eigenstate within the ground state KD (denoted as

weight wKD1
�15=2). Hence, it is necessary to solve the LF eigensys-

tem for each specific Euler rotation (α, β) of the quantization
axis. Since we assume an Ising-type model of the magnetic
anisotropy (only z component) our approach is not able to
determine the magnetic x and y axes.

Improved electrostatic approach

Chilton and coworkers successfully determined the main anisot-
ropy axis of dysprosium(III) coordination compounds by
employing considerably simplified electrostatic calculations.[27]

Within their approach the electrostatic energy arising from the
LF and a j�15/2i 4f9 charge density was minimized to find the
orientation of the main anisotropy axis. The accuracy of this
approach is primarily determined by two aspects. At first, the
assumption of a pure j�15/2i eigenstate contribution within
the ground state KD. Second, the electrostatic potential of the
LF, which is represented by formal point charges.

Therefore, at this point our motivation is to improve the
accuracy of this simple but efficient electrostatic approach by

applying a more accurate representation of the LF (i.e. by eVDEPP,
see next section). In this improved approach the electrostatic
energy E�15/2(α, β) for a specific Euler rotation (α, β) can be cal-

culated from eq. 7, where ρ α,βð Þ
�15=2 represents a rotated 4f charge

density of the j�15/2i eigenstate (see Euler rotation in the
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Supporting Information). Final, we determine the main anisot-
ropy axis by minimizing E�15/2(α, β) as in the original
approach.[27]

E�15=2 α,βð Þ¼
ðeVDEPP r,θ,ϕð Þ ρ α,βð Þ

�15=2 r,θ,ϕð Þ r2 sinθ dr dθ dϕ ð7Þ

Diamagnetic–electrostatic pseudo-potential

The quality of both approaches (LFT and IES) presented is fun-
damentally related to the accuracy of the electronic representa-
tion of the LF of a specific compound. In case of the LFT-based
approach this has a direct effect on the determined LF parame-

ters Aq
k (Bqk ). For semiempirical LFT calculations in most of the

cases (formal) point charges are used as an electronic represen-
tation of a certain LF. Subsequently, the relevant induced elec-

trostatic potential, as represented by V̂LF, can be obtained by a
multipole expansion.[27] The electronic representation can be
improved by replacing formal charges by calculated charges,
for example, obtained from population analyses based on
Hartree–Fock or density functional theory (DFT) calculations.
The latter variation would at least be able to take into account
substituents effects more precisely than the approach based on
formal charges. Furthermore, improved point charge models
like the radial effective charge (REC) model were developed,[28]

which spatially displaces point charges due to the fact that
charges are not located at the nuclei positions, but rather
within their valence shells. Unfortunately, the REC model
depends on parameters, such as the radial displacement and
effective charges, which have to be determined for a class of
compounds beforehand.[29]

In the herein presented approach, we take a step forward
toward a quantum chemical representation of the LF envi-
ronment by representing the electronic structure by a
Hartree–Fock wave function. This wave function is used to
derive the electrostatic potential in close proximity of the
actual position of the dysprosium(III) ion which then will be
applied in the LFT approach. In fact, it is important to note
that we do not calculate a Hartree–Fock wave function of
the original dysprosium(III)-based compound but of a corre-
sponding diamagnetic lutetium(III)- or yttrium(III)-based
compound (vide infra). This allows us to perform closed-shell
Hartree–Fock calculations, which in turn lead to a signifi-
cantly faster convergence, and thus considerably save
computational time.

These derived electrostatic potentials, further denoted as
DEPPs, have the advantage of taking care of charge delocaliza-
tion. As a consequence, the DEPPs give a better representation
of a molecule as compared to (formal) point charge-based
methods. In addition, issues with assigning charge densities to
specific atoms are avoided. The choice of the diamagnetic ions
(lutetium(III) or yttrium(III)) is based on similar ionic properties,
namely the same ionic charge, similar electronegativity values
(yttrium(III): 1.22; dysprosium(III): 1.22; lutetium(III): 1.27)[46] as
well as comparable effective ionic radii (radii when eight-

coordinated: dysprosium(III): 1.03 Å; yttrium(III): 1.02 Å;
lutetium(III): 0.97 Å).[38]

The approach of diamagnetic ion exchange is supported by
an experimental point of view, as the diamagnetic ion replace-
ment is a commonly used experimental technique to suppress
spin–spin interactions (intermolecular as well as intramolecular
in polynuclear complexes) in corresponding isotructural dia-
magnetically diluted compounds.[31–34]

As a result, although the replacement seems to be rather less
intuitive from a theoretical point of view, the obtained wave
function leads to a similar charge distribution in the complex.
Hence, a similar electrostatic potential of the ligand system

(denoted as eVDEPP, see also eqs. 4 and 7) can be expected. How-
ever, this is obtained at significantly lower computational cost.
This is due to the diamagnetic 1S ground state of the
yttrium(III) and lutetium(III) ions, which allows to employ single-
determinant methods like Hartree–Fock instead of time-
demanding multireference calculations. As an example,
Figure 3 shows the electrostatic potentials obtained from
Hartree–Fock calculations mapped on their electron densities
for [Dy(acac)3(H2O)2] and the isostructural yttrium(III)-based dia-
magnetic compound [Y(acac)3(H2O)2]. No evident differences in
the electrostatic potential and thus in the electronic charge dis-
tribution are detectable.

Calculation of the DEPP. One important point to address is

the calculation of the potential eVDEPP itself, which is

Figure 3. Electrostatic potentials derived from Hartree–Fock wave functions
for [Dy(acac)3(H2O)2] (top) and [Y(acac)3(H2O)2] (bottom) mapped on their
electron densities (iso-value: 0.05). [Color figure can be viewed at
wileyonlinelibrary.com]
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implemented as shown in eq. 8. The potential eVDEPP at position

r
!¼ r,θ,ϕð Þ is a sum of two parts: a classical nuclear (first term)
and an electronic part (second term).

eVDEPP r,θ,ϕð Þ¼ −
XN
α¼1

Zα

r
!
−R

!
α

��� ��� +
ð
ρ ri ,θi ,ϕið Þ

r
!
− r

!
i

�� �� r2i sinθi dri dθi dϕi ð8Þ

The first term contains the number of nuclei N in the mole-

cule, the nuclei charges Zα, and the nuclei positions R
!
α. Never-

theless, the nuclear part of the central metal ion can be
neglected, as it does not contribute to the relative LF splitting.
The electronic part (second term in eq. 8) of the potential
includes an integration over the electron charge density ρ of
the whole molecule, which is derived from the molecular orbital
coefficients obtained from the corresponding Hartree–Fock
wave function. However, the exact electron-charge density at

position r
!
i ¼ ri ,θi ,ϕið Þ does not need to be known, as the calcu-

lation of the electronic part of the potential was implemented
analytically into rhOver by using contracted Gaussian-type
basis sets.[47]

Finally, for the LFT approach the potential eVDEPP r
!� �

needs to

be calculated only for regions with an appreciable 4f charge
density, that is, within the close proximity of the central metal
ion. This is a consequence of eq. 4, which includes the product

between [φ4f(r)]
2 and eVDEPP r,θ,ϕð Þ. Furthermore, the IES

approach (see eq. 7) contains a very similar type of product

between ρ α,βð Þ
�15=2 r,θ,ϕð Þ and eVDEPP r,θ,ϕð Þ, which for large r also

rapidly converges to zero due to the contracted 4f valence shell

as represented by its rotated charge density function ρ α,βð Þ
�15=2.

Modifications of the electrostatic-potential model. In addi-
tion to the electrostatic potential as given in eq. 8, the
approach allows to take further terms into account within the
DEPP to improve the overall accuracy of the presented
approaches. To showcase this and as a proof of concept, we
have extended the DEPP by an exchange-correlation term
which is based on DFT, namely the local-density approximation
(LDA). One of the first approaches in DFT along this line has
been the Slater–Dirac exchange,[48,49] which has been imple-

mented in rhOver as an additional term eVX r
!� �

within the

potential eVDEPP as shown in eq. 9, where ρ0 r
!� �

is the electron

density without the contribution of the dysprosium(III) 4f9 elec-

trons at position r
!
. Indeed, the theory behind the Slater–Dirac

exchange has been known for decades, and its importance

demonstrated by its use as one of the main components in
nowadays popular and widely used density functionals such as
BP86,[50,51] PBE,[52] and TPSS.[53]

eVDEPP-X r
!� �¼ eVDEPP r

!� �
+ eVX r

!� �¼ eVDEPP r
!� �
−

3
π
ρ0 r

!� �	 
1
3

ð9Þ

For the following discussion it is advantageous to introduce a
naming scheme for the different DEPPs used in this context
(see Table 2). The potentials derived from the corresponding
diamagnetic substituted yttrium(III)- and lutetium(III)-based
compounds obtained according to eq. 8 are denoted as Y and
Lu, respectively. For the modified potentials that have been
altered by the additional inclusion of Slater–Dirac exchange
(see eq. 9), the abbreviations Y–X and Lu–X are introduced.
At this point an additional effect has to be considered for the

DEPP models Lu and Lu–X, which is related to the presence of
a full 4f14 valence shell in this case. In fact, this leads to a minor
electrostatic contribution of the lutetium(III) 4f14 valence shell
for both DEPP models (Lu and Lu–X). However, the actual 4f9

shell of the central dysprosium(III) ion is already described by
either LFT (LFT approach) or the jmJ = � 15/2> charge density
(IES approach). Thus, both approaches contain a minor electro-
static contribution related to a non-physical interaction
between the 4f14 (lutetium(III)) and 4f9 (dysprosium(III)) charge
densities. Nevertheless, this term can be expected to be negligi-
ble for the resulting properties (easy-axis orientation, LF split-
ting), since the lutetium(III) 4f14 valence shell is assumed to be
quasi-isotropic. To address this point, we introduce two new
DEPP models, denoted as Lu–B and Lu–BX, for which the corre-
sponding quasi-isotropic 4f14 contribution is eliminated to eval-
uate its influence. This exclusion of the lutetium(III) 4f14 shell in
the DEPP models can be easily realized by simply deleting the
corresponding basis functions prior to the DEPP calculation.

Selected test cases

To probe both approaches (LFT and IES) implemented in
rhOver, we selected three different dysprosium(III)-based SIMs
as representative test cases and compared their obtained semi-
empirical properties with results of the corresponding CASSCF/
RASSI-SO/SINGLE_ANISO calculation (further denoted as ab
initio). The test compounds were selected such that they were
critical cases with respect to the actually orientation of the
magnetic anisotropy axis. For this reason, we deliberately
excluded compounds which follow proposed design rules, such
as complexes with a high rotational symmetry axis,[16] or show
very high thermal barriers for the relaxation of magnetization,
as these cases already possess a strong axial anisotropy.

Table 3 lists the three selected compounds together with
the donor set of their coordination environment, experimental
effective barriers Ueff, and calculated barriers Ucalc. Compound
[Dy(acac)3(H2O)2]

[54] (1; see Supporting Information Fig. S1
and Hacac = acetylacetone) forms the basis of a large
number of published dysprosium(III)-based single-molecule
magnets with bidentate β-diketonate ligands and was
chosen for this reason.[55–59] The second compound

Table 2. Details of the different diamagnetic–electrostatic
pseudo-potential (DEPP) models used for calculations based on the LFT
and IES approach.

Y Y–X Lu Lu–X Lu–B Lu–BX

Dy3+ ion replacement Y3+ Y3+ Lu3+ Lu3+ Lu3+ Lu3+

SD exchange[a] No Yes No Yes No Yes
Lu3+ 4f14 removal – – No No Yes Yes

[a] Slater–Dirac exchange included within the electrostatic potential.
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[DyZn2(H3teabmp)2(CH3OH)]
+ (2; see Supporting Information

Fig. S2 and H6teabmp = 2,2
0
,2

0 0
-(((nitrilotris(ethane-2,1-diyl))tris

(azanediyl))tris(methylene))tris-(4-bromophenol)) was selected
due to its rather high experimental effective barrier of
Ueff = 305 cm−1 in the absence of an external static magnetic
field.[60] The third compound [DyZn2(H3teabmp)2]

+ (3; see Sup-
porting Information Fig. S3) was selected because it is based on the
same ligand system and leads to a basically similar coordination at
the dysprosium(III) ion with just one methanol molecule less in the
coordination environment. However, this in turn leads to a rather
low effective barrier of Ueff = 44 cm−1

, which is only observed in
the presence of an external static magnetic field of 1200 Oe.[60]

It should be noted here that the calculated barriers Ucalc in
Table 3 are attributed to the energy of the second KD EKD2 with
respect to the ground KD of the corresponding compounds,
because the first excited KD represents the lowest possible the-
oretical thermal barrier. Nevertheless, in recent years SIMs with
very high barriers were discovered showing a relaxation of
magnetization through even higher excited KDs.[6] Furthermore,
high effective barriers do not necessarily cause a good SIM
behavior, as other relaxation processes such as Raman or
temperature-independent quantum tunneling of magnetization
can occur at lower temperatures and become the dominant
relaxation pathway.[2,61] As a consequence, it is not meaningful
to compare and benchmark the values obtained by our semi-
empirical approaches (LFT and IES) against experimental deter-
mined barriers Ueff. In fact, we rather compare the values
obtained by our methods against the ab initio values and take
the latter values as the reference.

Computational Details
Structures

All calculations were performed on the basis of experimental X-
ray single-crystal structures of 1–3 for which additional solvent
molecules of crystallization and non-coordinated anions have
been removed (see Supporting Information Figs. S1–S3). Posi-
tions of hydrogen atoms in these structures were optimized
with the Turbomole 6.6[62] package of programs at the RI-
DFT[63–66]/BP86[50,51]/def2-SVP[67] level of theory and replacing
the paramagnetic dysprosium(III) by the diamagnetic yttrium(III)

ion. Due to computational limitations structural simplifications
for compounds 2 and 3 were employed, that is, replacing all
bromine atoms in the ligand backbone by hydrogen atoms. For
the sake of comparison, these structural replacements were also
applied in the case of the semiempirical calculations.

Ab initio calculations

Ab initio calculations were taken as a reference to verify the
results obtained by the semiempirical approaches. Reference
calculations based on CASSCF/RASSI-SO/SINGLE_ANISO have
been performed with the Molcas 8.0 SP1 quantum chemistry
program package[68–70] to obtain magnetochemical related
properties. For all ab initio calculations relativistic ANO-RCC
basis sets in combination with the second-order Douglas–Kroll–
Hess (DKH) approach were used. Dysprosium(III) ions and donor
atoms were described by VTZP quality basis sets, whereas for
all remaining atoms VDZ quality basis sets were applied (for
basis set details see Tables S1–S3 in the Supporting Informa-
tion). In all cases the active space included the 4f valence shell
(nine electrons in seven orbitals). State-averaged CASSCF calcu-
lations for three different multiplicities (sextet, quartet, and
doublet) were performed. For the spin sextet states three sepa-
rate multiplet-specific root optimizations (6H, 6F, and 6P multi-
plets) were performed, as an exclusive state-averaged CASSCF
calculation for all 21 microstates is less accurate.[71] Moreover,
state-averaged CASSCF calculations for quartet and doublet
states were performed including 108 and 32 microstates,
respectively. Calculations based on restricted active space state
interaction with subsequent treatment of spin–orbit coupling
(RASSI-SO) included all 21 sextet, 108 quartet, and 32 doublet
states from the previous CASSCF calculations (for results see
Supporting Information Tables S4 and S5). The SINGLE_ANISO
program was used to obtain the magnetic properties (magnetic
quantization axes and crystal-field splitting of the J = 15/2 man-
ifold) on the basis of the RASSI-SO wave functions.

Calculation of DEPPs

Within both of the presented approaches (LFT and IES) an elec-
trostatic potential is necessary to calculate related properties of
a specific dysprosium(III)-based SIM. This potential is obtained
from the Hartree–Fock wave function of a corresponding iso-
structural lutetium(III)- or yttrium(III)-based compound, and thus

denoted as DEPP eVDEPP. To take relativistic effects into account
a scalar-relativistic second-order DKH Hamiltonian was used in
the Hartree–Fock calculations as it is implemented in TURBO-
MOLE.[72] For Hartree–Fock calculations the following basis sets
were used: SARC-DKH[73] for lutetium(III) (DEPP models Lu and
Lu–X), TZP-DKH[74] for yttrium(III) (DEPP models Y and Y–X) as
well as for donor ligand atoms, and DZP-DKH[74] for all remain-
ing atoms. A tight convergence criteria in energy of 10−8 a.u.
within the SCF procedure was applied. The DEPP is being ana-
lytically calculated for the projection onto a numerical grid (see
section Numerical grid construction) by means of molecular
orbital coefficients and occupation numbers. The analytical calcu-
lation is based on contracted Cartesian Gaussian-type orbitals[47]

Table 3. Selected experimental structural and magnetic properties as
well as results from ab initio calculations for the dysprosium(III)
complexes 1–3.[a]

1 2 3

[Dy(acac)3
(H2O)2]

[DyZn2(H3teabmp)2
(CH3OH)]

+
[DyZn2

(H3teabmp)2]
+

Donor set [O8] [O7] [O6]
HDC (Oe) 0 0 1200
Ueff (cm

−1) 46 305 44
Ucalc (cm

−1) 165 376 340
wKD1

�15=2
0.932 0.999 0.997

CSD entry GUYRAU HIBMEM HIBMAI
Reference [54] [60] [60]

[a] Hacac, acetylacetone; H6teabmp, 2,2
0
,2

0 0
-(((nitrilotris(ethane-2,1-diyl))tris(azane-

diyl))-tris(methylene))tris-(4-bromophenol).
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and parallelized by OpenMP.[75] For the DEPP models Y–X and
Lu–X an additional Slater–Dirac exchange term is included within
the electrostatic potential (see eq. 9), which is implemented in the
DEPP calculation.

Numerical grid construction

To calculate the electrostatic energy as well as to determine the
easy-axis of magnetization (z axis) one needs to solve the inte-
grals in eqs. 4 and 7. For their implementation into a computer
program it is necessary to introduce a numerical grid for the 4f
charge density. The numerical grid replaces the integrals in eqs.

4 and 7 by a finite sum of grid points r
!
i ¼ ri ,θi ,ϕið Þ in combina-

tion with their corresponding grid weights wi. Within the IES
approach the resulting energy in terms of the integral in eq. 7
is approximately obtained by a finite sum over i grid points as
shown in eq. 10.

E�15=2 α,βð Þ≈
X
i

wiρ
α,βð Þ
�15=2 ri ,θi ,ϕið ÞeVDEPP ri ,θi ,ϕið Þ ð10Þ

Furthermore, the same numerical grid can be used within the
LFT-based approach to obtain the LF parameters (see eq. 11) by
numerically solving the integral in eq. 4. The LF parameters

B α,βð Þ
k,q as defined in eq. 11 depend on the two Euler angles of

rotation (α, β). These two angles are being scanned to deter-
mine the direction of the main anisotropy axis as well as the
corresponding properties (see also section Program flow). How-
ever, the isotropic radial 4f charge density [φ4f(ri)]

2 is not

affected by any kind of rotation. In fact, the potential eV α,βð Þ
DEPP

obtained from the Hartree–Fock wave function has to be
rotated (see section Euler rotation in the Supporting Informa-
tion) to derive the parameters of interest.

B α,βð Þ
k,q ≈

2k + 1
4π

X
i

wi C*
k,q θi ,ϕið Þ φ4f rið Þ½ �2eV α,βð Þ

DEPP ri ,θi ,ϕið Þ ð11Þ

The accuracy of this numerical approximation is mainly deter-
mined by the quality of the grid. Nevertheless, it is also obvious
that the computational effort increases with an increasing grid
size due to the dependency of the DEPP calculation on the

actual number of numerical grid point. However, numerical grid
construction is well-established due to its application in DFT-
based methods, and therefore a considerable number of quad-
rature schemes already exist. The construction of a local spheri-
cal grid is preferred instead of a molecular DFT-like grid, as the
4f charge density is mostly located at the central dysprosium(III)
ion. In our approach, we use the 4f radial function of the ANO-
RCC basis set for a dysprosium atom. Hence, the radial distribu-
tion of the 4f valence shell is well-known (see Fig. 1), and thus
only radial shells with a significant charge density at the
dysprosium(III) center have to be taken into account (0.02 a.u.
≤ r ≤ 4.00 a.u.).

In our implementation we use a so-called Chebyshev polyno-
mial quadrature of the second kind in combination with an M4
radial mapping scheme of Treutler and coworkers (radial
scheme parameters: ξ = 0.9; α = 0.6).[76] Five different grid sizes
(grids 1–5) with an increasing number of radial shells and grid
points have been implemented (see Table 4), where grid 3 was
used in all cases unless stated otherwise. Within each radial
shell a randomly rotated angular Lebedev grid is con-
structed.[77,78] The number of angular grid points depends on
the grid size and increases with the distance r (see Table 4). As
a result, for all employed numerical grids a suitable accuracy is
achieved as can be seen from the data presented in Supporting
Information Table S6 for compound 1. Apparently, already the
smallest grid (grid 1) precisely estimates the orientation of the
main anisotropy axis as compared to the ab initio obtained
result (deviation: 3.0

�
). Nevertheless, larger grids have been

implemented to cope with more difficult situations, that is,
structures with less anisotropic donor environments.

Program flow

The two presented approaches (LFT and IES) were implemented
in a FORTRAN program named rhOver. The Fortran source
code is available upon request from the authors. The program
rhOver is able to determine the main anisotropy axis as well
as the LF splitting and decomposition of the ground state KD
into |mJi eigenstates for dysprosium(III)-based SIMs utilizing a
Hartree–Fock wave function calculated for a corresponding
lutetium(III) or yttrium(III) ion exchanged compound. Figure 4
shows a schematic chart with the implemented workflow of
rhOver. Besides a compound specific input file rhOver needs
to read a wave function from a previously performed single-
determinant quantum chemical calculation to obtain the DEPP.
The quantum chemical information, for example, from a
Hartree–Fock calculation, is read from a MOLDEN file that con-
tains the atomic coordinates, the basis sets as well as the
molecular orbital coefficients and occupation numbers. Within
the rhOver input file the user has to specify the name of the
MOLDEN file as well as the identification number of the central
metal ion. In addition, an ab initio obtained main anisotropy
axis can be specified to automatically calculate the deviation
from the orientation of the axis obtained by rhOver.

Once rhOver has successfully read the job input file and
quantum chemical data, the density matrix of the provided
molecular orbitals is being calculated. The calculated density

Table 4. Implemented numerical grid schemes for the 4f shell together
with the angular grid schemes based on Lebedev grids (NGP, total grid
points; NRS, radial shells; NRS

0
, radial shells within 0.02 a.u. ≤ r ≤ 4.00 a.u.;

Nel, integrated 4f charge density).

Grid 1 Grid 2 Grid 3 Grid 4 Grid 5

NGP 2818 4340 7038 11,560 23,544
NRS 54 62 70 77 94
NRS

0
35 40 45 50 60

Nel 8.999 8.999 8.998 8.999 8.998
Number of angular Lebedev grid points NL within one radial shell
0.00NRS ≤ N < 0.20NRS 26 38 50 74 110
0.20NRS ≤ N < 0.33NRS 38 50 74 110 194
0.33NRS ≤ N < 0.50NRS 50 74 110 146 302
0.50NRS ≤ N < 0.66NRS 110 146 194 302 434
0.66NRS ≤ N ≤ 1.00NRS 146 194 302 434 770
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matrix allows to lower the computational effort by skipping
specific molecular orbital contributions during the DEPP calcula-
tion. Subsequently, a numerical grid for the 4f valence shell of
the central dysprosium(III) ion is being generated. In the next
step rhOver checks if a DEPP file for the specific compound
already exists. If so, the corresponding file is loaded. Otherwise
the DEPP needs to be calculated on the generated grid points,
which is the most time-consuming step in the overall proce-
dure. However, to speed-up the DEPP calculation a parallel pro-
cedure has been implemented using OpenMP.[75]

After either calculating or loading a DEPP the program performs
a scan on Euler angles of rotation (α, β) to find a rough estimation
for the main anisotropy axis. This operation can be either per-
formed within the IES- or LFT-based approach. In case of the IES
approach the program calculates the electrostatic energy arising

from the DEPP and a pure j�15/2i eigenstate charge density for
each Euler rotation (α, β). On the contrary, in the case of the LFT
approach the program determines the weight of the j�15/2i
eigenstates within the ground state KD wKD1

�15=2 by solving the LF

eigensystem in eq. 3. The corresponding eigenvectors give the
contribution of each |�mJi eigenstate for all eight KDs.

In the next step, the orientation of the main anisotropy axis
is being optimized by using an initial orientation of Euler angles
(α, β) out of the previously performed scan (IES approach: mini-

mum energy; LF approach: highest weight wKD1
�15=2). The optimi-

zation is performed by varying the Euler angles of rotation (α,
β) by a small amount (α � δ, β � δ), where δ is decreased at
each step. By default the optimization is performed within the
LFT approach. However, the optimization can also be per-
formed within the IES approach upon request. Finally, the opti-
mized orientation of the main anisotropy axis is printed
together with the LF splitting, LF parameters and the decompo-
sition into |mJi eigenstates. In addition, an xyz structure file
with the magnetic anisotropy axis is being generated.

Technical details

For a comparison of computational timings (see vide infra
section Computational time) all calculations were performed on
Linux-based computing nodes with exactly the same hardware
specifications (2 Intel Xeon E5645 CPUs (12 cores, each 2.4 GHz)
and 48 GB of RAM) in order to keep the computational effort
for the individual calculations comparable.

Results and Discussion
Magnetic anisotropy axis

At first we want to discuss the determination of the magnetic
anisotropy axes of the test cases 1–3, which is one of the main
features of rhOver. To benchmark the accuracy of the
employed approach (IES or LFT) in combination with the
applied DEPP model (Lu, Lu–X, Y, Y–X; for notation see Table 2
and section Diamagnetic–electrostatic pseudo-potential), we
compare the obtained orientation of the anisotropy axes of 1–3
with those obtained by ab initio calculations by determining
the angle between both axes (further denoted as deviation
from ab initio).

Improved electrostatic approach. In Figure 5, the anisotropy
axes obtained by the IES approach and from ab initio calcula-
tions are depicted for the three investigated test cases. Interest-
ingly, for all three compounds the corresponding anisotropy
axes (IES and ab initio) nearly coincide. In the case of 1 the ori-
entation of the magnetic anisotropy axis is arranged within the
chelate planes of the two acetylacetonate ligands, which are in
trans position to each other. In the case of compounds 2 and
3 the magnetic anisotropy axis is oriented along the two axial
coordinated phenolate moieties, which leads to an O–Dy–O
angle of 169.3 and 173.1� , respectively. The coordination envi-
ronment in case of 2 is complemented by an additional meth-
anol ligand and four Zn–O–Dy bridging phenolates within the
fivefold equatorial coordination plane. On the other hand, in

Figure 4. Code structure and flowchart of rhOver (abbreviations: DEPP,
diamagnetic–electrostatic pseudo-potential; IES, improved electrostatic; HF,
Hartree–Fock; LFT, ligand-field theory). [Color figure can be viewed at
wileyonlinelibrary.com]
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compound 3 no additional methanol ligand is present in the
equatorial plane and only two of the four phenolate donors
within the equatorial plane are in a bridging situation. Never-
theless, these structural changes within the equatorial coordi-
nation plane between 2 and 3 show no influence on the
orientation of the magnetic anisotropy.

Table 5 summarizes the deviation of the IES-derived orienta-
tion of the magnetic anisotropy axis from ab initio results for
compounds 1–3 together with the corresponding root-mean
square deviation (RMSD) for the different DEPPs. Remarkably,
all obtained deviations are significantly smaller than 10

�
with

the largest value of 6.2
�
obtained for 2 in combination with the

DEPP model Y within the IES approach. Therefore, the herein
presented approaches are able to rather precisely estimate the
magnetic anisotropy axis of the dysprosium(III)-based SIMs. The
largest obtained RMSD value is 4.8

�
for the DEPP model

Y within the IES approach. In this regard the Lu model seems
to be more accurate (RMSD: 2.3�). However, the removal of the
contribution of the quasi-isotropic lutetium(III) 4f14 electron
shell within the DEPPs (for results of the models Lu–B and Lu–
BX see Supporting Information Table S7) leads to no significant
impact on the resulting RMSD values (Lu–B: 3.5� ; Lu–BX: 3.7�).

In general, a significant increase in accuracy can be observed
by comparing the deviations of 1–3 within our IES approach (1/
2/3 with DEPP model Y: 1.9�/6.2�/5.3� ; 1/2/3 with DEPP model
Lu: 2.0�/3.0�/1.8�) as compared to previously published values
employing formal point charges (1: 10.9�; 2: 6.6� ; 3: 8.0�).[27]

Thus, the observed significant improvement in accuracy can be
directly related to the inclusion of all ligand atoms as well as
taking electron charge densities into account.

With the additional inclusion of Slater–Dirac exchange within
the IES approach (DEPP models Y–X and Lu–X) a small further
increase in accuracy can be observed for 2 resulting in lower
deviations (Y–X/Lu–X: 2.5

�
/1.6

�
) and 3 (Y–X/Lu–X: 2.1

�
/1.4

�
).

Whereas, the deviation for 1 slightly increases by the additional
Slater–Dirac exchange (Y–X/Lu–X: 5.1

�
/5.8

�
). However, this can

be explained by the contribution of the j�15/2i eigenstates
within the first KD which is significantly lower in case of

1 (wKD1
�15=2 ¼ 0:932 from ab initio results, for further details see

section Decomposition into eigenstates). Therefore, the
assumption of a pure j�15/2i eigenstate charge density
becomes inaccurate in case of 1 leading to larger deviations
within the IES approach.

In addition to the orientation of the magnetic anisotropy axis,
the specific IES energy E�15/2 can be calculated for any Euler
rotation (α, β) as shown in Figure 6 for the DEPP model Lu for
the three test cases. In all graphs a second minimum for E�15/2

can be found, which refers to the inverted orientation of the
magnetization. However, both minima are identical in the
absence of an applied magnetic field. Furthermore, it can be
seen that compound 2, which shows the highest effective barrier
in the experiment (Ueff = 305 cm−1) also exhibits a steep poten-
tial well with a circular shape. This shows that the j�15/2i eigen-
states and the corresponding orientation of the easy-axis of
magnetization are suitably stabilized by the two phenolate oxy-
gen donors. In case of 1 and 3, the potential wells are less steep
around the minima, which could be an indication for their lower
effective barriers observed in the experiment.

Ligand-field theory approach. The results of the LFT-based
approach are generally somewhat more accurate as compared
to the IES results, as this approach does not rely on the assump-
tion of pure j�15/2i eigenstates within the first KD

(wKD1
�15=2≈1:00). This is evident from the smaller RMSD values

obtained for the DEPP models Y, Y–X, and Lu–X (2.7
�
, 1.8

�
,

and 1.9
�
) as compared to results based on the corresponding

IES approach (4.8
�
, 3.5

�
, and 3.6

�
). The DEPP model Lu is the

only exception within the observed trend, which shows a simi-
lar accuracy within both approaches (RMSD for IES: 2.3

�
; LFT:

2.4
�
). The largest overall deviation from the ab initio results

within the LFT-based approach is observed for 3 in

Figure 5. Orientation of the main anisotropy axis for the ground state of 1 (left), 2 (center), and 3 (right) as obtained by the improved electrostatic (DEPP
model Lu; yellow dashed lines) and ab initio approach (blue dashed line). The angle between both axes is 2.0� (1), 3.0� (2), and 1.8� (3). [Color figure can be
viewed at wileyonlinelibrary.com]
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combination with the DEPP model Y (3.6
�
). Similarly to the IES

approach also for the LFT approach the inclusion of the addi-
tional Slater–Dirac exchange within the potential leads to smal-
ler deviations (see Table 5).

The neglect of the lutetium(III) 4f14 electron shell in the DEPP
(models Lu–B and Lu–BX) leads to a slight decrease in accu-
racy, as it can be seen from the RMSD values of the LFT-based
approach (Lu–B: 2.7� ; Lu–BX: 2.1� , see Supporting Information
Table S7). Nevertheless, DEPPs with and without the 4f14 shell
contribution lead in both cases to an appropriate accuracy in
predicting the magnetic anisotropy. Therefore, we conclude
that the 4f14 shell of the central lutetium(III) ion retains a quasi-
isotropic character. Consequently, its inclusion has no signifi-
cant influence on the resulting main anisotropy axes.

Besides the magnetic anisotropy axis, the corresponding

weight wKD1
�15=2 can be calculated for any Euler rotation (α, β) as

shown in Figure 7 for the DEPP model Lu. In all test cases the
orientation with the maximum contribution of the j�15/2i
eigenfunctions agrees with the minimum in electrostatic energy
(see Fig. 6). Therefore, the orientation of the magnetic anisot-
ropy axis can be determined by both minimization procedures,
either based on the electrostatic energy or the weight of the
contribution of the j�15/2i eigenstates within the ground KD.

Nevertheless, one has to critically point out that for the herein
used reference values for the orientation of magnetic anisotropy
axes derived from CASSCF/RASSI-SO/SINGLE_ANISO can deviate

approximately 10� from experimentally obtained axes, however,
the latter showing an experimental uncertainty in the same order
of magnitude.[17,79] From the theoretical point of view, this issue
might be related to a variety of different reasons, for example,
the neglect of dynamic correlation, a simplified computational
model (isolated complex molecule, structural simplifications), and
changes in the molecular structure since crystal structures are
commonly obtained at higher temperatures as the magneto-
chemical measurements are performed.

Ligand-field splitting

Within the presented LFT-based approach also the LF splitting
is obtained and can be benchmarked with the corresponding
ab initio values (see Supporting Information Table S5). However,
due to the different electronic structure of dysprosium(III),
yttrium(III) and lutetium(III) ions the resulting KD energies for
the different model potentials employed vary in their absolute
values. Thus, it is more appropriate to primarily discuss the
qualitatively obtained relative LF splitting (i.e. a projection on
the ab initio benchmark given in a scale of 0–100%). Figure 8
shows the relative LF splitting for the employed DEPP model
together with the ab initio reference values (see Supporting
Information Fig. S4 for results of the DEPP models Lu–B and
Lu–BX). For comparison Figure 8 also contains the LF splitting
obtained by a point charge model (PCM, for results see Sup-
porting Information Table S8) based on the corresponding for-
mal charges (see Supporting Information Tables S9–S11).
Noteworthy, the relative LF splittings are best described by the
DEPP models Y–X and Lu–X, with no significant differences
between the two models. Slightly larger deviations are
observed for the DEPP models Y and Lu, which indicates that
the inclusion of Slater–Dirac exchange seems to be important
to reproduce the relative LF splitting as compared to the
ab initio reference values. This is in accordance with the results
obtained for the orientation of the magnetic anisotropy axis,
which also identified the DEPP models Y–X and Lu–X as the
most accurate ones by resulting in the smallest deviations from
ab initio benchmark. Moreover, from the comparison of the
DEPP models Lu and Lu–X with their counterparts excluding
4f14 shell contributions (Lu–B and Lu–BX) it is obvious that this

Table 5. Deviations of the main anisotropy axis (in �) derived by the IES
as well as LFT approach using different DEPPs (cf. Table 2) with respect
to ab initio reference calculations.

Y Y–X Lu Lu–X

IES approach
1 1.9 5.1 2.0 5.8
2 6.2 2.5 3.0 1.6
3 5.3 2.1 1.8 1.4
RMSD[a] 4.8 3.5 2.3 3.6

LFT approach
1 2.1 2.7 2.9 3.0
2 2.0 1.5 1.6 1.2
3 3.6 0.5 2.5 0.2
RMSD[a] 2.7 1.8 2.4 1.9

[a] Root-mean-square deviation.

Figure 6. Contour plots for the relative electrostatic energies E�15/2 (color code: blue, low energy; red, high energy) of a pure j�15/2i eigenstate acting on
the DEPP model Lu as a function of the two Euler angles of rotation (α, β) for compounds 1 (left), 2 (center), and 3 (right). [Color figure can be viewed at
wileyonlinelibrary.com]
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has no significant influence on the resulting LF splitting (see
Supporting Information Fig. S4), which can be expected due to
the quasi-isotropic character of the lutetium(III) 4f14 valence
shell. As expected, the results of the PCM give the largest devia-
tions. Nevertheless, the relative LF splitting in 2 and 3 is at least
qualitatively reproduced by this approach. The situation is dif-
ferent in case of 1, which contains two neutral water ligands,
here the relative LF splitting bases on the PCM fits rather poor
to the ab initio reference values (see Fig. 8). This can be attrib-
uted to one of the major drawbacks of the PCM (employing for-
mal charges), which is the complete neglect of neutral ligands
in the LF, for example, coordinated solvent molecules. In fact,
previous results from ab initio calculations have shown that a
significant decrease in LF splitting is observed with an increas-
ing number of coordinated ligands.[15]

An interesting feature in this respect is the energy of the sec-
ond KD EKD2 within the J = 15/2 manifold, as the first excited KD it
is assigned to the theoretical thermal barrier Ucalc. Nevertheless, it
has to be noted in this context that also magnetic relaxation
through higher KDs has already been observed.[6,71] As can be
seen from Table 3 for our test cases the theoretical values gener-
ally overestimate the experimentally observed barriers and no
direct correlation between experimental (Ueff) and ab initio calcu-
lated values (Ucalc � EKD2) is apparent. This could indicate short-
comings within the experimental approach, which might be
attributed to the presence of additional crucial processes for
the relaxation of the magnetization and other effects related to
the performed measurements (intermolecular spin–spin interac-
tions, lifting of KD degeneracy due to an applied external field,
etc.), with the result of effectively lowering the experimental
barriers. Nevertheless, computational models of an isolated
complex molecule can give helpful insights into the under-
standing of molecular-based magnetism. In fact, the precise
estimation of all eight KDs is not mandatory to explain the
magnetic behavior, as the thermal relaxation goes preferentially
through the lower KDs. Therefore, we compare the relative
energies of the four lowest semiempirically calculated KDs
(EKD1–EKD4) with the corresponding ab initio benchmark. In this
context, we examined the DEPP models Y–X and Lu–X due to
the highest observed accuracy in this case, which is in terms of
the smallest deviation from ab initio. Nevertheless, the absolute

values of the rhOver obtained KD energies can nicely be
adjusted by a scaling factor, based on the observed linear cor-
relation between the second KD energies EKD2 of the ab initio
benchmark and the corresponding values of the relevant DEPP
models, which differs by the choice of the central metal ion (for
further details see Supporting Information Table S12 and
Fig. S5). The resulting factors are 2.378 and 1.667 for the DEPP
models Y–X and Lu–X, respectively.
Table 6 summarizes the scaled energies derived from the LFT-

based approach for the first excited KDs of 1–3 together with
the relevant ab initio reference values. Remarkably, the absolute
energies of the first three excited KDs are well reproduced by
LFT in combination with the DEPP models Lu–X and Y–X, where
the DEPP model Lu–X is slightly more precise (RMSD: 0.4 cm–1)
than Y–X (RMSD: 2.1 cm–1). Moreover, the accuracy decreases for
higher exited KD state. However, also for predicting higher KD
energies the DEPP model Lu–X is the more accurate (smaller
RMSD values). Nevertheless, no general trend can be found for
the predicted energies, since both overestimated as well as
underestimated values are observed for the higher KD states.
This loss in accuracy for the higher KD state can be attributed to
the fact that the employed DEPP models are only describing a
diamagnetic ground state, as these KD states generally show a
considerably larger mixing of j�15/2i eigenstates. Hence, the
basic agreement for such multireference-based results, namely
for higher KD states, becomes less accurate. However, in most
cases the lowest KD states are the basis to understand and
explain magnetochemical properties of SIMs at rather lower tem-
peratures. The unscaled energies for the second KD derived from
the PCM (see Supporting Information Table S8) are 56, 326, and
234 cm–1 for 1, 2, and 3, respectively. For these data no linear
correlation can be derived in comparison with ab initio reference
values (see Supporting Information Fig. S5), consistent with the
large deviations and trend less variation of the relative LF split-
ting as compared to the ab initio reference values. The general
loss in accuracy for the PCM as compared to our DEPP-based
models can be directly attributed to the simplified point charge-
based representation of the LF in the former.

In general, the presented LFT-based approach solely
describes the LF splitting of the 6H15/2 ground multiplet, this is
based on the assumption that such an independent description

Figure 7. Contour plots for the weight of the j�15/2i eigenstates within the ground state KD (color code: blue, low weight; red, high weight) as a function of
the two Euler angles of rotation (α, β) for compounds 1 (left), 2 (center), and 3 (right) based on the LFT-approach utilizing the DEPP model Lu. [Color figure
can be viewed at wileyonlinelibrary.com]
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the ground multiplet is appropriate for obtaining magneto-
chemical properties. However, one has to be aware of the pres-
ence and characteristics of other excited electronic multiplets in
order to assess this assumption. For this reason, Supporting
Information Table S4 lists the energies of the lowest KDs of the
excited multiplet terms relative to the ground state as obtained
with CASSCF/RASSI-SO. Interestingly, although a large range is

found for absolute LF splitting of the ground multiplet for the
complexes 1–3 (506–931 cm–1, see Supporting Information
Table S5), only a comparatively small variation is observed for
the relative energies of the first excited 6H13/2 term
(3616–3706 cm–1, see Supporting Information Table S4). Conse-
quently, it can be expected the impact of the electronic excited
multiplets on the 6H15/2 ground multiplet is rather small and in
all cases a clear separation is present between KDs of different
multiplets. Finally, this confirms our basic assumption of an
independent ground multiplet, which can be described sepa-
rately by the LFT approach.

Decomposition of KDs into eigenstates

As already mentioned the presented LFT-based approach is
solely addressing the LF splitting of the 6H15/2 ground multiplet.
However, the relevant KDs are basically constituted by a combi-
nation of different |mJi eigenstates and the actual mixing of
these eigenstates significantly influences the magnetic proper-
ties of the complexes. The decomposition of the first three KDs
into |mJi eigenfunctions as obtained by ab initio and LFT (DEPP
models Y–X and Lu–X as well as PCM) for complex 1 is given in
Table 7, whereas the corresponding data for complexes 2 and
3 are summarized Supporting Information Tables S13 and S14,
respectively.

In case of complex 1, all LFT-based methods qualitatively
reproduce the ab initio obtained decomposition into |mJi eigen-
functions. As expected the ground state KD is dominated by
the oblate j�15/2i eigenstate. However, a minor mixing with
the j�11/2i eigenstates is observed, which can promote quan-
tum tunneling of the magnetization. Although the second KD is
dominated by the j�13/2i eigenfunctions, a larger mixing is
observed as compared to the ground state KD, which in this
case leads to a considerable contribution from the j�9/2i
eigenstates. The trend of higher mixing with other eigenstates
is even more pronounced for the third KD, which is dominated
by an almost balanced contribution of j�11/2i and j�7/2i
eigenstates. It is to be noted here that the PCM clearly tends to
overestimate the contribution of the j�13/2i and j�11/2i
eigenfunctions for the second and third KD, respectively. This
loss in accuracy for the prediction of the composition for the
higher KD states is in accordance with the observations made
for the prediction of their relative KD energies.

Interestingly, the decomposition of the KD states of the
ground multiplet for 2 and 3 allows to explain the tremendous
differences in the magnetochemical behavior of both com-
pounds, despite the fact that both are based on the same
ligand system. In both cases an almost pure j�15/2i ground
state KD is observed (see Supporting Information Tables S13
and S14), which prevents magnetic relaxation in terms of quan-
tum tunneling processes. This can be related to structural fea-
tures of the complexes, as the two strong axial phenolate
donors in 2 and 3 (see Fig. 5) stabilize the j�15/2i eigenstate
within the ground state KD. However, the crucial difference
between complexes 2 and 3 is related to the observed mixing
of eigenstates in their first excited KD. In case of complex 2, the
first excited KD is energetically well-separated (see Supporting

Figure 8. Relative LF splitting (in %; see Supporting Information Table S5 for
absolute splittings based on ab initio results) for 1 (a), 2 (b), and 3 (c) as
obtained from CASSCF/RASSI-SO (denoted as ab initio) as well as different DEPP
models (Y–X, Lu–X, Y, Lu; for description see text). For comparison also the
results of the LFT approach based on formal point charges (PCM) are depicted.
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Information Fig. S4) that leads to an almost pure contribution
of the j�13/2i eigenfunctions within this KD (ab initio/Y–X/Lu–
X/PCM: 0.992/0.982/0.988/0.991). At the same time the
corresponding first excited KD of complex 3 shows a significant
mixing of |mJi eigenfunctions, with a major contribution of
the j�13/2i states (ab initio/Y–X/Lu–X/PCM: 0.692/ 0.527/ 0.782/
0.581). This strong mixing in case of 3 goes along with a rather
low energetic difference between the second and third KD
(ab initio values: EKD2 = 331 cm–1; EKD3 = 382 cm–1, cf. Table 6 and
Figure 8).

The latter observation indicates that the stabilization of the
remaining |mJi eigenstates (except the j�15/2i) by structural
features in these complexes is significantly less pronounced in
terms of pure eigenstate contributions, which immediately
becomes apparent by comparing the eigenstate composition of
the second KD for complexes 2 and 3 (2: almost pure j�13/2i
contribution; 3: strong mixing of eigenfunctions). This can be
directly attributed to differences in the electron charge distribu-
tion within the equatorial planes of 2 and 3. Although in both
compounds four phenolate donors are present, the number of
bridging phenolates is considerably different (2: four; 3: two).
Thus, in case of 3 a higher charge density within the equatorial
plane is expected. As a consequence, this leads to a strong mix-
ing of eigenstates within the second KD for 3. Furthermore, nei-
ther the LF in 2 nor in 3 is capable of stabilizing the j�11/2i
eigenstates. This suggests that the ligand system is not suitable
to stabilize or differentiate between contributions of eigen-
states within the 6H15/2 ground multiplet that possess more
prolate charge densities (see Fig. 2). Consequently, a slight
change in the electron charge distribution can have a tremen-
dous effect on the predicted contribution of eigenstates within
these KDs. Therefore, it is not unexpected that the employed
DEPP models fail to reproduce the complex mixing behavior of
eigenstates in these systems. This is even more pronounced for

the third KD, for which all LFT-based methods fail to estimate
the ab initio results in terms of composition by |mJi eigenfunc-
tions (main contribution in 2: 0.431 j�1/2i; main contribution
in 3: 0.332 j�1/2i, cf. Supporting Information Tables S13
and S14).

Computational time

To evaluate the merit of the herein presented LFT-based
approach in terms of computational effort, the required compu-
tational times are compared with those for the ab initio refer-
ence calculations in terms of single CPU performance. However,
as a general feature it should be noted that even less wall-clock
time is needed for the LFT-based approach, as most of the pro-
cedures are efficiently parallelized. As it can be seen from
Table 8 the semiempirical method speeds up the calculation
time by more than one order of magnitude. The speed-up fac-
tor even tends to increase with the system size (1: 16.4; 2: 20.2;
3: 20.6), although 2 is slightly larger than 3 (in terms of atoms
and basis functions). In any case, the wave function conver-
gence of the CASSCF step has a significant impact on the over-
all computational time, since this is the most time-demanding
procedure within the ab initio calculations.

For the LFT approach introduced here an even further speed-
up could be achieved by using faster single-determinant
methods for determining the electronic wave function, as the
scalar-relativistic Hartree–Fock calculation is apparently the
most time-demanding step. As an example, multipole acceler-
ated RI-DFT[80] methods could be employed, which scale signifi-
cantly faster than Hartree–Fock calculations. Further
improvements in speed-up could also be achieved by applying
reduced basis sets. Nevertheless, such methods and simplifica-
tions need to be carefully tested and verified in terms of their
accuracy in predicting magnetic properties.

Table 7. Wave function composition (weight ≥ 0.01) in terms of
jJ = 15/2, mJi eigenstates for the lowest three KDs derived by different
computational approaches for 1.

KD ab initio Y–X Lu–X PCM

1 0.932 �15
2

�� �
0.898 �15

2

�� �
0.913 �15

2

�� �
0.942 �15

2

�� �
0.067 �11

2

�� �
0.097 �11

2

�� �
0.083 �11

2

�� �
0.054 �11

2

�� �
2 0.707 �13

2

�� �
0.715 �13

2

�� �
0.750 �13

2

�� �
0.832 �13

2

�� �
0.260 �9

2

�� �
0.254 � 9

2

�� �
0.224 � 9

2

�� �
0.141 �9

2

�� �
3 0.434 �7

2

�� �
0.404 � 7

2

�� �
0.472 � 11

2

�� �
0.595 �11

2

�� �
0.420 �11

2

�� �
0.388 �11

2

�� �
0.373 �7

2

�� �
0.233 �7

2

�� �
0.031 �15

2

�� �
0.065 �15

2

�� �
0.060 �15

2

�� �
0.048 �15

2

�� �

Table 6. Relative energies of the first three excited KDs as obtained from CASSCF/RASSI-SO (denoted as ab initio) and from the LFT-based approach in
combination with the DEPP models Y–X and Lu–X (with scaling factors 2.378 and 1.667, respectively, cf. Supporting Information Fig. S5).

EKD2/cm
–1 EKD3/cm

–1 EKD4/cm
–1

ab initio Y–X Lu–X ab initio Y–X Lu–X ab initio Y–X Lu–X
1 164.6 167.8 163.9 243.1 279.2 274.9 284.6 341.1 339.9
2 375.6 373.9 375.8 535.6 517.1 551.2 592.4 557.6 594.5
3 331.3 331.6 331.4 382.1 378.1 400.6 469.9 439.5 455.0

RMSD[a] – 2.1 0.4 – 23.6 23.1 – 42.2 33.1

[a] Root-mean-square deviation from ab initio results.

Table 8. Comparison of CPU timings (in hours for single CPU
performance) between ab initio CASSCF/RASSI-SO calculations and the
presented semiempirical LFT-based approach (DEPP model Y–X).

1 2 3

Integrals 7.9 107.9 110.3
CASSCF (multiple) 47.8 1225.7 1018.5
RASSI-SO 4.4 38.5 33.2
Sum ab initio 60.0 1374.4 1161.9
DKH2 HF SCF 3.4 67.4 55.7
rhOver 0.2 0.7 0.7
Sum semi-empiric 3.7 68.1 56.4
Speed-up factor 16.4 20.2 20.6
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Conclusions

In this article, we have presented the program rhOver, which
employs two semiempirical approaches (LFT and IES) to deter-
mine the magnetic anisotropy axis in dysprosium(III)-based
SIMs. As a basic feature our approach utilizes the charge distri-
bution derived from an electronic wave function calculation to
approximate the required ligand field (LF), which leads to a
major improvement in accuracy as compared to previous point
charge-based semiempirical LFT approaches. To implement this
in our computational approach, we took advantage of an exper-
imental strategy in magnetochemistry known as diamagnetic
ion replacement by substituting the dysprosium(III) ion by a
diamagnetic yttrium(III) or lutetium(III) ion. In the approach the
Hartree–Fock wave function derived for the corresponding dia-
magnetic yttrium(III) or lutetium(III) compound is used to gener-
ate a DEPP for the compound, which allows to reproduce high-
level ab initio results (CASSCF/RASSI-SO reference values) on
the basis of corresponding scalar-relativistic Hartree–Fock calcu-
lations performed for the isostructural yttrium(III)- or
lutetium(III)-based complexes. It is interesting to note here, that
the implemented LFT-based approach can be used to obtain
additional valuable information such as the LF splitting. More-
over, the wave function-based approach utilized here also
enables the inclusion of an additional Slater–Dirac exchange
term within the DEPP model, which in fact leads to an even fur-
ther improvement of the semiempirical results with respect to
the ab initio benchmark for both the obtained axes as well as
the relative LF splittings.

Although generally discrepancies are observed between
ab initio and experimentally obtained effective barriers, results
from computational chemistry can give valuable hints toward
the understanding of the magnetochemical behavior of
dysprosium(III)-based SIMs. The herein presented program
rhOver significantly reduces the computational effort as com-
pared to high-level ab initio calculations, but still allows to derive
sufficient high quality data. Based on these features the pre-
sented approach can be applied to explore series of complexes
with appropriate ligand modifications, which yet contain a large
number of atoms, giving access to further insights toward syn-
thetic strategies. Moreover, this will also allow testing the effect
of frequently introduced simplifications (such as substitution or
structural cut-off ) in high-level ab initio calculations.

The program rhOver will be further developed and improved
in the future. It is particularly intended to extend the LFT-based
approach to other trivalent lanthanide ions. From a technical
point of view also further improvements in speed-up could be
achieved by employing faster methods like the multipole accel-
erated RI-DFT[80] instead of scalar-relativistic Hartree–Fock calcu-
lations, which are currently used to generate the single-
determinant wave function required for the determination of the
DEPP. In general, the single-determinant wave function giving
the basis for the DEPP can also be obtained utilizing nowadays
popular DFT including GGA functionals, which however directly
raise the question for the most appropriate functional to be
used.[81] Moreover, also alternative methods to determine the
orientation of the main magnetic anisotropy axis within the LFT

approach are basically possible.[82] All these extensions and alter-
ations of the presented LFT approach will be part of our future
investigations along this line. However, the obtained correspond-
ing results will have to be carefully examined and verified.
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1 Euler rotation

The rotation of the charge density ρ±15/2 of the
∣∣∣J = 15

2 ;mJ = ±15
2

〉
eigenstates is performed

with rotations about two Euler angles α and β (see eq. (S1)). This is possible since the param-
eterization of ρ±15/2 introduced by Sievers1 contains only the spherical harmonics Yk,0 and thus
the corresponding charge density is rotational invariant and a third Euler angle of rotation γ can
be omitted.

ρ
(α,β)
±15/2(~pi) = ρ±15/2 (Rα,β · ~pi) (S1)

The corresponding rotation of the DEPP to determine the orientation of the main anisotropy axis
within the LFT-based approach is defined as in eq. (S2).

Ṽ(α,β)
DEPP(~pi) = ṼDEPP (Rα,β · ~pi) (S2)

The rotation matrix Rα,β is defined as the following:

Rα,β =


1 0 0
0 cos β sin β
0 − sin β cos β




cosα sinα 0
− sinα cosα 0

0 0 1

 . (S3)

1J. Sievers, Z. Phys. B Con. Mat. 1982, 45, 289–296.
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2 Investigated compounds

Figure S1: [Dy(acac)3(H2O)2] (1). Inset: Hacac = acetylacetone.
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Figure S2: Cationic complex fragment [DyZn2(H3teabmp)2(CH3OH)]+ (2). Inset: H6teabmp =
2,2′,2′′-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris-(4-bromophenol) (color
code: Dy – teal, Zn – dark gray, Br – brown).
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Figure S3: Cationic complex fragment [DyZn2(H3teabmp)2]+ (3) (color code: Dy – teal, Zn –
dark gray, Br – brown).
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3 Ab initio computational details

3.1 Basis sets

Table S1: Basis sets used for 1.

Atom type Basis set

Dy Dy.ANO-RCC...8s7p5d4f2g1h.
O O.ANO-RCC...4s3p2d1f.
C C.ANO-RCC...3s2p1d.
H (water ligands) H.ANO-RCC...3s2p1d.
H H.ANO-RCC...2s1p.

Table S2: Basis sets used for 2 (bromine atoms in 2 have been replaced by hydrogen atoms).

Atom type Basis set

Dy Dy.ANO-RCC...8s7p5d4f2g1h.
Zn Zn.ANO-RCC...6s5p3d2f1g.
O O.ANO-RCC...4s3p2d1f.
N N.ANO-RCC...4s3p2d1f.
C C.ANO-RCC...3s2p.
H H.ANO-RCC...2s.

Table S3: Basis sets used for 3 (bromine atoms in 3 have been replaced by hydrogen atoms).

Atom type Basis set

Dy Dy.ANO-RCC...8s7p5d4f2g1h.
Zn Zn.ANO-RCC...6s5p3d2f1g.
O O.ANO-RCC...4s3p2d1f.
N N.ANO-RCC...4s3p2d1f.
C C.ANO-RCC...3s2p.
H H.ANO-RCC...2s.
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3.2 Ab initio computational results

Table S4: Energies EJ (in cm−1) of the lowest KD within the electronic multiplets 6H13/2, 6H11/2,
6H9/2, and 6H7/2 relative to the 6H15/2 ground state KD for the complexes 1–3.

E15/2 E13/2 E11/2 E9/2 E7/2

1 0 3616 6214 8181 9712
2 0 3724 6396 8374 9921
3 0 3706 6341 8312 9859

Table S5: Relative KD energies (in cm−1) within the 6H15/2 ground state multiplet for 1–3.

KD 1 2 3

1 0.00 0.00 0.00
2 164.56 375.61 331.35
3 243.11 535.60 382.07
4 284.59 592.39 469.92
5 313.70 614.20 546.72
6 392.03 664.33 632.02
7 435.62 706.47 787.32
8 505.62 732.31 930.71
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4 Numerical grid construction

Table S6: Relative KD energies (in cm−1) and the deviation of the orientation of the main
anisotropy axis (in ◦) obtained by the LFT-based approach with the DEPP model Lu–X from the
ab initio results utilizing different numerical grids (Grid 1–5) for 1.

KD Grid 1 Grid 2 Grid 3 Grid 4 Grid 5 Max − Min

relative KD energies (in cm−1)

1 0.00 0.00 0.00 0.00 0.00 0.00
2 98.39 98.58 98.38 98.30 98.36 0.28
3 165.04 165.58 165.14 164.72 165.02 0.86
4 204.02 204.54 204.10 203.71 204.08 0.83
5 232.28 232.74 232.31 231.97 232.26 0.77
6 266.33 266.77 266.32 265.90 266.19 0.87
7 279.40 280.03 279.59 279.14 279.55 0.89
8 336.58 336.96 336.49 335.79 336.36 1.17

deviation from ab initio main anisotropy axis (in ◦)

3.02 2.98 2.98 2.98 3.03 0.05
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5 Results of the DEPP models Lu–B and Lu–BX

Table S7: Deviation (in ◦) between ab initio obtained main anisotropy axes and the ones derived
from the improved electrostatic (IES) as well as the ligand-field theory (LFT) approach by utilizing
the Lu3+ 4f14 valence shell corrected diamagnetic-electrostatic pseudo-potential (DEPP) models
Lu–B and Lu–BX (see Table 2 in main text).

Lu–B Lu–BX

IES approach

1 1.9 5.8
2 4.7 2.0
3 3.3 1.8

RMSDa 3.5 3.7

LFT approach

1 3.1 3.3
2 2.1 1.4
3 2.9 0.6

RMSDa 2.7 2.1

[a] Root-mean-square deviation.
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Figure S4: Relative LF splitting (in %) of 1–3 within the J = 15/2 manifold as obtained from
CASSCF/RASSI-SO (denoted as ab initio) and LFT unitizing different DEPP models (Lu–B
and Lu–BX refer to the Lu3+ 4f14 electron shell corrected models derived from Lu and Lu–X,
respectively (see Table 2 in main text).
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6 Point charge model calculations

All calculations based on the point charge model (PCM) were performed with SIMPRE 1.12 and
the input data (atomic positions and formal charges) as provided in Tables S9 to S11.

Table S8: Relative KD energies (in cm−1) as obtained by PCM calculations for 1–3.

KD 1 2 3

1 0.00 0.00 0.00
2 56.25 325.96 233.74
3 101.60 566.04 249.43
4 136.13 696.44 343.90
5 170.88 739.23 402.48
6 208.99 810.53 489.92
7 246.24 907.72 637.18
8 282.66 1006.48 796.40

Table S9: Computational details for the PCM calculation of 1.

Atom x (Å) y (Å) z (Å) r (Å) Charge

O1 −0.66534 −1.90736 1.18519 2.342 −0.333
O2 −1.06398 −1.42002 −1.51292 2.332 −0.333
O3 −0.76255 0.82638 2.09717 2.380 −0.333
O4 −2.02054 1.11207 −0.34927 2.333 −0.333
O5 1.08251 2.00888 0.37000 2.312 −0.333
O6 0.21422 1.09558 −2.10486 2.383 −0.333
C1 −2.23926 2.54748 1.49714 3.707 −0.333
C2 0.62121 3.33761 −1.51070 3.716 −0.333
C3 −1.50151 −3.43635 −0.39120 3.770 −0.333

2J. J. Baldov́ı, S. Cardona-Serra, J. M. Clemente-Juan, M. Juan, E. Coronado, A. Gaita-Ariño, A. Palii, J.
Comput. Chem., 2013, 34, 1961–1967; J. J. Baldov́ı, J. M. Clemente-Juan, E. Coronado, A. Gaita-Ariño, A.
Palii, J. Comput. Chem., 2014, 35, 1930–1934.
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Table S10: Computational details for the PCM calculation of 2.

Atom x (Å) y (Å) z (Å) r (Å) Charge

O1 −0.73211 −2.00410 0.11155 2.137 −1.000
O2 0.71283 2.01017 −0.51735 2.195 −1.000
O3 1.60607 −0.24516 1.71916 2.365 −0.500
O4 2.01765 −1.09271 −0.74532 2.413 −0.500
O5 −2.19018 0.81147 −0.49769 2.388 −0.500
O6 −1.16997 0.72528 1.95893 2.394 −0.500

Table S11: Computational details for the PCM calculation of 3.

Atom x (Å) y (Å) z (Å) r (Å) Charge

O1 0.62561 2.08147 0.25888 2.189 −1.000
O2 1.18167 −0.75465 1.91901 2.377 −0.500
O3 1.95727 −0.47795 −0.95173 2.228 −1.000
O4 −1.80584 0.19896 1.55181 2.389 −0.500
O5 −1.57398 0.85940 −1.26744 2.196 −1.000
O6 −0.61987 −2.02777 −0.51762 2.183 −1.000
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7 Results of the LFT approach

Table S12: Relative energies for the second KD EKD2 (in cm−1) as obtained from CASSCF/RASSI-
SO (denoted as ab initio) as well as LFT-based calculations utilizing different DEPP models (see
Table 2 in main text).

ab initio Y Y–X Lu Lu–X Lu–B Lu–BX

1 165 49 71 71 98 56 80
2 376 88 157 141 225 106 182
3 331 68 139 116 199 84 159
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Figure S5: Correlation between the energies of the second KD E LFT
KD2 derived from the LFT-

based approach and the corresponding ab initio reference values EKD2 (colored lines show a linear
regression for the DEPP models Y–X and Lu–X). For comparison also the results obtained from
the PCM-based approach are depicted in the graph, but no correlation is observed in this case.
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Table S13: Wave function composition (weight ≥ 0.01) in terms of
∣∣∣J = 15/2, mJ

〉
eigenstates

for the lowest three KDs derived by different computational approaches for 2.

KD ab initio Y–X Lu–X PCM

1 0.999
∣∣∣±15

2

〉
0.999

∣∣∣±15
2

〉
0.999

∣∣∣±15
2

〉
0.999

∣∣∣±15
2

〉
2 0.992

∣∣∣±13
2

〉
0.982

∣∣∣±13
2

〉
0.988

∣∣∣±13
2

〉
0.991

∣∣∣±13
2

〉
3 0.431

∣∣∣±1
2

〉
0.275

∣∣∣±11
2

〉
0.696

∣∣∣±11
2

〉
0.943

∣∣∣±11
2

〉
0.276

∣∣∣∓3
2

〉
0.146

∣∣∣±3
2

〉
0.089

∣∣∣±7
2

〉
0.046

∣∣∣±7
2

〉
0.139

∣∣∣∓1
2

〉
0.136

∣∣∣±5
2

〉
0.078

∣∣∣±9
2

〉
0.048

∣∣∣±15
2

〉
0.055

∣∣∣∓5
2

〉
0.131

∣∣∣±7
2

〉
0.047

∣∣∣±5
2

〉
0.036

∣∣∣±5
2

〉
0.103

∣∣∣±9
2

〉
0.046

∣∣∣±3
2

〉
0.025

∣∣∣∓7
2

〉
0.096

∣∣∣±1
2

〉
0.017

∣∣∣∓1
2

〉
0.023

∣∣∣∓11
2

〉
0.053

∣∣∣∓1
2

〉
0.014

∣∣∣±1
2

〉
0.027

∣∣∣∓3
2

〉
0.012

∣∣∣±13
2

〉
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Table S14: Wave function composition (weight ≥ 0.01) in terms of
∣∣∣J = 15/2, mJ

〉
eigenstates

for the lowest three KDs derived by different computational approaches for 3.

KD ab initio Y–X Lu–X PCM

1 0.994
∣∣∣±15

2

〉
0.992

∣∣∣±15
2

〉
0.993

∣∣∣±15
2

〉
0.994

∣∣∣±15
2

〉
2 0.692

∣∣∣±13
2

〉
0.527

∣∣∣±13
2

〉
0.782

∣∣∣±13
2

〉
0.581

∣∣∣±13
2

〉
0.096

∣∣∣±1
2

〉
0.250

∣∣∣∓13
2

〉
0.074

∣∣∣∓13
2

〉
0.090

∣∣∣±9
2

〉
0.084

∣∣∣±5
2

〉
0.061

∣∣∣±9
2

〉
0.067

∣∣∣±9
2

〉
0.077

∣∣∣±3
2

〉
0.069

∣∣∣∓13
2

〉
0.032

∣∣∣±11
2

〉
0.028

∣∣∣±11
2

〉
0.052

∣∣∣±5
2

〉
0.017

∣∣∣∓3
2

〉
0.026

∣∣∣±1
2

〉
0.017

∣∣∣±1
2

〉
0.051

∣∣∣±7
2

〉
0.010

∣∣∣±9
2

〉
0.023

∣∣∣∓1
2

〉
0.049

∣∣∣∓1
2

〉
0.010

∣∣∣∓5
2

〉
0.011

∣∣∣±7
2

〉
0.030

∣∣∣±11
2
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Magnetic Properties
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Abstract: Five new lanthanide(III) sandwich and half-sandwich
complexes with bulky cyclooctatetraenyl ligands have been
prepared and fully characterized, including single-crystal X-ray
structure determination. The treatment of anhydrous lanthan-
ide(III) chlorides, LnCl3 (Ln = Pr, Tb, Yb), with 2 equivalents
of Li2COT′′ [COT′′ = 1,4-bis(trimethylsilyl)cyclooctatetraene di-
anion] followed by crystallization in the presence of a coordi-
nating solvent afforded the anionic sandwich complexes
[Li(THF)4][Pr(COT′′)2] (1), [Li(DME)3][Tb(COT′′)2] (2; DME = 1,2-
dimethoxyethane), and [Li(TMEDA)2][Yb(COT′′)2] (3; TMEDA =
N,N,N′,N′-tetramethylethylenediamine). Attempted oxidation of
2 with silver iodide did not afford the neutral terbium(IV) sand-
wich complex [Tb(COT′′)2]. Instead, the tri(μ-iodido)-bridged di-

Introduction

10π-Aromatic cyclooctatetraenyl (COT) ligands have played a
key role in the organometallic chemistry of f-elements for al-
most five decades.[1–12] Following the discovery of the iconic
uranocene, [U(COT)2] in 1968,[13–15] f-element COT complexes
of lanthanides (Ln) and actinides (An) have turned out to be a
fascinating class of organometallic compounds featuring new
types of metal–ligand interactions[16,17] and unusual molecular
architectures.[18] More recently, this class of sandwich com-
plexes has gained tremendous interest through the discovery
of Ln(COT)-based organometallic sandwich molecular wires
(OSMWs)[19–22] and single-molecule magnets (SMMs)[23–27] as
well as the unprecedented reactivity of uranium COT complexes
(e.g., in CO oligomerization).[28–32] This exciting recent develop-
ment has been made possible to a large extent by the impor-
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nuclear half-sandwich complex [Li(DME)2][Tb2(μ-I)3(COT′′)2] (4)
was isolated in 72 % yield. In this complex, the Li(DME)2 frag-
ment is attached to one of the μ-iodido ligands. A closely re-
lated binuclear lutetium complex, [Li(DME)3][Lu2(μ-Cl)3-
(COTbig)2]·DME (5), was obtained by using the “superbulky“
COTbig ligand [COTbig = 1,4-bis(triphenylsilyl)cyclooctatetraenyl
dianion]. In addition to the spectroscopic and structural charac-
terization, the magnetic properties of the paramagnetic ter-
bium(III) derivative 2 have been investigated and further com-
plemented by ab initio computational methods. These results
have been used to discuss the structural requirements for po-
tential terbium(III) single-ion magnets.

tant contributions of Cloke and co-workers. As early as 1989,
these authors introduced bis(trialkylsilyl)-substituted COT li-
gands such as 1,4-bis(trimethylsilyl)cyclooctatetraenyl (= COT′′)
or 1,4-bis(triisopropylsilyl)cyclooctatetraenyl into organo-f-ele-
ment chemistry.[33–35] It has been demonstrated that the use of
the (COT′′)2– ligand leads to improved solubility and crystallinity
as compared with related lanthanide and actinide complexes of
the parent COT2– dianion. For example, well-crystallized anionic
sandwich complexes of the type [Ln(COT′′)2]– have been re-
ported for almost the entire lanthanide series.[36,37] These
anionic species are interesting precursors as they can undergo
clean redox reactions with anhydrous CoCl2 with the formation
of the linear, homoleptic triple-decker sandwich complexes
[Ln2(COT′′)3]. Thus far, binuclear [Ln2(COT′′)3] complexes have
been reported for Ln = Nd, Gd, Dy, Ho, and Er.[38–41] Single-ion
magnet (SIM) or SMM behavior has been reported for various
Ln(COT′′) compounds of these types, including, for example,
[Li(THF)(DME)][Dy(COT′′)2],[42] [Li(DME)3][Nd(COT′′)2],[37]

[Li(DME)3][Dy(COT′′)2],[40] [Ln2(COT′′)3] (Ln = Gd, Dy),[40]

[Er2(COT′′)3],[41] and [Cp*Ln(COT)] (Ln = Dy, Ho, Er; Cp* =
η5-pentamethylcyclopentadienyl).[43] In the last case, the corre-
sponding Tb and Tm complexes did not show slow relaxation
behavior. A new dimension in steric demand has been added
to this chemistry through the introduction of the “superbulky“
ligand COTbig [1,4-bis(triphenylsilyl)cyclooctatetraenyl dianion]
by us and the Evans group in 2011.[44] The use of COTbig in
organolanthanide and -actinide chemistry has led to unprece-
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dented structural effects, such as the formation of a significantly
bent anionic CeIII sandwich complex, a novel neutral cerocene
formed by sterically induced SiPh3 group migration, as well as
the first example of a bent uranocene, [U(COTbig)2], without ad-
ditional donor ligands.

We report here the synthesis and full characterization of five
new sandwich and half-sandwich complexes comprising COT′′
or COTbig ligands, including an attempt to isolate the neutral
terbium(IV) sandwich complex “[Tb(COT′′)2]”. Moreover, the
magnetic properties of the anionic terbium(III) sandwich com-
plex [Li(DME)3][Tb(COT′′)2] (2) have been studied and addition-
ally investigated by ab initio computational studies.

Results and Discussion

Synthesis and Spectroscopic Characterization

Anionic sandwich complexes of the type [Ln(COT′′)2]– have al-
ready been reported for various members of the lanthanide
series.[36,37] Most of them have been isolated as crystalline salts
with either [Li(THF)4]+ or [Li(DME)3]+, although differently
solvated species such as [Li(THF)(DME)Dy(COT′′)2][42] and
Li(DME)[Tb(COT′′)2][45] have also been described. As mentioned
above, these complexes are key precursors for the preparation
of the homoleptic triple-decker sandwich complexes
[Ln2(COT′′)3].[38–41] To extend the number of available starting
materials, we prepared three [Ln(COT′′)2]– complexes as solvates
with three different donor solvents, namely THF, DME (1,2-
dimethoxyethane), and TMEDA (N,N,N′,N′-tetramethylethylene-
diamine), as illustrated in Scheme 1. The lithium reagent
Li2(COT′′) was prepared from the cyclooctatriene derivative 1,4-
C8H6(SiMe3)2 by reaction with 2 equiv. of nBuLi in THF/n-hexane
and used in situ.[33,34] Treatment of anhydrous PrCl3 with
2 equiv. of Li2(COT′′) in THF, followed by recrystallization of the
crude product from toluene afforded the green, crystalline THF-
solvate [Li(THF)4][Pr(COT′′)2] (1) in 75 % yield. In the same way,
the yellow terbium(III) complex [Li(DME)3][Tb(COT′′)2] (2) was
isolated in 80 % yield after recrystallization from DME/n-pent-
ane. A similar reaction with anhydrous YbCl3 resulted in a sharp
color change to dark blue. In this case, well-formed, royal-blue
single crystals of [Li(TMEDA)2][Yb(COT′′)2] (3) could be isolated
in 71 % yield after addition of TMEDA. All three complexes are
very sensitive to air and moisture and are soluble in toluene
and ether-type solvents (Et2O, THF, DME).

Scheme 1. Synthesis of the anionic sandwich complexes 1–3.
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Compounds 1–3 were characterized by elemental analysis
and the usual spectroscopic methods. Meaningful NMR spectro-
scopic data could be obtained for 1 and in part for 3, whereas
the strongly paramagnetic nature of the Tb3+ ion prevented a
successful NMR investigation of 2. This is in good agreement
with a recent detailed study describing the paramagnetic NMR
analysis of substituted bis(cyclooctatetraenyl) lanthanide com-
plexes.[46] As expected, the 1H NMR signals of the COT′′ ligands
in the Pr complex 1 experience significant line-broadening and
a considerable paramagnetic shift to a higher field.[47] The sin-
gle resonance at δ = –6.77 ppm was assigned to the SiMe3

protons, whereas the COT′′ ring protons gave rise to two broad
singlets at δ = –10.15 and –14.15 ppm. In contrast, the THF-
CH2 resonances of the [Li(THF)4]+ cation remained essentially
unaffected (δ = 3.67 and 1.71 ppm). Both the 29Si and 7Li NMR
spectra display only a single resonance at δ = –44.5 and
4.05 ppm, respectively, thereby confirming the purity of 1. The
same was true for the anionic ytterbium(III) sandwich complex
3. Here, the 29Si NMR spectrum displays a single resonance at
δ = –159.8 ppm, whereas the 7Li NMR spectrum shows a singlet
at δ = 15.66 ppm. In the 13C NMR spectrum of 3, only resonan-
ces of the TMEDA ligands and the SiMe3 carbon atoms could
be assigned, whereas those of the COT′′ ring carbon atoms
were not observed. Elemental analyses confirmed the purity of
1–3.

It is well established that anionic cerium(III) bis(cycloocta-
tetraenyl) complexes can be oxidized to the corresponding neu-
tral cerocenes. For example, the parent [Ce(COT)2] has been ob-
tained by treatment of either [Li(THF)4][Ce(COT)2] or
K[Ce(COT)2] with various oxidizing agents, for example, allyl
bromide, silver iodide (AgI), ferrocenium salts, or p-benzoquin-
one.[48,49] AgI was reported to be the oxidizing agent of
choice for the preparation of the silyl-substituted cerocenes
[Ce(COT′′)2] and [Ce(COT′′′)2] [COT′′′ = 1,3,5-tris(trimethylsilyl)-
cyclooctatetraenyl dianion].[50] Notably, isolable organometallic
complexes of formally tetravalent praseodymium or terbium are
completely unknown. There are only two reports in the litera-
ture describing the attempted oxidation of anionic sandwich
complexes of PrIII or TbIII to the corresponding neutral com-
plexes. Upon treatment of K[Pr(COT)2] with allyl bromide, most
of the anionic PrIII precursor remained unchanged. Only a small
amount of the triple-decker complex [Pr2(COT)3] was obtained,
which was identified by the molecular ion in its mass spec-
trum.[48] All attempts to prepare neutral “Tb(COT′′′)2“ were also
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unsuccessful. Treatment of [K(THF)3][Tb(COT′′′)2] with diverse
oxidizing agents such as AgI, AgAsF6, NO+BF4

–, or even
XeF2 only led to extensive decomposition and the formation
of insoluble materials.[51] Despite these failures, we undertook
another attempt in this direction and investigated the reaction
of the anionic terbium(III) complex [Li(DME)3][Tb(COT′′)2] (2)
with silver iodide. Treatment of a yellow solution of 2 in toluene
with 1 equiv. of AgI resulted in the formation of a gray suspen-
sion. After separation of insoluble material and concentration
of the filtrate to a small volume, a yellow crystalline material
was isolated, an X-ray diffraction study of which revealed the
presence of the tri(μ-iodido)-bridged dinuclear half-sandwich
complex [Li(DME)2][Tb2(μ-I)3(COT′′)2] (4, cf. Scheme 2). As a
notable result of this experiment, the neutral terbium sandwich
complex “[Tb(COT′′)2]” still remains elusive.

Scheme 2. Synthesis of the anionic half-sandwich complex 4.

Once again, the strongly paramagnetic character of the Tb3+

ion prevented the measurement of meaningful NMR spectra of
4. The mass spectrum shows only a number of characteristic
fragments, for example, [(COT′′)TbI2Li]+ (m/z = 668, rel. int
98 %), [(COT′′)TbI]+ (m/z = 534, rel. int. 50 %), and [(COT′′)Tb]+

(m/z = 407, rel. int. 100 %). Thus, the characterization of 4 was
mainly based on its elemental analysis and the result of the X-
ray diffraction study (see below). Formally, binuclear 4 can be
viewed as an “ate” complex formed by the addition of LiI and
DME to dimeric “[(COT′′)Tb(μ-I)]2”. Previously reported mono-
(cyclooctatetraenyl)lanthanide iodide complexes were mainly
described as THF-solvated monomers, for example, [(COT)LnI-
(THF)n] (n = 3: Ln = La, Ce, Pr; n = 2: Ln = Nd, Tm; n = 1: Ln =
Sm).[52,53] Similar complexes comprising COT′′ are unknown
thus far.

Surprisingly, a closely related tri(μ-chlorido)-bridged “ate”
complex was isolated from the reaction of anhydrous lutetium
chloride with 2 equivalents of Li2(COTbig) in DME solution in
an attempt to prepare the sandwich complex [Lu(COTbig)2]– in
analogy to compounds 1–3. The lithium reagent was prepared
following a literature protocol by metalation of 2,7-bis(triphen-
ylsilyl)cycloocta-1,3,5-triene with 2 equiv. of n-butyllithium.[44]

Subsequent reaction according to Scheme 3 provided colorless
crystals of the binuclear half-sandwich complex [Li(DME)3]-
[Lu2(μ-Cl)3(COTbig)2]·DME (5) in 66 % yield. The diamagnetic
species was fully characterized by its elemental analysis and
spectroscopic data. Once again, both the 29Si and 7Li NMR spec-
tra show only a single resonance at δ = –5.6 and –0.55 ppm,
respectively. Characteristic fragments in the mass spectrum
could be assigned to [(COTbig)2LuCl – 2SiPh3]+ (m/z = 934,
rel. int 10 %), [(COTbig)LuClPh]+ (m/z = 908, rel. int 20 %),
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[(COTbig)LuClPh – Si]+ (m/z = 878, rel. int. 95 %), [(COTbig)LuCl]+

(m/z = 830, rel. int. 10 %), [(COTbig)Lu]+ (m/z = 795, rel. int. 54 %),
and [COTbig]+ (m/z = 620, rel. int 100 %).

Scheme 3. Synthesis of the anionic half-sandwich complex 5.

Single-Crystal X-ray Structure Analyses

All new compounds prepared in the course of this study were
structurally characterized by single-crystal X-ray diffraction (cf.
Table S1 in the Supporting Information). In the crystal form,
compounds 1–3 exist as well-separated [Ln(COT′′)2]– anions and
solvated Li+ cations. In the [Li(THF)4]+ salt of the praseodymium
sandwich complex 1 (space group C2, monoclinic; Figure 1),
both the Pr and Li are located on a C2 axis. The same applies
to the [Li(TMEDA)2]+ salt of the ytterbium complex 3 (space
group C2/c, monoclinic; Figure 2), whereas the molecule ions
are nonsymmetric in the case of the DME-solvated terbium
compound [Li(DME)3]+[Tb(COT′′)2]– (space group P1̄, triclinic; 2;
Figure 3). The latter is isotypic with numerous previously ex-
plored [Li(DME)3][Ln(COT′′)2] salts.[36,39] The lanthanide ions in
1–3 adopt an almost linear coordination by two highly symmet-
rically coordinated η8-COT′′ ligands that resembles the struc-
tures of other anionic lanthanide sandwich complexes with
COT-derived ligands.[36,39] The deviation from an ideal linear co-
ordination declines on going from Pr [172.507(2)°] to Tb
[176.18(2)°] to Yb [177.81(1)°], which might be a consequence
of the decreasing radius of the Ln3+ ions in this direction. For
the same reason, the Ln–centroid(COT′′) distances decrease on
going from Pr [201.56(1) pm] to Tb [191.49(2) and 192.16(2) pm]
to Yb [184.74(4) pm]. These values are consistent with those
observed in previously described [Ln(COT)2]–-type complexes,
and particularly the similarity between 1 and its DME-solvated
analogue [Li(DME)3][Pr(COT′′)2] [Pr–centroid(COT′′) 202.0 pm,
COT′′–Pr–COT′′ 175.80°] illustrates that the nature of the cation
has virtually no influence on the structure of the complex an-
ion.[36] Even in the previously described DME-depleted poly-
meric Tb complex [{Li(DME)Tb(COT′′)2}n] [Tb–centroid(COT′′)
191.2(2) and 191.9(2) pm, COT′′–Tb–COT′′ 179.0(2)°] comprising
direct Li–COT′′ contacts, the bonding parameters of the Tb
atom are very similar to those of 2. In contrast, one of the two
Tb–COT′′ separations is significantly reduced in the monomeric
analogue [Li(DME)Tb(COT′′)2] [Tb–centroid(COT′′) 186.5(2) and
196.6(2) pm, COT′′–Tb–COT′′ 176.6(9)°].[45]

The molecular structure of the iodido terbium(III) complex 4
(space group C2/c, monoclinic; Figure 4) consists of a [Li(DME-
κO,κO′)2]+ moiety and two [Tb(η8-COT′′)]+ fragments that are
connected by three μ-bridging iodido ligands to form a bi-
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Figure 1. Molecular structure of [Li(THF)4][Pr(COT′′)2] (1) in the crystal. Dis-
placement ellipsoids are drawn at the 50 % probability level, hydrogen atoms
have been omitted for clarity. Symmetry codes: ′ –x, y, –z; ′′ –x, y, 1 – z.
Selected interatomic distances [pm] and angles [°]: Pr–centroid(COT′′)
201.56(1), COT′′–Pr–COT′′ 172.507(2).

Figure 2. Molecular structure of [Li(DME)3][Tb(COT′′)2] (2) in the crystal. Dis-
placement ellipsoids are drawn at the 50 % probability level, hydrogen atoms
have been omitted for clarity. Selected interatomic distances [pm] and angles
[°]: Tb–centroid(COT′′) 191.49(2) and 192.16(2), COT′′–Tb–COT′′ 176.18(2).

Figure 3. Molecular structure of [Li(TMEDA)2][Yb(COT′′)2] (3) in the crystal.
Displacement ellipsoids are drawn at the 50 % probability level, hydrogen
atoms have been omitted for clarity. Selected interatomic distances [pm] and
angles [°]: Yb–centroid(COT′′) 184.74(4), COT′′–Yb–COT′′ 177.81(1).

nuclear [Tb2(μ-I)3(COT′′)2]– complex. Owing to the close Li···I1
contact of 310(1) pm, 4 in the crystal form can be regarded as
a contact ion pair [Li(DME)2]+[Tb2(μ-I)3(COT′′)2]–. The atoms Li
and I1 are located on a C2 axis, resulting in C2 symmetry of
both the cation and the anion. In the latter, the Tb atoms show
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a symmetric, pseudotetrahedral “piano-stool” coordination by
the three iodine atoms and the COT′′ ring [COT′′–Tb–cen-
troid(I3) 178.17(2)°]. Compared with the Tb sandwich complex
2, the Tb–COT′′ distances in 4 are considerably shorter at
176.84(3) pm, which might be traced back to the lower coordi-
native saturation of the Tb atoms in 4. Incidentally, it is worth
mentioning that the COT′′ ring retains the original 1,4-bis(tri-
methylsilyl) substitution pattern upon treatment with AgI, and
no isomerization took place as has been observed for various
other transformations of Ln and An COT′′ complexes under
oxidative conditions {see, e.g., [Ho2(μ-1,5-COT′′)(1,4-COT′′)2][39]

and [Pu(1,4-COT′′)(1,3-COT′′)][54]}. In 4, the three Tb–I distances
are in a narrow range of 313.14(3)–314.51(3) pm, which is signif-
icantly longer than those of other iodido terbium(III) complexes
{e.g., [TbI2{HC(Ph2P=NSiMe3)2}(THF)]: Tb–I 299.48(5) and
301.92(5) pm;[55] [(TbICpPhCar)2(THF)]: Tb–I 303.08(4) pm,
CpPhCar = N-phenylcarbazolyl-derived cyclopentadienyl[56]}. This
difference arises most likely from the fact that the I– ligands
adopt a μ-bridging coordination in 4, whereas they are bonded
terminally in the reference compounds. Literature data on struc-
turally characterized Tb–I complexes are exceptionally scarce,
and to the best of our knowledge compound 4 represents the
first molecular Tb compound with μ-bridging I– ligands. The
Tb–I–Tb angles [81.76(1) and 81.99(1)°] are comparatively small
in view of the Ln–I–Ln angles observed in other lanthanide
complexes, for example, [La2(μ-I)2I2{HC(Ph2P=NSiMe3)2}2] [La–I–
La 101.70(2)°][55] and [Sm3(μ3-I)(μ-I)3ICp*3(THF)2] [Sm–I–Sm
89.9(5)–93.0(4)°].[57] The lithium atom in 4 exhibits a well-de-
fined trigonal-bipyramidal [4+1] coordination with O2 and O2′
defining the axial positions [O2–Li–O2′ 177.9(7)°, O2–Li···I1
89.0(3)°, angle sum within the O1O1′I1 plane 360.1(4)°].

Figure 4. Molecular structure of [Li(DME)2][Tb2(μ-I)3(COT′′)2] (4) in the crystal.
Displacement ellipsoids are drawn at the 40 % probability level, hydrogen
atoms have been omitted for clarity. Symmetry operator: ′ 1 – x, y, 0.5 – z.
Selected interatomic distances [pm] and angles [°]: Tb–centroid(COT′′)
176.84(3), Tb–I1 314.51(3), Tb–I2 313.14(3), Tb–I2′ 314.43(3), I1–Tb–I2 82.49(1),
I1–Tb–I2′ 82.29(1), I2–Tb–I2′ 80.26(1), Tb–I1–Tb′ 81.76(1), Tb–I2–Tb′ 81.99(1),
Tb···Tb 411.69(4), Li···I1 310(1).

The Lu complex 5 crystallizes in the monoclinic space group
P21/c with one [Li(DME)3]+ cation, one [Lu2(μ-Cl)3(COTbig)2]– an-
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Figure 5. Molecular structure of [Li(DME)3][Lu2(μ-Cl)3(COTbig)2] (5) in the crystal. Displacement ellipsoids are drawn at the 50 % probability level, hydrogen
atoms have been omitted for clarity. Selected interatomic distances [pm] and angles [°]: Lu–centroid(COTbig) 171.91(4) and 171.91(4), Lu–Cl 264.0(1)–266.9(1),
Cl–Lu–Cl 86.77(3)–87.10(3), Lu1···Lu2 365.08(2).

ion, and one noncoordinated DME molecule in the asymmetric
unit (Figure 5). The anionic complex is structurally closely re-
lated to that of 4, featuring a symmetric “piano-stool”-shaped
half-sandwich coordination of the Lu atoms by a η8-COTbig li-
gand and three μ-chlorido ligands [COTbig–Lu–centroid(Cl3)
178.83(2)° for Lu1 and 175.11(2)° for Lu2]. The Lu–centroid-
(COTbig) distances are 171.91(4) pm and therefore significantly
shorter than those in the related sandwich complex
[Lu(COT′′)2]– [Lu–centroid(COT′′) 184.5 pm],[36] which is again
probably due to the lower coordinative saturation of the Lu
atoms. The Lu–Cl distances [264.0(1)–266.9(1) pm] are in the
same range as those in other binuclear Lu complexes, for exam-
ple, [Lu2(μ-Cl)2(CpSiMe3)4] [Lu–Cl 263.9(1) and 265.3(1) pm, Lu–
Cl–Lu 98.33(3)°][58] and [Lu2(μ-Cl)2(NiPr2)4(THF)2] [Lu–Cl
264.3(2)–268.9(2) pm, Lu–Cl–Lu 101.7(1)°].[59] The Lu–Cl–Lu an-
gles in 5 are comparatively small at 86.77(3)–87.10(3)°, which
might be due to the unique Lu2Cl3 cage architecture instead of
the planar Lu2Cl2 ring present in the reference compounds. Sim-
ilar Ln2Cl3 motifs as in 5 have been observed in, for example,
[Pr2(μ-Cl)3(DME)6]3+,[60] [Nd2(μ-Cl)3Cl6]3–[61] and [Sm2(μ-Cl)3Cl-
{HC(CMeNDipp)2}2(THF)],[62] whereas literature examples of the
late-lanthanide metals are lacking. In contrast to 4, the crystal
structure of 5 comprises separated ions instead of contact ion
pairs in which the Li+ cation is fully solvated by three chelating
DME molecules. This behavior might arise from the high steric
demand of the COTbig ligands, which prevents a relevant Li···Cl
interaction. The bulkiness of the ligands could also explain why
the formation of the [Lu2(μ-Cl)3(COTbig)2]– complex is favored
over a [Lu(COTbig)2]– complex, in which the two bulky ligands
are in much closer spatial proximity.
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Magnetic Properties of [Li(DME)3][Tb(COT′′)2] (2)

The magnetic susceptibility of complex 2 was measured in the
temperature range from 300 to 2 K. The �T value reaches a
maximum of 11.45 cm3 K mol–1 at high temperatures. Upon
lowering the temperature, the �T value decreases only slightly
to about 10 cm3 K mol–1 at 55 K. Further decreasing the tem-
perature leads to a sharp decline in �T with a final value of
about 1 cm3 K mol–1 at 2 K (Figure 6).

Figure 6. Temperature-dependent behavior of �T for complex 2. The solid red
line represents the simulated data based on ab initio calculations (for details
see the text).

The observed magnetic behavior of complex 2 is fully con-
sistent with the electronic structure, as determined by ab initio
calculations (see below). Moreover, we investigated the mag-
netic relaxation behavior of 2 by alternating-current (AC) mag-
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netic susceptibility measurements for temperatures ranging
from 2 to 60 K for an available frequency window of 10 to
1400 Hz. However, no indication of slow magnetic relaxation
was observed, as the measurements gave no sign of any imagi-
nary susceptibility �′′ component. Consequently, the magneti-
zation data for 2 measured at 2 K show no hysteresis (Figure 7),
which is again in good agreement with the fit derived from the
ab initio electronic structure calculations.

Figure 7. Measured (▲) and ab initio calculated (red line) magnetization for
2 at T = 2 K.

Computational Studies of [Li(DME)3][Tb(COT′′)2] (2)

Ab initio calculations were performed to further investigate the
magnetic properties of 2. According to Hund's rules, a single
TbIII possesses a 2S+1LJ = 7F6 electronic ground state. CAS-
(8,7)SCF/RASSI-SO calculations (for further details see the Com-
putational Details in the Exptl. Sect.) of the anionic complex
fragment [Tb(COT′′)2]– confirmed the 7F6 electronic ground
state (see Table S2 in the Supporting Information). Owing to
the strong spin–orbit coupling, the first excited 7F5 term is well
separated from the ground multiplet by an energy gap of
2507 cm–1 (see Table S3 in the Supporting Information). The
lowest quintet state can be found at 25914 cm–1. States
with lower spin multiplicities can be found at even higher ener-
gies (lowest triplet state: 47210 cm–1; lowest singlet state:
56807 cm–1).

The quality of the computational results is evident from a
comparison of the experimental and calculated magnetic sus-
ceptibility �T (cf. Figure 6) and magnetization M(H) at 2 K (cf.
Figure 7) of 2, as obtained by simulation with the SINGLE_
ANISO module using the ab initio electronic structure. The sus-
ceptibility of 11.48 cm3 K mol–1 calculated at room temperature
confirms the experimental findings. Furthermore, the overall
temperature profile of the magnetic data in the experiment is
well reproduced by the theoretical data obtained for 2.

Owing to the large energy separation, it is sufficient to solely
examine the ligand-field splitting of the 7F6 ground multiplet
to further investigate the experimentally obtained magnetic
properties of 2. From Table S1 in the Supporting Information, a
strong energetic splitting of the J = 6 manifold is apparent
(748 cm–1), which is a direct result of the two dianionic COT′′
ligands. Although a large 7F6 ground multiplet splitting is in-
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duced in 2 by the two COT′′ ligands, no evidence for any SIM
properties could be observed experimentally. Figure 8 repre-
sents the energy splitting of the obtained |J = 6, mJ〉 magnetic
states (further denoted as |mJ〉) in which magnetic moments are
given in the z direction (μz), which correspond to the centroid–
centroid vector of the two COT′′ ligands. Somewhat surpris-
ingly, the |0〉 magnetic state is found to be the ground state of
the 7F6 ground multiplet. However, this explains the lack of any
out-of-phase susceptibility in the AC magnetic measurements
of 2 due to a missing magnetic moment and hence no mag-
netic anisotropy in the ground state. Furthermore, higher states
show strong mixing between |±mJ〉 and their corresponding
|+mJ〉 magnetic states resulting in only small magnetic mo-
ments.

Figure 8. Energy splitting of the J = 6 ground-state manifold for 2 with the
main contributions from the |J = 6, mJ〉 magnetic states and their magnetic
moment.

It is interesting to note that for the related heteroleptic com-
pound [Cp*Tb(COT)] a similar behavior as for 2 was ob-
served.[43] This complex has a rather similar Tb–COT centroid
distance as found for 2 {2: 192 pm; [Cp*Tb(COT)]: 183 pm},
which is concomitant with a considerably elongated Tb–Cp*
centroid distance of 233 pm. As a result, [Cp*Tb(COT)] possesses
a much weaker ligand-field splitting (ca. 400 cm–1) of the J = 6
manifold than 2. Nevertheless, this heteroleptic complex shows
similarly to compound 2 a |0〉 magnetic ground state and con-
sequently lacks an out-of-phase magnetic susceptibility signal
in the experiment. The higher ligand-field splitting in the case
of 2 (748 cm–1) is related to a significantly larger energy differ-
ence between the |0〉 magnetic ground state and the states
with the highest angular momentum |±6〉 {2: 506 cm–1;
[Cp*Tb(COT)]: ca. 30 cm–1}. It can thus be concluded that the
COT-based ligands seem to stabilize the |0〉 magnetic state and
destabilize the |±6〉 states. Owing to the presence of two COT
ligands, this effect is stronger in the case of the homoleptic
complex 2.

To further elucidate the background for the observed ab-
sence of magnetic anisotropy in the ground state of TbIII com-
pounds with COT-based ligands, it is useful to take a more de-
tailed look at the |mJ〉 magnetic states of the 7F6 ground term.
Figure 9 shows the pure |mJ〉 magnetic states in terms of their
angular spin density distribution for a single TbIII, as obtained
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by Sievers' parametrization.[63] It is evident that the |0〉 state,
which contains no magnetic moment, shows a distinct prolate
nature of the charge density distribution, whereas moving to
higher |mJ| quantum numbers continuously leads to a more
and more oblate situation. However, to promote SIM behavior
in TbIII-based complexes a ground state with high magnetic
moment with a significant contribution of the |±6〉 magnetic
states is essential, as observed for [TbPc2]– (H2Pc = phthalo-
cyanine).[64,65]

Figure 9. Angular spin density distribution of pure |J = 6, mJ〉 magnetic states
of a TbIII ion in its 7F6 electronic ground state as obtained by Sievers' paramet-
rization.[63]

A basic requirement for achieving this is a ligand field that
clearly differentiates between the |0〉 and |±6〉 magnetic states
corresponding to prolate and oblate charge distribution, re-
spectively. This is illustrated in Figure 10, which shows the spin
density distribution of pure |0〉 and |±6〉 magnetic states in com-
bination with the coordination environment of 2. The negative
charges of the COT′′ ligand are delocalized on the carbon at-
oms, that is, on their pz orbitals, forming an octagonal prismatic
environment with a rather large Tb–COT′′ centroid distance of
192 pm, which leads to stabilization of the prolate |0〉 magnetic
state with respect to the |±6〉 magnetic states (cf. Figure 8).

Figure 10. Spin density distribution of pure |J = 6, mJ = 0〉 (left) and |J =
6, mJ = ±6〉 (right) magnetic states of TbIII embedded in the coordination
environment of 2 (hydrogen atoms as well as trimethylsilyl moieties have
been omitted for clarity). The carbon atoms of both COT′′ ligands [blue: C–
H; red: C–Si(CH3)3] form an octagonal prism that stabilizes the |J = 6, mJ = 0〉
magnetic state with its prolate spin density distribution. Angular spin densi-
ties have been obtained by Sievers' parametrization.[63]

For DyIII-based systems, a detailed theoretical investigation
of the correlation between the ligand environment and their
resulting magnetic properties in terms of SIM behavior has
been reported,[66a] and most recently a novel cationic hexa-tert-
butyldysprosocenium complex, [Dy(Cpttt)2][B(C6F5)4] (Cpttt =
[C5H2tBu3-1,2,4]–) was found to exhibit magnetic hysteresis at
temperatures of up to 60 K.[66b] In contrast, for TbIII-based sys-
tems, no such study is currently available. However, it is worth
noting that the qualitative argument presented above is in
agreement with the structural features of TbIII sandwich com-
plexes exhibiting SIM behavior, as these complexes generally
exhibit rather short distances between the central TbIII and
chelate planes {[TbPc2]–:[64,65] 141 and 142 pm; [TbPc2]:[67,68] 139
and 140 pm; [Tb{Pc′(S-n-C8H17)8}2]:[69] 138 pm; [Tb(TPP)2]–
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(H2TPP = tetraphenylporphyrin):[70] 142 pm}. Hence, it is tempt-
ing to assume that Tb–chelate plane distance plays a crucial
role in the design of potential TbIII-based double-decker SIMs.

Conclusions
We have succeeded in the preparation and structural characteri-
zation of three new anionic lanthanide(III) sandwich complexes
containing the bulky COT′′ [1,4-bis(trimethylsilyl)cycloocta-
tetraene dianion] ligand, namely [Li(THF)4][Pr(COT′′)2] (1),
[Li(DME)3][Tb(COT′′)2] (2), and [Li(TMEDA)2][Yb(COT′′)2] (3).
These three salts represent promising precursors for the hith-
erto unknown triple-decker sandwich complexes [Ln2(COT′′)3]
(Ln = Pr, Tb, Yb). The magnetic properties of 2 have been exam-
ined and did not show any indication for a slow relaxation of
magnetization, as required for SIM behavior. Computational
studies of 2 revealed strong ligand-field splitting of the ground
multiplet due to the two strong COT′′ ligands. However, the
long Tb–COT′′ centroid distances lead to an elongated distor-
tion of the coordination environment that stabilizes the prolate
|J = 6, mJ = 0〉 state, which possesses no magnetic moment. As
a result, the absence of an out-of-phase signal in the experi-
mental magnetic susceptibility can be rationalized. Moreover,
a qualitative structural correlation has been presented for the
required Tb–centroid distance to design TbIII sandwich com-
plexes that can potentially act as SIMs. An attempted chemical
oxidation of 2 by using silver iodide did not provide the neutral
sandwich complex “[Tb(COT′′)2]”. Instead, the tri(μ-iodo)-
bridged dinuclear half-sandwich complex [Li(DME)2][Tb2(μ-I)3-
(COT′′)2] (4) was isolated in 72 % yield. A very similar structural
motif was found in the related tri(μ-chlorido)-bridged dinuclear
half-sandwich complex [Li(DME)3][Lu2(μ-Cl)3(COTbig)2]·DME (5),
which was obtained in an attempt to prepare the sandwich
complex [Lu(COTbig)2]– with the “superbulky” COTbig ligand.

Experimental Section
General Procedures: All operations were performed with rigorous
exclusion of air and moisture under an inert atmosphere of dry
argon, employing standard Schlenk, high-vacuum, and glove-box
techniques (MBraun MBLab; <1 ppm O2, <1 ppm H2O). THF, DME,
TMEDA, and toluene were dried with sodium/benzophenone and
freshly distilled under argon prior to use. All glassware was oven-
dried at 120 °C for at least 24 h, assembled while hot, and cooled
under high vacuum prior to use. The starting materials, anhydrous
LnCl3 (Ln = Pr, Tb, Yb, Lu),[71] 1,4-C8H6(SiMe3)2,[33,34] and 1,4-
C8H6(SiPh3)2,[44] were prepared according to published procedures.
The 1.6 M n-Butyllithium solution in hexanes and silver iodide were
obtained from commercial sources and used as received. The NMR
spectra were recorded in [D8]THF solutions with a Bruker AV I 600
(1H: 600.1 MHz; 13C: 150.9 MHz) or AVANCE-AV III (1H: 400.1 MHz;
13C: 100.6 MHz) spectrometer. 1H and 13C shifts are referenced to
internal solvent resonances and reported in parts per million rela-
tive to TMS. IR spectra were recorded by using a Bruker Vertex V70
ATR IR spectrometer. Mass spectra (EI, 70 eV) were recorded with a
MAT 95 spectrometer. Microanalyses of the compounds were per-
formed by using a Leco CHNS 932 apparatus.

X-ray Crystallographic Studies: Single-crystal X-ray intensity data
of 1–5 were collected with a STOE IPDS 2T diffractometer equipped
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with a 34 cm image plate detector at T = 153(2) K using graphite-
monochromated Mo-Kα radiation. Numerical absorption correction
was applied to the intensity data. The structures were solved by
heavy atom methods (SHELXS-97)[72] and refined by full-matrix
least-squares methods on F2 by using SHELXL-2016/4.[73]

CCDC 1562466 (for 1), 1562467 (for 2), 1562468 (for 3), 1562469
(for 4), and 1562470 (for 5) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre, also
listed in Table S1 in the Supporting information.

Magnetic Measurements: Magnetic susceptibilities of 2 were ob-
tained for a grounded polycrystalline sample using a Quantum De-
sign MPMS-5 SQUID magnetometer. Measurements were performed
with an applied field of 1000 and 2000 Oe in the temperature range
from 2 to 300 K. Magnetization measurements were carried out at
2 K in the range from –5 to 5 T. The sample was placed in a self-
built sealed capsule in a glove box. The background signal of the
capsule was recorded beforehand and the background correction
option of the MultiVu-software was used to subtract the back-
ground data. The measured data were corrected for the diamag-
netic contribution.

Computational Details: The computational studies were based on
the anionic [Tb(COT′′)2]– fragment of 2. The atomic positions were
obtained from the single-crystal structure. The positions of
hydrogen atoms were optimized at the RI-DFT[74–77]/TPSS[78,79]/
def2-SVP[80,81] level of theory by using the Turbomole 7.1 package
of programs.[82] To save computational time, the central TbIII was
replaced by LuIII within this optimization. To obtain single-ion mag-
netic properties, high-level ab initio calculations were performed by
using Molcas 8.0 SP1.[83–86] Relativistic effects were included by us-
ing a second-order Douglas–Kroll–Hess Hamiltonian in combination
with ANO-RCC basis sets (Tb and C donor atoms: ANO-RCC-VTZP;
remaining atoms: ANO-RCC-VDZ).[87–89] CASSCF calculations with
eight electrons in seven orbitals (4f shell) were performed by includ-
ing 7 septet, 140 quintet, 26 triplet, and 26 singlet states. The RASSI-
SO method was employed based on CASSCF wavefunctions (7 sep-
tet, 42 quintet, 26 triplet, and 26 singlet states) to treat the mixing
of different multiplicities and to include spin–orbit coupling. Subse-
quently, the SINGLE_ANISO module was used to obtain the compo-
nents of the g tensors, single-ion anisotropy, and simulation of mag-
netization as well as magnetic susceptibility.

Synthesis of [Li(THF)4][Pr(COT′′)2] (1): Anhydrous PrCl3 (0.74 g,
3.0 mmol) was added to a stirred THF solution (100 mL) of in situ
prepared Li2(COT′′) [6.0 mmol, obtained from 7.5 mL of 1.6 M n-
butyllithium solution in hexanes and 1.5 g (6.0 mmol) of 1,4-
C8H6(SiMe3)2] at room temperature. The reaction mixture was
stirred for 24 h and the solvents were evaporated in vacuo. The
solid residue was extracted with toluene (100 mL). The toluene was
partially removed (ca. 50 mL) and [Li(THF)4][Pr(COT′′)2] (1) precipi-
tated at room temperature as a green, crystalline solid, which was
suitable for X-ray crystallography. Yield: 2.1 g (75 %), m.p. 75 °C
(decomp.). IR (ATR): ν̃ = 3036 (w), 2949 (m), 2891 (w), 1488 (vw),
1444 (vw), 1399 (vw), 1240 (s), 1212 (w), 1048 (s), 979 (m), 933 (m),
908 (m), 897 (m), 822 (vs), 782 (m), 745 (s), 721 (s), 678 (m), 632 (m),
550 (w), 515 (w), 423 (w) cm–1. 1H NMR (400.1 MHz, [D8]THF, 25 °C):
δ = 3.67 (16 H, �-CH2 THF), 1.71 (16 H, α-CH2 THF), –6.77 [s, 36 H,
Si(CH3)3], –10.15 (br. s, CH COT′′), –14.15 (br. s, CH COT′′) ppm. 13C
NMR (100.6 MHz, [D8]THF, 25 °C): δ = 231.5 (br., CH COT′′), 217.9
(br., CH COT′′), 206.5 (br., CH COT′′), 193.4 (br., CH COT′′), 68.3 (�-
CH2 THF), 26.2 (α-CH2 THF), –2.52 [Si(CH3)3] ppm. 29Si NMR
(79.5 MHz, [D8]THF, 25 °C): δ = –44.5 ppm. 7Li NMR (155.5 MHz,
[D8]THF, 25 °C): δ = 4.05 ppm. MS (EI): m/z = 792 (10), 715 (15), 637
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(35) [(COT′′)2Pr]+, 594 (34) [(COT′′)2Pr – 3Me]+, 559 (36), 517 (41),
494 (21), 483 (15), 440 (25), 425 (24), 398 (21), 362 (15), 248 (100)
[COT′′]+. C44H80LiO4PrSi4 (933.3): calcd. C 56.62, H 8.64; found C
56.17, H 8.61.

Synthesis of [Li(DME)3][Tb(COT′′)2] (2): Anhydrous TbCl3 (1.59 g,
6.0 mmol) was added to a stirred THF solution (150 mL) of in situ
prepared Li2(COT′′) [12.0 mmol, obtained from 15.0 mL of 1.6 M

n-butyllithium solution in hexanes and 3.0 g (12.0 mmol) of 1,4-
C8H6(SiMe3)2] at room temperature. The reaction mixture was
stirred for 24 h and the solvents were evaporated in vacuo. The
yellow-brown solid residue was extracted with toluene (150 mL).
The toluene was removed and replaced by DME (30 mL). Then n-
pentane (ca. 60 mL) was added and [Li(DME)3][Tb(COT′′)2] (2) pre-
cipitated at room temperature as yellow crystals that were suitable
for X-ray crystallography. Yield: 4.5 g (80 %), m.p. 124 °C (decomp.).
IR (ATR): ν̃ = 3032 (w), 2995 (m), 2954 (m), 2897 (w), 2830 (w), 1636
(w), 1599 (w), 1549 (w), 1475 (w), 1452 (m), 1406 (w), 1368 (w), 1325
(w), 1312 (w), 1247 (s), 1214 (w), 1192 (w), 1158 (w), 1124 (m), 1087
(s), 1053 (m), 1028 (w), 983 (w), 934 (m), 911 (w), 832 (vs), 783 (w),
771 (w), 750 (m), 719 (s), 680 (w), 651 (w), 636 (m), 547 (w), 507 (w),
457 (vw), 423 (vw) cm–1. Meaningful NMR spectroscopic data could
not be obtained due to the paramagnetic nature of the Tb3+ ion.
MS (EI): m/z = 657 (5) [(COT′′)2Tb + H]+, 642 (6) [(COT′′)2Tb – Me]+,
408 (15) [(COT′′)Tb + H]+, 248 (100) [COT′′]+. C40H78LiO6Si4Tb (933.2):
calcd. C 51.48, H 8.42; found C 51.09, H 8.63.

Synthesis of [Li(TMEDA)2][Yb(COT′′)2] (3): Anhydrous YbCl3
(1.68 g, 6.0 mmol) was added to a stirred THF solution (150 mL) of
in situ prepared Li2(COT′′) [12.0 mmol, obtained from 15.0 mL of
1.6 M n-butyllithium solution in hexanes and 3.0 g (12.0 mmol) of
1,4-C8H6(SiMe3)2] at room temperature. The reaction mixture was
stirred for 24 h and the solvents were evaporated in vacuo. The
dark-blue solid residue was extracted with toluene (150 mL). The
toluene was removed and replaced by TMEDA (30 mL). Then n-
pentane (ca. 30 mL) was added and [Li(TMEDA)2][Yb(COT′′)2] (3)
precipitated at room temperature as dark-blue crystals that were
suitable for X-ray crystallography. Yield: 3.9 g (71 %), m.p. 141 °C
(decomp.). IR (ATR): ν̃ = 3020 (w), 2952 (m), 2890 (m), 2838 (m),
2797 (w), 1468 (m), 1457 (m), 1400 (w), 1357 (w), 1287 (m), 1238
(s), 1216 (m), 1185 (w), 1161 (w), 1127 (w), 1098 (w), 1067 (w), 1052
(m), 1038 (m), 1010 (m), 983 (m), 947 (m), 932 (m), 913 (m), 824 (vs),
788 (m), 767 (m), 747 (s), 717 (s), 680 (m), 635 (s), 589 (w), 545 (m),
507 (m), 440 (m) cm–1. 1H NMR spectroscopic data could not be
obtained due to the paramagnetic character of the Yb3+ ion. 13C
NMR (100.6 MHz, [D8]THF, 25 °C): δ = 59.6 (CH2 TMEDA), 46.9 (CH3

TMEDA), 15.1 [vbr., Si(CH3)3] ppm. 13C NMR signals for the COT′′ ring
were not observed due to the paramagnetic nature of the Yb3+

ion. 29Si NMR (79.5 MHz, [D8]THF, 25 °C): δ = –159.8 ppm. 7Li NMR
(155.5 MHz, [D8]THF, 25 °C): δ = 15.66 ppm. MS (EI): m/z = 772 (5)
[(COT′′)2Yb(TMEDA) – Me]+, 760 (6) [(COT′′)2Yb(TMEDA) – C2H5]+,
746 (20) [(COT′′)2Yb(TMEDA) – 3 Me]+, 731 (4), 673 (8) [(COT′′)2Yb +
2 H]+, 658 (3), 524 (9) [(COT′′)2Yb – 2 SiMe3]+, 510 (21), 498 (100)
[(COT′′)2]+, 483 (20), 437 (13), 425 (53) [COT′′Yb + 3H]+.
C40H80LiN4Si4Yb (909.4): calcd. C 52.83, H 8.87; found C 52.49, H
8.51.

Synthesis of [Li(DME)2][Tb2(μ-I)3(COT′′)2] (4): AgI (0.12 g,
0.5 mmol) was added to a stirred solution of [Li(DME)3][Tb(COT′′)2]
(0.5 g, 0.5 mmol) in toluene (80 mL). During 24 h of stirring at room
temperature the color of the suspension turned gray. After filtration,
the amount of solvent was reduced to 20 mL. [Li(DME)2]-
[Tb2(μ-I)3(COT′′)2] (4) crystallized directly upon standing at room
temperature for a few days. The resulting yellow crystals were suit-
able for X-ray crystallography. Yield: 0.25 g (72 %), m.p. 195 °C (de-
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comp.). IR (ATR): ν̃ = 3001 (w), 2948 (m), 2894 (w), 2852 (w), 2831
(w), 1697 (w), 1658 (w), 1549 (w), 1489 (w), 1469 (w), 1448 (m), 1403
(w), 1365 (w), 1247 (s), 1239 (s), 1215 (w), 1190 (w), 1113 (m), 1076
(s), 1047 (s), 1023 (w), 978 (m), 937 (m), 910 (w), 865 (m), 827 (vs),
782 (m), 754 (m), 738 (vs), 686 (m), 636 (m), 551 (w), 515 (w), 463
(w), 350 (m), 323 (w), 307 (s), 286 (m), 258 (w), 242 (m), 233 (m),
160 (w), 101 (s), 59 (m) cm–1. Meaningful NMR spectroscopic data
could not be obtained due to the paramagnetic nature of the Tb3+

ion. MS (EI): m/z = 989 (8), 740 (28), 682 (25), 668 (98) [(COT′′
)TbI2Li]+, 656 (42) [(COT′′)2Tb]+, 596 (22) [(COT′′)TbI2Li – SiMe3]+, 534
(50) [(COT′′)TbI]+, 419 (77), 407 (100) [(COT′′)Tb]+, 347 (80), 333 (45)
[(COT′′)Tb – SiMe3]+, 249 (15) [COT′′]+. C36H68I3LiO4Si4Tb2 (1382.74):
calcd. C 31.27, H 4.96; found C 31.59, H 4.73.

Synthesis of [Li(DME)3][Lu2(μ-Cl)3(COTbig)2]·DME (5): nBuLi
(1.0 mL of a 1.6 M solution in hexanes, 1.6 mmol) was added to a
stirred solution of 1,4-C8H6(SiPh3)2 (0.5 g, 0.8 mmol) in DME (80 mL)
at –10 °C. The resulting brown-green solution was warmed and
stirred at room temp. for 12 h. Then LuCl3 (0.23 g, 0.8 mmol) was
added to the mixture, which was stirred again for 48 h. After filtra-
tion, the filtrate was concentrated to ca. 20 mL in vacuo.
[Li(DME)3][Lu2(μ-Cl)3(COTbig)2]·DME (5) precipitated at room temper-
ature as colorless crystals (0.55 g, 66 %) that were suitable for X-ray
crystallography. M.p. 180 °C (decomp.). 1H NMR (400.1 MHz, [D8]THF,
296 K): δ = 7.75 (d, 24 H, o-CH Ph), 7.29 (m, 36 H, m-, p-CH Ph),
6.80–6.73 (m, 8 H, CH COTbig), 6.60–6.41 (m, 4 H, CH COTbig), 3.43
(s, 12 H, CH2 DME), 3.27 (s, 18 H, CH3 DME) ppm. 13C NMR
(100.6 MHz, [D8]THF, 296 K): δ = 138.0 (o-CH Ph), 129.4 (p-CH Ph),
128.0 (m-CH Ph), 103.1 (br., CH COTbig), 95.8 (CH COTbig), 91.4 (CH
COTbig), 72.7 (CH2 DME), 58.9 (CH3 DME) ppm. 7Li NMR (155.5 MHz,
[D8]THF, 296 K): δ = –0.55 ppm. 29Si NMR (400.1 MHz, [D8]THF,
296 K): δ = –5.6 ppm. IR (ATR): ν̃ = 3056 (w), 3011 (w), 2925 (m),
1577 (w), 1474 (m), 1462 (m), 1429 (m), 1372 (w), 1252 (w), 1194
(m), 1088 (vs), 1037 (s), 984 (m), 928 (m), 863 (m), 744 (s), 695 (vs),
612 (m), 563 (vs), 516 (s), 480 (vs), 383 (m), 318 (m) cm–1. MS (EI):
m/z = 1011 (5), 983 (12), 934 (10) [(COTbig)2LuCl – 2 SiPh3]+, 908
(20) [(COTbig)LuClPh]+, 878 (95) [(COTbig)LuClPh – Si]+, 830 (10)
[(COTbig)LuCl]+, 804 (35), 795 (54) [(COTbig)Lu]+, 680 (54), 620 (100)
[COTbig]+. C104H112Cl3LiLu2O8Si4 (2065.52): calcd. C 60.47, H 5.47;
found C 60.19, H 5.76.
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Table S1. Crystallographic data for compounds 1–5. 
compound 1 2 3 4 5 
CCDC depository number 1562466 1562467 1562468 1562469 1562470 
Molecular formula sum C44H80LiO4PrSi4 C40H78LiO6Si4Tb C40H80LiN4Si4Yb C36H68I3LiO4Si4Tb2 C104H112Cl3LiLu2O8Si4 
Formula weight /  
g mol–1 

933.29 933.24 909.42 1382.74 2065.52 

Crystal system monoclinic triclinic monoclinic monoclinic monoclinic 
Space group C2 P1 C2/c C2/c P21/c 
Cell metric a / pm 2170.37(7) 1149.50(3) 1458.1(3) 1575.48(5) 2707.78(5) 
  b / pm 892.16(3) 1229.06(4) 1872.1(4) 1903.63(5) 1996.24(3) 
  c / pm 1405.01(5) 1847.34(6) 1827.5(4) 1867.76(6) 1761.62(3) 
  α / deg. 90 99.284(2) 90 90 90 
  β / deg. 113.640(2) 102.123(2) 103.46(3) 112.430(3) 95.382(1) 
  γ / deg. 90 99.692(2) 90 90 90 
Cell volume / pm3 2492.2(2)·106 2462.4(1)·106 4852(2)·106 5177.9(3)·106 9480.2(3)·106 
Molecules per cell z 2 2 4 4 4 
Electrons per cell F000 988 980 1908 2656 4208 
Calcd. density ρ / g cm–3 1.244 1.259 1.245 1.774 1.447 
µ (Mo-Kα) / mm–1 1.110 1.571 2.056 4.621 2.262 
Crystal size / mm 0.38×0.15×0.11 0.18×0.12×0.11 0.55×0.38×0.33 0.30×0.24×0.20 0.41×0.24×0.15 
θ range / ° 2.02 … 29.15 2.26 … 26.00 2.18 … 26.00 2.36 … 26.00 2.08 … 25.64 
Reflections collected 10795 21395 20142 17814 63026 
Reflections unique 6686 9586 4761 5653 17843 
Reflections with I>2σ(I) 6557 8196 4330 4841 13808 
Completeness of dataset 99.8% 99.0% 99.7% 99.8% 99.6% 
RInt 0.0352 0.0421 0.0522 0.0445 0.0452 
Parameters / Restraints 252 / 1 487 / 0 238 / 0 257 / 46c 1217 / 206d 
R1 (all data; I>2 σ (I)) 0.0293 / 0.0284 0.0538 / 0.0412 0.0309 / 0.0254 0.0350 / 0.0257 0.0490 / 0.0299 
wR2 (all data; I>2 σ (I)) 0.0583 / 0.0580 0.0910 / 0.0869 0.0573 / 0.0558 0.0579 / 0.0555 0.0527 / 0.0495 
GooF (F2) 0.981 1.030 1.023 1.010 0.937 
Extinction coefficient – – 0.00044(5) 0.00027(2) – 
Flack parameter [S1] 0.12a – – – – 
Largest diff. peak / hole 0.31 / –0.57 4.34b / –0.93 0.83 / –1.82 1.37 / –1.29 0.52 / –0.66 
a Refined as an inversion twin. b FT termination effect at the Tb atom. c Restraints on a disordered SiMe3 group. d Restraints on two disordered phenyl groups. 

[S1] S. Parsons, H. D. Flack, T. Wagner, Acta Crystallogr., Sect. B: Struct. Sci. Cryst. Eng. Mater. 69 (2013) 249–259. 

  



Table	 S2.	 Ab	 initio	 calculated	 relative	 CASSCF	 energies	 for	 2	 in	 dependence	 on	 the	

multiplicity	 (2S+1).	 For	 the	 lower	 multiplicities	 (2S+1	 =	 5,	 3,	 1)	 only	 the	 ten	 lowest	

states	were	listed.	

2S+1	 	 Erel	/	Hartree	 Erel	/	cm−1	
7	 1	 0.00000	 0	
	 2	 0.00112	 247	
	 3	 0.00120	 264	
	 4	 0.00316	 693	
	 5	 0.00318	 697	
	 6	 0.00573	 1257	
	 7	 0.00575	 1262	
5	 1	 0.11807	 25914	
	 2	 0.11809	 25918	
	 3	 0.11828	 25959	
	 4	 0.11883	 26080	
	 5	 0.11883	 26081	
	 6	 0.13290	 29169	
	 7	 0.13290	 29169	
	 8	 0.13314	 29221	
	 9	 0.13314	 29221	
	 10	 0.13396	 29402	
	 …	 …	 …	
3	 1	 0.21510	 47210	
	 2	 0.21517	 47224	
	 3	 0.21517	 47224	
	 4	 0.21904	 48073	
	 5	 0.21904	 48073	
	 6	 0.22004	 48293	
	 7	 0.22004	 48294	
	 8	 0.22025	 48340	
	 9	 0.22026	 48342	
	 10	 0.22032	 48354	
	 …	 …	 …	
1	 1	 0.25883	 56807	
	 2	 0.26108	 57300	
	 3	 0.26108	 57300	
	 4	 0.26139	 57368	
	 5	 0.26139	 57368	
	 6	 0.26155	 57403	
	 7	 0.26180	 57458	
	 8	 0.26180	 57459	
	 9	 0.26238	 57586	
	 10	 0.26238	 57586	
	 …	 …	 …	

	
	 	



	 4	

Table	S3.	Ab	initio	calculated	relative	RASSI-SO	energies	of	2	in	dependence	on	the	

three	highest	terms.	

Term	 	 Erel	/	Hartree	 Erel	/	cm−1	
7F6	 1	 0.00000	 0	
	 2	 0.00017	 37	
	 3	 0.00022	 49	
	 4	 0.00079	 173	
	 5	 0.00079	 174	
	 6	 0.00176	 386	
	 7	 0.00176	 386	
	 8	 0.00230	 506	
	 9	 0.00230	 506	
	 10	 0.00292	 640	
	 11	 0.00292	 640	
	 12	 0.00341	 748	
	 13	 0.00341	 748	

7F5	 14	 0.01142	 2507	
	 15	 0.01142	 2507	
	 16	 0.01162	 2551	
	 17	 0.01163	 2553	
	 18	 0.01190	 2613	
	 19	 0.01192	 2616	
	 20	 0.01199	 2630	
	 21	 0.01200	 2633	
	 22	 0.01201	 2635	
	 23	 0.01398	 3067	
	 24	 0.01398	 3068	

7F4	 25	 0.01755	 3852	
	 26	 0.01756	 3853	
	 27	 0.01812	 3976	
	 28	 0.01812	 3977	
	 29	 0.01920	 4215	
	 30	 0.01922	 4219	
	 31	 0.01975	 4334	
	 32	 0.02010	 4412	
	 33	 0.02011	 4414	
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Robert E. Dinnebier,d Winfried Plass,c Julia Wernera and Christian Näther*a

Reaction of cobalt(II) and nickel(II) thiocyanate with ethylisonicotinate leads to the formation of

[M(NCS)2(ethylisonicotinate)2]n with M = Co (2-Co) and M = Ni (2-Ni), which can also be obtained by

thermal decomposition of M(NCS)2(ethylisonicotinate)4 (M = Co (1-Co), Ni (1-Ni)). The crystal structure of

2-Ni was determined by single crystal X-ray diffraction. The Ni(II) cations are octahedrally coordinated by

two N and two S bonding thiocyanate anions and two ethylisonicotinate ligands and are linked by pairs of

anionic ligands into dimers, that are connected into layers by single thiocyanate bridges. The crystal struc-

ture of 2-Co was refined by Rietveld analysis and is isostructural to 2-Ni. For both compounds ferro-

magnetic ordering is observed at 8.7 K (2-Ni) and at 1.72 K (2-Co), which was also confirmed by specific

heat measurements. Similar measurements on [Co(NCS)2(4-acetylpyridine)2]n that exhibits the same layer

topology also prove magnetic ordering at 1.33 K. Constrained DFT calculations (CDFT) support the ferro-

magnetic interactions within the layers. The calculated exchange constants in 2-Ni were used to simulate

the susceptibility by quantum Monte Carlo method. The single-ion magnetic anisotropy of the metal ions

has been investigated by CASSCF/CASPT2 calculations indicating significant differences between 2-Ni

and 2-Co.

Introduction

The synthesis of new coordination compounds showing co-
operative magnetic properties is still an important and chal-
lenging field in coordination chemistry.1 For their synthesis
paramagnetic metal cations must be linked by small-sized
anionic ligands that can mediate magnetic exchange. Among
possible ligands are thio- or selenocyanato anions, that can
differently coordinate to metal cations and for which an
increasing number of new compounds were recently reported.2

In this context, the magnetic properties of thio- and selenocya-
nato coordination polymers based on the 3d cations Mn(II),
Fe(II), Co(II) and Ni(II) are of special interest for us, because
depending on the nature of the metal cations and the N-donor

co-ligands, different magnetic properties are observed. In the
course of our investigations we have reported a number of
compounds with the composition M(NCX)2(L)2 (M = Mn(II),
Fe(II), Co(II), Ni(II) and X = S, Se and L = monodentate N-donor
co-ligand).3 In most of these compounds the metal cations are
linked by pairs of thiocyanate anions into chains.3 However,
depending on the N-donor co-ligand there are also a few
examples where the cations build layered structures with
different topologies.4 In this regard it is noted, that with
4-acetylpyridine as co-ligand two different isomers with the
composition Co(NCS)2(4-acetylpyridine)2 are obtained.
Interestingly, one isomer shows a chain structure, whereas the
second consists of Co(NCS)2 dimers which are further linked
by single thiocyanate anions into layers.5 The chain compound
is a quasi 1D ferromagnet, which shows a slow relaxation of
the magnetization, whereas the susceptibility curves of the
layered compound indicate paramagnetic behavior. It is noted
that the 2D compound represents the thermodynamic stable
form at room temperature and is obtained either from solution
or by thermal decomposition of Co(NCS)2(4-acetylpyridine)4.

5

In contrast, the chain isomer is thermodynamically
metastable and only accessible by careful thermal annealing of
the hydrate precursor Co(NCS)2(4-acetylpyridine)2(H2O)2 at
elevated temperatures.

†Electronic supplementary information (ESI) available. CCDC 1506855 and
1506856. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/c6dt03752f

aInstitut für Anorganische Chemie, Christian-Albrechts-Universität zu Kiel,

Max-Eyth-Straße 2, 24118 Kiel, Germany. E-mail: cnaether@ac.uni-kiel.de
bInstitute of Physics, Jagiellonian University, Łojasiewicza 11, 30-348 Krakow, Poland
cInstitut für Anorganische und Analytische Chemie, Universität Jena, Humboldtstr. 8,

07743 Jena, Germany
dMax Planck Institute for Solid State Research, Heisenbergstraße 1, 70569 Stuttgart,

Germany
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In the course of our systematic investigations we became
interested in ethylisonicotinate as co-ligand. In this context
the question arises whether compounds with µ-1,3 bridging
thiocyanate anions can be prepared and if they will consist of
chained or layered structures. The crystal structure of two com-
pounds with the composition Co(NCS)2(ethylisonicotinate)4
(1-Co) and Ni(NCS)2(ethylisonicotinate)4, (1-Ni) were already
reported in the literature.6 These compounds consist of dis-
crete complexes and might be used as precursors for the syn-
thesis of the desired compounds with bridging anionic
ligands. 1-Co and 1-Ni crystallize both in two different modifi-
cations, with comparable lengths of the a- and b-axis, whereas
the c-axis is doubled for 1-Ni compared to that in 1-Co.
Moreover, there is also a compound reported, in which the co-
ligand is protonated ([ethylisonicotinate-H]+[Cu(I)(NCS)2]

−)
and thus, does not participate in the metal coordination.7 It is
noted that two compounds with azide ligands are published,
which exhibit a similar coordination to that of our desired
thiocyanate compounds. In [Mn(N3)2(ethylisonicotinate)2]n,
the Mn(II) cations are linked by the azido anions into layers,
whereas in [Cu(N3)2(ethylisonicotinate)2]n, the Cu(II) cations
are linked into chains.8

Experimental section
Syntheses

Co(NCS)2, NiSO4·6H2O and KNCS were obtained from Merck,
Ba(NCS)2·3H2O and ethylisonicotinate were obtained from Alfa
Aesar. Ni(NCS)2 was prepared by the reaction of equivalent
amounts of Ba(NCS)2·3H2O and NiSO4·6H2O in water. The pre-
cipitate of BaSO4 was filtered off and the solvent was removed
from the filtrate using a rotatory evaporator. All solvents and
reactants were used without further purification. Crystalline
powders were synthesized by stirring the reactants in the
respective solvents at room temperature. The residues were fil-
tered off and washed with the used solvent and dried in air.
The phase purity of all compounds was verified by X-ray
powder diffraction (XRPD) and elemental analysis.

Synthesis of 1-Co. 1.00 mmol (175.1 mg) Co(NCS)2 was
stirred with 4.00 mmol (599.0 µL) ethylisonicotinate in
3.0 mL H2O at room temperature. After 1 d reaction time pink-
colored powder was obtained. Yield: 88.2%. C34H36CoN6O8S2
(779.76 g mol−1): calcd C 52.37, H 4.65, N 10.78, S 8.22; found
C 51.77, H 4.62, N 10.67, S 8.30. IR (ATR): νmax = 3049 (w), 2976
(m), 2933 (w), 2867 (w), 2074 (s), 2054 (s), 1722 (s), 1612 (m),
1561 (m), 1446 (m), 1412 (m), 1365 (m), 1324 (m), 1280 (s),
1228 (m), 1174 (m), 1118 (s), 1060 (m), 1015(s), 859 (m),
814 (w), 764 (s), 703 (s), 688 (s), 666 (m) cm−1.

Synthesis of 1-Ni. 1.00 mmol (174.9 mg) Ni(NCS)2 and
4.00 mmol (599.0 µL) ethylisonicotinate were mixed in 3.0 mL
H2O at room temperature. After 3 days blue needle shaped
single crystals, suitable for single crystal diffraction, were
obtained. Yield: 89.7%. C34H36NiN6O8S2 (779.52 g mol−1):
calcd C 52.39, H 4.65, N 10.78, S 8.23; found C 52.22, H 4.69,
N 10.62, S 8.18. IR (ATR): νmax = 3661 (w), 2974 (m), 2933 (w),

2901 (w), 2084 (s), 2066 (s), 1721 (s), 1613 (w), 1561 (m), 1446
(m), 1412 (s), 1391 (m), 1365 (m), 1323 (m), 1280 (s), 1228 (m),
1174 (m), 1119 (s), 1059 (s), 1018 (s), 859 (s), 808 (w), 764 (s),
703 (s), 688 (s) cm−1.

Synthesis of 2-Co. 1.00 mmol (174.9 mg) Co(NCS)2 with
2.00 mmol (299.6 µL) ethylisonicotinate were dissolved in
3.0 mL EtOH. After 1 d at room temperature a brown-colored
powder was obtained. Yield: 72.6%. C18H18CoN4O4S2
(477.43 g mol−1): calcd C 45.28, H 3.80, N 11.74, S 13.43; found
C 45.45, H 3.87, N 11.44, S 13.02. IR (ATR): νmax = 2982 (w),
2935 (w), 2896 (w), 2104 (s), 2054 (s), 1738 (m), 1721 (m),
1612 (m), 1561 (m), 1463 (m), 1415 (m), 1368 (m), 1323 (m),
1280 (s), 1228 (m), 1171 (m), 1123 (s), 1060 (m), 1018(m),
945 (w), 854 (m), 785 (m), 764 (s), 700 (s), 688 (s),
665 (m) cm−1.

Synthesis of 2-Ni. 0.25 mmol (43.7 mg) Ni(NCS)2 with
0.25 mmol (37.5 µL) ethylisonicotinate was mixed in 1.0 mL
MeOH. After 3 d green single crystals, suitable for single
crystal analysis, were obtained. Crystalline powder on a larger
scale was synthesized by mixing 1.00 mmol (174.9 mg)
Ni(NCS)2 with 1.00 mmol (149.8 µL) ethylisonicotinate in
1.0 mL MeOH. Yield: 74.2%. C18H18NiN4O4S2 (477.19 g mol−1):
calcd C 45.31, H 3.80, N 11.74, S 13.44; found C 45.70, H 3.9,
N 12.31, S 12.72. IR (ATR): νmax = 2980 (w), 2936 (w), 2900 (w),
2117 (s), 2054 (s), 1725 (m), 1613 (m), 1562 (m), 1463 (m),
1415 (m), 1367 (m), 1323 (m), 1280 (s), 1229 (m), 1171 (m),
1121 (s), 1062 (m), 1021(m), 946 (w), 855 (m), 764 (s), 700 (s),
689 (s), 665 (m) cm−1.

Synthesis of 2D [Co(NCS)2(4-acetylpyridine)2]n. This com-
pound was synthesized according to the procedure given in
the literature5 and its purity was checked by elemental
analysis, XRPD and IR-spectroscopy. C16H14CoN4O2S2
(417.38 g mol−1): calcd C 46.04, H 3.38, N 13.42, S 15.37; found
C 45.97, H 3.33, N 13.29, S 15.41.

Elemental analysis

CHNS analysis was performed using an EURO EA elemental
analyzer, fabricated by EURO VECTOR Instruments.

IR spectroscopy

All IR data were obtained using an ATI Mattson Genesis Series
FTIR Spectrometer, control software: WINFIRST, from ATI
Mattson.

Differential thermal analysis and thermogravimetry (DTA-TG)

DTA-TG measurements were performed in a dynamic nitrogen
atmosphere (purity: 5.0) in Al2O3 crucibles using a STA-409CD
thermobalance from Netzsch. The instrument was calibrated
using standard reference materials. All measurements were
performed with a flow rate of 75 mL min−1 and were corrected
for buoyancy.

Single-crystal structure analyses

Data collections were performed with an imaging plate diffrac-
tion system (IPDS-2) from STOE & CIE using Mo-Kα-radiation.
A numerical absorption correction was applied using programs
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X-RED and X-SHAPE of the program package X-Area.9 The
crystal structure solution was performed with SHELXT10 and
structure refinement was performed against F2 using
SHELXL-2014.11 All non-hydrogen atoms were refined with an-
isotropic thermal displacement parameters. All hydrogen
atoms were positioned with idealized geometries and were
refined isotropic with Uiso(H) = −1.2Ueq(C) using a riding
model. One ethylisonicotinate ligand was found to be dis-
ordered with two orientations in 1-Ni and 2-Ni. The disorder
was refined with a split model with side occupancies of 75 : 25
and using same angle and distance restraints. The absolute
structure of 1-Ni was determined (Flack x parameter =
0.003(11) by classical fit to all intensities and 0.003(5) from
3405 selected quotients (Parsons’ method). Selected crystal
data and details of the structure refinements are given in
Table S1 in the ESI†).

CCDC 1506855 (1-Ni) and 1506856 (2-Ni) contain the
supplementary crystallographic data for this paper.

X-Ray powder diffraction (XRPD)

The measurements were performed using (1) a Stoe
Transmission Powder Diffraction System (STADI P) with
Cu Kα1 radiation (λ = 1.540598 Å) equipped with a MYTHEN
1K detector and a Johann Ge(111) monochromator and 2)
a Stoe Stadi-P machine (Mo Kα1 radiation, λ = 0.7093 Å),
equipped with a MYTHEN 1K detector and a Johann Ge(111)
monochromator in Debye Scherrer geometry. Rietveld refine-
ments12 of 2-Co and 2-Ni were performed using TOPAS 5.0 13

starting from the crystallographic data of 2-Ni determined by
single crystal structure analysis. The profile function was
described in both cases with the fundamental parameter
approach, while the background was modelled by Chebychev
polynomials. For both compounds the hydrogen atoms were
fixed at geometric calculated positions and an overall isotropic
thermal displacement parameter was used for all non-H atoms
and for hydrogen atoms a Uiso(H) = −1.2Ueq(C) of the corres-
ponding parent atom. For refining the atomic positions dis-
tance and angle restrains were used.

The high temperature XPRD measurements were performed
on a Bruker D8 diffractometer (Mo Kα1 equipped with
a primary Ge(220)-Johann monochromator and a LynxEye
position sensitive detector) in Debye–Scherrer geometry using
a water cooled capillary furnace (mri Physikalische Geräte
GmbH). 1-Ni was heated from room temperature to 150 °C in
20 °C steps and then up to 350 °C in 5 °C steps (heating rate
0.5 °C s−1). 1-Co was heated from room temperature to 150 °C
in 20 °C steps and then up to 350 °C in 5 °C steps (heating rate
0.5 °C s−1). Selected crystal data and details of the Rietveld
refinements are given in Table S2 in the ESI†).

Magnetic measurements

Magnetic measurements were performed using a MPMS
SQUID magnetometer from Quantum Design. Powders were
pressed inside a small PTFE bag to form rigid pellets and
immobilize sample grains. The diamagnetic contributions of

the sample holder and the core diamagnetism were subtracted,
using measured and calculated values, respectively.

Specific heat measurements

Specific heat was measured by the relaxation technique using
a Quantum Design PPMS. Powders were pressed into a pellet
with a diameter of 2 mm. Apiezon N grease was used to ensure
thermal contact of the samples with the microcalorimeter. The
heat capacity of the grease was measured before each run and
subtracted from the measured data.

Computational details

Single-crystal (2-Ni) and Rietveld refined atomic positions
(2-Co) have been taken as initial molecular structures for the
different computational models (for details see Computational
studies). Hydrogen atoms were optimized with the Turbomole
6.6 package of programs14 at RI-DFT15/BP8616/def2-SVP17 level
of theory. Co(II) and Ni(II) ions have been replaced by diamag-
netic Zn(II) ions within these optimizations to save compu-
tational time. In case of 2-Ni and 2-Co the magnetic coupling
constants have been calculated within the constrained DFT
(CDFT)18 approach. The B3LYP hybrid functional16a,19 in com-
bination with def2-TZVPP (Co, Ni), def2-TZVP (N, S), and def2-
SVP (remaining atoms) basis sets17 were used. CDFT calcu-
lations have been performed with NWChem 6.6 20 in which
two spin constraints, that contained the specific 3d metal ion
and its six donor atoms, were applied to perform the high-spin
and broken-symmetry state calculations. Subsequently, the
magnetic coupling constant J was calculated by eqn (1)
(2-Ni: SA = SB = 2; 2-Co: SA = SB = 3) for a Heisenberg
Hamiltonian (H = −JS1S2).

J ¼ EBS � EHS

2SASB
ð1Þ

Ab initio calculations for 2-Ni and 2-Co have been
performed with Molcas 8.0 SP1.21 In case of 2-Co and 2-Ni
CASSCF calculations with 7 and 8 electrons, respectively, in
10 orbitals (3d and 4d shells) were carried out. In case of 2-Co
10 quartet states (4F, 4P) and 40 doublet states (2G, 2P, 2H, 2D,
2D, 2F) were included, whereas for 2-Ni 10 triplet (3F, 3P) and
15 singlet states (1D, 1G, 1S) were considered. Additionally,
scalar relativistic effects were employed with a second-order
Douglas–Kroll–Hess Hamiltonian in combination with
ANO-RCC basis sets (Co, Ni, and donor atoms:
ANO-RCC-VTZP; other atoms: ANO-RCC-VDZ).22 Subsequently,
dynamic correlation for 2-Co was treated with CASPT2 on the
basis of the CASSCF wave functions for 10 quartet and the
12 lowest doublet states, whereas in case of 2-Ni all 10 triplet
and 15 singlet states were included. The RASSI-SO method was
employed to treat mixing of states with different multiplicities
and to include spin–orbit coupling. Finally, the
SINGLE_ANISO module on basis of the RASSI-SO wave func-
tion was used to obtain single-ion anisotropy.

Paper Dalton Transactions

18192 | Dalton Trans., 2016, 45, 18190–18201 This journal is © The Royal Society of Chemistry 2016

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

0/
03

/2
01

7 
20

:5
5:

32
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



Results and discussion
Synthetic and structural investigations

Reaction of different molar ratios of Ni(NCS)2 and Co(NCS)2
with ethylisonicotinate in water or ethanol leads to the
formation of four different crystalline phases, which
were investigated by elemental analysis, IR-spectroscopy
and XRPD. With a higher metal to ligand ratio the known
compounds Co(NCS)2(ethylisonicotinate)4 (1-Co) and Ni
(NCS)2(ethylisonicotinate)4 (1-Ni) formed, which were identi-
fied by comparison of the experimental and calculated
XRPD pattern (Fig. S1 and S2 in the ESI†). By reducing
the used amount of ethylisonicotinate during synthesis,
two previously unknown coordination polymers with the
composition Co(NCS)2(ethylisonicotinate)2 (2-Co) and Ni
(NCS)2(ethylisonicotinate)2 (2-Ni) were obtained. 2-Co and 2-Ni
are isomorphic, according to the Rietveld refinements. The
IR bands at 2104 cm−1 for 2-Co and of 2117 cm−1 for 2-Ni are
attributed to the asymmetric CN-stretch vibrations indicating
that in these crystalline phases the metal cations are linked by
bridging thiocyanate anions (Fig. S3 and S4 in the ESI†). For
terminal N-bonded thiocyanate anions they are shifted to
lower values, as it is the case for the discrete complexes 1-Co
(νasCN = 2054 and 2074 cm−1) and 1-Ni (νasCN = 2066 and
2084 cm−1; Fig. S5 and S6 in the ESI†). It is noted, that we
redetermined the lattice parameters of 1-Co and 1-Ni at room-
temperature to have a better comparison between the experi-
mental and calculated XRPD pattern. Surprisingly, for 1-Ni a
unit cell was obtained, in which the c-axis is only half of that
reported in literature.6b In this case lattice parameters of the
smaller unit cell are very similar to those reported for 1-Co,
which indicates that both compounds are isotypic. It is noted,
that the structure of 1-Ni reported in literature was determined
at 100 K and therefore, it is likely that this compound shows a
phase transition on cooling. To investigate this in more detail,
we determined this structure at 170 K, where no changes of
the unit cell parameters were detected and careful inspection
of the reciprocal space does not show any super structure
reflection. However, our structure is comparable to that
reported and therefore, no further discussion is needed.

The structure of 2-Ni was determined by single crystal X-ray
diffraction analysis. 2-Ni crystallizes in the monoclinic space
group P21/c with 4 formula units in the unit cell and all atoms
located in general positions. The Ni(II) cations are octahedrally
coordinated by two N and two S bonded thiocyanate anions
and two ethylisonicotinate ligands, all of them in trans-posi-
tion (Fig. 1). All M–N and M–S bond lengths are comparable to
those in related compounds (Table S3 in the ESI†). The angles
slightly deviate from the ideal values and the coordination
polyhedral around the Ni(II) cations can be described as a
slightly distorted elongated octahedra.

Each two cations are linked by pairs of anionic ligands into
dimers that are further linked to four different Ni cations by
single bridging thiocyanate anions (Fig. 1). From this arrange-
ment, layers are formed, in which the cations are linked by
alternating single and double thiocyanate bridges (Fig. 2). The

Ni⋯Ni distance along the double bridges of 5.617(1) Å is sig-
nificant shorter that along the single bridge of 5.829(1) Å. It is
noted, that the layer topology is identical to that in the 2D
isomer of [Co(NCS)2(4-acetylpyridine)2]n recently reported.

5

The experimentally obtained lattice parameter of 2-Ni show
some deviation between single crystal X-ray data (200 K) and
XRPD data (293 K) (Tables S1 and S2 in the ESI†). The devi-
ations remain even though the single crystal experiment was
repeated at room temperature the calculated powder pattern
compared to the measured one (Fig. S8 in the ESI†). The small
change in the lattice parameters of 2-Ni (Tables S1 and S2 in
the ESI†) is due to a change of one torsion angle of the ethyl
group of the ethylisonicotinate ligand leading to a slightly
different packing of the layers. It is noted, that the topology of
the thiocyanate network is not affected.

Fig. 1 Crystal structure of 2-Ni with view of the coordination sphere of
the Ni(II) cations. The disorder of one of the ethylisonicotinate ligands is
not shown for clarity and an Ortep plot of 2-Ni is shown in Fig. S7 in the
ESI.†

Fig. 2 Crystal structure of 2-Ni with view of the layered thiocyanate
network approximately along the a-axis. The H-atoms and the disorder
of one of the ethylisonicotinate ligand is not shown for clarity.
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No single crystals were obtained for 2-Co and therefore its
crystal structure was determined and refined by Rietveld ana-
lysis, starting with the crystal structure of 2-Ni (Fig. S9 and S10
in the ESI†). According to the conducted Rietveld analysis,
both 2-Co and 2-Ni are isostructural as bulk material. If the
experimental XRPD patterns of the batches used for magnetic
measurements are compared with those calculated from the
Rietveld analysis it is obvious that both compounds were
obtained as phase pure materials (Fig. S8 and S11 in the ESI†).

As expected for isostructural compounds, very similar intra-
layer and interlayer M⋯M distances are observed for 2-Co and
2-Ni (Table 1). Moreover, the M⋯M distance within the dimers
is much shorter than that of the single bridge that connects
the dimers (Table 1).

Thermoanalytical investigations

As mentioned above, 1-Co and 1-Ni might be useful precursors
for the preparation of ligand deficient compounds by thermal
decomposition. In this case the question rises if compounds
of composition M(NCS)2(ethylisonicotinate)2 (M = Co, Ni) can
be obtained and if they will correspond to the layered com-
pounds 2-Co and 2-Ni or if different crystalline phases are
observed, as it is the case, e.g., for the compounds with acetyl-
pyridine as ligand.5

1-Co shows three mass loss steps in the TG curve, which are
accompanied by endothermic events in the DTA curve (Fig. 3
and S12 in the ESI†). The observed experimental mass loss of
39.4% in the first mass step is in good agreement with that cal-
culated for the removal of two ethylisonicotinate ligands
(Δmcalc. = 38.8%). On further heating an additional mass step
is observed, indicating the formation of a further crystalline
phase with less ligand. The residue obtained after the first and
second mass step were isolated and investigated by XRPD.
Rietveld refinements of the residue obtained in the first mass
step as well as temperature dependent XRPD measurements
confirmed the formation of 2-Co (Fig. S13 and S16 in the
ESI†). XRPD investigations of the residue obtained after the
second TG step showed that an amorphous sample was
obtained (Fig. S14 in the ESI†). This was confirmed by temp-
erature dependent XRPD measurements, where no intensity
above 180 °C was observed (Fig. S16 in the ESI†). The asym-
metric CN stretching vibration is observed at 2051 cm−1,
which indicates the presence of only terminal anionic ligands
(Fig. S15 in the ESI†). To investigate the thermal reactivity of 1-
Co in more detail, heating rate dependent measurements were

performed (Fig. 3). In this case several mass steps were
observed, for which the mass loss depends on the actual
heating rate, indicating for a more complex reaction. This is
typical for reactions where kinetic effects have a large impact
on the product formation as already observed for, e.g., Cu(II)
coordination polymers.23

TG measurements for 1-Ni show two mass steps that are
each accompanied with the removal of half of the ethylisonico-
tinate ligands and that there is no influence of the actual
heating rate (Fig. 3 and S17 in the ESI†). The first mass step
(Δm = 38.0%) corresponds to the loss of two ethylisonicotinate
ligands and thus to the transformation of 1-Ni into 2-Ni
(Fig. S18 in the ESI†). This in good agreement with the temp-
erature dependent XRPD measurements, where 2-Ni was the
only phase above 150 °C (Fig. S19 in the ESI†), which is
around 5 °C below the transition temperature, detected by
DTA measurements. The second mass step (Δm = 38.3%)
corresponds to the loss of the remaining ethylisonicotinate
ligands.

Magnetic investigations on 2-Co and 2-Ni

For 2-Co and 2-Ni the temperature dependence of the suscepti-
bility was measured in field of 1 kOe (Fig. 4: inset). For 2-Co
the χ vs. T curve indicates paramagnetic behavior as already
observed for [Co(NCS)2(4-acetylpyridine)2]n. In contrast, for 2-
Ni the susceptibility increases significantly and at very low
temperatures saturation is observed, which is indicative for a
ferromagnetic transition below 10 K (Fig. 4: inset).

For 2-Co a room-temperature value of the χT product of
3.23 cm3 K mol−1 is observed, which is in agreement with
those commonly reported for Co(II) compounds in an octa-
hedral ligand field.24

The gradual drop of χT at lower temperatures is mainly due
to the change of the effective magnetic moment caused by the
spin–orbit coupling of single Co(II) cations (Fig. 4). Without
any magnetic interaction a drop to 1.6–1.8 cm3 K mol−1 in

Table 1 Selected inter- and intra-layer distances (Å) for 2-Ni from
single crystal data and for 2-Ni and 2-Co obtained by Rietveld
refinement

Compound
2-Ni
(single crystal)

2-Ni
(Rietveld)

2-Co
(Rietveld)

M⋯M (double bridge) 5.617(1) 5.581(5) 5.652(6)
M⋯M (single bridge) 5.829(1) 5.850(5) 5.887(6)
M⋯M (interlayer) 13.923(2) 14.279(6) 14.089(6)

14.791(2) 15.020(7) 14.948(7)

Fig. 3 DTA, TG and DTG curve at 1 °C min−1 for 1-Co (left) and 1-Ni
(right).
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the limit of zero temperature would be expected. Thus, the rise
of χT observed below 12 K is the effect of a ferromagnetic
exchange through the anionic ligands.

For 2-Ni the measured value of χT at room temperature is
1.26 cm3 K mol−1, which corresponds to a g factor equal 2.25
for the spin S = 1 (Fig. 4). Similar values are reported in other
Ni(II) compounds.25 However, for Ni(II) cations in an N4S2
coordination sometimes slightly higher values are obtained as
it is the case for the 2D compounds [Ni(NCS)2(4-tert-butylpyri-
dine)2]n, and [Ni(NCS)2(2-methylpyrazine)2]n

4c and in the
chain compound [Ni(NCS)2(pyridine)2]n.

26 The gradual
increase of χT with decreasing temperature is a sign for domi-
nating ferromagnetic exchange interactions.

The magnetization measured at 1.8 K is shown in Fig. 5.
For 2-Ni a hysteresis loop is clearly visible pointing to a ferro-
magnetic ground state, as indicated by the susceptibility
measurements. The M(H) curve measured for 2-Co at 1.8 K is
clearly nonlinear already at low fields. In both cases a signifi-

cant anisotropy is present, as the magnetization at 50 kOe is
still not saturated (Fig. 4).

Low field susceptibility data are presented in Fig. 6 and 7.
The sudden increase of χ observed for 2-Ni around Tc = 8.7 K is
accompanied by the divergence of zero-field cooled and field
cooled measurement. Simultaneously, below Tc the suscepti-
bility becomes field dependent leading to a larger divergence
with decreasing field, typical for a ferromagnet. This, experi-
ment together with the shape of the hysteresis loop, allows
drawing the conclusion that a ferromagnetic ordering takes
place. Similar measurements for 2-Co show only a significant
increase of susceptibility below 2 K and a strong field depen-
dence of χ (Fig. 7).

For both compounds, additional AC susceptibility measure-
ments were performed as function of temperature at different
frequencies for 2-Ni the in-phase χ′ and the out-of-phase com-
ponent χ″ shows a maximum and the lack of any significant
frequency dependence is typical for a ferromagnet (Fig. S20
and S21 in the ESI†).

Fig. 4 Temperature dependence of magnetic susceptibility χ of 2-Co
and 2-Ni measured at 1 kOe, shown as χT product (points). Solid line:
result of quantum Monte Carlo simulations based on exchange constant
from CDFT. Inset: χ vs. T curve.

Fig. 5 Magnetization of 2-Co and 2-Ni measured at T = 1.8 K. Inset:
Low field magnetization hysteresis loop.

Fig. 6 Zero-field cooled and field cooled susceptibility measured at
two low fields for 2-Ni (black and red points). The specific heat (blue
open symbols) shows a peak at 8.70 K.

Fig. 7 Susceptibility measured at two small fields (black and red
points), shown together with the specific heat C(T ) of 2-Co.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2016 Dalton Trans., 2016, 45, 18190–18201 | 18195

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

0/
03

/2
01

7 
20

:5
5:

32
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



For 2-Co similar AC measurements show a maximum in the
in-phase component χ′, which is not visible in the out-of-phase
signal (Fig. S21 in the ESI†). However, a closer look indicates
that even χ′ might pass a maximum at lower temperatures,
indicating a ferromagnetic transition, which is not visible
because the magnetic measurements can only be performed
down to 1.75 K.

Specific heat measurements on 2-Co and 2-Ni

Because of the limited temperature range in the bulk magnetic
measurements we were not able to prove a possible magnetic
ordering of 2-Co. For this reason, we measured the specific
heat C(T ) for 2-Co and 2-Ni, which was feasible down to 0.4 K.
The temperature dependency of the specific heat superim-
posed on low-field magnetic susceptibility data are shown in
Fig. 6 and 7.

For 2-Ni a distinct peak in C(T ) is present at 8.70 K. Its posi-
tion precisely corresponds to the temperature where the low-
field susceptibility has the maximum slope (see Fig. 6). The
peak has a lambda-type shape, which is characteristic for
second order phase transitions. This confirms that the mag-
netic moments in 2-Ni undergo a long range ordering at Tc =
8.7 K. The peak is sharp and no further peaks are present,
which shows that the magnetic behavior of the studied sample
is homogenous.

Specific heat measurement for 2-Co shows a pronounced
peak at 1.72 K, which is much lower than for 2-Ni. The obser-
vation of this peak definitely confirms the impression from
the magnetic measurements, that a magnetic ordering takes
place in 2-Co at very low temperatures.

The observed peaks of the specific heat are on the back-
ground that originates mainly from the crystal lattice
vibrations. The analysis of the entropy change related to the
ordering transition requires good estimation of this back-
ground, which is not always straightforward. This particular
case is fortunate, because Ni and Co have almost identical
molar masses and therefore, the identical lattice contribution
Clattice can be assumed for the two isostructural compounds.
The data measured up to 60 K confirms very similar specific
heat for 2-Ni and 2-Co above 20 K.

To quantitative model the lattice contribution we used the
linear combination of the Debye and Einstein models of the
phonon density of states to account for both, acoustic and
optical phonon bands. Below 40 K it was enough to assume a
single acoustic branch described by θE and a single optical
branch described by θD.

Clattice ¼ ADCDebyeðT ; θDÞ þ AECEinsteinðT ; θEÞ
Such an approach is supported by our earlier analysis of the

specific heat of diamagnetic Cd(NCS)2(pyridine)2, where such
approximation works at least up to 40 K. In the present case,
fitting this model to the specific heat of 2-Ni in the range
10–40 K leads to values θD = 75.3(7) K, θE = 147.5(1.5) K, AD =
1.98(3), AE = 5.69(7) J (mol K)−1. The Clattice, extrapolated to
lower temperature, as shown in Fig. 7, was then subtracted to

estimate the remaining contributions to the specific heat and
integrate C/T to obtain the entropy change ΔS related to the
ordering. For 2-Co, ΔS = 5.8 J (mol K)−1 in the range 0.5–15 K,
very close to the R·ln 2 = 5.76 J (mol K)−1 expected for a ground
state Kramers doublet (KD) of Co(II). For 2-Ni, integrated ΔS =
8.0 J (mol K)−1 from 2 to 30 K, which is a bit lower than
R·ln 3 = 9.13 J (mol K)−1 anticipated for ordering of spins S = 1.

Investigations on [Co(NCS)2(4-acetylpyridine)2]n

The crystal structures of 2-Co and 2-Ni are very similar to that
of the 2D isomer [Co(NCS)2(4-acetylpyridine)2]n reported
recently, that exhibits the same topology of the thiocyanate
coordination network.5 For this compound a preliminary DC
magnetic measurements down to 2.4 K were performed, that
looked like that for a simple paramagnet.5 This seems to be a
bit unusual because some magnetic ordering would be
expected and based on the results for 2-Co, it is indicated that
even this compound might show magnetic ordering presum-
ably at lower temperatures. Therefore, the magnetic properties
of the 4-acetylpyridine compound were reinvestigated in more
detail. In this context it is noted that it was prepared according
literature procedure and XRPD as well as IR measurements
show that it was obtained as a pure crystalline phase (Fig. S23
and S24 in the ESI†).

DC measurements down to 1.8 K look similar to that
already reported and gave no hint for a, e.g. saturation of the
susceptibility but it is noted that the χT versus temperature
curve looks similar to that of 2-Co (Fig. S25 in the ESI†). AC
susceptibility measurements show increasing values of the in-
phase susceptibility whereas for the out-of-phase component
no signal was observed (Fig. S26 in the ESI†). Magnetization
measurements show no saturation even at 50 kOe but look
very similar to that of 2-Co (Fig. S27 in the ESI†). However, to
definitely prove whether this compound shows any magnetic
ordering at lower temperatures, specific heat measurements
down to 0.4 K were performed. The presence of a distinct peak
at 1.33 K proves that even this compound shows magnetic
ordering at very low temperatures (see Fig. 8). The transition
temperature is significantly lower than that of 2-Co, which
explains why there was no hint for a transition in the magnetic
measurements.

The fact that 2D [Co(NCS)2(4-acetylpyridine)2]n orders at lower
temperatures compared to [Co(NCS)2(ethylisonicotinate)2]n
(2-Co) is somehow surprising because similar intralayer dis-
tances are observed but the interlayer distances for the acetyl-
pyridine compound 12.6774(6) and 13.0169(6) Å are signifi-
cantly shorter than that for 2-Co (compare Table 1). However,
the packing of the layers is completely different, because in
2-Co they are perfectly stacked onto each other, whereas in
the 4-acetylpyridine compound they are shifted (Fig. S28 in
the ESI†).

Computational studies

For 2-Ni and 2-Co the intra-layer magnetic interactions were
studied by quantum mechanical methods utilizing dinuclear
model structures representing the different possible exchange
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pathways through the bridging thiocyanate ligands. Two struc-
tural models are required to describe the bridging modes
observed in the crystal structure. Both models are appropriate
cutouts of the polymeric structure, where [M2(NCS)6(4-
ethylisonicotinate)4]

2− represents the dimeric units with the
two bridging anions, whereas the fragment [M2(NCS)7(4-
ethylisonicotinate)4]

3− was used to approximate the single
bridged interactions (M = Ni for 2-Ni and Co for 2-Co, see
Fig. S29 in the ESI†). However, as the compounds 2-Ni and
2-Co are neutral, the negative charge of the model fragments,
arising from the terminating anionic ligands, need to be
balanced in order to adequately describe the overall charge
distribution. Hence, formal point charges of +0.5 and +1.0
were placed at the terminating positions of both model
fragments for the singly and doubly bridging situation,
respectively.

Constrained DFT (CDFT) calculations for the model
systems, which are based on the geometry of the single crystal
structure of 2-Ni, predict for both bridging modes a ferro-
magnetic ground state (Table S4 in the ESI;† spin densities are
depicted in Fig. S30 in the ESI†). This is in agreement with the
low-temperature ferromagnetic ordering observed for 2-Ni.
Although no large difference between the two possible
exchange pathways is obtained, the coupling constant for the
case with the single thiocyanate bridge ( J1 = 10.5 K) is some-
what larger than the one found for the doubly bridged case
( J2 = 7.7 K). This might be reasonable because for the chain
compound [Ni(tppz)(NCS)(μ-1,3-NCS)]n that contains single
NCS bridges a value of 7.82 cm−1 (11.2 K) was observed,2a

whereas for the dimeric compound [Ni(terpy)(NCS)2]2, in
which the Ni cations are linked by a thiocyanate double bridge
a value of 4.9 cm−1 (7.0 K) was reported.27 However, the calcu-
lated exchange coupling constants are in good agreement with
the experimentally observed transition at 8.7 K (see Fig. 6).
We also performed calculations for which the structural

parameters of the model systems were based on the Rietveld
refined structure of 2-Ni. In this case the singlet state is found
to be stabilized for both model fragments even leading to a
weak ferromagnetic coupling for the single thiocyanate bridge
( J1 = 3.2 K) and an antiferromagnetic coupling for the doubly
bridged situation (Table S4 in the ESI†). This clearly shows
that the calculated magnetic exchange coupling is very sensi-
tive to the structural parameters used for the employed model
systems, indicating the need for reliable high quality structural
data as a basis for the corresponding calculations.

Finally, the exchange constants J1 = 10.5 K and J2 = 7.7 K
calculated for 2-Ni by CDFT, were tested against the experi-
mental data. Due to the complex topology of the layers, where
the exchange paths create the deformed chicken-wire lattice
(Fig. S36†), and therefore lack of an analytically solved model,
we used quantum Monte-Carlo (QMC) simulations to accu-
rately calculate the magnetic susceptibility. The looper code
from the ALPS library was applied for this purpose.28 The
simulated system consisted of the single layer of S = 1 spins
and comprised 50 × 50 units marked in Fig. 2, with periodic
boundary conditions. The isotropic average g factor of 2.25 was
used. The calculated χT (T ) curve is presented in Fig. 4, and
closely follows the experimental points above 15 K, which is
the experimental confirmation of the calculated values for
J1 and J2. At lower temperature the calculated susceptibility is
underestimated. This is related to the fact that the used two
dimensional model cannot reproduce the magnetic ordering,
because, according to the Mermin–Wagner theorem, no spon-
taneous symmetry breaking can occur at finite T for the isotro-
pic two dimensional system.29 Therefore, the exact modelling
of the ordering transition would require accounting of either
the Ni(II) ion anisotropy, or the dipolar inter-layer interaction.

In case of 2-Co only the Rietveld refined atomic positions
were available to generate the required model systems. CDFT
calculations for both coupling pathways lead to rather large
ferromagnetic interactions (Table S4 in the ESI† and for spin
densities see Fig. S31 in the ESI†). However, these values
clearly overestimate the experimental observation, which indi-
cates the presence of a ferromagnetic ordering just below 2 K
(see Fig. 7 and 8). In addition, we also performed calculations
for a model system of 2-Co in which the atomic positions of
the 2-Ni single crystal structure were used while replacing the
Ni(II) by Co(II) ions. With this approach even a wrong antiferro-
magnetic ground state is predicted for both exchange inter-
actions (Table S4 in the ESI†), which clearly contradict the
experimental results (see Fig. 4). This again stresses the point
that reliable structural data is required for adequate descrip-
tion, which for the lower energy differences in the case of
Co(II) becomes even more evident.

The single-ion magnetic anisotropy of the metal centers in
2-Ni and 2-Co have been investigated by multi-reference
ab initio CASSCF/CASPT2 calculations. However, these calcu-
lations are demanding in terms of computational effort and
thus only molecular fragments with one 3d metal center can
be investigated. The relevant computational models were gen-
erated following the concept described for the construction of

Fig. 8 Analysis of specific heat for 2-Co (red points, merged data from
two samples used in two ranges) and 2-Ni (green points). The lattice
contribution to the specific heat is marked by solid blue line. Black
points denote specific heat measured for [Co(NCS)2(4-acetylpyridine)2]n
compound.
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the dinuclear model systems. Along this line the co-
rresponding mononuclear fragments [M(NCS)4(4-ethyl-
isonicotinate)2]

2− (M = Ni for 2-Ni and Co for 2-Co) were termi-
nated by appropriate point charges at the positions defined by
adjacent metal centers in the polymeric structure (see Fig. S32
in the ESI†). The geometries of the model structures for 2-Ni
and 2-Co are based on the available single-crystal and Rietveld
analysis, respectively.

In general, high-spin Ni(II) ions in an octahedral geometry
possess a 3A2g ground state (electronic configuration: [Ar] 3d8

with S = 1) which is primarily responsible for their magnetic
properties due to considerable energy gaps to higher triplet
(3T2g,

3T1g (both 3F), 3T1g (3P)) and singlet states (1D, 1G, 1S).
Nevertheless, the latter states have a slight influence on the
electronic ground state and, hence, have to be taken into
account for a proper description. Table S5 in the ESI† shows
the corresponding CASSCF and CASPT2 obtained energies for
all 10 triplet and 15 singlet states in 2-Ni. With the essential
treatment of dynamic correlation (CASPT2) a significant lower-
ing of all singlet states as well as the 3P term can be observed,
whereas the remaining 3F states (3T2g,

3T1g) are shifted to
higher energies with respect to the 3A2g ground state. As a con-
sequence, in case of 2-Ni the lowest singlet state can be found
at 14 131 cm−1. However, the spin-free eigenstates are not
sufficient to generate an accurate understanding of magnetic
properties and, hence, RASSI-SO/SINGLE_ANISO calculations
on basis of the CASPT2 wave functions have been performed.
As a result, the 3A2g ground state splits into three low-lying
magnetic states (0, 9.4, and 10.1 cm−1). The description of
these three magnetic states by an effective spin Hamiltonian
(Seff = 1) leads to a small positive axial zero-field splitting (ZFS)
parameter D of 9.72 cm−1 as well as an insignificant rhombic
ZFS parameter E = 0.37 cm−1 (see Table 2). Thus, an easy-plane
anisotropy with a MS = 0 ground state can be assumed.
Moreover, the observed low-temperature hysteresis in case of
2-Ni (see Fig. 5) is not based on single-ion anisotropy. The
corresponding small g values (Seff = 1, see Table 2) are a result
of the lack of spin–orbit contribution (eg

2t2g
6, L = 0) in case of

octahedral high-spin Ni(II) ions.
Nevertheless, the N4S2 octahedral coordination sphere

leads to a slight anisotropy due to the different electronic
influence of N and S donor atoms. The main anisotropy axes
in 2-Ni are depicted in Fig. 9. Both easy-axes of a single Ni(II)
ion are oriented within the N4 coordination plane (angle

between planes: 2.5°). The corresponding hard-axis shows a
nearly parallel alignment with the S–S vector of the thiocya-
nates (angle between both axes: 2.4°). In accordance with the
positive ZFS parameter D (easy-plane anisotropy) slightly
higher gx and gy as compared to gz are obtained leading to an
average g value of 2.26. To improve the single-ion anisotropy in
case of 2-Ni it would be necessary to stabilize an easy-axis an-
isotropy by a stronger axial coordination environment which
underlines the importance of the two apical ligands L within
the [Ni(NCS)4(L)2] repeating unit. Nevertheless, only a few
mononuclear octahedral Ni(II) complexes with slow magnetic
relaxation have been reported in literature.30 Thus, the task of
generating a strong axial coordination environment for octa-
hedral Ni(II) ions is expected to be challenging.

In case of 2-Co a 4T1g ground multiplet is obtained as
expected for high-spin octahedral Co(II) ions (electronic con-
figuration: [Ar] 3d7 with S = 3/2). However, as it can be seen
from the CASSCF and CASPT2 relative energies in Table S5 of
the ESI† both methods show a lifting of degeneracy based on
the deviation of the N4S2 coordination sphere from the ideal
octahedral arrangement which is evident from continuous
shape measures (2-Co: S(Oh) = 1.690, 2-Ni: S(Oh) = 0.942).31 For
2-Co the RASSI-SO/SINGLE_ANISO calculations lead to a
further splitting of the 4T1g term into three multiplets ( J = 1/2,
3/2, 5/2) forming 6 KDs due to spin–orbit coupling (eg

2t2g
5,

L ≠ 0). However, even at room temperature only the lowest two
KDs (0 and 260 cm−1) are expected to be thermally populated
due to the relative energies of the higher KD states (see
Table S6 in the ESI†). Furthermore, the low-temperature
magnetic properties can be described within an effective spin
formalism of Seff = 1/2 and are only based on the ground state
KD. The latter one shows an easy-axis anisotropy (gz > gx, gy)
with a distinct gz value (7.199), whereas smaller transversal g
factors are obtained (gx = 2.498, gy = 2.900). The corresponding
axes of magnetization are depicted in Fig. 10. The easy-axis is

Table 2 Calculated ZFS parameters and values of the g tensor for 2-Ni
and 2-Co depending on the employed effective spin Hamiltonian Seff

2-Ni (single crystal) 2-Co (Rietveld)

Seff 1 3/2
D/cm−1 9.72 122.85
E/cm−1 0.37 24.61
E/D 0.04 0.20
gx 2.285 3.043
gy 2.279 2.006
gz 2.211 1.806

Fig. 9 Ab initio calculated (Seff = 1) anisotropy axes (blue dashed lines:
easy-axes; red dashed lines: hard-axes) of 2-Ni (single crystal) projected
onto a dinuclear Ni(II) fragment. Hydrogen atoms as well as pyridine-
based co-ligands in top view (right) are omitted for clarity.
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located within the N4 coordination plane and tilted with
respect to the N–N vector of the two apical pyridine-based co-
ligands by an angle of 28.4°. The hard-plane shows a similar
distortion from the N2S2 coordination plane formed by the
four thiocyanate ligands (angle between planes: 30.8°). In con-
trast, the first excited KD of 2-Co shows an easy-plane an-
isotropy (gx = 3.146, gy = 2.413, gz = 0.111, Fig. S33 in the ESI†)
with an almost parallel alignment of the easy-plane compared
to the N4 coordination plane (angle between planes: 6.7°).
Thus, within an effective spin formalism of Seff = 3/2 a positive
ZFS parameter D of 122.85 cm−1 together with a significant
rhombic distortion E = 24.61 cm−1 is obtained (see Table 2).
The corresponding main anisotropy axes are depicted in
Fig. S34 in the ESI.† Although the large separation of the two
lowest KDs indicates a rather high barrier for the thermal
Orbach process (260 cm−1), no hysteresis could be observed
(see Fig. 5). This can be attributed to a large averaged dipole
transition matrix element for the ground KD (μ̄z = 0.900, see
Fig. S35 in the ESI†) which leads to a significant quantum tun-
neling of magnetization.

Conclusions

In the present contribution two new layered thiocyanate com-
pounds based on ethylisonicotinate were presented, which
show the same topology of the layers as [Co(NCS)2(4-acetylpyri-
dine)2]n which was recently reported. In the magnetic measure-
ments of the Ni compound a ferromagnetic transition is
observed, whereas the magnetic measurements down to 1.8 K
of the Co compound, despite the fact that both compounds
are isotypic and similar interlayer distances are observed, only
indicate paramagnetic behavior. However, specific heat
measurements on 2-Co showed a transition at very low
temperatures, indicating that the magnetic exchange of the

Co compound is weaker than that in the Ni compound, which
is reasonable because similar experimental observations were
made in literature.2a Redetermination of the magnetic pro-
perties of [Co(NCS)2(4-acetylpyridine)2]n prove, that even this
compound order ferromagnetically. The intra-layer magnetic
coupling was investigated by CDFT calculations employing
dinuclear fragments and confirmed the ferromagnetic order-
ing in case of 2-Ni. The calculated exchange constants were
supported by QMC simulations of the susceptibility. For 2-Co
similar calculations were performed but because of the low
precision of the structural model obtained by the Rietveld
refinement the exchange is wrongly predicted and unrealistic
J values are obtained. However, ab initio calculations revealed
an MS = 0 ground state in case of 2-Ni. In contrast, for 2-Co a
ground state with easy-axis anisotropy was found. However, the
calculations also revealed a significant rhombic ZFS parameter
E which can lead to a significant quantum tunneling of mag-
netization. Due to a similar coordination environment for the
metal centers in 2-Ni and 2-Co the distinct differences in their
single-ion anisotropy can be directly related to the varying
contributions of spin–orbit coupling.

Summarizing, our investigations have shown that the com-
bination of experimental results and theory seems to be a
powerful tool to understand the magnetic properties of coordi-
nation compounds in more detail. Independent of that, to
prove that ferromagnetic exchange is typical for this kind of
layer topology, similar compounds must be investigated and
this will be the subject of further investigations.
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Table S1. Selected crystal data for compounds 1-Ni and 2-Ni obtained by single crystal X-ray 

analysis. 

Compound 1-Ni 2-Ni 

Formula C34H36N6NiO8S2 C18H18N4NiO4S2 

MW / g mol-1 779.52 477.19 

Crystal system  Monoclinic Monoclinic 

Space group P21 P21/c 

a / Å 11.0327(3) 14.8063(9) 

b / Å 14.2185(3) 9.5965(3) 

c / Å 11.9259(4) 15.7820(8) 

 / ° 90 90 

 / ° 95.618(2) 113.010(4) 

 / ° 90 90 

V / Å3 1861.81(9) 2064.03(18) 

T / K 170 200 

Z 2 4 

Dcalc / g cm-3 1.390 1.536 

µ / mm-1 0.690 1.175 

max / deg 27.350 27.242 

Measured refl. 27836 29475 

Unique refl. 8365 4603 

Refl. [F0>4(F0)] 7689 3878 

Parameter 502 353 

Rint 0.0528 0.0741 

R1 [F0 > 4F0)] 0.0305 0.0497 

wR2 [all data] 0.0767 0.1162 

GOF 1.064 1.084 

max, min / e Å-3 0.269/ −0.320 0.391/ −0.464 
 



4 
 

 

Table S2. Selected crystal data and details of the Rietveld refinements for compounds 2-

Co and 2-Ni. 

Compound 2-Co 2-Ni 

Formula C18H18N4CoO4S2 C18H18N4NiO4S2 

MW / g mol-1 477.03 477.19 

Crystal system Monoclinic Monoclinic 

Space group P21/c P21/c 

a / Å 14.9459(9) 15.0197(8) 

b / Å 9.6273(5) 9.6159(4) 

c / Å 15.9668(9) 15.7634(8) 

α / ° 90 90 

β / ° 112.032(4) 109.764(4) 

γ / ° 90 90 

V / Å3 2129.7(2) 2142.56(19) 

T / K 293(2) 293(2) 

Z 4 4 

Dcalc / g cm-3 1.432 1.479 

µ / mm-1 1.058 1.1760 

 / Å 0.7093 0.7093 

max / deg 2 to 60 2 to 60 

Rwp / % [a] 4.81 5.21 

Rp / % [a] 3.60 3.80 

Rexp / % [a] 1.55 1.27 

RBragg / % [a] 2.26 2.53 
[a] as defined in TOPAS 5.0  
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Fig. S1. Experimental (A) and calculated (B) XRPD pattern of 1-Co (λ = 1.540596 Å). 

 

 

 

 
 

Fig. S2. Experimental (A) and calculated XRPD patterns of 1-Ni obtained from a new single 

crystal structure determination at room-temperature (B) and from literature (C) (λ = 1.540596 

Å). 
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Fig. S3. IR spectrum of 2-Co. Given is the value for the CN stretching vibration of the 

thiocyanato anion. 

 

 
 

Fig. S4. IR spectrum of 2-Ni. Given is the value for the CN stretching vibration of the 

thiocyanato anion. 
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Fig. S5. IR spectrum of 1-Co. Given are the values for the CN stretching vibrations of the 

thiocyanato anion. 

 

 
Fig. S6. IR spectrum of 1-Ni. Given are the values for the CN stretching vibrations of the 

thiocyanato anion. 
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Table S3: Selected bond lengths and angles for 2-Ni. 

Ni(NCS)2(4-ethylisonicotinate)2 

Ni(1)–N(2A)  2.043(2) Ni(1)–N(11)  2.124(3) 

Ni(1)–N(1B)  2.045(2) Ni(1)–S(2)  2.4896(10) 

Ni(1)–N(21)  2.102(3) Ni(1)–S(1)  2.5568(10) 

N(2A)–Ni(1)–N(1B) 175.97(10) N(21)–Ni(1)–S(2) 90.29(8) 

N(2A)–Ni(1)–N(21) 90.26(11) N(11)–Ni(1)–S(2) 89.60(8) 

N(1A)–Ni(1)–N(21) 91.29(10) N(2A)–Ni(1)–S(1) 85.93(8) 

N(2A)–Ni(1)–N(11) 89.93(11) N(1B)–Ni(1)–S(1) 90.35(8) 

N(1A)–Ni(1)–N(11) 88.54(11) N(21)–Ni(1)–S(1) 90.01(8) 

N(21)–Ni(1)–N(11) 179.79(11) N(11)–Ni(1)–S(1) 90.11(8) 

N(2A)–Ni(1)–S(2) 91.06(8) S(2)–Ni(1)–S(1) 176.98(3) 

N(1B)–Ni(1)–S(2) 92.66(8)   

 

 

 

 
 

 

Fig. S7. ORTEP plot of 2-Ni with labeling displacement ellipsoids drawn at the 50% 

probability level. 
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Fig. S8. XRPD patterns of 2-Ni calculated from the Rietveld refinement (A), experimental 

XRPD pattern of 2-Ni (B) and XRPD pattern of 2-Ni calculated from single crystal data at 

room temperature (C) and at 170 K (D) (λ = 1.540596 Å). 

 

 

 
Fig. S9. Difference plot of 2-Ni with calculated pattern shown as diamonds, best fit as black 

curve with the difference curve bellow (λ = 0.7093 Å).  
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Fig. S10. Difference plot of 2-Co with calculated pattern shown as diamonds, best fit as black 

curve with the difference curve bellow (λ = 0.7093 Å).  

 
 

 
Fig. S11. Experimental (A) and calculated (B) XRPD patterns of 2-Co (λ = 1.540596 Å). 
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Fig. 3. Heating rate dependent TG measurements for 1-Co. 

 
Fig. S13. Experimental XRPD patterns of 1-Co (A), the residue obtained after the first mass 

step of 1-Co (B), and the calculated XRPD pattern of 2-Co (C) (λ = 1.540596 Å). 
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Fig. S14. Experimental XRPD patterns of the residue obtained after the second mass step of 1-

Co (A), and the calculated XRPD pattern of 2-Co (B) (λ = 1.540596 Å). 

 

 
Fig. S15 IR spectra of the residue obtained after the second mass step of 1-Co. Given is the 

value for the CN stretching vibration of the thiocyanato anion. 
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Fig. S16. Temperature dependent XRPD measurement for 1-Co. The different phases are 

colored in black (1-Co) and blue (2-Co), respectively. Above 180 °C no intensity was observed 

(λ = 0.7093 Å). 

 

 
Fig. S17. Heating rate dependent TG curves for 1-Ni. 
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Fig. S18. Experimental XRPD patterns of 1-Ni (A), the residue obtained after the first mass 

step of 1-Ni (B) and the calculated XRPD pattern of 2-Ni (C) (λ = 1.540596 Å). 

 

 
 

Fig. S19. Temperature dependent XRPD measurement for 1-Ni. The different phases are 

colored in black (1-Ni), blue (2-Ni) and green (nickel thiocyanate complex), respectively. 

Above 290 °C no intensity was observed (λ = 0.7093 Å). 
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Fig. S20. The in-phase component ' of AC susceptibility measured for 2-Ni using different 

AC frequencies. The dashed line is drawn at Tc = 8.70 K as determined from specific heat 

measurements. 
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Fig. S21. The out-of-phase component '' of AC susceptibility measured for 2-Ni using 

different AC frequencies. The dashed line is drawn at 8.70 K in all related figures.  
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Fig. S22. AC susceptibility measured for 2-Co. The dashed line is drawn at Tc = 1.72 K as 

determined from specific heat measurements. The maximum of ' is slightly above Tc.  

 

 

 

 

 
Fig. S23. Experimental (A) and calculated (B) XRPD patterns for 2D [Co(NCS)2(4-

acetylpyridine)2]n (λ = 1.540596 Å). 
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Fig. S24. IR spectra for 2D [Co(NCS)2(4-acetylpyridine)2]n. Given is the value for the CN 

stretching vibration of the thiocyanato anion. 

 

 

 

0 50 100 150 200 250 300

2

3

4

 Co-acpy-2d, H=1000 Oe

 Co-acpy-2d, H=100 Oe, zfc/fc 

 

 


T

 (
c
m

3
K

/m
o
l)

T (K)
 

 

Fig. S25. Magnetic susceptibility as function of temperature of Co(NCS)2(4-acetylpyridine)2]n 

measured at 100 and 1000 Oe. 
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Fig. S26. AC susceptibility as function of temperature of Co(NCS)2(4-acetylpyridine)2]n 

measured at frequencies from 10 to 1000 Hz. 
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Fig. S27. Magnetization measurements of Co(NCS)2(4-acetylpyridine)2]n at different 

temperatures. 
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Fig. S28. View of the stacking of two layers in 2D [Co(NCS)2(4-acetylpyridine)2]n along the 

crystallographic c axis. 
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Fig. S29. Dinuclear model systems 1 (left) and 2 (right) for the two bridging modes observed 

in 2-Ni and 2-Co utilized in the CDFT calculations to obtain J1 and J2, respectively. Pink 

(purple) spheres designate point charges of +0.5 (+1.0) to compensate negative charge of the 

fragments. 

 

 

 

Table S4. CDFT Results for 2-Ni and 2-Co. Magnetic coupling constants have been calculated 

by equation (1). 

  
 

J / K State 2S+1 Erel / a.u. 
 

2-Ni (single crystal) J1 10.5 HS 5 −8515.871446 6.0206 

   BS 1 −8515.871181 2.0199 

  
J2 7.7 HS 5 −8024.662003 6.0158 

BS 1 −8024.661809 2.0156 

2-Ni (Rietveld) J1 3.2 HS 5 −8516.134861 6.0189 

  BS 1 −8516.134780 2.0189 

  
J2 −14.2 HS 5 −8024.503091 6.0182 

BS 1 −8024.503450 2.0116 

2-Co (Rietveld) J1 40.9 HS 7 −8264.744437 12.0311 

    BS 1 −8264.742108 3.0292 

  
J2 19.3 HS 7 −7773.057242 12.0302 

BS 1 −7773.056142 3.0266 

2-Co (2-Ni single crystal) J1 −42.2 HS 7 −8264.744373 12.0311 

    BS 1 −8264.746777 3.0280 

  J2 −9.4 HS 7 −7773.541874 12.0263 

  BS 1 −7773.542412 3.0247 
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Fig. S30. CDFT spin densities of 2-Ni for high-spin (left column) and broken-symmetry (right 

column) states. Red (cyan) isosurfaces represent net α (β) spin densities (iso-value 0.004). First 

and second row represents the computational model for magnetic coupling constants J1 and J2, 

respectively.  
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Fig. S31. CDFT spin densities of 2-Co for high-spin (left column) and broken-symmetry (right 

column) states. Red (cyan) isosurfaces represent net α (β) spin densities (iso-value 0.004). First 

and second row represents the computational model for magnetic coupling constants J1 and J2, 

respectively. 
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Fig. S32. Computational model used for the ab initio calculations. Pink and purple spheres 

designate point charges of +0.5 and +1.0, respectively, to compensate negative charges of the 

fragment. 
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Table S5. Relative CASSCF and CASPT2 energies (in cm−1) for 2-Ni and 2-Co. 

  2-Ni    2-Co 
  (single crystal)    (Rietveld) 

2S+1 Term CASSCF CASPT2  2S+1 Term CASSCF CASPT2 

3 3F 0 0  4 4F 0 0 

  6884 8076    198 172 

  7029 8171    436 469 

  9494 10823    5887 7088 

  12792 13522    9457 10681 

  13952 15801    9863 11012 

  14186 16090    18372 20885 

 3P 27084 24800   4P 22733 20627 

  28703 25802    22951 20942 

  28956 25912    27397 25292 

1 1D 17247 14131  2 2G + 2P 9144 5956 

  18107 14768    14335 11050 

  24411 22725    16455 14323 

  24479 22740    16849 14547 

  26549 24830    18818 15940 

 1G 29236 24570    19611 16583 

  29342 27218    20002 16924 

  32673 30221    21226 18028 

  33043 30615    23814 20471 

  36606 35889    24127 20869 

  37198 36398    24769 20583 

  37336 36738    25431 23790 

  37438 36875   … … … 

  38092 37190      

 1S 68420 55750      

 

 

 

Table S6. Relative RASSI-SO energies (in cm−1) for the lowest spin-orbit coupled states in 2-

Ni and 2-Co whereas in the latter case degenerated Kramers doublets (KDs) are obtained. 

  2-Ni    2-Co 
  (single crystal)    (Rietveld) 

Subterm State Erel / cm−1  Subterm KD State Erel / cm−1 
3A2g 1 0.0  4T1g 1 0.0 

 2 9.4   2 260.1 

 3 10.1   3 464.5 

     4 868.3 

     5 1005.4 

     6 1146.3 
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Fig. S33. Ab initio calculated (Seff =1/2) magnetic axes (blue dashed lines: axes defining the 

easy-plane; red dashed lines: hard-axes) for the first excited KD state of 2-Co projected onto a 

dinuclear Co(II) fragment. Hydrogen atoms as well as pyridine-based co-ligands in top view 

(right) are omitted for clarity. 

 

 

 

 

 

Fig. S34. Ab initio calculated (Seff =3/2) anisotropy axes (blue dashed lines: easy-axes; red 

dashed lines: hard-axes) for the two lowest KD states of 2-Co projected onto a dinuclear Co(II) 

fragment. Hydrogen atoms as well as pyridine-based co-ligands in top view (right) are omitted 

for clarity. 
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Fig. S35. Magnetization blocking barriers in 2-Co. Arrows represent the transition between 

different magnetic states and corresponding values show the average dipole matrix element  

in respect to the ground state easy-axis orientation. 

 

 

Fig. S36. Deformed chicken-wire lattice of exchange interaction paths between S = 1 spins of 

Ni(II), as used in quantum Monte Carlo simulations to calculate magnetic susceptibility of 2-

Ni.  
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Influence of metal coordination and co-ligands
on the magnetic properties of 1D Co(NCS)2

coordination polymers†

Michał Rams,a Zbigniew Tomkowicz,a Michael Böhme,b Winfried Plass,b

Stefan Suckert,c Julia Werner,c Inke Jessc and Christian Näther*c

Two new transition metal thiocyanate coordination polymers with the composition [Co(NCS)2(4-

vinylpyridine)2]n (1) and [Co(NCS)2(4-benzoylpyridine)2]n (2) were synthesized and their crystal structures

were determined. In both compounds the Co cations are octahedrally coordinated by two trans-

coordinating 4-vinyl- or 4-benzoylpyridine co-ligands and four m-1,3-bridging thiocyanato anions and

linked into chains by the anionic ligands. While in 1 the N and the S atoms of the thiocyanate anions are

also in trans-configuration, in 2 they are in cis-configuration. A detailed magnetic study showed that the

intra-chain ferromagnetic coupling is slightly stronger for 2 than for 1, and that the chains in both

compounds are weekly antiferromagnetically coupled. Both compounds show a long range magnetic

ordering transition at Tc = 3.9 K for 1 and Tc = 3.7 K for 2, which is confirmed by specific heat

measurements. They also show a metamagnetic transition at a critical field of 450 Oe (1) and 350 Oe

(2), respectively. Below Tc 1 and 2 exhibit magnetic relaxations resembling relaxations of single chains.

The exchange constants obtained from magnetic and specific heat data are in good accordance with

those obtained from constrained DFT calculations carried out on isolated model systems. The ab initio

calculations allowed us to find the principal directions of anisotropy.

Introduction

During the last few decades, the development of strategies for
the rational synthesis of new molecular magnetic materials
with desired physical properties has attracted increasing interest.1–14

In this context 1D magnetic compounds that show a slow relaxation
of magnetization like, e.g., single-chain magnets (SCMs) are of
special interest, because they are able to store a magnetic
moment for a long time, and therefore, they have some
potential for future applications.14–21 This might be one of the
reasons why an increasing number of such compounds were
recently reported and some selected examples are given in the
reference list.22–40 For the synthesis of such compounds cations
of large magnetic anisotropy must be connected by ligands into

1D magnetic chains with a high ratio between intra- and inter-
chain interactions. Therefore, for optimization of the properties
of such materials systematic investigations of the influence of
chemical and structural modification on their magnetic properties
might be helpful.

We have recently reported on a family of coordination
compounds of composition [Co(NCX)2(L)2]n (X = S, Se and
L = N-donor co-ligand), in which Co(II) cations are octahedrally
surrounded by two trans-coordinating N and two S atoms of thio-
or two Se of selenocyanate anions and two trans-coordinating
neutral N-donor co-ligands and linked by pairs of anionic ligands
into linear chains (Fig. 1).41–52 This is a common arrangement for
such compounds, even if in some cases also other topologies like,
e.g., layers or dimers are observed.53–57 Independent of the fact
that although similar co-ligands are used, the compounds with
the chain structures can be divided into two different groups: in
one group, the compounds exhibit an antiferromagnetic (AF)
ground state and show a metamagnetic transition. The magnetic
relaxations observed for these compounds can be traced back to
that of single chains.41–44 In contrast, the compounds of the
second group exhibit a ferromagnetic (FO) ground state and the
relaxations observed in the AC measurements might not be
traced back to the relaxation of single chains.46,47 It is noted that
for all of these compounds two different arrangements of the
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chains are found. In one group the N–N vectors to the N-donor
co-ligand are parallel, whereas in the second group half of them
are canted (Fig. S1 in ESI†). However, these two different
arrangements are not obviously correlated to the magnetic
ground state of these compounds, because for each group (AF
or FO) examples are observed, with N–N vectors of neighboring
chains parallel or canted.42–47

For the present study we chose 4-vinylpyridine (Scheme 1)
which is topologically very similar to 4-ethylpyridine reported
earlier and which differs only by two H atoms. In this case it
would be of interest to find out which structure the vinylpyridine
compound will adopt and what will be its magnetic ground
state in comparison to 4-ethylpyridine. We also chose the larger
4-benzoylpyridine (Scheme 1) as co-ligand, for which longer
inter-chain distances are expected but surprisingly a compound
was obtained, in which the N and S atoms of the anionic
ligands are cis-oriented, whereas the co-ligands are still trans
to each other. This coordination is different from that observed
in all other compounds of this family and allows us to study the
influence of a slightly different metal coordination on the
magnetic properties.

It is noted that for these two co-ligands the crystal structures
of compounds of composition Co(NCS)2(4-vinylpyridine)4 as
well as Co(NCS)2(4-benzoylpyridine)4 were already reported,
where the 4-vinylpyridine compound existed in two polymorphic
modifications.58–60 These compounds consist of discrete complexes,
in which the Co(II) cations are octahedrally coordinated by two
terminal N-bonded thiocyanato anions and four N-coordinating
co-ligands. Moreover, the crystal structure of a compound of
composition Co(NCS)2(4-vinylpyridine)2 was also reported, that

exactly corresponded to the composition expected for the
desired chain compound. However, this compound consisted
of discrete complexes in which the Co(II) cations were tetra-
hedrally coordinated by two terminal thiocyanato anions and
two 4-vinylpyridine co-ligands.59

In this article the crystal structures of two new chain compounds
are presented together with their magnetic characterization. The
aim of this paper is detailed comparative studies of DC and AC
magnetic properties and specific heat measurements as well as ab
initio and DFT calculations of relevant magnetic parameters. Among
others, we would also like to see if there is any influence of the cis vs.
trans coordination of the Co cations on the magnetic properties.

Experimental section
Syntheses

4-Benzoylpyridine, 4-vinylpyridine and Co(NCS)2 were obtained
from Alfa Aesar. All solvents were used without further purification.

Synthesis of [Co(NCS)2(4-vinylpyridine)2]n (1). Single crystals
were synthesized by the reaction of Co(NCS)2 (26.3 mg, 0.15 mmol)
and 4-vinylpyridine (16.0 mL, 0.15 mmol) in a mixture of 0.5 mL of
water and 0.5 mL of ethanol. After one week suitable single crystals
were obtained.

A crystalline powder on a larger scale was obtained by reacting
Co(NCS)2 (175.1 mg, 1.00 mmol) and 4-vinylpyridine (215.7 mL,
2.00 mmol) in 2.0 mL of acetonitrile for 3 d. Elemental analysis:
calcd (%) for C16H14CoN4S2: C 49.87, H 3.66, N 14.54, S 16.64;
found C 48.42, H 3.68, N 14.55, S 16.64. IR (ATR, cm�1): nmax =
3069 (w), 2987 (w), 2893 (w), 2354 (w), 2320 (w), 2100 (s), 1610 (s),
1545 (m), 1503 (m), 1413 (m), 1223 (m), 1066 (w), 1014 (m), 987 (s),
934 (s), 934 (s), 798 (m), 642 (w), 566 (m).

Synthesis of Co(NCS)2(4-benzoylpyridine)2 (2). Single crystals
of compound 2 were obtained by the reaction of Co(NCS)2

(52.5 mg, 0.30 mmol) and 4-benzoylpyridine (27.5 mg, 0.15 mmol)
in 1.5 mL of ethanol at 80 1C for 3 d. Single crystals were formed on
the edge of the reaction vessel but some of them consisted of the
discrete complex Co(NCS)2(4-benzoylpyridine)4.58 A pure crystal-
line powder on a larger scale could be obtained by stirring
Co(NCS)2 (26.3 mg, 0.15 mmol) and 4-benzoylpyridine (55 mg,
0.30 mmol) in 1.5 mL of ethanol at 80 1C for 3 d. Elemental
analysis: calcd (%) for C26H18CoN4O2S2: C 57.67, H 3.35, N
10.35, S 11.84; found C 56.467, H 3.25, N 10.15, S 11.73. IR
(ATR, cm�1): nmax = 3393 (w), 3305 (w), 3062 (w), 2896 (w), 2132
(m), 2111 (s), 1660 (s), 1589 (m), 1545 (m), 1446 (m), 1410 (m),
1313 (m), 1277 (s), 1219 (m), 1151 (m), 1063 (m), 1015 (m), 935
(s), 839 (s), 792 (s), 697 (s), 643 (s), 576 (m).

X-Ray powder diffraction (XRPD)

The XRPD measurements were performed by using (1) a PAN-
analytical X’Pert Pro MPD Reflection Powder Diffraction System
with CuKa radiation (l = 154.0598 pm) equipped with a PIXcel
semiconductor detector from PANanalytical and (2) a Stoe
Transmission Powder Diffraction System (STADI P) with CuKa
radiation that was equipped with a linear position-sensitive
MYTHEN detector from STOE & CIE.

Fig. 1 View of one chain in the crystal structures of compounds of the
general composition [Co(NCX)2(L)2]n (X = S, Se; L = neutral N-donor co-
ligand). For clarity, only the 6-membered rings of the different co-ligands
are shown and the hydrogen atoms are omitted.

Scheme 1
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IR spectroscopy

FT IR spectra were recorded on a Genesis series FTIR spectro-
meter, by ATI Mattson, in KBr pellets, as well as by using an
Alpha IR spectrometer from Bruker equipped with a Platinum
ATR QuickSnapt sampling module between 375 and 4000 cm�1.

Elemental analysis

CHNS analysis was performed using an EURO EA elemental
analyzer, fabricated by EURO VECTOR Instruments and Software.

Single-crystal structure analyses

Data collection was performed using an imaging plate diffraction
system IPDS-2 (1 and 2) with Mo-Ka-radiation from STOE & CIE.
The structure solutions were performed by direct methods using
SHELXS-97 and structure refinements were performed against F2

using SHELXL-97. All non-hydrogen atoms were refined with
anisotropic displacement parameters. The hydrogen atoms were
positioned with idealized geometry and were refined isotropically
with Uiso(H) =�1.2� Ueq(C) using a riding model. In 1 a part of the
co-ligand is disordered and was refined using a split model. For 2
the absolute structure was determined and is in agreement with
the selected setting (Flack x = 0.014(16) by classical fit to all
intensities and 0.012(6) from 1487 selected quotients (Pearson’s
method)). Selected crystal data are shown in Table S1 (ESI†).
CCDC 1507089 (1), and CCDC 1507085 (2) contain the supple-
mentary crystallographic data for this paper.

Magnetic measurements

Magnetic measurements were performed for polycrystalline
samples using a Quantum Design MPMS XL magnetometer.
In order to avoid reorientation of grains in a magnetic field the
powders were mixed with Nujol and frozen below 250 K with
zero field. Diamagnetic corrections of sample holders and the
core diamagnetism were subtracted.

Specific heat measurements

Specific heat was measured by the relaxation technique using
the Quantum Design PPMS. Powders were pressed without any
binder into a thin pellet. Apiezon N grease was used to ensure
thermal contact of the samples with the microcalorimeter. The
heat capacity of the calorimeter with the grease was measured
before each run and subtracted subsequently.

Computational details

In the DFT calculations the positions of the non-hydrogen
atoms have been taken from the crystal structures of 1 and 2,
which we use as initial molecular structures for the different
computational models (see Computational studies). The positions
of all hydrogen atoms were optimized using the Turbomole 6.6
package of programs61 at the RI-DFT62–65/BP8666,67/def2-SVP68 level
of theory. For these optimizations Co(II) ions have been replaced by
diamagnetic Zn(II) ions to achieve a faster SCF convergence and to
save computational time. In the case of 1 and 2 the magnetic
coupling constants have been calculated within constrained DFT
(CDFT)69,70 and broken-symmetry DFT (BS-DFT) approaches.

In both cases the B3LYP hybrid functional66,71,72 in combination
with def2-TZVPP (Co), def2-TZVP (S, N), and def2-SVP (remaining
atoms) basis sets68 was used. CDFT calculations have been
performed with NWChem 6.673 whereas Turbomole 6.6 was used
for BS-DFT calculations. Within the CDFT calculations two spin
constraints that contained the specific Co(II) ion and its six donor
atoms were applied to perform the high-spin state (HS) and
broken-symmetry (BS) state calculations. Subsequently, the magnetic
coupling constant J was calculated by eqn (1) with SA = SB = 3/2 for a
Heisenberg Hamiltonian H ¼ �JS1S2ð Þ.

J ¼ EBS � EHS

8SASB
(1)

In the case of BS-DFT the coupling constant was obtained by
Yamaguchi’s approach74,75 (see eqn (2)).

J ¼ 2 EBS � EHSð Þ
SHS

2h i � SBS
2h i (2)

To obtain the single-ion magnetic properties of 1 and 2 ab initio
calculations have been performed with Molcas 8.0 SP1.76–79 In
all cases CASSCF calculations with 7 electrons in 10 orbitals (3d
and 4d shells) were carried out which included 10 quartet states
(4F, 4P) and 40 doublet states (2G, 2P, 2H, 2D, 2D, 2F). Additionally,
scalar relativistic effects were employed with a second-order
Douglas–Kroll–Hess (DKH) Hamiltonian in combination with
ANO-RCC basis sets (Co and donor atoms: ANO-RCC-VTZP; other
atoms: ANO-RCC-VDZ).80–82 Subsequently, dynamic correlation
was treated with CASPT2 on the basis of the CASSCF wave
functions for 10 quartet and the 12 lowest doublet states. The
RASSI-SO method was employed to treat mixing of states with
different multiplicities and to include spin–orbit coupling.
Finally, the SINGLE_ANISO module on the basis of the RASSI-SO
wave function was used to obtain single-ion anisotropies.

Results and discussion
Synthetic aspects and crystal structures of compounds 1 and 2

The reaction of equimolar amounts of cobalt(thiocyanate) with
4-vinylpyridine, respectively 4-benzoylpyridine, leads to the
formation of the two new compounds 1 and 2. If more co-ligand
is used the known complexes Co(NCS)2(4-vinylpyridine)4 and
Co(NCS)2(4-benzoylpyridine)4 are formed.58,60 IR spectroscopic
investigations revealed the CN stretching vibration at values of
2100 cm�1 (1) and 2111 cm�1, respectively 2132 cm�1 (2), clearly
indicating that in these compounds the Co(II) cations are linked
by the anionic ligands (Fig. S2 and S3, ESI†). This is somehow
surprising, because, as mentioned above, a compound of
composition Co(NCS)2(4-vinylpyridine)2 was already reported
to form discrete tetrahedral complexes, for which a value for
the CN stretch of about 2050 cm�1 is expected.59 Therefore, it is
highly likely that a different modification was obtained, using
the synthesis from solution.

[Co(NCS)2(4-vinylpyridine)2]n (1) crystallizes in the triclinic
space group P%1 with 2 formula units in the unit cell. The
asymmetric unit consists of two crystallographically independent
Co(II) cations, which are located on centers of inversion, and two
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thiocyanato anions as well as two 4-vinylpyridine ligands in
general positions (Fig. S4, ESI†). In the crystal structure, the Co
cations are always trans-coordinated by the two N- and two
S-bonding thiocyanato anions as well as two co-ligands and this
is the usual coordination observed in this family of compounds.
The Co–N bond lengths of 2.050(2) and 2.164(2) Å and the Co–S
bond lengths of 2.5862(7) and 2.6051(7) Å are comparable
to those in similar compounds (Table S1, ESI†). The Co(II)
cations are linked into chains by pairs of thiocyanato anions
via a m-1,3-bridging coordination (Fig. 2, top).

The 4-benzoylpyridine compound 2 crystallizes in the orthor-
hombic space group P212121 with four formula units in the unit
cell. The asymmetric unit consists of one Co cation, two
thiocyanato anions and two 4-benzoylpyridine ligands (Fig. S5,
ESI†). The Co cations are octahedrally coordinated by two
N- and two S-bonding thiocyanato anions as well as two
N-bonding co-ligands, with bond lengths and angles comparable
to that in 1 (Table S3, ESI†). As in compound 1, the N-donor
co-ligands are still trans-coordinated but for the anionic ligands a
cis-coordination is found that was never observed before in this
class of compounds. The Co(II) cations are linked by pairs of
m-1,3-bridging anionic ligands into linear chains (Fig. 2, bottom).
The intra-chain distances between the Co centers amount to
5.653 Å in compound 1 and to 5.588 Å in compound 2 (Table 1).
The longest inter-chain distance is observed for the 4-vinylpyridine
compound, which is somehow surprising, because 4-benzoyl-
pyridine is the larger ligand. However, this might be traced back
to the different arrangement of the chains in the crystal (see below).

In 1 the N vectors of the co-ligands of neighboring chains are all
parallel, which belongs to one of the two possible arrangements of

chains in this family of compounds (Fig. S6, ESI†). It is noted that
this arrangement is different from that in [Co(NCS)2(4-ethyl-
pyridine)2]n, in which the N–N vectors are canted. This is somehow
surprising, because as mentioned in the Introduction, both ligands
are structurally very similar, and therefore, similar crystal structures
are expected. However, the 4-benzoylpyridine compound adopts the
arrangement in which the N–N vectors are canted (Fig. S6, ESI†).

Based on the structural data, the powder pattern for compounds
1 and 2 was calculated and compared with the experimental pattern,
which shows that most compounds were obtained as pure crystal-
line phases (Fig. S7 and S8, ESI†).

Magnetic investigations – static properties

To get information about the magnetic ground state of 1 and 2,
the magnetic susceptibility w was measured as a function of
temperature in a weak magnetic field of 100 Oe (Fig. 3, inset).
The temperature dependence of the wT product is shown in the
main part of Fig. 3 to illustrate the simultaneous action of the
spin–orbit interaction of the Co(II) ion and of the dominant
intra-chain magnetic interaction. They nearly compensate each
other above 100 K, but below 50 K the wT product strongly
increases, pointing that the dominant interaction is ferromagnetic.

To understand the low temperature magnetic behavior it
should be taken into account that the Co(II) ion in an octahedral
axially distorted coordination is well described with the effective
spin s = 1/2 and a strongly anisotropic g factor. To estimate
relevant magnetic parameters of the chain of Ising spins we
used the Hamiltonian

H ¼ �J
X
j

szj s
z
jþ1 þ mB

X
j

H � bg � sj ; (3)

where the magnetic field H is close to zero and the ĝ tensor
includes g-factors parallel and perpendicular to the spin easy

Fig. 2 View of the cobalt thiocyanato chains in compound 1 (top) and 2
(bottom). An ORTEP plot of both compounds can be found in Fig. S4 and
S5 in ESI.†

Table 1 Intra- and the shortest inter-chain Co� � �Co distances in 1 and 2

Compound Intra-chain/Å Inter-chain/Å

1 5.653 8.174
2 5.588 6.755

Fig. 3 Temperature dependence of the wT product (main figure) and of
the magnetic susceptibility w (inset) measured in magnetic field of 100 Oe
for 1 and 2. Solid lines are from fits (see text).
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axis. The equations derived by Fisher83 for the susceptibility
along these directions are

wchaink ¼
NAmB

2gk
2

4kBT
exp

J

2kBT

� �
(4)

wchain? ¼ NAmB
2g?

2

2J
tanh

J

4kBT

� �
þ J

4kBT
sec h2

J

4kBT

� �� �
(5)

For J 4 0 the parallel susceptibility strongly dominates and is
responsible for the exponential increase of wT at low temperatures.
When chains are weakly interacting this inter-chain interaction
may be taken into account by using the following equation of the
mean field approximation:84

wi ¼ wchaini

�
1� zJ 0

NAgi2mB2
wchaini

� �
; (6)

where index i denotes the direction of magnetic field parallel or
perpendicular to the easy axis, w is the susceptibility of the system
with weekly interacting chains and wchain is the susceptibility of
isolated chains. The parameter zJ0 is a measure of the inter-
chain interaction. For powder samples the final equation for
susceptibility is

w = (wJ + 2w>)/3. (7)

The temperature dependence of the wT product was fitted with
the above model in various temperature ranges (e.g. 5–50 K). In
the fitting procedure also an additive constant a (like a TIP, the
temperature independent paramagnetism) was added to
susceptibility. It also takes into account the increase of wT with
increasing temperature due to the spin–orbit interaction. This
procedure is correct in the limited temperature range. The best
fit parameters are given in Table 2.

In this context it is noted that J values obtained directly from
the slope of the ln(wT) vs. reciprocal temperature curve (Fig. S9,
ESI†) are considerably lower than those obtained from the fit.
The difference might originate from the antiferromagnetic
inter-chain interaction or from deviation of 1 and 2 from
assumptions of the Hamiltonian given in eqn (3).

Magnetization versus temperature was measured also in the
zero-field cooled and field cooled (FC/ZFC) regime (Fig. 4). In
low magnetic fields an antiferromagnetic maximum is observed
but in higher fields a metamagnetic transition occurs. No
bifurcations between ZFC and FC curves are observed for
compound 1. For 2 small bifurcations are observed in the field
range up to 500 Oe. These bifurcations are hardly seen in the

scale of Fig. 4 but they are better visible in the w vs. T presentation
(Fig. S10, ESI†).

Field dependent magnetization curves, measured at 1.8 K in
the high field range, are shown in Fig. 5. No saturation is
observed even at high fields, which is in accordance with the
high magnetic anisotropy of Co(II) ions. The magnetization at
high fields is slightly higher for 1 than for 2, which may originate
from the different coordination of Co(II) in both compounds.

The field dependent magnetization was also separately
measured in weak fields. The experimental data collected at
1.8 K are presented in the inset of Fig. 5. They were recorded in
the field cycling between �1 and +1 kOe. Data collected at
higher temperatures can be found in Fig. S11–S13 in ESI.† It is
seen that below Tc a magnetization jump occurs. This jump
observed in the field Hc of B450 Oe for 1 and B350 Oe for 2 at
1.8 K is a sign of metamagnetic transition. No hysteresis loop is
observed for 1 down to 1.8 K. For 2 a narrow hysteresis loop is
observed in the field range 250–500 Oe and a second small jump
near 0 Oe, the origin of which is not clear to us (Fig. S14, ESI†).

M(H) plots made in the field range 0–1000 Oe for 1 and 2 at
various temperatures (Fig. S12 and S13, ESI†) were used to
construct the phase diagrams (Fig. 6). However, points below
150 Oe in these diagrams were determined as the maximum of
d(wT)/dT to reach an agreement with the specific heat study

Fig. 4 Temperature dependence of magnetization recorded for 1 (left)
and 2 (right) in various magnetic fields following zero-field cooling (open
points) and field cooling (lines).

Table 2 Parameters obtained from the analysis of dc magnetic data for 1
and 2

Compound 1 2

Tc (K) 3.90(5) 3.70(5)
J/kB (K) 27(3) 32(2)
gJ 7.3(2) 7.0(2)
g> 0.0(1) 0.0(1)
zJ0/kB (K) �0.27(2) �0.24(2)
a (emu mol�1) 0.0098(7) 0.0076(6)

Fig. 5 Field dependent magnetization measured at 1.8 K for compounds
1 and 2. Inset shows magnetic hysteresis loops registered in the low field
range.
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(Fig. S15, ESI†; see below). The relation between d(wT)/dT and
magnetic specific heat was derived by Fisher for simple antiferro-
magnets85 but also tested for a variety of antiferromagnets.86

Specific heat measurements

To confirm the long range magnetic ordering in compounds 1
and 2, specific heat (C) measurements were performed (Fig. 7).
The temperature dependence of C measured at different
applied fields is shown in Fig. S16 and S17 (ESI†). A distinct
peak of C(T) is present at 3.80 K for 1, and at 3.68 K for 2, which
marks the onset of the second order magnetic ordering transition,
in good agreement with the results of magnetic measurements.

The field of 0.4 kOe shifts the peak for 1 to a bit lower
temperature, 3.75 K, which is typical for an antiferromagnetic
structure. For 2 the field of 0.4 kOe is already above the critical
field (see Fig. 6) and the C(T) peak is completely reduced. The
observed peaks of specific heat are on the background that
originates from the crystal lattice vibrations, but also from
magnetic exchange interaction within chains of Co(II) ion spins.
To calculate the lattice contribution we used the linear combination
of the Debye and Einstein models of the phonon density of states to
account for both acoustic and optical phonon bands.

Below 40 K it was enough to assume a single acoustic branch
described by yD and a single optical branch described by yE,
producing together

Clattice = ADCDebye(T,yD) + AECEinstein(T,yE) (8)

The exchange contribution to the molar specific heat is
described by

Cchain = NAkB( J/4kBT)2 sech2( J/4kBT) (9)

for s = 1/2 Ising spins in chains. The exchange constant J is
defined by the Hamiltonian given in eqn (3).

This model, however, does not contain inter-chain inter-
action, and cannot explain long range ordering. For this reason,
the sum Clattice + Cchain was fitted to C/T data in the range from
4.5 to 40 K, i.e. only above the critical temperature. For 1
we obtained yD = 77.2(5) K, yE = 148.5(1.8) K, AD = 1.88(3),
AE = 4.36(7) J (mol K)�1, and J/kB = 28.8(4) K. For 2 we obtained
yD = 79.8(0.6) K, yE = 149(2) K, AD = 2.46(4), AE = 4.96(7) J (mol K)�1,

and J/kB = 33.2(4) K. The Clattice and Cchain curves, calculated using
these parameters, are drawn in Fig. S18 and S19 (ESI†). The
magnetic contribution to specific heat, obtained by subtracting
Cmagn = C � Clattice, is shown in Fig. 7. The entropy change,
calculated by integrating Cmagn/T in the range from 2 to 40 K, is
5.53 for 1 and 5.37 J (mol K)�1 for 2, which is close to the expected
NAkB ln 2 = 5.76 J (mol K)�1. Only a fraction of this entropy
change is below Tc (0.69 and 0.34 J (mol K)�1, respectively). Such
behavior is characteristic for quasi-one dimensional systems.87

Most importantly, the J values obtained from the analysis of
calorimetric measurements agree very well with the J values
obtained from the analysis of magnetic measurements.

Dynamic magnetic properties

Fig. 8 presents the temperature dependence of the AC magnetic
susceptibility of 1 and 2 measured at various frequencies and
zero DC field. In Fig. S20 (ESI†) also the data collected in field
close to Hc are shown. As seen, in zero DC field the frequency
dispersion occurs in the temperature range much below Tc but
in field close to Hc this temperature range is considerably
extended and the maximum value of w considerably increases,
especially for 2. In addition, for 2 the maximum of w00 at first
increases with increasing temperature and then decreases.

The Mydosh parameter f = DTm/[TmD(log f)] in zero DC field
determined from the temperature shift of w00 is f E 0.15 for 1
and f E 0.10 for 2, which is in the range expected for super-
paramagnets and single chain magnets.88

The frequency behavior of wAC observed for compounds 1 and 2
at various temperatures in zero field is presented in Fig. 9. For
analysis the generalized Debye formula was used, which written for
a single distribution of relaxation times has the following form:

w ¼ w0 � iw00 ¼ w1 þ
w0 � w1

1þ ðiotÞ1�a: (10)

The meaning of the symbols is as follows: w0 and wN are the
susceptibilities in the limits of zero and infinite frequencies,
respectively, t is the mean relaxation time and the parameter a
describes the width of the relaxation time distribution (0 r ar 1).

Fig. 6 Magnetic phase diagram of 1 (solid dots) and 2 (open squares) with
antiferromagnetic (AFM) and saturated paramagnetic (SPM) phases.

Fig. 7 Magnetic contribution Cmagn of the specific heat, obtained for
compounds 1 and 2, shown as C/T. The lines denote the fitted contribution
related to the exchange interaction J within chains of Ising spins.
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The data of zero field for 1 and 2 could be well fitted with a
single distribution. A small contribution of a second distribution
observed for 1 at the lowest temperatures and lowest frequencies
(see also the Cole–Cole plot; Fig. S21 and S22, ESI†) was omitted
in the analysis. For both compounds the a parameter is relatively
small (B0.2) at the upper temperature limit but increases with
decreasing temperature, becoming B0.55 at the lower temperature
limit of 1.8 K (Tables S4 and S5, ESI†). The corresponding data in
field could be successfully fitted only for 1 assuming one distribution
(the data for 2 were more complex and could not be fitted). The
values of a determined for 1 in field were 0.45–0.54 in the corres-
ponding temperature range 1.8–3.0 K. It is worth to note the higher
value of a at the upper temperature limit in relation to zero field.

The values of relaxation times for 1 and 2 obtained from fits
are plotted as ln t vs. 1/T dependence in Fig. 10 and fitted using
the Arrhenius equation

t = t0 exp(DE/kBT), (11)

where t0 is a prefactor and DE is the energy barrier for the
relaxation process.

As seen in Fig. 10, the straight line dependence in the whole
temperature range used (red lines) was obtained for 1 in both
zero DC field and 600 Oe DC field. The following values of
parameters for zero DC field were obtained from the plot:
DE/kB = 36.5� 2 K, t0 = (1.77 � 0.50) � 10�11 s. The corresponding
values for 600 Oe field were as follows: DE/kB = 42.8 � 2 K,
t0 = (1.76 � 0.45) � 10�10 s. It is noted that the value of t0

increased in field by one order of magnitude, which is in
agreement with ref. 89.

For 2 two straight line intervals were obtained for Hdc = 0 Oe
with the crossover temperature T* B 2.2 K. Such intervals
are usually interpreted as the finite chain regime (at lower
temperatures; denoted below with subscript k = 1) and the
infinite chain regime (at higher temperatures; k = 2). Thus, for 2,
t01 = 2.4 � 10�10 s, DE1/kB = 35.5(1.0) K and t02 = 1.4 � 10�13 s,
DE2/kB = 51.9(2.6) K. It is noted that the value DE1 is close to the
value 36.5 K of 1. The corresponding parameters for 400 Oe field,
as already mentioned above, could not be reliably determined.

The crossover from k = 1 to k = 2 observed for 2 at T* can be
used to estimate the chain length n through the relation 2n
exp(�2Js2/kBT*) = 1, assuming the same length of all chains.16 For
J = 32 K and T* = 2.2 K the chains are fairly long with n B 700 links.

Discussion of the magnetic properties

According to Coulon et al.16 DE for anisotropic Heisenberg
systems DEk may be written as composed of the following
two terms:

DEk = kDx + DA, (12)

where Dx is the energy needed to create a domain wall and DA is
the anisotropy energy, which is interpreted as an energy barrier
for a single anisotropic spin inside a narrow domain wall,
where it feels no local field.16 However, in the case of Ising
systems with spin s = 1/2 (no zero field splitting) the interpretation
of DA is still not clear.90 With two slopes obtained for 2 both Dx and
DA can be determined from eqn (12) as Dx = DE2 � DE1 = 16.4 K
and DA = 19.1 K. Thus, the DA value is greater than the Dx value,

Fig. 8 Temperature dependence of wAC registered at various frequencies
for 1 and 2 in zero DC field.

Fig. 9 Frequency dependent AC susceptibility for 2 (left) and 1 (right) in
HDC = 0 Oe. Solid lines are fits of the generalized Debye relaxation model.

Fig. 10 Temperature dependence of the relaxation time t determined at
Hdc = 0 Oe for 1 and 2 and at Hdc = 600 Oe for 1. Straight lines were fitted
using the Arrhenius equation.
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consistent with the assumption that 2 (and most likely 1) is in the
Ising limit.

Initially, after the discovery of SCM, it was believed that slow
relaxations may be observed only in systems with weakly
interacting chains, so weakly that no magnetic ordering occurs
or it occurs at very low temperature. Soon, it was demonstrated
by Coulon et al.89 that slow relaxations can also exist in the
antiferromagnetic (AF) phase and that the relaxation time is
enhanced in DC magnetic field being maximum close to the
antiferromagnetic–paramagnetic phase transition. Later on,
slow relaxations in the AF phase were also reported by Miyasaka
et al., who observed them below the blocking temperature
TB B 5 K, significantly lower than the Néel temperature
TN = 9.4 K. The hysteresis loops in the AF phase, which were
presented in both referenced articles, appeared due to slow
relaxations of SCM. Obviously, slow relaxations in the AF phase
should disappear with the increase of the interchain inter-
actions or more precisely with the increase of the zJ0/J ratio
and this increase should be associated with the decrease of the
TB/TN ratio. This remark refers also to other AF compounds
Co(NCS)2L2 previously studied.41–45 All are close to the disappearance
of SCMs due to significant interchain interactions.

On the other hand, all these compounds show strong
relaxations in magnetic fields close to Hc. We have shown that
relaxations observed for 1 in 600 Oe can be described with
the generalized Debye model and a single but rather broad
distribution of the relaxation times (a B 0.5). The more
complex relaxational behavior of 2 in field (see Fig. S20, ESI†)
may be related to the chosen applied field value because, as
known from the previous studies, in fields above Hc the
material is in the mixed phase between antiferromagnetic
and paramagnetic phases. Then the 3D ferromagnetically
ordered domains or fractal spin glass clusters form.91 Also
the observed crossover as well as the more complex crystal
structure having two directions of Npyr–Co–Npyr vectors (Npyr is
the nitrogen atom of pyridine) may influence the relaxational
behavior of 2.

It is noted that in 1 and 2 as well as in other compounds of
the Co(NCS)2L2 family the only possible interchain interactions
are dipolar interactions. Sometimes they lead to AF, and some-
times to FM interactions. For a better understanding of the
magnetic properties of this family the knowledge of the easy
direction of anisotropy is necessary.

We do not see a clear difference in magnetic properties
between trans and cis coordination of Co-ions in 1 and 2. The
eventual difference is so small that it is obscured by the difference in
crystal structures and large distortion of the coordination octahedron.

Computational studies

Magnetic coupling. The investigation of the intra-chain
magnetic coupling for compounds 1 and 2 is based on the
dinuclear Co(II) model complexes representing a cutout of the
corresponding molecular chain (1: L-py = 4-vinylpyridine; 2:
L-py = 4-benzoylpyridine). Since the repeating units of the
molecular chains ([Co(NCS)2(L-py)2]) are neutral, the representation
of the full coordination sphere of two adjacent Co(II) ions in the

dinuclear model complex leads to an overall charge, which needs to
be compensated within the model. Therefore, the model complex
was terminated by two additional Na(I) ions at the positions of
adjacent Co(II) ions in the infinite chains. This leads to the
computational model complex Na2[Co2(NCS)6(L-py)4] (see Fig. S23,
ESI†), for which the broken-symmetry formalism was employed to
calculate the pairwise interactions within the chains of compounds
1 and 2. The constrained DFT (CDFT) approach was utilized for the
calculations, as it has been proven to be more efficient with respect
to convergence issues than the standard broken-symmetry DFT
(BS-DFT) approach.92 Moreover, the CDFT approach usually leads
to superior results for magnetic exchange couplings as compared
to those generated with the standard BS-DFT approach.93,94 In fact,
the coupling constants J obtained with CDFT (1: 27.6 K; 2: 35.3 K)
reproduce the experimental ferromagnetic ordering. Details are
summarized in Table S6 (ESI†) and the corresponding spin
densities for both compounds are depicted in Fig. S24 and S25
(ESI†). It should be noted here that in the case of 2 the BS-DFT
approach predicts an antiferromagnetic interaction which is in
conflict with the experiments. One major issue within the BS-DFT
calculations is an overestimated spin delocalization onto the
terminal NCS ligands leading to decreased spin density on the
two bridging NCS units. This issue arises from the isolated
character of the employed models for the representation of the
infinite molecular chains. In the model systems the spin density
of the unpaired electrons from the Co(II) ions is consequently
delocalized over a larger spatial region. An alternative option to
tackle this issue could be the utilization of larger model systems
containing more repeating units, however, at significantly higher
computational costs.

Our results with the CDFT calculations show that employing
constraints to restrict the spin densities on the Co(II) centers
and their first coordination sphere allows the use of dinuclear
model systems to qualitatively reproduce the magnetic coupling
in 1 and 2. To gain further insight, we performed calculations for
which the sodium ions were replaced by simple point charges
located at the positions of the metal ions. In contradiction to the
experiment this leads to an antiferromagnetic ground state in the
case of 1 ( J = �41.3 K) and a weak ferromagnetic coupling in
the case of 2 ( J = 12.7 K). Thus, we conclude that a reasonable
chemical representation of the metal centers at the terminal
positions of the model fragment is required to reproduce the
experimental results, which cannot be achieved by simple point
charges. To further probe the possible reduction of the com-
putational model we also tested to substitute the apical pyridine-
based co-ligands by an unsubstituted pyridine. For both cases this
results in the prediction of a rather strong antiferromagnetic
coupling (1: J = �108.1 K, 2: J = �86.9 K). This clearly indicates
that also the electronic properties of the apical co-ligands might
play a crucial role.

As a result, CDFT calculations on the sodium terminated
dinuclear model system are suitable to describe the intra-chain
interactions in compounds 1 and 2. These calculations are in
agreement with the observed small differences in magnetic
coupling as the two configurations at the cobalt centers are
concerned (1: trans- and 2 cis-position).
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Single-ion anisotropy. Ab initio calculations have been per-
formed to gain further insight into the magnetic anisotropy of
the single ions for compounds 1 and 2. To adequately describe
the [Ar] 3d7 electronic configuration of Co(II) ions and consequently
their magnetic properties it is inevitable to apply multireference
computational approaches. However, these calculations are costly in
terms of computational time, and thus, at this level of theory only
molecular fragments with one Co(II) metal center can be investi-
gated. In accordance with our above-mentioned results the model
structure for the calculation of the single-ion anisotropies of 1 and 2
is based on mononuclear Co(II) fragments with sodium ions at the
terminating positions (Na2[Co(NCS)4(L-py)2], see Fig. S26, ESI†).
Since the asymmetric unit of compound 1 contains two crystallo-
graphically independent Co(II) centers two model complexes had to
be used which differ in the orientation of vinylpyridine planes with
respect to the direction of the chain and are further denoted as
1-Co1 (perpendicular) and 1-Co2 (parallel).

In general, high-spin Co(II) ions in an octahedral geometry
possess a 4T1g ground state which is primarily responsible for
their magnetic properties due to considerable energy gaps to
higher quartet (4T2g, 4A2g) and doublet states (2G, 2P, etc.).
Nevertheless, the higher energetic states have a slight influence
on the electronic ground state, and thus have to be taken into
account. Table S7 (ESI†) lists the corresponding CASSCF and
CASPT2 energies for all quartet and the 12 lowest doublet states
of 1-Co1, 1-Co2, and 2. As it can be seen the high-spin 4F
multiplet with its 4T1g, 4T2g, and 4A2g subterms is the ground
state in all cases independent of whether dynamic correlation is
excluded (CASSCF) or included (CASPT2). Nevertheless,
dynamic correlation is essential to reasonably describe the
doublet states as it can be seen by the significant changes in
their relative energies upon inclusion. For CASPT2 the lowest
doublet states are well separated from the lowest quartet state
with energy gaps of 9173, 9030, and 9791 cm�1 for 1-Co1, 1-Co2,
and 2, respectively. However, the description of these individual
states is not sufficient to get an accurate insight into the magnetic
properties due to the lack of state-mixing and spin–orbit coupling.

RASSI-SO/SINGLE_ANISO calculations on the basis of the
CASPT2 wave functions have been performed to adequately
describe the energetic states. This leads to 6 doubly degenerated
spin–orbit coupled states (J = 1/2, 3/2, and 5/2), denoted as
Kramers doublets (KDs), with predominant contribution from
the 4T1g subterm of the 4F multiplet. However, even at room
temperature only the lowest two KDs are expected to be thermally
populated, due to the relative energies of the higher KD states (see
Table S8, ESI†). The alternating orientation of the 4-vinylpyridine
co-ligands in the case of 1 has a slight influence on the calculated
energy gap between the ground and the first excited KD. The
parallel arrangement of 4-vinylpyridine with respect to the chain
orientation (1-Co2) leads to a slightly higher energy gap of
192 cm�1 as compared to the perpendicular case (1-Co1) with
183 cm�1. On the other hand, for compound 2 both parallel and
perpendicular orientations of the 4-benzoylpyridine co-ligand are
observed at a single Co(II) ion which in this case is associated with
a significantly higher first excited KD at 270 cm�1. However, this
effect cannot be attributed to a single structural parameter,

due to the additional differences in the (NCS)4 coordination
environment at the Co(II) centers (1: cis, 2: trans) as well as
differences in the structural and electronic properties imposed
by the substituents at the co-ligands.

Calculated zero-field splitting (ZFS) parameters and g values
for an effective spin of Seff = 3/2 are summarized in Table 3 and
show for both compounds the presence of an easy-axis anisotropy.
In accordance with the above-mentioned results a larger absolute
axial ZFS parameter D is obtained for 2 (�124.99 cm�1) as
compared to 1-Co1 (�85.87 cm�1) and 1-Co2 (�83.24 cm�1).
Additionally, in all cases a significant rhombic distortion in terms
of large absolute E values can be observed (1-Co1: �18.54 cm�1;
1-Co2:�27.67 cm�1; 2:�29.69 cm�1) leading to remarkable E/D
ratios.

The corresponding anisotropy axes are depicted in Fig. 11.
In all cases a nearly parallel alignment of the main anisotropy
axis with the N–N vector of the two apical pyridine-based
co-ligands can be found. The angle between the N–N vector
and the main anisotropy axis is found to be 2.5, 2.8, and 0.31 for
1-Co1, 1-Co2, and 2, respectively. In both compounds the
corresponding hard plane of magnetization is formed within
the S2N2 coordination plane of the four NCS ligands (angles
between the hard plane and the S2N2 coordination plane:
1-Co1: 2.41, 1-Co2: 3.11, 2: 1.61). The basic orientation of the
two hard-axes approximately along the Co–N and Co–S bonds
can explain the noticeable rhombic ZFS parameter E due to a
different electronic structure of these N and S donor atoms.

The calculated g values (Seff = 3/2) given in Table 4 show in
accordance with the ZFS an easy-axis anisotropy (gz 4 gx, gy)
with gz values of 2.980, 2.974, and 3.291 for 1-Co1, 1-Co2, and 2,
respectively. The large gz values as compared to (pseudo)-
tetrahedrally coordinated Co(II) complexes95 are the result of
a strong spin–orbit contribution which is most pronounced in
the case of 2. It is interesting to note that this goes along with
the smallest deviation from an ideal octahedral coordination
sphere in the case of 2 as obtained by continuous shape
measures (S(Oh) for 1-Co1: 1.057, 1-Co2: 1.130, and 2: 0.865).96,97

The calculated g tensor components for the two lowest KDs
within an effective spin formalism of Seff = 1/2 are listed in Table 4.
For both compounds 1 and 2 the ground state KD possesses an
easy-axis anisotropy which is in agreement with the previous results
(for Seff = 3/2). Fig. S27 (ESI†) shows the corresponding ground state
magnetic axes for 1 and 2. The calculated ground state gz values
(1-Co1: 8.445, 1-Co2: 7.997, 2: 8.747) are slightly overestimated
as compared to the experimental data (1: 7.3(2), 2: 7.0(2)).

Table 3 Calculated ZFS parameters and values of the g tensor for the two
lowest KDs of the 4T1g term (Seff = 3/2) for 1 and 2

1-Co1 1-Co2 2

D/cm�1 �85.87 �83.24 �124.99
E/cm�1 �18.54 �27.67 �29.69
E/D 0.22 0.33 0.24

gx 1.971 1.885 1.683
gy 2.233 2.365 1.823
gz 2.980 2.974 3.291
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Noteworthily, the perpendicular arrangement of 4-vinylpyridine
with respect to the chain orientation (1-Co1) leads to a slightly
higher gz value as compared to the parallel case (1-Co2). The first
excited KD in 1 and 2 also shows easy-axis anisotropy, but with
smaller gz values and larger transversal components gx and gy.
The corresponding principal axes for the first excited KD are
depicted in Fig. S28 (ESI†). For compound 2 the orientation of
the principal axes is similar to what was observed for the ground
state, whereas this is surprisingly not the case for the Co(II)
centers of 1-Co1 and 1-Co2. For the latter cases the easy-axes of
the first excited state are within the S2N2 coordination plane
and oriented perpendicular to the corresponding plane of the
aromatic ring system of the 4-vinylpyridine co-ligands.

There is an obvious discrepancy between experimentally
estimated effective barriers and the calculated single-ion barriers
in terms of their first excited KD energies. Thus, the presence of
dominant relaxation processes other than the thermal Orbach
process can be assumed. Concerning quantum tunneling within
a single Co(II) ion fragment Fig. S29 and S30 (ESI†) show the
average dipole transition matrix elements for the first two KDs of
1 and 2. Obviously, for all model systems a considerable quantum
tunneling of magnetization would be expected due to the large
dipole transition matrix elements within the ground state KD
(1-Co1: 0.447; 1-Co2: 0.639; 2: 0.480). In contrast to 2, the first
excited KD of 1-Co1 and 1-Co2 shows no large �mz value due to
the change of the easy-axis orientation. Recently, a similar
discrepancy (Ucalc = 264 cm�1 and Ueff = 25 cm�1) has been
reported for a mononuclear octahedral Co(II) compound
([Co(H2O)2(CH3COO)2(py)2]) with two apical pyridine ligands
for which a two-phonon Raman process was proposed.98 Moreover,
it should be noted that 1 and 2 are not single-ion complexes but
represent more complex magnetically coupled systems. Never-
theless, the performed single-ion ab initio calculations help to
evaluate the axial anisotropy which revealed a slightly higher
axial anisotropy in the case of 2 which goes together with a
stronger intra-chain magnetic coupling. Due to the identical
NCS-bridged equatorial coordination chains the axial anisotropy
can be directly tuned by the apical co-ligands with their electronic
influences.

Conclusions

The major goal of this work consists of investigations of the
influence of metal coordination and the crystal structure on the
magnetic properties of 1D Co-thiocyanato coordination polymers.
Therefore, two new compounds of the general formula [Co(NCS)2L2]n
were synthesized (L is 4-vinylpyridine (1) or 4-benzoyl pyridine (2)).
They are built up of ferromagnetic chains, which are weakly
antiferromagnetically coupled, so they show magnetic ordering
and a metamagnetic transition. While 1 shows a trans configuration
of the anionic ligands along the exchange path, the configuration is
different (cis) for 2. This different configuration results in slightly
greater magnetic exchange for 2. Both compounds show single-
chain magnet relaxations in the antiferromagnetic state. The
intra-chain magnetic coupling obtained by CDFT calculations
utilizing the corresponding dinuclear Co(II) fragments of 1 and 2
as models is in agreement with the experimental results. Ab initio
calculations revealed the ground state easy-axis anisotropy in all
cases with the easy-axis of magnetization aligned along the N–N
vector of the pyridine-based apical ligands. Moreover, the
calculations reveal the presence of significant rhombic ZFS as
evidenced by large E values. The single-ion calculations clearly
show that structural and electronic properties of the apical
co-ligands influence the magnetic properties, e.g. in terms of
the gz values. However, in 1 the alternating arrangement of
the 4-vinylpyridine co-ligands (parallel and perpendicular) with
respect to the chain orientation leads to a compensation of the
higher magnetic anisotropy in the perpendicular arrangement
(1-Co1). Therefore, further studies are planned to determine

Fig. 11 Ab initio calculated (Seff = 3/2) anisotropy axes (blue dashed lines:
easy-axes; red dashed lines: hard-axes) of 1-Co1, 1-Co2, and 2 projected
onto dinuclear Co(II) fragments of 1 (top) and 2 (bottom). The angle
between the two easy-axes of 1-Co1 and 1-Co2 is 9.01. In the respective
top view on the right hand side the hydrogen atoms as well as pyridine-
based co-ligands are omitted for clarity.

Table 4 Main values of the g tensor for the two lowest KDs (Seff = 1/2) and
their relative energies for 1 and 2

KD 1-Co1 1-Co2 2

1 EKD/cm�1 0 0 0
gx 1.198 1.532 1.397
gy 1.484 2.300 1.486
gz 8.445 7.997 8.747

2 EKD/cm�1 183 192 270
gx 2.905 2.432 0.424
gy 2.975 2.507 1.807
gz 4.840 4.938 4.194
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experimentally the easy direction of magnetic anisotropy and
clarify the role of dipolar interactions leading to magnetic
ordering, which is necessary to fully understand the variety of
magnetic properties for this family of compounds.
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53, 8298–8310.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 3

0/
03

/2
01

7 
20

:5
8:

24
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online



This journal is© the Owner Societies 2017 Phys. Chem. Chem. Phys., 2017, 19, 3232--3243 | 3243
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Figure S1. View of the arrangement of the chains with differently oriented co-ligands in 
the crystal structures of compounds of the general composition [Co(NCX)2(L)2]n (X = S, 
Se; L = neutral N-donor co-ligand). For clarity, only the 6-membered rings of the different 
co-ligands are shown and the hydrogen atoms are omitted.

Table S1. Selected crystal data and details of the structure refinement for compounds 1 and 2.

compound 1 2
formula C16H14CoN4S2 C26H18CoN4O2S2
MW / g mol-1 385.36 541.49
crystal system triclinic orthorhombic
space group P-1 P212121
a / Å 9.1050(5) 6.7549(2)
b / Å 10.7073(6) 11.0133(3)
c / Å 11.0049(6) 32.2549(11)
a / ° 115.112(4) 90
 / ° 93.167(5) 90
 / ° 110.952(4) 90
V / Å3 879.62(8) 2399.56(13)
T / K 200 200
Z 2 4
Dcalc / g cm-3 1.455 1.499
µ / mm-1 1.215 0.921
max / deg 2.11- 28.00 1.954- 24.595
measured refl. 14007 16688
unique refl. 4232 3998
refl. [F0>4(F0)] 2851 3751
parameters 247 316
Rint 0.0353 0.0327
R1 [F0 > 4(F0)] 0.0400 0.0264
wR2 [all data] 0.0900 0.0626
GOF 1.044 1.053
max/min / e Å-3 0.313/ ‒0.430 0.766 / ‒0.193



4

Figure S2. IR spectrum of 1. Given is the value for the CN stretching vibration of the thiocyanato 
anion.

Figure S3. IR spectrum of 2. Given is the value for the CN stretching vibration of the thiocyanato 
anion.
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Figure S4. ORTEP plot of 1 with labeling and displacement ellipsoids drawn at 50 % probability 
level. Symmetry codes: A = −x+2, y+1, −z+1; B = −x+1, −y, −z+1; C = x−1, y−1, z.

Table S2. Selected distances (Å) and angles (°) for 1.

[Co(NCS)2(4-vinylpyridine)2]n

Co(1)‒N(2A) 2.0757(19) Co(2)‒N(1B) 2.050(2)
Co(1)‒N(2) 2.0757(19) Co(2)‒N(21) 2.164(2)
Co(1)‒N(11) 2.147(2) Co(2)‒N(21B) 2.164(2)
Co(1)‒N(11A) 2.147(2) Co(2)‒S(2A) 2.6051(7)
Co(1)‒S(1) 2.5862(7) Co(2)‒S(2C) 2.6051(7)
Co(1)‒S(1A) 2.5862(7)
N(2A)‒Co(1)‒N(2) 180.00(7) N(1B)‒Co(2)‒N(1) 180.00
N(2A)‒Co(1)‒N(11) 89.78(8) N(1B)‒Co(2)‒N(21) 90.32(8)
N(2)‒Co(1)‒N(11) 90.22(8) N(1)‒Co(2)‒N(21) 89.68(8)
N(2A)‒Co(1)‒N(11A) 90.22(8) N(1B)‒Co(2)‒N(21B) 89.68(8)
N(2)‒Co(1)‒N(11A) 89.78(8) N(1)‒Co(2)‒N(21B) 90.32(8)
N(11)‒Co(1)‒N(11A) 180.00 N(21)‒Co(2)‒N(21B) 180.00
N(2A)‒Co(1)‒S(1) 93.86(6) N(1B)‒Co(2)‒S(2A) 87.53(6)
N(2)‒Co(1)‒S(1) 86.14(6) N(1)‒Co(2)‒S(2A) 92.47(6)
N(11)‒Co(1)‒S(1) 89.73(6) N(21)‒Co(2)‒S(2A) 90.35(6)
N(11)‒Co(1)‒S(1) 90.27(6) N(21B)‒Co(2)‒S(2A) 89.65(8)
N(2A)‒Co(1)‒S(1A) 86.14(6) N(1B)‒Co(2)‒S(2C) 92.47(6)
N(2)‒Co(1)‒S(1A) 93.86(6) N(1)‒Co(2)‒S(2C) 87.53(6)
N(11)‒Co(1)‒S(1A) 90.27(6) N(21)‒Co(2)‒S(2C) 89.65(8)
N(11A)‒Co(1)‒S(1A) 89.73(6) N(21B)‒Co(2)‒S(2C) 90.35(6)
S(1)‒Co(1)‒S(1A) 180.0 S(2A)‒Co(2)‒S(2C) 180.00(2)
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Figure S5. ORTEP plot of 2 with labeling and displacement ellipsoids drawn at 50 % probability 
level. Symmetry codes: A = −x+1, y−1/2, −z+1/2; B = −x+1, y+1/2, −z+1/2.

Table S3. Selected distances (Å) and angles (°) for 2.

[Co(NCS)2(4-benzoylpyridine)2]n

Co(1)‒N(2) 2.073(3) Co(1)‒N(31) 2.177(3)
Co(1)‒N(1) 2.080(3) Co(1)‒S(1A) 2.5576(10)
Co(1)‒N(11) 2.166(3) Co(1)‒S(2B) 2.5769(9)
N(2)‒Co(1)‒N(1) 91.04(10) N(11)‒Co(1)‒S(1A) 94.18(8)
N(2)‒Co(1)‒N(11) 88.43(11) N(31)‒Co(1)‒S(1A) 88.38(8)
N(1)‒-Co(1)‒N(11) 89.65(11) N(2)‒Co(1)‒S(2B) 173.95(8)
N(2)‒Co(1)‒N(31) 89.55(11) N(1)‒Co(1)‒S(2B) 94.71(8)
N(1)‒Co(1)‒N(31) 87.98(10) N(11)‒Co(1)‒S(2B) 89.72(8)
N(11)‒Co(1)‒N(31) 176.85(10) N(31)‒Co(1)‒S(2B) 92.54(8)
N(2)‒Co(1)‒S(1A) 94.43(8) S(1A)‒Co(1)‒S(2B) 79.96(3)
N(1)‒Co(1)‒S(1A) 173.40(8)
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Figure S6. View of the arrangement of the Co(NCS)2 chains in the crystal structure of 
compound 1 (top) and 2 (bottom).
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Figure S7. Experimental (A) and calculated (B) XRPD pattern for 1.

Figure S8. Experimental (A) and calculated (B) XRPD pattern for 2. 
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field of 100 Oe. The slope of the linear part for 1 is 11.60.2 K, and for 2 is 13.60.2 K. 
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Figure S13. Field dependent magnetization of 1 measured in the field range 0-1000 Oe. 
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Figure S14. Hysteresis loop measured at 1.8 K for 2 after zero-field cooling in a small field range.

Comment to a small jump of magnetization observed for 2 near H=0 Oe; inset to Fig.6 in the 
paper.
This jump appears in the same temperature range (below 2.2 K) together with a narrow hysteresis 
loop, which is seen in Fig.6 as splitting of M(H) curve in the field range 250 – 500 Oe. The width 
of this loop increases with decreasing temperature. Both, the jump and the loop, seem to be 
related with the bifurcations mentioned in the paper. That might mean that the metamagnetic 
transition is not fully reversible, however another small hysteresis loop is also observed for the 
zero-field cooled sample, when it is registered in a very small field range (100 Oe), see Figure 
S12. This loop obtained in fields significantly below Hc may be not directly related to the 
metamagnetic transition.



12

0 2 4 6 8
0

10

20

30

2
1

 

 

T
(e

m
u/

m
ol

 K
)

T (K)

B-splines interpolation

H=100 Oe

2 4 6 8 10

0

20

40

60

T
 d

er
iva

tiv
e

T (K)

Tc=3.68 K

2 4 6 8 10

0

20

40

 T (K)

T
 d

er
iva

tiv
e Tc=3.90 K

Figure S15. Differentiation of the T curves to obtain critical temperatures.
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2 3 4 5 6 8 10 20 30 40
0

1

2
 

 

C
/T

 (J
/K

2 m
ol

)

T (K)

CoNCS-bpir

Figure S18. Specific heat C measured for 2 (points) with estimated phonon contribution (dashed 

green line), and the contribution of exchange interaction (blue solid), and their sum (red).



14

2 3 4 5 6 8 10 20 30 40
0

1

2

 

 

C
/T

 (J
/K

2 m
ol

)

T (K)

CoNCS-vin

Figure S19. Specific heat of 1 with analysis (see main text).
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Table S4. Fitting results of the frequency dependencies for 1 (HDC = 5 Oe).

T (K) 
(emu/mol)

0‒
(emu/mol) 1 (s) 1 sq

2

1.8 0.078 0.752 9.1710‒3 0.54 1.2510‒5

1.9 0.063 0.787 3.9910‒3 0.54 2.2610‒5

2.0 0.040 0.88 1.6610‒3 0.54 2.8610‒5

2.1 0.004 0.884 6.5410‒4 0.54 3.3110‒5

2.3 0.0 0.91 1.6110‒4 0.49 3.3810‒5

2.4 0.0 0.93 7.4910‒5 0.46 2.6210‒5

2.5 0.0 0.96 3.74610‒5 0.42 1.8010‒5

2.6 0.0 1.0 1.92910‒5 0.38 9.4610‒6

2.7 0.0 1.06 1.20310‒5 0.30 5.6510‒6

2.8 0.0 1.15 8.01010‒6 0.21 3.9710‒6

Table S5. Fitting results of the frequency dependencies for 2 (HDC = 5 Oe).

T (K) 
(emu/mol)

0‒
(emu/mol)  (s)  sq

2

1.8 0.042 0.607 6.8210‒2 0.58 4.1110‒5

1.9 0.0513 0.58 2.9810‒2 0.54 1.0910‒5

2.0 0.044 0.581 1.2410‒2 0.52 1.5410‒5

2.1 0.041 0.576 5.0510‒3 0.51 6.5010‒6

2.17 0.041 0.572 2.9310‒3 0.50 1.1010‒5

2.3 0.047 0.561 1.0310‒3 0.47 6.4910‒6

2.4 0.0347 0.575 3.6810‒4 0.45 1.3310‒6

2.5 0.030 0.587 1.3810‒4 0.42 1.6810‒6

2.6 0.0 0.636 5.2110‒5 0.37 3.6110‒6

2.7 0.0 0.677 2.7510‒5 0.26 1.1310‒5

2.8 0.20 0.551 2.2010‒5 0.17 5.1310‒6

2.9 0.123 0.769 8.5710‒6 0.16 7.3510‒6
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Figure S23. CDFT and BSDFT computational models for 1 (left) and 2 (right). The pink spheres 
designate Na(I) ions to compensate the charges of the dianionic fragments. 

Table S6. Results of CDFT and BSDFT calculations for 1 and 2.

Compound State 2S+1 Erel / a.u. 〈𝑆2〉 Equation J / K
CDFT

HS 7 −7339.019299 12.0201 BS 1 −7339.017727 3.020 (1) 27.6

HS 7 −8406.162996 12.0222 BS 1 −8406.160983 3.020 (1) 35.3

BSDFT
HS 7 −7337.236689 12.0191 BS 1 −7337.235127 3.017 (2) 109.6

HS 7 −8403.792290 12.0192 BS 1 −8403.792357 3.017 (2) −4.7
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Figure S24. CDFT spin densities of 1 for high-spin (first row) and broken-symmetry (second 
row) states. Red (cyan) isosurfaces represent net α (β) spin densities (iso-value 0.002). The two 
pictures on the right show a view from the top without the 4-vinylpyridine ligands. 
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Figure S25. CDFT spin densities of 2 for high-spin (first row) and broken-symmetry (second 
row) states. Red (cyan) isosurfaces represent net α (β) spin densities (iso-value 0.002). The two 
pictures on the right show a view from the top without the 4-benzoylpyridine ligands.
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Figure S26. Ab initio computational models for 1-Co1 (left), 1-Co2 (center), and 2 (right). The 
pink spheres designate Na(I) ions to compensate the charges of the dianionic fragments. 

Table S7. Relative CASSCF and CASPT2 energies (in cm−1) of all quartet and the 12 lowest 
doublet states for 1 and 2.

1-Co1 1-Co2 22S+1 CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2
4 0 0 0 0 0 0

619 1312 464 491 109 80
660 1004 520 1385 332 1281

5597 6828 5344 6592 6785 7574
7964 9252 7621 8874 6913 7721
8494 9475 8626 9627 7437 8839

15625 17776 15493 17664 15080 17247
22007 18142 21647 21795 21759 17872
22226 22409 22134 18325 22936 22602
25645 25479 25876 25743 23390 23081

2 12018 9173 11705 9030 13085 9791
15480 13321 15672 13456 14088 12620
18098 16148 17533 15760 19261 16882
18554 16409 18420 16400 19277 16874
19305 17122 19086 16962 19336 16948
20022 17879 20051 17885 19751 18914
20340 19117 20315 18974 20010 18252
21290 19123 21181 19016 20102 18303
24561 21550 24189 19482 24749 23874
24612 22134 24481 21031 24878 21793
24812 23849 24622 23652 24936 22076
25179 22693 24936 22838 25184 22222
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Table S8. Relative RASSI-SO energies (cm−1) for 1 and 2.

Kramers doublet 1-Co1 1-Co2 2
1 0 0 0
2 183 192 270
3 802 718 515
4 1011 941 812
5 2023 1760 1825
6 2068 1810 1861

Figure S27. Ab initio calculated ( ) magnetic axes (blue dashed lines: easy-axes; red 𝑆𝑒𝑓𝑓= 1/2

dashed lines: hard-axes) for the ground state KD of 1-Co1, 1-Co2, and 2 projected onto dinuclear 
Co(II) fragments of 1 (left and center left) and 2 (center right and right). The angle between the 
two easy-axes of 1-Co1 and 1-Co2 is 9.1°. Hydrogen atoms as well as pyridine-based co-ligands 
in top views (center left and right) are omitted for clarity.

Figure S28. Ab initio calculated ( ) magnetic axes (blue dashed lines: easy-axes; red 𝑆𝑒𝑓𝑓= 1/2

dashed lines: hard-axes) for the first excited KD state of 1-Co1, 1-Co2, and 2 projected onto 
dinuclear Co(II) fragments of 1 (left and center left) and 2 (center right and right). The angle 
between the two easy-axes of 1-Co1 and 1-Co2 is 68.1°. Hydrogen atoms as well as pyridine-
based co-ligands in top views (center left and right) are omitted for clarity.



22

Figure S29. Magnetization blocking barriers in 1-Co1 (left) and 1-Co2 (right). Arrows represent 
the transition between different magnetic states and corresponding values show the average dipole 

matrix element  in respect to the ground state easy-axis orientation.�̅�𝑧

Figure S30. Magnetization blocking barriers in 2. Arrows represent the transition between 

different magnetic states and corresponding values show the average dipole matrix element  in �̅�𝑧
respect to the ground state easy-axis orientation.
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Static and dynamic magnetic properties of the
ferromagnetic coordination polymer
[Co(NCS)2(py)2]n†

Michał Rams,a Michael Böhme, b Vladislav Kataev, c Yulia Krupskaya,c

Bernd Büchner, c Winfried Plass, b Tristan Neumann,d

Zbigniew Tomkowicz *a and Christian Näther *d

[Co(NCS)2(py)2]n (py = pyridine) is composed of ferromagnetic chains of Co(II) cations connected by

double NCS bridges. The chains are irregular because of two crystallographically inequivalent Co(II)

cations. The coordination polyhedron of the Co(II) cations is a distorted octahedron built from two N

and two S atoms of four equatorial NCS anions and two apical N atoms of the pyridine ligands.

Magnetic and specific heat studies show that the compound undergoes a phase transition at 3.7 K to a

ferromagnetic state. The determined magnetic interactions, intrachain (J/kB = 28 K) and interchain

(zJ0/kB = 0.5 K), confirm the quasi 1D Ising magnetic character of [Co(NCS)2(py)2]n. Using AC magnetic

susceptibility measurements the energy barriers for magnetization reversal of different relaxation processes

were determined including those of the individual chains. By means of high field-high frequency ESR study

the magnetic excitations were observed and explained in the frame of the Ising model in agreement with

the results of the magnetic study. Ab initio calculations confirm the high magnetic anisotropy of the system

and allow determination of the direction of the easy-axis. The broken symmetry DFT calculations support

the ferromagnetic intrachain interactions. The energetic relations relevant for relaxations are discussed. It is

concluded that the magnetic model of [Co(NCS)2(py)2]n is not a pure Ising but the transversal exchange

plays a role.

Introduction

Low dimensional magnetic compounds, especially single-chain
magnets (SCMs), which were discovered in 20011 are still an
object of interest of many research studies due to their impor-
tance in the basic science and potential applications.2–8 Ideal
SCMs are isolated ferromagnetic or ferrimagnetic chains with
a strong uniaxial anisotropy and therefore, they show slow
magnetic relaxations. In real materials, a small interchain
interaction is always present, but it does not always suppress
relaxations. These relaxations, usually observed at low tempera-
tures, are characterized by one relaxation time dependent on

the energy barrier DE for the reversal of magnetization. Because
DE is composed of two terms: magnetic intrachain interaction
and anisotropy, high values of DE are expected. Although in the
beginning the strict conditions for SCM were established,1 it
has soon appeared that this class of compounds is broader, e.g.,
there exist SCMs which obey the Glauber criterion and there
exist SCMs beyond this criterion.9–11 The SCM properties were
also reported for compounds with antiferromagnetic ordering
below their Néel temperature TN in zero magnetic field.12 In
fields stronger than the critical field of metamagnetic transi-
tion the relaxations become more pronounced because of
ferromagnetic domains, which form in the mixed phase. In
the case of ferromagnetic interchain interactions, the SCM
properties were rarely observed, see, e.g., ref. 13, because 3D
domains appear and relaxations of their domain walls dom-
inate, thus making SCM relaxations difficult to observe. In spite
of that, they may be observed in a superimposed magnetic field
sufficiently strong to move 3D domain walls to the grain
borders.11

In 2010 Boeckmann and Näther14 studied the magnetic and
relaxation properties of a coordination polymer with the compo-
sition [Co(NCS)2(py)2]n, where py is pyridine. In this compound,
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the Co(II) cations are in the center of a distorted octahedron
trans-coordinated by two N pyridine atoms and two N and two
S atoms of thiocyanate anions and are linked by pairs of
m-1,3-bridging anionic ligands into chains (see Fig. 1). According
to ref. 14 there are two crystallographically inequivalent Co(II)
cations in this structure. For Co1 the planes of the coordinating
pyridine rings are coplanar, whereas for Co2 these planes are
perpendicular (see Fig. 1). In this context, it is noted that all pyridine
rings show disorder in ratio 85 : 15 (see Fig. S1, ESI†). Magnetic
measurements14 indicated SCM-like behavior and in the tempera-
ture dependent AC susceptibility measurements a frequency depen-
dent shift of the maxima was observed. From the fit of the Arrhenius
law to the relaxation time vs. reciprocal temperature dependence the
energy barrier of E63 K was determined.

Later on, Näther et al. performed systematic investigations on
the influence of a chemical and a structural modification on the
magnetic properties of the family of related compounds. There-
fore, compounds with the general composition [Co(NCS)2(L)2]n

(L = 4-ethylpyridine,15 4-acetylpyridine,16 4-(3-phenylpropyl)-
pyridine,17 and 4-chlorobenzylpyridine18) and of the closely
related [Co(NCS)2(L)]n (L = 1,2-bis(4-pyridyl)ethylene19,20 and
1,2-bis(4-pyridyl)ethane20) were synthesized. Fitting the magnetic
susceptibility using the Ising model led for all these compounds
to similar values of the intrachain interaction J, what is reasonable
because all of them consist of the same thiocyanate bridged
chains. For some of these compounds antiferromagnetic inter-
chain coupling was detected15,18–20 and the relaxations were
described as SCM relaxations. For some other compounds of this
family ferromagnetic interchain coupling was found; the relaxa-
tions were interpreted as due to 3D domains walls.16,17 In light of
these studies it became clear that that the origin of magnetic
relaxations in [Co(NCS)2(py)2]n might not be correctly described.
Consequently, we decided to reinvestigate the static and dynamic
magnetic properties of this compound.

Moreover, in all of these studies, mentioned above, the Ising
model was used to determine the intrachain interactions. The first
indication that this is an adequate procedure came from ab initio
calculations21 for [Co(NCS)2(4-benzoylpyridine)2]n that exhibits a
similar coordination, even if the N and S atoms of the anionic
ligands show a cis-arrangement. For this compound, an energy gap
related with the anisotropy was calculated and the easy-axis
direction was predicted to be perpendicular to the chain axis.
The strong anisotropy (including energy gap and g-factors) may be
independently obtained from HF-ESR measurements. To the best
of our knowledge there were two HF-ESR studies reported for
compounds similar to our: [Co(Cl)2(py)2]n

22 and the halogenated
derivative [Co(Cl)2(3,5-dibromopyridine)2]n.23 For both these com-
pounds the Co(II) cations are bonded by a double chlorido bridge.
It was found that for [Co(Cl)2(py)2]n the easy-axis was directed along
the Npy–Co–Npy vector of the coordination polyhedron while for
the halogenated compound it was directed along the chain axis as
a result of the combination of two orthogonal easy-planes related
with two orthogonal directions of the Npy–Co–Npy vectors.24

We undertook magnetic study of our [Co(NCS)2(py)2]n com-
pound to see how irregularity of the chain structure influences
magnetic properties and magnetic relaxations. To this aim we
also performed complementary study using heat capacity and
HF-ESR measurements. Additionally, ab initio as well as DFT
calculations were performed to help in understanding experi-
mental results and to reveal differences resulting from the two
crystallographically inequivalent Co(II) centers.

Experimental details
Synthesis of [Co(NCS)2(py)2]n

This compound was synthesized using the previously described
procedure14 which was slightly modified. 2.00 mmol (582 mg)

Fig. 1 Chain structure of [Co(NCS)2(py)2]n in side (top) and top (bottom) view. The orientation disorder of the pyridine rings is not shown (see Fig. S1 in
the ESI† for details).
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Co(NO3)2�6H2O was reacted with 4.00 mmol (389 mg) KNCS in
8.0 mL EtOH, KNO3 was filtered off and was washed with EtOH.
Afterwards 0.66 mmol (53.4 mL) pyridine was added to the
filtrate and the solvent was removed nearly to dryness in a
rotary evaporator at 40 1C. Afterwards the residue was filtered
off, washed with ca. 10 mL H2O, and finally dried. By this
procedure a microcrystalline sample is obtained in 78.8% yield.
The purity of compound was checked by X-ray powder diffrac-
tion (see Fig. S2, ESI†), elemental analysis, atomic absorption
spectroscopy (AAS) as well as IR and Raman spectroscopy (see
Fig. S3, ESI†). CHNS analysis: C12H10CoN4S2 (333.30 g mol�1):
calcd C 43.24, H 3.02, N 16.81, S 19.24; found C 42.9, H 2.8, N
16.6, S 19.3. AAS (Co): found 17.58; calcd: 17.68. It is noted that
no crystals large enough for magnetic measurements can be
prepared, because this compound is in equilibria with the
discrete complex Co(NCS)2(pyridine)4 that always forms on
larger reaction times. We tried different procedures including
crystal growth under solvothermal conditions but without any
success. The discrete complexes can be transformed by thermal
annealing but in this case also microcrystalline powders are
obtained.

Heat capacity

Heat capacity measurements were performed using the relaxa-
tion technique in Quantum Design PPMS. Over 100 small
crystallites were together immersed in a drop of Apiezon N
grease. The background heat capacity was measured earlier and
subtracted.

Magnetic measurements

Magnetic measurements were performed on powder samples
using a QD MPMS-5XL magnetometer. The sample was immersed
in Eicosan (melting point 37 1C) to avoid the reorientation of
grains in the external magnetic field. When demagnetization was
important in data analysis, the sample pressed in the form of thin
disk was used, and data were recorded for two disk orientations.
The data for the in-plane direction were used after correction
by the determined demagnetization factor 4p�(0.13 � 0.02). AC
measurements up to 10 kHz were performed for manually pressed
powder sample using QD PPMS.

HF-ESR

The HF-ESR measurements were done on a manually pressed
powder sample in a frequency range 332–750 GHz in static
magnetic fields up to 8 T using a homemade spectrometer based
on a Millimeterwave Vector Network Analyzer (AB Millimetré).25

Data were recorded in the Faraday geometry.

Computational details

The DFT calculations were performed with the Turbomole 7.1
package of programs.26 Molecular structure models are based
on atomic positions as obtained from the single-crystal struc-
ture of [Co(NCS)2(py)2]n. The positions of hydrogen atoms
have been optimized at RI-DFT27–30/BP8631,32/def2-SVP33 level
of theory. To save computational time all cobalt(II) cations have
been replaced by zinc(II) cations within these optimizations.

To obtain single-ion magnetic properties the high-level ab initio
calculations have been performed with Molcas 8.0 SP1.34–37

According to earlier studies these calculations were based on
mononuclear cobalt(II) models as cutout of the chain structure,
for which two terminal sodium(I) cations were included to
compensate the negative charges resulting from the additional
thiocyanate ligands (Na2[Co(NCS)4(py)2]).21 Due to the crystallo-
graphic disorder of the pyridine rings attached to the two
crystallographically inequivalent cobalt(II) cations two different
sets of computational models were required which are denoted
as Co1A and Co2A as well as Co1B and Co2B for the major and
minor crystallographic orientations, respectively (see Fig. S4 in
the ESI†). Relativistic effects were included by a second-order
Douglas–Kroll–Hess Hamiltonian in combination with ANO-RCC
basis sets (Co and donor atoms: ANO-RCC-VTZP; other atoms:
ANO-RCC-VDZ).38–40 CASSCF calculations with 7 electrons in 10
orbitals (3d and 4d shell) were carried out including 10 quartet
(4F, 4P) and 40 doublet states (2G, 2P, 2H, 2D, 2D, 2F). Sub-
sequently, dynamic correlation was taken into account by
performing CASPT2 calculations based on CASSCF wave func-
tions for all quartet and the lowest 12 doublet states (2G, 2P).
The RASSI-SO method was employed based on CASSCF/CASPT2
wave functions to treat the mixing of different multiplicities
and to include spin–orbit coupling. The SINGLE_ANISO module
was subsequently used to obtain the components of the g tensor
and single-ion anisotropies.

Investigations on the magnetic exchange were based on
dinuclear cobalt(II) chain fragments with two additional term-
inal zinc(II) cations (for computational models see Fig. S7 and
S8 in the ESI†). These terminal zinc(II) cations are located at the
exact position of the neighboring cobalt(II) centers and are
necessary to obtain better charge distributions within the
dinuclear cobalt(II) fragments. In addition, sodium(I) cations
have been tested as terminal cations (see Tables S6 and S7 in
the ESI†). However, in combination with broken symmetry (BS)
DFT calculations the computational models based on terminal
zinc(II) cations tend to give a more realistic representation of
the magnetic exchange (see Computational study). All BS-DFT
calculations were based on the PBE0 hybrid functional41–43 in
combination with triple-z def2-TZVPP basis sets.37 The BS-DFT
based magnetic coupling constants were obtained by Yamaguchi’s
approach (for a Heisenberg Hamiltonian H ¼ �JS1S2) as44,45

J ¼ 2 EBS � EHSð Þ
SHS

2h i � SBS
2h i: (1)

Experimental results and discussion
Specific heat study

Specific heat, measured at zero magnetic field, is shown in
Fig. 2 as a function of temperature. The prominent maximum
of C(T) at Tc = 3.7(1) K marks a second-order phase transition.
This, together with results of the bulk magnetic measurements,
proofs that below Tc the spins are ordered. Even small magnetic
field applied during specific heat measurement shifts the
maximum to higher temperatures and conceals it, which
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confirms that the ordering is ferromagnetic. The measured C(T)
dependence was quantitatively analyzed, taking into account
the lattice and magnetic contributions. The lattice specific heat
was accounted for by the sum of an acoustic and single optical
phonon contribution. The specific heat related to magnetic
degrees of freedom was included assuming that the exchange
interaction of Co(II) cations in the Kramers doublet ground
state can be described by Ising spin Hamiltonian for s = 1/2 chain:

H ¼ �J
X
j

szj s
z
jþ1 (2)

(see also section Magnetic study). In such a case, the magnetic
specific heat equals

Cmagn = R(J/4kT)2sech2( J/4kT). (3)

This approach cannot reproduce the magnetic ordering and
related peak at 3.7 K. For this reason, only the data from 5 to
20 K were used to fit the theoretical curve, which resulted in the
value J = 27.6(2) K.

Magnetic study

DC properties. The magnetic susceptibility w was measured
in various conditions. The wT value at 300 K is equal to
3.3(1) cm3 K mol�1 and is larger than the spin-only value for
a single Co(II) ion with S = 3/2 (1.88 cm3 K mol�1) because of the
significant contribution of the unquenched orbital moment in
the distorted octahedral coordination. The low temperature
wT(T) dependence obtained in the field of 100 Oe is shown
in Fig. 3, together with a fit. This fit has been done by using
Fisher equations46 derived from the following Ising spin
Hamiltonian

H ¼ �J
X
j

szj s
z
jþ1 þ mB

X
j

H � ĝ � sj (4)

where s = 1/2, the magnetic field H should be close to zero and
ĝ tensor includes g-factors parallel and perpendicular to the
spin easy-axis.

Independently, we used another Hamiltonian for the J1 J1 J2

alternating Ising chain consistent with irregularity of our
chain47

H ¼ �
X
j

J1s
z
3js

z
3jþ1 þ J1s

z
3jþ1s

z
3jþ2 þ J2s

z
3jþ2s

z
3jþ3

� �

þ mB
X
j

H � ĝ � sj :
(5)

With Fisher equations both parallel and perpendicular suscept-
ibilities are obtained but for J 4 0 the parallel susceptibility of
the Ising system strongly dominates and is responsible for the
exponential increase of the wT product at low temperatures.
With eqn (5) the perpendicular susceptibility is put equal to
zero, thus both types of equations have the same number of
parameters. When chains are weakly interacting, the interchain
interaction may be taken into account by using the following
equation of the mean field approximation48

wi ¼ wchaini

�
1� zJ 0

NAgi2mB2
wchaini

� �
(6)

where index i denotes the parallel or perpendicular direction of
magnetic field, w is the susceptibility of the system with weakly
interacting chains and wchain is the susceptibility of the isolated
chains. The parameter zJ0 is a measure of the interchain
interaction. For powder samples the final equation for the
susceptibility is

w = (wJ + 2w>)/3. (7)

Using g-factors obtained from the HF-ESR measurements
(see section HF-ESR study) an excellent fit of wT with Fisher
equations was obtained for the following values of the relevant
parameters: J = 28.0 � 1.5 K, zJ0 = 0.40 � 0.10 K, TIP =
0.01 cm3 mol�1 (TIP is an effective temperature independent
paramagnetism). The fit range was 5.2–40 K but results only
slightly depended on the range. It is worth to note that
practically the same value of J (27 K) was obtained when the

Fig. 2 Specific heat of [Co(NCS)2(py)2]n fitted with the sum (solid line) of
two contributions: due to phonons (dotted line) and due to the Ising chain
of spins (dashed line). Fig. 3 Temperature dependence of the wT product measured in 100 Oe

and corrected for demagnetization. The red line is the fit (see the text).
The inset: susceptibility measured in ZFC/ZF regimes.
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g parameters were released (then gJ was equal to 7.2). Such a fit
does not depend much on g>, which may be fixed to zero. The
same values of parameters as above were obtained ( J1 = J2).

The temperature dependence of w in the vicinity of the
phase transition is shown in the inset of Fig. 3. These measure-
ments were performed in the zero-field cooled and field
cooled (ZFC/FC) regimes. As seen, bifurcations appear below
2.8 K, which depend on the magnetic field. With increasing
field the bifurcations are more suppressed. Most likely, the
presence of bifurcations is a sign of 3D magnetic domains
formation.

Fig. 4 presents ln(wT) vs. 1/T dependence obtained in field of
100 Oe. The linear part testifies to 1D character of the studied
compound. Below E6 K a clear inflexion up is seen in agree-
ment with the ferromagnetic interchain interaction. From the
slope of the linear part the creation energy of the 1D domain
wall can be determined as Dx = 15.0(5) K.

In Fig. 5 the field dependence of magnetization M at 1.8 K is
presented. In the high field region M still increases with field,
which is consistent with a strong anisotropy. In the inset the
low field behavior is shown. The observed hysteresis loop is
consistent with a ferromagnetic state.

AC properties. Compound [Co(NCS)2(py)2]n shows magnetic
relaxations. Fig. 6 presents temperature dependence of AC
susceptibility measured for different frequencies in zero DC
field. These relaxations are observed above and below Tc = 3.7 K.
It is worth to note that the amplitude of the w00 maximum does
not monotonically change with temperature as usually observed
for SCMs. The Mydosh parameter f = DTm/[TmD(log f )] in zero
DC field (determined from the temperature shift of w00 max-
imum) is f E 0.10, which is closed to the value found by
Näther and Boeckmann (f E 0.12) and at the borderline for
that expected for superparamagnets (0.1 o f o 0.3).

To get more information about the character of the relaxa-
tions we measured frequency dependent AC susceptibility
wAC( f ) at various temperatures. The experimental data were
analyzed with the Debye model. Assuming two relaxation
modes the corresponding complex equation reads as follows:

w ¼ w0 � iw00

¼ w11 þ w12ð Þ þ w01 � w11ð Þ
1þ iot1ð Þ1�a1

þ w02 � w12ð Þ
1þ iot2ð Þ1�a2

( )
: (8)

The meaning of the symbols is the following: w0 and wN are
susceptibilities in the limit of zero frequency and infinite
frequency, respectively, t is the relaxation time of the process
and a is a parameter related with the width of the relaxation
times distributions (0 r a r 1). Indexes 1, 2 refer to two
relaxation modes.

No good fits were obtained for zero external field, even
assuming the presence of two relaxation modes and the strongest
disagreement was observed for the lowest frequencies. Only in a
limited frequency and temperature range the relaxations could
be described with one medium relaxation time satisfying the
Arrhenius relation

t = t0eDt/kT (9)

with the following values of parameters: Dt = 51 K, t0 = 0.14 ns.
These relaxations, however, are due to 3D cooperative effects

Fig. 4 Reciprocal temperature dependence of ln(wT) obtained under a
field of 100 Oe.

Fig. 5 Field dependence of magnetization M measured at 1.8 K. The inset
shows the M(H) hysteresis loop in the low field range.

Fig. 6 Temperature dependence of AC susceptibility for Co(NCS)2(py)2,
measured at zero DC field and Hac = 3 Oe for various frequencies.
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which develop in the ferromagnetic state. Because they are not
related with individual chains, therefore are not interesting for us.

The situation changes when a bias DC field of 1000 Oe is
superimposed being of sufficient strength to sweep 3D domain
walls away. Then the 3D domains contribution is eliminated
and lower values of w are observed (see Fig. 7 presenting
frequency dependent AC susceptibility). This time all wAC( f )
curves could be well fitted, allowing to extract the SCM modes,
however, there are two such modes (see Fig. 7 and 8).

From fits to the Debye model the relaxation times were
obtained for various temperatures. Fig. 9 shows the plot of ln(t)
vs. reciprocal temperature. It is seen that for two modes the
Arrhenius relation is obeyed above 2.9 K. The best fit para-
meters obtained for T Z 2.9 K are: t0 = 0.25 ns, Dt = 32.6 K,
aE 0.1–0.25 for the dominant mode (blue stars) and t0 = 1.5 ns,
Dt = 38(2) K, a E 0.3–0.5 for the second mode (open squares).
The value Dt = 33(3) K is similar to the energy barriers of SCMs
found for all related antiferromagnetic compounds. However,
the existence of two relaxation modes is not yet clearly under-
stood, but may have something to do with the two different
orientations of the pyridine rings according to the orientational
disorder present in this compound.

HF-ESR study

A series of frequency dependent HF-ESR spectra was measured
on a powder sample of [Co(NCS)2(py)2]n at T = 4 K. No ESR

signals could be detected at frequencies smaller than n = 380 GHz.
Only above this threshold frequency first ESR absorption lines
appeared and the full spectrum was possible to record at
n 4 546 GHz, which is a clear evidence for the large magnetic
anisotropy of this compound. Typical ESR spectrum (see Fig. 10)
consists of one main intense line and three satellite lines of
significantly smaller intensity. By measuring the ESR spectra at
different frequencies above 546 GHz and determining the reso-
nance fields Hres of each ESR line at each frequency a frequency vs.
resonance field diagram has been mapped. From the intersection
of the main resonance branch (solid line connecting the reso-
nance field points of the ESR line at different n values, Fig. 10)
with the frequency axis at H = 0 we have determined the magnetic
anisotropy gap D = 568 GHz (E27.2 K) for the [Co(NCS)2py2]n

compound. This value is in agreement with the results obtained
from magnetization measurements (vide supra).

From the slopes of the resonance branches in Fig. 10 we
have determined the g-factors corresponding to each ESR line.
The main line as well as two nearest satellites possess the
g-factor of 7.0 while the g-factor of the outmost-right ESR line is
equal to 2.4. Considering the expected significant g-factor
anisotropy of Co(II) cations in the low-symmetry ligand
coordination49 it is tempting to conclude that the observed
values correspond to the parallel ( g = 7.0) and perpendicular
( g = 2.4) orientation of the powder particles in the studied
sample with respect to the external magnetic field. The large

Fig. 7 Frequency dependent AC susceptibility measured for various
temperatures under an applied field of 1 kOe.

Fig. 8 Cole–Cole plots obtained for different temperatures under a field of 1 kOe for frequencies from 10 to 10 000 Hz.

Fig. 9 Reciprocal temperature dependence of ln(t) determined from AC
measurements under an applied field of 1 kOe, in the temperature range
above 2.7 K. Mode 1 (blue stars) is dominant, while mode 2 (open squares)
is minor.
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difference in the intensities of the parallel and perpendicular
ESR lines may be due to the fact that grains in the sample were
not completely immobilized and could orient themselves with
increasing magnetic field.

The observed spectrum although similar to those reported
in literature for SCMs with low anisotropy10,11,50 has one
essential difference, namely the line is very sharp. This seems
to be related with a different kind of excitations. It is well
known that elementary excitations in 1D Ising systems are local
spin reversals or spin clusters excitations.13,22,51 The excitation
energy of a spin cluster with n spins may be written as the sum
of the exchange coupling (of the end spins with their neighbors
outside cluster) and the Zeeman energy of the cluster

Exc = JJ + ngJmBHz. (10)

The first term in the sum is equal to J, when the chain is
infinite. It may be equal to J/2 when the chain is finite. The
observed excitation corresponds to the reversal of a single spin
(n = 1). The absence of transition lines corresponding to the
excitation of a cluster with more than one reversed spins may
be related with an energy splitting (for H = 0) between the first
and next lines,22 so that, the first next line would fall outside
the used frequency range. Such splitting occurs if there is a
deviation from the pure Ising system due to a small contribu-
tion of the transversal exchange (for more details see Discus-
sion section). Some splitting would be also expected because of
two crystallographically inequivalent Co(II) cations. However,
only one not split narrow line is observed, which is consistent

with no differentiation of exchange constants Co1–Co2 and
Co2–Co2 as obtained from magnetic data. As for two weak
neighbor lines, it is presumed that they may originate from
very short chain segments (of several links length)23 or from the
hybridized modes of the phonon–spin excitation.22,52

Computational study
Single-ion anisotropy

The anisotropy of single-ions has been calculated on the basis
of ab initio CASSCF/CASPT2/RASSI-SO calculations for the two
crystallographically inequivalent cobalt(II) centers (Co1 and
Co2). Due to the crystallographic disorder observed for the
orientation of the pyridine rings attached at the cobalt(II)
centers, two different sets of model structures had to be
considered. The results for the models representing the major
component (occupation factor 0.85), which are further denoted
as Co1A and Co2A (see Fig. S4 in the ESI†), will be used for
the general discussion of the electronic structure. Whereas
the results for the models related to the minor component
(occupation factor 0.15) of the disordered structure (Co1B and
Co2B in Fig. S4) will be given in the ESI† and can be used to
explain slight variations as the comparison with the experi-
mental data is concerned.

The main difference between the two crystallographically
independent cobalt(II) centers is based on the relative orienta-
tion of the planes of the two attached pyridine co-ligands with
respect to the chain direction (Co1A: both parallel; Co2A:
parallel and perpendicular). However, in both cases the
pseudo-octahedral N4S2 coordination environment leads to a
4T1g ground multiplet, which is expected for octahedral high-
spin cobalt(II) ions and primarily responsible for the magnetic
properties. Due to the different donor atoms (N and S) as well
as slight deviations from ideal octahedral geometry as indi-
cated by continuous shape measures (S(Oh) = 1.17 for Co1A and
S(Oh) = 1.15 for Co2A),53,54 a lifting of the 4T1g multiplet
degeneracy is observed (CASPT2 energy range for Co1A:
1234 cm�1 and Co2A: 1212 cm�1, see Table S1 in the ESI†).
Nonetheless, the first excited low-spin state is well separated in
both cases and can be found at 9431 cm�1 and 9151 cm�1

(relative CASPT2 energies) for Co1A and Co2A, respectively. The
subsequent inclusion of spin–orbit coupling leads to an even
higher splitting of the 4T1g ground multiplet (Co1A: 1977 cm�1

and Co2A: 1781 cm�1, see Table S2 in the ESI†). Within this
ground multiplet the first excited Kramers doublet state can be
found at 192 cm�1 (276 K) and 259 cm�1 (373 K). Hence, these
states can be considered as unoccupied at lower temperatures,
which justifies the approach of an effective spin Hamiltonian
Seff = 1/2 at low temperature range (up to 40 K) to fit the
magnetic susceptibility data.

The calculated components of the g tensor of the first two
Kramers doublets within an effective spin Hamiltonian of
Seff = 1/2 are listed in Table 1. The magnetic moment of the
ground state doublet of both cobalt(II) centers shows a distinct
easy-axis anisotropy with gz nearly parallel to the Npy–Npy vector

Fig. 10 Upper panel: Representative ESR spectrum of the [Co(NCS)2py2]n
powder sample recorded for a frequency of 581 GHz and the corres-
ponding n vs. Hres diagram. Symbols represent the positions of the ESR
absorption lines (resonance fields). Straight solid lines (resonance
branches) are the linear fits of the experimental points. Bottom panel:
temperature evolution of the ESR spectrum (in magnification to make
visible the weak signal with g = 2.4).
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(Co1A: 3.31, Co2A: 0.51, angle between both axes: 13.81, for
depiction see Fig. S5 in the ESI†). The corresponding gz values
for the ground state Kramers doublet for Co1A and Co2A are
similar (8.357 and 8.544, respectively) and thus, might be the
reason of only one strong line observed in HF-ESR measure-
ments. The transversal components gx and gy form a hard-plane
of magnetization, which nearly coincides with the N2S2 coordi-
nation plane of the NCS ligands (angle between planes: 1.31
(Co1A) and 5.21 (Co2A)). For the corresponding models of
the minor components within the crystallographic disorder
(Co1B and Co2B) similarly an easy-axis anisotropy in the
magnetic moment is observed (see Table S3 and Fig. S6 in
the ESI†). In general, the anisotropy is slightly overestimated
by the calculation as compared to experimental results of the
HF-ESR measurements (gz 4 gJ and gx,y o g>). However, it can
be shown that the choice of two terminal cations added for
charge compensation within the computational model is some-
what influencing the ratio gx,y/gz characterizing the magnetic
anisotropy (see Table S4 and Fig. S7 in the ESI†). Nevertheless,
the orientation of the easy-axis is nearly unaffected by the
choice of the terminal cations (deviation of the gz axes between
the sodium(I) and the zinc(II) based models: 0.41 for Co1A and
1.21 for Co2A).

To describe fully the magnetic behavior up to room tem-
perature it is necessary to extend the effective Hamiltonian to a
Seff = 3/2 model, which basically describes the first two Kramers
doublets of the ground state multiplet. The corresponding para-
meters are listed in Table 2 and show in both cases an easy-axis
anisotropy (D o 0) with a significant rhombic distortion leading
to E/D ratios of 0.26 and 0.28 for Co1A and Co2A, respectively.

Fig. 11 presents the corresponding easy-axis (blue dashed lines) as
well as the hard-axes forming the hard-plane (red dashed lines)
for both Co(II) centers projected onto a dinuclear fragment (see
Table S5 and Fig. S8 in the ESI† for the corresponding results of
Co1B and Co2B). The distinct rhombic zero-field splitting (ZFS)
parameter E can be directly attributed to the different electronic
influence of the N and S donor atoms within the N2S2 coordina-
tion plane. Furthermore, the parallel/perpendicular orientation of
the pyridine co-ligand plane with respect to the chain direction
(Co2A) leads to higher single-ion anisotropy in terms of larger |D|
values as compared to the parallel/parallel orientation (Co1A). It
should be noted here, that this is in accordance with the results
for two published SCMs, which show similar axial ZFS parameters
D that are mainly based on the different co-ligand orientation
([Co(NCS)2(4-vinylpyridine)2]n: �85.9 cm�1 (parallel/parallel);
[Co(NCS)2(4-benzoylpyridine)2]n: �125.0 cm�1 (parallel/perpendi-
cular)).21 Thus, we conclude that the orientation of the pyridine-
based co-ligand possesses a larger effect on the axial ZFS
parameter D than the electronic influence of substituents in
the para-position. Nevertheless, it is important to note here that
both axial ZFS parameters D in Co1A and Co2A are significantly
larger than the experimentally obtained magnetic coupling
constants and thus, the latter ones tend to play a more prominent
role for low-temperature relaxation processes.

Magnetic coupling

Besides the single-ion anisotropy also the intrachain magnetic
exchange of the presented compound was investigated. In general,
such calculations can be quite challenging, which is mainly based
on the need for finite structural representation of an infinite 1D
chain compound under the constraint of minimizing the

Table 1 Calculated components of the g tensor for the first two Kramers
doublets (Seff = 1/2) for the cobalt(II) centers of the major components in
the disordered structure obtained from ab initio calculations (CASSCF/
CASPT2/RASSI-SO)

Co1A Co2A

KD1 EKD1/cm�1 0 0
gx 1.299 1.445
gy 1.820 1.889
gz 8.357 8.544

KD2 EKD2/cm�1 192 259
gx 2.764 3.677
gy 2.833 2.954
gz 4.823 1.440

Table 2 Calculated ZFS and g tensor parameters for the two lowest
Kramers doublets of the 4T1g term (Seff = 3/2) for the cobalt(II) centers of
the major components in the disordered structure obtained from ab initio
calculations (CASSCF/CASPT2/RASSI-SO)

Co1A Co2A

D/cm�1 �87.4 �116.1
E/cm�1 �22.7 �32.9
E/D 0.26 0.28

gx 1.910 1.638
gy 2.305 2.108
gz 3.008 3.234

Fig. 11 Ab initio calculated (Seff = 3/2) anisotropy axes (blue dashed lines:
easy-axes; red dashed lines: hard-axes) of Co1A and Co2A projected onto
a dinuclear Co(II) chain fragment (top: complete fragment; bottom: view
along the Co–Npy axes with removed pyridine ligands). The angle between
the easy-axes of Co1A and Co2A is 14.01. Hydrogen atoms are omitted for
clarity.
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computational effort. This issue was tackled in a previous
study by employing constrained DFT (C-DFT) methods on
dinuclear cobalt(II) chain fragments and applying artificial
spin density constraints.55 Moreover, calculations based on
single-determinant methods like DFT can be difficult for
octahedrally coordinated cobalt(II) cations, as they show nearly
degenerated electronic ground states (see relative CASPT2
energies in Table S1, ESI†).

Broken symmetry DFT (BS-DFT) calculations were carried
out on dinuclear model fragments (see Fig. S10 and S11 in the
ESI†) to investigate intrachain magnetic coupling (detailed
BS-DFT results can be found in Tables S6 and S7 in the ESI†).
On the molecular level two different pairs of cobalt(II) centers
and thus, coupling constants J1–2 and J2–2 are present due to
the non-alternating sequence of the two cobalt(II) centers
(� � �Co1� � �Co2� � �Co2� � �). BS-DFT calculations for the major
component of the disordered structure (denoted as A) lead to
ferromagnetic coupling constants J1–2 = 6.2 K, J2–2 = 15.1 K
(H ¼ �JS1S2; see Table S6, ESI†), which confirms the experi-
mental ferromagnetic intrachain exchange. In the case of the
model representing the minor component of the disordered
structure (denoted as B), also ferromagnetic but somewhat
weaker interactions were obtained (see Table S7, ESI†).

The real compound, however, represents an even more
complex picture, as it contains a statistical mixing of the main
and disordered orientations of the pyridine ligands for both
Co(II) centers, which even leads to additional pairs with mixed
orientations 1A–2B and 2B–2A. Therefore, the resulting macro-
scopic coupling constant J, determined from the experimental
magnetic susceptibility data, is a statistical average over all
possible pair interactions. Hence, this situation cannot easily
be represented by a single dinuclear theoretical model.

Nevertheless, we further investigated the two slightly different
coupling situations for the two different pairs of cobalt(II) centers
(1A–2A and 2A–2A) in the major component of the disordered
structure. For both pairs, the sum of spin density on the
axial pyridine co-ligands in the high-spin state is similar
(1A–2A: 0.177, 2A–2A: 0.172, cf. Fig. S11 and S12 in the ESI†).
Thus, their orientation tends to have a minor influence on the
magnetic coupling (sum of the spin density on pyridine ligands
per center: 0.091 (Co1, parallel/parallel), 0.086 (Co2, parallel/
perpendicular)). In fact, the strength of the ferromagnetic
coupling is mainly governed by the amount of spin density
on the NCS ligands, i.e. within the xy plane, which is obviously
different in both dinuclear structures (1A–2A: 0.368, 2A–2A:
0.326). As a result, the higher spin-density in case of 1A–2A
leads to a larger overlap of spin density and thus, it is
destabilizing its ferromagnetic ground state. Finally, even
though BS-DFT calculations indicate two slightly different
coupling constants J1–2 and J2–2, the related differences are
too small for observing any significant influence on the experi-
mentally determined coupling constant J. This was also con-
firmed (see Magnetic study) by attempts to fit the experimental
magnetic susceptibility data with a model including two differ-
ent coupling constants (eqn (5)) which did not led to any
difference between the two coupling constants ( J1 = J2).

Conclusions and remarks

The studied compound [Co(NCS)2(py)2]n is a quasi 1D ferro-
magnet. Due to a small interchain interaction (z J0/J E 0.01) the
compound undergoes a phase transition to the 3D ordered
ferromagnetic state at Tc = 3.7 K. The DC magnetic data
analysis, based on the Ising model, confirms the strong aniso-
tropy of chains. The AC magnetic measurements show mag-
netic relaxations of 3D domain walls, but in the superimposed
DC magnetic field of 1000 Oe the walls are swept away and two
modes of SCM-like relaxations emerge of which one is dominant.
The energy barrier for the magnetization reversal of the domi-
nant mode was estimated to be about 33 K, which is the value
typical for this family of compounds. In the HF-ESR experiment
one strong transition line is observed corresponding to the
excitation of a single spin and the energy of this excitation is
equal to the exchange energy J obtained from magnetic mea-
surements. Ab initio calculations showed that the anisotropy
is uniaxial. The main anisotropy axis is nearly parallel to the
Npy–Co–Npy vector and the ZFS parameter D, related with spin
3/2, is significantly dependent on orientations of the pyridine
ligands planes with respect to the chain direction. The easy-axis
direction is consistent with that found for [Co(NCS)2(4-benzoyl-
pyridine)2]n

21 and [Co(Cl)2(py)2]n.22 Furthermore, theoretical
investigation of the magnetic exchange by BS-DFT confirmed
the ferromagnetic intrachain exchange. The cooperation of
both the effects, i.e. single-ion anisotropy as well as magnetic
exchange, is crucial for the single-chain magnetic behavior. As a
consequence, the relaxational properties are expected to at least
slightly depend on the fraction of components with different
orientation of the pyridine co-ligand within the disordered
structures with similar chain backbone. The presence of two
relaxations modes is difficult to understand, however, only one
could be observed in HF-ESR experiment because the second
one is outside the used frequency range.

For Co(II) single-chain magnets there is a problem with the
energy barriers which describe magnetic relaxations. For non-
cobalt chains the energetic relations for barriers may be
explained with the anisotropic Heisenberg Hamiltonian

H ¼ �J
X
j

sjsjþ1 þ
X
j

D szj

� �2
(11)

Then the following relation is used:

Dt = kDx + DA, (12)

where k = 2 for infinite chains or k = 1 for finite chains. Dt is the
energy barrier for the relaxation time, see eqn (9); Dx is the
creation energy of the domain wall: for isolated chains with
s = 1/2 it would be equal to 2J(1

2�12) = J/2 (the value estimated
from Fig. 4 is Dx E 15 K); DA is the energy barrier of t0: t0 =
ti exp(DA/kBT), where ti is a prefactor. The barrier DA is the
barrier which would be experienced by a single (uncoupled)
spin from the thermal bath. For anisotropic Heisenberg systems
DA is the single ion anisotropy equal to Dsz

2. Because the correla-
tion energy Dx is isotropic the whole anisotropy is expressed
by this term. When |D/J| 4 2/3 (Glauber criterion for SCM)56
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the system behaves as Ising system: domain walls are sharp and
their creation energy is also equal to J/2. For our Co(II) system Dt

equals about B32 K and it is clear that the huge single ion
anisotropy (related with spin 3/2) as obtained from ab initio
calculations cannot be used to determine Dt.

In the case of the extreme exchange anisotropy the system
may be described by a pure Ising Hamiltonian; see eqn (2).
Then, no D(sz

j )
2 term is needed. The whole anisotropy is the

exchange anisotropy and it could be obtained from HF-ESR as
the energy needed for the spin reversal. However, the energy
barrier for the magnetization reversal as obtained from mag-
netic AC measurements for [Co(NCS)2(py)2]n and for all other
related compounds earlier studied18 is always greater than the
exchange energy. Looking for a possible explanation it is worth
to note that taking the transverse exchange J> into account
according to the more realistic Hamiltonian

H ¼ �
X
j

Jks
z
j s

z
jþ1 þ J? sxj s

x
jþ1 þ s

y
j s

y
jþ1

� �
(13)

leads to a differentiation between the exchange energy JJ and
the excitation energy, which is shifted down by the value equal
to J>.22 For [Co(NCS)2(py)2]n no shift is observed because the
excitation energy and the J value found from magnetic mea-
surements are nearly equal. However, it may be so that the J
value, obtained from magnetic measurements, is decreased
because it was determined assuming the pure Ising Hamilto-
nian. If the difference between Dt and the excitation energy is
due to J> then the value of J> might be estimated as 33–27 = 6 K.
This might be a realistic value taking into account that our value
of gJ is not at the Ising limit (8–9) and g> a 0.57 It is worth to
compare [Co(NCS)2(py)2]n with [Co(Cl)2(py)2]n. For the latter
compound the values of JJ and J> were found to be 11.8(3)
and 2.0(4) K, respectively and the values of gJ and g> 6.6(1) and
2.1(3), respectively.22 If the above explanation is true, also a
transition line at 33 K (693 GHz) should be observed, however, it
would be at the end of the frequency range. Further experimental
and theoretical studies are planned on simpler systems (the best
with antiferromagnetic interchain interaction and no inequivalent
Co(II) cations) to get full and clear description of dynamic proper-
ties of [Co(NCS)2(py)2]n and related compounds.
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R. Clérac, Chem. – Eur. J., 2006, 12, 7028–7040.

13 M. Elmassalami and L. J. de Jongh, Phys. B, 1989, 154, 254–266.
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Dinnebier, S. Suckert and C. Näther, Inorg. Chem., 2015, 54,
2893–2901.

17 J. Werner, M. Rams, Z. Tomkowicz and C. Näther, Dalton
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Figure S1 Side and top view of the Co(NCS)2 chain showing the disorder of the 

pyridine ligands with the major and the minor orientation.

3

Figure S2 Experimental and calculated XRPD pattern of [Co(NCS)2(py)2]n. 4

Figure S3 IR and Raman spectra of [Co(NCS)2(py)2]n. 4

Figure S4 Models for the ab initio calculations for the two crystallographically 

independent cobalt(II) centers (Co1 and Co2) representing the 

observed disorder of the pyridine co-ligands in the structure of the 

polymer chain.

5

Table S1 Relative energies for all quartet and the 12 lowest doublet states 

derived from ab initio CASSCF and CASPT2 calculations (in cm−1)
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Table S2 Relative energies for the Kramers doublets of the 4T1g multiplet derived 

from ab initio CASSCF/CASPT2/RASSI-SO calculations (in cm−1)

6

Figure S5 Representation of the magnetic axes derived from ab initio calculations 

(Seff = 1/2) for Co1A and Co2A projected onto a dinculear cobalt(II) 

chain fragment.

7

Table S3 Main components of the g tensor (Seff = 1/2) and their relative energies 

for the first two Kramers doublets of Co1B and Co2B obtained from 

ab initio calculations 

8

Figure S6 Representation of the magnetic axes derived from ab initio calculations 

(Seff = 1/2) for Co1B and Co2B projected onto a dinculear Co(II) chain 

fragment.
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Table S4 Main components of the g tensor (Seff = 1/2) and their relative energies 

for Co1A and Co2A with terminal zinc(II) cations instead of sodium(I) 

cations 

9

Figure S7 Representation of the magnetic axes derived from ab initio calculations 9
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(Seff = 1/2) for Co1A and Co2A with terminal zinc(II) cations instead 

of sodium(I) cations.

Table S5 Calculated ZFS and g tensor parameters for the two lowest Kramers 

doublets of the 4T1g term ( ) for the cobalt(II) centers of the 𝑆eff = 3/2

minor components Co1B and Co2B in the disordered structure 

obtained from ab initio calculations (CASSCF/CASPT2/RASSI-SO)

10

Figure S8 Representation of the magnetic axes derived from ab initio calculations 

(Seff = 3/2) for Co1B and Co2B projected onto a dinculear cobalt(II) 

chain fragment.

10

Figure S9 BS-DFT computational models for the different magnetic couplings 

J1A-2A and J2A-2A. 

11

Table S6 BS-DFT results for the two Heisenberg coupling constants (J1A-2A and 

J2A-2A) depending on the choice of the terminal cations 

11

Figure S10 BS-DFT computational models for the different magnetic couplings 

J1B-2B and J2B-2B.

12

Table S7 BS-DFT results for the two Heisenberg coupling constants (J1A-2A and 

J2A-2A) depending on the choice of the terminal cations

12

Figure S11 BS-DFT obtained spin densities for 1A-2A. 13

Figure S12 BS-DFT obtained spin densities for 2A-2A. 14



3

Figure S1. Side and top view of the Co(NCS)2 chain showing the disorder of the pyridine 

ligands with the major orientation (85%) shown in dark grey and the minor orientation in light 

grey (15%). Please note that for the minor orientation the pyridine rings are still parallel for 

Co1 and rotated by about 90° for Co2.



4

Figure S2. Experimental (top) and calculated (bottom) XRPD pattern of [Co(NCS)2(py)2]n. 

Figure S3. IR (top) and Raman (bottom) spectra of [Co(NCS)2(py)2]n.
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Co1A Co2A

Co1B Co2B

Figure S4. Models for the ab initio calculations for the two crystallographically independent 

cobalt(II) centers (Co1 and Co2) representing the observed disorder of the pyridine co-ligands 

in the structure of the polymer chain. (Top)  Major component with an occupation factor of 0.85 

denoted as Co1A and Co2A. (Bottom) Minor component with an occupation factor of 0.15 

denoted as Co1B and Co2B. The pink spheres designate sodium(I) cations to compensate the 

negative charges of the mononuclear fragments.
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Table S1. Relative energies for all quartet and the 12 lowest doublet states derived from ab 

initio CASSCF and CASPT2 calculations (in cm−1)

2S+1 Term Co1A Co2A Co1B Co2B
CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2

4 4F 4T1g 0 0 0 0 0 0 0 0
392 861 136 45 346 89 117 225
490 1234 334 1212 1193 1314 349 973

4T2g 5170 6389 5197 6428 5600 6480 5192 6403
7360 8589 7366 8606 8375 8427 7177 8329
8280 9269 8270 9261 8722 9057 8213 9224

4A2g 14947 17048 15087 17204 15970 17624 14882 16907
4P 4T1g 21342 21456 21489 21595 21573 18067 21298 20223

22010 18259 21912 18057 22782 21389 21982 19100
25629 25561 25392 25201 26850 26695 25253 25009

2 2G + 2P 12013 9431 11821 9151 11409 8131 11959 9373
15850 13716 15438 13218 15769 13092 15467 13235
17666 15967 17627 15880 17773 14604 17640 15887
18473 16518 18406 16395 17936 15361 18534 16585
19063 17002 19000 16871 19196 16641 19003 16826
20096 18058 19833 17673 20140 18251 19836 17783
20275 18979 20099 18759 20670 18388 20097 18575
21095 19051 20996 18849 21356 18607 20953 18727
24111 21908 24129 19559 23675 20555 24056 21433
24433 23479 24370 19680 24983 23465 24358 23404
24495 21737 24417 23418 25020 22173 24465 21817
24874 22921 24805 22676 25204 22759 24761 22501

… ... ... ... ... ... ... ... ...

Table S2. Relative energies for the Kramers doublets of the 4T1g multiplet derived from ab 

initio CASSCF/CASPT2/RASSI-SO calculations (in cm−1) 

Kramers doublet Co1A Co2A Co1B Co2B
1 0 0 0 0
2 192 259 230 238
3 757 529 688 554
4 972 816 969 825
5 1923 1733 1848 1626
6 1977 1781 1922 1685
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Figure S5. Representation of the magnetic axes derived from ab initio calculations (Seff = 1/2) 

for Co1A and Co2A projected onto a dinculear cobalt(II) chain fragment (blue dashed lines: 

gz; red dashed lines: gx and gy). (Top) Complete fragment (hydrogen atoms omitted for clarity). 

(Bottom) View along the Co–Npy axes (pyridine ligands removed for clarity). The angle 

between both gz axes is 13.8°.
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Table S3. Main components of the g tensor (Seff = 1/2) and their relative energies for the first 

two Kramers doublets of Co1B and Co2B obtained from ab initio calculations 

(CASSCF/CASPT2/RASSI-SO)

Co1B Co2B
KD1 EKD1 / cm−1 0 0

gx 1.056 1.600
gy 1.402 2.321
gz 8.876 8.163

KD2 EKD2 / cm−1 230 238
gx 4.083 3.933
gy 3.698 2.969
gz 2.595 1.947

Figure S6. Representation of the magnetic axes derived from ab initio calculations (Seff = 1/2) 

for Co1B and Co2B projected onto a dinculear Co(II) chain fragment (blue dashed lines: gz; 

red dashed lines: gx and gy). (Left) Complete fragment (hydrogen atoms omitted for clarity). 

(Right) View along the Co–Npy axes (pyridine ligands removed for clarity). The angle between 

both gz axes is 27.5°.
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Table S4. Main components of the g tensor (Seff = 1/2) and their relative energies for Co1A and 

Co2A with terminal zinc(II) cations instead of sodium(I) cations (see pink spheres in Figure 

S1) obtained from ab initio calculations (CASSCF/CASPT2/RASSI-SO), note the change in 

the model is to investigate the influence of the cation charge on the calculated g components  

Co1A Co2A
KD1 EKD1 / cm−1 0 0

gx 2.097 1.977
gy 4.231 2.466
gz 6.367 7.866

KD2 EKD2 / cm−1 182 238
gx 0.863 1.661
gy 1.093 2.665
gz 5.438 4.166

Figure S7. Representation of the magnetic axes derived from ab initio calculations (Seff = 1/2) 

for Co1A and Co2A with terminal zinc(II) cations instead of sodium(I) cations (see pink 

spheres in Figure S4) projected onto a dinculear cobalt(II) chain fragment (blue dashed lines: 

gz; red dashed lines: gx and gy). (Left) Complete fragment (hydrogen atoms omitted for clarity). 

(Right) View along the Co–Npy axes (pyridine ligands removed for clarity). The angle between 

both gz axes is 14.7°. 
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Table S5. Calculated ZFS and g tensor parameters for the two lowest Kramers doublets of the 

4T1g term ( ) for the cobalt(II) centers of the minor components Co1B and Co2B in 𝑆eff = 3/2

the disordered structure obtained from ab initio calculations (CASSCF/CASPT2/RASSI-SO) 

 Co1B Co2B
D / cm−1 −108.6 103.9
E / cm−1 −21.7 33.3
E / D 0.20 0.32

gx 1.817 1.703
gy 2.201 2.294
gz 3.190 3.126

Figure S8. Representation of the magnetic axes derived from ab initio calculations (Seff = 3/2) 

for Co1B and Co2B projected onto a dinculear cobalt(II) chain fragment (blue dashed lines: gz; 

red dashed lines: gx and gy). (Left) Complete fragment (hydrogen atoms omitted for clarity). 

(Right) View along the Co–Npy axes (pyridine ligands removed for clarity). Co2B shows an 

easy-plane anisotropy (angle between Co1B easy-axis and Co2B easy-plane: 85.5°) in contrast 

to Co1B, Co1A, and Co2A, which is most likely due to the observed disorder.
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1A-2A 2A-2A
Figure S9. BS-DFT computational models for the different magnetic couplings J1A-2A and 

J2A-2A. The pink spheres designate either zinc(II) or sodium(I) cations to compensate the 

negative charge to obtain a better charge distribution in the dinuclear cobalt(II) model fragments 

for the [Co(NCS)2(py)2]n coordination chain.

Table S6. BS-DFT results for the two Heisenberg coupling constants (J1A-2A and J2A-2A) 

depending on the choice of the terminal cations (zinc(II) and sodium(I) cation, see pink spheres 

in Figure S9)

Computational model 𝐽 / K 2𝑆+ 1 𝐸rel / Hartree 〈S2〉
[Co2Zn2(NCS)6(py)4]2+ 𝐽1A - 2A 6.2 7 −10260.57410 12.066

1 −10260.57401 3.062
𝐽2A - 2A 15.1 7 −10260.56001 12.059

1 −10260.55980 3.059
[Co2Na2(NCS)6(py)4] 𝐽1A - 2A 2.3 7 −7027.34575 12.019

1 −7027.34572 3.017
𝐽2A - 2A −9.6 7 −7027.34802 12.020

1 −7027.34816 3.018
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1B-2B 2B-2B
Figure S10. BS-DFT computational models for the different magnetic couplings J1B-2B and 

J2B-2B. The pink spheres designate either zinc(II) or sodium(I) cations to compensate the 

negative charge to obtain a better charge distribution in the dinuclear cobalt(II) model fragments 

for the [Co(NCS)2(py)2]n coordination chain. 

Table S7. BS-DFT results for the two Heisenberg coupling constants (J1B-2B and J2B-2B) 

depending on the choice of the terminal cations (zinc(II) and sodium(I) cation, see pink spheres 

in Figure S10) 

Computational model 𝐽 / K 2𝑆+ 1 𝐸rel / Hartree 〈S2〉
[Co2Zn2(NCS)6(py)4]2+ 𝐽1B - 2B 1.5 7 −10260.51228 12.047

1 −10260.51226 3.046
𝐽2B - 2B 0.9 7 −10260.50516 12.076

1 −10260.50514 3.070
[Co2Na2(NCS)6(py)4] 𝐽1B - 2B −7.6 7 −7027.28455 12.019

1 −7027.28466 3.017
𝐽2B - 2B −50.2 7 −7027.27857 12.019

1 −7027.27929 3.018
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Figure S11. BS-DFT obtained spin densities for 1A-2A (first row: high-spin state, second row: 

broken-symmetry state). Red (cyan) isosurfaces represent net α (β) spin densities (iso-value 

0.002). The two pictures on the right-hand side show a view from the top without the pyridine 

ligands.
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Figure S12. BS-DFT obtained spin densities for 2A-2A (first row: high-spin state, second row: 

broken-symmetry state). Red (cyan) isosurfaces represent net α (β) spin densities (iso-value 

0.002). The two pictures on the right-hand side show a view from the top without the pyridine 

ligands.
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How to link theory and experiment for single-chain
magnets beyond the Ising model: magnetic
properties modeled from ab initio calculations of
molecular fragments†

Michael Böhme and Winfried Plass *

Magnetic properties of coordination polymers like single-chain magnets (SCMs) are based on magnetic

domains, which are formed due to magnetic exchange between neighboring anisotropic spin centers.

However, the computational restrictions imposed by the high level of theory needed for an adequate ab

initio quantum mechanical treatment on the basis of multi-reference methods for these systems limit

the feasibility of such calculations to mononuclear fragments as appropriate structural cutouts for the

metal centers along the chains. Hence, results from such calculations describe single-ion properties and

cannot be directly correlated with experimental data representing magnetic domains. We present

a theoretical approach based on n-membered Ising-spin rings with n ¼ 3–12, which allows us to

simulate magnetic domains and to derive important magnetic properties for SCM compounds. Magnetic

exchange, which is not provided by calculations of mononuclear fragments, is obtained by fitting the

theoretical magnetic susceptibility against experimental data. The presented approach is tested for

cobalt(II)-based SCMs with three types of repeating sequences, which differ in nuclearity and symmetry.

The magnetic parameters derived using the presented approach were found to be in good agreement

with the experimental data. Moreover, the energy spectra obtained for the three test cases using the

presented approach are characteristic of a deviation of the individual systems from the ideal Ising

behavior. An extrapolation technique towards larger systems (n > 12) is presented which can provide

information on the statistical mean length of the magnetic domains in the three investigated SCM

compounds.

1 Introduction

Magnetic compounds that show a slow relaxation of magneti-
zation have received a considerable attention in recent years,
since they are of great interest for future technologies.1–4 The so-
called single-chain magnets (SCMs) are one-dimensional (1D)
coordination polymers and a promising class of nano-
magnets.5–7 Recent reports in the eld of SCMs discuss the
inuence of single-ion anisotropy8 and relaxation mecha-
nisms,9–11 and show interesting properties, e.g. the ability of

photo-induced SCM behavior.12 Over the last two decades,
a large variety of SCM compounds have been reported, of which
one of the largest groups consists of homometallic cobalt(II)
coordination polymers.11,13–24 This is not surprising, since also
a large number of mononuclear cobalt(II) complexes with a large
magnetic anisotropy is known which show a slow relaxation of
magnetization.25–35 In addition, a variety of heterometallic SCM
compounds have been reported containing 3d–3d,36,37 3d–4d,38

and 3d–5d8,39 transition metal ions. Furthermore, particular
attention has also been paid to 3d–4f40 and purely lanthanide-
based systems due to their large intrinsic anisotropy for some
of the trivalent rare-earth metal ions.41–43

Although a notable number of compounds with SCM
behavior have been reported within the last few years, only a few
have been investigated by ab initio quantum mechanical
methods on the level of multi-reference methods.23,24,43–47 From
our point of view this situation is unsatisfactory, since we are
rmly convinced that synergies evolve wherever experimental
and theoretical methods can be combined. However, ab initio
quantummechanical studies on themulti-reference level for 1D
periodic systems like SCMs are challenging and
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computationally demanding. In general, high-level theoretical
calculations are required to adequately describe the complex
electronic open-shell structure of paramagnetic centers. Multi-
reference methods like CASSCF and CASPT2 are usually
employed for such systems, as they include the essential static
and dynamic electron correlation. In addition, spin–orbit
coupling and relativistic effects are also important and have to
be taken into account. Unfortunately, it is currently not feasible
to describe larger structural chain fragments or even periodic
systems utilizing ab initio quantum mechanical methods
providing the required high accuracy. As a consequence, coor-
dination polymers need to be divided into smaller structural
fragments of individual spin centers, which then can be treated
by ab initio computational methods.23,24,48 This approach allows
us to calculate single-ion properties for the spin centers of
SCMs, such as the magnetic axes, corresponding g factors, and
energies of spin–orbit coupled magnetic states. However, these
single-ion parameters cannot be directly related to the experi-
mental magnetic properties of 1D periodic compounds, as they
are cooperative in nature and based on magnetic domains.

Herein, we demonstrate how ab initio quantum mechanical
calculations of mononuclear fragments can be used to deter-
mine the magnetic properties of coordination polymers like
SCMs. The merit of the presented approach is that it allows for
a direct correlation between high-level ab initio single-ion
properties and experimental data. The basic concept of our
approach utilizes the simulation of the magnetic domain
properties of 1D periodic compounds in a low temperature
range on the basis of ab initio calculations of individual
mononuclear fragments in combination with an appropriate
spin-coupling scheme. The presented approach is used to study
the static magnetic properties and offers a rst step toward the
investigation of dynamic magnetic properties by computational
methods. In this work, the theoretical procedure is described
and tested on three cobalt(II)-based 1D chain compounds
showing SCM behavior with different topologies. Moreover, it is
shown that the possibility of simulating different magnetic
domain sizes with our approach can be used to extrapolate
magnetic properties for arbitrary domain sizes, which gives
a basis to investigate size limits of magnetic domains in real
compounds by theory.

2 Current state
2.1 Single-chain magnets (SCMs)

The basic concept to design 1D coordination polymers with
SCM behavior is illustrated in Scheme 1. Two general prereq-
uisites are mandatory:5 (i) paramagnetic spin centers with
a high single-ion anisotropy (blue boxes) and (ii) an appropriate
exchange coupling between these centers (yellow boxes).
Magnetic exchange between the spin centers is required to
generate either ferro- or ferrimagnetic ordering along the chain.
The latter is a special case where antiferromagnetic exchange
between neighboring magnetic ions with different spins leads
to a non-vanishing magnetic moment. In this work, however,
for the sake of simplicity we will only focus on ferromagnetically
coupled chains with an ideal Ising anisotropy. For example, in

real compounds, the latter assumption may be considered
justiable when strongly anisotropic metal ions are involved
such as cobalt(II) in a suitable coordination sphere.8

The green box in Scheme 1 represents a magnetic domain
within a SCM, for which the specic properties are determined
by the combination of the individual single-ion anisotropies
and magnetic couplings. The properties and size of these
magnetic domains depend on several parameters, e.g. temper-
ature, magnetic exchange and single-ion anisotropies. Thus, it
is essential to investigate the magnetic domains in order to
understand the magnetic properties of a SCM. At this point it
should be noted that it is far beyond the scope of this work to
provide a detailed description of the fundamentals of SCM
theory. Therefore, the interested reader is referred to relevant
reviews in the literature.49–60

2.2 Computational studies on SCMs

For an ab initio quantum mechanical description of a magnetic
domain of a specic size (green box in Scheme 1), it would be
formally necessary to apply a suitable computational method to
a structural model of the same size. However, computational
limitations, due to the extremely long computing time and lack
of availability of suitable resources, even hamper the treatment
of rather small magnetic domains. In addition, it would
generally be required to investigate magnetic domains of
different sizes by quantum mechanical methods.

Instead, current descriptions of SCMs are based on the
application of multi-reference methods such as CASSCF/

Scheme 1 The single-ion anisotropy of the individual spin centers
(blue) in combination with the magnetic coupling (yellow) shapes the
cooperative magnetic properties of a magnetic domain (green) within
a 1D chain (SCM).
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CASPT2/RASSI-SO to mononuclear fragments, which is due to
computational limitations and the lack of suitable methods to
describe periodic systems at such a theoretical level. Conse-
quently, the calculated properties based on mononuclear frag-
ments (blue boxes in Scheme 1) can only give a limited insight
into the complex magnetic behavior of a SCM compound.
Nonetheless, these calculated single-ion properties, e.g. the
orientation of the magnetic axes, the corresponding g factors,
and the energies of excited states, can be of great interest for the
understanding and design of SCM compounds.

However, the required information on the exchange
coupling between the magnetic centers within the chain is not
accessible through suitable high level ab initio calculations due
to technical constraints in terms of hardware and computa-
tional limits. As an example, for a simple computational model
based on a dinuclear cobalt(II) fragment a corresponding
CASSCF calculation needs to include at least the two 3d valence
shells of both cobalt(II) centers in the active-space as well as an
unknown number of relevant orbitals provided by the coordi-
nating and bridging ligand systems. In addition, also other
effects like spin–orbit coupling and dynamic correlation can be
crucial. As a feasible alternative, the magnetic exchange
between individual spin centers (see yellow boxes in Scheme 1)
is oen determined by DFT methods, such as broken-symmetry
DFT (BS-DFT) and constraint DFT (C-DFT).23,24,48 In general,
however, it is challenging with such single-determinant
approaches to obtain meaningful values in terms of experi-
mental reference as they are limited in their ability to describe
complex electronic open-shell structures. Moreover, this
directly leads to the intrinsic question of which is the ‘most
suitable’ density functional offering the highest accuracy.

This situation prevents the treatment of the magnetic
properties of SCMs at a consistent level of quantummechanical
theory. As a result, the low temperature properties of a magnetic
domain (green box in Scheme 1) as measured in the experiment
cannot be reproduced solely on the basis of ab initio calcula-
tions for which only the properties of single-ion fragments are
accessible (blue boxes in Scheme 1). This raises at least two
important questions: (i) how to represent a 1D periodic
compound from a theoretical point of view using a nite model
in terms of a spin-coupling scheme and (ii) how to determine
the missing piece of information, i.e.magnetic exchange (yellow
boxes in Scheme 1), which is essential for applying any kind of
spin-coupling scheme.

3 Theoretical background
3.1 Magnetic coupling schemes for 1D periodic compounds

At this point, it is necessary to introduce a spin-coupling
scheme, which adequately describes 1D periodic chains of
Ising spins. It is important to note that a coupling scheme
represents a topology which solely describes which pairs of spin
centers are magnetically coupled, but does not represent actual
geometric structures.

A rst intuitive representation of 1D periodic chains would
be a nite chain fragment with n elements (hereaer denoted as

n-membered open chain). The corresponding spin Hamiltonian
is given in eqn (1).

Ĥchain ¼ �J
Xn�1

i¼1

Ŝ
z

i Ŝ
z

iþ1 � mBgzHz

Xn
i¼1

Ŝ
z

i (1)

An alternative approach was introduced by Glauber in which he
showed that the dynamic process of spin-ips in an Ising chain
can be described using a so-called closed n-particle ring system
(hereaer denoted as n-membered spin ring).50 The spin
Hamiltonian for such a system is dened in eqn (2).

Ĥ ring ¼ �J

"
Ŝ
z

1Ŝ
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A graphical representation of the coupling scheme of n-
membered spin rings depending on n is illustrated in Scheme 2.
The scheme also shows that an n-membered ring with n / N,
a so-called apeirogon, becomes indistinguishable from 1D
periodic chains. Additionally, the coupling scheme of an n-
membered open chain can be interpreted as a special case of
Glauber's approach where the magnetic coupling between the
rst and the n-th element was removed.

Figs. S1 and S2† depict the resulting spin multiplets
parameterized by J for both coupling schemes and selected
model sizes n as obtained using eqn (1) and (2). This illustrates
two fundamental differences between both coupling schemes:
(i) the number of obtained spin multiplets and (ii) the energy
separation between these multiplets. For the coupling scheme
of an n-membered spin ring the energy separation between
consecutive spin multiplets is DE ¼ |J|, which is the exact value
for an innite (periodic) chain of Ising spins (Seff ¼ 1/2, vide
infra). Whereas in the case of a coupling scheme of an n-
membered open chain the energy separation between the
individual spin multiplets is DE ¼ |J/2|. Unfortunately, for both
coupling schemes the number of spin states rapidly grows with
2n and thus limits the maximum model size that can be
simulated.

Scheme 2 Graphical representation of an n-membered spin ring
coupling scheme for selectedmodel sizes. The blue spheres represent
individual spin centers, whereas the yellow lines denote the magnetic
exchange interactions between them. The extrapolation n / N is
indistinguishable from a 1D periodic chain.
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For both presented coupling schemes, a Hamiltonian
based on an effective spin model of Seff ¼ 1/2 is assumed. It is
important to note that this assumed effective spin Seff is
a theoretical concept and does not represent the real spin S of
the individual metal centers.61 In fact, the effective spin Seff
describes a ctitious spin such that a specic number of spin
states, given by 2Seff + 1, is taken into account. Consequently,
for isolated Kramers doublets (KDs), an effective Seff ¼ 1/2 is
assigned. As a result, the coupling constant J for an effective
spin model of Seff ¼ 1/2 is different from the magnetic
coupling constant that is related to a model utilizing the
actual spin S.

3.2 Magnetic domains and correlation length

Formally, the low temperature properties of a SCM compound,
e.g. the static magnetic susceptibility cMT, clearly differ from
the properties of the individual independent spin centers. This
phenomenon is based on cooperative interactions, i.e. the
magnetic coupling between neighboring spin centers, forming
magnetic domains. Hence, a prerequisite to describe the
magnetic properties of SCM compounds is a basic under-
standing of the behavior of the magnetic domains.

For a statistical treatment of the nearest-neighbor interac-
tions of an i-th spin (i.e. with the i + 1 and i � 1 spin), Glauber
introduced the concept of a correlation function g, which is
given in eqn (3) for Ising spins (Seff ¼ 1/2).49,50

g ¼ tanh

�
J

4kBT

�
(3)

It can be seen from eqn (3) that the correlation function g

depends on two quantities: (i) the magnetic coupling J, which is
a specic property of a SCM compound and is mainly deter-
mined by its structure, and (ii) the given temperature.

The size of a magnetic domain, which is a statistical mean
value, can be expressed by the so-called correlation length 2x
which depends on the correlation function g. Scheme 3 shows
a graphical representation of 2x. For 1D periodic chains of Ising
spins (Seff ¼ 1/2) the temperature-dependent correlation length
2xN is given in eqn (4).50,54

2xN ¼ 1þ g

1� g
¼ exp

�
J

2kBT

�
(4)

The corresponding expressions for correlation lengths of the
two different coupling schemes of an n-membered open chain
(2xchain(n)) and an n-membered spin ring (2xring(n)) are given in
eqn (5) and (6), respectively.62,63

2xchainðnÞ ¼
1þ g

1� g
� 2g

n

1� gn

ð1� gÞ2 (5)

2xringðnÞ ¼
1þ g

1� g
$
1� gn

1þ gn
(6)

The extrapolation n / N for both correlation lengths 2xchain
and 2xring is given in eqn (S1) and (S2) (see the section Extrap-
olation of the correlation length in the ESI†) and reproduces the
correlation length for a 1D periodic chain as given in eqn (4).

As an example, in Fig. 1 the temperature dependence of 2xN,
2xchain(n ¼ 12), and 2xring(n ¼ 12) is depicted assuming a ferro-
magnetic coupling (J > 0). A somewhat different behavior is found
for the correlation length 2xN of a periodic chain which shows an
exponential growth at lower ratios of kBT/J as well as singularity at
kBT/J / 0 (see Fig. 1). However, in real compounds the correla-
tion length is limited (nite-size effect) for a number of reasons
(chain defects, impurities, size of the bulk material such as
particle size or single-crystal dimensions).53 At higher ratios with
kBT/J [ 1 the spin centers become independent of their neigh-
boring spins, and hence the correlation length (correlation
function) converges to 2x z 1 (g z 0).

In the case of the two different coupling schemes of an n-
membered open chain and an n-membered spin ring, the
correlation length at very low temperatures is limited by the
model size n and reaches 2x z n, which marks the super-
paramagnetic limit. The correlation length for both coupling
schemes as a function of temperature and different numbers of
n assuming a ferromagnetic coupling of J/kB ¼ 32 K (also see
Table S1†) is depicted in Figs. S3 and S4.†

From Fig. 1 it is obvious that the coupling scheme of a 12-
membered spin ring accurately reproduces the temperature
dependence of the correlation length of a 1D periodic chain
above a certain critical ratio kBT/J (see the grey dotted line in
Fig. 1). The actual critical ratio kBT/J depends on the model size
n where an increasing model size n leads to a decreasing critical
ratio. For the given example of a 12-membered spin ring, a lower
temperature limit Tmin can be estimated from eqn (7), for which
the relation 2xN z 2xring(n ¼ 12) is justied.

Scheme 3 Graphical representation of the correlation length 2x.

Fig. 1 Correlation length as a function of kBT/J for a periodic chain
(2xN; red dashed line), a 12-membered spin ring (2xring(n ¼ 12); blue
solid line), and a 12-membered open chain (2xchain(n ¼ 12); black solid
line) of Ising-type spins. The grey dotted line indicates the critical ratio
up to which a 12-membered spin ring reproduces the correlation
length of a periodic chain (kBT/J $ 0.3).
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2xring(n ¼ 12)/2xN $ 0.98 / Tmin z 0.3 J/kB (J > 0) (7)

On the contrary, the coupling scheme of a 12-membered open
chain signicantly underestimates the correlation length of
a periodic chain over a large temperature range (see Fig. 1).
Assuming the same model size n, the coupling scheme of an n-
membered spin ring is clearly superior to the corresponding open
chain scheme. Therefore, for the following discussion, we will
solely focus on the coupling scheme of an n-membered spin ring.

3.3 Magnetic susceptibility of 1D periodic Ising chains

The key to study magnetic domains in SCMs (green box in
Scheme 1) is the static magnetic susceptibility and its tempera-
ture dependence, since the magnetic susceptibility contains
information on the single-ion anisotropies and magnetic
exchange. Themolar magnetic susceptibility cM of an Ising chain
can be decomposed into two components, parallel and perpen-
dicular, with respect to the orientation of the spins (eqn (8)).

cM ¼ 1/3ck + 2/3ct (8)

For a 1D periodic chain of Ising spins, the parallel compo-
nent of the cT product is given in eqn (9).54 The product ckT is
dependent on gk and 2xN which correspond to the basic
magnetic properties illustrated in Scheme 1, namely the single-
ion anisotropy of the individual centers and the magnetic
exchange between them.

c||T ¼ NAmB
2g||

2

4kB
2xN (9)

As a consequence of the temperature dependence of 2xN (cf.
eqn (4)), ckT shows an exponential increase upon decreasing the
temperature assuming J > 0 (i.e. kBT/J / 0). The situation is
fundamentally different for the perpendicular component ctT
for an Ising chain which is given in eqn (10).64

ctT ¼ NAmB
2gt

2

8kB

��
1� g2

�þ 4kBT

J
g

�
(10)

From eqn (10) it becomes evident that ctis nearly constant for
kBT/J < 1 (see Fig. S5† for an example). As a result, the parallel
component ck dominates the magnetic susceptibility in the low
temperatures range (i.e. cMz ck/3, see eqn (8)). In the range kBT/J
< 1 this leads for cM to the approximation given in eqn (11).

cMT ¼ NAmB
2g||

2

12kB
2xNðkBT=J\1Þ (11)

4 Methodology
4.1 Simulation and tting of the magnetic susceptibility

For molecular systems, there is an advanced tool within the
Molcas package of programs called POLY_ANISO that allows us
to determine their magnetic properties from the single-ion
properties and the corresponding coupling constants between

neighboring spins, both being derived from ab initio quantum
mechanical calculations.65–67 Consequently, POLY_ANISO can
in principle be used to simulate themagnetic susceptibility of n-
membered spin rings and thus also to address the relevant
magnetic properties of magnetic domains in SCMs. Above
a critical temperature Tmin (see eqn (7)), this in silico simulated
magnetic susceptibility would provide a good approximation for
the experimental magnetic susceptibility of a 1D periodic chain,
because both show an almost perfect agreement for
temperature-dependence of the correlation length (see Fig. 1).
In this work, we have simulated model sizes of up to n ¼ 12
(h4096 microstates) which marks the maximum feasible limit
due to hardware limitations.

A full ab initio treatment on the basis of multi-reference
methods, however, is hampered by the fact that accurate
magnetic coupling constants at this level of theory are currently
not available. Therefore, we utilize an alternative approach to
link the available experimental and ab initio data for SCMs. This
is achieved by tting the simulated magnetic susceptibility to
the experimental data via the variation of the originally
unknown magnetic coupling constants (yellow boxes in Scheme
1). The employed approach treats the magnetic coupling within
the Lines model,68 which describes the anisotropic exchange
interactions using a single parameter Jij within the basis of the
local KDs of the interacting spin centers. This method has been
used for molecular systems in the literature.69,70 The corre-
sponding Hamiltonian is given in eqn (12), where i and j refer to
a coupled spin pair, and ~Si and ~Sj are the local effective spin
operators associated with the two metal sites i and j,

Scheme 4 Flow chart for the fitting of the theoretical molar magnetic
susceptibility as ccalcM T against the experimental data cexpM T (color code:
blue – single-ion anisotropy; yellow – magnetic exchange; green –
combined properties).
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respectively. Although the Lines model would in general allow
for an anisotropic representation of the coupling interaction,
this is not appropriate within the current approach, since such
a parameterization would not be signicant based on the
experimental data available.

ĤLines ¼ �
X
ij

Jij ~Si
~Sj � mBHz

Xn
i¼1

~gi;z ~Si

z
(12)

Scheme 4 displays a ow chart which summarizes the overall
tting procedure. The presented coupling scheme of a 12-
membered spin ring together with an initial guess for Jij is used
to simulate the magnetic susceptibility based on ab initio
quantum mechanical calculations of mononuclear fragments.
From this the sum of squared residuals is calculated by
comparison between the simulated and experimental data. If
the simulated ccalcM T value overestimates (underestimates) the
experimental data cexpM T, the coupling constant Jij needs to be
decreased (increased) by a small amount DJij for the next iter-
ation cycle. Within the scope of this work, all coupling
constants Jij were tted to an accuracy of 0.01 K.

It should be noted here that tting is only appropriate within
the specic temperature range (kBT/J $ 0.3), for which the
coupling scheme of a 12-membered spin ring accurately
reproduces the correlation length of a 1D periodic chain (see
Fig. 1). The actual lower temperature limit Tmin for the tted
range can be estimated using eqn (7). Since Tmin itself depends
on J, it needs to be veried for the individual case and adjusted
if necessary.

4.2 Determination of an Ising-like exchange parameter Jcalc

The Hamiltonian operators used to describe the exchange
interaction between spin centers within the Ising model (see
eqn (2)) and the Lines model employed here (see eqn (12)) are
based on two different spin representations. As a consequence,
the corresponding coupling constants for the Ising and Lines
model J (Seff ¼ 1/2) and Jij (~Si and ~Sj), respectively, are not
identical (i.e. Js Jij). Nonetheless, it is of great interest to obtain
a value from the tted exchange interaction that can be directly
compared with the exchange parameter J which is commonly
discussed in the context of 1D periodic chains. Unfortunately,
in contrast to the Ising model, no simple analytical expression
can be given for the resulting spin state energies within the
Lines model (see the Hamiltonian in eqn (12)). This is because,
although the energies of the spin states scale with Jij, they
strongly depend on the local spins Si and Sj, respectively, and in
particular on their single-ion anisotropies.

Nevertheless, a link between both spin representations can
be established utilizing the energy spectrum of the spin multi-
plets. The coupling scheme of a 12-membered spin ring with
ideal Ising spins (see eqn (2)) leads to seven spin multiplets
(Fig. S2†) with an equidistant energy separation of DE ¼ |J|.
Similarly, also the simulation of a 12-membered spin ring with
the Linesmodel on the basis of Jij leads to seven spinmultiplets,
which, however, are no longer necessarily degenerate, due to

non-Ising like single-ion anisotropy of the corresponding metal
centers.

For the general case of an n-membered spin ring with n $ 3,
the corresponding magnetic exchange parameter in terms of an
Ising model, which will hereaer be denoted as Jcalc, can be
dened as the energy gap between the rst excited spin multi-
plet and the ground state doublet (see eqn (13)), both given by
the respective mean values (�E).

�E1 � �E0 ¼ Jcalc (n $ 3) (13)

In the special case of a 12-membered spin ring, Jcalc can also
be obtained from the energy difference between the highest
spin multiplet and the ground state doublet (see eqn (14)),
which is identical to an energy gap of 6|J| within an ideal Ising
model (see Fig. S2†).

Jcalc ¼ ( �E6 � �E0)/6 (n ¼ 12) (14)

In addition, the Lines model approach employed within
POLY_ANISO allows us to evaluate the magnetic anisotropy of
the n-membered spin ring, used as a model for the 1D periodic
chains, in terms of the g tensor of the ground state doublet. This
can then be used for further comparison with relevant experi-
mental data for SCMs, e.g. derived by ESR spectroscopy.

4.3 Extrapolation of the magnetic susceptibility to n > 12

Based on the tted coupling constants Jij (see Scheme 4),
simulations of the magnetic susceptibility ccalcM (n)T as a func-
tion of n can be performed using the coupling scheme of an n-
membered spin ring and the tted Jij values. The dependence of
the magnetic susceptibility ccalcM (n)T on the model size n at
a given temperature T can be studied with the help of these size-
dependent simulations. A corresponding t formula as a func-
tion of n can be derived on the basis of eqn (4), (6) and (11) and
is given in eqn (15).

ccalc
M ðnÞT z

NAmB
2g||

2

12kB
$
1þ g

1� g
$
1� gn

1þ gn
¼ a$

1� bn

1þ bn
(15)

The parameter a corresponds to the product cMT of
a periodic chain (n / N), whereas b represents the correla-
tion function (0 < b < 1). Formally, the parameters a and
b could be replaced by the functions given in eqn (9) and (3),
respectively, both containing the two parameters J and T. For
the t function in eqn (15), however, the general parameters
a and b were used, as these particularly also allow the treat-
ment of cases with a deviation from the ideal Ising behavior.
Unfortunately, there is not a single parameter set of a and b in
eqn (15) for the whole temperature range, since these
parameters themselves depend on T. Consequently, the
tting of the parameters in eqn (15) has to be performed for
each individual temperature with increases of DT for
a particular temperature range.

Finally, the knowledge of the parameter set a and b for
a particular temperature range of interest allows us to extrap-
olate the calculated magnetic susceptibility ccalcM (n)T for any
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arbitrary domain size n > 12 not directly accessible from
currently feasible ab initio calculations. This can be especially
useful to study size limits of magnetic domains in real
compounds, e.g. induced by nite-size effects.

5 Results and discussion
5.1 Selected examples

We have selected three previously published cobalt(II)-based
SCMs as test cases for the herein presented approach:
[Co(NCS)2(4-benzoylpyridine)2]n (1), [Co(NCS)2(4-
vinylpyridine)2]n (2), and [Co(NCS)2(py)2]n (3).18,23,24 The
repeating sequences of the corresponding structures are
depicted in Fig. 2. All three SCMs are based on cobalt(II) ions
with an [N4S2] pseudooctahedral coordination sphere, with the
individual spin centers linked by two thiocyanate bridges,
which mediate the ferromagnetic coupling. In addition, the
coordination sphere is completed by two apical pyridine-based
co-ligands (1: 4-benzoylpyridine; 2: 4-vinylpyridine; 3: pyridine).

An essential advantage of the approach presented here is
that it takes into account the crystallographically independent
spin centers. This allows the study of the inuence of individual
mononuclear fragments on the resulting properties of the
magnetic domain. On this basis, it was possible to deliberately
select compounds for which a different number of crystallo-
graphically independent spin centers and different repeating
sequences are present within the 1D periodic chain. Compound
1 contains one crystallographically independent cobalt(II)

center (denoted as 1-Co1) resulting in a periodic structure with
a [/1-Co1/]n repeating sequence. Whereas, 2 possesses two
independent spin centers (2-Co1 and 2-Co2) leading to an
alternating [/2-Co1/2-Co2/]n repeating sequence. The main
difference between both centers in 2 can be found in the
orientation of the p-planes of the two 4-vinylpyridine co-ligands
with respect to the chain direction (2-Co1 perpendicular/
perpendicular; 2-Co2: parallel/parallel; see Fig. 2). Although
complex 3 also contains two crystallographically independent
cobalt(II) centers (3-Co1 and 3-Co2), the crystal symmetry leads
to an expanded repeating sequence of [/3-Co1/3-Co2/3-
Co2/]n. Similar to 2, the two centers in 3 show a difference in
the orientation of their pyridine co-ligands (3-Co1: parallel/
parallel; 3-Co2: parallel/perpendicular).

In the following, the single-ion properties calculated for
compounds 1–3 will be presented. Subsequently, their magnetic
properties on the basis of the above described methodology
utilizing the coupling scheme of an n-membered spin ring will
be investigated and discussed.

5.2 Single-ion properties

Selected results of the single-ion properties for 1–3 obtained
from ab initio calculations are listed in Table 1 (cf. Fig. S6† and
Tables S2–S5†). For all spin centers in 1–3 a signicant energy
separation between the rst and second KD is apparent, with
the smallest energy separation of 139 cm�1 (200 K) observed for
2-Co1. At lower temperatures, it can therefore be assumed that
only the ground state KD is signicantly populated in each of
the paramagnetic centers. This justies the utilization of an S¼
1/2 effective spin Hamiltonian model, which only takes into
account the well-isolated ground state KD. The large energy
separation between the rst and second KDs (see Table 1) is
based on the pseudooctahedral coordination sphere of the
cobalt(II) ions in 1–3, which leads to a signicant splitting of the
4T1g ground multiplet (see Tables S2 and S3†) and a high
magnetic single-ion anisotropy.

As far as the potential validity of the Isingmodel is concerned,
themost important property is the single-ion anisotropy, which is
represented by the g tensor of the ground state KD. It is inter-
esting to note that the corresponding gz values show a rather
large variation within the range of 6.367–7.935 (see Table 1). The
corresponding easy-axis of magnetization for the investigated

Fig. 2 Structures of the investigated compounds 1–3 in terms of their
repeating sequences. The labels below the centers name the individual
fragments for the ab initio calculations differentiating the crystallo-
graphically independent cobalt(II) coordination sites. Hydrogen atoms
have been omitted for clarity.

Table 1 Components of the g tensor of the first two Kramers doublets
(Seff ¼ 1/2) for the mononuclear cobalt(II) structural models of
compounds 1–3 from ab initio calculations

1-Co1 2-Co1 2-Co2 3-Co1 3-Co2

KD1 EKD1 (cm
�1) 0 0 0 0 0

gx 1.996 1.861 2.020 2.097 1.977
gy 2.251 2.979 3.761 4.231 2.466
gz 7.935 7.070 6.560 6.367 7.866

KD2 EKD2 (cm
�1) 257 139 153 182 243

gx 3.099 1.669 1.157 0.863 1.661
gy 2.935 1.918 1.351 1.093 2.665
gz 0.764 5.621 5.638 5.438 4.166
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single-ion systems is mainly determined by the two apical
pyridine-based co-ligands (angle between the N–N vector and gz
axis: 1.8

�
(1-Co1); 0.4

�
(2-Co1); 2.7

�
(2-Co2); 3.3

�
(3-Co1); 1.6

�
(3-

Co2); see Fig. S7†). The orientation of the relevant hard-axes of
magnetization for the ground state KD of the individual
centers is depicted in Fig. S8.† Interestingly, the gz values are
signicantly affected by the difference in the orientation of the
two pyridine p-planes in compounds 2 and 3. The parallel
orientation of the co-ligands with respect to the chain direc-
tion in 2-Co2 and 3-Co1 appears to lower the anisotropy. In
fact, the largest gz values of 7.935 and 7.866 are observed for 1-
Co1 and 3-Co2, both of which contain a co-ligand oriented
parallel and perpendicular to the chain direction. As a result,
a trend is observed for the gz values depending on the orien-
tation of the two co-ligands (see Fig. S9†): parallel/parallel <
perpendicular/perpendicular < parallel/perpendicular.

5.3 Determination of magnetic exchange (Jij)

As outlined in Section 2 (see Scheme 1), for a consistent theo-
retical treatment, magnetic exchange which is present within
a SCM must be determined from the experimental data by
appropriate tting, as described in Scheme 4. For this proce-
dure, the lower limit of the temperature range appropriate for
tting needs to be determined, which is easily accessible from
the experimental data obtained using eqn (7). In the case of
compounds 1–3 this can be estimated from the experimental
coupling constants J/kB (1: 32(2), 2: 27(3), and 3: 28(2) K)23,24

which leads to Tmin z 10 K. On this basis, consistent for all
three compounds, a temperature range of 10 K # T # 50 K was
chosen for the tting of the susceptibility data.

Based on the repeating sequence of the cobalt centers in
compounds 1 and 2, both can be described by a single magnetic
exchange parameter. Although the repeating sequence present in
compound 3 would strictly require two formally different
coupling constants J12 and J22, these are assumed to be identical
(J12 h J22). In all cases, the ab initio simulations with POLY_-
ANISO are based on a single coupling constant and the correct
repeating sequence of the crystallographically independent
cobalt(II) centers present (1: [/1-Co1/]n, 2: [/2-Co1/2-Co2/]n,
and 3: [/3-Co1/3-Co2/3-Co2/]n).

The corresponding data of the experimental and tted
magnetic susceptibility for 1–3 are shown in Fig. S10–S12† as cMT
plots. In all cases, the calculated data (ccalcM T) well reproduce the
experimental data (cexpM T) within the specied tted range.
Interestingly, similar theoretical coupling constants Jij were ob-
tained for all three compounds (1: J11/kB ¼ 4.17 K; 2: J12/kB ¼ 4.89
K; 3: J12/kB h J22/kB ¼ 4.82 K). The similarity observed for the
magnetic exchange parameter can be explained by the presence
of the same structural motif in compounds 1–3, namely the two
thiocyanate bridges, whichmediates the ferromagnetic exchange.
This in turn also validates the assumption of the equivalence of
the two formally present parameters in compound 3. In any case,
it should be pointed out once again that these theoretical
coupling constants Jij cannot directly be compared with the
experimentally determined ones (Jij s J), since both are based on
different spin representations (see Section 4.2).

5.4 Energy spectrum of spin states

The relative spin state energies for the 12-membered spin rings
of 1–3 calculated on the basis of the single-ion fragment prop-
erties and the tted coupling constants Jij are depicted in Fig. 3.
Notably, in contrast to the Ising model, the spin states related to
individual spin multiplets derived from the ab initio quantum
mechanical simulations of 1–3 are no longer degenerate with
the exception of the ground state doublet and the highest
multiplet. Nevertheless, in the case of 1 all individual spin
multiplets can still be distinguished, with the energies of the
rst excited spin multiplet found in the range of 25.4–32.5 K.
For 2 and 3 a considerably wider range of energies for the rst
excited spin multiplet is observed (2: 22.7–34.4 K; 3: 23.5–35.1
K). This effect is even more pronounced for the higher spin
multiplets in 2 and 3 eventually resulting in an overlap of the
energy bands of the relevant spin state multiplets.

From the energy spectra the theoretical coupling constants
Jcalc can be obtained from eqn (13) and (14) and are listed in
Table S6† (cf. Fig. 3). To be independent of the apparent varia-
tion in the energy bandwidth of the rst excited spin multiplet,
we prefer to use the denition according to eqn (14), which
leads to calculated coupling constants Jcalc/kB of 29.2, 29.6, and
29.8 K for compounds 1–3, respectively. These values are based
on the same physical model as the experimental ones (Seff¼ 1/2;
assuming ideal Ising-behavior) and are in good agreement with
the experiment (1: 32(2), 2: 27(3), and 3: 28(2) K).23,24

However, the liing of the degeneracy for the rst excited
spin multiplet clearly indicates a deviation from the ideal Ising
behavior of compounds 1–3 (cf. Fig. S2†). To further investigate
this point, we have simulated the relative energy spectra for n-
membered spin rings as a function of the anisotropy of the
relevant spins (see Fig. S13†). It is obvious, that a lower
anisotropy leads to a larger energy range for spin states
belonging to the rst excited multiplet. This eventually leads to

Fig. 3 Spin states as obtained with the POLY_ANISO program
employing the ab initio fragment calculations of 1–3. A 12-membered
spin ring coupling scheme together with the fitted coupling constants
Jij (see text) was used. The energy differences (blue part) are defined as
in eqn (13) and (14), respectively, to obtain Jcalc (Seff ¼ 1/2).
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a smaller energy gap between the ground state doublet and the
lowest state of the rst excited spin multiplet. Hence, a fully
isotropic Heisenberg spin system results in a quasi-continuum
of states for which the ground state doublet is no longer ener-
getically separated. This again demonstrates the importance of
a large magnetic anisotropy of the metal ions (such as cobalt(II)
ions) for the general design of SCMs.

The compounds 2 and 3 are interesting cases, since in both
structures two crystallographically independent cobalt(II) ions
are present in different repeating sequences. To address the
effect of such structural variations, we have simulated four
hypothetical 12-membered spin rings based on mononuclear
homosequences obtained from the individual cobalt centers
present in 2 and 3, assuming that the previously tted coupling
constants Jij are being operative ([/M/]n with M ¼ 2-Co1, 2-
Co2, 3-Co1, and 3-Co1). The resulting energy spectra of the spin
states are depicted in Fig. S14† and clearly differ from previous
results obtained for 2 and 3 (cf. Fig. 3). Clearly, two sets of
mononuclear homosequential chains emerge from these data:
(i) in the case of 2-Co1 and 3-Co2 the energy bands for the
different spin multiplets are still separated, while (ii) for 2-Co2
and 3-Co1 virtually all energy bands overlap. In fact, the former
two cases show a higher anisotropy and consequently a smaller
deviation from the ideal Ising behavior. This agrees well with
the gz values of the individual centers (see Table 1). Conse-
quently, for the cases with a higher anisotropy, this leads to
a larger theoretical coupling constant Jcalc/kB (2-Co1: 32.1 and 3-
Co2: 32.9 K; see Table S6†) as compared to the values derived for
the actually present repeating sequences (2: 29.6 and 3: 29.8 K).
The homosequences based on the two metal centers 2-Co2 and
3-Co1 with lower single-ion anisotropy consistently lead to
smaller Jcalc/kB values (2-Co2: 28.4 and 3-Co1: 25.9 K). This
clearly shows that the resulting coupling constant Jcalc is being
affected by the individual single-ion anisotropies, although in
all simulations, previously tted coupling constants Jij were
used, which are all very similar. As a result, the lower single-ion
anisotropy of the centers 2-Co2 and 3-Co1 leads to a decrease of
the observed coupling constants J/kB in the real compounds 2
and 3, respectively. In summary, this clearly shows that the
effect of reduced magnetic anisotropy at the metal centers
constituting the SCM is within the Ising model solely hidden in
the corresponding exchange parameters.

5.5 Anisotropy of the ground state doublet (spin ring
approach)

The approach to describe the magnetic susceptibility of SCMs
with the approximation of an n-membered spin ring allows us
to determine the magnetic anisotropy of the ground state
doublet. For compounds 1–3, the relevant gk values calculated
for the ground state doublet based on the coupling schemes
of a 12-membered spin ring are 7.934, 6.772, and 7.321,
respectively (cf. Table S7†). Taking into account the repeating
sequence of the compounds, these values closely correspond
to the average of the gz values of the cobalt(II) centers involved
(cf. Table 1; 1: gz

1-Co1 ¼ 7.935; 2: (g2-Co1z + g2-Co2z )/2 ¼ 6.815; 3:
(g3-Co1z + 2g3-Co2z )/3 ¼ 7.366). However, a slight deviation from

the experimental gk values is evident (magnetic susceptibility/
HF-ESR: 7.0(2)/– (1); 7.3(2)/– (2); 3: 7.2/7.0)23,24 and could be
based on the computational models used (see Computational
details).

5.6 Magnetic susceptibility for arbitrary domain lengths n

The previously tted coupling constants Jij can be used for
simulations of ccalcM (n)T as a function of n (3 # n # 12). For
compounds 1–3, these simulations have been performed
considering their individual repeating sequences (cf. Table S8†
for the list of employed spin rings). Whereas for 2 and 3, only
specic values of n could be studied in the simulations, since
the corresponding repeating sequences consist of two and three
independent centers, respectively (2: 4, 6, 8, 10, and 12; 3: 3, 6, 9,
and 12).

The tting of ccalcM (n)T for 1–3 was performed according to
eqn (15) as a function of n for all temperatures within the range
4.5 K# T# 50 K in 0.1 K increases. As an example, Fig. 4 shows
the tting of ccalcM (n)T for 1 at T ¼ 7 K together with the
extrapolated limit for n / N (see Fig. S15 and S16† for the
corresponding ts of 2 and 3, respectively). In addition, the ab
initio-based extrapolated ccalcM (n / N)T values for 1D periodic
chains 1–3 are depicted in Fig. S17–S19.†

5.7 Size of magnetic domains

The extrapolated ccalcM (n/N)T values for compounds 1–3 show
a deviation from the experimental data (see Fig. S17†–S19†) in
the low temperature range (4.5 K# T# 10 K). For compounds 1
and 2, the extrapolated ccalcM (n / N)T values slightly over-
estimate the experimental data, while in the case of 3, ccalcM (n/

N)T somewhat underestimates the experimental data. Inter-
estingly, these deviations seem to correspond to experimental
differences observed for the magnetic interchain exchange,
which is antiferromagnetic in the cases of 1 and 2 (experimental
zJ0/kB values: �0.24(2) K (1) and �0.27(2) K (2)) and

Fig. 4 ccalcM (n)T values calculated for 1 at T ¼ 7 K for different model
sizes n of an n-membered spin ring employing the theoretical
coupling constant J11/kB ¼ 4.17 K. The blue solid line represents the
best fit (a ¼ 12.70(2) cm3 K mol�1; b ¼ 0.7673(7)) according to eqn (15)
and the red dashed line represents the limit for a periodic system (n/
N), which corresponds to the parameter a.
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ferromagnetic for compound 3 (experimental zJ0/kB ¼ 0.5 K).23,24

This is consistent with the magnetic interchain exchange for 1–
3 becoming more important at temperatures below 10 K, which
in turn signicantly affects the size of the magnetic domains.

To further investigate this point, we rst address the effect of
ccalcM (n / N)T overestimating the experimental data, which is
observed for compounds 1 and 2. For simulations carried out
for various potential sizes of the magnetic domains n, the best
least-squares ts were obtained with n¼ 19 and n¼ 17 for 1 and
2, respectively (see Fig. 5; t range: 4.5 K # T # 50 K). Inter-
estingly, the smaller domain size estimated for 2 corresponds to
a somewhat stronger antiferromagnetic interchain coupling.
With the given Co/Co distances (1: 565 pm; 2: 559 pm) the
length of the magnetic domains can be estimated to be 10.7 and
9.5 nm for compounds 1 and 2, respectively. As indicated by the
strong decrease of the experimental cexpM T values, the magnetic
domains stop to grow below a temperature of about 4.5 K. This
can be attributed to the antiferromagnetic interchain interac-
tions, which become more and more dominant for tempera-
tures below 4.5 K in both compounds. However, also nite-size
effects of the real material can become relevant in this
temperature range.

The situation is different for 3, since this compound shows
a ferromagnetic interchain interaction in the experiment. This
is why the extrapolation of the ccalcM T values for n / N, which
marks the limit of a single chain, underestimates the experi-
mental data (cf. Fig. S19†). At this point, the interchain inter-
action cannot be neglected, and the description of compound 3
based solely on a 1D periodic Ising model becomes insufficient.
However, to deal with this issue, the extrapolated ccalcM (n/N)T
can be corrected using a mean-eld approach according to eqn
(16), with the best t (zJ0/kB ¼ 0.85 K) depicted in Fig. 5.

c0
M ¼ cM

, 
1� zJ 0

NAg2mB
2
cM

!
(16)

Unfortunately, the applied mean-eld approach does not
correct the correlation length and its temperature dependence,
which prevents the determination of domains sizes within this
approach. However, the domain size in 3 can be roughly esti-
mated on the basis of eqn (4) in combination with the theo-
retical coupling Jcalc/kB ¼ 29.8 K derived from eqn (14) (cf.
Section 5.4). This leads to a value of 2xz 71 at a temperature of
about 3.5 K, for which the experimental cexpM T shows the
maximum value. This corresponds to a correlation length of
about 40.0 nm for the magnetic domains, with a given Co/Co
distance of 564 pm.18 However, the actual correlation length at
this temperature can be assumed to be larger, due to the
ferromagnetic interchain interactions.

6 Computational details
6.1 Structural models

Ab initio calculations have been performed on mononuclear
cobalt(II) fragments of the type [CoZn2(NCS)4(L)2]

2+ as models
for all crystallographically independent centers in 1–3 (see

Fig. 5 Temperature dependence of the experimental cexpM T values
(C) for 1 (top), 2 (center), and 3 (bottom). Colored lines represent
ccalcM (n)T values derived from ab initio fragment calculations by
applying the coupling scheme of an n-membered spin ring for
different values of n using the fitted coupling constant Jij related to
the Lines model. In the case of 1 and 2 the extrapolation (red solid line;
for details see text) gives the best agreement with the experimental
data for n ¼ 19 and n ¼ 17, respectively. For 3, the dashed red line
shows the mean-field corrected extrapolated magnetic susceptibility
according to eqn (16) to include the effect of the ferromagnetic
interchain interactions (zJ0/kB ¼ 0.85 K).
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Fig. S6†). The computational models are based on atomic
positions as obtained from the single-crystal structures of 1–3.
The positions of hydrogen atoms have been optimized at the RI-
DFT71–74/BP86 75,76/def2-SVP77 level of theory with the Turbomole
7.1 package of programs.78 Within these optimizations, all
cobalt(II) ions have been replaced by zinc(II) to save computa-
tional time in the self-consistent eld steps.

6.2 Ab initio calculations

The ab initio CASSCF/CASPT2/RASSI-SO calculations based on
the mononuclear structural models have been performed with
Molcas 8.0 SP1.79–81 Relativistic effects were treated with
a second-order Douglas–Kroll–Hess Hamiltonian in combina-
tion with ANO-RCC basis sets (see Table S9† for basis set
information).82–84 CASSCF calculations with an active space of 7
electrons in 10 orbitals (3d and 4d shell) were carried out
including 10 quartet (4F, 4P) and 40 doublet states (2G, 2P, 2H,
2D, 2D, 2F). CASPT2 calculations based on the CASSCF wave
functions were subsequently performed for all quartets and the
lowest 9 doublet states to adequately treat dynamic correlation
effects. The RASSI-SO method was employed based on the
CASSCF/CASPT2 wave functions to take spin–orbit coupling
into account and allow mixing of different multiplicities. The
Cartesian components of the g tensor, orientation of magnetic
axes, and single-ion anisotropies for the mononuclear frag-
ments were obtained with the SINGLE_ANISO module. The
simulation of polynuclear magnetic properties was performed
with the POLY_ANISO program employing the coupling scheme
of an n-membered spin ring.65–67 Magnetic levels for the ideal
Ising-type and Heisenberg-type spin systems have been ob-
tained with the PHI v3.1.1 program.85

It has to be noted that the computational results presented
in this work are based on mononuclear fragments of the type
[CoZn2(NCS)4(L)2]

2+ with zinc(II) as terminal capping ions (see
Fig. S6†). This is in contrast to the reported theoretical studies,
where sodium ions have been used to exactly counterbalance
the negative charges of the mononuclear cobalt(II)-based frag-
ments.23,24 However, the use of sodium ions leads to an over-
estimation of the gz factors of the ground state KD (gz $ 8). In
fact, it was found that using zinc(II) as terminal capping ions in
the computational models leads to a more reliable agreement
(gz < 8) between the theoretical magnetic susceptibility and the
experimental data and therefore has been used in this work.

6.3 Simulation and tting of the magnetic susceptibility

The simulation of the magnetic susceptibility for 1–3 was per-
formed with the POLY_ANISO program65–67 based on ab initio
calculations for the individual structural model fragments (1-
Co1, 2-Co1, 2-Co2, 3-Co1, and 3-Co2). Different sizes of n-
membered spin rings have been calculated taking into account
the correct repeating sequence and ratio of the crystallograph-
ically independent cobalt(II) centers present in the relevant
structures (cf. Table S8;† 1: 3–12; 2: 4, 6, 8, 10, and 12; 3: 3, 6, 9,
and 12). The obtained magnetic susceptibility ccalc was divided
by n to obtain the molar susceptibility ccalcM which corresponds
to one cobalt(II) ion. The calculations of the magnetic

susceptibility were solely based on the ground state KD of each
spin center (Seff¼ 1/2) to keep the number of spin states low and
the computational effort feasible.

In addition, the simulation of the magnetic susceptibility
requires knowledge of the magnetic exchange between neigh-
boring spins (Jij). To obtain these theoretical coupling
constants, tting has been performed for compounds 1–3 by
iteratively varying the coupling constants Jij so that the sum of
the squared residuals between the calculated and the experi-
mental cMT values is minimized (cf. Scheme 4). These tting
experiments are performed on the basis of the coupling scheme
of a 12-membered spin ring for a temperatures range specic
for the individual compound (1–3: 10 K # T # 50 K), where the
lower limit of this temperature range (Tmin) can be determined
from eqn (7).

It should to be noted, however, at this point that generally an
offset is observed between the absolute experimental and simu-
lated cMT values. In principle, this offset can be attributed to
various causes, which are based either on the approximations
used in the calculation methods or on experimental uncer-
tainties, such as the presence of slight paramagnetic impurities.
In this context, it is also relevant that the simulations performed
with POLY_ANISO solely take into account the ground state KD of
the treated single-ion centers and, therefore, neglect the contri-
butions of higher spin–orbit states of the 4T1g groundmultiplet to
the magnetic susceptibility. As an example, Fig. S20†–S22† show
the calculated cMT values for 1–3 as obtained by a coupling
scheme of a 6-membered spin ring, however, additionally taking
into account the rst excited KD (accounting for 46 h 4096
microstates). Therefore, in order to allow for the tting procedure
required for the determination of the coupling constant Jij (cf.
Scheme 4) the calculated cMT values have to be adjusted by
a scaling factor, which is obtained from the ratio of the simulated
and experimental susceptibility at T ¼ 50 K.

7 Conclusions

In this work, we present an approach that allows us to directly
relate the results derived from high-level ab initio quantum
mechanical calculations on mononuclear fragments to the
experimental magnetic data of 1D periodic compounds. To link
theory and experiment, a spin coupling scheme is necessary
which describes the interactions between the neighboring
spins. In this context, we could prove that the coupling scheme
of an n-membered spin ring is superior to that of an n-
membered open chain, since the former model for an identical
value of n better reproduces the correlation length of a periodic
chain within a given temperature range.

In order to follow this approach, in addition to the electronic
structure of the individual spin centers, the exchange coupling
between them is required for a full ab initio simulation of the
magnetic susceptibility for an n-membered spin ring. The latter,
however, is not available from ab initio calculations for the
systems in question. Instead, in order to correlate the available
ab initio description of the individual spin centers with experi-
mental data, the intrachain coupling as given by the Lines
model (Jij) is determined by tting against the experimental
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data. This tting procedure was successfully applied to three
selected cobalt(II)-based SCMs, as examples containing three
different repeating sequences. For the low temperature range,
the given approach allows us to reproduce the experimental
properties of 1D periodic compounds, such as the magnetic
susceptibility, from ab initio calculations on single spin centers
in combination with the coupling scheme of a 12-membered
spin ring. Moreover, this provides the basis for the calculation
of the energy spectra of spin states within the given coupling
scheme. The structure of these spectra and in particular the
broadening observed for the states related to the rst excited
spin multiplet are characteristic of the magnetic anisotropy of
the individual spin centers building the 1D periodic compound.
In fact, for all three investigated test cases 1–3 the observed
liing of the degeneracy of the rst excited spin multiplet
clearly indicates the presence of a signicant deviation from
a pure Ising anisotropy. From the total spread of the spectra
based on the coupling scheme of a 12-membered spin ring it is
possible to derive a theoretical exchange coupling constant Jcalc,
which can be directly compared to the experimental one. To the
best of our knowledge, this parameter, which is important for
1D periodic magnetic chains, has not yet been determined by
theory. In addition, this approach allows for the simulation of
hypothetical chains that exclusively reect the properties of one
of the independent spin centers of a chain, which may initially
contain multiple independent spin centers and more complex
repeating sequences. For compounds 2 and 3 this shows that
the deviation from the ideal Ising anisotropy for the spin
centers affects the absolute values of the coupling constant Jcalc,
indicating the possible contribution of anisotropy effects on
experimental exchange parameters.

An additional advantage of this approach is the ability to
simulate spin rings of different sizes using the tted intrachain
coupling constants Jij, respecting the repeating sequence of the
independent magnetic centers within the chains. This allows us
to determine the magnetic susceptibility as a function of the
ring size n and subsequently to extrapolate for a 1D periodic
system (n / N). The extrapolation toward larger magnetic
domains (n > 12) gives access to magnetic properties at
temperatures lower than the temperature range used for tting
(T < Tmin). In fact, this extrapolation technique could be used to
estimate the statistical mean length of the magnetic domains in
the SCM test cases 1–3.

The method presented herein can be benecial for studies of
other SCM systems which contain spin centers with signicantly
different single-ion magnetic anisotropies, e.g. heterometallic
compounds. An appropriate modelling of magnetic domains by
theory as shown in this work is a rst step towards the investi-
gation of dynamic magnetic properties in SCM compounds by
theoretical methods and will be part of our future investigations.
In summary, the approach presented provides a valuable contri-
bution from quantum theory to investigate SCMs and has the
potential to improve their future design.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We are grateful to Dr Oluseun Akintola and Dr Michał Rams for
valuable discussions. We thank the Deutsche For-
schungsgemeinscha for nancial support of this work (PL 155/
16-2).

References

1 G. Christou, D. Gatteschi, D. N. Hendrickson and R. Sessoli,
MRS Bull., 2000, 25, 66–71.

2 L. Bogani, A. Vindigni, R. Sessoli and D. Gatteschi, J. Mater.
Chem., 2008, 18, 4750–4758.
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23 M. Rams, M. Böhme, V. Kataev, Y. Krupskaya, B. Buechner,
W. Plass, T. Neumann, Z. Tomkowicz and C. Nather, Phys.
Chem. Chem. Phys., 2017, 19, 24534–24544.

24 M. Rams, Z. Tomkowicz, M. Böhme, W. Plass, S. Suckert,
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1 Comparison of coupling schemes

 0

 1

 2

 3

 4

 5

 6

 7

3 6 9 12

E
 / 
J

n

Fig. S1: Energy spectrum scaled in units of J for an n-membered open chain as obtained from the Hamiltonian given

in eqn (1) from the main manuscript for selected model sizes n.
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Fig. S2: Energy spectrum scaled in units of J for an n-membered spin ring as obtained from the Hamiltonian given in

eqn (2) from the main manuscript for selected model sizes n.
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2 Extrapolation of the correlation length

The correlation length 2ξ for a 1D periodic chain of Ising-type spins (Seff = 1/2) is defined as in

eqn (4) of the main manuscript. By assuming the correlation function γ for an Ising spin as given

in eqn (3), one can show that the correlation lengths 2ξchain(n) and 2ξring(n) as given in eqns (5)

and (6) of the main manuscript are identical to eqn (4) for n→ ∞.

lim
n→∞

2ξchain(n) =
1 + γ

1− γ
− 2γ

n
1− γ n

(1− γ)2︸ ︷︷ ︸
=0

= exp
(

J
2kBT

)
(S1)

lim
n→∞

2ξring(n) =
1 + γ

1− γ
· 1− γ n

1 + γ n︸ ︷︷ ︸
=1

= exp
(

J
2kBT

)
(S2)
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3 Correlation length and coupling schemes
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Fig. S3: Temperature dependence of the correlation length 2ξchain for selected n-membered open chains of spins as ob-

tained from eqn (5) from the main manuscript for Ising-type spins (J/kB = 32 K). The dotted line shows the extrapolation

(n→ ∞) for a 1D periodic chain (2ξ∞).
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Fig. S4: Temperature dependence of the correlation length 2ξring for selected n-membered spin rings as obtained from

eqn (6) from the main manuscript for Ising-type spins (J/kB = 32 K). The dotted line shows the extrapolation (n → ∞)

for a 1D periodic chain (2ξ∞).
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Table S1: Temperature dependence of the correlation length 2ξ for a 1D periodic chain (2ξ∞) and the two different

coupling schemes (2ξchain(n = 12): 12-membered open chain; 2ξring(n = 12): 12-membered spin ring) as obtained from

eqns (4)–(6) from the main manuscript for Ising-type spins and assuming a ferromagnetic exchange interaction (J/kB =

32 K). γ represents the correlation function for Ising spins as given in eqn (3) from the main manuscript.

T (in K) γ 2ξ∞ 2ξchain(n = 12) 2ξring(n = 12)

5 0.92167 24.53 8.90 11.13

10 0.66404 4.95 3.98 4.88

15 0.48792 2.91 2.60 2.90

20 0.37995 2.23 2.06 2.23

25 0.30951 1.90 1.79 1.90

30 0.26052 1.70 1.63 1.70

35 0.22467 1.58 1.52 1.58

40 0.19738 1.49 1.44 1.49

45 0.17593 1.43 1.38 1.43

50 0.15865 1.38 1.34 1.38

55 0.14444 1.34 1.30 1.34

60 0.13255 1.31 1.28 1.31

65 0.12246 1.28 1.25 1.28

70 0.11379 1.26 1.23 1.26

75 0.10626 1.24 1.22 1.24

80 0.09967 1.22 1.20 1.22

85 0.09384 1.21 1.19 1.21

90 0.08866 1.19 1.18 1.19

95 0.08401 1.18 1.17 1.18

100 0.07983 1.17 1.16 1.17
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4 Magnetic susceptibility of a 1D periodic Ising chain
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Fig. S5: Magnetic susceptibility χ (in NAµ2
Bg2k−1

B ) for a 1D periodic Ising chain (black line; Seff =
1/2; J/kB = 32 K) as

obtained by eqns (8)–(10) from the main manuscript. The molar magnetic susceptibility χM can be decomposed into

two parts with respect to the orientation of the spins: parallel (1/3 χ‖; blue line) and perpendicular (2/3 χ⊥; red line).
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5 Ab initio computational models and single-ion properties

1-Co1 2-Co1 3-Co1

2-Co2 3-Co2

Fig. S6: Ab initio computational models for the crystallographically independent cobalt(II) centers in 1–3 (color code: Co

– orange; Zn – pink).
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Table S2: Relative CASSCF energies (in cm−1) of all quartet and the nine lowest doublet states for the mononuclear

cobalt(II) computational models.

2S + 1 Term Subterm 1-Co1 2-Co1 2-Co2 3-Co1 3-Co2

4 4F 4T1g 0 0 0 0 0

115 770 588 475 155

919 1265 1155 998 870
4T2g 6994 5780 5590 5382 5380

7157 8236 7916 7608 7600

7695 8756 8936 8532 8502
4A2g 15379 15882 15850 15259 15367

4P 4T1g 21052 21318 21488 21390 21257

23702 23250 22696 22270 22423

24212 26275 26529 26188 25927

2 2G 12697 11986 11742 12024 11801

14754 15987 16039 16121 15727

19101 18071 17595 17728 17660

19129 18519 18501 18532 18424

19199 19413 19210 19147 19071

20315 20101 20068 20078 19801

20414 21036 20957 20808 20642

20482 21495 21401 21273 21166

24619 24351 24354 24299 24181
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Table S3: Relative CASPT2 energies (in cm−1) of all quartet and the nine lowest doublet states for the mononuclear

cobalt(II) computational models.

2S + 1 Term Subterm 1-Co1 2-Co1 2-Co2 3-Co1 3-Co2

4 4F 4T1g 0 0 0 0 0

114 807 647 506 241

860 1148 1030 853 844
4T2g 7629 6808 6597 6344 6509

7764 9370 8982 8623 8789

8971 9798 9980 9516 9659
4A2g 17578 18030 18035 17355 17618

4P 4T1g 18522 18793 18996 18863 18867

21190 21190 20564 20035 20385

21738 24064 24375 23975 23820

2 2G 9955 9276 9018 9318 9225

12128 13194 13270 13373 13079

16686 15909 15543 15705 15764

16471 16462 16389 16403 16433

16625 16789 16589 16547 16596

17613 17347 17324 17361 17187

17080 18341 18242 18108 18074

17920 18614 18535 18459 18448

20882 20771 20650 21114 20732
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Table S4: Relative RASSI-SO energies (in cm−1) of the 4T1g[4F] ground multiplet for the mononuclear cobalt(II) compu-

tational models.

Kramers doublet 1-Co1 2-Co1 2-Co2 3-Co1 3-Co2

1 0 0 0 0 0

2 257 139 153 182 243

3 487 888 787 707 538

4 800 1127 1022 969 866

5 1392 1466 1391 1290 1311

6 1420 1576 1497 1391 1396

Table S5: Calculated zero-field splitting parameters and their Cartesian components of the g tensor (Seff = 3/2) for the

mononuclear cobalt(II) computational models.

1-Co1 2-Co1 2-Co2 3-Co1 3-Co2

D (cm−1) 114.18 63.86 73.64 89.15 109.50

E (cm−1) 33.74 15.59 24.55 10.65 30.71

E/D 0.30 0.24 0.33 0.12 0.28

gx 1.722 2.743 2.745 2.811 1.801

gy 2.002 2.435 2.527 2.623 2.222

gz 3.130 2.000 1.947 1.869 3.072
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(a) 1-Co1

(b) 2-Co1· · · 2-Co2

(c) 3-Co1· · · 3-Co2· · · 3-Co2

Fig. S7: Easy-axis of magnetization from ab initio calculations of the ground state KD (Seff = 1/2) for the individual

centers projected onto the smallest repeating sequence of the chain structures for 1–3. Hydrogen atoms have been

omitted for clarity.
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(a) 1-Co1

(b) 2-Co1· · · 2-Co2

(c) 3-Co1· · · 3-Co2· · · 3-Co2

Fig. S8: Hard-axes of magnetization from ab initio calculations of the ground state KD (Seff = 1/2) for the individual

centers projected onto the smallest repeating sequence of the chain structures for 1–3 from a top view. Hydrogen atoms

have been omitted for clarity.
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parallel/parallel

2-Co2 (6.560)

3-Co1 (6.367)

perpendicular/perpendicular

2-Co1 (7.070)

parallel/perpendicular

1-Co1 (7.935)

3-Co2 (7.866)

increasing cobalt(II) single-ion anisotropy

Fig. S9: Classification of the crystallographically independent cobalt(II) centers of 1–3 in three groups depending on the

orientation of the π-planes (in green) of both pyridine-based co-ligands with respect to the direction of the thiocyanate

chain (hydrogen atoms have been omitted for clarity). The values in the parentheses are the corresponding Cartesian gz

values of the ground state KD.
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6 Fit of the magnetic susceptibility
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Fig. S10: Experimental and simulated temperature dependence of χMT (•) for 1. The POLY ANISO program on basis of

the ab initio calculations was used to simulate the magnetic susceptibility employing a 12-membered spin ring coupling

scheme in the temperature range of 10 K ≤ T ≤ 50 K. The root-mean-square deviation between the experimental

and theoretical magnetic susceptibility was minimized by adjusting the theoretical coupling constant J11 between the

individual centers. The red line shows the best fit of the magnetic susceptibility based on the ab initio calculations.
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Fig. S11: Experimental and simulated temperature dependence of χMT (•) for 2. The POLY ANISO program on basis of

the ab initio calculations was used to simulate the magnetic susceptibility employing a 12-membered spin ring coupling

scheme in the temperature range of 10 K ≤ T ≤ 50 K. The root-mean-square deviation between the experimental

and theoretical magnetic susceptibility was minimized by adjusting the theoretical coupling constant J12 between the

individual centers. The red line shows the best fit of the magnetic susceptibility based on the ab initio calculations.
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Fig. S12: Experimental and simulated temperature dependence of χMT (•) for 3. The POLY ANISO program on basis of

the ab initio calculations was used to simulate the magnetic susceptibility employing a 12-membered spin ring coupling

scheme in the temperature range of 10 K ≤ T ≤ 50 K. The root-mean-square deviation between the experimental and

theoretical magnetic susceptibility was minimized by adjusting the theoretical coupling constants J12 (≡ J22) between

the individual centers. The red line shows the best fit of the magnetic susceptibility based on the ab initio calculations.
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7 Determined magnetic coupling constants Jcalc

Table S6: Coupling constants (in K) for 1–3 and four hypothetical chains (2-Co1, 2-Co2, 3-Co1, 3-Co2) as obtained

from the simulation of 12-membered spin rings employing the POLY ANISO program on the base of ab initio fragment

calculations and the fitted coupling constants of the Lines model Jij .

Jcalc/kB Jcalc/kB J/kB

Compound Simulated system eqn (13) eqn (14) exp.

1 [· · · 1-Co1 · · · ]12 28.8 29.2 32(2)

2 [· · · 2-Co1 · · · 2-Co2 · · · ]6 28.5 29.6 27(3)

3 [· · · 3-Co1 · · · 3-Co2 · · · 3-Co2 · · · ]4 29.0 29.8 29(2)

Hypothetical chains

2-Co1 [· · · 2-Co1 · · · ]12 31.4 32.1 –

2-Co2 [· · · 2-Co2 · · · ]12 na 28.4 –

3-Co1 [· · · 3-Co1 · · · ]12 na 25.9 –

3-Co2 [· · · 3-Co2 · · · ]12 32.4 32.9 –
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8 Spin states in dependence on the single-ion anisotropy
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Fig. S13: Energy spectrum scaled in units of J for an n-membered spin ring coupling scheme simulating different spin

anisotropies (as obtained by (S3) with J‖ ≡ J): (a) Ising, (b) weak anisotropic Heisenberg, (c) anisotropic Heisenberg, (d)

isotropic Heisenberg. The lowering of the anisotropy from (a) to (d) goes together with an overlap of the higher spin

multiplets.
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9 Additional POLY ANISO results
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Fig. S14: Spin states of hypothetical compounds consisting of only one crystallographically independent spin center (2-

Co1, 2-Co2, 3-Co1, and 3-Co2) as obtained by the POLY ANISO program employing the ab initio fragment calculations.

A 12-membered spin ring coupling scheme together with the fitted theoretical coupling constants Jij have been used.

The lower single-ion anisotropy in case of 2-Co2 and 3-Co1 goes together with an overlap of the higher spin multiplets

(cf. Fig. S13).
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Table S7: Calculated Cartesian components of the g tensor for the ground state doublet in 1–3 employing a 12-

membered spin ring coupling scheme (Seff = 1/2; g‖ = gz/n with n = 12).

1 2 3

n 12 12 12

Simulated system [· · · 1-Co1 · · · ]12 [· · · 2-Co1 · · · 2-Co2 · · · ]6 [· · · 3-Co1 · · · 3-Co2 · · · 3-Co2 · · · ]4

gx 0.000 0.000 0.000

gy 0.000 0.000 0.000

gz 95.208 81.259 87.854

g‖ 7.934 6.772 7.321

Table S8: List of POLY ANISO simulations employing a coupling scheme of an n-membered spin ring for 1–3 used

for the extrapolation of magnetic properties. The simulations were performed in a way that takes the correct repeating

sequence and ratio of the crystallographically independent cobalt(II) centers into account.

n 1 2 3

3 [· · · 1-Co1 · · · ]3 [· · · 3-Co1 · · · 3-Co2 · · · 3-Co2 · · · ]

4 [· · · 1-Co1 · · · ]4 [· · · 2-Co1 · · · 2-Co2 · · · ]2
5 [· · · 1-Co1 · · · ]5
6 [· · · 1-Co1 · · · ]6 [· · · 2-Co1 · · · 2-Co2 · · · ]3 [· · · 3-Co1 · · · 3-Co2 · · · 3-Co2 · · · ]2
7 [· · · 1-Co1 · · · ]7
8 [· · · 1-Co1 · · · ]8 [· · · 2-Co1 · · · 2-Co2 · · · ]4
9 [· · · 1-Co1 · · · ]9 [· · · 3-Co1 · · · 3-Co2 · · · 3-Co2 · · · ]3
10 [· · · 1-Co1 · · · ]10 [· · · 2-Co1 · · · 2-Co2 · · · ]5
11 [· · · 1-Co1 · · · ]11

12 [· · · 1-Co1 · · · ]12 [· · · 2-Co1 · · · 2-Co2 · · · ]6 [· · · 3-Co1 · · · 3-Co2 · · · 3-Co2 · · · ]4
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10 Extrapolation of the magnetic susceptibility
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Fig. S15: Calculated magnetic susceptibility as χcalc
M (n)T of 2 at T = 7 K for different model sizes n of an n-membered

spin ring employing the theoretical coupling constant J12/kB = 4.89 K. The blue solid line represents the best fit

(a = 11.04(5) cm3K/mol; b = 0.7585(20)) according to eqn (15) from the main manuscript and the red dashed line

represents the limit for a periodic system (n→ ∞), i.e. the parameter a.
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Fig. S16: Calculated magnetic susceptibility as χcalc
M (n)T of 3 at T = 7 K for different model sizes n of an n-MEMBERED

SPIN RING employing the theoretical coupling constant J12/kB ≡ J22/kB = 4.82 K. The blue solid line represents the

best fit (a = 11.63(8) cm3K/mol; b = 0.7621(31)) according to eqn (15) from the main manuscript and the red dashed

line represents the limit for a periodic system (n→ ∞), i.e. the parameter a.
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11 Magnetic interchain interactions
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Fig. S17: Experimental and simulated temperature dependence of χMT (•) for 1. Colored lines represent extrapolations

of different sizes of the n-membered spin ring model (red: n = 19; blue: n→ ∞) based on ab initio fragment calculations

to investigate the low temperature behavior of the magnetic susceptibility (4.5 K ≤ T ≤ 50 K).
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Fig. S18: Experimental and simulated temperature dependency of χMT (•) for 2. Colored lines represent extrapolations

of different sizes of the n-membered spin ring model (red: n = 17; blue: n→ ∞) based on ab initio fragment calculations

to investigate the low temperature behavior of the magnetic susceptibility (4.5 K ≤ T ≤ 50 K).
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zJ′/kB = 0.85 K).
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12 Basis set information

Table S9: Basis sets used for the ab initio calculations of 1–3.

Atom Basis set

Co Co.ANO-RCC...6s5p4d2f1g.

Zn Zn.ANO-RCC...5s4p2d.

S (donor) S.ANO-RCC...5s4p2d1f.

S (non-donor) S.ANO-RCC...4s3p.

N (donor) N.ANO-RCC...4s3p2d1f.

N (non-donor) N.ANO-RCC...3s2p.

O O.ANO-RCC...3s2p.

C C.ANO-RCC...3s2p.

H H.ANO-RCC...2s.
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13 Decomposition of the calculated magnetic susceptibility
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Fig. S20: Experimental (•) and calculated magnetic susceptibility χcalc
M (n = 6)T of a six-membered spin ring for 1 (col-

ored lines) decomposed into the contribution of the ground state Kramers doublet (blue line) and first excited Kramers

doublet (red line), respectively. For this simulation the lowest two KDs were taken into account (46 = 4096 microstates)

instead of the lowest KD (26 = 64 microstates; J11/kB = 4.17 K).
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Fig. S21: Experimental (•) and calculated magnetic susceptibility χcalc
M (n = 6)T of a six-membered spin ring for 2 (col-

ored lines) decomposed into the contribution of the ground state Kramers doublet (blue line) and first excited Kramers

doublet (red line), respectively. For this simulation the lowest two KDs were taken into account (46 = 4096 microstates)

instead of the lowest KD (26 = 64 microstates; J12/kB = 4.89 K).
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Fig. S22: Experimental (•) and calculated magnetic susceptibility χcalc
M (n = 6)T of a six-membered spin ring for 3 (col-

ored lines) decomposed into the contribution of the ground state Kramers doublet (blue line) and first excited Kramers

doublet (red line), respectively. For this simulation the lowest two KDs were taken into account (46 = 4096 microstates)

instead of the lowest KD (26 = 64 microstates; J12/kB ≡ J22/kB = 4.82 K).
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Molecular electronic spin qubits from
a spin-frustrated trinuclear copper complex†

Benjamin Kintzel,‡a Michael Böhme, ‡a Junjie Liu,b Anja Burkhardt,c

Jakub Mrozek,b Axel Buchholz, a Arzhang Ardavan b and Winfried Plass *a

The trinuclear copper(II) complex [Cu3(saltag)(py)6]ClO4 (H5saltag =

tris(2-hydroxybenzylidene)triaminoguanidine) was synthesized and

characterized by experimental as well as theoretical methods. This

complex exhibits a strong antiferromagnetic coupling (J =�298 cm�1)

between the copper(II) ions, mediated by the N–N diazine bridges of

the tritopic ligand, leading to a spin-frustrated system. This compound

shows a T2 coherence time of 340 ns in frozen pyridine solution,

which extends to 591 ns by changing the solvent to pyridine-d5.

Hence, the presented compound is a promising candidate as a

building block for molecular spintronics.

Quantum technology is one of the challenging fields of the
current century due to potential major advances in information
technology.1 Qubits are the basic building blocks of quantum
computers and in a straightforward approach can be realized by
nuclear or electronic systems.2 Although nuclear spins generally
show longer coherence times than electronic spins, the latter
have been shown to be suitable in terms of molecular magnets.3

In fact, electronic spins related to magnetic molecules offer
important advantages, as their structural and electronic properties
can be tuned by chemical means and are easier to manipulate
by employing electric fields.4 Along this line, homotrinuclear
complexes of paramagnetic metal ions have been attracting
interest for several reasons. For magnetically anisotropic metal
ions with large spins this includes cases which have been inves-
tigated with regard to their spin interaction in the triangle,5 tuning
single-molecule magnets6 and single-molecule toroic behavior.7

In contrast to ferromagnetically coupled molecular triangles,8

an antiferromagnetic coupling causes situations which Kahn
described as ranging from ‘‘competing spin interactions’’ to
‘‘degenerate frustration’’.9 For molecules with an equilateral
triangle topology and strict C3 symmetric arrangement, anti-
ferromagnetic interactions lead to specific properties. In the case
of ions with integer spin like Ni(II) this results in a diamagnetic
ground state (S = 0),10 whereas systems based on non-integer
spin such as Cu(II) ions give rise to the magnetic phenomenon
of two degenerate spin ground states, the so-called spin
frustration.9,11 This situation in molecular systems is predicted
to give rise to spin-electric coupling that allows manipulating
the molecular spin states.12 For practical implementation a
large antiferromagnetic isotropic exchange interaction to provide
an energetically well separated chiral spin ground state and small
antisymmetric exchange interactions are favorable molecular
properties.13 However, this combination is hardly present in most
complexes reported so far,14 although such systems are highly
demanded for quantum computing and spintronic applications.15

In this work, we present the synthesis and characterization of
the trinuclear Cu(II) complex [Cu3(saltag)(py)6]ClO4 (Cu3saltag),
which is based on the central tritopic triaminoguanidine derived
ligand (H5saltag = tris(2-hydroxybenzylidene)triaminoguanidine).
The compound was obtained by a stepwise synthetic approach
utilizing three equivalents of Cu(II) perchlorate, one equivalent of
the ligand hydrochloride (H5saltag�HCl), six equivalents of
NEt3 as a base, and finally an excess of pyridine to saturate
the coordination sphere of the copper centers (see the ESI†).
Cu3saltag crystallizes as Cu3saltag�1/2([Hpy]ClO4)�H2O in the
trigonal space group P31c (Table S1, ESI†). The unit cell contains
two crystallographically independent trinuclear monocationic
complexes [Cu3(saltag)(py)6]+ (Fig. 1 and Fig. S1, ESI†), one pyri-
dinium cation, three perchlorate anions, and two co-crystallized
water molecules. Each complex cation is centered on one of the
two distinct crystallographic 3-fold axes, so that within the
independent cations all Cu centers are equivalent. The general
arrangement of the individual components along the two crystallo-
graphic 3-fold axes is illustrated in Fig. S2 (ESI†). The phase purity
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of the bulk material was confirmed by X-ray powder diffraction
(Fig. S3, ESI†).

The copper centers of the two complex cations (Cu1 and
Cu2) are coordinated in a compressed trigonal bipyramidal
fashion by an [N4O] donor set, where an [N2O] pocket is
provided by the central saltag5� ligand and two pyridine
molecules saturate the remaining coordination sites (Fig. S4,
ESI†). For selected bond lengths and angles see Table S2 (ESI†).
The donor atoms O11 (O21) and N11 (N21) are at the apical
positions of the bipyramid featuring the shortest bond lengths
among the coordinative bonds (Cu1–O11: 190.7(3), Cu2–O21:
190.0(2); Cu1–N11: 197.4(3), Cu2–N21: 197.9(3) pm). The Cu–N
bonds of the two pyridine ligands in the trigonal plane are
rather elongated and vary between 211.9(3) and 218.5(3) pm for
both complex molecules. The distorted trigonal bipyramidal
coordination environment is confirmed by continuous shape
measures, which give the best fit for a trigonal bipyramid
(Cu1: S(D3h) = 1.694; Cu2: S(D3h) = 1.705).16

The three perchlorate anions present in the crystal structure,
which counterbalance the charge of the monocationic complex
molecules and the co-crystallized pyridinium cation, are
located with the chlorine atom on special positions on either
of the crystallographic 3-fold axes with one of the Cl–O bonds
aligned along these axes. For all three perchlorate anions this
leads to ClO4� � �Cn1 ionic interactions with the central carbon
atom of the triaminoguanidine ligand (Fig. S5 and Table S3,
ESI†). In the case of the complex molecule with Cu1 two
perchlorate anions are embedded in the two propeller shaped
cavities formed by the pyridine co-ligands (Fig. S6, ESI†). On the
other hand, for the second complex molecule (Cu2) only one
perchlorate anion is present (Fig. S7, ESI†), with the remaining
void on the opposite site filled with co-crystallized water
molecules (Fig. S2, ESI†). DFT studies for these arrangements
reveal remarkably high electrostatic interaction energies with the
cationic trinuclear complexes ([Cu3(saltag)(py)6]+� � �ClO4

� binding
energies: Cu1, 69 and 63; Cu2, 60 kcal mol�1) (Table S4, ESI†).

These attractive energies contain a small amount of py� � �ClO4
�

interaction (Cu1: 17 and 14; Cu2: 13 kcal mol�1; see Table S5 and
Fig. S8, ESI†). Interestingly, structural optimization studies with
DFT showed that the perchlorate anions are most probably the
reason for stabilizing the copper(II) ions in a trigonal bipyramidal
coordination sphere in the crystalline material (Fig. S9, ESI†).
This is confirmed by the optimized structure obtained without
perchlorate anions being present, for which the trinuclear
complex exhibits a somewhat more square pyramidal coordina-
tion environment (Fig. S9, ESI†).

Additionally, also p–p interactions between the pyridine
co-ligands of the crystallographically independent complex
molecules are observed (Fig. S5, ESI†). Hence, each trinuclear
cationic complex is linked to three neighboring complexes
of the other crystallographic type, forming an infinite two-
dimensional double layer within the crystallographic ab plane
(Fig. S10 and S11, ESI†).

Temperature-dependent magnetic susceptibility measurements
for Cu3saltag (Fig. 2) revealed a room temperature wMT value of
0.66 cm3 K mol�1, which is significantly lower than the spin-only
value expected for three independent Cu(II) ions with S = 1/2
(1.13 cm3 K mol�1). Upon lowering the temperature, the wMT value
further decreases and reaches a plateau at roughly 80 K. This
behavior is indicative of a very strong antiferromagnetic intra-
molecular magnetic exchange between the three copper(II) centers.
At temperatures below 10 K, the wMT value again decreases, which
indicates the presence of very weak intermolecular interactions.
The data were fitted to the spin Hamiltonian given in eqn (1) using
the software PHI17 (see the ESI†). The spin coupling scheme in
combination with the resulting magnetic states is depicted in
Fig. S12 (ESI†). The best fit was obtained with the parameters given
in Table S6 (ESI†), revealing a strong antiferromagnetic exchange
( J = �297.8(5) cm�1) and weak antiferromagnetic intermolecular
interactions (zJ = �0.048(3) cm�1). Moreover, including antisym-
metric exchange in the Hamiltonian does not improve the quality
of the obtained fit (Table S7 and Fig. S13, ESI†). In fact,
intermolecular interactions better describe the low temperature

Fig. 1 Molecular structure for one of the independent cationic complexes
[Cu3(saltag)(py)6]+. Hydrogen atoms are omitted for clarity.

Fig. 2 Temperature dependence of wMT for Cu3saltag. The solid red line
represents the best fit (see text and Table S6, ESI†).
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behavior. The upper limit for a possible contribution from anti-
symmetric exchange can be estimated to be |Gz| o 1 cm�1 (|Gz/J| o
0.003). Although the effective value for Gz is expected to be
significantly lower, even the given upper limit is already well below
the usually observed range.14,18

Ĥ ¼ �J Ŝ1Ŝ2 þ Ŝ1Ŝ3 þ Ŝ2Ŝ3

� �
þ gmBB

X3

i¼1
Ŝi (1)

Broken-symmetry DFT (BS-DFT) calculations were performed
to get further insights into the magnetic exchange (Fig. S14,
ESI†). The BS-DFT results obtained for pairwise interactions
in zinc-replaced model structures verify the strong antiferro-
magnetic exchange in both complex cations of Cu3saltag ( JCu1Cu1 =
�281 cm�1; JCu2Cu2 = �274 cm�1; Jav = �278 cm�1; see Table S8,
ESI†) and are in good agreement with the experimental value of
�297.8(5) cm�1. Alternatively, the exchange coupling can also be
directly derived from the energy difference DE = EQ � ED = 3/2J,
assuming that both the quartet and doublet states are correctly
represented by the single determinate solutions for the HS and
BS states (DE = EHS � EBS), respectively, which, however, slightly
underestimates the experimental values (Cu1: �255; Cu2:
�249 cm�1; cf. Table S9, ESI†).19 The strong antiferromagnetic
exchange within the complex cation is mediated by the N–N
diazine bridges, which are formed upon deprotonation of the
ligand. Spin-density plots of the high-spin and broken-symmetry
states as well as the magnetic orbitals obtained by orbital
transformation20 are depicted in Fig. S15–S18 (ESI†). The donor
atoms of the [N2O] binding pockets of the saltag5� ligand show a
significant spin polarization, whereas the two pyridine nitrogen
atoms of the co-ligands are significantly less spin polarized.

For a similar trinuclear complex, [Cu3(saltag)(bpy)3]ClO4

(bpy = 2,20-bipyridine), also exhibiting molecular C3 symmetry,
a slightly stronger antiferromagnetic coupling was observed
( J = �324(2) cm�1).21 Since both compounds Cu3saltag and
[Cu3(saltag)(bpy)3]ClO4 are based on the same saltag5� ligand,
this effect can be attributed to the difference in coordination
geometry at the copper centers, which for [Cu3(saltag)(bpy)3]ClO4 is
square-pyramidal enforced by the bpy co-ligands and trigonal
bipyramidal for Cu3saltag. Moreover, replacing the bpy ligands
by pyridine also has a pronounced effect on the crystal packing
in Cu3saltag, as it prevents the dimerization of the molecular
triangles observed for [Cu3(saltag)(bpy)3]ClO4. For the latter this
led to considerable intermolecular exchange interactions at low
temperatures (zJ0 = �1.12 cm�1),21 whereas for Cu3saltag the
corresponding intermolecular exchange interactions (z J0 =
�0.048 cm�1) are about twenty times smaller.

Continuous wave X-band ESR measurements at 6 K of a
powdered crystalline sample of Cu3saltag revealed axial type
anisotropy for the exclusively populated magnetic ground state
(see Fig. S19 and Table S10, ESI†). A suitable fit for the data is
obtained using a g factor with the two principal components
g> = 2.04 and g8 = 2.19 together with a strain parameter for g8 of
0.20. The latter is indicative of a distribution of individual g8
values due to minor differences in the coordination environment
of the copper(II) ions along their magnetic z axis. This observation

appears reasonable based on the presence of two different complex
cations in the structure and the rigid ligand plane provided by the
saltag5� ligand, the latter being in contrast to the rather mobile
monodentate pyridine co-ligands. Similarly, for X-band ESR
spectra of frozen solutions of Cu3saltag in pyridine (pyridine-d5)
at 3 K (see Fig. S19, ESI†), an axial signal was observed, which can
be fitted with a rather similar g> of 2.05 (2.04) and but requires a
slightly larger g8 of 2.29 (2.30) as compared to the solid state
spectra. However, also for the spectra of the frozen solutions an
identical strain parameter g8 of 0.20 (0.25) was necessary to
reproduce the experimental results in the fit. Nevertheless, upon
dissolving Cu3saltag in pyridine (pyridine-d5) we expect the inter-
molecular p–p as well as the ionic perchlorate interactions to be
strongly reduced. Therefore, it is tempting to attribute these
changes in interactions to the observed difference in the g8 values
between the bulk material and pyridine solutions. The latter is
indicative of a slight variation of the copper(II) coordination
environments between both cases.

Ab initio calculations were carried out for both independent
copper(II) centers (Cu1 and Cu2) to investigate their magnetic
anisotropy (Fig. S20 and Table S11, ESI†). For both centers a
2D multiplet with a 2A0 ground state is obtained as expected
for copper(II) in a trigonal bipyramidal coordination sphere
(for relative CASSCF and CASPT2 energies see Table S12 (ESI†);
for spin–orbit coupled energies see Table S13, ESI†). Since the
2A0 ground state does not show a first-order spin–orbit con-
tribution, any magnetic anisotropy is solely based on the
second-order spin–orbit contributions of the excited 2E0 and
2E00 states. The magnetic anisotropy of both copper(II) centers
shows a strong rhombic distortion (gx a gy a gz, see Table S14
and Fig. S21 and S22, ESI†). The hard axis of magnetization gz

(Cu1/Cu2: 2.019/2.019) at both metal centers coincides with the
Cun–On1 bond vector (angle Cu1/Cu2: 1.31/1.91), whereas the
intermediate axis gy (Cu1/Cu2: 2.255/2.250) is nearly parallel to
the Cun–Nn2 bond vector (angle Cu1/Cu2: 9.01/10.31) and the
easy axis of magnetization gx is parallel to the molecular C3 axis
(Cu1/Cu2: 2.413/2.413). Utilizing the single-ion anisotropies to
simulate the magnetic susceptibility of the trinuclear cationic
complexes (see the ESI†) shows good agreement with the
experiment (see Fig. S23, ESI†), but slightly too large wMT
values. Such a shift in wMT values is based on an overestimation
in the corresponding g factors and is a known phenomenon.22

The calculated g factors for the molecular framework are given
in Table S15 (ESI†). In fact, the situation becomes somewhat
different when going from the single-ion anisotropy to the
anisotropy of the trinuclear framework. For the latter, an axial
system (Cu1: g> = 2.158 and g8 = 2.425; Cu2: g> = 2.158 and
g8 = 2.423) is confirmed, where the g8 axis coincides with the C3

axis of the molecular framework.
For perspective applications, spin relaxation times are a

crucial feature of the system. They can usually be enhanced via
spatial separation of the spin centers.23 Therefore, we performed
spin-relaxation time measurements via echo-detected X-band ESR
experiments in frozen pyridine and pyridine-d5 solutions of
Cu3saltag (see the ESI†). The data were fitted according to
eqn (2) to determine the T2 coherence times depending on
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the used solvent. In pyridine a T2 time of 340 ns was obtained
(see Fig. S24, ESI†), whereas in pyridine-d5 this coherence time
is significantly longer (591 ns; see Fig. 3). Fitting the echo decay
gives a stretch parameter of x = 0.73, suggesting that the
coherence time is limited by spectral diffusion.24 This could
be due to ligand rotation and libration processes related to the
flexible pyridine ligands.25 Such processes could possibly be
suppressed by replacing them with sterically demanding
ligands, further increasing the coherence time.

Y(t) = Y(0) exp(�(T2/2t)x) (2)

In conclusion, the spin-frustrated trinuclear copper(II) complex
Cu3saltag with large antiferromagnetic exchange was synthesized.
The magnetic properties were characterized by experimental and
theoretical methods. Contributions from antisymmetric exchange
are estimated to be well below |Gz/J| o 0.003, making the system
favorable for future practical implementation. Moreover, the
compound shows a T2 coherence time of 591 ns in a frozen
pyridine-d5 solution. These findings make Cu3saltag a promising
candidate for further investigations of its applicability as a qubit
and of spin-electric couplings.
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S1 Materials and synthesis

All reagents were purchased from commercial sources at reagent grade and used without further

purification. Solvents were distilled once from CaH2 prior to use except for DMF which was only

distilled. H5saltag ·HCl was prepared as reported in literature.1

Caution! Perchlorate derivatives may detonate upon scraping or heating.

Synthesis of [Cu3(saltag)(py)6]ClO4 (Cu3saltag)

Cu(ClO4)2 · 6 H2O (619 mg, 1.67 mmol) and H5saltag ·HCl (252 mg, 0.56 mmol) were dissolved in

DMF (50 mL) under mild heating. A solution of triethylamine (340 mg, 3.36 mmol) in DMF (5 mL)

was added and the whole mixture transferred dropwise over 30 min into refluxing MeOH (30 mL)

followed by the subsequent addition of DMF (5 mL) and MeOH (20 mL) to the still boiling reac-

tion mixture. After further refluxing for 5 min the suspension was slowly cooled down to 3 °C and

maintained at this temperature for several hours. The precipitated green solid was filtered off,

washed with MeOH and dried at air overnight to give an amorphous precursor material for the

subsequent crystallization of the title compound. This precursor material was suspended in EtOH

(20 mL) and under reflux conditions the same volume of pyridine (20 mL) was added stepwise

over a period of 5 min followed by further 30 min of heating. The hot suspension was filtered and

the filtrate subsequently cooled to −25 °C (with intermediate steps at 3 °C and −10 °C each main-

tained for about 24 h) to give a first crop of very small dark green crystals (yield≈ 50 mg). Heating

the solid remaining in the filter in pyridine gave a saturated solution of the complex, which was

subsequently filtered at room-temperature and layered with an EtOH solution of NaClO4. Slow

diffusion of the layers at room temperature afforded additional crystalline product. For analytical

characterization solely crystalline product was used.

ESI-MS (pos., MeOH): m/z = 634 (40%, [Cu3(saltag) ·MeOH]+ ), 666 (100%, [Cu3(saltag) · 2 MeOH]+),

698 (25%, [Cu3(saltag) · 3 MeOH]+).

Elemental Analysis: Calcd for Cu3saltag·1/2[Hpy]ClO4 C54.5H48N12.5Cu3Cl1.5O9 (1265.86 g cm−3):

C 51.71; H 3.82; N 13.83%. Found: C 52.03; H 3.82; N 14.03%.

IR (ATR, selected bands, cm−1): 3058 (w, ν(C–H)), 3017 (w, ν(C–H)), 1596 (s), 1478/1463/1443 (vs),

1361 (s), 1198 (s), 1095/1065 (vs), 751 (s), 697 (vs).
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S2 Crystal structure details

Single crystals were selected under a stereo microscope, mounted on cryogenic loops and were

flash-frozen in liquid N2. Diffraction data were collected at DESY beamline P11 at PETRA III,

Hamburg, Germany3 using a Pilatus 6M detector (Dectris AG, Switzerland). An X-ray beam with

a photon flux of 5 × 109 photons s−1 at an X-ray energy of 20.00 keV (λ = 0.6199Å) was used

for the experiment. Full rotation series of 720 images per crystal were collected at a sample-to-

detector distance of 156 mm, a rotation range of 0.5° and an exposure time of 250 ms per frame.

During data collection the temperature was adjusted to 80 K via an open-flow nitrogen cryostat

(Oxford Cryosystems Ltd, United Kingdom) in order to minimize X-ray induced radiation dam-

age. Indexing and integration was carried out using the XDS program package.4 The structure was

solved by direct methods (SHELXS) and refined by full-matrix least-squares techniques against F2

(SHELXL).? CIF is deposited as CCDC 1862694.

X-ray powder diffraction (XRPD): X-ray diffraction measurements on powdered samples were

performed on a Stoe Powder Diffractometer with a Mythen 1K detector at room temperature. Mea-

surements were done using capillary tubes while the Debye Scherrer Scan Mode was applied with

a 2θ scan type. The X-ray tube was a Cu-long fine focus tube. The measurement was carried out

between 2 and 50° with steps of 2.1° per 20 seconds.
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Table S1: Crystallographic data and structure refinement parameters.

formula C54.5H50Cl1.5Cu3N12.5O10

formula weight (g mol−1) 1283.86

crystal system trigonal

space group P31c

a (pm) 1506.4(2)

b (pm) 1506.4(2)

c (pm) 2904.2(6)

α (◦) 90

β (◦) 90

γ (◦) 120

V (106 pm3) 5707(2)

T (K) 80(2)

δcalc (g cm−3) 1.494

Z 4

µ (mm−1) 0.862

Flack parameter 0.056(3)

wavelength (pm) 61.99

radiation type synchrotron

Θ range of data collection (◦) 1.492 ≤ Θ ≤ 27.112

measured reflections 113617

independent reflections 12610

reflections used 12271

Rint 0.0380

no. of parameters 527

no. of restraints 7

goodness-of-fit 1.070

R1 (all data) 0.0392

R1 0.0383

wR2 (all data) 0.1152

wR2 0.1141
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Fig. S2: The unit cell contains two different crystallographic C3 axes, along which the molecules of Cu1 (left, red) and

Cu2 (right, blue) are aligned. Depicted is the side view on both axes along the crystallographic b axis. In case of Cu1 (left,

red) two perchlorate anions (PC1 and PC2, green) are alternating with the complex complex cation along the axis. For

Cu2 (right, blue) an alternating stacked arrangement is observed with the remaining perchlorate anion (PC3, green), the

first water molecule (W1, violet, disordered), a symmetrically shifted Cu2 complex cation, the pyridinium cation (HPy,

orange), a symmetrically shifted Cu1 complex cation (red), and the second water molecule (W2, violet, disordered).

Hydrogen atoms are omitted for clarity.
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2� / °

 experimental (298 K)

 simulated (80 K)

Fig. S3: X-ray diffraction powder pattern for Cu3saltag (black) and the powder pattern simulated from the single crystal

data (red). Slight shifts of reflections are due to the difference in temperature.
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Table S2: Selected bond lengths (in pm) and angles (in ◦) for both complex cations [Cu3(saltag)(py)6]+.

n = 1 n = 2

Cun–On1 190.7(3) 190.0(2)

Cun–Nn1a 197.4(3) 197.9(3)

Cun–Nn2 198.6(3) 198.8(3)

Cun–Nn3 218.5(3) 211.9(3)

Cun–Nn4 212.9(3) 217.4(3)

On1–Cun–Nn1a 171.39(11) 170.77(11)

On1–Cun–Nn2 92.51(11) 92.02(10)

On1–Cun–Nn3 91.21(11) 87.96(11)

On1–Cun–Nn4 88.13(12) 92.15(11)

Nn1a–Cun–Nn2 79.38(11) 79.78(11)

Nn1a–Cun–Nn3 95.67(11) 95.07(11)

Nn1a–Cun–Nn4 95.55(12) 95.71(11)

Nn2–Cun–Nn3 123.39(12) 136.53(11)

Nn2–Cun–Nn4 135.11(12) 121.20(11)

Nn4–Cun–Nn3 101.46(11) 102.22(11)

a Atom generated by symmetry operation:

n = 1: −1 − y, 1 + x − y, +z;

n = 2: −1 + y − x, −x, +z
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S3 Theoretical studies on intermolecular interactions

Computational details for interaction studies: The atomic positions for the structures used in

the DFT-D3 studies were taken from the single-crystal structure data. The positions of all hydrogen

atoms were optimized with the Turbomole6 package of programs at RI-DFT7/BP868,9/def2-SVP10

level of theory. Within these geometry optimizations a C3 symmetry was used together with a re-

placement of all copper(II) ions by diamagnetic zinc(II) ions to achieve a faster convergence in the

self-consistent field steps. The single-point energies for the geometry optimized structures have

been obtained at the DFT/B3-LYP8,11/def2-TZVPP10 level of theory utilizing the molecular C3

symmetry and employing Grimme’s dispersion correction D3.12 Moreover, a counterpoise correc-

tion as suggested by Boys13 was employed to minimize the so-called basis set superposition error.

The final energies are listed in Table S4, where the necessary calculations for the counterpoise cor-

rection are marked with an asterisk. The structures of the computational models to calculate the

ClO4 · · ·py interaction energies are depicted in Fig. S8.

Computational details for geometry optimization studies: The atomic coordinates for the start-

ing structures used in the DFT-D3 geometry optimization studies were taken from the crystal struc-

ture data of the trinuclear complex fragment based on Cu1. Full geometry optimizations including

the position of all atoms were performed for the high-spin state (S = 3/2) of the trinuclear complex

fragments at the RI-DFT-D37,12/BP868,9/def2-TZVPP10 level of theory employing a C3 molecular

symmetry. The obtained final structures for the trinuclear complex fragments with and without

perchlorate interactions are depicted in Fig. S9. The presence of at least one perchlorate anion

seems to stabilize the trigonal bipyramidal geometry at the copper(II) centers.
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Table S4: DFT-D3/B3LYP/def2-TZVPP results for the calculation of the ClO4 · · ·Cn1 interaction energies (for notation

see Fig. S5). Asterisks indicate the inclusion of a counterpoise correction (see text).

computational model basis functions atoms 2S + 1 EDFT-D3 (a.u.)

Cu1 2899 115 4 −7812.18721

PC1 166 5 1 −760.84530

Cu1· · ·PC1 3065 120 4 −8573.14578

Cu1· · · (PC1)∗ 3065 115 4 −7812.18737

(Cu1)∗ · · ·PC1 3065 5 1 −760.84838

PC2 166 5 1 −760.86958

Cu1· · ·PC2 3065 120 4 −8573.16024

Cu1· · · (PC2)∗ 3065 115 4 −7812.18734

(Cu1)∗ · · ·PC2 3065 5 1 −760.87244

Cu2 2899 115 4 −7812.18941

PC3 166 5 1 −760.81922

Cu2· · ·PC3 3065 120 4 −8573.10883

Cu2· · · (PC3)∗ 3065 115 4 −7812.18953

(Cu2)∗ · · ·PC3 3065 5 1 −760.82293
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Table S5: DFT-D3/B3LYP/def2-TZVPP results for the calculation of the ClO4 · · ·py interaction energies utilizing the

model structures depicted in Fig. S8 (for notation see Fig. S5). Asterisks indicate the inclusion of a counterpoise

correction (see text).

computational model basis functions atoms 2S + 1 EDFT-D3 (a.u.)

PC1 166 5 1 −760.84530

(py)3 768 33 1 −744.68343

PC1· · · (py)3 934 38 1 −1505.55909

PC1· · · ((py)3)∗ 934 5 1 −760.84822

(PC1)∗ · · · (py)3 934 33 1 −744.68354

PC2 166 5 1 −760.86958

(py)3 768 33 1 −744.68695

PC2· · · (py)3 934 38 1 −1505.58207

PC2· · · ((py)3)∗ 934 5 1 −760.87232

(PC2)∗ · · · (py)3 934 33 1 −744.68707

PC3 166 5 1 −760.81922

(py)3 768 33 1 −744.68549

PC3· · · (py)3 934 38 1 −1505.52976

PC3· · · ((py)3)∗ 934 5 1 −760.82277

(PC3)∗ · · · (py)3 934 33 1 −744.68560

PC1· · · (py)3 PC2· · · (py)3 PC3· · · (py)3

Fig. S8: Computational models for the calculations of the ClO4 · · ·py interaction energies.
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Cu3

PC1· · ·Cu3 · · ·PC2

PC1· · ·Cu3

Cu3 · · ·PC2

Fig. S9: DFT-optimized structures of the trinuclear copper(II) complex fragment for models with (PC1· · ·Cu3· · ·PC2,

PC1· · ·Cu3, Cu3· · ·PC2) and without (Cu3) interacting perchlorate anions (PC1 and PC2) with side (left column) and

top view (right column) for each structure.
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S5 Magnetic susceptibility data

Instrumentation: Magnetic measurements were performed on a Quantum Design MPMS-5

SQUID magnetometer. Susceptibility data were obtained in the temperature range from 2 to 300 K

for a polycrystalline sample, which was placed in a gelatine capsule. The collected data were cor-

rected for the diamagnetism of the sample holder, the capsule, and the diamagnetic contribution

of the ligand.

Fit details: Fitting of the magnetic susceptibility data was performed using PHI program pack-

age.14 During the fit correction terms for temperature independent contributions (χtic) and inter-

molecular exchange interactions (zJ) were included. An equilateral triangle was applied as spin

topology (see Fig. S12), resulting in the parameters given in Table S6.
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Fig. S12: Coupling scheme (left) used for the fit of the magnetic susceptibility data of Cu3saltag and the resulting spin

states (right) assuming an antiferromagnetic coupling (J < 0).

Table S6: Magnetic parameters for Cu3saltag obtained by the fit of the susceptibility data to eqn (1) from the main

manuscript.

g J (cm−1) zJ (cm−1) χtic (cm3 mol−1)

2.155(1) −297.8(5) −0.048(3) 0.143(2) · 10−3
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Low temperature behavior and antisymmetric exchange (ASE): To probe the origin of the low

temperature behavior of the system additional fitting attempts including effects from antisymmet-

ric exchange interactions (ASE) as well as intermolecular exchange interactions (zJ). For this pur-

pose the Hamiltonian given in eqn (1) of the main manuscript was extended by the term given

in eqn (S1), which exclusively considers the z-component due to the strict trigonal symmetry

(Gz ≫ Gx, Gy ≈ 0).

Ĥ = Gz

[
(Ŝ1,xŜ2,y − Ŝ1,yŜ2,x) + (Ŝ2,xŜ3,y − Ŝ2,yŜ3,x) + (Ŝ3,xŜ1,y − Ŝ3,yŜ1,x)

]
(S1)

Three different fitting attempts have been performed including either the antisymmetric ex-

change (ASE), the intermolecular interaction term (zJ) or both interactions simultaneously (zJ and

ASE). The corresponding data summarized in S7 clearly indicates that the intermolecular interac-

tion term best describes the low temperature behavior. In fact, for the simultaneous fit the contri-

bution of the antisymmetric exchange is virtually undefined as indicated by the extremely large

error margin. Therefore, it can be concluded that the antisymmetric exchange only gives rise to a

very minor contribution in the case of Cu3saltag, assumed to be well below the upper limit given

by the fit only considering antisymmetric exchange (ASE).

Table S7: Comparison of magnetic parameters for Cu3saltag obtained by the fit of the susceptibility data with respect

to a possible antisymmetric exchange (ASE) and mean-field intermolecular exchange interaction (MF).

MF MF and ASE ASE

g 2.1557(6) 2.1557(6) 2.1470(8)

J/ cm−1 −297.8(3) −297.8(3) −304.0(4)

Gz/ cm−1 - 4(20000) · 10−5 −0.97(7)

χtic/ cm3mol−1 1.43(2) · 10−4 1.43(2) · 10−4 1.82(3) · 10−2

zJ/ cm−1 −0.048(3) −0.048(3) -

Residual 6.67 · 10−5 6.67 · 10−5 1.47 · 10−3
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intermolecular exchange zJ (red line), antisymmetric exchange interaction Gz (dashed orange line) and both effects

(blue line). Note that the red and the blue line are de facto congruent.
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S6 BS-DFT calculations

Broken-symmetry DFT (BS-DFT) calculations were performed for trinuclear model complexes for

which one of the copper(II) ions is replaced by a diamagnetic zinc(II) ion. The corresponding

model structures for the crystallographically independent cationic complex molecules denoted

as Cu1Cu1 and Cu2Cu2 are depicted in Fig. S14). The atomic coordinates used for the model

structures were taken from the single-crystal structure data. The position of all hydrogen atoms

were optimized with the Turbomole6 package of programs at RI-DFT7/BP868,9/def2-SVP10 level

of theory. Within these optimizations a C3 symmetry was used together with the replacement of

all copper(II) ions by diamagnetic zinc(II) ions to achieve a faster convergence in the self-consistent

field steps.

Subsequently, broken-symmetry DFT (BS-DFT) calculations were performed with ORCA

v4.0.1 to investigate the intramolecular magnetic exchange.15 For these calculations the B3-LYP

hybrid functional8,11 was employed in combination with highly polarized triple-ζ def2-TZVPP

basis sets.10 The calculations were speeded up by using the RIJCOSX method.16 The magnetic

coupling constant was obtained by Yamaguchi’s approach according to eqn (S2) for an isotropic

Heisenberg Hamiltonian (Ĥ = −JŜ1Ŝ2).17 Within these calculations the third copper(II) center

has been replaced by a diamagnetic zinc(II) ion. The BS-DFT results are summarized in Table S8.

Spin density plots for the high-spin and broken-symmetry solutions are depicted in Figs. S15

and S16. Additionally, a corresponding orbital transformation has been employed18 to visualize

the two magnetic orbitals of the BS state of Cu1Cu1 and Cu2Cu2 in Figs. S17 and S18), respectively.

J =
2 (EBS − EHS)〈
S2

HS

〉
−

〈
S2

BS

〉 (S2)
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Table S9: BS-DFT energies, spin expectation values
〈
S2

〉
, and magnetic coupling constants (J = − 2/3 (EHS − EBS)) for

a trinuclear copper(II) computational model.

state 2S + 1 EDFT (a.u.)
〈
S2

〉
EHS − EBS (cm−1) J (cm−1)

Cu1Cu1Cu1 HS 4 −7812.007434 3.759428 383 −255

BS 2 −7812.009179 1.726949

Cu2Cu2Cu2 HS 4 −7812.009366 3.759575 374 −249

BS 2 −7812.011069 1.727425

Jav = (JCu1Cu1Cu1 + JCu2Cu2Cu2)/2 = −252
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S7 ESR spectroscopy

Instrumentation: Solid state ESR measurements of the ground crystalline sample were per-

formed on a Bruker Elexsys 500 CW X-band spectrometer equipped with a He-flow cryostat. ESR

measurements of frozen solutions were carried out using a commercial Bruker Elexsys 580 X-band

pulsed ESR spectrometer, equipped with a 4He flow cryostat for temperature control. A split-

ring resonator (EN 4118X-MS3) was used for the pulsed ESR experiments. The dissolved samples

are contained in standard 3 mm diameter quartz ESR tubes. In both pyridine and pyridine-d5

experiments, the molecule concentration of approximately 100 µmol/L solutions were used. The

relaxation times were obtained using standard Hahn-echo sequence (π/2 − τ − π − τ − echo).

The pulse lengths, 16 ns for the π/2 pulse and 32 ns for the π pulse, were kept the same for all

measurements.

Fit details: The ESR data were simulated using EasySpin software.19 In all cases a line broaden-

ing parameter (lwpp) was included (12.1 mT for solid state, 7.8 mT for frozen solution) in addition

to the given parameters.

2000 2500 3000 3500 4000 4500

B / G

 exp

 fit

2500 3000 3500 4000

pyridine-H

B / G

 exp

 sim

pyridine-d
5

Fig. S19: Left: Solid state ESR spectrum (1st derivative) at 6 K of a powdered crystalline sample of Cu3saltag, red line

represents the simulated spectrum. Right: Echo-detected ESR spectra at 3 K (ν = 9.37 GHz). The sharp feature around

3340 G is likely due to contaminations in the resonator and was ignored in the fitting.
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Table S10: Cartesian components of the g factors as obtained by ESR spectroscopy for Cu3saltag.

spectrum parameter x y z

solid
g 2.0404 2.0404 2.1889

gstrain 0 0 0.2038

pyridine
g 2.0486 2.0487 2.2873

gstrain 0.0011 0.0013 0.1999

pyridine-d5

g 2.0358 2.0354 2.3020

gstrain 0.00015 0.00016 0.25
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S8 Ab initio computational results

Computational details: Atomic positions of the structures used for the ab initio calculations were

taken from the single-crystal structure data. However, the high-level ab initio calculations have to

be based on structural models with only one paramagnetic copper(II) center to keep the computa-

tional effort feasible. Therefore, two of the three copper ions have been replaced by zinc and all the

pyridine ligands except the ones attached to the remaining copper(II) center were replaced by am-

monia ligands. As a result, two ab initio computational models (denoted as Cu1 and Cu2) with the

general formula [CuZn2(saltag)(py)2(NH3)4]+ were employed to obtain the single-ion properties

(see Fig. S20).

Ab initio calculations were performed with the MOLCAS 8.0 SP1 package of programs.20 For all

ab initio calculations ANO-RCC basis sets (see Table S11) have been employed in combination with

a scalar-relativistic second-order Douglas-Kroll-Hess Hamiltonian. To speed-up calculations the

Cholesky decomposition of integrals was used as implemented in MOLCAS. CASSCF calculations

were performed with 9 electrons in 10 orbitals (3d and 4d shell) for the 2D multiplet. Additional

dynamic correlation was treated by CASPT2 on basis of the optimized CASSCF wave function.

Corresponding energies are summarized in Table S12. Subsequently, SO-RASSI calculations were

carried out to take spin-orbit coupling into account (see Table S13).

A simulation of the magnetic susceptibility for both C3 symmetric cationic complex fragments

was performed with the POLY ANISO program21 employing the magnetic coupling constants

obtained from BS-DFT (see Fig. S23). The corresponding g factors for the molecular framework

are given in Table S15.
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Table S12: Relative CASSCF and CASPT2 ab initio energies (in cm−1) for model structures Cu1 and Cu2 (see Fig. S20).

Cu1 Cu2

2S + 1 Term Subterm CASSCF CASPT2 CASSCF CASPT2

2 2D 2A′
1 0 0 0 0

2E′ 9440 10675 9439 10677

10322 11853 10421 11966

2E′′ 10877 12731 10941 12867

11023 12726 11131 12750

Table S13: Relative RASSI-SO energies (in cm−1) for both crystallographically independent centers of the model struc-

tures Cu1 and Cu2

Kramers doublet Cu1 Cu2

1 0 0

2 10380 10391

3 11512 11627

4 13073 13125

5 13427 13521

Table S14: Cartesian components of the g factors for the ground-state Kramers doublet for the model structrues Cu1

and Cu2 (gav = (gx + gy + gz)/3)

Cu1 Cu2

gx 2.413 2.413

gy 2.255 2.250

gz 2.019 2.019

gav 2.229 2.228
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Fig. S21: Magnetic axes obtained from ab initio calculations for the ground state KD of a single copper(II) ion in Cu1

indicated as dashed lines: red – hard axis (gz), orange – intermediate axis (gy), green – easy axis (gx). Hydrogen atoms

have been omitted for clarity (atom color code: Cu – cyan, Zn – dark grey).

Fig. S22: Magnetic axes obtained from ab initio calculations for the ground state KD of a single copper(II) ion in Cu2

indicated as dashed lines: red – hard axis (gz), orange – intermediate axis (gy), green – easy axis (gx). Hydrogen atoms

have been omitted for clarity (atom color code: Cu – cyan, Zn – dark grey).
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the BS-DFT determined coupling constants employing the POLY ANISO program. 21

Table S15: Cartesian components of the g factors for the antiferromagnetic ground state of the trinuclear C3 symmetric

cationic complex fragments (values obtained by the POLY ANISO program employing the model structures Cu1 and

Cu2 together with the corresponding J values from the BS-DFT calculations)

Cu1 Cu2

g⊥ 2.158 2.158

g‖ 2.425 2.423

gav 2.247 2.246
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S9 Dynamic ESR results

For experimental details and instrumentation see section S7 (ESR spectroscopy).
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Fig. S24: Decay of the Hahn-echo intensity for Cu3saltag in a frozen pyridine solution. The solid red line shows the best

fit according to eqn (2) from the main manuscript. The fit assumes that the oscillation in the signal is due to the ESEEM

effect dominated by a single harmonic at the hydrogen Zeeman frequency. 22
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ABSTRACT: The new tritopic triaminoguanidine-based ligand
1,2,3-tris[(pyridine-2-ylmethylidene)amino]guanidine (H2pytag)
was synthesized. The reaction of a mixture of cobalt(II) chloride
and cobalt(II) perchlorate with the ligand H2pytag in pyridine
solution leads to the formation of the trinuclear cobalt(II) complex
[Co3(pytag)(py)6Cl3]ClO4. Three octahedrally coordinated high-
spin cobalt(II) ions are linked through the bridging triaminogua-
nidine backbone of the ligand leading to an almost equilateral
triangular arrangement. The magnetic properties of the complex
were investigated by magnetic measurements, variable-temperature,
variable-field magnetic circular dichroism (MCD) spectroscopy,
and density functional theory as well as ab initio calculations. A
rather strong antiferromagnetic exchange interaction between the cobalt(II) centers of ca. −12 cm−1 is determined together with
a strong local anisotropy. The single-ion anisotropy of all three cobalt(II) centers is found to be easy-plane, which coincides with
the tritopic ligand plane. MCD measurements and theoretical investigations demonstrate the presence of rhombic distortion of
the local Co surrounding.

■ INTRODUCTION

Polynuclear complexes of paramagnetic metal ions are
continuously attracting considerable attention, not only due
to their intriguing structures and magnetic properties but also
due to their potential application in functional molecule-based
materials.1−4 The discovery of single-molecule magnets
(SMMs) and their potential applications in high-density
information storage has immensely stimulated the investigation
of metal complexes in search of SMMs with high blocking
temperature and slow magnetization relaxation.5,6 This has
particularly led to the discovery of a series of cobalt-based
oligonuclear complexes exhibiting SMM behavior.7,8 Besides
this high-nuclearity approach recent years have shown that even
mononuclear metal complexes provide a basis for systems
exhibiting slow magnetic relaxation.9−12 Also within this new
class of single-ion magnets (SIMs) cobalt(II) high-spin
complexes with their S = 3/2 half-integer spin state attracted
increasing interest in the past few years.13−46 Toward the
investigation of the electronic structure of such cobalt(II)-based
systems various spectroscopic methods have been employed
such as multifrequency, high-field ESR, and variable-temper-

ature, variable-field magnetic circular dichroism (MCD).47−49

In this context the magnetic properties of polynuclear
cobalt(II) complexes have also been of general interest, and
along this line numerous dinuclear,50−61 trinuclear,62−71

tetranuclear,72−85 and higher nuclearity cobalt(II) com-
plexes86−96 have been reported. However, trinuclear cobalt(II)
complexes with a triangular arrangement of the metal centers
are still rare.62−65

Triple Schiff-base ligands derived from triaminoguanidine are
capable of coordinating three transition-metal ions in close
proximity.97,98 These tritopic ligands possess a planar structure
with three equivalent binding cavities with N2O donor set,
leading to rather short metal−metal distances bridged through
the central triaminoguanidine moiety. The resulting basic
trinuclear complex moieties tend to aggregate leading to several
discrete cage molecules with interesting topologies99−105 or
polymeric structures.106,107 The utilization of capping coligands
or coordinating anions blocking potentially free coordination
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sites at the metal centers not occupied by the bridging ligand
allows for the synthesis of isolated trinuclear transition-metal
complexes.99,100,108−110 In fact, it was found that the
triaminoguanidine bridging moiety is effectively transmitting
antiferromagnetic exchange interactions between the metal
centers through the σ bond pathway of the N−N diazine
bridges of the ligand.110 Here we present the synthesis of the
new triaminoguanidine-based Schiff-base ligand 1,2,3-tris-
[(pyridine-2-ylmethylidene)amino]guanidine (H2pytag) and
its trinuclear cobalt(II) complex along with the crystal structure
of the complex and a detailed analysis of its magnetic
properties. This modified ligand system provides pyridine
nitrogen donors within the ligand side chains instead of
phenolate donors in the previously known triaminoguanidine-
based ligand systems.

■ EXPERIMENTAL DETAILS
Instrumentation. IR spectra were measured on a Bruker IFS55/

Equinox spectrometer with a Raman unit FRA 106/S on samples
prepared as KBr pellets. Mass spectra were measured on a Bruker
MAT SSQ 710 spectrometer. Elemental analysis (C, H, N) were
performed on Leco CHNS-932 and El Vario III elemental analyzers.
Thermogravimetric analyses (TGA) for powdered samples were
performed on a Netzsch STA409PC Luxx apparatus under constant
flow of nitrogen.
Materials. Triaminoguanidine was synthesized according to a

reported procedure.111 The synthesis of the cobalt complex was
performed under argon atmosphere using standard Schlenk line
operations. Pyridine was distilled from calcium hydride and degassed
in three freeze−pump−thaw cycles prior to use. All other reagents
were used as received without further purification. Caution! Perchlorate
salts of metal complexes containing organic ligands are potentially
explosive. Only a small amount of material should be prepared, and it
should be handled with great care.
Synthesis of 1,2,3-Tris[(pyridine-2-ylmethylidene)amino]-

guanidine (H2pytag). A solution of triaminoguanidine monohydro-
chloride (3.01 g, 21 mmol) in water (30 mL) was added dropwise to a
stirred solution of pyridine-2-carbaldehyde (6.90 g, 64 mmol) in
methanol (150 mL). The color changed immediately to yellow. The
solution was heated at 45 °C for 2 h. After the volatile components
were removed in vacuum at ambient temperature, the crude product
was obtained as yellow powder. To remove water from the product the
powder was redissolved twice in ethanol (100 mL) and evaporated to
dryness finally yielding a microcrystalline solid. After it was dried in
vacuum, the ligand was obtained as monohydrochloride in quantitative
yield together with cocrystallized ethanol as the solvate adduct
H2pytag·HCl·1.5EtOH. Yield: 10.20 g; Anal. Calcd for
C22H27ClN9O1.5 (M = 476.97 g/mol): C, 55.40; H, 5.71; N, 26.43.
Found: C, 54.78; H, 5.97; N, 25.79%. TGA: weight loss up to 150 °C
14.3% (calcd for 1.5 EtOH 14.5%), mp dec >204 °C. MS (DEI): m/z
= 372 (100%, [H2pytag + H]+). IR (KBr, cm−1): v ̃ = 3421 (vs br, O−
H), 3051 (m, CH arom), 1643 (vs, CN), 1619 (s, CC), 1588 (s,
CC), 1566 (w), 1475 (w), 1437 (w), 1119 (w), 1090 (w), 773 (w).
1H NMR (400 MHz, DMSO-d6, ppm): δ = 7.53 (m, 3H, C5Hpy), 8.01
(m, 3H, C4Hpy), 8.53 (m, 3H, C3Hpy), 8.69 (m, 3H, C6Hpy), 8.91 (s,
3H, CHN). 13C NMR (100 MHz, DMSO-d6, ppm): δ = 122.3
(Cpy

3 ), 125.7 (Cpy
5 ), 137.7 (Cpy

4 ), 149.8 (Cpy
6 ), 150.5 (Ctag), 151.4

(CHN), 152.4 (Cpy
2 ).

The ligand can be crystallized from methanol solution by
subsequent addition of aqueous HCl. Yellow needles were formed,
which were collected by filtration, washed with methanol, and dried in
vacuum. The ligand was obtained as the monohydrate of the
tetrahydrochloride salt H2pytag·4HCl·H2O. Anal. Calcd for
C19H23Cl4N9O (M = 535.26 g/mol): C, 42.63; H, 4.33; N, 23.55.
Found: C, 42.94; H, 4.15; N, 23.61%. TGA: weight loss up to 150 °C
2.1% (calcd for H2O 3.3%), mp dec >237 °C. IR (KBr, cm−1): v ̃ =
3436 (s br, O−H and H2O), 3100−2500 (vs, NH+), 1646 (s), 1622
(vs), 1606 (s), 1592 (vs, all CN and CC), 1523 (m), 1458 (s),

1370 (w), 1319 (s), 1295 (s), 1256 (w), 1126 (s), 1087 (w), 958 (vw),
780 (s), 717 (vw), 666 (vw), 449 (vw). 1H NMR (400 MHz, D2O,
ppm): δ = 7.71 (m, 3H, CHpy), 7.93 (m, 3H, CHpy), 8.29 (m, 3H,
CHpy), 8.37 (s, 3H, CHN), 8.45 (m, 3H, CHpy).

13C NMR (100
MHz, D2O, ppm): δ = 127.7, 140.7, 142.8, 144.1, 147.1, 151.7 (CH
N).

Synthesis of [Co3(pytag)(py)6Cl3]ClO4 (Co3pytag). A mixture
of Co(ClO4)2·6H2O (49 mg, 134 μmol) and CoCl2·6H2O (64 mg, 2
equiv) was dissolved in pyridine (7 mL). The monohydrochloride of
the ligand H2pytag·HCl (70 mg, 1 equiv) was added in portions
leading to a color change of the reaction mixture from colorless to red.
The resulting mixture was stirred for further 10 min. The product
crystallized within one week at ambient temperature leading to crystals
suitable for X-ray crystallography containing cocrystallized pyridine
molecules. The crystals were filtered off, washed with pyridine, and
dried in a stream of argon. The final drying led to the loss of
cocrystallized pyridine solvent molecules. Yield: 120 mg (73%). IR
(KBr, cm−1): v ̃ = 3435 (w br), 3067 (w), 1602 (s, CN and CC),
1480 (m), 1442 (s), 1404 (vs), 1342 (s), 1297 (w), 1144 (s), 1099 (s,
ClO4), 700 (m), 635 (vw), 623 (m). Anal. Calcd for
C49H45Cl4Co3N15O4 (M = 1226.59 g/mol): C, 47.98; H, 3.70; N,
17.13. Found: C, 47.87; H, 3.50; N, 17.02%.

Crystal Structure Determination. The crystallographic data were
collected on a Nonius KappaCCD diffractometer using graphite-
monochromated Mo Kα radiation (λ = 71.073 pm). A summary of
crystallographic and structure refinement data is given in Table 1. Data

were corrected for Lorentz and polarization effects but not for
absorption effects. The structure was solved by direct methods with
SHELXS112 and refined by full-matrix least-squares techniques against
Fo

2 using SHELXL.113 Anisotropic thermal parameters were used for
all non-hydrogen atoms except for the solvent molecules on partially
occupied positions. These were refined isotropically. Hydrogen atoms
were calculated and treated as riding atoms with fixed thermal
parameters. The crystals were found to contain additional pyridine
solvent molecules per complex unit with one of the pyridine molecules
lying on a special crystallographic position leading to 3.5 pyridine

Table 1. Crystallographic Data and Structure Refinement
Parameters for Complex Co3pytag in Crystals of Co3pytag·
3.5py

formula C66.5H62.5Cl4Co3N18.5O4

formula weight (g mol−1) 1503.44
crystal size (mm) 0.08 × 0.08 × 0.05
crystal system monoclinic
space group C2
a (pm) 2403.90(5)
b (pm) 2338.24(8)
c (pm) 1541.55(6)
α (deg) 90
β (deg) 128.260(2)
γ (deg) 90
V (nm3) 6.8037(4)
Z 4
T (K) 183(2)
δcalc (g cm−3) 1.468
F(000) 3088
μ(Mo Kα) (mm−1) 0.943
range of data collection (deg) 2.42 ≤ Θ ≤ 27.48
measured reflections 24 124
unique reflections (Rint) 13 871 (0.0451)
no. of parameters 866
goodness-of-fit on F2 1.000
flack parameter −0.025(11)
R1 (I > 2σ(I)) 0.0466
ωR2 (all data) 0.1028
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molecules per complex unit and a final composition of the crystals of
[Co3(pytag)(py)6Cl3]ClO4·3.5py. CCDC-1455152 contains the sup-
plementary crystallographic data for this paper. Additional crystallo-
graphic information is available in the Supporting Information.
Magnetic Measurements. Magnetization data were obtained

with a SQUID magnetometer on a polycrystalline sample. The sample
was packed into a capsule and pressed by hand. The variable-
temperature data were collected in the range from 1.8 to 300 K at a
constant magnetic field of 0.1 T. The magnetization data were
collected in the field range from 0 to 6 T at temperatures of 1.8 and
4.5 K. The data were corrected for the capsule and the diamagnetic
core contribution as deduced with the use of Pascal’s constants table.
Magnetic Circular Dichroism (MCD) Spectroscopy. MCD

spectra of the trinuclear complex Co3pytag were measured with a
JASCO J-810 spectropolarimeter, which was interfaced with an Oxford
Instruments Spectromag SM 4000−9T optical cryostat. Powdered
samples were prepared as a mull with Nujol (buffer substance) and
placed between two thin plates of fused quartz to avoid orientation in
external magnetic fields. The MCD spectra were corrected by
subtracting the background line measured at 0 T. Spectra were
measured for various temperatures (3, 6, and 12 K) within a magnetic
field range from 0 to 8 T.
Computational Details. All structures for the computational

studies are based on the atomic positions of the Co3pytag single-
crystal structure, whereas the positions of all hydrogen atoms were
optimized with the Turbomole 6.6 package of programs114 at RI-
DFT115−118/BP86119,120/def2-SVP121 level of theory. Within these
optimizations all cobalt(II) ions were replaced by diamagnetic zinc(II)
ions to reduce the computational effort. Broken-symmetry density
functional theory (BS-DFT) calculations were performed to
investigate intramolecular magnetic coupling on the basis of a cationic
trinuclear cobalt(II) fragment [Co3(pytag)(py)6Cl3]

+. These calcu-
lations were employed with the B3-LYP hybrid functional119,122,123 in
combination with the def2-TZVPP basis sets121 and tight self-
consistent field (SCF) convergence criteria (1 × 10−8 Hartree).
Detailed BS-DFT results can be found in the Supporting Information
(see Figure S1 as well as Tables S1 and S2). The magnetic coupling
constants J were calculated for an isotropic Heisenberg Hamiltonian
( = −JS1S2) by Yamaguchi’s approach:124

=
−

⟨ ⟩ − ⟨ ⟩
J

E E
S S
2( )BS HS

HS
2

BS
2 (1)

Single-ion anisotropies for the three different cobalt(II) metal
centers in Co3pytag were calculated with the MOLCAS 8.0 SP1
package of programs at CASSCF/CASPT2/SO-RASSI level of
theory.125−128 However, at this level of theory only a single cobalt(II)
metal center can be described, whereas the two remaining cobalt(II)
ions have to be replaced by diamagnetic zinc(II) ions. Additionally,
within these calculations the apical pyridine ligands at the two zinc(II)
coordination sites were structurally simplified and were replaced by
NH3 ligands (see Figure S2). Scalar relativistic ANO-RCC basis
sets129−131 (Co and donor atoms: ANO-RCC-VTZP; other atoms:
ANO-RCC-VDZ) in combination with a second-order Douglas−
Kroll−Hess Hamiltonian were used. CASSCF calculations included 7
electrons in 10 orbitals (3d and 4d shell) and were performed for 10
quartet (4F, 4P) and 40 doublet states (2G, 2P, 2H, 2D, 2D, 2F).
Subsequently, dynamic correlation was treated by the CASPT2
method for all quartet and the 12 lowest doublet states. SO-RASSI
calculations on the basis of the CASPT2 wave functions were
employed to allow a mixing of states including those of different
multiplicities by spin−orbit mixing. Single-ion anisotropies were
obtained by the SINGLE_ANISO module on the basis of the SO-
RASSI wave functions.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The tritopic ligand
1,2,3-tris[(pyridine-2-ylmethylidene)amino]guanidine
(H2pytag) depicted in Scheme 1 was synthesized through

Schiff-base condensation of triaminoguanidine with pyridine-2-
carbaldehyde and isolated as the monohydrochloride salt
H2pytag·HCl. The synthesis was performed at a slightly
elevated temperature of 45 °C in a mixture of methanol and
water leading to a yellow solid after evaporation of the solvent.
The remaining water content was removed by addition of
ethanol and subsequent drying in vacuo to remove all volatiles.
This procedure was repeated twice resulting in microcrystalline
material of the ligand with cocrystallized ethanol. Because of
the pyridine side chains the ligand acts as base. Consequently,
the addition of hydrochloric acid to a methanolic solution of
the ligand leads to the crystallization of the tetrahydrochloride
salt H2pytag·4HCl. The hydrochlorides of the ligand are
perfectly soluble in most polar organic solvents, such as
methanol, ethanol, dimethylformamide, and dimethyl sulfoxide,
but also in water. In contrast to the well-established tris(2-
hydroxybenzylidene)triaminoguanidine-based ligands contain-
ing various substitution patterns, the H2pytag ligand possesses
solely nitrogen-based tridentate binding pockets potentially
forming five-membered chelate rings with coordinated metal
ions.
An access to a trinuclear cobalt(II) complex was found

utilizing pyridine as reaction medium. Here pyridine acts as
solvent, base, and coligand for the coordinative saturation of the
cobalt(II) centers within the trinuclear complex. Under these
conditions cobalt(II) chloride as metal precursor leads to the
formation of microcrystalline material. Therefore, to improve
the crystallization behavior of the resulting complex cation a
mixture of cobalt(II) chloride and cobalt(II) perchlorate in the
ratio of 2:1 was applied as cobalt(II) source. The chloride
anions act as coligands and counterbalance the resulting highly
charged trinuclear complex cation [Co3(pytag)]

4+ primarily
generated by the complexation of the cobalt cations. Moreover,
the enormous excess of pyridine prevents the uncontrolled
polymerization of the trinuclear complex units in solution.
Finally, the presence of low-coordinating perchlorate as
potential counteranion facilitates the crystallization process.
For the complex synthesis the monohydrochloride of the ligand
H2pytag·HCl was added in portions to a stirred solution of the
cobalt(II) salts. When it stood undisturbed at ambient
temperature the trinuclear cobalt(II) complex [Co3(pytag)-
(py)6Cl3]ClO4 (Co3pytag) was obtained in the form of a red
crystalline material containing additional pyridine solvent
molecules. Isolation and drying of the crystalline material
leads to the loss of the cocrystallized pyridine solvent
molecules. This solvent-free material was used for further
characterization, except for X-ray crystallography.
The complex Co3pytag was characterized by elemental

analysis and IR spectroscopy. The IR spectrum of the ligand
exhibits a strong characteristic band at 1643 cm−1, which can be

Scheme 1. Tritopic Ligand 1,2,3-Tris[(pyridine-2-
ylmethylidene)amino]guanidine (H2pytag)
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attributed to the v(̃CN) stretching vibration. This band is
shifted to 1602 cm−1 upon coordination in the cobalt complex
Co3pytag, due to the coordination of the imine nitrogen
donors to the cobalt ions. In addition, the spectrum of the
complex is dominated by bands between 1340 and 1480 cm−1

assigned to the stretching vibrations within the pyridine
coligands as well as the ligand side chains.
Crystal Structure Description. The trinuclear complex

Co3pytag crystallizes in the chiral monoclinic space group C2
consistent with the presence of solely one enantiomeric form.
The complex is found to cocrystallize together with pyridine
solvent molecules in crystals of [Co3(pytag)(py)6Cl3]ClO4·
3.5py. The molecular structure as well as the labeling scheme of
the complex cation [Co3(pytag)(py)6Cl3]

+ is depicted in Figure
1. Selected bond lengths and angles are listed in Table 2.
The three cobalt(II) ions are coordinated by the twofold

deprotonated tritopic triaminoguanidine-based ligand pytag2−

leading to an almost equilateral triangular arrangement with
N−N diazine bridges between the metal centers. All three
cobalt ions possess a distorted octahedral coordination
geometry with N5Cl donor set. Three coordination sites are
occupied by nitrogen donors of the tridentate binding pocket of
the pytag2− ligand with bond lengths ranging from 210 to 216
pm. The fourth position within this coordination plane is
occupied by a chloride ion at a distance of ∼235 pm. The
distances to the axial pyridine nitrogen donors vary between
220 and 228 pm. All bond lengths are consistent with the
cobalt(II) centers being in the high-spin state. The trans angles
at the cobalt ions within the tridentate binding pockets of the
ligand pytag2− are with values of ∼148°, which is rather small as
compared to the other trans angles given by the octahedral
coordination ranging between 172 and 178°. This can be
attributed to the rigidity of the almost planar ligand moiety. All
cobalt ions are almost perfectly arranged within the
coordination plane given by the planar ligand moiety, indicated
by a maximal displacement of 4 pm from the corresponding
tetragonal coordination planes. The torsion angles of the N−N
diazine bridges within the ligand moiety are very similar to a
value of ∼179°. This leads to interatomic Co···Co separations
in the range from 512 to 517 pm. The apical pyridine molecules
at each cobalt ion are twisted against each other with dihedral
angles ranging between 28 and 81°.
Although the complex molecule includes a large number of

coordinated and cocrystallized pyridine molecules, no π−π
interactions are observed within the crystal packing. The
trinuclear complex molecules assemble through hydrogen
bonding interaction between the coordinated chloride ions
and C−H bonds of pyridine molecules at distances ranging
from 357 to 363 pm for the Cpy···Cl contacts. Also, the
perchlorate oxygen atoms are involved in hydrogen-bonding
interactions with neighboring pyridine molecules, albeit with
somewhat smaller contact distances in the range from 319 to
345 pm (Cpy···O). All observed CH···anion hydrogen-bonding
contacts are within the expected range reported in literature.132

Note that the perchlorate counteranion does not show any
disorder in the crystal structure, presumably due to the bridging
connectivity within the hydrogen-bonding network.
Magnetic Properties. The magnetic data for complex

Co3pytag were obtained as a function of both temperature and
magnetic field. The variable-temperature data were collected in
the temperature range from 1.8 to 300 K at a constant magnetic
field of 0.1 T, whereas the variable magnetic field data were
collected in the field range from 0 to 6 T and temperatures of

1.8 and 4.5 K (see Figure 2). The value of the χT product is ∼7
cm3 K mol−1 at room-temperature and upon lowering the
temperature it continuously decreases reaching a value of ∼1
cm3 K mol−1 at 1.8 K. The room-temperature value is
considerably larger than the spin-only value for three
independent high-spin cobalt(II) centers with S = 3/2 (5.63
cm3 K mol−1 for g = 2) indicating a considerable orbital
contribution to the magnetic behavior. The temperature
dependence of χT is indicative for antiferromagnetic exchange
interactions between the three cobalt centers mediated through
the N−N diazine bridges.

Figure 1. Molecular structure of the complex cation [Co3(pytag)-
(py)6Cl3]

+ of Co3pytag in crystals of Co3pytag·3.5py. (top)
Perspective side view with numbering scheme for the cobalt
coordination spheres. (bottom) Top view with apical pyridine ligands
omitted for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Hydrogen atoms are omitted for clarity.
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The Hamiltonian of the investigated cobalt trimer is written
as

= + + +H H H H HSO Cr ex Ze (2)

The first part in eq 2 represents the spin−orbit coupling. The
ground state of the high-spin cobalt(II) in octahedral
surrounding is orbitally degenerate (4T1g triplet in a cubic
crystal field). Focusing on the 4T1g ground state only, we can
describe cobalt(II) as an ion with the spin value S = 3/2 and the
fictitious orbital angular momentum L = 1. The spin−orbit
interaction can be written as133

∑κλ= − =iH S L
3
2

( 1, 2, 3)
i

i iSO
(3)

where κ is the orbital reduction factor, and λ = −170 cm−1 is
the spin−orbit coupling parameter for a free cobalt(II) ion. The
factor (−3/2) appears because the matrix elements of the
orbital angular momentum operator within the 4T1g triplet state
arising from the 4F term of a free cobalt(II) ion (weak cubic
crystal field limit) are equal to the matrix elements of the orbital
angular momentum within the 4P state (L = 1) multiplied by
−3/2. The orbital reduction factor κ accounts for both the
covalence of the Co−ligand bonds and the admixture of the
4T1g (4P) excited state into the 4T1g (4F) ground state.
Neglecting covalence, κ varies between 1 (weak cubic crystal
field limit) and 2/3 (strong cubic crystal field limit).133

The second term in eq 2 represents the low-symmetry
(noncubic) crystal field that takes into account the distortions
of the local surrounding. Combined with the spin−orbit
interaction this field gives rise to a strong magnetic anisotropy
of each cobalt(II) center and, thus, of the entire complex. In

general, the crystal field operator can be written in the following
form:

∑ Δ= =iH L L ( 1, 2, 3)
i

i i iCr
(4)

where the Δi tensor describes the splitting of the 4T1g term in
the local crystal field. In the coordinate system that coincides
with the main axes of the Δ tensor, the last one can be written
as

Δ =
−Δ +

−Δ −
Δ

⎛

⎝
⎜⎜⎜

⎞

⎠
⎟⎟⎟

V

V

/3 0 0

0 /3 0

0 0 2 /3 (5)

where Δ and V are the axial and rhombic parameters of the Δ
tensor. To obtain the Δ tensor in arbitrary coordinate system,
the unitary transformation must be performed.
The third term in the Hamiltonian eq 2 represents the

magnetic exchange between the cobalt ions. As long as the
ground state of cobalt(II) is orbitally degenerate, the exchange
interaction should contain, in general, both orbital and spin
contribution. However, following the idea of Lines,134 we
assume that the exchange coupling between cobalt centers
contains only an isotropic part operating with the real spins:

= − + +JH S S S S S S( )ex ex 1 2 1 3 2 3 (6)

where Jex is the isotropic exchange parameter.
The last term in eq 2 is the Zeeman interaction. It consists of

both spin and orbital contributions and is

∑ μ κ= − =⎜ ⎟
⎛
⎝

⎞
⎠g iH S L B

3
2

( 1, 2, 3)
i

i iZe B 0
(7)

where μB is the Bohr magneton, and g0 = 2.0023 is the free-
electron Lande ́ factor. B is the induction of the external
magnetic field.
The values of the magnetization and the magnetic

susceptibility for an arbitrary direction of the applied magnetic
field can be calculated as

φ
φ

φϑ = ∂
∂ ϑ

ϑM N k T
B

Z B( , )
( , )

{ln [ ( , )]}A B
(8)

χ φ φ φϑ = ∂ ϑ ∂ ϑM H( , ) ( , )/ ( , ) (9)

Z is the partition function, and kB and NA are the Boltzmann
constant and Avogadro number, respectively. H is the strength
of the applied magnetic field. Angles ϑ and φ describe the
orientation of the magnetic field with respect to the molecule-
fixed coordinate system. The powder-averaged magnetic
susceptibility can be calculated as χav = (χx + χy + χz)/3,
whereas for the calculation of magnetization the averaging over

Table 2. Selected Bond Lengths (pm) and Angles (deg) for Co3pytag in Crystals of Co3pytag·3.5py

Co1−N2 210.2(3) Co2−N5 211.7(3) Co3−N8 210.6(3)
Co1−N3 215.6(3) Co2−N6 214.7(4) Co3−N9 213.8(3)
Co1−N4 214.6(3) Co2−N7 212.7(3) Co3−N1 210.3(3)
Co1−N10 220.5(4) Co2−N12 219.2(4) Co3−N14 222.5(4)
Co1−N11 222.2(4) Co2−N13 221.6(4) Co3−N15 227.9(4)
Co1−Cl1 235.24(12) Co2−Cl2 236.08(10) Co3−Cl3 233.92(11)
N3−Co1−N4 149.01(13) N6−Co2−N7 147.83(12) N1−Co3−N9 148.54(12)
N2−Co1−Cl1 175.66(9) N5−Co2−Cl2 171.74(10) N8−Co3−Cl3 172.34(9)
N10−Co1−N11 177.65(12) N12−Co2−N13 174.01(14) N14−Co3−N15 174.79(14)

Figure 2. Temperature dependence of χT product for Co3pytag
obtained from measurement in field of 1000 Oe. (inset) Magnetization
vs magnetic field at 1.8 and 4.5 K. Open symbols represent the
experimental data, solid lines correspond to the theoretical curves
calculated with the use of the Hamiltonian given in eq 2, and asterisks
denote the theoretical modeling with the use of the Hamiltonian given
in eq 10 (for the sets of the best fit parameters see text).
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different orientations of the external magnetic field should be
performed.
Each cobalt ion is surrounded by five nitrogen and one

chlorine donor. The analysis of the Co−ligand distances and
the corresponding angles demonstrates that the local
surrounding is strongly distorted from an ideal octahedral
geometry. All cobalt ions possess a rhombic single-ion magnetic
anisotropy. For example, for Co1 the principal axes are
approximately directed along N2−Cl1, N3−N4, and N10−N11
directions (see also Computational Studies and Figure 6). The
directions of the principal axes for the other cobalt ions can be
obtained by the corresponding change in the ligand indexes. To
obtain the information whether the corresponding principal
axes are easy, intermediate, or hard ones, we performed sample
calculations of the magnetic behavior for an isolated cobalt ion.
The crystal field of the nearest ligands was taken into account
in the framework of the exchange charge model.135−137 Since
according to the Tsuchida’s spectrochemical series, nitrogen is a
much stronger ligand than the chlorine ion,138 in our
simulations the corresponding parameters were set in such a
way that the contribution of the nitrogen donors to the crystal
field exceeds the contribution of the chlorine. The results of
these sample calculations demonstrate that the hard axes of
magnetization for all three cobalt ions are directed to the axial
pyridine donors, while the local easy axes of magnetization are
along the Co−Cl directions. The local intermediate axes of
magnetization are perpendicular to these two directions. To
avoid overparameterization we assume that all three cobalt ions
are in an equivalent local surrounding of the nearest ligands. In
the subsequent calculations we also assume an idealized
geometry with all directions to the axial pyridine donors
being parallel to each other and perpendicular to the plane of
the cobalt triangle and all Co−Cl directions being in plane of
this triangle with angles between them of ∼120° (see Figure 1).
At the first stage of the analysis we neglect the rhombic terms of
the local Δi tensors (V = 0 in eq 5) and assume that the
distortion from the octahedral symmetry can be described as an
axial one. According to the results obtained above, there are
two possibilities for the orientation of the local anisotropy axes,
namely, (i) local anisotropy axes for each of three cobalt ions
(denoted as zi axes) were assumed to be parallel to each other
and perpendicular to the plane of the triangle; the
corresponding distortion can be described as an axial
elongation with positive Δ parameter in eq 5 and (ii) local
anisotropy axes are in plane of the triangle with an angle of
120° between them; the corresponding distortion can be
described as an axial compression with negative Δ parameter in
eq 5. The best agreement of the theoretical simulations with the
experimental χT versus T and magnetization versus B data was
achieved for the positive Δ-parameter with local zi axes parallel
to each other and perpendicular to the plane of triangle. The
results are shown in Figure 2 as solid lines with the best-fit
parameters Jex = −12.6 ± 0.1 cm−1, Δ = 945 ± 12 cm−1, and κ =
0.83 ± 0.004.
One can find a very good agreement between the theoretical

simulation and the experimental data. The exchange interaction
is found to be antiferromagnetic. The value of the orbital
reduction factor is typical for a cobalt ion. The positive value of
the Δ parameter corresponds to the hard axis and easy plane.
Since all local axes are parallel to each other, this results in a
hard axis and easy plane for the whole complex. The calculated
magnetic properties in plane of triangle and perpendicular to
this plane are shown in Figure 3.

The energy levels calculated for the single cobalt ion with the
account of the spin−orbital interaction and axial crystal field
represent two lowest Kramers doublets with the energy gap
between them being 112 cm−1. Further excited levels are at 854
cm−1 and higher in energy. Because of the axial distortion of the
nearest surrounding from octahedral symmetry, the 4T1g
ground orbital triplet is split into an orbital doublet and an
orbital singlet, with the orbital singlet being the ground state.
Since Δ is large enough, the orbital angular momentum
disappears, and its influence is incorporated into the zero-field
splitting (ZFS) tensor and the difference of the g-factor from
the pure electronic one.133 As a result, the behavior of the
studied complex can be described with the use of the following
spin Hamiltonian:

∑ μ= − + + + +J gH S S S S S S S D S S B( ) ( )
i

i i i iex 1 2 1 3 2 3 B av

(10)

where the ZFS-tensor in the main axes frame looks as
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− +

− −
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D E
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0 /3 0

0 0 2 /3 (11)

with D and E being the axial and rhombic parameters of the D
tensor.
To verify this we check if this simplified model describes the

experimental magnetic properties of our complex. As before, to
avoid overparameterization we neglect the rhombic part of the
ZFS tensor (E = 0 in eq 11). On the basis of the results
obtained with the account of the orbital angular momentum,
the local anisotropy axes are chosen to be parallel to each other
and perpendicular to the triangle. This simplified model leads
to a good description of the magnetic behavior of the studied
complex, and the corresponding results are depicted in Figure
2. The best-fit parameters obtained with the simplified model
given in eq 10 are Jex = −12.8 ± 0.2 cm−1, D = 44 ± 1 cm−1,
and g = 2.40 ± 0.01. As can be seen, the values of the exchange
interaction obtained in both models practically coincide. The
energy gap between the two Kramers doublets corresponding
to M = ±1/2 and M = ±3/2 is equal to 88 cm−1. As it was
mentioned above, the corresponding gap calculated in the
model accounting for the orbital angular momentum given in
eq 2 is ∼112 cm−1. It is seen that both values are of the same
order of magnitude. So, as can be expected, the behavior of the
studied complex can be described with the use of the spin-only
Hamiltonian with ZFS term as given in eq 10.

Figure 3. Temperature dependence of the components of χT product
parallel and perpendicular to the plane of the triangle calculated for the
best-fit parameters (see text).
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Since the structural data clearly suggest an overall rhombic
distortion at the cobalt ions, we also address the effect by
extending our simplified model by an additional rhombic part
in the ZFS. To check this, we repeated the analysis of the
magnetic behavior with the use of the Hamiltonian eq 10 in
which ZFS tensor now contains both axial and rhombic
parameters. As before, the local zi axes are parallel to each other
and perpendicular to the triangle, while the local yi axes are
directed to chlorine ions from the nearest surrounding. The
best-fit parameters are Jex = −12.0 ± 0.2 cm−1, D = 55 ± 2
cm−1, E = 4.8 ± 0.5 cm−1, and g = 2.39 ± 0.01. However, the
account for the rhombic local distortion only slightly improves
the agreement between the theoretical curves and experimental
magnetic data. Moreover, this improvement is small and of the
order of the error of the experiment. Nevertheless, this
interestingly gives an improved agreement with the energy
gap between the two Kramers doublets derived from the
analysis based on eq 2 of ∼112 cm−1.
Stimulated by the observed magnetic anisotropy of the

trinuclear complex Co3pytag we performed alternating-current
(AC) susceptibility measurements with and without an applied
static direct-current (DC) field. However, no indication for any
sign of slow relaxation of magnetization could be observed.
Magnetic Circular Dichroism Study. A general formula

for the analysis of MCD spectra requires the calculation of the
difference between the molar extinction coefficients for the left
and right circularly polarized light; that is, Δε = εL − εR.
Analysis of MCD behavior of the exchange-coupled systems is a
complicated matter. The MCD spectrum contains the
contributions of all centers in the cluster, and in many cases
it is not easy to separate these contributions and to assign them
to a definite interacting ion. However, in the case of complex
under study the calculation procedure is simplified. Since all
cobalt ions are assumed to be equivalent in the same local
surrounding, their contribution to the whole MCD spectrum
should be the same. As a result, one can calculate the MCD
behavior from one of the ions and multiply it by the number of
ions.
The analysis of the magnetic behavior demonstrates that, due

to low-symmetry distortion of the nearest surrounding from the
octahedral symmetry, the orbital angular momentum in the
ground state of each cobalt ion is almost quenched. For the
exchange-coupled clusters composed of the orbitally non-
degenerate ions the MCD C-term saturation magnetization
behavior can be simulated as139

∑εΔ ∝ ⟨ ̅ ⟩ + ⟨ ̅ ⟩

+ ⟨ ̅ ⟩

E
M n S n M n S n

M n S n

( ) ( ) ( ) ( )

( ) ( )

n
xy z T yz x T

zx y T (12)

where Mij (n) is a combination of the matrix elements of ith
and jth components of electric dipole operator, and ⟨S ̅k (n)⟩T is
thermally averaged kth component of the spin of the nth ion
within the ground state of the exchange coupled cluster:
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where a represents the sublevels of the ground state, and Azx =
sin ϑ cos φ, Azy = sin ϑ sin φ, and Azz = cos ϑ.

The experimental MCD spectrum of the trimeric cobalt(II)
complex is shown in Figure 4. It is dominated by temperature-

dependent contributions. To construct the MCD saturation
magnetization curves we used strong bands at ∼24 000 cm−1

(416 nm) and 28 500 cm−1 (350 nm) that correspond to
ligand-to-metal charge transfer. The signal intensities were
recorded at the maxima of both bands. The results are shown in
Figure 5 as points. The ⟨S ̅k(n)⟩T values necessary for the

modeling of the MCD saturation magnetization behavior are
calculated with the use of the Hamiltonian eq 10 with the
values of the parameters obtained by the analysis of the
magnetic behavior assuming an axial ZFS, namely, Jex = −12.8
cm−1, D = 44.0 cm−1, and g = 2.40 (see previous section). The
signal behavior at 350 nm can be easily reproduced with Mxy =
686 and (Mxz +Myz) = −531. However, all attempts to describe
the signal behavior at 416 nm failed (the relative error to the
experimental data at this wavelength is more than 14%). One of
the possible reasons for this disagreement is the used
assumption that the distortion from the octahedral symmetry
is of the axial type, although the structural analysis clearly
demonstrates a rhombic single-ion magnetic anisotropy.

Figure 4. Experimental MCD spectrum of Co3pytag measured at 3 K
and different values of the magnetic field.

Figure 5. Saturation magnetization curves measured at T = 3, 6, and
12 K in a magnetic field range of 0−8 T. Simulated curves are
calculated with Mxy = 411, Mxz = −214, and Myz = −173 (350 nm) as
well as Mxy = 209, Mxz = 132, and Myz = −187 (416 nm).
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To check this, we repeated the analysis on the basis of the
parameters derived for the fit of the magnetic data including a
rhombic ZFS parameter, namely, Jex = −12.0 cm−1, D = 55
cm−1, E = 4.8 cm−1, and g = 2.39. In contrast to the insignificant
effect on the description of the magnetic data stated in the
previous section, the inclusion of this rhombic term (based on
the Hamiltonian given in eq 10) has a significant effect on the
behavior of the MCD saturation magnetization curves. This
now allows the experimental MCD signal behavior to be
reproduced not only for the band at 350 nm but also for the
band at 416 nm (Figure 5). The corresponding Mij parameters
are given in the legend of Figure 5. A good agreement is found
between the simulated curves and the experimental data for
both wavelengths (2.8% for data at 350 nm and 4.3% for data at
416 nm).
With the obtained values of Mij parameters one can calculate

the contributions of different polarizations to the integral
intensity of the corresponding transitions as follows:140
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As a result, one finds that at 350 nm the contributions from
x, y, and z polarized transitions are 55%, 36%, and 9%,
respectively. For the signal at 416 nm these values are 26%,
53%, and 21%. As can be seen, at both wavelengths all
polarizations participate to the signal intensity; however, at 350
nm the main contribution comes from x-polarization, while at
416 nm the y-polarization dominates. This leads to the
difference in the temperature and magnetic field behavior of
the corresponding magnetization curves.
The experimental MCD spectrum at energies lower than

22 500 cm−1 consists of four weak positive bands at ∼17 380,
18 700, 20 680, and 21 600 cm−1 (see Figure 4). These bands
correspond to the transitions from the ground Kramers doublet
to the components of the excited 4A2g (

4F) and 4T1g (
4P) terms

with the latter being split by the low-symmetry (noncubic)
crystal field and spin−orbit interaction. The details of this
simulation and the comparison of the experimental observa-
tions with the calculated values are given in the Supporting
Information and Table S3. With the use of the obtained values
of the crystal field parameters the energy gap between two
lowest Kramers doublets was calculated. Taking both high- and
low-spin terms of the d7 electronic configuration into account
the energy splitting between the two lowest doublets was found
to be ∼115, 106, and 101 cm−1 for Co1, Co2, and Co3,
respectively. As can be seen, the energy gaps between two
lowest Kramers doublets are of the same order of magnitude as
those obtained from the analysis of the magnetic behavior.
However, the exact splitting of the low-lying energy levels
cannot be determined with the use of this procedure, since the
MCD signal-to-noise ratio in this spectroscopic region is
relatively low and the positions of the two bands between
20 000 and 22 000 cm−1 are determined with large errors.
Computational Studies. The investigation of intra-

molecular magnetic coupling in Co3pytag is based on the
cationic fragment of [Co3(pytag)(py)6Cl3]

+ as obtained by
single-crystal structure data. Detailed results of the employed
BS-DFT calculations are summarized in the Supporting
Information (see Figure S1 and Tables S1 and S2). We applied
two different structural models to obtain the magnetic coupling

constants J12, J13, and J23 between the three paramagnetic
centers Co1, Co2, and Co3, respectively. The first model is
based on a dinuclear cobalt(II) system with an additional
diamagnetic zinc(II) coordination site ([Co2Zn(pytag)-
(py)6Cl3]

+, denoted as Co2Zn), whereas the second model
consists of the trinuclear cobalt(II) fragment ([Co3(pytag)-
(py)6Cl3]

+, denoted as Co3). In literature similar structural
models were already successfully employed to describe
magnetic interactions in polynuclear copper(II)- and nickel-
(II)-based systems.141 In case of Co2Zn the intramolecular
magnetic coupling constants can be directly obtained by
Yamaguchi’s approach (see eq 1). The calculated intra-
molecular magnetic coupling constants show a negligible
difference between the different magnetic centers: J12 = −15.9
cm−1, J13 = −15.6 cm−1, and J23 = −15.7 cm−1, respectively. In
case of Co3 three coupling constants JA, JB, and JC are obtained,
which are a linear combination of the former ones (see Table
S2). The trinuclear cobalt(II)-based model Co3 leads to three
almost identical magnetic couplings J12 = J23 = −16.6 cm−1 and
J13 = −16.5 cm−1. Note, however, that the Co3 model possesses
a computational advantage, as in this case a smaller number of
high-spin (HS) and broken-symmetry (BS) states must be
calculated (see Table S2: four states) as compared to the
Co2Zn model (see Table S1: six states). Both models nicely
reproduce the experiment with its antiferromagnetic intra-
molecular coupling (Jex = −12.6 cm−1). As expected no
significant differences between the three coupling constants are
apparent, and thus, in case of experimental fits the application
of one coupling constant Jex only is justified.
Single-ion anisotropies of the three different magnetic

centers in Co3pytag (further denoted as Co1, Co2, and
Co3) were obtained by ab initio CASSCF/CASPT2/SO-RASSI
calculations (see Figure S2 for the computational models). In
general, high-spin octahedrally coordinated cobalt(II) ions
possess a threefold 4T1g ground multiplet (t2g

5 eg
2, S = 3/2) with

orbital momentum contribution (L ≠ 0). CASSCF calculations
in case of Co1, Co2, and Co3 (see Table S4) reveal a lifting of
degeneracy within the 4T1g ground multiplet leading to a slight
energetic splitting (Co1: 688 cm−1, Co2: 998 cm−1, Co3: 903
cm−1). This goes along with the distortion from ideal
octahedral coordination spheres (S(Oh) = 2.20, 2.70, and
2.32 for Co1, Co2, and Co3, respectively) as measured by
continuous shape measurements.142,143 Furthermore, higher
quartet states (4T2g and

4A2g) of the
4F term are well separated

from the 4T1g ground state: relative energies in cm−1 for 4T2g
(4A2g): Co1: 7163 (15813), Co2: 7157 (15934), Co3: 7222
(15 590). The treatment of dynamic correlation with CASPT2
raises the energy of the seven 4F quartet states, whereas the
remaining three 4P quartet and all 2G and 2P doublet states are
significantly lowered in energy. This, however, underlines the
importance of dynamic correlation, since there is a high
demand on the computational method to adequately describe
low-lying magnetic states even though it dramatically raises the
computational effort. As a result, the lowest doublet state can
be found at 10 465, 10 784, and 10 439 cm−1 for Co1, Co2, and
Co3, respectively. Examination of the energies of the three
lowest quartet states allows one to conclude that, for all cobalt
ions, these states correspond to the axial splitting of the orbital
triplet with the orbital singlet being the ground state and the
excited orbital doublet being further split by the rhombic
component of the crystal field. The axial splitting can be
estimated as an average energy of the first and second excited
states and is ∼809, 1029, and 891 cm−1 for Co1, Co2, and Co3,

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b02229
Inorg. Chem. XXXX, XXX, XXX−XXX

H



respectively (see CASPT2 energies given in Table S4). The
resulting averaged axial splitting for all three cobalt ions is 910
cm−1, which is very close to the value obtained from the
analysis of the magnetic behavior (945 cm−1). It should be also
mentioned that the energies of the excited 4T1g and

4A2g terms
(four highest quartet states in Table S4) calculated with the use
of CASPT2 are in reasonably good agreement with the
experimental values obtained from the MCD spectrum (Table
S3), with the computed CASPT2 values being somewhat larger.
The subsequent mixing of states with different multiplicities

in combination with the treatment of spin−orbit interactions as
it is implemented in the SO-RASSI module leads to six doubly
degenerated states, so-called Kramers doublets (KDs), which
form the 4T1g ground-state multiplet (see Table S5). The
overall energetic splitting of the 4T1g ground multiplet (Co1:
1425 cm−1, Co2: 1613 cm−1, Co3: 1494 cm−1) is in accordance
to the previous results regarding the distortion from octahedral
symmetry of the individual cobalt ions (see Table 2) and is
even increased because of additional spin−orbit interaction. A
notable energetic gap between the second (Co1: 172 cm−1,
Co2: 127 cm−1, Co3: 151 cm−1) and third KDs (Co1: 762
cm−1, Co2: 918 cm−1, Co3: 819 cm−1) can be found for all
three independent cobalt(II) centers. As a consequence of the
reduced symmetry at the cobalt centers, the 4T1g ground
multiplet (6 KDs) is further split into a 4A2g (2 KDs) and 4Eg
term (4 KDs). Thus, to describe the magnetochemical behavior
at lower temperatures only the two KDs of the 4A2g term must
be taken into account, due to the large energetic splitting
between the 4A2g and 4Eg terms. Therefore, an effective
Hamiltonian with either Seff = 3/2 or Seff = 1/2 can be applied
to further describe the magnetic anisotropies.
Table 3 presents the calculated ZFS parameters D and E for

an effective spin Hamiltonian Seff = 3/2 in combination with

their g factors as obtained by the SINGLE_ANISO module. For
all magnetic centers an easy-plane anisotropy is obtained (D >
0 cm−1; gx, gy > gz), which is in accordance to the experimental
results. The average obtained gav factors (Co1: 2.401, Co2:
2.382, Co3: 2.399) are in good agreement with the
experimental one obtained from magnetic data (g = 2.39).
The axial ZFS parameters D values slightly differ from each
other (Co1: 84.7 cm−1, Co2: 77.7 cm−1, Co3: 74.2 cm−1). The
obtained average value of D̅ = 78.8 cm−1, although with some
disagreement, confirms the experimentally obtained ZFS
parameter D = 55 cm−1 (from the Hamiltonian given in eq
10 with the inclusion of rhombic distortion). A possible reason
for this disagreement can be attributed to the deviation of the
orientations of the magnetic anisotropy axes for the cobalt ions
derived from the calculations with respect to the assumed
symmetry with parallel local axes in the analysis of the

experimental data. In the case that different ions have
noncollinear local anisotropy axes, single-ion anisotropies
partially cancel each other, and, as a result, the anisotropy of
the whole complex is smaller than the mean value derived for
the three individual cobalt ions suggests, as the latter would
assume a case of parallel local axes. Therefore, our assumption
during the analysis of magnetic data that anisotropy axes for
different cobalt ions are parallel to each other can lead to the
observed underestimation of the axial ZFS parameter. Figure 6

shows the orientation of the two easy axes (green dashed lines)
forming the easy plane for each cobalt(II) center. The angles
formed by the N3Cl coordination plane of the pytag2− ligand
and the easy plane are 11.4°, 22.5°, and 22.5° for Co1, Co2,
and Co3, respectively. This goes together with the angle
between the corresponding hard axis and the N−N vector of
the two apical pyridine ligands in Co1−Co3: 11.4°, 22.9°, and
22.6°. We recently published results on thiocyanate-based
cobalt(II) coordination polymers ([Co(NCS)2(py)2]n, [Co-
(NCS)2(ethylisonicotinate)2]n, [Co(NCS)2(4-vinylpyridi-
ne)2]n, and [Co(NCS)2(4-benzoylpyridine)2]n) with N4S2
octahedral coordination spheres and apical py-based N-donor
ligands, which in contrast, show all an easy-axis single-ion
anisotropy.144−146 Apparently, [Co(py)2]

2+ fragments with two
pyridine ligands in trans position can stabilize both kinds of
magnetic anisotropies (easy axis and easy plane), and thus, we
assume that the ground-state magnetic anisotropy is primarily
determined by the equatorial ligands.

Table 3. Calculated ZFS Parameters and Values of the g
Tensor for the Two Lowest KDs of the 4T1g Term (Seff =
3/2) for Co3pytag

Co1 Co2 Co3

D, cm−1 84.7 77.7 74.2
E, cm−1 8.38 7.97 8.02
E/D 0.10 0.10 0.11
gav 2.401 2.382 2.399
gx 2.735 2.611 2.719
gy 2.564 2.521 2.520
gz 1.903 2.016 1.959

Figure 6. Ab initio calculated (Seff = 3/2) main anisotropy axes for
Co3pytag (hydrogen atoms omitted for clarity). (top) The easy-plane
anisotropy as formed by the easy axes (green dashed lines). (bottom)
The hard axes of magnetization (red dashed lines).
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Table 4 lists the Cartesian g factors for the first two KDs in
Co1−Co3 within an effective spin Seff = 1/2 formalism (for

depiction see Figures S3 and S4). For the magnetic behavior at
very low temperatures it is sufficient to describe the magnetic
properties by the ground-state KD only. Apparently, in all
cobalt(II) centers an easy plane of magnetization is obtained for
the ground state, as it can be seen from the calculated g factors
(gx, gy > gz), which confirm the previous results of the Seff = 3/2
formalism. The first excited KDs show an easy axis of
magnetization (gz > gx, gy, see Figure S4) with appreciable gz
values (Co1: 5.549, Co2: 5.952, Co3: 5.723). In case of the
ground-state KD a significant difference between the gx and gy
values can be observed, and thus, a distinction between an easy
axis (gx), intermediate axis (gy), and hard axis (gz) of
magnetization can be made. Figure S3 reveals that, in case of
Co1 and Co3, the smallest angles between easy axes of
magnetization and a bond vector can be found between the
Co−N bond of the N−N diazine moiety (angles: 16.5° and
20.8°) and the corresponding Co−Cl bond (angles: 20.8° and
20.5°) in trans position. In contrast, Co2 shows an easy axis,
which is aligned along the Co2−N6 bond of the 2-pyridyl
moiety (angle between both vectors: 6.1°). Thus, the
orientation of the gx and gy magnetic axes in Co1 and Co3
are similar and interchanged with those in Co2. This finding
goes along with slightly elongated Co2−Cl2 and Co2−N5
bond lengths in case of Co2 (236.1 and 211.7 pm) as compared
to Co1 (235.2 and 210.2 pm) and Co3 (233.9 and 210.6 pm),
respectively. Thus, we assume a very sensitive influence of
structural parameters on the single-ion anisotropies. Further-
more, this justifies the importance and the necessity of high-
level ab initio calculations in combination with a proper
structural model of the complex. Finally, the quality of the
presented theoretical results was verified by employing the
POLY_ANISO147−149 program to calculate the magnetic
susceptibility of Co3pytag on the basis of the ab initio
calculations in combination with corresponding BS-DFT
obtained magnetic coupling constants (see Figure S5).

■ CONCLUSIONS
A directed synthetic approach to a triangular arranged
cobalt(II) complex is presented, which utilizes the newly
designed ligand tris-N-(pyridine-2-ylmethylidene)-amino-gua-
nidine. In complex Co3pytag three high-spin cobalt(II) ions are
linked through the triaminoguanidine backbone of the ligand in
a nearly equilateral triangular arrangement. All cobalt centers
possess a distorted octahedral ligand environment. The
complex was magnetically characterized in detail by temper-
ature dependence of the magnetic susceptibility and magnet-

ization versus magnetic field as well as by MCD measurements.
It was demonstrated that the cobalt(II) centers can be
described as pure spin S = 3/2 ions with strong single-ion
anisotropy. The powder-averaged magnetic properties are well-
described with the assumption of the axial distortion from the
octahedral surrounding, whereas the simulation of the MCD
saturation magnetization curves requires for the account of the
rhombic distortion as well. DFT and ab initio calculations
confirm the experimentally obtained magnetic data and further
show in all cases in agreement with the experimental data the
presence of an easy-plane single-ion anisotropy, which is nearly
aligned within the equatorial plane of the pytag2− ligand.
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(33) Rajnaḱ, C.; Titis,̌ J.; Fuhr, O.; Ruben, M.; Bocǎ, R. Single-
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(66) Calvo-Peŕez, V.; Ostrovsky, S.; Vega, A.; Pelikan, J.; Spodine, E.;
Haase, W. Novel Example of a Chain Structure Formed by 1,4-
Dioxane and Cobalt(II) Links. Chain [Co3(μ-OOCCF3)4(μ-
H2O)2(OOCCF3)2(H2O)2(C4H8O2)]·2C4H8O2. Inorg. Chem. 2006,
45, 644−649.
(67) Yi, T.; Ho-Chol, C.; Gao, S.; Kitagawa, S. Tuning of the spin
states in trinuclear cobalt compounds of pyridazine by the second
simple bridging ligand. Eur. J. Inorg. Chem. 2006, 1381−1387.
(68) Cotton, F. A.; Murillo, C. A.; Wang, Q. Symmetrical linear
Co3

6+ chains cocooned by two polypyridylamide ligands: How do they
compare to open chains? Inorg. Chim. Acta 2010, 363, 4175−4180.
(69) Suenaga, Y.; Nakaguchi, Y.; Fujishima, Y.; Konaka, H.; Okuda,
K. Synthesis and characterization of a tri-nuclear Co (II) complex with
a Bis (catecholate) ligand. Inorg. Chem. Commun. 2011, 14, 440−443.
(70) Lazzarini, I. C.; Funes, A. V.; Carrella, L.; Sorace, L.; Rentschler,
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(73) Galań-Mascaroś, J. R.; Dunbar, K. R. A microporous framework
from a magnetic molecular square:[Co(HAT)Cl2]4 (HAT =
1,4,5,8,9,11-hexaazatriphenylene). Chem. Commun. 2001, 217−218.
(74) Ferguson, A.; Parkin, A.; Murrie, M. Synthesis and structural
characterisation of polynuclear cobalt complexes with partially-
deprotonated Bis-tris. Dalton Trans. 2006, 3627−3628.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b02229
Inorg. Chem. XXXX, XXX, XXX−XXX

L



(75) Telfer, S. G.; Kuroda, R.; Lefebvre, J.; Leznoff, D. B. Boxes,
helicates, and coordination polymers: A structural and magneto-
chemical investigation of the diverse coordination chemistry of simple
pyridine-alcohol ligands. Inorg. Chem. 2006, 45, 4592−4601.
(76) Ahmed, M. A. K.; Fjellvag̊, H.; Kjekshus, A.; Dietzel, P. D. C.
Mixed ligand complexes of cobalt (II)−synthesis, structure, and
properties of Co4(thd)4(OEt)4. Z. Anorg. Allg. Chem. 2007, 633,
1371−1381.
(77) Alley, K. G.; Bircher, R.; Güdel, H. U.; Moubaraki, B.; Murray,
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Figure S1. Trinuclear BS-DFT model for Co3pytag and corresponding coupling constants (left 

and middle). For the BS-DFT calculations employed ion types in combination with their [Ar] 3dn 

electronic configuration (right). 
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Table S1. Results of BS-DFT calculations of Co2Zn (method A). Coupling constants J have been 

calculated with Yamaguchi’s approach (see eq. (1)) 

State (see Figure S1) 2S+1 E / a.u. 〈𝑆2〉 J / cm−1  

A-HS1  

 

7 –8640.33416 12.0239 J12 = –15.9 cm–1 

 

A-BS1  

 

1 –8640.33449 3.0195  

       

A-HS2 

 

7 –8640.33496 12.0239 J13 = –15.6 cm–1 

 

A-BS2 

 

1 –8640.33528 3.0195  

       

A-HS3 

 

7 –8640.33529 12.0239 J23 = –15.7 cm–1 

 

A-BS3 

 

1 –8640.33561 3.0194  
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Table S2. Results of BS-DFT calculations of Co3 (method B). Coupling constants have been 

calculated with Yamaguchi’s approach (see eq. (1)). The calculated coupling constants JA, JB, and 

JC formally represent a coupling of a spin S = 3/2 with an effective spin S = 6/2. Thus, a prefactor 

of 1/2 was introduced in their linear combinations (last column) to obtain a coupling constant for 

two spins with S = 3/2 

State (see Figure S1) 2S+1 E / a.u. 〈𝑆2〉 J / cm−1 

B-HS  

 

10 –8243.720257 24.7858 – 

B-BS1  

 

4 –8243.720936 6.7768 JA = 1/2 (J12 + J13) = –16.5 cm–1   

B-BS2 

 

4 –8243.720940 6.7766 JB = 1/2 (J12 + J23) = –16.6 cm–1   

B-BS3 

 

4 –8243.720936 6.7766 JC = 1/2 (J13 + J23) = –16.6 cm–1   

J12 = JA + JB – JC = –16.6 cm–1 

J23 = JB + JC – JA = –16.6 cm–1 

J13 = JA + JC – JB = –16.5 cm–1 
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Crystal field analysis of the MCD spectrum 

 

The positions of the optical bands related to the bands correspond to the transitions from the 

ground Kramers doublet to the components of the excited 4A2g (4F) and 4T1g (4P) terms were 

simulated with the use of a Hamiltonian that includes the crystal field created by the nearest 

ligands, interelectronic repulsion inside the 3d-orbital shell of cobalt ion and spin-orbit 

interaction. The coordinates of the cobalt and ligand ions were taken from the crystallographic 

data. 

 

The crystal field operator is written as 

 
,

,m m

CF l l

l m

H B Y   , (S1) 

where  ,m

lY    are the normalized spherical harmonics, with 𝑙 = 2, 4 and −𝑙 ≤ 𝑚 ≤ 𝑙. The 

crystal field parameters m

lB  are calculated in the framework of the exchange-charge model135-137 

and contain two contributions. The contribution arising due to the electrostatic interaction 

between 3d electrons of the cobalt(II) ion and the point charges of the surrounding ligands is 
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where the summation runs over all nearest ligand ions with the effective charges Z, R, , and 

φ are the spherical coordinates of the ligand donor atom .  

The exchange charge contribution appears due to the overlap of the 3d and the ligand orbitals; the 

corresponding parameters are 

 
 

2
( ) *8

,
5

lm ec m

l l

S Re
B G Y

R



  
 


   . (S3) 

G are the phenomenological parameters of the model and depend on the type of the ligand ion 

(with GCl < GN).  RSl
 are the overlap integrals. 135-137  

The matrix elements of the interelectronic Coulomb interaction were expressed through the 

Racah B and C parameters.138  

The spin-orbit interaction for the cobalt(II) ion is written as 

SO i i

i

H   l s , (S4) 

where li and si are the angular momentum and spin operators of the i-th electron, respectively, and 

 = 528 cm−1 is the one-electron spin-orbit coupling parameter. 
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Table S3. Experimental MCD and from crystal field analysis derived energies of transitions from 

the ground Kramers doublet to the components of the excited 4A2g (
4F) and 4T1g (

4P) terms split by 

the low symmetry (non-cubic) crystal field and spin-orbit interaction. Crystal field calculations 

are performed with ZCl = 1, ZN = 0, C = 3803 cm−1 and (Co1) GCl = 4.4597, GN = 7.9855, B = 840 

cm−1, (Co2) GCl = 4.8864, GN = 7.9734, B = 815 cm−1, (Co3) GCl = 4.9420, GN = 8.0136, B = 833 

cm−1. Only high spin terms of the d7 electronic configuration were taken into account.  

Excited term Experiment / cm−1  Calculations* / cm−1  

  Co1 Co2 Co3 

4A2g 17380 17380 17380 17380 

 18700 18700 18700 18700 

4T1g
 20680 20680 20235 20174 

 21600 22106 21854 23208 

* averaged position of two Kramers doublets split by spin-orbit interaction 
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Co1 

 

 

Co2 

 

Co3 

 

Figure S2. Ab initio computational models [CoZn2(pytag)(py)2(NH3)4Cl3]
+ (Co1-Co3) for 

Co3pytag (color code: Co = orange, Zn = pink). 
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Table S4. Relative CASSCF and CASPT2 energies (in cm−1) of all quartet and the 12 lowest 

doublet states for Co3pytag 

2S+1 Term 
Co1 Co2 Co3 

CASSCF CASPT2 CASSCF CASPT2 CASSCF CASPT2 

4 4F 0 0 0 0 0 0 

  528 681 669 866 810 755 

  688 937 998 1192 903 1027 

  7163 8313 7157 7997 7222 8291 

  7689 8406 7829 8541 7472 8345 

  7745 8501 8079 9235 7895 8666 

  15813 18136 15934 18151 15590 17718 

 4P 22319 19690 22408 19560 22137 19200 

  23321 20961 23661 20979 23078 20244 

  23817 21809 23895 21821 24411 22327 

        

2 2G + 2P 13153 10465 13567 10784 13203 10439 

  14242 11764 14082 11449 14816 12252 

  19211 16557 19332 16560 19222 16424 

  19672 16898 19932 17280 19627 11026 

  19789 17117 19970 16874 19860 17174 

  20106 17614 20239 17353 20257 17657 

  20254 17739 20309 17560 20485 17999 

  20534 18194 20649 18190 20817 18112 

  25120 21408 25267 21754 25176 23321 

  25167 23270 25285 22872 25206 21599 

  25374 21702 25500 21759 25300 21336 

  25568 21928 25829 22013 25651 21973 

 

 

 

 

 

 

Table S5. Relative SO-RASSI energies (cm−1) for Co3pytag 

Oh subterm D4h subterm Kramers doublet Co1 Co2 Co3 
4T1g 

4A2g 1 0 0 0 

  2 172 127 151 

 4Eg 3 762 918 819 

  4 1063 1162 1115 

  5 1315 1498 1352 

  6 1425 1613 1494 
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Figure S3. Ab initio calculated (𝑆eff = 1/2) magnetic axes for the ground state KD state of 

Co3pytag (hydrogen atoms were omitted for clarity). (Left) Top view without apical ligands 

showing easy (green dashed lines) and intermediate axes (yellow dashed lines). (Right) Side view 

showing hard axes (red dashed lines). 

 

 

 

 

  

Figure S4. Ab initio calculated (𝑆eff = 1/2) magnetic axes for the first excited KD state of 

Co3pytag (hydrogen atoms were omitted for clarity). (Left) Top view without apical ligands 

showing hard axes (red dashed lines). (Right) Side view showing easy axes (green dashed lines). 
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Figure S5. Calculated magnetic susceptibility 𝜒𝑇 for Co3pytag as obtained with the 

POLY_ANISO program utilizing the data obtained from ab initio calculations for Co1-Co3 in 

combination with the corresponding BS-DFT magnetic coupling constants (for models Co2Zn and 

Co3 see Tables S1 and S2).  
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