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We have recently measured core level and valence band XPS, UPS, and MIES spectra of two

room temperature ionic liquids composed of bis(trifluoromethylsulfonyl)imide anions ([Tf2N]�)
and either 1-ethyl-3-methyl-imidazolium ([EMIm]+) or 1-octyl-3-methyl-imidazolium cations

([OMIm]+). [T. Ikari, A. Keppler, M. Reinmöller, W. J. D. Beenken, S. Krischok,

M. Marschewski, W. Maus-Friedrichs, O. Höfft and F. Endres, e-J. Surf. Sci. Nanotechnol.,

2010, 8, 241.] In the present work we analyze these spectra by means of partial density of states

(pDOS) as calculated from a single ion pair of the respective ionic liquid using density functional

theory (DFT). Subsequently we reconstruct the XPS and UPS spectra by considering

photoemission cross sections and analyze the MIES spectra by pDOS, which provides us

decisive hints to the ionic liquid surface structure.

1. Introduction

The surface structure of room temperature ionic liquids

determines a multitude of their properties,2–6 opening a wide

field of applications.7–17 Furthermore, it is the basis on the

way to understanding interfaces between ionic liquids and

other materials, which could be non-polar, polar or ionic. The

knowledge of the surface structure of ionic liquids concerns

also their application in tribology,17–19 electrochemistry,12,20–22

and catalysis.7,20,23,24

The first step towards an understanding of the ionic liquid

surfaces under vacuum is the identification of their chemical

composition (e.g. an enrichment of one ion may occur). This

has been investigated with various UHV techniques, e.g., X-ray

photoelectron spectroscopy (XPS),1,25–30 soft X-ray emission

spectroscopy,31,32 secondary ion mass spectroscopy,33 scanning

atom probe,34 high resolution Rutherford backscattering

spectroscopy (HRBS).35,36 Detailed information about the

surface structure has also been obtained by other surface

sensitive methods, e.g. sum frequency generation (SFG), which

features an analysis of the orientation of components of the ions

present at the surface.4,6,37 A collection of ionic liquids, which

consists of bis(trifluoromethylsulfonyl)imide anions ([Tf2N]�)
and various 1-alkyl-3-methyl-imidazolium cations ([EMIm]+,

[BMIm]+, [HMIm]+, [OMIm]+), has been intensively studied

by many methods,38 inter alia angle-resolved XPS,25,28 UPS,8

SFG37 and HRBS.35,36 It has been shown that most probably

the longer alkyl-chains (e.g. octyl for [OMIm]Tf2N) of the

cation stick out of the ionic liquid surface. However, using the

extremely surface sensitive metastable induced electron

spectroscopy (MIES)1 we have recently also found significant

hints that the alkyl-chains in [OMIm]Tf2N do not completely

cover the surface, but the [Tf2N]� anion may be still present

there. The former result has been supported by parallel MIES

studies of T. Iwahashi et al.39 Molecular dynamics simulations

of the interface between imidazolium-based ionic liquids

and vacuum/air by A. S. Pensado et al.,40 T. Yan et al.,41

and C. D. Wick et al.42 have found the alkyl-chain sticking

out of the surface and have found the anion, e.g. [Tf2N]� in

[HMIm]Tf2N (see ref. 40), at the interface as well. In our

previous work30 it has been displayed that the density of

states from DFT calculations of a single ion pair is suitable for

a comparison with photoelectron spectra as well as for the

visualization of molecular orbitals near the valence band edge.

Furthermore, ionic liquids containing large anions like [Tf2N]�

have shown a less ordered surface than smaller ones.26 Conse-

quently, a single ion pair seems to be better applicable for larger

anions than for smaller ones, which might require another

approach and a single ion pair costs only adequate calculation

times. For a more detailed analysis—in particular to address

spectral features of certain molecular groups—it is necessary to

analyze the XPS, UPS and MIES spectra by comparison with

the pDOS as obtained from quantum-chemical calculations

and projected to single atoms, or even better to reconstruct

the photoelectron spectra. In what follows we will show such
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reconstructions for XPS and UPS spectra of two typical ionic

liquids, [EMIm]Tf2N and [OMIm]Tf2N. Furthermore, we will

show that the pDOS is extremely helpful to interpret specific

features of MIES spectra.

2. Calculation method

For the determination of the pDOS, we have applied DFT

using Becke’s hybrid functional B3-LYP together with the

6-31G** basis set43–47 on single ion pairs of [EMIm]Tf2N and

[OMIm]Tf2N, respectively. By comparison of the reconstructed

spectra with those obtained from two-dimensional crystal

structures of [EMIm]Tf2N we have verified that the effects of

the neglected interaction of one ion pair with others (bulk state)

have only a minor influence. Moreover, the DOS obtained from

single ion pair calculations has displayed a very good agreement

with the experimental data for the gas phase as well as the liquid

state as shown by D. Strasser et al.48 Direct comparison of

binding energies from the gas phase measurements48 and the

calculated ion pair DOS is not expedient, since the absolute

value of calculated binding energies depends on the applied

basis set and functional (cf. ref. 49). The general shape of the

DOS, i.e. the relative values of binding energies, seems to be

robust against changes of the basis set. For this reason we have

performed a global calibration of the calculated DOS and

the reconstructed spectra as described in detail below. The ion

pair structures have been optimized with the same method

used elsewhere.30 Different ion pair configurations have minor

influence on our reconstructed valence band spectra, since the

spectra are more depending on the applied cross sections for

photoelectron emission than on the exact binding energy posi-

tion or relative geometry between the two ions. This is also the

reason why we could apply a relatively simple hybrid-functional

(B3-LYP) without any dispersion correction, which of course

may have influenced the interaction mainly between the ion

pairs. For the details of a dispersion correction for ionic liquids,

see ref. 50 and 51. To prove the assumption of minor influence

of the ion pair geometry on the reconstructed XPS valence

band spectra we have calculated those for 18 ion pairs from

[EMIm]Tf2N. All of them exhibit an energetically favored

position of the [Tf2N]� anion in the vicinity of the ring-carbon,

which is placed between the two imidazolium nitrogens of

the [EMIm]+ cation. S. B. C. Lehmann et al.51 have identified

in their quantum-chemical studies using ion pairs that the

connection between cations and anions is predominantly

established via the most acidic hydrogen bond to this ring-

carbon and either the nitrogen or the oxygen of the [Tf2N]�

anion. Within the large number of our ion pairs we have ascer-

tained that the single point energy varies about DE = 171 meV.

The differences between the resulting XPS spectra of these 18 ion

pairs are in the range of the noise of the experimental spectrum.

Similarly, T. Cremer et al.27 have shown that different con-

formers of the ion pair do not strongly influence the highest

occupied molecular orbitals.

For our analysis we had to choose two ion pairs, one from

each ionic liquid. Both ion pairs exhibit nearly the same

relative geometry, where the nitrogen of the [Tf2N]� anion is

used to form the connection to the mentioned most acidic

hydrogen of the cation. A change in the preferred conformer

of the [Tf2N]� anion at the surface depending on the alkyl-

chain length of the cation was recently found by K. Nakajima

et al.36 This fact was considered by the choice of an ion pair

with a syn-conformer of the anion for [EMIm]Tf2N and one

with the respective anti-conformer is chosen for [OMIm]Tf2N

(see the displayed structure of the two utilized ion pairs in

Fig. 1). The utilized ion pair has the lowest single point energy

of all calculated pairs of [OMIm]Tf2N and it is one of the

best for [EMIm]Tf2N. Ab initio calculations for ion pairs by

K. Fujii et al.52 have shown that the syn-conformer of the

anion exhibits a slightly higher energy than the anti-conformer.

This energetic order is also present in our calculations. However,

we found no significant differences between the reconstructed

spectra using a syn- or an anti-conformer of the [Tf2N]� anion.

Furthermore, there occurs a rapid change between these two

Fig. 1 Density of states (DOS) for C1s core levels from DFT calculations with its composition by contributions from the carbon atoms at

different positions (affiliation of C1–10, see the inset) and the respectively utilized ion pairs for [EMIm]Tf2N and [OMIm]Tf2N (top left). For exact

values and experimental data, see Table 1.

http://dx.doi.org/10.1039/c1cp22152c
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conformers of the [Tf2N]� anion in the liquid state described by

E. Bodo et al.53

Subsequently, for the relaxed single ion pair structure

we have determined the molecular Kohn–Sham eigenenergies

ei and the eigenvectors cim in the corresponding LCAO.

The eigenenergies give us already the total DOS as rðeÞ ¼
P

i

dðe� eiÞ, whereas for the pDOS the eigenvectors cim of the

LCAO provide us with the respective contribution of each

atomic orbital |mi to the DOS, which is given by

rmðeÞ ¼
P

i

c2imdðe� eiÞ. Added up over all atomic orbitals |mi
belonging to the same atom, this results in the pDOS.

Furthermore, it allows us also to reconstruct XPS and UPS

spectra, respectively. For this purpose we have weighted the

calculated contributions rm(e) with the corresponding differ-

ential cross section dsm/dO(Ephoton) of photoelectron emission

as tabulated for each element, kind of orbital, used photon

energy (Ephoton), and given angular distribution (O) in the

literature.54,55 Asymmetry (characterized by the asymmetry

parameter b) is included in the reconstruction by means of an

angular asymmetry factor Lm(g) for nonpolarized light to be

multiplied with the initial differential photoelectron cross

section:56 LmðgÞ ¼ 1þ bm
2
½3
2
sin2 g� 1�, where g is the angle

between the radiation source and the detector (photoelectron

emission direction), and g exhibits the values of 801 for XPS

and 42.51 for UPS (He II). For the UPS spectra the spectrum

calculated for the He II a-line is accompanied by the He II

b-line, which is simply a duplicate of the He II a-line spectrum
shifted by approximately 7.56 eV and of typically 4% of the

a-line intensity in our experiment. Finally, we have convoluted

the resulting stick-spectra with a Gaussian of 0.65 eV width.

All reconstructed spectra have to be calibrated to the experi-

mental spectra. Therefore we introduce one scaling factor

(i) and two shifts (ii, iii): (i) due to a known systematic error

of DFT calculations (see below and ref. 49) the molecular

eigenenergies ei have to be corrected by a multiplicative scaling

factor, in order to fit the experimentally observed energy

differences between the core levels and the valence band. The

experimentally observed energetic distance of the NTf2N1s peak

and the highest valence band peak at around 11 eV (which is

also dominated by the [Tf2N]� anion) in the XPS spectra is

obtained by a scaling factor of 1.02838. This factor is used for

all reconstructed spectra and the pDOS.

(ii) In the next step we shifted the spectral contributions

of the cation ([EMIm]+ or [OMIm]+) relatively to the anion

[Tf2N]� in order to compensate the overestimated peak split-

ting in the N1s and C1s core levels. These differences between

anion and cation contributions may be caused by a varying

Madelung energy as previously suggested by D. Yoshimura

et al.,8 see below. Based on the difference between experi-

mental and reconstructed N1s core levels of both ions we

applied a shift of �1.1 eV. A detailed discussion for this shift is

performed in the results part. (iii) We have to shift the total

binding energy of the reconstructed spectra due to the follow-

ing reasons: first the vacuum energy of the calculation usually

does not match the Fermi energy, which is the reference for

experimental XPS and UPS, and secondly the experimental

spectra may be affected by charging due to photoelectron

emission57,58 (charging shifts the binding energy positions for

all states about the same value57). For best agreement of our

reconstructed XPS core levels and valence bands with experi-

ment the respective shifts in the binding energy are �1.36 eV

for [EMIm]Tf2N and �1.39 eV for [OMIm]Tf2N. The shifts

used for UPS (He II) are�1.26 eV for [EMIm]Tf2N and�1.29 eV

for [OMIm]Tf2N. For MIES several pDOS contributions

related to [OMIm]Tf2N have been utilized. These were shifted

by the same value of �1.29 eV as used for UPS. All shifts are

already included in the reconstructed valence band spectra for

XPS and UPS and the pDOS for MIES presented in the figures.

We are aware that the actual meaning of Kohn–Sham

orbitals and their energies has been subject to a long-standing

discussion (cf. ref. 59). Though it has been shown quite early

that for exact density functionals the energy of the highest

occupied Kohn–Sham orbital (HOMO) corresponds to the

ionization potential,60–62 this aspect of the Kohn–Sham orbital

energies had to be further scrutinized.63–66 C. G. Zhan et al.67

examined the possibility to use Kohn–Sham orbital energies

calculated by common functional—in particular the hybrid

functional B3-LYP used in the present work—not only for

determining ionization potentials, but also electron affinities

and electronic excitation energies. They found a linear correla-

tion between the calculated Kohn–Sham energies and the

experimentally determined values of ionization potentials.

This turns out to be also valid for core-ionization energies68

and valence-orbitals, where the energy-correction follows that

of the HOMO.69 The Kohn–Sham energies, if calibrated in the

way described above, may be applied for calculating ionization

potentials. This is similar to Koopman’s theorem70 in Hartree–

Fock theory where due to a systematic underestimating of ioni-

zation energies a calibration to experimental values is needed as

well.69 An alternative method for the calculation of photo-

electron spectra is given by L. Šištı́k et al.,71 in which the

effects of excited states (TDDFT) and the resulting single

occupied molecular orbitals are considered. This calculation

method, however, is much more complex than our technique.

Important to mention is the relevant depth of information

for the performed XPS, UPS and MIES measurements. Accord-

ing to Roberts et al.72 the sampling depth, which is given by

the inelastic mean free path length (IMPF) of emitted electrons

as 3�IMFP�cosY, is around 6 nm (Ekin = 1000–1500 eV, hu=
1486.7 eV, emission angle Y = 531) in the performed XPS

measurements, while for the UPS measurements using He II

radiation (hu = 40.8 eV) the IMFP is close to its minimum

providing best surface sensitivity in photoelectron spectro-

scopy measurements.72,73 In MIES measurements only those

molecular orbitals are probed that point out of the surface,

since deexcitation of the metastable helium occurs around

0.2 nm in front of the surface.74

3. Results and discussions

XPS core level spectra

In Table 1 the calculated energies of core levels of nitrogen

(N1s) and carbon (C1s) are shown and compared to the data

from experimental XPS spectra.1 For the N1s core level we

found three states: one attributed to the single nitrogen in the

[Tf2N]� anion and two corresponding to the two nitrogen

http://dx.doi.org/10.1039/c1cp22152c
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atoms in the imidazolium cation. The split between the latter

two, which belongs to the two almost equivalent nitrogen

positions within the imidazolium-ring, cannot be resolved in

the experiment but results in the measured peak area ratio of

1 : 2 between the anion and the cation. Notably, the calculated

splitting between N1s peaks related to the [Tf2N]� anion

(NTf2N) and to the imidazolium cation (NIm) is about 1.1 eV

higher than found in the experiment.1,27,57 We will come back

to this point later in the discussion of the C1s core levels and

the valence band states.

For C1s core levels the analysis of the pDOS is a little more

complex. Similar to the case of the two N1s peaks, we see three

well separated groups of states (CTf2N, C1. . .3, and C4. . .n) in our

calculation (see Table 1 and Fig. 1): two states can be easily

attributed to the carbon atoms in the [Tf2N]� anion (CTf2N),

which form the first peak at 290.75 eV (293.2 eV in the experi-

mental XPS spectrum1; all values given for [OMIm]Tf2N).

Consequently, all other C1s states belong to the imidazolium

cation (C1–C10). They are grouped into two further peaks: those

in the remaining alkyl-chain (C4–C10), which contribute to the

peak at 283.52 eV (285.2 eV in the experiment1,27), and carbon

atoms directly attached to nitrogen atoms in the imidazolium-

ring (C1–C3), which give rise to the second peak at 286.23 eV

(286.9 eV in the experiment1). Notably, the calculated contribu-

tions of the carbon atoms C1–C3 (see Fig. 1 and calculated binding

energies in Table 1) can be exactly related to three subbands in the

second peak, as recently revealed by our deconvolution of the XPS

spectrum in the C1s region (see experimental binding energies

from ref. 1 in Table 1). The energetic position is determined by the

proximity to the nitrogen atoms and is supported by the following

facts: the single C1 position, which is neighbored by two nitrogen

atoms, results in the lowest intensity subband with the highest

binding energy. The C3 positions each neighbored only by one

nitrogen atom take the low binding energy wing and the C2

positions with one directly neighbored and another next-neigh-

bored nitrogen atom take the middle. For the C2 and C3 positions,

there remains a little uncertainty since both have the same

intensity. Nevertheless, we find our attribution due to our calcula-

tions more reasonable. Furthermore, it is supported in several

experimental studies.1,57,58

In this respect one may also argue that, since the shift of

the second relative to the third peak in the experimental XPS

spectrum depends strongly on the kind of anion as shown by

T. Cremer et al.,27 it might be possible that not the nitrogen

but a site-specific binding of the anion determines the variation

of the chemical shifts of the C1s core levels for different carbon

positions in the cation. This alternative we have checked by

calculating the pDOS for a single [OMIm]+ cation without

any anion (see Table 1, right most column). Although the

absolute energy values are slightly different, we found the same

energetic order of the C1s core levels attributed to the carbon

atoms C1–C10 for the single cation as for the [OMIm]Tf2N ion

pair. This fact points to a strong influence of nitrogen proxi-

mity rather than the anion position. Notably, the C1s binding

energies of the alkyl-carbons (C4–C10) depend more on the mean

distance between the carbon and the two nitrogen atoms—the

closer the carbon to the nitrogen the higher the C1s binding

energy—than on the typical distinction between aromatic and

aliphatic carbon positions. Interestingly this effect propagates

through the whole alkyl-chain (see Table 1, calculated bind-

ing energies for C4–C10 in [OMIm]Tf2N). In the experimental

spectra this effect is indicated by a shift of the respective peak

with the increasing length of the alkyl-chain.1,27,57

Finally, we have to note that like for the N1s core levels the

calculated energy difference between the C1s peaks attributed

to the [Tf2N]� anion and the alkyl-chain of the cation is about

0.8 eV smaller than that found in the experiment (see Table 1)

for [OMIm]Tf2N, whereas it is about 1.1 eV for [EMIm]Tf2N.

Including both N1s and C1s core levels, this may mean that all

contributions from the imidazolium cation have to be shifted

by approximately 1.1 eV to lower binding energies relatively

to those from the [Tf2N]� anion. Considering this fact, we are

able to attribute each relevant nitrogen and carbon position to a

certain feature in the N1s and C1s region of the XPS spectrum,

respectively. This shift is assumed in all following reconstructed

spectra.

XPS valence band spectra

In the valence band region the pDOS and, consequently, the

reconstruction of XPS and UPS spectra are more entangled.

The main reason is the energetic overlap of the 2s and 2p

valence states for the elements carbon, nitrogen, oxygen, and

fluorine, as well as the 3s and 3p orbitals of sulfur. Nevertheless,

following the way described in Section 2, we are able to identify

the origins of the most apparent peaks in the photoemission

spectra (Fig. 2, top). For this purpose we have decomposed the

reconstructed XPS spectra not only into contributions of anions

and cations (Fig. 2, top) but also into the contained elements

(Fig. 2, bottom). In general, we find that the XPS spectrum

near to the band edge is dominated by the anion contributions.

Table 1 N1s and C1s energies of [EMIm]Tf2N and [OMIm]Tf2N
in eV as calculated by DFT with the B3-LYP functional and 6-31G**
basis set, and corrected by a scaling factor of 1.02838, and respective
shifts of �1.36 eV for [EMIm]Tf2N and �1.39 eV for [OMIm]Tf2N to
match the experimental N1s level of Tf2N (#). Experimental values are
taken from ref. 1. The energies of the isolated [OMIm]+ cation have
been normalized by the same scaling factor as used for the ion pairs
but shifted approximately by �4.90 eV in order to match the experi-
mental N1s level ($) for [OMIm]Tf2N. For the affiliation of carbon
atom positions C1–10 see the inset in Fig. 1

[EMIm]Tf2N [OMIm]Tf2N [OMIm]+

Calculated Experiment Calculated Experiment Calculated

NTf2N 399.70# 399.7# 399.70# 399.7# —
NIm 403.54 402.3 403.48 402.4 403.50

403.44 403.35$ 403.35$

CTf2N 290.84 293.2 290.76 293.2 —
290.75 290.73

C1 287.24 287.8 287.16 287.8 287.53
C2 286.53 287.2 286.44 287.1 286.19

286.50 286.42 286.16
C3 285.98 286.7 285.80 286.7 285.94

285.84 285.75 285.76
C4 284.37 285.6 284.25 285.2 283.91
C5 283.77 283.15
C6 283.56 282.56
C7 283.43 282.11
C8 283.40 281.79
C9 283.37 281.61
C10 283.21 281.26

http://dx.doi.org/10.1039/c1cp22152c
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The peak of lowest binding energy of about 7 eV originates

mainly from the contributions of oxygen with some additions

nearly equally from fluorine, sulfur, and carbon. For the carbon

contribution the difference between the cations [OMIm]+ and

[EMIm]+ expected due to the enhanced number of carbons

within the alkyl-chain is minor. The peak at about 11 eV is

dominated by fluorine, oxygen and sulfur, whereas the con-

tributions from carbon and nitrogen are negligible. A significant

shoulder recognizable at the higher binding energy site of this

peak can be attributed to the sulfonyl-groups of the anion. All

these effects result from the fact that the cross sections for 2p

orbitals of nitrogen and carbon, which are the constituents of

the imidazolium cations, are significantly smaller than those

for the other elements. The respective cross section ratios are

3 : 9 : 75 : 268 : 777 : 1252 (H1s : C2p : N2p : O2p : F2p : S3p).

Contributions from hydrogen are negligible. For the dominant

contribution of the anion, the shift of cation versus anion

contributions of 1.1 eV which we applied due to the result of

the core level analysis (see above and ref. 8 and 32) seems to be

more or less arbitrary. It does, however, slightly improve the

overlap between reconstructed and experimental spectra. For

binding energies above 14 eV, contributions of nitrogen and

carbon become substantial due to the higher cross sections of

their 2s orbitals. Nevertheless, fluorine contributions are even

then still dominant. Unfortunately, in this region the experi-

mental XPS spectra are already affected by a background of

inelastic scattered electrons. Therefore, the significant devia-

tions between the reconstructed XPS spectra of [EMIm]Tf2N

and [OMIm]Tf2N in this region could hardly be seen in the

experiment (Fig. 2, left and right, respectively). The density of

states (DOS), which is using the identical scaling factor and

two shifts (absolute and relative between the ions) as applied

for the reconstructed valence band spectra—but disregarding

the MO specific cross sections, has been displayed for both ionic

liquids in comparison to the reconstructed spectra (Fig. 2, top).

The technique in the present study enables a quantitative analysis

(reconstructed spectra) instead of a qualitative (DOS), which is

an eye-catching improvement of the method.

UPS spectra

In contrast to the XPS spectra the reconstructed UPS spectra

for excitation by the He II (see Fig. 3) additionally show

significant contributions of carbon and nitrogen near the band

edge. This results from the fact that the ratios of the cross

Fig. 2 Experimental (top, cyan line, from ref. 1) and reconstructed (black line) XPS spectra for the valence band of [EMIm]Tf2N (left) and

[OMIm]Tf2N (right), with decomposition into contributions of anions (top, blue line) and cations (top, red line), as well as of the corresponding

elements (bottom). The density of states (DOS) for both ionic liquids is displayed for comparison (top, purple line).

http://dx.doi.org/10.1039/c1cp22152c
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sections between H1s : C2p : N2p : O2p : F2p : S3p orbitals at

lower photon energies are turned into 2 : 14 : 34 : 54 : 69 : 6.

Nevertheless, the [Tf2N]� anion with fluorine and oxygen still

dominate the spectra, though the strong contribution of sulfur

seen in XPS has changed to nearly nothing in UPS.

For the cations the contributions of the alkyl-chains are

clearly seen. In particular the difference between the corres-

ponding [OMIm]Tf2N and [EMIm]Tf2N spectra (see Fig. 4),

which have been normalized for 11.1 eV to the peak maximum

of the respective reconstructed UPS spectra, is apparent. By

comparison with the element- and site-sensitive reconstruction

of the UPS spectra, we found that the difference spectrum,

which spans from 5 eV to 12 eV, results from the additional

part of the octyl-chain. This includes the carbon atoms C4–C9

and their respective hydrogens (brown line in Fig. 4), which

are present in the [OMIm]+ cation but not in the [EMIm]+

cation (C4 in [EMIm]+ corresponds to C10 in [OMIm]+ for

both being in a CH3-group). Remarkably, the experimental

difference spectrum is about a factor 1.9 higher in intensity

than the reconstructed one. This may result from the fact that

due to the surface sensitivity, UPS (He II) already reveals two

different surface structures for [OMIm]Tf2N and [EMIm]Tf2N.

Since the octyl-chains of the [OMIm]+ cations are sticking out

of the surface (as shown by ref. 6, 26, 27, and 35–37), their

contributions should be enhanced. Unfortunately, for a quanti-

tative comparison of the UPS spectra, which might reveal an

exact stoichiometric depth profile of the respective ionic liquid

surfaces (cf. ref. 36), the present state of our technique is not

sufficient. In this context valuable information can be obtained

from the results of the even more surface sensitive MIES

method, which will be discussed in what follows.

MIES spectra

The analysis of the calculated pDOS in combination with the

MIES method enables us to analyze the structure of the upper-

most layer of the ionic liquid surface. For both [EMIm]Tf2N

and [OMIm]Tf2N, we found contributions related to the

imidazolium cation and the [Tf2N]� anion. The measured

spectra as well as the presence of both ions at the surface are

in good agreement with the MIES study by T. Iwahashi et al.39

By subtracting the MIES spectra of [EMIm]Tf2N from

[OMIm]Tf2N (Fig. 4, right, blue curve), we found a substantial

difference for binding energies between 6 eV and 10 eV like in

Fig. 3 Experimental (top, cyan line, from ref. 1) and reconstructed (black line) UPS (He II) spectra for the valence band of [EMIm]Tf2N (left) and

[OMIm]Tf2N (right), with decomposition into contributions of anions (top, blue line) and cations (top, red line), as well as of the corresponding

elements (bottom).
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the UPS spectra (see above and Fig. 4). This corresponds very

well to the contributions from the alkyl-chain belonging to the

carbon atoms C4–C9 and the respective hydrogen atoms

(Fig. 4, right, brown curve). These are present in the [OMIm]+

but not in the [EMIm]+ cation. Again a shift of 1.1 eV between

the cation and the anion is necessary to fit the expected alkyl-

chain contribution to the lower binding energy edge of the

difference spectrum. Due to the very high surface sensitivity of

MIES this feature of the difference spectrum means that the

octyl-chains of the [OMIm]+ cations are present at the outer-

most part of the surface—a result that agrees well with our UPS

(He II) reconstruction and the results from angle resolved

XPS,25,26 HRBS,35,36 and SFG.6,37 Note that the experimental

MIES spectra have been normalized to 12.5 eV, and this may

influence the obtained difference spectrum. However, in con-

trast to the UPS (He II) spectra the MIES difference spectrum

reveals also a minor contribution from the F2p orbitals (Fig. 4,

green line) at 11 eV. This may be simply interpreted as

more fluorine atoms present at the ionic liquid surface in the

case of [OMIm]Tf2N than of [EMIm]Tf2N. However, if one

considers that in [OMIm]Tf2N—but not in [EMIm]Tf2N—the

imidazolium-ring may be fully buried beneath the alkyl-chain,

another interpretation suggests itself: the missed contributions

of the octyl-covered imidazolium-groups may feign increased

contributions of the fluorines of the uncovered [Tf2N]� anions.

Notably, this interpretation, which is in our favor, is also in

better agreement with the model of the surface structure given

by K. Nakajima et al.36 obtained by their HRBS experiment.

Moreover it is not in contradiction to the result that one or two

trifluoro-group(s) of the anion point towards the vacuum.36,39

4. Conclusions

Quantum-chemical calculations are a useful tool to reconstruct

and analyze XPS and UPS spectra of ionic liquids in terms of

the molecular structure and stoichiometry, as we have demon-

strated for a specific example in this work. Furthermore, the

quantum-chemically calculated pDOS provides invaluable

information for analysis and interpretation of MIES spectra.

For the increasing surface sensitivity from XPS over UPS

to MIES, our quantum-chemically supported technique of

reconstruction and analysis provides us information about

the chemical composition and steric structure of ionic liquid

surfaces, in full agreement with previously suggested surface

structures of [EMIm]Tf2N and [OMIm]Tf2N.6,25,26,35–37
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H. Haberland, Phys. Rev. B: Condens. Matter, 1987, 35, 1547.

http://dx.doi.org/10.1039/c1cp22152c

