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1 Introduction 

The field of anion complexation, from its beginnings in the late 1960s and 1970s,[1-3] 

has developed very dynamically from a field of solely academic interest to one of the 

most important research areas in supramolecular chemistry. Over the last 10 years, the 

reversible binding of an anion to a receptor was used as dynamic and switchable process 

in a wide variety of applications (Figure 1.1).[4-7] One of the most active areas is the 

selective recognition of anions indicated by a measurable response (e.g., optical or 

electrochemical),[6, 8-9] which is particularly useful for the detection and extraction of 

environmentally deleterious anions (e.g., phosphate, nitrate).[10] Due to a wide range of 

accessible geometries and sizes, anions can be seen as important information carriers at 

the molecular level and, thus, are predestined for applications in template-based 

syntheses to self-assembly molecular structures (e.g., macrocycles, helicates, 

interlocked structures and polymers).[11-13] If multiple binding pockets with different 

anion affinities are incorporated within one molecule, these structures are able to 

perform controlled molecular motions,[14] which is a very current topic awarded with the 

Noble prize for Chemistry in 2016.[15] Although the selective molecular recognition is 

also of central importance in the field of organo-catalysis, the role of anion 

complexation is often overlooked in this area.[16] Nevertheless, small-molecule organo-

catalysts based on, in particular, hydrogen bond (HB) interactions often convince due to 

their rapid synthetic access, the possibility of introducing chiral information, the 

increased tolerance against water and oxygen as well as an improved environmental 

sustainability compared to metal-catalyzed processes.[17-18] In addition, the selective 

recognition of relevant anions in vivo and their directed transport, for example across 

lipid bilayers, is of immense importance in the biological field as well.[19-22] Thus, the 

selective recognition in water remains a key challenge as proposed applications in 

biological and medical fields typically require aqueous conditions to be realized.[23-24] 
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Figure 1.1: Schematic representation of different application fields of anion complexation (blue 
indicating active anion binding sites).  

In contrast to cation receptors, the design of strong and selective anion receptors is often 

more challenging due to certain intrinsic challenges of negatively charged species, 

namely, the higher solvation energy hampering the recognition in polar / protic solvents, 

the diffuse charge distribution (smaller charge-to-size ratio) influencing the 

effectiveness of electrostatic interactions as well as the pH sensitivity and the wide 

range of possible geometries.[6, 24-25] While selective binding of anions could 

nonetheless already be achieved by the well-known HB and several other 

supramolecular interactions (e.g., ion−ion, anion−π, and electrostatic interactions),[8] the 

familiar halogen bond (XB), where a covalently bound and strongly polarized halogen 

atom is able to act as the electrophilic species,[26] represents a fascinating but long-time 

overlooked interaction within this toolbox. 

Thus, the goal of this thesis is to develop new XB-based anion receptors and to compare 

them with their related HB systems to gain a profound knowledge concerning the 

different binding behaviors in solution. To understand the nature as well as 

characteristics of the fairly uncommon XBs, a detailed description will be given in 

Section 2.1. Since this kind of interaction strongly depends on the electron-withdrawing 

moiety polarizing the covalently bound halogen,[27-28] a variety of different neutral and 

charged organic groups (e.g., polyfluorinated alkenes and arenes as well as cationic 

halogenated imidazolium systems) evolved.[29-33] However, this work will concentrate 

on, up to now, less common 1,2,3-triazole derivatives as electron-withdrawing group. 

The heterocycle not only convince with a facile synthetic access to functionalized 

HB / XB donors and a wide range of possibilities of supramolecular interactions (e.g., 

anion complexation via HB / XB as well as C- or N-coordination of metals) but also 

with a reasonable electron-withdrawing character to polarize the corresponding donor 

atom (see Section 2.2).[34-35] The modular synthetic character further enables a rapid 
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variation of the receptor structure as well as a straightforward incorporation into more 

complex and functionalized systems. In this regard, Section 3 deals with the 

improvement of anion binding affinities of 1,2,3-triazole based receptors by either 

integration of this building block in a highly preorganized and multidentate architecture 

(see Section 3.1)[36] or a concurrent recognition of both cation and anion species in a 

heteroditopic ion-pair receptor system (see Section 3.2).[37] In both cases, the 1,2,3-

triazole moiety proved very beneficial due to the Lewis-basic nitrogen atoms that enable 

the introduction of additional supramolecular interactions. These design concepts would 

not have been possible with the more common electron-withdrawing groups like 

polyfluorinated alkenes / arenes or imidazolium derivatives and enabled strongly 

boosted anion affinities. On the other hand, for the purpose of application, the 

combination of XBs with polymeric architectures is of increasing interest. In particular, 

the combination of the high directionality and potential tuneability of the interaction 

strength renders the XB to an interesting tool for the organization of macromolecular 

building blocks as well as the design of polymeric self-assembled components.[38-39] In 

this context, Section 4 deals with the embedding of anion receptors into a polymer 

backbone and the analysis if this polymeric donor concerning binding behavior in 

solution as well as the evaluation of material properties in films.  

 

 

 



 

 9
 

2 Theoretical background 
Parts of this chapter have been published in P1) R. Tepper, U. S. Schubert, “Halogen 

bonding in solution: Anion recognition, templated self-assembly, and organo-catalysis”, 

Angew. Chem. Int. Ed. DOI: 10.1002/anie.201707986; Angew. Chem. DOI: 

10.1002/ange.201707986. 

 

2.1 The halogen bond 

The development of the XB interaction starts already two centuries ago, when Colin 

probably prepared the first complex based on XB interactions, namely the adduct 

between elemental iodine and ammonia.[40] The exact stoichiometry of this complex was 

established 50 years later by Guthrie.[41] However, only in the mid-1950s, pioneer 

discoveries from Mulliken (on charge-transfer interactions)[42] and Hassel (on the 

crystallographic description of various halogen-bonding adducts, awarded with a Nobel 

prize in 1969)[43] allowed an advanced understanding of the underlying interactions. 

Subsequently, it was largely forgotten and only from 1998 onwards, a series of seminal 

papers by Resnati, Metrangolo and co-workers established the XB interaction as a 

reliable tool for crystal engineering,[44-45] which dominated the area for a long time. In 

the last decade, the utility of XBs for anion coordination and supramolecular chemistry 

in general became increasingly apparent and, thus, also the number of publications on 

XB interactions has grown rapidly (Figure 2.1 A). The current research still has its 

main focus on the theoretic[46-47] and crystallographic[48-53] characterization of XBs and 

their application in the design of functional supramolecular materials (Figure 2.1 B).[38-

39, 54-55] Nevertheless, beside some topical interesting studies of XBs in biological 

systems,[19, 56-59] there is, in particular in the last five years, an enormous interest in the 

exploration of XB-based molecular recognition events in solution (Figure 2.1 A).[60-65] 

In this regard, the current research focuses on the use of XB receptors in anion 

recognition and sensing processes,[65] the XB-templated self-assembly of interlocked 

structures[61] as well as the XB-mediated organo-catalysis (Figure 2.1 B).[62, 66] 
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Figure 2.1: A) Number of publications per year including the keyword “halogen bonding” in 
the title (grey) and the additional keyword “solution” in the topic (green) (source: Thomson 
Reuters Web of Science, search performed in 12.03.2018). B) Distribution of publications 
dealing with XBs in different fields of supramolecular chemistry in the last approximately three 
years (numbers based on comprehensive literature research, which was in accordance (±5%) 
with search on Thomson Reuters Web of Science regarding publications from 2015 to 2017 
including the keyword “halogen bonding” in the title and topic-specific additional keywords e.g. 
“theory”, “crystal”, “solution”, “biological” in the topic, search performed in 01.06.2017). 

The IUPAC has provisionally defined the XB interaction in 2013 by: “A halogen bond 

occurs when there is evidence of a net attractive interaction between an electrophilic 

region associated with a halogen atom in a molecular entity and a nucleophilic region in 

another, or the same, molecular entity.”[26]  

In general, the XB is a highly directional supramolecular interaction in which a 

covalently bound halogen in compounds of the general form R–X (X = I, Br, Cl, F) is 

polarized by an electron-withdrawing group R, and, thus, is able to act as the 

electrophilic species / XB donor in the presence of a neutral or anionic Lewis base 

(LB) / XB acceptor.[26, 67] The terms XB donor and XB acceptor are somewhat 

confusing. The Lewis acid halogen (i.e., the electron acceptor) is typically referred to as 

the XB donor, which “donates” the bond to the XB acceptor, namely the Lewis base 

(i.e., the electron donator). Accordingly, the polarizability of X (I > Br > Cl > F) as well 

as the electron-withdrawing group R, which could be either inorganic (e.g., other 

halogens) or organic (e.g., carbon, nitrogen), represent the most important key factors to 

tune the strength of the XB interaction. 
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2.1.1 Nature of halogen bonds 

At first appearance, an attractive interaction between a Lewis base and an – at least to 

Lewis formula – likewise electron-rich halogen substituent X seems hardly plausible. 

Nevertheless, in fact there are even several different attractive components of the 

interaction energy, which are described in more detail in the following part. 

Electrostatic interactions  

A key feature for the interaction is the anisotropic electron density distribution around 

the interacting halogen atom X, which is the result of the halogen atom being covalently 

bound to an electron-withdrawing group R. The resulting region of positive electrostatic 

potential (see red regions in Figure 2.2 B) enables the interaction with an electron-rich 

binding partner and is called the σ-hole.[68]  

To discuss the concept of the σ-hole in more detail, the electronic nature of the R–X 

bond needs to be analyzed at first. Halogen atoms larger than fluorine show only a weak 

sp-hybridization resulting in an approximate s2px
2py

2pz
1 configuration, where the z-axis 

is along the R–X bond. Due to the unshared pairs of electrons, a belt of negative 

electrostatic potential is formed around X perpendicular to the R–X bond (see blue 

regions in Figure 2.2 B). Upon bond formation with R, electron density of X is 

displaced toward R (Figure 2.2 A), which cannot be compensated by the electron 

density of the underlying s orbital and, thus, resulted in a local electron deficit (σ-hole) 

on the reverse side of the R–X bond. The size of the σ-hole and, consequently, the 

strength of the XB increases with the polarizability of X (I > Br > Cl > F) (Figure 2.2 B) 

as well as with increasing electronegativity of R. Moreover, in order to minimize 

electronic repulsion with the electron-rich belt surrounding the σ-hole, the XB features a 

strong preference for a bond angle (R–X…LB) close to 180°.[69] 

 

Figure 2.2: A) Simplified molecular-orbital diagram of R–X bond to illustrate the σ-hole. B) 
Calculated molecular electrostatic potential surfaces (from ref. [68]) for R–X (R = CF3) 
visualizing the formation and size dependence of the σ-hole as function of halogen heaviness. 
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While IUPAC suggested that “the forces involved in the formation of the halogen bond 

are primarily electrostatic”,[26] various recent computational and experimental studies 

have demonstrated that a purely electrostatic model cannot explain all observed trends. 

Thus, additional contributions from charge transfer and dispersion components have to 

be considered.[70-72] Nevertheless, the exact magnitude / importance of each contribution 

is controversially discussed and strongly depends on the studied system.[71, 73-75] 

Charge transfer interactions  

The XB can further be interpreted as the interaction of the antibonding orbital of the R–

X covalent bond with electron donors and in terms of electron transfer between the 

HOMO of the Lewis base and the LUMO mainly localized on the halogen X (Figure 

2.3 A).  

 

Figure 2.3: A) Simplified molecular-orbital diagram of intermolecular complex R–X…LB 
resulting from HOMO / LUMO mixing (HOMO of LB with LUMO of R–X). B) Example of 
XB-based complex and corresponding schematic representation of n(LB) → σ*(R–X) charge 
transfer.  

Thereby, the accepting orbital is the σ*-orbital of the R–X bond, i.e. the halogen bond 

R–X…LB is a n(LB) → σ*(R–X) hyperconjugation stabilizing the lone pair (n) of the 

LB (Figure 2.3 B). The dimension of stabilization depends on the energetic difference 

between the interacting orbitals as well as on the orbital overlap, i.e. the orbital 

coefficients. Accordingly, also the charge transfer contribution benefits from a strong 

electron-withdrawing behavior of R, which causes an energetic lowering and, thus, a 

stronger localization of the σ*(R–X) orbital on the halogen substituent X. In order to 

maximize the overlap with the σ*(R–X) orbital, a linear geometry of the XB is required, 

which provides an alternative explanation for the strict linearity of the interaction 

(Figure 2.3 A).[71] Notably, due to the population of a σ* orbital, the R–X bond is 

weakened and slightly extended upon complex formation (R–X…LB).[72] In contrast, an 

up to 20% shortening of the interatomic distance of the participating atoms (X…LB) 

below the sum of their van der Waals radii (∑rw) is observable.[76] 
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Dispersion force 

While the electrostatic as well as charge transfer contributions are very important to 

correctly describe XB-based systems, also polarization and dispersion contributions 

cannot be neglected since two atoms with high polarizability (X and the LB) are 

arranged closer than the ∑rw. In general, the dispersion force describes the weak 

interaction arising from a spontaneous polarization in molecules and the resulting 

induced dipoles that can attract each other. Its strength strongly depends on the 

intermolecular distance r (E ~ r−6) and on the polarizability of the molecules. This 

component of XBs is often ignored because of its supposedly small contribution 

compared to the electrostatic interactions. However, theoretical studies have shown that 

in particular for larger halogen atoms with a high polarizability this interaction cannot 

be neglected.[75] 

Charge assistance 

If R–X and the LB are charged species, the XB is accompanied by Coulombic 

interactions, which essentially contribute to the anion binding event. The isotropic 

strength of the interaction is proportional to E ~ r−1 as well as E ~ n1∙q1 ∙ n2∙q2, which 

makes it important even at larger distances r between XB donor and acceptor and 

receives even more importance for systems carrying multiple charges. 

2.1.2 Comparison between halogen and hydrogen bonds 

There are some obvious parallels between HBs (R–H…LB) and XBs (R–X…LB). Both 

are attractive interactions between covalently-bonded electron-poor species (H or X) 

acting as Lewis acids, and electron-rich Lewis bases (LBs). In both systems, the bond 

donor (H or X) is polarized by an electron-withdrawing group R and the interaction 

becomes stronger, the more electron-withdrawing this group R.  

However, the potential of XBs arise more from its characteristic differences, than from 

the similarities to HBs. In the following, the five most important differences will be 

discussed in detail.  

Directionality. While HBs allow a high variance of the R–H…LB angle, the R–X…LB 

angle of XBs is always close to 180°.[77-78] This can be explained by the strong 

anisotropy of the electron density at the halogen X (Figure 2.2) that would lead to a 

repulsion of the LB with the unshared pairs of electrons of the halogen at smaller 
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angles. In contrast, the positive region of HB donors is not that narrowly confined but 

rather distributed over the whole surface of the hydrogen atom. This high directionality 

of XBs offers great opportunities for the construction of structurally defined 

supramolecular assemblies. 

Moreover, in the case of a combined interaction of HBs and XBs with a common LB, a 

preferred orthogonality of both interactions is observable. As a result, the design of a 

multivalent receptor with orthogonal XB and HB moieties can lead to an increased 

specificity towards the guest molecule.[69, 79-80] 

Tuneability. While the strength of HBs is mainly influenced by the electron-

withdrawing ability of R,[5, 7] the XB interaction additionally strengthens with the 

polarizability of X (I > Br > Cl > F)[27-28, 81] (Figure 2.2) and, thus, can be tuned through 

a single-atom mutation. Due to the high electronegativity of fluorine it can only act as a 

XB donor when attached to particularly strong electron-withdrawing groups (e.g., F2, 

(CF3SO2)2NF, C(NO2)3F).[82-84] There are only few cases of fluorine-based XB donors, 

which in general attracted little attention up to now. 

Size of donor atom. Another difference between XB and HB is the larger steric 

demand of halogen atoms (van der Waals radii (rw) rw(I) = 1.98 Å and rw(Br) = 1.85 Å) 

compared to the small hydrogen atom (rw(H) = 1.20 Å).[85] The steric demand of the XB 

donors may on the one hand pose some limitations, e.g. for applications of XBs in 

biological systems, where the large iodine could cause difficulties fitting into the small 

sized binding pockets of the LB (e.g. artificial proteins or nucleotides) with the 

appropriate orientation.[86-87] On the other hand, the large size of the iodine atom can 

also be used beneficial to create special architectures like anti and syn conformers of 

cyclic structures.[88]  

Next to the differences regarding the steric demand of the donor atoms, also their 

polarizability strongly differs. HBs are based on a small, less polarizable and, thus, very 

“hard” hydrogen atom, while in particular iodine (as the most common XB donor) 

represent a very “soft” Lewis acid. Consequently, due to the variations in orbital size 

and softness of the donor atoms, different classes of LBs (hard vs. soft) were 

preferred.[89] 
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Hydrophobicity. Numerous HB donors feature polar moieties, such as NH or OH 

groups, which cause HBs to be a hydrophilic interaction. In contrast, halogenated 

organic fragments, in particular polyfluorinated residues of XB donors, are often apolar 

and increase the lipophilicity / hydrophobicity of a molecule.[90] Thus, the use of less 

competing / low-polarity solvents (e.g., cyclohexane) for subsequent applications could 

be enabled. Moreover, the hydrophobic character of XBs can be a pivotal aspect in 

particular for drug design, since many parameters (e.g. absorption, transport into organs 

and cells, interaction with target molecules) are at least partly controlled by the 

lipophilicity of the drug.[19] 

Solvent dependency. The competition between anion and solvent always plays a 

crucial role if interactions are considered in solution. In this case, the polarity as well as 

the donor / acceptor ability (donor numbers by Gutmann)[91] of the solvent must be 

taken into account. Thereby, the stabilities of the XB-based complexes proofed to be 

remarkably more insensitive to solvents leading to the ability to outperform HB-based 

analogues in competitive solvents.[92-93] These results suggest that, in contrast to HBs, 

where electrostatics regulate thermodynamic stability, charge transfer interactions make 

a major contribution to the stability of XB-based complexes. In particular, the improved 

water resistance[94] of organic XBs compared the HB-based systems is beneficial for 

biological and medical applications, which typically require aqueous conditions.[23] 

 

2.2 Influence of the electron-withdrawing group 

2.2.1 General aspects 

As mentioned above, next to the polarizability of X (I > Br > Cl > F), the electron-

withdrawing ability of R is a key factor to tune the XB interaction strength. In general, 

depending on the group R, the XB donor can be either inorganic (halogens like I2, Br2 

or inter-halogens like ICl, IBr) or organic. Although neutral inorganic XB donors are 

usually stronger compared to neutral organic donors,[60] the organic systems convince 

by the modifiability of R. Thus, they offer the possibility to apply a combination of 

strategies like charge-assistance, multidentate binding motifs, preorganization as well as 

cooperativity effects during the receptor design in order to create highly sophisticated 

host systems.[27-28] As a consequence, a variety of different neutral and charged organic 

groups R evolved (Figure 2.4). 
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Figure 2.4: Schematic representation of an overview of most common studied electron-
withdrawing groups R, generally divided into neutral and charged moieties as well as carbon 
and nitrogen bound donors with different substituents (A, A’).[29, 95-102]  

Neutral. In comparison to charged XB donor systems, in which the binding efficiency 

strongly benefits from charge-assistance, the interaction strength of neutral XB donors 

depends much stronger on the electronic properties of the organic backbone. As most of 

the studies focus on XB donors where the halogen is bound to a carbon atom (C–X) 

(Figure 2.4), particularly the sp-hybridization at this ipso-carbon represents an 

important key factor to tune the XB strength. It was revealed that the greater the degree 

of s character in a sp-hybridized carbon (C(sp)–X > C(sp2)–X > C(sp3)–X), the greater 

its electron-withdrawing ability and, thus, the stronger the formed XB.[68]  

Charged. Cationic XB donors generally consists of five- or six-membered nitrogen 

heterocycles as electron-withdrawing groups (R), in which one of the nitrogen atoms is 

quaternized to create a charge and to strongly polarize the covalently bound halogen.[27-

28] While these systems usually achieve very high anion affinities due to the charge-

assistance, their interaction with anionic species is less directional compared to neutral 

XB donors because of the isotropic nature of the additional Coulomb attraction. In 

addition, highly competitive solvents are usually required to dissolve the charged 

receptors and / or to prevent precipitation of the formed complex, which lowers their 

effective binding strength.[99] The charge not only boosts the binding affinity, it also 

modifies the entropy (TΔS)-enthalpy (ΔH) distribution of these receptors compared to 

analogous neutral ones. While the binding of anions by cationic receptors is more 

entropically driven by the release of polar-bound solvent molecules during the binding 

event,[98] neutral receptors benefit from negative enthalpy changes and normally suffer 

from an unfavorable entropic penalty (aside from some exceptions, vide infra).[36, 97] 
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2.2.2 The triazole unit as electron-withdrawing group 

To date, neutral systems based on polyfluorinated alkenes and arenes as well as cationic 

halogenated imidazolium derivatives are the most frequently studied electron-

withdrawing groups R.[29-31, 102-104] Nevertheless, not least in view of the efficient 

synthesis by the copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) reaction, 

also triazole and triazolium moieties have attracted recent growing interest as valuable 

electron-withdrawing groups.[14, 105-107] Moreover, the associated modular character of 

the synthesis offered the possibility of a simple linkage to numerous functional units (A 

and A’), which enabled various applications in supramolecular chemistry (vide 

infra).[34] The following paragraph is dedicated to some fundamental properties of 1,2,3-

triazoles to allow a better understanding of the various advantageous offered by this 

building block. 

Synthesis. A particular advantage of the 1,2,3-triazole moieties is their facile synthesis 

via CuAAC reaction,[34-35, 108-110] which is wide in scope, modular, regioselective, and 

highly efficient and, thus represents the prime example for the concept of “click 

chemistry”.[111] The catalytically active copper(I) species of this 1,3-dipolar 

cycloaddition reaction can be introduced either directly as a copper(I)-salt or through in 

situ reduction of a copper(II)-salt.[112] Through the activation of the alkyne as well as the 

azide by σ- and π-coordinated metal centers,[113-115] two C–N bonds are regioselectively 

formed resulting in a copper(I) triazolide, which is protonated to obtain the 1,4-

disubstituted heterocycle (Scheme 2.1 A step I).[112, 116] By the use of additional 

bridging ligands, e.g., tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA), the 

copper(I) species can be stabilized by protection from oxidation and disproportionation 

while simultaneously enhancing its catalytic activity.[117] 

In order to enable the use of the triazole fragment also in the context of XB interactions, 

the hydrogen atom in the 5-position of the heterocycle had to be exchanged against a 

halogen atom X. For this purpose, the acidic 5-position (pKa = 27[118]) can be 

deprotonated using strong organometallic bases (e.g., n-Butyllithium (n-BuLi)) and 

subsequently subjected to an electrophile X+ (Scheme 2.1 A step I’).[99] Alternatively, 

5-halo-1,2,3-triazoles can be obtained by direct copper(I)-catalyzed cycloaddition 

between organic azides and halo-alkynes (named CuAXAC[34] or CuAHAC[119]) 

(Scheme 2.1 A step II)[116, 120] or by trapping the intermediately formed copper(I) 
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triazolide with a corresponding electrophile X+, which can be added directly (e.g., N-

chlorosuccinimide[121]) or generated in situ via oxidation of a halide (e.g., by using NaI–

Cu(ClO4)2
[122] or CuI–N-bromosuccinimide[123]) (Scheme 2.1 A step III). 

 

Scheme 2.1: A) Schematic representation of different synthetic pathways to obtain the 5-halo-
1,2,3-triazole and B) the analogous 5-halo-1,2,3-triazolium salt (green substituents A and A’ 
demonstrating modular synthetic character).  

The analogous 5-halo-1,2,3-triazolium salts can be obtained by methylation of the 

corresponding halo-triazoles using alkylating reagents like trimethyloxonium 

tetrafluoroborate or methyl triflate (Scheme 2.1 A step IV).[124-125] Alternatively, a 

stable silver(I)-1,2,3-triazolylidene precursor is readily achieved from the triazolium salt 

with Ag2O under mild reaction conditions. Afterwards, this precursor can be treated 

with different elemental halogens X2 giving rise to the precipitation of the 

corresponding silver(I)-halide and the trapping of the nucleophilic carbene by the 

resulting halonium ion X+ to yield the halo-triazolium salt (Scheme 2.1 B).[99]  

Electron-withdrawing character. The triazole unit not only convince by a very 

efficient and modular synthesis but also by the truly wide range of supramolecular 

interactions offered by the formed heterocycle. In general, the presence of three 

electronegative nitrogen atoms in the five-membered ring generate a dipole moment of 

4.3 D[126] aligned almost parallel to the C–H bond and further cause a highly polarized 

C–H / C–X bond Figure 2.5 C, left)[99] allowing the complexation of a LB by HB / XB 

interactions. On the other hand, the two basic nitrogen atoms simultaneously enable the 

coordination of different metal centers (M+) as well as the possibility to act as HB / XB 

acceptor Figure 2.5 A).[34]  
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The facile conversion into the corresponding 1,2,3-triazolium salt Figure 2.5 B) enables 

an enhanced C–H / C–X bond polarization Figure 2.5 C, right) and, thus, strong 

HB / XB interactions accompanied by Coulomb interactions with anions. Moreover, the 

simple transformation from a neutral to a charged group R without substantial structural 

changes guarantees a good comparability between the systems.   

 

Figure 2.5: A) Schematic representation of the wide range of supramolecular interactions 
offered by 1,2,3-triazole employing Lewis-basic nitrogen atoms (red) or Lewis-acidic XB / HB 
donor atom (blue). B) Acid–base parameters of 1,2,3-triazole and corresponding 1,2,3-
triazolium system (dipole moments indicated as grey arrows,[126] pKa values taken from ref. 
[118, 127], nitrogen natural bond orbital (NBO) charge in brackets[128]). C) Calculated 
molecular electrostatic potential surfaces for iodo-1,2,3-triazole (left) and iodo-1,2,3-triazolium 
(right) model systems mapped on total density (isovalue 0.01).[99]  

Consequently, all these aspects rendered the 1,2,3-triazole unit a frequently used 

functional building block in supramolecular chemistry and, in particular, also a very 

interesting moiety for the XB-based complexation of anions. Especially in recent years, 

halogenated 1,2,3-traizole derivatives have been established in different areas like 

templated synthesis of interlocked structures,[129-131] selective anion recognition[132-133] 

or redox-active sensor units.[107, 134] The field of organo-catalysis using this building 

block has also been developed [125] and current studies of chiral triazole-based receptors 

represent the first example of enantio-discrimination achieved by XB interactions.[106, 

135-136] 
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3 Tuning the binding strength of triazole-based donors in solution 
Parts of this chapter have been published in P2) R. Tepper, B. Schulze, H. Görls, P. 

Bellstedt, M. Jäger, U. S. Schubert, Org. Lett. 2015, 17, 5740-5743; P3) R. Tepper, B. 

Schulze, P. Bellstedt, J. Heidler, H. Görls, M. Jäger, U. S. Schubert, Chem. Commun. 

2017, 53, 2260-2263. 

 

The quest to improve the binding strength of neutral XB donors to combine the benefits 

of these systems (see Section 2.2.2) with sufficiently strong XB interactions has 

stimulated considerable research efforts.[29, 135, 137-140] In particular the increased 

solubility in less competitive solvents, the absence of counterions as well as the more 

directional binding to anionic guests of neutral XB donors might be advantageous when 

designing strong and selective receptors, e.g., for application in organo-catalysis.[62, 141-

142] One of the most promising approaches is the chelation through incorporation of 

multiple XB donor groups into an appropriate orientation using a preorganized scaffold. 

Although the synthesis of efficient multidentate and simultaneously preorganized donor 

systems is rather challenging due to the strict linearity of the XB interaction as well as 

the large size of the donor atom (mostly iodine), it also offers the opportunity to create 

more rigid and ordered structures with higher binding affinities and an improved guest 

selectivity compared to monodentate receptor systems. Some recent examples utilizing 

the 1,2,3-triazole motif illustrate how high-affinity anion recognition can be achieved 

using this concept (Figure 3.1).  

 

Figure 3.1: Schematic representation of exemplary receptors based on either monodentate or 
multidentate and preorganized XB donors. Ka values obtained by a: 1H NMR titration in toluol-
d8 at 293 K (Py = Pyridine derivative), b: 1H NMR titration in CDCl3 at 298 K, c: 1H NMR 
titration in 2.5% H2O in DMSO-d6 at 298 K, d: 1H NMR titration in CDCl3:CD3OD 1:1 at 
298 K.[135, 137-138, 140]  
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In this context, 5-halo-1,2,3-triazoles have been established as versatile, charge-neutral 

building blocks for XB donors due to their good accessibility via modular CuAAC 

reactions as well as their sufficient electron-withdrawing character (see Section 2.2.2). 

Moreover, the intrinsic heteroditopic character of the triazole moiety i.e., the Lewis-

acidic donor atom (H or X) combined with the Lewis-basic nitrogen atoms Figure 

2.5 A), enables different ways to tune the binding strength of triazole-based XB donors. 

In the following parts, the concept of preorganization via intramolecular HBs[36] as well 

as the simultaneous cation-anion binding in a cooperative ion-pair receptor will be 

described in detail.[37] 

 

3.1 Preorganization via intramolecular hydrogen bonds 

The excellent XB donor ability as well as HB acceptor function of iodo-1,2,3-triazoles 

was applied for the first time to preorganize a cleft-type XB-based receptor system via 

intramolecular HBs. Carbazole was chosen as a rigid spacer motif between two iodo-

triazoles, which simultaneously act as the XB donors as well as HB acceptors (Figure 

3.2). In contrast to the phenyl-based receptor 1, which was intensively studied during 

the diploma thesis,[99] the larger distance between the two iodine atoms in the carbazole-

based receptor 2 was anticipated to enable an improved coplanarisation of the system 

during guest complexation, which is important for the efficient formation of 

intramolecular HBs in 3.[143-144] 

 

Figure 3.2: Schematic representation of studied receptors. Left): Influence of spacer unit 1,3-
benzene (1) or 3,6-carbazole (2) on distance (d) between two donor moieties. Right): 
Preorganization via intramolecular HBs (3) and labeled conformation of the XB, guest indicated 
as grey dashed sphere. (Adapted with permission from ref. [36]. Copyright 2015 American 
Chemical Society) 
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The non-preorganized carbazole-based receptor 2 was prepared via CuAXAC reaction 

(see Section 2.2.2) directly from the corresponding iodo-alkyne (5) and mesityl azide in 

moderate yields (Scheme 3.1). In case of the preorganized system 3, the 2,7-dimethoxy-

carbazole core (6) was synthesized in a seven step synthesis. The terminal alkynes were 

afterwards converted into the corresponding 1,2,3-triazole moieties (7) by CuAAC 

reactions and the iodination was achieved by metalation using n-BuLi and subsequent 

treatment with iodine to obtain the methoxy-decorated precursor (8). The final receptor 

3 was obtained in excellent yields by BBr3-induced ether cleavage.  

 

Scheme 3.1: Schematic representation of the synthesis of the non-preorganized (2) and 
preorganized (3) receptor: i) N-iodosuccinimide / AgNO3, Acetone, room temperature (rt), 38%; 
ii) mes-N3, CuI / TBTA, THF, rt, 53%; iii) mes-N3, CuSO4 / NaAsc., EtOH / H2O / CH2Cl2 
(2:1:1), 50 °C, 86%; iv) n-BuLi, THF, I2 at −78 °C, then −78 °C to rt, 40%; v) BBr3, CH2Cl2, 
−78 °C to rt, 98%. (Adapted with permission from ref. [36]. Copyright 2015 American 
Chemical Society)  

The successful formation of the desired intramolecular HBs in solution was revealed by 

selective ROESY studies as well as by a clear downfield shift of the OH signal in the 
1H NMR spectrum recorded in unpolar solvents (toluol-d8 and THF-d8) compared to the 

polar and strongly competitive DMSO-d6 (Figure 3.3). Moreover, the downfield shift of 

the aromatic proton C further indicates the desired preorganized form since this 

syn / syn conformation causes an adjacency of the Lewis-basic belt surrounding the XB 

donor atoms and this aromatic proton C. 
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Figure 3.3: 1H NMR of 3 in solvents with different polarity illustrating characteristic shifts of 
aromatic protons A to D. 

Single crystals of free receptors (Figure 3.4) as well as receptors interacting with 

chloride (Figure 3.5) were grown by slow vapor diffusion of n-pentane into a 

concentrated receptor solution. Obviously, the conformational freedom of 2 allows a 

anti / anti conformation of the XB donors in the free receptor. In contrast, the formed 

intramolecular HBs in 3 limit the rotational freedom of the preorganized receptor, and 

thus, the essential syn / syn conformation for a bidentate complexation is already 

preformed. 

 

Figure 3.4: Solid-state structure of 2 in anti / anti conformation and 3 in syn / syn conformation 
(thermal ellipsoids at 50% probability level, hydrogen atoms and solvent molecules are omitted 
for clarity; key HBs to the triazole moieties are shown as dashed lines; grey: carbon, blue: 
nitrogen, purple: iodine, and red: oxygen). (Reprinted with permission from ref. [36]. Copyright 
2015 American Chemical Society) 

Furthermore, all three receptors 1 to 3 revealed the expected cleft-type complexation of 

the anionic guest through the formation of two nearly linear XBs (Figure 3.5 for 1 and 

2, Figure 3.7 for 3), which are all significantly shorter (up to 17%) than the 

∑rw(I···Cl) = 3.73 Å.[85] Comparing the 1:1 complexes of 1 and 2 with chloride (Figure 

3.5), the larger distance (d) between the two iodine atoms in the carbazole-based system 
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(d = 4.68 Å compared to d = 3.87 Å) enables the expected improved coplanarization 

(dihedral angle of 13° compared to 31°). As a consequence, an increased linearity of the 

XBs (C–I…Cl− XB angle of 180° compared to 170°) is enabled, which finally causes a 

decreased I···Cl distance (I…Cl XB length of 3.11 Å compared to 3.22 Å). 

 

Figure 3.5: Solid-state structure of 1 and 2 interacting with chloride (thermal ellipsoids at 50% 
probability level, hydrogen atoms, counter ions, and solvent molecules are omitted for clarity; 
grey: carbon, blue: nitrogen, purple: iodine, red: oxygen, and green: chloride). (Reprinted with 
permission from ref. [36]. Copyright 2015 American Chemical Society) 

The seminal work by Flood et al. concentrating on the preorganization of triazole 

moieties via intramolecular HBs to improve the anion affinity of HB-based receptors in 

solution already revealed the beneficial effect of this concept.[145-147] A current XB-

based example, which achieved preorganization via the N-coordination of metal centers 

(Figure 3.1),[137] also indicated an improved binding behavior; however, there is no 

detailed thermodynamic characterization of the effect. Thus, isothermal titration 

calorimetry (ITC) experiments were performed with the three receptors 1 to 3 and two 

different tetra-n-butylammonium (TBA+) halides to obtain a detailed understanding of 

the complex stoichiometry, the binding affinity, and the thermodynamic effect of 

preorganization in solution (Table 3.1). All titrations were performed in THF, which 

proved to be a good solvent for strong XB interactions in solution.[98] Normally, a guest-

into-host setup was used for the titration but also inverse titrations, i.e., addition of a 

host solution into a guest solution, were performed to confirm the reliability of the 

calculated values if necessary. Unfortunately, a direct comparison between 3 and the 

methoxy-decorated precursor 8 was not possible due to an insufficient solubility of 8 in 

THF.  
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Table 3.1: Thermodynamic parameters for the complexation of various receptors with different 
TBA+ halides. 

Host Guest K [M−1] 
ΔG 

[kJ mol−1] 
ΔH 

[kJ mol−1] 
TΔS 

[kJ mol−1] 
N 

Host:Guest 
ratio 

1 
Br− 2.22 × 103 −19.4 −24.5 −5.1 0.99 1:1 
Cl− 3.52 × 103 −20.6 −22.9 −2.3 1.08 1:1 

2 
Br− 1.58 × 103 −18.6 −27.4 −8.8 1.03 1:1 
Cl− 2.34 × 103 −19.5 −24.9 −5.4 1.05 1:1 

3 a 

Br− 

3.85 × 103 
5.45 × 104 

−20.8 
−27.5 

−7.2 
−23.5 

13.6 
4.0 

0.52 
0.89 

2:1 
1:1 

4.18 × 104 −26.8 −22.8 4.0 1.02 1:1 
1.70 × 103 −18.7 −3.9 14.8 2.6 2:1 

Cl− 

3.17 × 103 
7.09 × 104 

−20.4 
−28.1 

−15.1 
−17.8 

5.3 
10.3 

0.45 
0.90 

2:1 
1:1 

8.38 × 104 −28.6 −22.0 6.6 1.06 1:1 
1.62 × 103 −18.6 −8.9 9.7 2.23 2:1 

Thermodynamic parameters calculated from guest-into-host or inverse host-into-guest (marked 
in grey) titrations in THF at 303 K. a The formation of a 2:1 complex (host−guest) could be 
further supported by a solid-state structure and selective ROESY experiments (vide infra). 
(Adapted with permission from ref. [36]. Copyright 2015 American Chemical Society)  

In line with the solid state structures, a cleft-type 1:1 complexation for 1 and 2 in 

solution was deduced from the stoichiometry coefficients (N = 1) obtained by ITC 

titration experiments. Although 2 revealed a slightly increased enthalpic contribution 

compared to 1, which may be due to the optimized XB orientation (Figure 3.5), the 

entropic term is simultaneously slightly decreased, which is tentatively explained by a 

smaller extent of desolvation of the receptor and / or the anion upon binding. However, 

in total there are only subtle differences in the overall binding affinities of 1 and 2 and 

the effect of the spacer (Figure 3.2) seems to be negligible for the two flexible 

receptors. 

Comparing the complexation of chloride and bromide, the trend for the K values (Table 

3.1) shows a general preference for the more charge-dense / basic chloride, which 

allows a stronger electrostatic interaction.[98] For the same reason, the competitive 

interaction with solvent molecules is more pronounced for chloride, resulting in a 

reduced enthalpic contribution toward the host–guest complexation. However, this 

effect is overcompensated by a more favorable entropic term, which is assigned to an 

enhanced desolvation of chloride upon complexation.[25] 
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When comparing 2 and the preorganized system 3, the tendency to form a 1:1 complex 

with chloride is enhanced by a factor of about 30 (K1(2) = 2.34 × 103 M−1 and 

K1(3) = 7.09 × 104 M−1). As a result of this strongly increased anion affinity, even a 

second preorganized receptor wraps around the guest forming a 2:1 complex in solution 

as indicated by ITC and selective ROESY experiments (Figure 3.6 and 3.7 B, 

respectively) as well as by the solid state structure analysis (Figure 3.7 A).  

 

Figure 3.6: ITC titration data of receptor 3 with TBACl in guest-into-host (left) or inverse host-
into-guest setup (right), red marked data points were excluded from fitting. (Reprinted with 
permission from ref. [36]. Copyright 2015 American Chemical Society) 

The preliminary formation of a weaker 2:1 complex followed by the stepwise 

conversion into the predominant 1:1 complex is clearly indicated by the measured slope 

between 0 and 0.7 eq. of added guest in the guest-into-host ITC titration (Figure 

3.6 left). In line with this, also the inverse titration (Figure 3.6 right) indicates the 

formation of a weak 2:1 complex since there is a significant amount of heat still 

released after the addition of one equivalent of 3. To calculate the overall chloride 

affinity, the accumulated binding constant has to be considered, which even amounts to 

K1 K2 = 2.24 × 108M−2 and represents one of the leading anion affinities for neutral 

bidentate XB donor systems.[65] While neutral XB donors normally suffer from an 

unfavorable entropic penalty as for 2 (see Section 2.2.1), the preorganized receptor 3 is 

characterized by a positive entropic term, which is the main reason for the strongly 
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improved binding affinity. This striking difference is attributed to the formation of 

intramolecular HBs and the associated restriction of rotational freedom already in the 

uncomplexed form of 3. Consequently, the entropy penalty for the complexation is 

screened in the preorganized receptor[145] and the desolvation of host and guest give rise 

to a positive entropic term. Additionally, the polarization of the triazole rings may be 

slightly enhanced due to the formation of intramolecular HBs (dipole moment of 4.1 D 

and 6.1 D[145] for the flexible and preorganized triazole, respectively).  

To underline the obtained ITC results and to further prove the formation of a 2:1 

complex in solution, selective ROESY experiments of the free and complexed receptor 

were performed (Figure 3.7 B). For this purpose, 3 as well as a 2:1 mixture of 3 and 

TBACl were dissolved in THF-d8 and the NOE signals after excitation of the methyl 

group of the mesityl substituent (CH3-4mes) were recorded, respectively. Both solutions 

revealed the expected strong contact to the adjacent aromatic proton. However, only in 

case of the 2:1 mixture of 3 and the anion, additional NOE-signals to the central 

carbazole spacer and the hydroxyl groups were visible, which can only be explained by 

a nearly orthogonal arrangement of two receptors within a bis-bidentate complex. 

Moreover, this coordination mode was also supported by the solid state structure 

(Figure 3.7 A), which conformably revealed the anion complexation in a bis-bidentate 

fashion via four highly directional XBs (167° to 177°) all significantly shorter (17% 

shortening) than the ∑rw. Additionally, the molecular structure exposed that the 

hydroxyl groups are not involved in the anion complexation and only serve as 

intramolecular HB donors. 
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Figure 3.7: A) Solid-state structure of 3 interacting with chloride forming a 2:1 complex 
(thermal ellipsoids at 50% probability level, hydrogen atoms, counterions, and solvent 
molecules are omitted for clarity). I…Cl− XB lengths between 3.09 Å – 3.23 Å, C–I…Cl− XB 
angles between 167° and 177°. B) Schematic representation of the NOE contacts; the excited 
protons are marked with a shaded arrow and strong and medium contacts are indicated with 
solid and dashed arrows, respectively. 1H NMR (black) and selective ROESY spectra (green) 
for free 3 (top) as well as for 3 in the presence of 0.5 eq. of TBACl in THF-d8 (bottom). 
(Adapted with permission from ref. [36]. Copyright 2015 American Chemical Society) 

In conclusion, the halide complexation ability of three different bidentate XB-based 

anion receptors (1 – 3) was characterized by ITC experiments, X-ray diffraction, and 

selective ROESY experiments. While the non-preorganized systems 1 and 2 showed 

expectable moderate association constants, a favorable entropic contribution in the rigid 

bidentate XB donor 3 enabled a strongly increased binding affinity. Thereby, the 

formation of intramolecular HBs between the central carbazole spacer and the adjacent 

iodo-1,2,3-triazoles was used to preorganize the system and, thus, to screen the entropic 

penalty of the binding event. Notably, the central carbazole is an almost ideal spacer for 

this assignment as it enables a bidentate complexation by a nearly planar receptor 

system. Following these building principles, charge-neutral, cleft-type receptors with 

high anion affinities can be designed. Owing to the highly directional and strong XBs as 

well as to the absence of isotropic Coulomb interactions, these receptors offer great 

potential for application as organo-catalysts in the future. 
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3.2 Cooperativity in ion-pair receptors 

Beside the concept of preorganization, the Lewis-basic part of the triazole unit also 

offers the opportunity to simultaneously coordinate metal cations (see Section 2.2.2) 

and, thus, the possibility for a concurrent recognition of both cation and anion guest 

species in an ion-pair receptor.[148-150] Consequently, there is the opportunity to boost 

the anion binding affinity of triazole based receptors by a simultaneous cation 

complexation and the associated additional electrostatic contribution as well as 

enhancement of the C–I / C–H bond polarization. 

In general, ion-pair receptors offer the opportunity to fine-tune the affinity as well as 

selectivity due to the combination of allosteric and electrostatic cooperative effects, 

which often enable a better control over the binding event.[151] Moreover, this receptor 

class has various potential application fields, such as salt solubilization / extraction, 

membrane transport, or sensing. However, compared with simple ion receptors, which 

are able to bind either a cation or an anion, the design of ditopic receptor systems is still 

an underexplored area.[151-154] This might be due to a combination of synthetic 

challenges adjusting two different binding places in an appropriate position and 

experimental complexities associated with the simultaneous as well as reliable 

quantification of different binding affinities. While the anion binding places typically 

involve Lewis-acidic sites (e.g., boron, aluminum and uranyl), electrostatic interactions 

or, most frequently, HBs (e.g., urea, amide, imidazolium, or hydroxyl groups),[6, 155] the 

cation binding sites in these ditopic systems usually take advantage of crown-ether or 

calixarene derivatives.[156-157] 

1,2,3-Triazoles have been employed recently in ion-pair receptors as HB donors for the 

anion binding[148, 158] and, in few cases, also the Lewis-basic nitrogen atoms of the 

heterocycle were used for simultaneous cation binding (Figure 3.8 A, B).[149-150] 

However, there is currently no example using triazole-based XB interactions in the field 

of ion-pair recognition. Generally, despite considerable advantages of XBs compared to 

HBs in terms of affinity or selectivity, ditopic receptors based on XBs are currently very 

sparse (Figure 3.8 C).[159-160] 
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Figure 3.8: Schematic representation of exemplary ion-pair receptors based on A) HB-donating 
1,2,3-triazoles, B) HB-donating as well as metal coordinating 1,2,3-triazoles or C) XB 
interactions.[148, 158-159] Ka values obtained by e: 1H NMR titration in CD2Cl2:CD3CN 4:1 at 
298 K, f: 1H NMR titration in 2% D2O in CD3CN at 293 K, g, h: 1H NMR titration in CDCl3. 

Therefore, we decided to design a macrocyclic ion-pair receptor comprising an iodo-

triazole moiety for XB-based anion recognition and a Lewis-basic cavity consisting of a 

triethylene glycol chain and the nitrogen atoms of the triazole motif for cation binding 

(Scheme 3.2, right).[37] This possible ion-pair binding mode was further demonstrated 

by the calculated electrostatic potential surface illustrating the heteroditopic character of 

the receptor (Scheme 3.2, left). The flexibility of the macrocyclic backbone should 

enable an adaption for the size of the cation. While the monodentate triazole-based XB 

interaction is known to be relatively weak,[105, 140] it should simplify the analysis of the 

binding affinity as well as the cooperativity effects.   

 

Scheme 3.2: Calculated molecular electrostatic potential surface (red: 0.00 to blue: 0.15) 
mapped on total density (isovalue 0.01) for the studied ion-pair system. The theoretical 
calculations were performed using density functional theory (DFT) (left); schematic 
representation of ion-pair recognition by an iodo-triazole containing crown-ether (right). 
(Adapted from ref. [37] with permission from The Royal Society of Chemistry) 
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Again, the synthesis of the desired HB- and XB-donating crown-ether-based 

macrocycles 12 and 13, respectively, benefits from highly efficient CuAAC / CuAXAC-

type reactions (see Section 2.2.2). For this purpose, unsymmetrically substituted 

triethylene glycols equipped with an azide as well as an alkyne (10) / iodo-alkyne (11) 

function were synthesized via a four or five step synthesis, respectively (Scheme 3.3). 

Afterwards, a diluted solution of the linear precursor (10 or 11) was added dropwise via 

a peristaltic pump to a heated and stirred solution containing the catalyst system 

(CuSO4 / NaAsc. for 10 or CuI / TBTA for 11)) required to initiate the intramolecular 

cyclization. Owing to a combination of a highly efficient cyclization reaction and this 

pseudo-high-dilution-conditions,[161] the fundamental synthetic challenge of forming 

well-defined monomeric macrocycles instead of larger macrocycles or linear oligomers 

was achieved in good yields around 75%. On the one hand, the formation of the desired 

products was proven by the characteristic signal shifts in the 1H NMR spectra compared 

to the linear precursor and, ultimately, by single-crystal X-ray diffraction data (Figure 

3.9). On the other hand, the formation of larger macrocycles or oligomers was excluded 

by mass spectrometry (MS).  

 

Scheme 3.3: Schematic representation of the synthesis of the HB- and XB-donating crown-
ether-based macrocycles 12 and 13: i) NaH, THF, 0 °C, 30%; ii) TBAF, THF / MeOH (2:3), rt, 
99%; iii) TosCl / DMAP / Et3N, CH2Cl2, 0° C, 86%; iv) NaN3, DMSO, rt, 89%; v) N-
iodosuccinimide / AgNO3, Acetone, rt, 87%; vi) CuSO4 / NaAsc., EtOH / H2O / CH2Cl2 (2:1:1), 
50° C, 74%; vii) CuI / TBTA, THF, 40° C, 75%. (Adapted from ref. [37] with permission from 
The Royal Society of Chemistry) 
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Figure 3.9: Solid-state structure of 12 (with intramolecular HB shown as dashed line) and 13 
(with intermolecular XB shown as dashed line) (thermal ellipsoids at 50% probability level, 
hydrogen atoms and solvent molecules are omitted for clarity; grey: carbon, blue: nitrogen, 
purple: iodine, and red: oxygen). (Adapted from ref. [37] with permission from The Royal 
Society of Chemistry)  

For a first proof of principle, single crystals of the macrocycles 12 and 13 interacting 

with sodium and a non-coordinating anion (PF6
− or BPh4

−) were grown by slow vapor 

diffusion of n-pentane into a concentrated receptor solution (Figure 3.10 A and B). 

Thereby, the anticipated simultaneous participation of the Lewis-basic nitrogen atoms 

of the triazole moiety and the four oxygen atoms in the cation complexation was 

confirmed. Nonetheless, two main points already indicated that sodium is apparently not 

an ideal guest for this binding cavity. At first, the binding pocket seems to be slightly 

strained indicated by a broad range of Na+…O distances (2.32 Å to 2.74 Å) observed in 

the molecular structure (Figure 3.10 A and B). Additionally, depending on the added 

amount of sodium salt during the crystallization process, the stoichiometry adapts to a 

1:1 as well as a 1:2 complex. 

Nevertheless, the molecular structure of 13 interacting with sodium iodide finally 

illustrated the capability of the iodo-triazole moiety to coordinate simultaneously 

cationic and anionic guests (Figure 3.10 C). Comparable to the interaction of 12 with 

NaPF6 (Figure 3.10 A), also in the XB-based macrocycle 13 the nitrogen atoms still 

contribute towards the cation binding forming a 1:2 complex. Simultaneously, one 

iodide is successfully complexed through the formation of a nearly linear XB (173°), 

which is significantly shorter (10% shortening) than the ∑rw(I···I) = 3.96 Å.[85] The 

second counter anion is stabilized by HBs formed between the iodide and bridging 
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water molecules. The close contact distances between sodium and iodide ranging from 

4.6 Å to 5.1 Å falls between the Na+…I− contact ion pair distance (3.2 Å)[158] and the 

completely host-separated ion pair distance (5.6 Å)[159] observed for other sodium 

iodide complexes with organic receptor molecules. 

 

Figure 3.10: Solid-state structures of A) 12 interacting with NaPF6 forming a 1:2 complex. B) 
13 interacting with NaBPh4 forming a 1:1 complex. C) 13 interacting with NaI forming a 1:2 
complex. (thermal ellipsoids at 50% probability level, hydrogen atoms and solvent molecules 
are omitted for clarity; grey: carbon, blue: nitrogen, yellow: fluorine, orange: phosphor, purple: 
iodine, violet: sodium, and red: oxygen). (Adapted from ref. [37] with permission from The 
Royal Society of Chemistry) 

After the heteroditopic character of the macrocycles were visualized in the solid state, 

detailed binding studies in solution were performed to quantify the cooperative effect of 

the cation complexation on the anion-binding affinity. Whereas the ITC technique, 

which was extensively used in Section 3.1, was not feasible in this case because of too 

small binding affinities, 1H NMR and 13C NMR spectroscopy was successfully applied 

to investigate the binding properties of the different binding places. Here, characteristic 

sodium- as well as iodide-induced chemical shift migrations in the 1H NMR and 
13C NMR spectra allowed the individual characterization of cation and anion binding 

affinities of the macrocycle (Figure 3.11). A control experiment with TBABPh4 

verified that their respective bulky, non-coordinating counter ions (TBA+ in case of 

iodide and BPh4
− in case of sodium) did not show any significant influence on the 
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chemical shifts. Note, the interaction of 13 with NaBPh4 also causes a slight shift of the 

anion specific C17 signal, which is attributed to an increased interaction with the BPh4
− 

counter ion caused by an activation of the XB via the cation complexation. The used 

solvent mixture of CD2Cl2 and CD3CN (3:1) can be seen as a compromise between a 

sufficient solubility for both the receptor and all titrated salts (in particular sodium 

iodide) and on the other hand a still measurable anion binding affinity (vide infra). A 

more polar / competitive solvent would have enabled a better salt solubility but at the 

same time would have strongly reduced the efficiency of the XB / HB interaction.[37] In 

general, the analysis of the anion affinity represents the basic experimental challenge in 

this study. Due to the general structure of the receptor and large steric demand of the 

XB donor iodine, the distance between the XB-based anion-binding place and adjacent 

hydrogen atoms is too large to see any significant chemical shift migrations in the 
1H NMR spectrum upon anion complexation. Moreover, common alternative techniques 

to quantify binding affinities like e.g., UV / Vis, 19F NMR or ITC titrations[63, 162] were 

excluded due to the absence of a chromophore, the NMR active nucleus or too small 

binding affinities, respectively.  

 

Figure 3.11: Schematic representation of the 1H / 13C NMR (500 / 126 MHz, CD2Cl2:CD3CN 
3:1) of host 13 [generally 1 mM or 20 mM as depicted in grey] with 8 eq. of different guests 
illustrating the chemical shifts used for the calculation of the cation or anion binding affinities. 
(Adapted from ref. [37] with permission from The Royal Society of Chemistry)  
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Consequently, the quaternary carbon atom C17 directly connected to the XB-donating 

iodine had to be used for the quantification of the anion affinity (KI). Here, a downfield 

shift of the C17 signal (0.24 ppm for [Host] = 1 mM) was clearly visible upon the 

addition of eight equivalents of TBAI; however, this chemical shift was still insufficient 

for a reliable quantification of the association constant (Figure 3.11). Finally, by 

increasing the host concentration from 1 to 20 mM, the chemical shift of the C17 atom 

could be raised by 3.41 ppm, which allowed a reliable quantification of the pure anion 

affinity. Noteworthy, the chemical shift of C14, used for the calculation of the cation 

binding affinity, showed no significant shift verifying the non-coordinating behavior of 

the TBA counter ion even at higher concentrations (Figure 3.11). Nevertheless, the 

limited solubility of sodium iodide in organic solvents dictated the use of a 1 mM host 

solution for the analysis of the ion-pair affinity (Table 3.2), which causes very long 
13C NMR acquisition times and a cryogenic NMR probe to reliably detect the 

quaternary carbon atom in the end.  

As the solid state analysis indicated the possible simultaneous complexation of two 

cations within the crown-ether (vide supra), a potential contribution of this 1:2 complex 

also in solution was consequently checked exemplarily for the interaction of 13 with 

NaBPh4 by assuming a 1:2 binding model to fit the binding isotherm (Figure 3.12 A). 

 

Figure 3.12: A) Analysis of the binding isotherm (H15) of 13 (2 mM) and NaBPh4 in 
CD2Cl2:CD3CN (3:1) assuming a 1:2 (host:guest) binding model and (inset) corresponding Job 
plot analysis (H15). B) Speciation curves for all of involved species (H = host, G = guest). 

However, a comparable cation binding affinity for the formation of the 1:1 complex was 

calculated (KNa(1:1) = 434 ± 6 assuming a 1:1 binding model (Table 3.2) vs. 

KNa(1:1) = 467 ± 11 assuming a 1:2 binding model) followed by the subsequent 

formation into a negligible 1:2 complex (KNa(1:2) = 15 ± 11) as also illustrated by the 

speciation curves (Figure 3.12 B). Moreover, this predominant formation of the 1:1 
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complex was also underlined by a Job plot analysis, which is a general tool to 

characterize the stoichiometry of a complexation in solution (Figure 3.12 A, inset).[162-

163] Consequently, the 1:1 binding model was applied for the analysis of all the binding 

isotherms, since it should describe the complexation in solution most properly (Table 

3.2).  

Table 3.2: Overview of the binding constants calculated from NMR titration data for 12 and 13 
with different guests applying a 1:1 binding model (sodium added as NaBPh4 and iodide added 
as TBAI, measurements at 297 K in a CD2Cl2:CD3CN (3:1) solvent mixture). 

Host Guest NMR [Host] KNa [M−1] KI [M−1] 
13 Na+ 1H 2 mM 434 ± 6 a - 

I− 13C 20 mM - 4.7 ± 0.4 d 
NaI 1H 1 mM 394 ± 14 a N/S 

13C 1 mM 406 ± 60 b 135 ± 17 d 
12 Na+ 1H 2 mM 126 ± 6 c - 

I− 13C 20 mM - N/D 
NaI 1H 1 mM 155 ± 19 c N/S 

13C 1 mM 174 ± 30 b N/D 

Signal used for the calculation of the corresponding association constant: a = H15, b = C14, 
c = H13, d = C17; N/S = no shift; no anion induced shift observable in the 1H NMR, which is 
tentatively assigned to the large distance between the anion binding place and the adjacent 
hydrogen atoms; N/D = not determined, no reliable quantification of KI due to an insufficiently 
large chemical shift. (Adapted from ref. [37] with permission from The Royal Society of 
Chemistry)  
 

In line with the non-ideal geometry of the cation binding place for the sodium ion as 

already indicated by the X-ray analysis (Figure 3.10), a comparatively weak cation-

binding affinity of the macrocycles was quantified in solution (KNa < 103 M−1 compared 

to KNa > 104 M−1 for optimized crown-ether systems).[164] Furthermore, the combination 

of a monodentate interaction without charge-assistance dictated by the general receptor 

design and the rather low charge density / basicity of the guest iodide led to the 

expected very weak binding affinity of 13 towards mere iodide (KI = 4.7 ± 0.4 M−1). 

Accordingly, the reliable quantification of the anion affinity was rather challenging and 

required a higher host concentration (vide supra); however, comparable monodentate 

iodo-triazole-based receptors gave very similar results.[105, 140, 165] 

Finally, 13 was directly treated with sodium iodide and analyzed by 1H NMR and 
13C NMR regarding the cooperativity of the ion-pair recognition. Therefore, the 

comparability between the different NMR titration experiments was proven initially. 
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Despite changing the atom position used for the calculation (H15 vs. C14), the cation 

binding affinities calculated by 1H NMR (KNa = 394 ± 14 M−1) show a very good 

coincidence with the one calculated by 13C NMR (KNa = 406 ± 60 M−1). The larger error 

in case of the latter is attributed to the fewer data points that were accessible for the 

fitting process, which is accounted by the very long acquisition time of nearly one day 

for one data point. Comparing the cation binding affinity calculated by the titration of 

13 with NaBPh4 (KNa = 434 ± 6 M−1) with the titration of 13 with NaI 

(KNa = 394 ± 14 M−1), the similar binding affinities indicated an independence of the 

cation binding place from the anion. Thus, the cation binding is clearly dominated by 

the multidentate coordination within the macrocycle and is not decisively influenced by 

cooperative effects (e.g., an additional Coulomb attraction and a cooperative 

polarization of the 1,2,3-triazole ring) of the simultaneously coordinated iodide. In 

contrast, the presence of the coordinated cation significantly enhanced the monodentate 

XB interaction of 13 to the anion (KI = 4.7 ± 0.4 M−1 vs. KI = 135 ± 17 M−1 by 

simultaneous sodium complexation). This cooperative effect is ascribed to an additional 

electrostatic contribution and, in particular, an enhancement of the C–I bond 

polarization as visualized by the electrostatic potential calculations (Figure 3.13). 

Thereby, the data of the free (Figure 3.13 left) and the sodium complexed (Figure 

3.13 right) form of 13 revealed a significantly increased size of the σ-hole due to the 

additional electrostatic force as well as an increased polarization of the 1,2,3-triazole 

moiety. 

 

Figure 3.13: Calculated molecular electrostatic potential surface (red: 0.00 to blue: 0.22) 
mapped on total density (isovalue 0.012) for 13 in the free (left) and sodium complexed form 
(right). Note that both electrostatic potential surfaces are plotted with the same parameters to 
warrant comparability. (Adapted from ref. [37] with permission from The Royal Society of 
Chemistry) 
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The expected decrease of the binding affinity by changing from the XB- to the 

analogous HB-based interaction[99] led to an insufficient chemical shift of the C17 atom 

during the NMR titration. Thus, a reliable quantification of the anion affinity of 12 was 

precluded for both the mere anion (even at a host concentration of 20 mM) as well as 

for the ion-pair study. In case of the latter, the addition of significantly larger amounts 

of sodium iodide would have been necessary to achieve a reliable analysis of the 

binding isotherm, which was excluded due to solubility issues of the sodium salt. 

Moreover, comparing the cation-binding affinities of the XB- (KNa = 434 ± 6 M−1) and 

the HB-based receptor (KNa = 126 ± 6 M−1), also a significantly decreased KNa value 

was observed for the latter. In line with the solid-state structure (Figure 3.9), this 

lowered cation-binding affinity was attributed to a possible competing intramolecular 

HB formation of 12, which would negatively influence the cation complexation of the 

crown-ether.  

Thus, detailed selective ROESY experiments of 12 were performed to prove the 

existence of this intramolecular HB in a CD2Cl2:CD3CN (3:1) solvent mixture (Figure 

3.14). After selective excitation of the triazole proton (H17) in the free macrocycle 12, 

strong NOE signals of all protons of the crown-ether binding pocket indicated a freely 

rotatable triazole moiety. Accordingly, the formation of an intramolecular HB between 

H17 and one of the oxygen atoms of the crown-ether was indicated. In contrast, upon the 

addition of the sodium salt, the nitrogen atoms of the triazole unit got involved in the 

cation complexation and, thus, the possibility of an intramolecular HB formation was 

lowered. Consequently, the NOE signals to all protons located at the cation-binding 

place decreased (H2 to H14).  
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Figure 3.14: NMR spectra and schematic representation of the NOE contacts; the selectively 
excited proton (H17) is marked with a shaded arrow and strong as well as weak contacts are 
indicated with green and grey numbers, respectively. 1H NMR (black) and selective ROESY 
spectra (green) for 12 [20mM] in the absence (bottom) as well as in the presence of 8 eq. of 
NaBPh4 (top) in a CD2Cl2:CD3CN (3:1) solvent mixture. (Adapted from ref. [37] with 
permission from The Royal Society of Chemistry) 

In conclusion, highly efficient CuAAC-type reactions executed under pseudo-high-

dilution-conditions simultaneously enabled the synthesis of well-defined macrocycles 

(12 and 13) as well as the installation of a triazole moiety for simultaneous cation–anion 

binding through Lewis-basic nitrogen atoms and monodentate HB / XB interactions. 

Subsequently, this heteroditopic character was proven by solid-state analysis and was 

further supported by quantum chemical calculations of 13 visualizing the size 

dependence of the σ-hole on the cation binding. Afterwards, this cooperative effect of 

the cation complexation on the anion-binding affinity was quantified by detailed 1H and 
13C NMR titration experiments in solution with sodium iodide as representative ion pair. 

Despite a comparatively weak cation-binding affinity of the macrocycle due to the non-

ideal fit of the cation with the cavity, a cooperativity factor of about 28 could be 

achieved (Figure 3.8), which successfully demonstrated the huge potential of the iodo-

triazole moiety for simultaneous metal coordination and XB-based anion recognition. In 

contrast, the combination of an intramolecular HB interfering with the cation binding 

place and the generally lower anion affinity of the HB-based analogue precluded the 

analysis of the cooperativity in 12. 
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4 Application of halogen bond donors in polymeric architectures – 

bridging solution and solid state 
Parts of this chapter have been published in P4) R. Tepper, S. Bode, R. Geitner, M. 

Jäger, H. Görls, J. Vitz, B. Dietzek, M. Schmitt, J. Popp, M. D. Hager, U. S. Schubert, 

Angew. Chem. Int. Ed. 2017, 56, 4047-4051; Angew. Chem. 2017, 129, 4105-4110; P5) 

J. Dahlke, R. Tepper, R. Geitner, S. Zechel, J. Vitz, R. Kampes, J. Popp, M. D. Hager, 

U. S. Schubert, Polym. Chem. 2018, 9, 2193-2197. 

 

Recently, also the combination of XBs with polymeric architectures has attracted 

growing interest. In particular, the high interaction strength, the directionality as well as 

the tendency to be less sensitive to polar / aqueous environments made XBs suitable for 

the design of functional supramolecular materials (e.g., macromolecular self-assembly 

into higher-order structures like micelles, formation of hydrogels, construction of 

polymeric liquid crystallinity).[38-39, 100, 166-170]  

 

Figure 4.1: Schematic representation of two XB-based polymeric architectures.[167, 169] 

The combination of XBs and polymer science is still in its infancy and is by now mainly 

concentrated on halogenated perfluoroarenes and perfluoroalkanes as readily accessible 

XB donors interacting with different pyridine as well as amine derivatives (Figure 

4.1).[38] However, there is a much larger variety of conceivable XB donor / acceptor 

pairs featuring a broad range of interaction strengths as well as complex stoichiometries 

as already examined in more detail in solution phase applications. Hence, transferring 

the knowledge from solution to polymeric systems could allow the design of novel 

functional materials with on demand properties.  
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4.1 Motivation and synthesis 

Due to the strong but yet reversible character of XB interactions, we thought of a great 

potential of a reversible XB-induced crosslinking of polymeric systems (Figure 4.2 A) 

and, thus, of designing a new class of intrinsic self-healing polymer networks (Figure 

4.2 C). These systems are in general able to heal, for example, a mechanical damage 

and to restore the mechanical properties.[171-172] Although, different supramolecular 

interactions,[173] e.g., HBs,[174-175] ionic interactions,[176-177] π-π-interactions[178] or metal-

ligand interactions[179-180] have already been utilized to prepare such self-healing 

polymer networks, XB interactions were overlooked for this kind of application up to 

now.  

To gain a profound knowledge of the general binding behavior of polymeric donor 

systems, initially, a systematic series of cleft-type anion receptors were embedded into a 

polymeric architecture and were comprehensively characterized by ITC experiments in 

solution. Thereby, the dependence of the anion affinity on different key parameters, 

namely, monomeric vs. polymeric receptor, XB- vs. HB-based interaction as well as the 

effect of charge assistance was analyzed (Figure 4.2 B). Afterwards, due to the 

combination of these donor systems with a copolymer bearing accepting carboxylate 

groups supramolecular cross-linked polymer networks were obtained, which were 

subsequently analyzed regarding their intrinsic self-healing behavior (Figure 4.2 C).  

 

Figure 4.2: A) Schematic representation of studied polymeric donor / acceptor pair, which was 
analyzed B) regarding the key parameters influencing the thermodynamic behavior in solution 
as well as C) regarding the self-healing behavior of XB-crosslinked networks.  
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For the general donor motif, the well-established and easily accessible phenyl-based 

system 1 was utilized, which has been extensively studied in its monomeric form[36, 99] 

and in this context already revealed an efficient binding behavior in particular to oxo-

anions like acetate.[99] To introduce a polymerizable group, a benzyl alcohol derivative 

was chosen as starting material for this project ensuring the simple introduction of a 

methacrylate group in the end (Scheme 4.1). Thus, comonomers containing HB (20) or 

XB (21) based receptor units were synthesized, which were subsequently polymerized 

by the reversible addition-fragmentation chain transfer polymerization (RAFT) to 

prepare well-defined copolymers (p1 and p2) with a low dispersity and precise molar 

masses (Mn(p1) = 26,500 g/mol, Ð = 1.1; Mn(p2) = 30,100 g/mol, Ð = 1.2).[181] In all 

cases, butyl methacrylate (BMA) was chosen as second comonomer due to its low glass 

transition temperature (around 20 °C), which already proofed beneficial for self-healing 

applications.[182]  

 

Scheme 4.1: Schematic representation of the synthesis of the HB- and XB-donor containing 
copolymers p1 to p4 (green, blue) as well as acceptor copolymers p5 and p6 (red): i) KOH, 
MeOH, rt, 99%; ii) mes-N3, CuSO4 / NaAsc., EtOH / H2O / CH2Cl2 (2:1:1), 50° C, 85%; iii) n-
BuLi, THF, I2 at −78 °C, then −78 °C to rt, 64%; iv) TosOH, MeOH / CH2Cl2 (1:1), rt, 99% 
(X = H), 97% (X = I); v) methacrylic anhydride, DMAP / Et3N, CH2Cl2, rt, 89% (X = H), 90% 
(X = I); vi) RAFT-polymerization with BMA, CPDB / AIBN (4:1), DMF, 70 °C; vii) Me3OBF4, 
CH2Cl2, rt, 95% (X = H), 97% (X = I); viii) TBAOH, DMF, rt. (Adapted with permission from 
ref. [183]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)  
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Also in polymeric donor systems, the alkylation of the triazole moieties worked 

quantitatively and enabled the formation of the corresponding triazolium salts (p3 and 

p4). While these triazolium systems are characterized by an increased C–H / C–I 

polarization as well as an additional charge-assistance,[99] this post-functionalization 

simultaneously guarantees the same BMA / receptor ratio (Scheme 4.1) in the neutral 

and positively charged form of the copolymers (p1 vs. p3 and p2 vs. p4) and, thus, 

ensures comparability. For the polymeric acceptor systems (p5 and p6), BMA was 

copolymerized with methacrylic acid (MAA) and the resulting copolymer p5 

(Mn(p5) = 33,300 g/mol, Ð = 1.1) was subsequently treated with an excess of TBAOH 

to obtain the analogous partially anionic system p6 (Scheme 4.1). 

 

4.2 ITC investigations in solution 

The general binding behavior of the polymeric donor systems (p1 to p4) and in 

particular the dependence of the anion affinity on the key parameters (i.e., monomeric 

vs. polymeric receptor, XB- vs. HB-based interaction as well as effect of charge 

assistance) was analyzed by comprehensive ITC experiments in solution (Table 4.1).  

Table 4.1: Thermodynamic parameters for the complexation of various donor systems with 

different TBA+ halides. 

Host Guest K [M−1] 
ΔG 

[kJ mol−1] 
ΔH 

[kJ mol−1] 
TΔS 

[kJ mol−1] 
N 

Host:Guest 
ratio 

p1 a Br− - - - - -  

p3 Br− 3.55 × 103 −20.7 −13.9 6.8 1.06 1:1 

1 Br− 2.22 × 103 −19.4 −24.5 −5.1 1.00 1:1 

p2 Br− 2.36 × 103 −19.6 −28.4 −8.8 0.79 1:1 

p4 Br− 2.87 × 104 −25.9 −31.8 −5.9 1.05 1:1 

p4 AcO− 

4.17 × 105 
2.11 × 103 

−32.6 

−19.3 

−12.9 
−22.8 

19.7 
−3.5 

0.96 
1.50 

1:1 
1:2 

7.97 × 103 
5.17 × 105 

−22.7 

−33.2 

−28.6 
−11.9 

−5.9 
21.3 

0.70 
1.06 

1:2 
1:1 

Thermodynamic parameters calculated from guest-into-host or inverse host-into-guest (marked 
in grey) titrations in THF at 303 K. a No sufficient heat effect was observed in the ITC 
measurement. (Adapted with permission from ref. [183]. Copyright 2017 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim) 



Application of halogen bond donors in polymeric architectures – bridging solution and 
solid state

 

44 
 

First, to allow a classification of the polymeric donors with respect to literature[98-99] and 

to evaluate the different key parameters on the binding behavior, a systematic analysis 

of all prepared systems (p1 to p4 and 1) with a simple spherical guest (bromide) was 

performed. As expected, the HB-based host systems (p1 and p3) revealed significantly 

smaller association constants compared to the XB-based analogous (p2 and p4). In the 

case of the uncharged HB system p1, the anion affinity to bromide was even too low to 

be determined by ITC (Table 4.1).  

Comparing the polymeric XB-based system p2 with the analogous monomeric 

reference system 1 from Section 3.1, only minor influences of the polymer backbone on 

the complexation behavior of the receptor unit can be observed. In both cases, ITC 

experiments revealed 1:1 complexes with nearly the same binding affinities (Table 4.1), 

indicating the anticipated cleft-type complexation of the anion (Figure 3.5). In case of 

p2, a slightly more unfavorable entropic term towards the binding was determined, 

which may have two reasons: Firstly, a tentatively weaker solvation of the receptor in 

the polymer system may lead to less desolvation during the complexation. Secondly, the 

uncharged polymer entangles and forms a random coil, which needs to be unknot before 

the binding sites become accessible for anions. As a result, the conformational freedom 

is restricted leading to a smaller entropic contribution compared to the monomeric 

system. Furthermore, the formation of a random coil is also in line with the slightly 

decreased stoichiometric value (N(p2) = 0.79), which could be indicative for some 

blocked / unavailable receptor units in the polymer chain of p2.  

When comparing the charge-neutral (p1 and p2) and the doubly positive charged 

systems (p3 and p4), the bromide affinity is enhanced by about one order of magnitude 

for the charged receptor systems (K(p2) = 2.36 × 103 M−1 and K(p4) = 2.87 × 104 M−1). 

In particular, in line with previous results the enhanced enthalpic term can be explained 

by the additional Coulomb interaction as well as by a stronger C–H / C–X bond 

polarization of the triazolium moiety compared to the charge-neutral triazole moiety.[99] 

Furthermore, as already explained in Section 2.2.1, the solvent interaction is more 

pronounced for charged receptors causing an enhanced desolvation during complexation 

and, as a net result, a more favorable entropic contribution.[25] At the same time, the 

increased stoichiometric value for p4 compared to p2 (N(p4) = 1.05 and N(p2) = 0.79) 

indicated a better accessibility of the receptor units, which could be explained by the 
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rejection of adjacent positively charged receptor units and, consequently, by a less 

entangled polymer chain. 

For a descriptive transfer of the knowledge from solution investigations to the 

polymeric network, initially, the interaction of the strongest donor system (p4) was 

exemplarily studied with the polyatomic acetate, which mimics the carboxylate group of 

the polymeric acceptor system p6. As expected from previous experiments of the 

monomeric receptor system 1, a preference of p4 for acetate over bromide was observed 

(Table 4.1) and is rationalized by the higher basicity of the oxo-anion.[99] As a result of 

the increased binding affinity even the tendency to form a weak 1:2 complex 

(N2(p4) = 1.50) was observed for acetate, which was underlined by inverse titration 

experiments. Finally, ITC experiments with complete polymer-based donor / acceptor 

pairs (p4 with p5 as well as p4 with p6) display exothermic signals and, consequently, 

revealed an attractive interaction between the two polymeric systems. Moreover, the 

titration of p4 with a pure BMA-based reference polymer revealed no significant heat 

change, which further indicates that the formation of XBs between the receptor unit and 

the acid function of the MAA comonomer is responsible for the observed attractive 

interaction of p4 with p5 and p6. Unfortunately, a reliable quantification of the 

thermodynamic parameters is precluded due to the unknown degree of accessible donor 

and / or acceptor sites. In particular, steric hindrances in the entangled polymer system 

and / or entropic penalties associated with the restricted flexibility upon arranging the 

two polymers could tentatively block some binding places. 

 

4.3 Material properties in thin films 

Nevertheless, with the knowledge of the binding behavior of polymeric XB / HB-donor 

systems in solution in hand, material properties in films were studied next. For this 

purpose, solutions of the polymeric donor / acceptor pairs were mixed in stoichiometric 

amounts according to the degree of functionality and the desired network (e.g., p46 

from p4 and p6, see Figure 4.3 A) precipitated during slow solvent evaporation and 

was finally dried under reduced pressure. Subsequently, the successful XB-based 

crosslinking was demonstrated by the help of nanoindentation measurements, FT-

Raman spectroscopy as well as X-ray diffraction studies. Finally, the applicability of 

these networks as self-healing films was investigated as described in the next sections.  
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Figure 4.3: A) Schematic representation of the exemplary polymer network p46 crosslinked via 
XB formation. B) Summary of indentation moduli (Ei) as well as hardness of the polymer 
networks. (Adapted with permission from ref. [183]. Copyright 2017 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim)  

Nanoindentation experiments represent a standard technique to determine the 

mechanical properties, even in case of very little amounts of available material.[179, 184-

185] The measurements revealed that the non-crosslinked pure BMA-based reference 

polymer exhibit a significantly lower stiffness compared to the donor / acceptor-based 

networks (Figure 4.3 B). These enhanced mechanical properties of the networks with 

indentation moduli (Ei) up to 1.82 GPa were assigned to the embedded bidentate 

receptor units, which enable a crosslinking due to the possible formation of 1:1 and 1:2 

complexes between the donor units and the carboxylate groups of the polymers (vide 

supra). In line with the detected higher binding affinity of the XB interactions in 

solution (Table 4.1), also a slightly increased stiffness and hardness of the XB-based 

network (p46) compared to the HB-based analogue (p36) was observed.  

Simultaneously, FT-Raman spectroscopy[186-188] was applied to prove the XB-based 

crosslinking of p4 (charge-assisted donor) as well as p2 (neutral donor) in their 

corresponding donor / acceptor networks p46 and p26 (Figure 4.4 A for p46). Thereby, 

the C–I stretching vibration as well as the triazolium ring vibration reacted sensitively to 

the formation of the XB interaction. Comparing the C–I stretching vibration in p4 

(295 cm−1) with the one in the network p46 (285 cm−1), the wavenumber shift of 

10 cm−1 represents a clear indication for a C–I bond lengthening[189-190] and, thus, is 

consistent with the expected charge transfer and partial population of the σ*(C–I) orbital 

upon XB formation.[72] In line with the expected weaker XB formation of the neutral 

donor system p2 compared to p4, the corresponding network p26 showed a smaller 

wavenumber shift of the C–I band (5 cm−1).  



Application of halogen bond donors in polymeric architectures – bridging solution and 
solid state 

 

 47 
 

 

Figure 4.4: A) Normalized and background corrected FT-Raman spectrum of the copolymer p4 
(blue line) and the polymer network p46 (red line) as well as (inset) the shift of the C–I bond 
from p4 (295 cm−1) to p46 (285 cm−1), which proves the network formation via XBs. B) Solid-
state structures of the free reference receptor[191] as well as C) the interaction with acetate 
(thermal ellipsoids at 50% probability level, hydrogen atoms and solvent molecules are omitted 
for clarity; grey: carbon, blue: nitrogen, purple: iodine, yellow: fluorine, red: oxygen, and pink: 
boron). (Adapted with permission from ref. [183]. Copyright 2017 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim)  

A comparison of the C–I bond lengths in the solid state structures of the free 

receptor[191] (2.06 Å) with the one in the acetate complex (2.09 Å) revealed a slight 

bond lengthening upon XB formation towards a strongly coordinated anion (Figure 

4.4 B, C) and, thus, is in line with the observed bond weakening in the FT-Raman 

spectroscopy. Just like spherical guests,[99] also the acetate is bound in a cleft-type 

complexation through the formation of two nearly linear XBs (177° to 173°), which are 

significantly shorter (25% shortening) than the ∑rw(I···O) = 3.50 Å[85] and represent one 

of the shortest XB interactions with an oxo-anion that has been structurally observed up 

to now.[76] 

Finally, these hard materials were examined regarding their self-healing behavior in thin 

films. As already explained in the beginning (Figure 4.2), the proven XB formation 

between the polymeric donor / acceptor pair (vide supra) constitutes the basis for this 

application. Satisfactorily, scratch tests[192] revealed a self-healing behavior of all 

donor / acceptor networks at 100 °C (see exemplarily Figure 4.5 A) with slight 

differences regarding the shortest healing time and the lowest healing temperature 

(Figure 4.5 B). The sufficient thermal stability of all polymer networks (Td > 220 °C) 
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was indicated by differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) investigations confirming no degradation at self-healing temperature. 

Interestingly, the combination of a XB-based donor with the partially anionic acceptor 

(p26 and p46) required slightly higher temperatures for complete scratch healing, which 

is assigned to a stronger crosslinking and, thus, is in line with the detected stronger host-

guest interaction in solution.  

 

Figure 4.5: A) Self-healing behavior of the copolymer network p46. i) Film, ii) first scratch, iii) 
healing after 17 h at 100 °C. B) Summary of self-healing abilities of the polymer networks. 
(Adapted with permission from ref. [183]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim) 

In conclusion, although the familiar HB interaction has been extensively used in self-

healing polymers, XBs were overlooked up to now and were for the first time 

comprehensively analyzed as driving force in healable polymeric networks. In this 

context, also the first systematic ITC study of polymeric XB donors was performed 

providing detailed information concerning their complexation behavior in solution. This 

knowledge from solution phase behavior in combination with a X-ray diffraction 

analysis, FT-Raman measurements as well as the information from nanoindentation 

experiments, gave insight towards a XB-based crosslinking in polymeric networks and, 

as a net result, helped to rationalize the thermally induced self-healing behavior.  
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4.4 Subsequent work using bis-bidentate linkers for formation of networks 

Having established the first XB-based self-healing network based on a polymeric 

donor / acceptor pair, subsequent work concentrated on a flexible bis-bidentate linker 

unit between copolymers bearing accepting phosphate groups (Scheme 4.2).[193] In this 

context, the change from acetate to phosphate enabled the introduction of a stronger 

double negatively charged acceptor part,[99] which is linked by a flexible ethyl bridge to 

the polymer backbone to enhance the accessibility for the crosslinker. In addition, the 

two cleft-type receptor units of the linker are connected via an octanoic diester chain to 

increase the flexibility and, thus, to enable an efficient crosslinking in the later polymer 

network.  

The bifunctional donor systems (22 and 23) were readily accessible exploiting the 

modular character of the respective benzyl alcohol derivatives (18 and 19) (Scheme 4.1) 

in a one-step synthesis with octanedioyl dichloride (Scheme 4.2). The polymeric 

acceptor p7 (Mn(p7) = 15,100 g/mol, Ð = 1.2) was obtained by RAFT-polymerization 

of BMA with a phosphate-based functional comonomer and was afterwards treated with 

an excess of TBAOH to obtain the analogous anionic system p8. 

 

Scheme 4.2: A) Schematic representation of the synthesis of the bis-bidentate HB- and XB-
based linker systems 22 and 23 (green, blue) as well as acceptor copolymers p7 and p8 (red). i) 
Octanedioyl dichloride, DMAP / Et3N, CH2Cl2, rt, 97% (X = H), 92% (X = I); ii) TBAOH, 
CHCl3, rt. B) Exemplary formation and nomenclature of polymer network p8/23. (Adapted 
from ref. [193] with permission from The Royal Society of Chemistry) 
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In analogy to the polymeric donor systems, ITC investigations were performed in 

solution first. Comparing the bromide affinity of the XB-based linker 

(K(23) = 2.76 × 103 M−1) with the analogous mono-functional reference compound 

(K(1) = 2.22 × 103 M−1, Table 4.1), nearly the same association constant was 

determined indicating only minor interactions between the two adjacent binding sites of 

linker 23. Furthermore, the aimed bis-bidentate complexation mode of the linker was 

supported by a measured complex stoichiometry of N(23) = 1.78 indicating two bound 

anions (one in each bidentate binding site). Afterwards, crosslinked polymer networks 

were prepared and again validated by FT-Raman measurements, which supported the 

desired XB-based crosslinking by the wavenumber shift of the triazole ring vibration 

(1524 cm−1 for 23 and 1520 cm−1 for network p8/23). This shift of 4 cm−1 is slightly 

smaller than the one observed in the previous project (8 cm−1 for p46) attributed to the 

missing charge-assistance of the donors and the consequently weaker XB interaction. 

The beneficial effect of the XB-based crosslinker can be best explained by comparing 

the mechanical properties as well as the self-healing behavior of p8 with the network 

p8/23. While p8 already revealed a good healing behavior at 100 °C due to its 

ionomeric character and the associated intrinsic self-healing ability,[177, 194] the polymer 

simultaneously suffered from a low mechanical stability (Ei(p8) = 0.27 GPa). The XB 

crosslinked network in contrast convinced with a significantly increased mechanical 

stability (Ei(p8/23) = 1.34 GPa) by simultaneously maintaining the very good healing 

abilities at 100 °C. Noteworthy, the HB-based network only showed a minimal 

improvement of the mechanical stability (Ei(p8/22) = 0.40 GPa) indicating a much 

weaker crosslinking compared to the XB-based interaction, which is in line with the 

expected weaker HB interaction observed in solution.[195]  
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5 Summary 

The XB is a highly directional supramolecular interaction in which a covalently bound 

halogen X is polarized by an electron-withdrawing group R and, thus, is able to act as 

the electrophilic species (XB donor) in the presence of a Lewis base (XB acceptor).[26] 

Accordingly, the polarizability of X (I > Br > Cl > F) as well as the electron-

withdrawing ability of R are key factors influencing the strength of the interaction.[68] 

While there are several similarities to the better known HB, in particular, the 

characteristic differences regarding the greater preference for linearity[71] combined with 

the potential tunability[55, 74] of the interaction strength as well as the better solvent 

resistance[92, 196] gives rise to the construction of highly functional and very selective 

XB-based binding sites.[27-28]  

This thesis details on the design of anion receptors based on 1,2,3-triazole derivatives, 

which are readily prepared and functionalized by making use of azide–alkyne 

cycloaddition reactions. The obtained heterocycle convinced by its sufficient electron-

withdrawing behavior to create strong XB or HB interactions to a Lewis base as well as 

its intrinsic heteroditopic character allowing additional supramolecular interactions with 

an electrophilic partner.[34-35] In order to allow XBs with maximum strength,[68] iodine-

based XB donors were chosen and continuously compared to their HB-based analogous 

(see Chapter 2 and Scheme 5.1 blue frames).  

Chapter 3 describes the utilization of the intrinsic heteroditopic character of the triazole 

moiety in two different concepts to strongly improve the anion binding affinity of XB-

based donor systems in solution (Scheme 5.1 green frames).  

In a first attempt, intramolecular HBs formed between hydroxyl substituents of the 

central spacer unit and a nitrogen atom of adjacent iodo-1,2,3-triazoles were used to 

create a more rigid bidentate XB donor system (Chapter 3.1).[36] Hence, a relaxation of 

the receptor was already prevented in its uncomplexed form, i.e., the preorganized 

receptor is spring-loaded for complexation, and, thus, a strongly improved halide 

complexation without entropic penalty (reorganization of the system) was enabled. 
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Scheme 5.1: Schematic representation of the 1,2,3-triazole unit as central building block for 
anion receptors with Lewis-basic nitrogen atoms (red), Lewis-acidic XB / HB donor atom (blue) 
and substituents A and A’ (green) demonstrating modular synthetic character (blue frame). The 
anion binding affinity was tuned by taking advantage of the heteroditopic character of the 
heterocycle and was analyzed by NMR or ITC titration experiments in solution (green frame). 
Implementation of anion receptor units in a polymer backbone and their key parameters studied 
in solution as well as their application in crosslinked networks showing self-healing in thin 
films (red frame). 

Following these building principle, charge-neutral receptors with high binding affinities 

can be designed.[145] Owing to the highly directional and strong XBs as well as to the 

absence of isotropic Coulomb interactions, these receptors offer great potential for 

applications as (enantio-) selective organo-catalysts in the future.[62, 102] In the second 

attempt, the iodo-1,2,3-triazole moiety was embedded into a crown-ether structure for 

simultaneous cation–anion binding through Lewis-basic nitrogen atoms and the XB-

donating iodine atom (Chapter 3.2).[37] Here, the cation complexation induced 

cooperative effects, namely an additional Coulomb attraction and, in particular, the 

enhancement of the C–I bond polarization, strongly boosted the anion affinity of the 

macrocycle. While ITC titration experiments used in the first project enabled a detailed 

understanding of the complex stoichiometry, the binding affinity, and the 

thermodynamic effect of preorganization in solution by only one experiment, the 1H and 
13C NMR titration experiments of the second project guaranteed a consistent and 

reliable analysis of two different binding places within one molecule to determine weak 

individual binding affinities as well as the cooperative effect.[162] Moreover, in both 
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projects the titration experiments in solution were supported by comprehensive solid-

state analyses, selective ROESY experiments, and theoretic calculations. 

Aiming at the design of functional supramolecular materials, bidentate receptor units 

were embedded into a polymeric architecture and were initially analyzed concerning 

their binding behavior in solution and finally also evaluated regarding the material 

properties in thin films as described in Chapter 4 (Scheme 5.1 red frames).[183] 

Therefore, comonomers containing cleft-type receptor units based on (partly charge-

assisted) XB and HB interactions were copolymerized with BMA via RAFT to obtain 

polymeric donor systems. Noteworthy, despite a slight variation of the entropic 

contribution, the binding site of the polymeric donor behaved very similar compared to 

the monomeric reference system, indicating only minor influences of the polymer 

backbone on the complexation behavior in solution. The ITC studies additionally aided 

to reveal the significantly reduced binding affinity of analogous HB-based systems, the 

strong influence of charge-assistance boosting the anion affinity by about one order of 

magnitude as well as to confirm an attractive interaction even between completely 

polymer-based donor / acceptor pairs, which represents the basis to establish 

crosslinked polymer films. Upon film preparation, very hard materials with Ei up to 

1.82 GPa were obtained representing the first indication for the desired network 

formation. In case of XB-based systems, a C–I bond lengthening, which is indicative for 

a partial population of the σ*(C–I) orbital upon XB formation,[72] was revealed by 

Raman spectroscopy and, consequently, further supports the XB-induced crosslinking. 

Finally, this strong but still reversible network formation constitutes the basis for the 

observed intrinsic self-healing behavior of the material, which enabled the thermally 

triggered correction of a mechanical damage.[192] Moreover, subsequent work 

concentrating on bis-bidentate linkers for network formation further impressively 

showed the benefits of strong XBs compared to the better known but weaker HB 

interaction by providing self-healing materials with a significantly increased mechanical 

stability (Ei(XB-based) = 1.34 GPa compared to Ei(HB-based) = 0.40 GPa). Thus, the 

combination of a XB-based crosslinker with a copolymer bearing accepting groups 

allowed the design of functional materials with good healing ability and simultaneously 

excellent mechanical performance required for later applications like coating materials. 

These first results may aid in the exploitation of the rich application potential of XB-
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based supramolecular polymer architectures (e.g., stimulus-responsive materials, 

stabilization of polymer blends).[38]  

Ultimately, by employing iodo-1,2,3-triazole and iodo-1,2,3-triazolium units as XB-

donors, a rapid synthetic access to highly functionalizable anion receptors with excellent 

binding affinities, which are suitable for applications as e.g., sensor units, organo-

catalysts or building blocks for supramolecular functional materials, is provided.  

 



 

55
 

6 Zusammenfassung 

Die XB beschreibt eine attraktive supramolekulare Wechselwirkung mit hoher 

Direktionalität, in der ein kovalent gebundenes Halogen X durch eine 

elektronenziehende Gruppe R polarisiert wird und somit in Gegenwart einer Lewis-Base 

(XB-Akzeptor) als Elektrophil (XB-Donor) fungieren kann.[26] Demzufolge sind die 

Polarisierbarkeit von X (I > Br > Cl > F) sowie die elektronenziehende Eigenschaften 

von R Schlüsselfaktoren für die Stärke dieser Wechselwirkung.[68] Es gibt zwar einige 

Analogien zu den bekannteren HB, jedoch ermöglichen besonders die charakteristischen 

Unterschiede hinsichtlich einer höheren Direktionalität[71] in Kombination mit einer 

leichteren Variation der Wechselwirkungsstärke[55, 74] sowie einem geringeren 

Lösungsmitteleinfluss[92, 196] die Konstruktion hochselektiver und funktioneller XB-

basierter Bindungsstellen. [27-28]  

Ziel dieser Arbeit war es, Anionenrezeptoren basierend auf 1,2,3-Triazolderivaten zu 

entwickeln, die mittels Cycloadditionsreaktionen zwischen organischen Aziden und 

Alkinen sehr leicht zugänglich und funktionalisierbar sind. Der so erhaltene 

Heterozyklus ermöglicht durch seine elektronenziehende Wirkung zum einen die 

Ausbildung starker XB- oder HB-Wechselwirkungen zu einer Lewis Base und gestattet 

zum anderen durch seinen intrinsischen heteroditopen Charakter zusätzliche 

supramolekulare Wechselwirkungen mit einem elektrophilen Partner.[34-35] Um 

möglichst große Wechselwirkungsstärken zu erzielen konzentrierte sich diese Arbeit auf 

Iod-basierte XB-Donoren,[68] welche kontinuierlich mit ihren analogen HB-basierten 

Systemen verglichen wurden (siehe Kapitel 2 und Schema 6.1 blaue Rahmen).  

Kapitel 3 beschreibt in zwei verschiedenen Konzepten die Verwendung des 

intrinsischen heteroditopischen Charakters der Triazoleinheit, mit dem Ziel, die 

Anionenbindungsaffinität von XB-basierten Donorsystemen in Lösung zu verbessern 

(Schema 6.1 grüne Rahmen).  
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Schema 6.1: Schematische Darstellung der 1,2,3-Triazoleinheit als zentraler Baustein der 
Anionenrezeptoren mit Lewis-basischen Stickstoffatomen (rot), Lewis-saurem XB / HB-
Donoratom (blau) und den modular variierbaren Substituenten A und A' (grün) (blaue Rahmen). 
Durch gezielte Nutzung des heteroditopischen Charakters des Heterozyklus konnte die 
Anionenaffinität der Systeme verbessert und anschließend mittels NMR- oder ITC-
Titrationsexperimenten in Lösung analysiert werden (grüne Rahmen). In ein Polymergerüst 
eingebettete Rezeptoreinheiten wurden zunächst auf ihre ausschlaggebenden Parameter in 
Lösung und anschließend auf ihre selbstheilenden Eigenschaften in vernetzten Polymerfilmen 
untersucht (rote Rahmen).  

Im ersten Abschnitt wurden intramolekulare HBs zwischen Hydroxylgruppen der 

zentralen Einheit und einem Stickstoffatom benachbarter Iod-1,2,3-triazole verwendet, 

um ein versteiftes zweizähniges XB-Donorsystem zu erhalten (Kapitel 3.1).[36] Somit 

konnte die Beweglichkeit des Rezeptors bereits in seiner freien Form stark 

eingeschränkt und das System für die Komplexierung vororientiert werden. Ein 

entropisches Hemmnis (Reorganisation des Systems) wurde somit in dem 

vororganisierten Rezeptor vermieden und folglich eine stark erhöhte Bindungsaffinität 

zu Halogeniden ermöglicht. Diesem Konzept folgend können ladungsneutrale 

Rezeptoren mit hohen Bindungsaffinitäten entworfen werden,[145] welche aufgrund der 

hohen Direktionalität und Stärke von XBs sowie der Abwesenheit isotroper Coulomb-

Wechselwirkungen ein großes Potenzial für mögliche zukünftige Anwendungen als 

(enantio-) selektive Organokatalysatoren aufweisen.[62, 102] Im zweiten Abschnitt wurde 

die Iod-1,2,3-triazoleinheit in eine Kronenether-Struktur eingebettet. Die Kombination 

aus Lewis-basischen Stickstoffatomen und Lewis-saurem XB-Donor eröffnete dabei die 
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Möglichkeit einer simultanen Bindung von Kation und Anion in einem Ionenpaar-

Rezeptor (Kapitel 3.2).[37] Die durch die Kationenkomplexierung induzierten 

kooperativen Effekte (das heißt eine zusätzliche Coulomb-Anziehung und insbesondere 

eine Verstärkung der Polarisation der C–I Bindung) bewirkten dabei eine enorme 

Verstärkung der Anionenaffinität des Makrozyklus. Dabei ermöglichten die im ersten 

Projekt verwendeten ITC Titrationsexperimente ein schnelles und detailliertes 

Verständnis bezüglich Komplex-Stöchiometrie, Bindungsaffinität und thermo-

dynamischer Effekte der Vororganisation in Lösung. 1H und 13C NMR Titrations-

experimente des zweiten Projekts garantierten dagegen eine konsistente sowie 

zuverlässige Analyse von zwei individuellen Bindungsstellen innerhalb eines Moleküls, 

um zum einen die relativ schwachen individuellen Bindungsaffinitäten und zum 

anderen den finalen kooperativen Effekt zu bestimmen.[162] Darüber hinaus wurden die 

durchgeführten Titrationsexperimente in beiden Projekten durch selektive ROESY-

Experimente sowie umfassende Kristallstrukturanalysen und theoretische Berechnungen 

unterstützt. 

Für die Anwendung in funktionalen supramolekularen Materialien wurden zweizähnige 

Rezeptoreinheiten in eine polymere Architektur eingebettet und zunächst hinsichtlich 

ihres Bindungsverhaltens in Lösung bewertet, um anschließend ebenfalls ihre 

Materialeigenschaften in dünnen Filmen besser zu verstehen (siehe Kapitel 4 und 

Schema 6.1 rote Rahmen).[183] 

Um entsprechende polymerbasierte Donorsysteme zu erhalten, wurden (teilweise 

ladungsunterstützte) XB- und HB-basierende Rezeptoreinheiten als Comonomer 

verwendet und zusammen mit BMA mittels RAFT copolymerisiert. Bemerkenswert 

war, dass bis auf einen leicht veränderten entropischen Beitrag die 

Bindungseigenschaften des polymerbasierten Donors sehr gut mit denen des 

monomeren Referenzsystems übereinstimmten und somit nur ein sehr geringer Einfluss 

des Polymerrückgrats auf das Komplexierungsverhalten in Lösung zu beobachten war. 

ITC-Studien zeigten außerdem neben den stark reduzierten Bindungsaffinitäten 

analoger HB-basierter Systeme noch den starken Einfluss der zusätzlichen Coulomb-

Wechselwirkung (Ladungsassistenz) an, welche die Anionenaffinität der Donoren um 

etwa eine Größenordnung erhöhte. Weiterhin wurde die attraktive Wechselwirkung 

zwischen vollständig polymerbasierten Donor / Akzeptor-Paaren bestätigt und somit die 
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Grundlage für die anschließende Herstellung vernetzter Polymerfilme gelegt. Bei der 

Filmherstellung wurden sehr harte Materialien mit einem Ei-Modul von bis zu 1,82 GPa 

erhalten, was einen ersten Hinweis auf die gewünschte Netzwerkbildung darstellte. Im 

Fall der XB-basierten Systeme wurde mittels Raman-Spektroskopie eine Verlängerung 

der C–I Bindung festgestellt, welche auf eine partielle Population des σ*(C–I) Orbitals 

durch Ausbildung einer XB hindeutete,[72] und somit ein weiteres Indiz der XB-

induzierten Vernetzung gefunden. Letztendlich bildete diese starke, aber dennoch 

reversible Vernetzung die Grundlage für das beobachtete intrinsische 

Selbstheilungsverhalten des Materials, welches ihm eine thermisch induzierte Korrektur 

eines mechanischen Schadens ermöglichte.[192] Darüber hinaus unterstrichen 

nachfolgende Arbeiten mit bifunktionellen Linkern zur Netzwerkbildung eindrucksvoll 

die Vorteile der XB. Im Vergleich zu den zwar bekannteren, aber deutlich schwächeren 

HB-Wechselwirkungen ermöglichten die XB die Herstellung selbstheilender 

Materialien mit signifikant erhöhter mechanischer Stabilität (Ei(XB-basiert) = 1,34 GPa 

im Vergleich zu Ei (HB-basiert) = 0,40 GPa). Auf diese Weise konnte gezeigt werden, 

dass die Kombination eines XB-basierten Vernetzers mit einem Akzeptorgruppen 

tragenden Copolymer die Entwicklung funktioneller Materialien mit guten 

Selbstheilungsfähigkeiten und gleichzeitig ausgezeichneten mechanischen Stabilitäten 

eröffnete, welche speziell für spätere Anwendungsgebiete wie beispielsweise in 

Beschichtungsmaterialien interessant wäre. Diese ersten grundlegenden Ergebnisse 

können bei der künftigen Anwendung der XBs im Rahmen XB-basierter 

supramolekularer Polymerarchitekturen (z. B. schaltbare Materialien oder Stabilisierung 

von Polymermischungen) helfen.[38] 

Letztlich wurde durch die Verwendung von Iod-1,2,3-triazol- und Iod-1,2,3-triazolium-

Einheiten als XB-Donoren der Aufbau hochfunktionalisierbarer Anionenrezeptoren mit 

exzellenten Bindungsaffinitäten sowie einem schnellen synthetischen Zugang 

ermöglicht, welche sich für Anwendungen beispielsweise in Sensoreinheiten, 

Organokatalysatoren oder als Bausteine für supramolekulare funktionelle Materialien 

eignen. 
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1. Introduction

As a consequence of the importance of anions in
biological and chemical processes, anion coordination
chemistry is continuously developing and new research efforts
have been devoted to the design of selective anion binding
sites.[1] In particular, the proposed biological and medical
applications typically require aqueous conditions, but the
selective recognition of anions in water remains a challenge.[2]

Although selective anion recognition can be achieved by
numerous supramolecular interactions, for example, hydro-
gen bond (HB), ion–ion, anion–p, and electrostatic interac-
tions,[3,4] the halogen bond (XB) has long been overlooked in
this context. However, in the last decade, the utility of XBs in
anion coordination and supramolecular chemistry has be-
come increasingly apparent.

The XB is a highly directional supramolecular interaction
in which a covalently bound halogen in compounds of the
general form R-X (X= I, Br, Cl, F) is polarized by an
electron-withdrawing group R and, thus, is able to act as the
electrophilic species (XB donor) in the presence of a Lewis
base (XB acceptor).[5,6] Accordingly, the polarizability of X
(I>Br>Cl>F) as well as the electron-withdrawing ability of
R are key factors to tune the size of the electrophilic area,
which is termed the s-hole.[7] This Lewis-acidic region is
surrounded by a belt of negative electrostatic potential, which
also accounts for the strictly linear nature of the XB
interaction.[7] In addition to this electrostatic interaction (s-
hole), the XB is also characterized by additional contributions
from dispersion and charge-transfer components. The exact
magnitude/importance of each contribution is controversially
discussed and strongly depends on the system.[8]

Besides some studies on XBs in biological systems,[9–11]

current research focuses on the theoretical[12,13] and crystallo-
graphic characterization[14–16] of XBs and their application in
crystal engineering[17] and materials design.[18,19] Nevertheless,
there is growing interest in the exploration of new supra-
molecular systems based on XBs in solution.[20–24]

Two recent reviews, which cover the literature up to mid-
2015, provide a very good overview of the history and nature
of XBs and demonstrate the specific advantages of XBs in
quite different fields—from crystal engineering and soft
materials to biomolecular recognition and functional systems
in solution.[25,26] This Minireview covers recent solution-phase
applications of XBs, with a focus on anion recognition and
sensing processes. Furthermore, advances in XB-mediated

organocatalysis as well as the XB-
templated self-assembly of interlocked
structures are also highlighted.

2. Anion Recognition and
Sensing with Cationic Receptors

In general, anions are excellent XB
acceptors due to their electron-rich
nature; however, the design of strong
and selective anion receptors is often

complicated by certain intrinsic challenges of negatively
charged species, for example, anions are larger than their
isoelectronic cations, they are pH-sensitive, exhibit a wide
range of geometries, and suffer from high solvation enthal-
pies. To meet these intrinsic challenges, a combination of
strategies, such as charge-assistance, multidentate binding
motifs, preorganization as well as cooperativity effects, is
usually used, which will be explained and discussed in more
detail in the following subchapters.

The use of positively charged receptors that benefit from
a Coulombic attraction to anions (charge assistance) was
identified early on as a general strategy to boost binding
affinities. These cationic XB donors generally contain five- or
six-membered nitrogen heterocycles as electron-withdrawing
groups (R), in which one of the nitrogen atoms is quaternized
to create a charge and to strongly polarize the covalently
bound halogen.[25,26] The charge not only boosts the binding
affinity, it also modifies the entropy (TDS)/enthalpy (DH)
distribution of these receptors compared to analogous neutral
ones. Whereas the binding of anions by cationic receptors is
more entropically driven by the release of polar-bound
solvent molecules during the binding event,[27] neutral recep-
tors benefit from negative enthalpy changes and suffer from
an unfavorable entropic penalty.[28,29]

2.1. Mono-, Bi-, and Tridentate Cationic Receptors

The Ghosh research group designed the bis-heteroleptic
ruthenium(II) complex 1 in which the XB subunit is directly
attached to the metal center (Figure 1).[30] Detailed 1H NMR
and 31P NMR spectroscopic measurements as well as UV/Vis
titration studies in solution revealed selective phosphate
recognition as well as higher binding affinities, lower detec-
tion limits, and greater changes in the lifetime of the XB-
based complex in the presence of phosphate compared to the

The halogen bond is a supramolecular interaction between a Lewis-
acidic region of a covalently bound halogen and a Lewis base. It has
been studied widely in silico and experimentally in the solid state;
however, solution-phase applications have attracted enormous interest
in the last few years. This Minireview highlights selected recent
developments in halogen bond interactions in solution, with a focus on
the use of receptors based on halogen bonds in anion recognition and
sensing, anion-templated self-assembly, as well as in organocatalysis.
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analogous HB-based system. The obtained association con-
stant of up to 105m�1 is one of the highest binding affinities for
monodentate charged systems reported to date (see Table 1),
which might be explainable by the very strong interconnec-
tion of the XB donor and the metal complex.

Berryman and co-workers used HB- and XB-based
bidentate imidazolium (X=H, I; 2) systems to quantify the
effect of water on the halide binding (Figure 2).[31] Besides
a general stronger anion affinity, the organic XB system
showed an improved water resistance compared to the
analogous HB-based system. Whereas a 46% reduction in
the binding strength of 2 (X=H) was found on changing the

solvent from neat CD3CN to CD3CN/D2O (95:5), the XB-
based system 2 (X= I) revealed only a 32% reduction. Hence,
the potential of XBs to overcome competitive environments
was demonstrated. In this context, Beer and co-workers very
recently demonstrated selective anion recognition even in
pure water by using a cyclodextrin-based receptor function-
alized with two iodotriazole units.[32]

The affinity for a certain binding partner can be signifi-
cantly increased by switching from bidentate complexation
modes to multiple interaction points adjusted in a concerted
manner. Although the design and synthesis of multidentate
XB donors is rather challenging due to the strict linearity of
the interaction, it also offers the advantage of creating more
rigid and ordered structures with an improved selectivity.[25,26]

This general design strategy was successfully used in
different studies by implementing pyridinium (3),[33] imida-
zolium (4, 5),[34,35] or triazolium (6)[35] moieties to build
a tridentate bowl-shaped cavity. These structures enabled
anion binding in stable 1:1 (3, 5, and 6) or 1:3 (4) complexes
through charge-assisted HB/XB interactions (Figure 3).

The Berryman research group designed a tridentate XB
donor system consisting of three bridged 4-halopyridinium
unites 7 (X=Br, I), which underwent an impressive self-
assembly to form a triple helicate in solution as well as in the
solid state (Figure 4).[36] In particular the tricationic strands of
the 4-iodopyridinium derivative 7 (X= I) enabled the stable
encapsulation of two iodide ions within the formed tubular
anion channel with nine XB donor units in organic solvents
(CD3CN/[D7]DMF (4:1), stable up to 341 K) as well as
aqueous media (D2O/[D7]DMF (1:1) at 298 K). The forma-
tion of the triple helicate was encouraged by a combination of
favorable p-stacking and the strict linearity of the strong XBs
with the encapsulated guests.

2.2. Polymeric Multidentate Cationic Receptors and
Supramolecular Polymers in Solution

In the last few years, the combination of XBs with
polymeric architectures has also attracted growing interest for
the design of supramolecular functional materials.[18] Never-
theless, a quantitative analysis of polymeric XB donors in
solution is still missing to date. Accordingly, our group
exploited isothermal titration calorimetry (ITC) experiments
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Friedrich Schiller University Jena.

Figure 1. A monodentate XB/HB-based triazole system incorporated in
a bis-heteroleptic ruthenium(II) complex. 1: Ka value obtained by
UV/Vis titration in CH3CN at 298 K.[30]

Figure 2. A bidentate XB/HB-based imidazolium system;
OTf�= triflate. 2 : Ka values obtained by 1H NMR titration in CD3CN/
D2O (99:1) at 289 K.[31]
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(in THF) on polymeric donor systems 8 (X=H, I) to evaluate
the dependence of the anion affinity on different key
parameters, namely, differences between monomeric and
polymeric receptors, differences between XB- and HB-based

units, and the effect of charge assistance (Figure 5B).[37] The
combination of these donor systems with a copolymer bearing
accepting carboxylate groups led to the formation of supra-
molecular cross-linked polymer networks that showed ex-
cellent intrinsic self-healing behavior (Figure 5A).

Quite recently, the Taylor research group studied the XB-
driven self-assembly of a perfluoroiodoarene-substituted
polystyrene 9 with an amino-functionalized methacrylate
block copolymer (Figure 6).[38] The formation of the XBs in
solution were analyzed by 19F NMR spectroscopy, and
revealed both an increased association constant (up to Ka=

312m�1 in toluene at 298 K) as well as an increased donor site
occupancy as a function of the degree of polymerization of the
acceptor.

Figure 3. Tridentate XB/HB donor systems based on pyridinium, imidazolium, or triazolium moieties. Ka values obtained for 3 : by UV/Vis
titration, CH3CN, 298 K; 4 : ITC titration, CH3CN, 298 K, ba (1:3 complex); 5 and 6 : 1H NMR titration in [D6]DMSO at 298 K.[33–35]

Figure 4. Top: Tridentate XB hosts based on 4-halopyridinium unites.
Bottom: Solid-state representation of a triple helicate encapsulating
two iodide ions.[36] Reprinted from Ref. [36] with permission. Copyright
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 5. A) A polymeric bidentate XB/HB donor system interacting
with a copolymer bearing accepting carboxylate groups. B) The
thermodynamic behavior in solution. 8 : Ka values obtained by ITC
titration in THF at 303 K.[37]
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2.3. Electrochemistry and Enantioselectivity in Anion Sensing

Electrochemical sensors have received much attention
because of their innate high sensitivity and facile integration
into applicable devices. In 2015, the first example of XB-
based redox-active receptors and their electrochemical anion-
sensing properties were reported by the Beer research
group.[39] Subsequently, XB motifs were also successfully
integrated into other redox-active receptor frameworks con-
taining, for example, ferrocene[40–43] or tetrathiafulvalene
units.[44]

The fundamental studies of Lim et al.[39–41] concentrated,
in particular, on ferrocene as the redox-active motif because
of its chemical stability, wide synthetic repertoire, as well as
favorable voltammetric properties. Their initial studies con-
cerned different ferrocene motifs directly connected to the
anion binding sites of 10 and 11 (X=H, I; Figure 7),[39] which
were analyzed by 1H NMR spectroscopy and electrochemical
voltammetric investigations in organic and aqueous solvents.
The XB-based binding site was found to significantly enhance

the anion binding affinity as well as improve the electro-
chemical sensing of the anions compared to their HB
analogues. Moreover, an anion-induced cathodic shift in the
receptor�s ferrocene/ferrocenium redox couple was observed,
which indicated a stabilization of the ferrocenium oxidation
state upon complexation of the anion.

The dicationic system (12) of Beer and co-workers
enabled the first example of enantiodiscrimination based on
XBs (Figure 8).[41] The combination of the chiral, enantiopure

(S)-BINOL core with the strict linearity of the XBs and the
large steric demand of the XB donor iodine 12 (X= I)
resulted in the ability to recognize a range of chiral anions
(chiral amino acid carboxylates and BINOL phosphate) with
a higher affinity and enhanced enantioselectivity compared to
the HB analogue 12 (X=H). The discrimination of chiral
anions was studied by 1H NMR titration experiments in
a CD3CN/D2O (99:1) solvent mixture and was further proven
by a larger cathodic shift in the receptor�s ferrocene/
ferrocenium redox couple (in CD3CN) for the preferred
enantiomer. Recent studies also achieved enantiodiscrimina-
tion with various chiral triazole-based XB donors[45] or
through the implementation of the (S)-BINOL core in
a neutral tetradentate XB donor foldamer[46] as well as in
chiral [2]rotaxanes[47] and even in [3]rotaxane[48] host systems.

3. Anion Recognition and Sensing through Neutral
Receptors

In comparison to charged XB donor systems (see
Section 2), in which the binding efficiency strongly benefits
from charge assistance, the interaction strength of neutral XB
donors depends much more strongly on the electronic
properties of the organic backbone. As most of the studies
focus on XB donors where the halogen is bound to a carbon
atom (C�X), the sp hybridization at this ipso-carbon atom

Figure 6. A polymeric monodentate XB donor system forming XBs
with a copolymer bearing accepting amine groups. 9 : Ka value obtained
by 19F NMR titration in toluene at 298 K.[38]

Figure 7. Bidentate XB/HB-based triazole systems with ferrocene as
the redox-active unit (displayed in red). 10, 11: Ka values obtained by
1H NMR titration in CD3CN/D2O (9:1) at 298 K.[39]

Figure 8. A bidentate XB/HB-based triazolium system with a BINOL
core that shows enantiodiscrimination; Oct=octyl, NBoc-(S/R)-
Trp�=N-tert-butoxycarbonyl-protected tryptophan.[41] 12 : Ka values
obtained by 1H NMR titration in CD3CN/D2O (99:1) at 298 K.
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represents another important key factor for tuning the XB
strength. It was revealed that the greater the degree of
s character in a sp-hybridized carbon atom (C(sp)�X>

C(sp2)�X>C(sp3)�X), the greater was its electron-withdraw-
ing ability and, thus, the stronger the formed XB.[7]

The absence of charge also supports other design strat-
egies, for example the possibility to create very hydrophobic
scaffolds, which enable the use of less competing/low-polarity
solvents, such as cyclohexane. Moreover, it was already
observed for neutral systems that tuning of the XB donor is
more efficient than tuning of the XB acceptor within the same
system.[49] This also represents a useful design rule for the
systematic optimization of new receptors.

3.1. Monodentate Receptors

As already mentioned, most of the studies concentrate on
XB donors where the halogen is bound to a carbon atom
(C�X) or to another halogen atom (Y�X). Nevertheless,
nitrogen-bound donors (N�X), where the halogen is addi-
tionally strongly polarized by two electron-withdrawing
groups, for example carbonyl groups in N-halosuccinimides
(13, NXS) or sulfonyl units inN-halosaccharin derivatives (14,
NXSac), also showed very strong monodentate XBs (Fig-
ure 9).[50,51] 1H NMR titration experiments in solution were

carried out to quantify the binding strength between different
acceptors (pyridine N-oxides (PyNOs)[50] or p-substituted
pyridine derivatives)[51] and the XB/HB donor moieties (13,
14), and confirmed the expected larger association constants
for the N-halosaccharin derivatives.[50]

The Lucarini research group coupled a monodentate
tetrafluoroiodophenyl moiety to a nitroxide radical (15) to
establish, for the first time, the use of radical spin probes for
the detection and quantification of XBs in solution by EPR
spectroscopy (Figure 10).[52] The formation of the XBs was
reflected by a significant change in the benzylic hyperfine
splitting initiated by geometric changes upon complexation to
different XB acceptors. Shortly afterwards, other XB com-

plexes with neutral nitroxide radicals as the Lewis base and
pentafluoroiodobenzene as the XB donor were also analyzed
by EPR spectroscopy.[53]

Philp and co-workers used the facile and modular copper-
catalyzed azide-alkyne cycloaddition (CuAAC) reaction to
synthesize a series of neutral 1,4-diaryl-5-iodo-1,2,3-triazoles
containing both the iodotriazole as a Lewis-acidic donor and
a variety of different Lewis-basic acceptor moieties (e.g.
pyridine 16,[54] phenol/phenoxide 17,[55] or triphenylphosphine
oxide (TPPO) 18),[56] thereby generating molecules capable of
undergoing dimerization (Kdimer) through self-complementary
XBs (Figure 11). While the low acceptor strength of pyridine
in 16 resulted in a rather low stability constant (Kdimer(16·16)=
3.4m�1 in C6D6 at 298 K),[54] the pH-sensitive phenol unit (17)
showed a greatly improved dimer stability in its negatively
charged form (Kdimer(17·17)

2�= 510m�1 in CD3CN at 293 K;
Figure 11B).[55] The TPPO moiety (18), with a formal charge
on the acceptor oxygen atom, led to a significant increase in
the dimer stability compared to that of 16 (Kdimer(18·18)=
174m�1 in [D8]toluene at 295 K)[56] by simultaneously avoiding
additional effects of counterions and the electrostatic repul-
sion observed with 17.

In another approach, our group used the ambivalent
character of the triazole for cooperative ion-pair recogni-
tion.[57] XB- (19) and HB-functionalized macrocycles were
synthesized by CuAAC-type reactions under pseudo-high-
dilution conditions. The heteroditopic character (i.e. iodo-
triazole for XB-based anion recognition and a Lewis-basic
cavity consisting of a triethylene glycol chain and the nitrogen
atoms of the triazole motif for cation binding) was illustrated
by the calculated electrostatic potential surfaces (Figure 12A,
left) as well as comprehensive single-crystal X-ray analysis.
Additionally, the cooperative effect of the cation complex-
ation boosting the anion-binding affinity of 19 (Ka(I

�)=
4.7m�1 without cation complexation, Ka(I

�)= 135m�1 with
simultaneous complexation of Na+ in CD2Cl2/CD3CN (3:1) at
297 K) was quantified by detailed 1H NMR and 13C NMR
binding studies in solution with sodium iodide as a represen-
tative ion pair.

3.2. Multidentate Receptors

Recently, theKubik research group also designed amacro-
cyclic XB-based anion receptor comprising three iodotriazole
subunits (Figure 12B).[58] The rigid, highly preorganized
macrocyclic pseudopeptide 20 showed an impressively high
binding affinity for a neutral XB donor (Ka(Cl

�)= 1.9 �
103m�1 in 2.5% H2O in [D6]DMSO at 298 K) as well as

Figure 9. Monodentate XB/HB donor systems based on N-succin-
imide and analogous N-saccharin derivatives.[50,51] 13, 14 : Ka values for
2-methylpyridine N-oxide (Me-PyNO) obtained by 1H NMR titration, in
CDCl3 at 298 K.

[50] 13 : Ka value for 4-dimethylaminopyridine (DMAP)
obtained by ITC titration in CH3CN at 298 K.[51]

Figure 10. Monodentate XB/HB-based tetrafluorophenyl systems bear-
ing a nitroxide radical. 15 : Ka values obtained by EPR titration;
TMP= trimethylpentane.[52]
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exciting chirality, which was claimed to be interesting for the
intended use in asymmetric organocatalysis. The example of
Kubik and co-workers (20) nicely demonstrated that multiple
XBs—adjusted in a concerted manner—offer the opportunity
to significantly increase the affinity as well as selectivity for
a certain binding partner.

Huber and co-workers designed a series of rigid multi-
dentate polyfluoroiodoarene-based donors (e.g. 21) with the
ability to form multidentate XBs at two identical sides of the
receptor (Figure 13).[59] A comprehensive study of the binding
properties in the solid state revealed an anti-cooperative
behavior of these two binding sides, namely, the tridentate
binding on one side of the molecule and binding with reduced

denticity on the remaining side. The negative cooperativity
was further revealed by the characteristic biphasic shape of
the ITC data indicating two successive binding events with
different binding affinities (K1, K2) in solution.

Besides the tridentate system, the Beer research group
also synthesized the first neutral tetradentate XB donor
foldamers 22 (X= I). These showed enhanced anion affinities
compared to the HB analogues, with a general preference for

Figure 11. Series of neutral 1,4-diaryl-5-iodo-1,2,3-triazoles containing
both a Lewis-acidic donor (blue) and a variety of different Lewis-basic
acceptors (red); TBA= tetrabutylammonium, TFA= trifluoroacetic
acid.[54–56] All Kdimer values obtained by dilution experiments followed by
1H NMR in C6D6 at 298 K (16), 19F NMR in CD3CN at 293 K (17,
n.d.=not determinable), 31P NMR in [D8]toluene at 295 K (18). Photos
reprinted from Ref. [55] with permission. Copyright 2017 Royal Society
of Chemistry.

Figure 12. A) Calculated molecular electrostatic potential surface of the
ion-pair receptor (left) and schematic representation of the binding
mode (right).[57] B) Tridentate XB/HB-based macrocyclic pseudopep-
tide.[58] 19 : Ka values obtained by 1H NMR (Na+) and 13C NMR (Na+,
I�) titration in CD2Cl2/CD3CN (3:1) at 297 K; 20 : Ka values obtained by
1H NMR titration in 2.5% H2O in [D6]DMSO at 298 K.

Figure 13. Multidentate neutral XB donors based on polyfluoroiodo-
arenes[59] and iodotriazoles.[46] 21: Ka values obtained by ITC titration in
THF at 303 K, K1=Ka(1:1 complex), K2=Ka(1:2 host/guest complex);
22 : Ka values obtained by 1H NMR titration in CDCl3 at 298 K.

Angewandte
ChemieMinireviews

8 www.angewandte.org � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2018, 57, 2 – 15
��
These are not the final page numbers!

http://www.angewandte.org


heavier halides over oxoanions (I�>Br�>Cl��AcO��
H2PO4

� in CDCl3 at 298 K; Figure 13).[46] This binding trend
was attributed to an improved host–guest complementarity as
well as to the absence of charge assistance that might favor
the binding of larger, soft anions instead of small, hard anions,
which are regularly preferred by charged XB donor systems.

3.2.1. Preorganized Multidentate Receptors

In contrast to flexible donor systems, which allow adaptive
binding with usually low selectivity towards a certain sub-
strate, the structural restriction in preorganized receptors
leads to an improved selectivity being achieved by means of
complementarity between the rigid receptor und the sub-
strate. However, there are only a few examples that deal with
this concept in combination with XBs. On the one hand, the
design of efficient polydentate and simultaneously preorgan-
ized receptors is very challenging due to the strict linearity as
well as the large size of the XB donor atom (mostly iodine).
On the other hand, this building principle allows the design of
charge-neutral receptors with very high binding affinities,
which offer great potential for application as organocatalysts
(see Section 4).

In this context, our group exploited the excellent XB
donor ability as well as HB acceptor function of the iodo-
1,2,3-triazole to generate a rigid and spring-loaded syn
conformation of the carbazole-based receptor 24 with the
help of intramolecular HBs (Figure 14).[29] Comparing the

ITC measurements of 23 and 24 with different halides (Br� ,
Cl� in THF at 303 K), an entropically driven increase in the
binding affinity was revealed for the latter. The preorganiza-
tion led to a restriction in the rotational freedom and, thus, to
a minimized need for conformational reorganization of the
system prior to halide complexation. Consequently, the
entropic penalty for the complexation could be screened in
24 and, thus, the desolvation of the host and guest gave rise to
a positive entropic contribution.

Jungbauer and Huber preorganized the halobenzimida-
zolium-containing bidentate XB donor 25 with the help of the
sterically demanding trifluoromethyl group in the 2-position

of the benzene core (Figure 15).[60] ITC experiments revealed
that the XB donor strength of the isolated syn isomer
(Ka(Br

�)= 3.5 � 106m�1 in CH3CN at 303 K) was significantly
higher than that of the anti isomer (Ka(Br

�)= 4.4 � 104m�1 in
CH3CN at 303 K), which was also in line with the observed
higher catalytic activity of the syn isomer (see Section 4.1,
Figure 17).

4. Organocatalysis with XBs

Taking into account the similarities as well as beneficial
differences between HBs and XBs (e.g. higher directionality,
potential tuneability), the increasing number of investigations
on the potential application of XB donor systems as catalysts
(or at least as activators) in organic synthesis was a logical
consequence.[22,24,61] There is an excellent review from the
Huber group that provides a detailed overview of the historic
development of XBs in organic synthesis as well as a summary
of XB-based activators/catalysts up to the beginning of
2016.[22] Thus, this Minireview only focuses on some highly
topical examples from mid-2015 onwards.

4.1. Activation by Halide Abstraction

In the first class of catalytic reactions, the XB donor
interacts directly with the covalently bound halogen of the
substrate, which in most cases leads to heterolytic cleavage of
the bond followed by inhibition of the catalyst by the
liberated halide. This is the main reason that most reactions
published to date require stoichiometric amounts of the XB
donor for the activation process (Figure 16).

For this purpose, the reaction of 1-chloroisochroman with
a silyl enol ether was established as benchmark reaction for
different XB donor catalysts (Figure 17).[22] The liberated

Figure 14. Bidentate XB donors based on a triazole unit preorganized
by intramolecular HBs; mes=mesityl.[29] 23, 24 : Ka values obtained by
ITC titration in THF at 303 K.

Figure 15. A bidentate haloimidazolium system preorganized by a steri-
cally demanding trifluoromethyl group. 25 : Ka values obtained by ITC
titration in CH3CN at 303 K.[60]

Figure 16. Proposed mechanism for XB-mediated halide abstraction
reactions. Nu=nucleophile.
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chloride ion directly reacts with a silyl compound released
from the nucleophile to form a very stable silyl chloride (TBS-
Cl), which consequently prevents inhibition of the XB
catalyst. In a recent example, Jungbauer and Huber tested
the catalytic activity of their preorganized bidentate XB
donor 25 in this benchmark reaction (Figure 17).[60] The
catalytic activity of the syn isomer set a new record and could
even be used at as low as 0.5 mol% (resulting in a 70% yield
of the isolated product). The respective anti isomer showed
lower activity (51% yield of isolated product with 0.5 mol%
catalyst) as a result of its monodentate interaction. Never-
theless, the strength of the preorganized XB donor seemed to
reach its limit under these reaction conditions (195 K in
THF), as decomposition of compound 25 was already
observed in the presence of chloride at room temperature.
Recently, an analogous preorganized system with noncoordi-
nating BArF4

� (BArF4
�= tetrakis[3,5-bis(trifluoromethyl)-

phenyl]borate) counterions was used as the catalyst in
a Michael addition reaction.[62]

The Takemoto research group investigated the benzimi-
dazolium system 26 for the XB-based activation of an
umpolung alkylation of silyl enol ethers with an iodonium-
(III) ylide to synthesize various 1,4-dicarbonyl compounds
(Figure 18).[63] To extend this approach to less nucleophilic
silyl enol ethers, a catalytic amount of base (proton sponge)
was added to preactivate the nucleophilic partner.

The XB-mediated halide abstraction reaction was used for
the first time in mid-2017 for a controlled cationic living
polymerization of isobutyl vinyl ether (IBVE).[64] The biden-
tate iodoimidazolium XB donor 27 enabled the formation of
a dormant and an active species by a reversible halide transfer
between the propagating chain end and the catalyst (Fig-
ure 19). 1-Chloroisochroman, bromodiphenylmethane, as

well as the HCl adduct of isobutyl vinyl ether were examined
as initiators of the polymerization; the last was found to be
the most suitable to start the controlled polymerization with
narrow dispersities (�= 1.5, Mn= 5040) in CH2Cl2 at 263 K.
The addition of small amounts of competing chloride ions
(0.02 equiv) helped to regulate the equilibrium between the
dormant and active species and, thus, to achieve improved
control over the polymerization (�= 1.3, Mn= 10100).

4.2. Activation of Neutral Substances

In contrast to the first class of catalytic reactions, which
often suffers from the inherent problem of catalyst blocking
by the abstracted strong Lewis-basic halide, the second class
focuses on the coordination to neutral and less Lewis basic
substances such as carbonyl or imine compounds. As a con-
sequence, the binding to the XB donor is much weaker, which
on the one hand reduces the problem of forming inert catalyst
complexes, but on the other hand hampers sufficient activa-
tion of the substance.

In most studies, strong charge-assisted XB donor systems
were used for the efficient activation of the substrate;
however, these systems sometimes suffer from a decreased
stability at higher temperatures.[60] Consequently, different

Figure 17. Benchmark reaction of 1-chloroisochroman with a silyl enol
ether catalyzed by preorganized XB donor; TBS= tert-butyldimethyl-
silyl.[60]

Figure 18. Proposed mechanisms of the umpolung alkylation of silyl
enol ethers with an iodonium(III) ylide to afford various 1,4-dicarbonyl
compounds.[63]

Figure 19. The iodoimidazolium system used for the living cationic
polymerization of isobutyl vinyl ether (IBVE); Init= initiator.[64]
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neutral systems, for example, a chiral bis(imidazolidine)iodo-
benzene for a Michael/Henry reaction,[65] molecular iodine as
the simplest catalytically active XB-based catalyst,[66,67] CBr4
as the XB donor for the activation of benzaldehydes,[68] and
recently the XB contribution in a side-chain iodination of
electron-deficient benzylic hydrocarbons with iodohydan-
toins[69] were also investigated.

The first report of the use of the neutral iodoalkyne motif
as a XB-based activator (28) was published in 2016 and
described the effective activation of thioamides and their
subsequent conversion into benzoxazoles (Figure 20).[70] This

study underlined the advantages of neutral XB donors over
charge-assisted systems, namely, their better solubility in
organic solvents as well as their higher stability towards
nucleophiles and elevated temperatures. Control experiments
with the analogous terminal alkyne as well as with the
trimethylsilyl-protected system revealed product yields com-
parable to that obtained in the absence of the catalyst and,
thus, further support the XB-mediated activation of the
substrate.

5. XB-Templated Self-Assembly

The binding sites of receptors can be further used for
anion-induced self-assembly to create mechanically inter-
locked rotaxane and catenane frameworks with an impressive
selectivity towards complementary anionic guests.[71] Al-
though the use of linear XBs can result in a notable
enhancement of the binding strength and selectivity relative
to HB-based analogues, the implementation of XBs as the
driving force for the templation is relatively underdevel-
oped.[21]

In a very impressive example, a luminescent ruthenium-
(II)-based macrocycle was combined with a bis(iodotriazole)-
pyridinium motif equipped with permethylated b-cyclodex-
trin stoppering groups to create the fully water-soluble
tricationic [2]rotaxane 29 (Figure 21).[72] Following on from
the remarkable previous results,[73] the introduction of these
water-solubilizing axle components enabled 1H NMR binding
titration experiments in pure D2O, which revealed a strong

preference for iodide (Ka(I
�)= 6.3 � 103m�1 in D2O at 298 K)

over the smaller halides and sulfate (I�>Br�> SO4
2�>Cl� in

D2O). Moreover, the luminescent reporter group also allowed
optical sensing of iodide in water through the enhanced
intensity of the metal-centered metal-ligand charge-transfer
(MLCT) emission band.

Recently, Beer and co-workers used an active-metal
template approach to synthesize a variety of neutral XB
rotaxanes containing two, three, and even four iodotriazole
moieties (30) that exhibited strong and selective halide
recognition even in wet organic ((CD3)2CO/D2O (98:2) at
298 K) solvent mixtures (Figure 22).[74] By varying the num-
ber and position of the XB donor moieties, which were found
to contribute in an additive manner, the anion binding
strength as well as the selectivity could be controlled.

Anion-induced conformational changes of the receptor
system can be further used as a means of signal transduction.
In this context, molecular shuttling of a macrocyclic wheel
between a triazolium (X=H, I) axle motif and a naphthalene
diimide moiety was reported for a [2]rotaxane[75] as well as for

Figure 20. Iodoalkyne-based activation of thioamides and their conver-
sion into benzoxazoles.[70]

Figure 21. Fully water-soluble tricationic [2]rotaxane combined with
a luminescent ruthenium(II) complex; bipy=2,2’-bipyridine. 29 :
Ka values obtained by 1H NMR titration in pure D2O at 298 K.[72]

Figure 22. A neutral XB-based rotaxane containing four iodotriazole
moieties for selective halide binding. 30 : Ka values obtained by
1H NMR titration in (CD3)2CO/D2O (98:2) at 298 K.[74]
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the first XB-based [3]rotaxane 31 (Figure 23).[76] In both
systems, a distinct color change was achieved on exchanging
the noncoordinating PF6

� salt (orange solution) for a coordi-
nating anion (colorless solution), which indicated amovement
of the macrocycle from the naphthalene diimide (NDI)
towards the central triazolium (X=H, I) anion recognition
site. 1H NMR titration experiments
revealed an enhanced anion affin-
ity and, thus, a superior shuttling
behavior of the XB-based hosts
relative to the HB analogues. Al-
though the [2]rotaxane systems
were only analyzed qualitatively
for their halide affinities, a quantifi-
cation of the binding constants for
the [3]rotaxanes 31 showed a selec-
tivity for nitrate (Ka(NO3

�)= 1.8 �
103m�1 in CDCl3/CD3OD (1:1) at
298 K) over more basic oxoanions
(H2PO4

� , HCO3
� , AcO�) and

chloride. This superior association
of nitrate was assigned to the strict
linearity of the XB interactions
leading to a more geometrically
defined recognition site that sup-
ports the binding of the multiden-
tate oxoanion within the cavity.

6. Summary and Outlook

This Minireview gives an overview of new XB donor
systems for anion recognition and sensing processes as well as
for organocatalysis and the anionic templation of interlocked
structures. Table 1 presents the binding affinities of the

Figure 23. Anion-induced molecular shuttling of two macrocyclic wheels between a triazolium axle motif and a naphthalene diimide moiety in
a XB/HB-based [3]rotaxane. 31: Ka values obtained by 1H NMR titration in CDCl3/CD3OD (1:1) at 298 K.[76] Photos reprinted from Ref. [76] with
permission. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Table 1: Overview of association constants Ka for representative XB complexes with a 1:1 stoichiometry.

Denticity Host Guest Ka (solvent) Ref. Related Ref.[d]

neutral host

1 14 Me-PyNO[c] 1.6�104m�1

(CDCl3)
[50] [51,77]

2 24 Cl� 7.1�104m�1

(THF)
[29] [59,78]

3[a] 21 Cl� 8.8�105m�1

(THF)
[59]

[79]
3 20 Cl- 1.9�103m�1

(2.5% H2O in DMSO)
[58]

charged host

1 1 H2PO4
� 1.9�105m�1

(CH3CN)
[30] [80]

2 25 Br� 3.5�106m�1

(CH3CN)
[60] [27,81]

2 (+2)[b] 29 I� 6.3�103m�1

(D2O)
[72] [2,73]

[a] Anion recognition proceeds in a tridentate manner, although six donor atoms are available in total
and thus a twofold tridentate XB donor is formed. [b] The binding cavity of the [2]rotaxane consists of
two XBs supported by two HBs. [c] Me-PyNO=2-methylpyridineN-oxide. [d] Related references of other
exemplary studies which also exhibit very strong binding affinities in the respective class.
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receptor classes described in this Minireview. The highlighted
structures are all among the leading systems in terms of
achievable binding affinities in their respective classes (see
also the related references in Table 1), and demonstrate the
significant progress made in the study of XBs in solution in
the last few years.

Various limiting/key factors in terms of binding strengths
always need to be considered when comparing different
binding affinities:
1) number of accessible donor/acceptor sites,
2) preferred complex stoichiometry,
3) nature/polarity of the solvent and, in this context, also the

solubility of the XB donor and acceptor,
4) strength of the XB donor (adjustable through the polar-

izability of X and the strength of the electron-withdrawing
group R),

5) electron-withdrawing ability of R (includes factors such as
charge assistance and sp hybridization at the ipso-carbon
atom),

6) strength of the XB acceptor (includes factors such as
solvation enthalpy, charge density, basicity),

7) host–guest geometric and size-complementary factors.

The utilization of XB interactions in solution-phase
applications is still at a very early stage, but rapid advances
are currently being made. In particular, the characteristic
differences in the linearity, tuneability, solvent dependency,
and hydrophobicity of XBs compared to the more established
HBs has given rise to the construction of unique, highly
selective, and functional binding sites for anion recognition
with potential future applications in biological, medical, and
environmental areas. Although both interactions (HB and
XB) enable interaction strengths of up to about
180 kJmol�1,[82,83] the stabilities of the XB-based complexes
are much less sensitive to the polarity of the solvent,[84] which
leads to the ability to outperform HB-based analogues in
competitive solvents. In view of the promising results regard-
ing both the enantiodiscrimination of chiral anions by XB-
based systems and the huge potential to further tune the
receptors, XBs will definitely have an impact on the develop-
ment of powerful enantioselective organocatalytic transfor-
mations. Thus, a further rapid development of XB-based
anion-recognition processes in solution can be anticipated.
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ABSTRACT: Preorganization via intramolecular hydrogen
bonds was applied in a cleft-type receptor by exploiting the
excellent halogen bond donor ability as well as hydrogen bond
acceptor function of iodo-1,2,3-triazoles. As investigated by
isothermal calorimetric titrations, the restriction of conforma-
tional freedom causes an enhanced entropic contribution
resulting in a strongly increased binding affinity. This efficient
way to improve the binding strength of 5-halo-1,2,3-triazoles
paves the way for applications of new charge-neutral halogen
bond donors in solution.

The halogen bond (XB) is a highly directional supra-
molecular interaction between a Lewis-acidic region of a

covalently bound halogen (σ-hole) and a Lewis-base.1 When
compared to the hydrogen bond (HB), the XB features a higher
preference for linearity2 as well as a higher bond strength,3 which
constitutes the basis for application of XBs in selective anion
detection4 and transport,5 organocatalysis,6 and anion-templated
construction of interlocked structures.7 Beside cationic halo-
imidazolium4b,6a,8 and halo-1,2,3-triazolium3b,4a,9 moieties, also
charge-neutral systems based on perfluoroiodo arenes2a,6b,10 and
halo-1,2,3-triazoles3b,7b−d,f,11 have been established as excellent
XB donors.
While cationic XB donors achieve very high anion affinities

due to charge assistance, their interaction with anions is less
directional because of the isotropic nature of the additional
Coulomb attraction.11c Evidently, this benefit only applies to
anionic species. In addition, highly competitive solvents are
usually required to dissolve the receptors and/or to prevent
precipitation of the formed complex,12 which lowers the effective
binding strength in case of cationic XB donors. In contrast,
charge-neutral XB donors offer an increased solubility in less
competitive solvents and allow for a more directional binding.
These characteristics of neutral systems might be advantageous
when designing strong and selective receptors, e.g., for
application in asymmetric organocatalysis.6b For the latter, the
use of charge-neutral catalysts is crucial, as the binding of anionic
intermediates (e.g., oxo-anions) or products (e.g., halides) instead

of the neutral substrate would be highly preferred in case of
cationic receptors, i.e., the catalyst would be blocked.6f

In particular, 5-halo-1,2,3-triazoles have been established as
versatile, charge-neutral XB donors due to their good
accessibility via facile and modular copper(I)-catalyzed cyclo-
addition reactions as well as their sufficient electron-withdrawing
character.11c,13 Nevertheless, the polarization of the XB donor
atom and, consequently, the size of the σ-hole in this neutral unit
is much smaller than that of positively charged halo-triazolium
moieties.3b Hence, additional concepts as for instance chelation
through polydentate donors4c,6f,10a,d,11b are required to increase
the binding affinity. Furthermore, the concept of preorganization
via intramolecular HBs represents a very efficient method to
improve the binding affinity.
The 1,2,3-triazole ring is ideally suited to establish intra-

molecular preorganization as it offers both donor and acceptor
function. In the case of HB-based receptors, this has been
demonstrated by the seminal work by Flood et al.14 Notably, the
preorganization by intramolecular HBs does not only screen the
entropic penalty for the binding event, but also increases the
effective binding enthalpy since the free receptor cannot adopt a
relaxed conformation and because the polarization of the 1,2,3-
triazole is enhanced (dipole moment of 4.4 D11c and 6.1 D14b for
the flexible and preorganized triazole, respectively). However, to
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the best of our knowledge, no comparative XB-based system has
been published to date.15

Because of the strict linearity of XBs as well as the large size of
the XB donor atom, the design of efficient polydentate XB-based
receptors is not trivial.3b In contrast to flexible receptors, which
can adapt to the size of the binding partner, the design of
preorganized receptors is more challenging. In this case, the
cavity of the preorganized receptor molecule has to match the
size of the guest, otherwise the breaking of the intramolecular HB
upon binding would hinder the binding event. In this
contribution, we demonstrate that the carbazole spacer is ideally
suited to enable a bidentate binding of halides by two iodo-1,2,3-
triazoles in a coplanar fashion (Scheme 1, top).16 Building on this
finding, we demonstrate the effect of preorganization in XB
donors based on iodo-triazoles (Scheme 1, bottom).

Besides the already established phenyl-based receptor system
(phenyl),3b the two carbazole-based receptors were synthesized
using copper(I)-catalyzed cycloaddition reactions. Unorg was
prepared directly from the corresponding iodo-alkyne (3) and
mesityl azide in moderate yields (Scheme 2). In the case of the
preorganized receptor, the 1,2,3-triazoles were formed first (8)
and the iodination was achieved by metalation using n-BuLi and
subsequent treatment with iodine to obtain the methoxy-
decorated precursor (9). Remarkably, even in the presence of the
iodo-1,2,3-triazoles, the final receptor preorg was obtained in
excellent yields by BBr3-induced ether cleavage. In addition, the
formation of intramolecular HBs in case of preorg was revealed
by selective ROESY studies as well as 1H NMR experiments in
solvents with different polarity.17

To discuss the influence of the receptor design in the solid
state, single crystals of free and complexed receptors were grown
by slow vapor diffusion of different nonsolvents into a
concentrated solution.17 Obviously, because of the conforma-
tional freedom of unorg, the anti/anti or syn/anti conformation
of the XB donors can be adapted in the free receptor.18 In
contrast, the formation of intramolecular HBs in preorg leads to
a limitation of the rotational freedom, and thus, the required syn/
syn conformation for the bidentate complexation is already
preformed, which could be also supported by quantum chemical
calculations using density functional theory (DFT).17

Furthermore, all three receptors revealed the expected cleft-
type complexation of the anion through the formation of two

nearly linear XBs, which are significantly shorter than the sum of
the van der Waals radii (I···Cl 3.73 Å).19 Moreover, the
preorganization of preorg led to an additional binding process
(vide inf ra).
Comparing the 1:1 complexes of phenyl and unorg with

chloride (Figure 1), the larger distance (d) between the two

iodine atoms in the carbazole-based receptor enables an
improved coplanarization (dihedral angle of 31° and 13°,
respectively), which allows an increased linearity of the XBs
and, as a net result, a decreased I···Cl distance.
Isothermal titration calorimetry (ITC) experiments were

performed with the three receptors and two different tetra-n-
butylammonium (TBA+) halides to obtain a detailed under-
standing of the complex stoichiometry, the binding affinity, and
the thermodynamic effect of preorganization in solution (Table
1). All titrations were performed in the guest-into-host setup in
THF. In addition, also inverse titrations, i.e., addition of a host
solution into a guest solution, were performed to confirm the
reliability of the calculated values.17 Unfortunately, a direct

Scheme 1. Schematic Representation of Studied Receptorsa

aTop: influence of spacer unit 1,3-benzene (phenyl) or 3,6-carbazole
(unorg) on distance (d) between two donor moieties. Bottom:
preorganization via intramolecular HBs (preorg).

Scheme 2. Schematic Representation of the Synthesis of
Receptors unorg and preorg

Figure 1. Molecular structure of phenyl (left) and unorg (right)
interacting with chloride (thermal ellipsoids at 50% probability level,
hydrogen atoms, counterions, and solvent molecules are omitted for
clarity).
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comparison between preorg and 9 was not possible because of
the insufficient solubility of 9 in THF.
In line with the binding in the solid state, a cleft-type

complexation of the halides by phenyl and unorg in solution was
deduced from the ITC titration experiments. For unorg, a
slightly increased enthalpic contribution toward the binding was
revealed, which may be due to the optimized XB formation
(Figure 1). On the other hand, the entropic term is decreased for
unorg, which is tentatively explained by a smaller extent of
desolvation of the receptor and/or the anion upon binding.
However, there are only subtle differences in the overall binding
affinities of phenyl and unorg and the effect of the spacer unit
seems to be negligible for the two flexible receptors.
Comparing the complexation of chloride and bromide, the

trend for the K values (Table 1) shows a general preference for
the more charge-dense/basic chloride, which allows a stronger
electrostatic as well as charge-transfer interaction.3b,8b For the
same reason, the solvent interaction is more pronounced for
chloride, resulting in a reduced enthalpic contribution toward the
binding, which is, however, overcompensated by a more
favorable entropic term due to the enhanced desolvation upon
anion complexation.20

When comparing unorg and preorg, the tendency to form a
1:1 complex with chloride is enhanced by a factor of about 30 for
the preorganized receptor (K1

unorg = 2.34 × 103 M−1 and
K1

preorg = 7.09 × 104 M−1). As a result of the increased anion
affinity, even a 2:1 complex is formed (vide inf ra). The same
behavior is observed for bromide. Regarding the overall chloride
affinity, the accumulated binding constant has to be considered,
which even amounts to K1K2 = 2.24× 108 M−2, corresponding to
ΔG = −48.5 kJ mol−1. Notably, in contrast to the association
constants, the observed binding enthalpy for the formation of a
1:1 complex with unorg cannot be directly compared to the
binding enthalpy of a 1:1 complex with preorg since a 2:1
complex is formed simultaneously in the case of the latter. Thus,
the released heat accounts for two processes both being related to
the complexation of a single anion. Furthermore, the observed
enthalpies for the formation of 1:1 and 2:1 complexes depend on
the titration setup (guest-to-host vs host-to-guest).21 However,
the sum of both enthalpies, which corresponds to the total
interaction with the anion, is the same irrespective of the titration
order and is slightly more negative in the case of preorg. This
slightly enhanced enthalpic contribution is attributed to the
preorganization, which prevents a relaxation of the free receptor,
i.e., the preorganized receptor is spring-loaded for complexation.
Additionally, the polarization of the triazole rings may be slightly

enhanced;14b however, no significant difference of the computed
σ-hole was observed.17,22 Most importantly, however, the
entropic term for the complexation with preorg is positive,
while it is negative for unorg. This striking difference can be
explained by the restriction of rotational freedom already in the
uncomplexed preorg due to the intramolecular HBs. Con-
sequently, the entropy penalty for the complexation is screened
in the preorganized receptor14b and the desolvation of host and
guest give rise to a positive entropic term.
The formation of a 2:1 complex could also be observed in the

solid state (Figure 2A).17 Accordingly, the anion is complexed in

a bis-bidentate fashion via four highly directional XBs (167° to
177°), which are all significantly shorter than the sum of the van
der Waals radii (3.09−3.23 Å).17 Moreover, the hydroxyl groups
serve only as intramolecular HB donors and are not involved in
the anion complexation.
This coordination mode is also present in solution as revealed

by selective ROESY experiments (Figure 2B, C). For this
experiment, a 2:1 mixture of the receptor and the anion was
dissolved in THF-d8 and the NOE signals after excitation of the
methyl group of the mesityl substituent (CH3-4

mes) were
recorded. Beside a strong contact to the adjacent aromatic
proton, further contacts to the central carbazole spacer and the
hydroxyl groups were visible (Figure 2B, C). These additional
NOE signals are not observed for the free receptor17 and can only
be explained by an orthogonal arrangement of two receptors
within a bis-bidentate complex.
In conclusion, three different bidentate XB-based anion

receptors were synthesized using facile and modular copper(I)-
catalyzed cycloaddition reactions. Subsequently, the halide
complexation was characterized by ITC experiments, X-ray
diffraction, and selective ROESY experiments. While phenyl and
unorg showed only moderate association constants, a strongly
increased binding affinity was revealed for preorg via formation
of intramolecular HBs between the central carbazole spacer and

Table 1. Thermodynamic Parameters for the Complexation of
Various Receptors with Different TBA+ Halidesa

host guest K [M−1] ΔH [kJ mol−1] TΔS[kJ mol−1] N

phenyl Br− 2.22 × 103 −24.5 −5.1 0.99
Cl− 3.52 × 103 −22.9 −2.3 1.08

unorg Br− 1.58 × 103 −27.4 −8.8 1.03
Cl− 2.34 × 103 −24.9 −5.4 1.05

preorgb Br− 3.85 × 103 −7.2 13.6 0.52
5.45 × 104 −23.5 4.0 0.89

Cl− 3.17 × 103 −15.1 5.3 0.45
7.09 × 104 −17.8 10.3 0.90

aThermodynamic parameters calculated from guest-into-host titrations
in THF at 303 K. bThe formation of a 2:1 complex (host−guest)
could be further supported by a solid-state structure and selective
NOESY experiments (vide inf ra).

Figure 2. (A) Molecular structure of preorg interacting with chloride
forming a 2:1 complex (thermal ellipsoids at 50% probability level,
hydrogen atoms, counterions, and solvent molecules are omitted for
clarity). (B) Schematic representation of the NOE contacts; the excited
protons are marked with a shaded arrow and strong and medium
contacts are indicated with solid and dashed arrows, respectively. (C) 1H
NMR and selective ROESY spectra for preorg in the presence of 0.5
equiv of TBACl in THF-d8.
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the adjacent iodo-1,2,3-triazoles, a rigid bidentate XB donor was
formed, which enabled a strong complexation of halides without
entropic penalty. Notably, the central carbazole is an almost ideal
spacer for this assignment as it enables a bidentate complexation
by a nearly planar receptor system. Following these building
principles, charge-neutral, cleft-type receptors with high anion
affinities can be designed. Owing to the highly directional and
strong XBs as well as to the absence of isotropic Coulomb
interactions, these receptors offer great potential for application
as organocatalysts.
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Jahn, B. O.; Görls, H.; Schubert, U. S. Org. Lett. 2010, 12, 2710.
(13) Hua, Y.; Flood, A. H. Chem. Soc. Rev. 2010, 39, 1262.
(14) (a) McDonald, K. P.; Ramabhadran, R. O.; Lee, S.; Raghavachari,
K.; Flood, A. H. Org. Lett. 2011, 13, 6260. (b) Lee, S.; Hua, Y.; Park, H.;
Flood, A. H. Org. Lett. 2010, 12, 2100. (c) McDonald, K. P.; Qiao, B.;
Twum, E. B.; Lee, S.; Gamache, P. J.; Chen, C.-H.; Yi, Y.; Flood, A. H.
Chem. Commun. 2014, 50, 13285.
(15) In the course of our investigations, Beer et al. published an
interesting study including iodo-1,2,3-triazoles which were preorganized
by the help of a covalent metal coordination: Mole, T. K.; Arter, W. E.;
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Halogen-bond-based cooperative ion-pair
recognition by a crown-ether-embedded
5-iodo-1,2,3-triazole†

Ronny Tepper,ab Benjamin Schulze,‡ab Peter Bellstedt,ac Jan Heidler,ab

Helmar Görls,c Michael Jägerab and Ulrich S. Schubert*ab

A crown-ether containing the iodo-triazole moiety for simultaneous

cation–anion binding through Lewis-basic nitrogen atoms and

C–I� � �I halogen-bond-donating iodine atoms was prepared. The

complexation of the heteroditopic receptor was illustrated by X-ray

and DFT analysis. The cooperative effect boosting the anion affinity

was quantified by 1H/13C NMR titration experiments.

The selective recognition and sensing of ions has attracted
enormous interest in supramolecular chemistry; however, the
design of ditopic receptors capable of the simultaneous binding
of both cation and anion is still an underexplored area.1–3

Nevertheless, the combination of allosteric and electrostatic
cooperative effects offer the opportunity to fine tune the affinity
as well as selectivity of these ion-pair receptors, which enables a
better control over the binding event in potential applications
like, e.g., salt extraction/solubilization, membrane transport,
or sensing.3

While the cation binding sites in these ditopic systems usually
take advantage of crown-ether or calixarene derivatives, the anion
binding sites typically involve Lewis-acidic sites, electrostatic inter-
actions or, most frequently, use hydrogen bond (HB) interactions.1

Beside the commonly used urea, amide, or hydroxyl groups, also
1,2,3-triazoles have been employed recently as HB donors for ion-
pair receptors4,5 due to their good accessibility via facile and
modular copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC)
reactions as well as due to their CH-acidic and highly polar
character.6,7 Additionally, the Lewis-basic part of this heterocycle

offers the opportunity to simultaneously coordinate metal cations
and, thus, the possibility for a concurrent recognition of both cation
and anion guest species through the triazole motif is given.5,8,9

While the usage of HBs in solution has already been well
established, the application of halogen bond (XB) interactions in
solution has attracted enormous interest over the last years.10,11

In general, an XB is a highly directional supramolecular inter-
action between a Lewis-acidic region of a covalently bound
halogen (s-hole)12 and a Lewis base. When compared to HB,
the XB features a higher preference for linearity as well as a
higher bond strength,13 which constitutes the basis for applica-
tions of XBs in selective anion detection,14–16 organocatalysis,17,18

and anion-templated construction of interlocked structures.19

Nevertheless, their application in the field of ion-pair recognition
is very sparse,20,21 which might be due to a combination of
synthetic challenges and experimental complexities associated
with the simultaneous as well as reliable quantification of different
binding affinities.

In this communication, we report a macrocyclic ion-pair
receptor comprising an iodo-triazole moiety for XB-based anion
recognition and a Lewis-basic cavity consisting of a triethylene
glycol chain and the nitrogen atoms of the triazole motif for
cation binding. The heteroditopic character of the receptor is
demonstrated by the calculated electrostatic potential surface
(Scheme 1 and Fig. S51, ESI†). Accordingly, a possible ion-pair

Scheme 1 Calculated molecular electrostatic potential surface (red: 0.00
to blue: 0.15) mapped on total density (isovalue 0.01) for the studied ion
pair system (left); schematic representation of ion pair recognition by an
iodo-triazole containing crown-ether. Red color indicates Lewis-basic regions,
blue color Lewis-acidic regions (right).
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binding mode that simultaneously employs the iodo-triazole’s
function as a Lewis base and as XB donor is illustrated in
Scheme 1. The flexibility of the macrocyclic backbone should
enable an adaption for the size of the cation, while the mono-
dentate interaction simplifies the analysis of the binding affinity.

The HB- and XB-donating crown-ether-based macrocycles 6
and 7, respectively, were accessible by taking advantage of highly
efficient CuAAC-type reactions. For this purpose, unsymmetrically
substituted triethylene glycols equipped with an azide as well as an
alkyne (4)/iodo-alkyne (5) function were synthesised (Scheme 2).
Subsequently, the fundamental synthetic challenge of forming
well-defined monomeric macrocycles instead of larger macro-
cycles or linear oligomers was achieved using pseudo-high-
dilution-conditions.22 Hence, a solution of the linear precursor
(4 or 5) was added dropwise to a heated solution containing the
catalyst system (CuSO4/NaAsc. for 4 or CuI/TBTA for 5) required
to initiate the intramolecular cyclization. Indeed, owing to the
high efficiency of the cyclization reaction, the desired products
were obtained in good yields and were characterized by NMR
spectroscopy, mass spectrometry, and, ultimately, single-crystal
X-ray diffraction (Fig. 1).

The participation of the Lewis-basic nitrogen atoms of the
iodo-triazole moiety in the cation complexation was confirmed
by single-crystal X-ray diffraction of the macrocycles 6 and 7
interacting with sodium and a non-coordinating anion (see
Fig. 2 for 7 and Fig. S48 for 6, ESI†).23 The expected simultaneous
interaction of the four oxygen atoms and the two triazole nitrogen
atoms with the cation was observed. Nonetheless, sodium is
apparently not an ideal guest for the binding cavity, which is
indicated by several observations: (1) the Na+� � �O distances in the
1 : 1 complex range from 2.32 Å to 2.74 Å indicating a slightly
strained binding pocket and (2) depending on the added amount
of sodium salt, the stoichiometry can adapt to a 1 : 1 as well as a
1 : 2 complex.

Nevertheless, the capability of the iodo-triazole moiety to
coordinate simultaneously cationic and anionic guests was
proven by the molecular structure of 7 interacting with sodium
iodide in a 1 : 2 complex (Fig. 2). In this case, the nitrogen
atoms still contribute towards the cation binding while the
anion is complexed through the formation of a nearly linear
(1731) XB, which is significantly shorter than the sum of the
van der Waals radii (d(I� � �I) = 3.96 Å).24 Additionally, both
iodides are stabilized by HBs formed between the anion and
bridging water molecules (Fig. S50C, ESI†). The close contact
distances between Na+ and I� range from 4.6 Å to 5.1 Å, which
falls between the Na+� � �I� contact ion pair distance (3.2 Å)4

and the completely host-separated ion pair distance (5.6 Å)20

observed for other sodium iodide complexes with organic receptor
molecules.

After this proof of principle, the cooperative effect of the
cation complexation on the anion-binding affinity was quanti-
fied by detailed binding studies in solution. For this purpose,
the cation and anion binding of the macrocyclic receptors were
investigated by 1H NMR and 13C NMR spectroscopy (Scheme 3).
A mixture of CD2Cl2 and CD3CN (3 : 1) was found to offer good
solubility for both the receptor and all titrated salts, in particular
sodium iodide (Table 1).

Initially, the individual cation and anion binding affinity of the
receptor system was studied by using sodium tetraphenylborate
(NaBPh4) and tetra-n-butyl ammonium iodide (TBAI), respectively.
Here, characteristic sodium- as well as iodide-induced chemical
shift migrations in the 1H NMR and 13C NMR spectra were
observed, while their respective bulky, non-coordinating counter

Scheme 2 (i) NaH, THF, 0 1C, 30% (1); (ii) TBAF, THF/MeOH (2 :3), room tem-
perature (rt), 99% (2); (iii) TosCl, DMAP, Et3N, CH2Cl2, 0 1C, 86% (3); (iv) NaN3,
DMSO, rt, 89% (4); (v) NIS, AgNO3, acetone, rt, 87% (5); (vi) CuSO4, NaAsc.,
EtOH/H2O/CH2Cl2 (2 : 1 : 1), 50 1C, 74% (6); (vii) CuI, TBTA, THF, 40 1C, 75% (7).

Fig. 1 Single crystal X-ray structures of 6 (left, with intramolecular HB) and
7 (right, with intermolecular XB) (thermal ellipsoids at 50% probability level,
hydrogen atoms and solvent molecules are omitted for clarity).

Fig. 2 Single crystal X-ray structure of 7 interacting with Na+ forming a
1 : 1 complex (left) as well as the structure of 7 interacting with NaI forming
a 1 : 2 complex (right); (sodium added as NaBPh4, thermal ellipsoids at 50%
probability level, hydrogen atoms, BPh4

� counter ions, and solventmolecules
are omitted for clarity).
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ions did not show any significant influence on the chemical shifts
in a control experiment (Fig. S22, ESI†).23

Noteworthy, the analysis of the anion affinity represents a
basic experimental challenge in this study owing to a fundamental
difference betweenHB- and XB-based receptors. While the binding
analysis of the HB-based systems benefit from mostly large
chemical shift migrations of the HB-forming protons, the
distance between XB-based anion-binding sites and adjacent
hydrogen atoms is often too large to see any significant chemical
shift migrations in the 1H NMR spectrum. Consequently, alter-
natives like e.g. UV/Vis, 19F NMR, or 13C NMR analysis have to
be used.25

In this work, the anion binding could only be exemplified by
the 13C NMR chemical shift migration of the quaternary carbon
atom (C17) directly connected to the XB-donating iodine atom
(Scheme 3). In combination with the very low concentrations of
the host solutions ([1 mM]), which were dictated by the limited
solubility of sodium iodide in organic solvents (Table S1, ESI†),
very long 13C NMR acquisition times and a cryogenic NMR
probe were thus required.23 Moreover, owing to the even worse
organosolubility of other salts, e.g., NaBr/NaCl (to study the
influence of the basicity of the anion) or KI (to study the influence
of the cavity size on the cation affinity), a more comprehensive
binding study was prevented. Despite these limitations, the
found characteristic cation- and anion-induced chemical shift
migrations in the NMR data (Scheme 3) allowed the calculation
of sodium- and iodide-binding affinities (KNa and KI, respectively)
applying a 1 : 1 binding model (Table 1).26

The comparatively weak cation-binding affinity of the macro-
cycle (KNa o 103 M�1 compared to KNa 4 104 M�1 for optimized
crown-ether systems)27 is in line with the non-ideal geometry of
the cavity for the sodium ion as concluded from the X-ray
analysis (Fig. 2). Furthermore, the binding affinity of 7 towards
mere iodide (added as TBA salt) is very weak, which is caused
by: (1) the charge-neutrality of the triazole moiety, i.e. the
absence of charge-assistance; (2) the monodentate interaction;
(3) the rather low charge density/basicity of iodide; (4) the

absence of cooperative effects through cation complexation.
Accordingly, the reliable quantification of the anion affinity
was rather challenging; however, comparable monodentate
iodo-triazole-based receptors gave very similar results.28

The good comparability between different NMR titration
experiments was proven by the coincidence of the KNa values
obtained by 1H NMR (KNa = 394 � 14 M�1) and 13C NMR
(KNa = 406 � 60 M�1) of 7 with NaI. The larger error in the case
of the latter is attributed to the fewer data points that were
accessible for the fitting process.23

Regarding the cooperativity of the ion-pair recognition,
the cation-binding affinity calculated by the titration of 7 with
NaBPh4 (KNa = 434 � 6 M�1) revealed nearly the same result as
the titration of 7 with NaI (KNa = 394 � 14 M�1) indicating that
the cation binding is clearly dominated by the multidentate
coordination within the macrocycle. Potentially, the cation
binding of 7 could be enhanced in the presence of iodide due
to the additional Coulomb attraction and a cooperative polari-
zation of the 1,2,3-triazole ring; however, as NaI is not expected
to be fully solvent-separated in CD2Cl2 : CD3CN (3 : 1), the
enhanced ion-pair separation in 7 with NaI deteriorates the
cooperative effects. In contrast, the presence of the coordinated
cation significantly enhanced the anion-binding affinity of 7.
Noteworthy, as the anion recognition only relies on a mono-
dentate XB interaction with the iodo-triazole, cooperativity is
still observed in this case. This cooperative effect is ascribed to
an additional electrostatic contribution29 and, in particular, an
enhancement of the C–I bond polarization (Fig. S51, ESI†).
While the ability to partially separate two ions underlined the
strength of the XB interaction, the relatively large ion-pair distance
expected for 7 with NaI (Fig. S52, ESI†) also caused a reduction
of the electrostatic contribution and, consequently, cooperative
effects in the ion-pair recognition are not fully exploited for the
presented receptor type.

The expected decrease of the binding affinity by changing
from the XB- to the analogous HB-based interaction13 led to an
insufficient chemical-shift migration during the NMR titration
and, thus, precluded a reliable quantification of the anion-
binding affinity of 6. Moreover, comparing the cation-binding

Scheme 3 Schematic representation of the 1H/13C NMR (500/126 MHz,
CD2Cl2 :CD3CN 3 : 1) of host 7 [1 mM] with 8 eq. of different guests illustrating
the chemical shifts used for the calculation of the cation or anion binding
affinities.

Table 1 Overview of the binding constants calculated from NMR titration
data for 6 and 7 with different guests (sodium added as NaBPh4 and iodide
added as TBAI, measurements at 297 K in a CD2Cl2 : CD3CN (3 : 1) solvent
mixture)

Host Guest NMR KNa [M
�1] KI [M

�1]

7 Na+ 1H 434 � 6a —
I� 13C — 4.7 � 0.4d

NaI 1H 394 � 14a N/S
13C 406 � 60b 135 � 17d

6 Na+ 1H 126 � 6c —
I� 13C — N/D
NaI 1H 155 � 19c N/S

13C 174 � 30b N/D

Signal used for the calculation of the corresponding association constant:
a = H15, b = C14, c = H13, d = C17; N/S = no shift; no anion induced shift
observable in the 1H NMR; N/D = not determined, no reliable quantifica-
tion of KI due to an insufficiently large chemical shift.
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affinities of the XB- and the HB-based receptor (KNa = 434 � 6 M�1

for 7 and KNa = 126 � 6 M�1 for 6, respectively), also a significantly
decreased KNa was observed for the latter. This lowered cation-
binding affinity was attributed to a possible intramolecular HB
formation, which was also observed for the solid-state struc-
tures (Fig. 1) and would cause an interference with the cation
complexation of the crown ether. To prove this assumption,
selective ROESY experiments of 6 in a CD2Cl2 : CD3CN (3 : 1)
solvent mixture were performed (Fig. 3).23 After selective
excitation of the triazole proton (H17) in the free macrocycle 6,
strong ROE signals of all protons indicated a freely rotatable
triazole moiety and, thus, also a possible formation of an
intramolecular HB between H17 and oxygen atoms of the crown
ether. In contrast, upon addition of NaBPh4 (Fig. 3 and Fig. S46,
ESI†), the ROE signals of all protons located at the cation-
binding site decreased (Table S2, ESI†).23 Consequently, the
possibility of an intramolecular HB formation is lowered as the
triazole moiety is involved in the complexation of the cation
within the macrocycle. Conversely, the intramolecular HB
lowers the cation affinity of 6. While this behavior cannot be
studied for 7, the size of the macrocycle’s binding pocket is
simply too small to establish an analogous intramolecular XB,
which is in line with the intermolecular XB observed in the
solid state (Fig. 1).

In conclusion, well-defined macrocycles capable of HB (6)
and XB (7) interactions were synthesised using highly efficient
CuAAC-type reactions under pseudo-high-dilution-conditions.
Subsequently, the capability of a crown-ether-embedded 5-iodo-
1,2,3-triazole to coordinate simultaneously cation and anion
guests was proven by solid-state analysis and supported by
quantum chemical calculations. Subsequently, detailed 1H and
13C NMR titration experiments in solution were performed
with sodium iodide as representative ion pair to quantify the
cooperative effect of the cation complexation on the anion-
binding affinity. For this purpose, several challenges had to be
overcome first, namely (1) the low organosolubility of sodium
iodide and, thus, the very low concentrations of the host
solutions; (2) low anion-binding affinities; (3) comparatively
weak cation-binding affinity of the macrocycle due to the

non-ideal fit of the sodium with the cation cavity; (4) interference
of an intramolecular HB with the cation-binding site in case of 6.
Nonetheless, a consistent and reliable analysis of the binding
affinities as well as the determination of the cooperative effect
was successfully demonstrated for the presented 5-iodo-1,2,3-
triazole-derived model system. Considering both, the already
observed promising cooperative effect of the simultaneous
metal coordination on the XB-based anion recognition by the
iodo-triazole and the potential to further improve the cation-
binding cavity using highly efficient CuAAC-type reactions,
more powerful ion-pair receptors can be designed building on
this fundamental study.
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Polymeric Halogen-Bond-Based Donor Systems Showing Self-Healing
Behavior in Thin Films
Ronny Tepper, Stefan Bode, Robert Geitner, Michael J-ger, Helmar Gçrls, Jgrgen Vitz,
Benjamin Dietzek, Michael Schmitt, Jgrgen Popp, Martin D. Hager,* and Ulrich S. Schubert*

Abstract: The synthesis and comprehensive characterization
of a systematic series of cleft-type anion receptors imbedded
into a polymeric architecture is presented. For the first time,
isothermal calorimetric titrations on polymeric halogen-bond-
based donors were exploited to evaluate the dependence of the
anion affinity on different key parameters (i.e. monomeric
versus polymeric receptor, halogen versus hydrogen bonding,
charge assistance). The combination of these donor systems
with a copolymer bearing accepting carboxylate groups led to
supramolecular cross-linked polymer networks showing excel-
lent intrinsic self-healing behavior. FT-Raman spectroscopy
and nano-indentation measurements were utilized to clarify the
thermally induced self-healing mechanism based on the
formation of halogen bonds. These first self-healing materials
based on halogen bonds pave the way for new applications of
halogen-bond donors in polymer and material science.

The halogen bond (XB) is a supramolecular interaction
between a Lewis-acidic region of a covalently bound halogen
(s-hole) and a Lewis base.[1] As an analogue of hydrogen
bonds (HB), the XB is utilized in various fields of solution-
phase applications (e.g. selective anion detection[2] and trans-
port,[3] organocatalysis,[4] and anion-templated construction of
interlocked structures[5]) and has attracted enormous interest

in the last decades.[6] In particular, the greater preference for
linearity[7] compared to HBs combined with the potential
tuneability of the interaction strength[8] gives rise to the
construction of very selective and highly functional anion-
binding sites. Recently, the combination of XBs with poly-
meric architectures has also attracted growing interest in
regard to the design of functional supramolecular materials.[9]

Nevertheless, the use of XBs in polymer science is still in its
infancy, with a current concentration on halogenated per-
fluoroalkanes and perfluoroarenes as XB donor moieties that
interact with different pyridine and amine derivatives.[9a]

However, there is potentially a much larger variety of
conceivable XB donor–acceptor pairs with a broad range of
interaction strengths as well as complex stoichiometries, as
already known from solution-phase investigations. Hence,
transferring this knowledge to polymeric systems allows the
design of novel functional materials with on-demand proper-
ties. In this context, it is conceivable that designing a new class
of intrinsic self-healing polymer networks based on XBs has
great potential, but was, to the best of our knowledge, not
reported up to now.

In general, the concept of self-healing polymers relies on
the formation of a reversible network, which is able to heal,
for example, a mechanical damage and to restore the
mechanical properties.[10] Different supramolecular interac-
tions have already been utilized to prepare such materials.[11]

In this regard, the aim of this study is to generate self-healing
materials by utilization of highly directional and strong XBs.
In particular, the influence of the different binding affinities
of analogous HB- and XB-based receptor systems as well as
the effect of charge assistance were analyzed, which allowed
a straightforward variation of the polymer properties for the
later application. Thus, a systematic series of cleft-type anion
receptors based on HB and XB interactions were imbedded
into a polymeric architecture and were comprehensively
characterized by isothermal titration calorimetry (ITC) and
extensive self-healing tests.

The synthesis of the polymeric donor–acceptor systems as
well as of the required reference systems employed in this
study is depicted in Figure 1. Reversible addition-fragmenta-
tion chain-transfer polymerization (RAFT) was utilized to
prepare well-defined copolymers with a low dispersity and
precise molar masses.[12] In all cases, butyl methacrylate
(BMA) was chosen as co-monomer since it features a low
glass transition temperature (around 20 8C).

In the case of the polymeric donor systems (P1 and P2),
co-monomers containing HB (M1) or XB (M2) donor units
were designed, which already revealed an efficient binding
behavior in their analogous monomeric forms (see reference
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compound R1)[13] as well as in comparable salt extraction
studies.[14] Furthermore, M1 and M2 exhibit a good accessi-
bility through facile and modular copper(I)-catalyzed azide–
alkyne cycloaddition (CuAAC) reactions and simultaneously
introduce the triazole group with sufficient electron-with-
drawing character.[15] Additionally, quantitative alkylation of
the triazole moieties (e.g. using trimethyloxonium tetra-
fluoroborate) allows the formation of the corresponding
triazolium salts (P3, P4, and reference compound R2), which
causes an increased C@H/C@I polarization as well as an
additional charge assistance.[13a] Moreover, this post-function-
alization guarantees the same BMA/receptor ratio (see
Figure 1) in the neutral and positively charged forms of the
copolymers (P1 versus P3 and P2 versus P4) and, thus,
ensures comparability.

In the case of the polymeric acceptor systems (P5 and P6),
BMA was copolymerized with methacrylic acid (MAA) and
the resulting copolymer P5 was subsequently treated with an
excess of tetrabutylammonium hydroxide (TBAOH) to
obtain the analogous anionic system (P6). However,
1H NMR spectroscopy revealed a maximum degree of
deprotonation of the acid groups of around 30%. All the
copolymers were analyzed by NMR spectroscopy as well as
size-exclusion chromatography (SEC), and revealed molar
masses (Mn) of around 25000 gmol@1 (Figure 1D).

The ability of the synthesized donor systems to effectively
bind anions was subsequently evaluated by ITC experiments.

Since ITC is a less common method in polymer and material
science and was not performed on polymeric XB-based donor
systems up to now, important parameters concerning the
complex stoichiometry (N), the binding affinity (K), and the
thermodynamic parameters (DH and DS) of different recep-
tor systems in solution were obtained (Table 1). Notably, to
compare the different binding behaviors of polymer-imbed-
ded receptor units and the analogous monomeric structure,
the reference system R1[13b] was also investigated in detail.
Unfortunately, experiments with the charged reference

Figure 1. A) Monomers M1 and M2 (see the Supporting Information for the synthetic procedures) were subjected to RAFT polymerization with
BMA to prepare the donor-containing copolymers P1 and P2, which were further methylated to obtain P3 and P4. B) Acceptor copolymers P5 and
P6 were obtained by RAFT polymerization of BMA with MAA and subsequent treatment with TBAOH. C) Overview of synthesized polymeric and
monomeric reference compounds. D) Summary of the molar masses obtained by SEC and the X values of all polymers. [a] Tg not determinable.

Table 1: Thermodynamic parameters for the complexation behavior of
various donor–acceptor systems determined by ITC.[a]

Host Guest K [m@1] DH [kJmol@1] TDS [kJmol@1] N

P1[b] Br@ – – – –
P3 Br@ 3.55W103 @13.9 6.8 1.06
R1 Br@ 2.22W103 @24.5 @5.1 1.00
P2 Br@ 2.36W103 @28.4 @8.8 0.79
P4 Br@ 2.87W104 @31.8 @5.9 1.05
P4 AcO@[c] 4.17W105

2.11W103
@12.9
@22.8

19.7
@3.5

0.96
1.50

[a] Thermodynamic parameters calculated from guest-into-host titration
experiments in THF at 303 K. All anions were added as their tetra-n-
butylammonium (TBA+) salts. [b] No sufficient heat effect was observed
in the ITC measurement. [c] The formation of a 1:2 complex (host/guest)
could be further supported by inverse titration experiments (see
Table S3).
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system R2 under identical conditions could not be performed
because of its low solubility in THF.

First, a systematic analysis of the binding behavior of all
the prepared donor systems with bromide was performed to
enable a reliable prediction of the binding motif and to allow
the classification of these donor moieties with respect to
literature data.[13a,16] As expected, the HB-based host systems
(P1 and P3) revealed significantly smaller association con-
stants than the XB-based analogues (P2 and P4). In the case
of the uncharged HB system P1, the anion affinity to bromide
was even too low to be determined by ITC (Table 1).

Comparing the polymeric system P2 with the analogous
monomeric XB-based reference system R1, there seemed to
be only minor influences of the polymer backbone on the
complexation behavior of the receptor unit. In both cases, 1:1
complexes with nearly the same binding affinities were
revealed by the ITC experiments (Table 1), thus indicating
a cleft-type complexation as a result of the formation of two
XBs between the two iodotriazole donors and the bromide
ion. However, a slightly more unfavorable entropic term for
the binding as well as a slightly decreased stoichiometric value
(N= 0.79) was determined for P2 (see the Supporting
Information for details).

The tendency of the doubly positive charged systems (P3
and P4) to form a 1:1 complex with bromide is enhanced by
about one order of magnitude compared to the charge-neutral
(P1 and P2) receptor systems (KP2= 2.36X 103m@1 and KP4=

2.87X 104m@1). The enhanced enthalpic term for the doubly
positive charged systems can be explained by the additional
Coulomb interaction (charge assistance) as well as by
a stronger C@H/C@X bond polarization of the triazolium
moiety compared to the charge-neutral triazole moiety.[13a] At
the same time, adjacent positively charged receptor units
repel each other, thereby leading to a less-tangled conforma-
tion of the polymer chain. This results in a better accessibility
of the receptor units, which is in line with the increased
stoichiometric value for P4 compared to P2 (NP4= 1.05 and
NP2= 0.79).

After the evaluation of different receptor-related param-
eters on the binding behavior to a simple spherical guest, the
interaction with the polyatomic acetate was exemplarily
studied with the strongest donor system (P4). Notably, acetate
mimics the carboxylate group of the polymeric acceptor
system (P6). The observed preference of P4 for acetate over
bromide (Table 1) is in line with previous results of mono-
meric receptor systems, and is rationalized by the higher
basicity of the oxoanion.[13a] As a result of the increased anion
affinity, the tendency to even form 1:2 complexes (N2= 1.50
for P4XAcO@) was observed for acetate. Therefore, quantum
chemical calculations using density functional theory (DFT)
methods were performed to visualize and corroborate the
different binding modes of the polyatomic acetate (see
Figures S53 and S54 in the Supporting Information).

Finally, complete polymer-based donor–acceptor pairs
(P4 with P5 as well as P4 with P6) were also studied with
regard to their complexation behavior in solution (see
Figure S28). In general, an attractive interaction between
the two polymeric systems was found, that is, even the
completely neutral system P5 showed an exothermic signal,

which was even stronger for the partially anionic species P6.
Unfortunately, a reliable quantification is precluded by the
unknown degree of accessible donor and/or acceptor sites
(see the Supporting Information for more detailed explan-
ations). Nevertheless, a titration of P4 with a pure BMA-
based reference polymer P7 revealed no significant heat
change, which is a strong indication that the attractive
interaction with P5 and P6 is based on the formation of
XBs between the receptor unit and the acid function of the
MAA co-monomer (see Figure S29).

Having established the general binding behavior of the
polymeric donor and acceptor systems in solution, we turned
our attention to the material properties of the corresponding
films. Thereby, we focused on the new and strong XB-based
networks and the strongest HB-based reference system. For
this purpose, solutions of the polymeric donor–acceptor pairs
were mixed in stoichiometric amounts according to the
degree of functionality to obtain cross-linked polymeric
networks after solvent evaporation (e.g. P46 from P4 and
P6 in Figure 2a; see the Supporting Information for details).

Successful cross-linking was demonstrated by the help of
nano-indentation measurements, which revealed relatively
hard materials[11c,17] with indentation moduli (Ei) up to
1.82 GPa (P25) and, thus, a significantly higher stiffness
than the non-cross-linked reference polymer P7 (0.98 GPa).
Moreover, when comparing analogous HB (P36) and XB
(P46) based donor systems, the slightly increased stiffness and
hardness of the film is also in line with the higher binding
affinity of the iodotriazolium system in solution (Table 1).
Remarkably, the completely charge-neutral network P25,
which is characterized on the one hand by a weaker host–
guest interaction compared to the charge-assisted donor
moieties and on the other hand through the absence of
counterions, exhibits an even slightly higher indentation
modulus than P46. Hence, the additional counterions tenta-

Figure 2. Self-healing behavior of the copolymer network P46 : a) Film,
b) first scratch, c) healing after 17 h at 100 8C, d) second scratch,
e) healing after 17 h at 100 8C, f) third scratch, g) partial healing after
4 h at 100 8C, h) fourth scratch, and i) healing after 69 h at 80 8C.
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tively act as a kind of plasticizer which reduces the stiffness of
the films.

Afterwards, the applicability of these hard materials as
self-healing films was investigated. The strong but reversible
formation of supramolecular bonds between the polymeric
donor–acceptor pairs constitutes the basis for this application.
Satisfactorily, scratch tests on all the networks at 100 8C
revealed self-healing behaviors (Figure 2 and Figures S30–
S33). The different copolymer networks showed slight differ-
ences regarding the healing times and the healing temper-
atures (see Table S4). Interestingly, the combination of a XB-
based donor with the partially anionic acceptor (P26 and P46)
required slightly higher temperatures for complete scratch
healing. This result is in accord with the stronger host–guest
interaction obtained by ITC and corresponds to the antici-
pated stronger cross-linking.

Furthermore, FT-Raman spectroscopy, an established
method for the characterization of self-healing processes,[18]

was applied to study the self-healing behavior. Thereby, P4
(charge-assisted donor) as well as P2 (neutral donor) were
exemplarily studied in their corresponding donor–acceptor
networks P46 and P26 (Figure 3 and Figure S49, respec-

tively). The shift in the wavenumber of the C@I stretching
vibration of the network P46 (285 cm@1) compared to that of
P4 (295 cm@1; P4!P46= 10 cm@1) is a clear indication for
a C@I bond lengthening[19] and, thus, is consistent with
a charge transfer and partial population of the s*(C@I)
orbital upon formation of XBs.[20] Moreover, the larger shift
of the C@I band of the charge-assisted network P46 (P4!
P46= 10 cm@1) compared to that of P26 (P2!P26= 5 cm@1)
is in line with the expected formation of a stronger XB in the
charge-assisted donor system P4.

In accord with the resulting bond weakening, a compar-
ison of the C@I bond lengths in the solid-state structures of the
free receptorR2 (2.06 c) and of the acetate complex (2.09 c)
also revealed a slight bond lengthening upon formation of
a XB with a strongly coordinating anion (see Figure S52).
Thus, the anion is complexed through the formation of two

nearly linear XBs (1778–1738, cleft-type complexation)
between the iodine atoms and the two different oxygen
atoms of the acetate (I···O bond length of 2.61c). Moreover,
the solid-state bond lengths as well as bond angles of the 1:1
complex (R2XAcO@) are reproduced by quantum chemical
calculations using DFT (see Figure S53). Additionally, two
distinct conformations of 1:2 complexes that mimic the
coordination of a second acetate to the host from the same
or the opposite side were investigated by DFT (see Fig-
ure S54). For both, the XB angles (C@I···O) remain nearly
linear, whereas a slight I···O bond shortening (@0.08c) as
well as a C@I bond elongation (+ 0.02c) was calculated.
Moreover, both studied conformations are comparable in
energy, thus suggesting a variety of conceivable coordination
modes for 1:2 complexes even for non-ideal arrangements in
restricted media, for example, polymeric donor–acceptor
networks.

Subsequently, the copolymer network P46 was studied by
temperature-dependent Raman spectroscopy to understand
the underlying self-healing mechanism in more detail (see
Figure S51). However, no changes in the Raman signals could
be detected during heating, even after a longer heating time
or after several heating–cooling cycles. Hence, the self-
healing mechanism is presumably based on exchange reac-
tions between two functional moieties, which has already
been reported for other self-healing systems such as acyl-
hydrazones.[21]

In conclusion, four different polymeric donor systems
based on HBs (P1 and P3) or XBs (P2 and P4) were
synthesized by facile and modular copper(I)-catalyzed cyclo-
addition reactions followed by RAFT polymerization. Sub-
sequently, the first systematic ITC study with polymer-based
XB donor systems was reported, which provided detailed
information concerning their complexation behavior in
solution and, thus, allows distinction between the effects of
individual parameters (e.g. influence of polymeric backbone
with respect to the monomeric systems, effect of charge
assistance, and difference between HB- and XB-based
receptor units). The complexation mode was further inves-
tigated by X-ray diffraction and computational modeling of
the analogous monomeric receptor system (R2). After also
imbedding the acceptor part into a polymer backbone, the
thermally induced multiple self-healing behavior of the
resulting polymer network was examined by scratch-healing
tests. The XB-based induced cross-linking could be clearly
revealed by a characteristic shift of the C@I band in the
Raman spectra and could be further proven by the evaluated
elastic moduli and hardness values of the coatings by nano-
indentation. Consequently, the coupling of XBs with the
concept of self-healing polymer networks allows the forma-
tion of hard coatings that have a multiple self-healing
capability; further variations of the donor–acceptor part are
currently under investigation to improve the self-healing
ability and to gain a more detailed understanding of the self-
healing mechanism. We believe that these first results will aid
in the exploitation of the rich application potential of XB-
based supramolecular polymer architectures (e.g. stimulus-
responsive materials, stabilization of polymer blends).

Figure 3. Normalized and background-corrected FT-Raman spectrum
of the copolymer P4 (blue line) and the polymer network P46 (red line)
as well as (inset) the shift of the C@I bond from P4 (295 cm@1) to P46
(285 cm@1), which proves the network formation through XBs.
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A healing ionomer crosslinked by a bis-bidentate
halogen bond linker: a route to hard and healable
coatings†
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In this work we present the first incorporation of bis-bidentate halogen bond linkers into an organic

healing ionomer system resulting in the formation of crosslinked supramolecular networks. The obtained

supramolecular coatings feature an excellent healing ability as well as an enhanced mechanical

performance.

With the increasing usage of plastics in everyday life, the
design of synthetic polymers with tailor-made properties is
one of the largest challenges at the present time. Polymers
containing supramolecular interactions are able to answer the
expectations for modern high-performance materials due to
their unique characteristics and defined tunability.1,2 The
usual concepts that come to mind when thinking about supra-
molecular bonds in polymers are, e.g., metal ligand bonds3 or
hydrogen bond (HB) interactions.4 A less popular but emer-
ging class of strong supramolecular forces are halogen bond
(XB) interactions.5 Even though XBs are known for several
decades, the advances in their research have gained more and
more interest recently.6 In general, XB interactions can occur if
a strongly polarized halogen atom (X) interacts with an elec-
tron rich acceptor. In this context, the halogen atom can func-
tion as a Lewis acidic electron acceptor due to the formation of
the so-called σ-hole and is, therefore, defined as an XB donor.7

The strength of these interactions can be comparable to
and even stronger than those of more common HBs depending
on the polarizability of the used halogen atom.8 Moreover, XBs
feature unique properties compared to the familiar HB

systems such as strong directionality and hydrophobicity as
well as the tunability of the interaction strength and the donor
atom size.9 The strength and versatility of XBs allow, e.g., the
formation of gels or fibrils.10 Further applications of XBs are
anion sensing,11 liquid crystals,12 magnetic and conductive
materials13 or catalytic systems.14 However, the beneficial com-
bination of highly functional polymers and XBs still remains a
challenging approach.

We reported the first healing polymers based on XB inter-
actions only recently in which the formation of a reversible
supramolecular polymer network by two functional copoly-
mers (i.e. polymeric halogen bond donor and acceptor)
resulted in an intrinsically healable material.15 In general,
these kinds of healing polymers can be designed by using
certain functional moieties in the structure, which can form
reversible bonds based on covalent or supramolecular inter-
actions.16 However, the introduction of supramolecular
bonds, which in most cases are weaker than covalent bonds,
usually results in a reduced mechanical performance of the
materials. Thus, the goal to design a material with sufficient
mobility, enabling crack healing and still retaining high
mechanical stability to prevent damage in the first place, is
challenging.17

Accordingly, the aim of this work is the investigation of the
influence of XB donors on an organic healing ionomer system
based on phosphate moieties. Ionomers are low dielectric con-
stant polymers, which contain up to 20% of ionic groups
within their side chain structures.18 Furthermore, the ion pairs
can form aggregates, known as multiplets and clusters, which
lead to very unique mechanical properties. As a consequence,
ionomers can be considered as thermoplastic elastomers. The
most intensively investigated example of this material class is
poly(ethylene-co-methacrylic acid) partially neutralized with
metal bases. Interestingly, this commercial ionomer, which is

†Electronic supplementary information (ESI) available: Experimental details
including NMR, DSC, TGA, Raman and nanoindentation data as well as detailed
explanations towards ITC binding studies and healing experiments. See DOI:
10.1039/c8py00149a
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also known as Surlyn®, shows healing behavior upon the
damage of projectiles.2,19 Due to the fact that ionomers usually
contain anionic groups, they are potentially suitable as poly-
meric XB acceptors, which to the best of our knowledge has
not yet been tested.

In combination with a bi-functional XB donor (Fig. 1B) it
should be possible to improve the mechanical properties while
maintaining the reversible nature of the network by cross-
linking the polymer chains. In particular, phosphate groups
are known to be effective Lewis basic XB acceptors20 and, thus,
we decided to attach phosphate moieties with a flexible ethyl
bridge to the polymer backbone to ensure a good accessibility
for the XB based crosslinker. Additionally, in order to study
the effect of XBs on the ionomer network, an analogous
HB-based donor was designed for comparison (Fig. 1B).

The synthesis of the precursors (1 to 4, see ESI†) for the
preparation of the linkers A and B proceeded as described
earlier.15 The three step synthesis was completed by a reaction
of octanedioyl dichloride with the educts 3 and 4. The alkyl
chain, which connects the two bidentate binding sites,
increases the flexibility of the linker and, thus, enables an
efficient crosslinking in the later polymer network (Fig. 1C).
Furthermore, iodine was chosen as the XB donor atom for the
linker A due to its tendency to form stronger interactions com-
pared to other halogen atoms, presumably increasing the later
mechanical performance of the formed network.9

In order to obtain a defined and comparable network struc-
ture, the linear polymer with the functional moieties had to be
synthesized in the first place. One method to achieve tailor-
made molar masses and low Đ values with high reproducibility
is reversible addition–fragmentation chain transfer (RAFT)
polymerization.21 The preparation of P1 was performed by RAFT
polymerization (Mn = 15 100 g mol−1, Mw = 18 200 g mol−1,
Đ =1.21) resulting in a neutral copolymer consisting of butyl
methacrylate (BMA) and the phosphate based functional moiety

(5, see ESI†). In order to calculate the required amount of a base
(tetrabutylammonium hydroxide, NBu4OH) for the subsequent
quantitative deprotonation to obtain ionomer P2, the content of
the phosphate groups in P1 (10%) was determined by acid–base
titration (see ESI†).

Afterwards, the ionomer P2 was crosslinked by the addition
of either linker A or B (ratio of the bifunctional linker to phos-
phate moieties 1 : 2) resulting in the supramolecular networks
P2A (XB-based) and P2B (HB-based), respectively. Additionally,
the non-charged network P1A was prepared using the neutral
polymer P1 and the linker A, which is expected to be weakly
crosslinked because of the lack of ionic charges in the side
chains.

To evaluate the anion binding behavior of the synthesized
linkers A and B, isothermal titration calorimetry (ITC)
measurements in solution were performed. Comparing the
bromide affinity of the bi-functional linker A (Ka(Br

−) = 2.76 ×
103 M−1) with the analogous mono-functional reference com-
pound R1 (Ka(Br

−) = 2.22 × 103 M−1, see ESI†), nearly the same
association constant was determined indicating only minor
interactions between the two adjacent binding sites of linker
A. Moreover, the complex stoichiometry of A (N = 1.78) further
supports the expected bis-bidentate complexation mode of the
linker. In contrast, the binding affinity of the HB-based linker
B is expectably much smaller and, therefore, not detectable
with this method.

In order to validate the XB interactions also directly in the
solid polymer film, Raman measurements of the linker A, the
ionomer P2 and the XB network P2A were performed. The
supramolecular bond formation is indicated by a shift of the
donor signals at 1524 cm−1 to 1520 cm−1 (triazole) and at
1612 cm−1 to 1608 cm−1 (phenyl/mesityl) (Fig. 2), which is in
line with previous investigations on a similar system.15

Besides the structural composition of the network, the
mechanical and thermal properties were investigated in order

Fig. 1 (A) Schematic representation of P1 and the synthesis path towards the ionomer P2. (B) Chemical structure of the XB-based linker A and the
corresponding HB-based model system B. (C) Simplified reaction scheme of the network synthesis. (D) SEC results for the neutral copolymer P1. (E)
Summary of the thermal properties of all tested polymers determined by DSC and TGA. a No Tg detectable.
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to evaluate the suitability of the polymers as healing materials.
Common healing temperatures for supramolecular, BMA con-
taining copolymers range from 60 to 100 °C.22 Thus, the
thermal properties were studied via differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA). The
detected Tg values of the samples (33 to 44 °C, see Fig. 1E and
ESI†) as well as their observed thermal stability for tempera-
tures up to 200 °C (see Fig. 1E and ESI†) indicate the suit-
ability of the materials for healing tests at 100 °C.

In order to further evaluate the influences of XB crosslinks
in the polymer networks, the healing abilities of the prepared
films were compared with the help of the common scratch
healing test.23 Thus, the neutral copolymer P1 and the
ionomer P2 without any bidentate linker were tested initially
(see ESI†). As expected, only the ionomer P2 revealed healing
at 100 °C within 3.5 h, whereas P1 was not able to heal the
scratches. In addition, the XB crosslinked networks P2A and
P1A were tested under the same conditions. Thereby, the best
healing properties were observed for P2A, which contains ionic
groups and the iodine containing linker A (Fig. 3). The
network was able to heal the scratches within the same time-
scale as that of P2 (3.5 h at 100 °C). In contrast, the neutral
copolymer with the same linker A (P1A) revealed only partial
healing after 3.5 h at 100 °C, which is slightly slower compared
to the ionic network (P2A), but better in comparison with the
sole neutral polymer P1 indicating a beneficial influence of
the XB crosslinker. This valuable influence was further under-
lined by comparing the XB-based network (P2A) with the HB-
based one (P2B). Considering the ITC results in solution, the

HB-based network is indicated to be weaker crosslinked,
which is in line with the observed partial healing properties.
In order to quantify the results, the optical images from the
microscopy study for the most relevant polymers (P2, P2A and
P2B) were analyzed. The area of the scratch before and after
the temperature treatment was calculated and the ratio was uti-
lized to calculate the healing efficiency according to the litera-
ture.24 The details regarding the calculations can be found in
the ESI (see Table S9†). The resulting values for P2 (86%), P2A
(80%) and P2B (63%) support the conclusions discussed
above.

A crucial point when designing healing systems besides
actual healing ability is the mechanical stability and perform-
ance of the material. Very soft polymers, e.g., hydrogels with
weak supramolecular interactions, show superior healing be-
havior at very low temperatures.25 However, for the potential
application as a coating material, a certain resistance to the
mechanical damage/hardness of the material is indispensable.
In order to evaluate the mechanical properties and the hard-
ness of the material, even with very little amounts of the
material, nanoindentation represents the method of choice
(Fig. 4).26 The nanoindentation measurements were performed
at room temperature. The neutral copolymer P1 features a
hardness of approximately 0.045 to 0.05 GPa at indentation
depths between 300 and 1500 nm. After the neutralization of
the acidic groups with NBu4OH, the hardness decreases sig-
nificantly by one order of magnitude to about 0.005 GPa. This

Fig. 2 (A) Schematic representation of the XB network formation. (B)
Normalized and background-corrected FT-Raman spectra of the
polymer P2 (blue line), the polymer network P2A (black line) as well as
the XB-based linker A (red line).

Fig. 3 Scratch healing experiments of the polymers P2 (a,b), P2A (c,d)
and P2B (e,f ). Left: Scratch, right: scratch after 3.5 h at 100 °C.
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behavior can be explained by a softener effect of the intro-
duced organic and flexible bulky tetrabutyl ammonium
cations. However, the ionomer P2 revealed much better
healing properties than P1. A similar softener effect could be
observed for P2B, which contains the bidentate HB linker B.
Since the hydrogen atoms in B resulted in no significant cross-
linking of the copolymer, the linker simply acts as an
additional softener. The investigations of P2A and P1A on the
other hand showed a strong influence of the linker A on the
hardness of the materials. The formed XBs increased the hard-
ness significantly by a factor of 10 in comparison to the pure
ionomer P2. The neutral P1A featured slightly lower hardness
properties compared to P2A due to the lack of ionic groups
and, therefore, a weaker XB interaction.

Considering the results presented herein, the effect of the
XB can be explained best by the comparison of the ionomer P2
and the ionic XB network P2A. The ionomer P2 revealed very
good healing behavior at 100 °C. The healing behavior of the
ionic XB network P2A certainly was similar to this ionomer,
however, the mechanical stability in terms of hardness signifi-
cantly increased for P2A. Thus, the combination of a XB-based
crosslinker with Lewis basic ionomers allows the design of
materials with a good healing behavior and the ability to have
a specific material flow at moderate temperatures while still
maintaining the mechanical strength required for applications
like coating materials. XB type interactions can clearly influ-
ence the properties and enable the development of new,
superior healing polymer systems with excellent mechanical
performance.

Conclusions

The new healing polymer network presented in this study con-
sists of a fully organic phosphate based ionomer crosslinked
by a bis-bidentate iodine containing XB linker. The thermal,
chemical and mechanical properties were investigated com-
prehensively using advanced methods such as DSC, TGA,
NMR, SEC, ITC, Raman and nanoindentation. Additionally, a

neutral polymer network as well as an ionomer with a HB ana-
logous linker, which only imitates the structure of the linker
due to the very weak interaction strength, were tested in order
to identify the influences of the XB interactions on the pro-
perties of the material. We were able to demonstrate the
design of a system which, does not only feature excellent
healing behavior but also high mechanical strength in terms
of hardness. This beneficial combination of ionic and XB
interactions in a healing polymer opens a new pathway
towards tailor-made highly functional materials, presumably
interesting as coating materials.
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