CHEMISTRY

A EUROPEAN JOURNAL

DOI: 10.1002/chem.201001032

Towards a Molecular Understanding of Cation—Anion Interactions—Probing
the Electronic Structure of Imidazolium Ionic Liquids by NMR Spectroscopy,
X-ray Photoelectron Spectroscopy and Theoretical Calculations

Till Cremer,™ Claudia Kolbeck,"” Kevin R. J. Lovelock,” Natalia Paape,'
René Wolfel,'! Peter S. Schulz,'“! Peter Wasserscheid,'! Henry Weber,'"! Jens Thar,'"!
Barbara Kirchner,'!! Florian Maier,**! and Hans-Peter Steinriick!®

Abstract: Ten [CeCIm]* (1-methyl-3-
octylimidazolium)-based ionic liquids
with anions CI7, Br~, I7, [NO;],
[BEJ", [TfO]", [PEJ, [TEN],
[P£,N]~, and [FAP]™ (TfO=trifluoro-
methylsulfonate, Tf,N=Dbis(trifluoro-
methylsulfonyl)imide, Pf,N =bis(penta-
fluoroethylsulfonyl)imide, FAP =tris-
(pentafluoroethyl)trifluorophosphate)

and two [CsC,C,Im]" (1,2-dimethyl-3-

While '"H NMR spectroscopy is found
to probe very specifically the strongest
hydrogen-bond interaction between the
hydrogen attached to the C* position
and the anion, a comparative XPS
study provides first direct experimental
evidence for cation—anion charge-trans-
fer phenomena in ionic liquids as a
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function of the ionic liquid’s anion.
These charge-transfer effects are found
to be surprisingly similar for [C4C,Im]*
and [C4C,C,Im]* salts of the same
anion, which in combination with theo-
retical calculations leads to the conclu-
sion that hydrogen bonding and charge
transfer occur independently from each
other, but are both more pronounced
for small and more strongly coordinat-

octylimidazolium)-based ionic liquids
with anions Br~ and [Tf,N]~ were in-
vestigated by using X-ray photoelec-
tron spectroscopy (XPS), NMR spec-
troscopy and theoretical calculations.
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ing anions, and are greatly reduced in
the case of large and weakly coordinat-
ing anions.

electronic

Introduction

Ionic liquids (ILs), salts with a melting point below 100°C,
have shown great promise in both experimental and theoret-
ical environments in the last decade.! There are at least 10°
potential primary ILs, of which many have very interesting
physicochemical properties, leading to a burgeoning area of
research and industrial applications, such as the BASIL (bi-
phasic acid scavenging utilising ionic liquids) process.’! ILs
have even been labelled “designer solvents” for the exciting
prospect of tailoring their physical properties by combining
the appropriate cations and anions with their individual
properties as building blocks to obtain the desired IL.
Indeed, it has been shown that trends for groups of com-
pounds exist making the prediction of physical and chemical
properties for a chosen combination of cation and anion fea-
sible to a certain extent.”* However, the simple picture of
superimposing properties of the individual ions does not
hold true. Anion and cation will always interact in a specific
way leading to a unique combination with specific proper-
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ties. In order to evaluate the predictive power and the un-
certainties of this “superposition” approach, one has to un-
derstand the nature of different interactions between cation
and anion in any given IL. Apart from coulomb forces, dis-
persive and inductive interactions as well as hydrogen-bond-
ing-type interactions play a considerable role in ILs.”® In
particular for the intensively studied class of imidazolium-
based ILs, many groups have tried to qualitatively (and in
some cases also quantitatively) correlate interactions be-
tween the ions with the physicochemical properties of the
IL." Due to the IL’s ionic nature, coulombic interactions
are expected to play a pronounced role. Commonly, the
excess charges of the ions are considered to be integer
values, that is, +1e for the imidazolium cation; within the
last years a number of molecular dynamic (MD) simulations
have been successfully carried out applying IL force fields
with the constraint of integer-charged imidazolium cations
and anions.""'”! However, it was also shown that modified
force fields with reduced (i.e., non-integer or fractional)
charges on the ions considerably improve the MD re-
sults; ! for details see the excellent review by Maginn.”"
When introducing such “effective charges” in computational
chemistry, one might ask whether the value of this effective
charge of a certain ion is a “real” quantity, implying some
charge transfer between anion and cation, or whether it
should be considered as a MD simulation parameter taking
many body effects (e.g. polarisation) into account.®!%!:?]
An indication of “real” fractional charges is provided by
density functional theory (DFT) calculations. By applying a
natural bond orbital (NBO) analysis of isolated ion pairs in
their calculations, Hunt and co-workers observed a pro-
nounced partial charge transfer between [C,C,Im]* and its
counterion CI™.®l Similar charge-transfer effects were al-
ready observed in DFT calculations of Na*/Cl~ ion pairs.*!
A first step towards experimental evidence for non-integer
charges was made by Tokuda et al., who introduced the pa-
rameter “effective ionic concentration”, C.g, in their com-
bined electrochemical impedance and NMR measurements.
This parameter was proposed to be dominantly related to
the coulombic forces in the IL and to depend particularly
on the nature of the anion and the chain length.”*¥ However,
it does not only include contributions from effective ionic
charges, but also takes into account ion aggregation (or dis-
sociativity) as discussed in the concept of ionicity.” To the
best of our knowledge a direct experimental proof of “re-
duced” or “effective” ionic charges in the case of ILs has
not been reported yet.

A major point in the context of intermolecular forces in
imidazolium based ILs is the elucidation of hydrogen bond-
ing.”® They mainly occur at the protons bound in C* and
also—to a smaller extent—at the protons bound in C* and
C’ positions at the imidazolium ring (see Scheme 1). Hydro-
gen bonding has been proposed to be of crucial importance
for the melting point as well as the viscosity of TLs.['%1427:28]
While early experiments from Elaiwi etal.! and Avent
et al.” indicate that less hydrogen bonding leads to a reduc-
tion in melting point and viscosity, more recent IR results
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Scheme 1. Labelled structure of the [C4C,Im]™* ion. The labelling method
is the same as used by Hunt et al.”? Carbon atoms attached to the ring
of the ionic headgroup (C?, C!, C°, C% C7) are labelled in the text as
“Chetere” and C-C" as “Cyiyi”- Additionally, hydrogen atoms relevant for
this work are added for sake of clarity.

and DFT calculations from the Ludwig group point towards
a reverse trend.!'* In the last years, a large number of
studies concerning hydrogen bonding in ILs have been car-
ried out, mostly by NMR spectroscopy.’"**l Lungwitz
et al. correlated the Kamlet-Taft parameters a and f, which
are well-known indicators for the hydrogen-bonding abilities
of compounds, to '"H NMR shifts of the proton bound to C2
Their studies indicate that anion-dependent differential
"H NMR shifts are a direct measure of the strength of hy-
drogen bonding in imidazolium-based ILs.’*'” Most NMR
studies mentioned above were carried out for ILs diluted in
organic solvents, which has an influence on the NMR
shifts.”! However, ILs of sufficiently low viscosity can also
be studied in undiluted pure form by NMR spectroscopy,
thus ruling out additional solvent interactions that may com-
plicate the interpretation of the obtained spectra.l!

Finally, apart from coulombic and hydrogen-bonding in-
teractions, dispersion and induction forces also significantly
contribute to the specific interactions between anion and
cation.’! From ab inito calculations, considerable differences
between ILs and classical molten salts were found due to
different dispersive and inductive contributions, which may
be an explanation for the reduced melting points and viscos-
ities of TLs."!

Interactions between IL ions are closely related to their
electronic structure. A very powerful experimental method
in this respect is photoelectron spectroscopy (PES), which
provides direct access to the electronic structure of a com-
pound. Traditionally applied to solid surfaces, PES of ILs
has only emerged during the last few years. Due to the very
low vapour pressure of aprotic ILs (usually <107'° mbar at
RT), PES is highly suitable for probing their electronic
structure under ultra-high vacuum (UHV) conditions.”>=*
By means of ultra-violet photoelectron spectroscopy
(UPS)®1  and inverse photoelectron spectroscopy
(IPES), occupied and unoccupied valence states are di-
rectly accessible. In combination with theory, the density of
valence states ascribed to the cation and the anion have
been successfully investigated.”>"1 Moreover, using X-ray
photoelectron spectroscopy (XPS) core levels can be stud-
ied™ ¥ and by analysing the so-called chemical shifts the
different chemical environments of one specific element can
be identified and quantified."” The binding energy (BE) of
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a certain core level is a function of the chemical environ-
ment of the atom, that is, the oxidation state and the nature
of the neighbouring atoms. In a simplified picture, the same
core level of a given atom exhibits a higher BE if it is posi-
tively charged compared to a more negatively charged one.
However, up to now, most XPS studies of pure ILs have
concentrated on the surface composition and molecular ori-
entation of the ions,P®3%414330-521 while few have addressed
the electronic structure in terms of ion—ion interactions.*!
To provide a more detailed understanding of the specific
interactions within imidazolium-based ILs, we present here
a systematic XPS and NMR study in combination with theo-
retical calculations. Pure ILs carrying the same cation, 1-
methyl-3-octyl-imidazolium ([CsC,Im]"), but ten different

Table 1. Summary of ILs investigated in this study.

anions have been investigated (see Table 1). The [CsC,Im]™*
ion was chosen, because it has already been investigated in
angle-resolved XPS studies with respect to molecular orien-
tation effects at the surface.”™'! It consists of a positively
charged head group, that is, the imidazolium ring, and a
neutral aliphatic tail. This pronounced asymmetry of the
cation is one reason for the low melting point of all ILs in-
vestigated here.”! The anions were selected due to the fact
that they form room temperature ILs with the [CgC,Im]*
ion, cover different sizes (ranging from CI~ to [FAP];
FAP =tris(pentafluoroethyl)trifluorophosphate),  different
basicities, shapes (from spherical to elongated anions) and
coordination abilities (from strongly coordinating halides to
weakly coordinating anions with perfluoroalkyl groups), and
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1-methyl-3-octylimidazolium hexafluorophosphate

1-methyl-3-octylimidazolium trifluoromethylsulfonate

1-methyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide

1-methyl-3-octylimidazolium bis[(pentafluoroethyl)sulfonyl]imide

1-methyl-3-octylimidazolium tris(pentafluoroethyl)trifluorophosphate

1,2-dimethyl-3-octylimidazolium bromide

1,2-dimethyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide
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are free of aliphatic chains to avoid pronounced dispersive
interactions with the chains of the cation. Moreover, the se-
lected anions do not contain atoms that interfere with XPS
and NMR signals from the cation and thus could complicate
an unambiguous interpretation of the spectra. In addition,
two ILs with the cation [C4C,;C,Im]* (methylated at the C*-
position) were compared to their unmethylated homologues.

Altogether, we will show that 1) the nature of the anion
has a strong influence on the positive charge of the imidazo-
lium ring, 2) that the absolute value of the positive charge
on the imidazolium ring is hardly influenced by hydrogen-
bonding interactions between anion and cation and 3) that
the nature of the anion presumably modifies the degree of
hybridisation in the imidazolium ring in case of the
[CCiIm]* ILs.

Results and Discussion

XPS measurements and computational results: The XPS
data for all ten [CyC,Im]* ILs has been published previously
in the context of surface composition and molecular orienta-
tion,[41:4650.5L6T The XPS intensities of all ILs correspond
within the margins of error with the nominal IL composi-
tions confirming the high purity of the samples. Values for
the elemental composition and BE values for all relevant
core levels of all ILs are provided in Tables S1 and S2 in the
Supporting Information. All ILs were free of surface con-
taminants.[*>*! Since this study focuses on the influence of
the anion on the electronic structure of the imidazolium ring
of the cation, only the C1s and N 1s spectra will be dis-
cussed.

As already mentioned, direct comparison of absolute BE
values is not possible due to minor charging effects in the
range of £0.15 eV, which have been observed for all ILs
(see Table S2 and Figure S1 in the Supporting Information).
Slight charging of IL films during XPS was first observed
and discussed by Smith et al.® As a consequence it is diffi-
cult to determine absolute BE values, in particular as no ref-
erence level (such as a Fermi edge) is available. To allow for
a comparison of different ILs, one can choose a specific
carbon atom as internal reference. Smith et al. arbitrarily
chose the BE position of the C? carbon as internal reference.
However, this approach proved to be impracticable for the
present study, because the imidazolium ring interacts elec-
tronically with the anion (as will be shown in this paper).
Therefore, we used the aliphatic carbon signal C,y of the
octyl chain, which is common to all ILs studied, as internal
reference. After fitting the C 1s spectra, the C,, BE posi-
tion was set to (the arbitrarily chosen position of) 285.0 eV;
this value is commonly used in XPS for adventitious hydro-
carbon.®® It should be mentioned here that the absolute cal-
ibration of the energy scale does not have an impact on the
conclusions drawn from our data.

We justify our use of C,, as reliable internal BE refer-
ence by the following reasons:

Chem. Eur. J. 2010, 16, 9018 —9033

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

A028] [ 7 " o terminal CH, group
o 0.24% O average over all Calkyl==
& 0.051 o
g 0.04
g:- 0.034 o)
= 0.02] o .
0.011 o E
ool -~ © 88
1 2 3 4 5 6 7 8
length of alkyl chain in [C_C,Im]CI
b) 0.25 B [C4C,Im]CI
2 0.20] Q\ v [C4C,Im][BF,]
@ \ o[C.C,Im][Tf N
2015 (G4 CImITN
S 0.10 k
E . 1 \\
=z 0.059 vy g
[m R
0.004---------too g Wy g ]

1 2 3 4 5 6 8
number of C atoms in alkyl chain of [C,C,Im][X]

Figure 1. a) NPA charge of terminal CH; group (squares) and averaged
NPA charge per CH, unit of the alkyl chain (circles) of [C,C,Im]Cl (in
which n=1-8) as a function of chain length; b) NPA charges on the
(CH,) moieties and on the terminal CH; group of the octyl chain as a
function of position and anion ([CgC,Im]Cl squares; [CyC,Im][BF,] trian-
gles, [C3C,Im][T£,N] circles). The dashed line is an exponential fit to the
mean values.

1) The aliphatic chain is expected to be least susceptible to
chemical shifts due to the lack of coulombic interactions
with the anion. It has been even shown that polar and
non-polar regions are formed in long chained ILs, with
the alkyl chains being on average separated from the
ionic moieties.*

2) The ionic moieties (the charged imidazolium ring and
the anion) most likely exhibit the strongest interactions
as suggested by other groups.® 7

3) In an extended study of a series of [C,C,Im][Tf,N] with
varying alkyl chain lengths it was found that the XPS
peak separation A(BE) of the cationic carbon atoms,
Chewero and Cyyy, remains unchanged for chains longer
than Cg, meaning that from C; onwards the BE of C,uy
is independent of the electronic structure and environ-
ment of the charged imidazolium ring.*® This is further
corroborated by calculations of a series of [C,C,Im]Cl
(n=1-8) showing the rapid decay of the positive charge
with increasing chain length saturating around n=38: In
Figure 1a the average NPA charge, as deduced by natu-
ral population analysis, per CH, group (x=2, 3) of the
alkyl chain and the NPA charge on the terminal CHj
group of the alkyl chain are plotted as a function of
chain length.

4) For the octyl chain as shown in Figure 1b for the three
calculated [C4C,Im]X ion pairs, the NPA charges on the
(CH,) units exhibit a fast drop to zero as a function of
distance from the imidazolium ring, irrespective of the
counterion. The exponential decay length is in the order
of one C—C bond length, proving that the positive
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charge on the imidazolium ring does not significantly
impact on longer alkyl chains.

5) Finally, for practical reasons, the position of the domi-
nant C,,, peak in the C1s region can be determined
with a high accuracy of better than 0.02 eV in our XPS
measurements.

[CsCiIm]*-based ILs: The C1s spectra of all [CsCiIm]*-
based ILs are displayed in Figure 2. Common to all ILs is
the dominant C,,, peak at 285.0 €V, which arises from the

C1s
[FAPT
[PENT
[TENT

[Tior

Intensity / arb. units

'"I"'I'"I"'I"'I"'I':'I"'I'
298 296 294 292 290 288 286 284 282
Binding Energy / eV

Figure 2. C 1s core level spectra of the ten [CsCiIm]* ILs investigated.
BE scale is referenced to BE(C,,) =285.0 eV.

seven carbon atoms of the alkyl chain (see fit analysis in
Table S1 in the Supporting Information). The second feature
in the C1s region is the peak/shoulder at 1.44 to 2.04eV
higher BE than the C,, peak. This signal corresponds to
the five carbon atoms bound to the nitrogen atoms of the
imidazolium ring.

Further carbon signals at higher BE are observed for
[CsC{Im][TE,N] (peak at 293.0 eV), [CoCiIm][Pf,N] (peaks
at 293.6 and 291.0 eV) and [CsC,Im][FAP] (peaks at 293.3
and 291.0 eV). They correspond to the perfluorated carbon
atoms of the anions with specific local electronic environ-
ments (see also Table S2).

Figure 3a shows a close-up of the cation-related C 1s sig-
nals. Inspection of this figure and of the fit results in
Table S2 in the Supporting Information reveals that the
Cheiero peak is subject to a differential shift with respect to
the C,uy, peak, depending on the nature of the anion. The
shift follows a clear trend, from small peak separation BE-
(Chetero)—BE(C,y) of 1.44 eV for the smallest, most basic
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Figure 3. Detailed XP spectra of a) the C1s and b) the N 1s regions for
all [CsCiIm]* ILs (the dashed lines are guide to the eyes for the BE
changes of the imidazolium ring signals). c¢) Correlation of BE positions
for Cheero @and Nggon for the ten [CsCiIm]* ILs (filled) and the two
[CsC,CiIm]* ILs (hollow). Dashed lines with slope one are indicated for
both groups.

and most coordinating anion (CI7) to a considerably larger
value of 2.04 eV for the much larger, least basic and least
coordinating [FAP]™ ion. The corresponding N 1s spectra
are displayed in Figure 3b. For all ILs a symmetric peak is
observed around 402 eV, which corresponds to the two ni-
trogen atoms of the imidazolium ring; these nitrogen atoms
are indistinguishable with XPS.F%¥4L424] Tywo of the ILs,
[C¢C{Im][TE,N] and [C¢C,Im][Pf,N], contain nitrogen in the
anion with an extra N 1s peak at 399.6 eV, in accordance
with previous publications.’**'! The exact BE of the peak at
~402 eV depends on the nature of the anion and follows
the trend observed for Cy..., in the C1s region (see Fig-
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ure 3a and 3b). In particular, the observed differential BE
shifts of the imidazolium ring signals for each IL are more
or less identical for both C1s and N 1s regions. This is evi-
dent from Figure 3¢, in which a linear relation between the
Chetero 1s and N 1s BE shifts with slope one is observed. This
observation provides strong evidence that the shifts dis-
cussed above are genuine physical observables and not arte-
facts of the fitting procedure.

The observed differential shifts indicate that the nature of
the anion must have an effect on the electronic structure of
the counterion’s imidazolium ring. In particular, for the
smallest and most coordinating anions, the ring signals have
the lowest binding energies and, vice versa, the highest BE
values are measured for the largest and least coordinating
anions. In Figure 4a and 4b the position of the C1s and
N 1s signals of the imidazolium ring are plotted against the
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Figure 4. Correlation of BE values of a) Cyeerols and b) N, 1s of the
ten [C¢C,Im]*-based ILs with molecular volume. Differentiation between
squares and circles are for guidance to the eye according to the text.
c¢) Correlation of Cy,1s BE with Kamlet-Taft parameter  (values for
[C4CiIm]Cl, [CsCIm]Br and [CiC,Im][FAP] are unpublished data from
the Spange group, remaining values from reference [71]).
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IL molecular volume, demonstrating this general trend.
From the smallest, most basic and most coordinating Cl™ ion
up to the medium sized, weakly coordinating [PF]™ ion the
shift towards higher BE is nearly linear. Interestingly, for
the three ILs containing [PF,]~, [Tf,N]~ and [Pf,N]~ (circles)
the BE values are nearly constant, despite strong differences
in molecular volume. This indicates that the coordination
properties (all three anions are similarly very weakly coordi-
nating) have the main effect on the BE shift. Apart from
the size of the anion, other parameters describing the coor-
dination behaviour were correlated with the observed
anion-dependent BE shifts. As it is shown in Figure 4c and
will be discussed in detail later, the BE shifts exhibit a
linear relationship with the Kamlet Taft parameter 5, which
is a measure for the hydrogen-bond acceptor basicity of the
IL anion."!

[CsC,CiIm]*-based ILs: Apart from coulombic forces, hy-
drogen-bonding interactions between cation and anion play
a major role for imidazolium-based ILs;*!”! they are mediat-
ed through the hydrogen atoms at the C?, C* and C’ posi-
tions (see also Scheme 1), with the hydrogen atom at C?
contributing most (see also next section)./"1*2.71 T study
the possible influence of hydrogen bonding on the Cgepo 18
BE discussed in the preceding paragraph, two representative
ILs, namely [C4C,C,Im]Br and [CsC,C,Im][Tf,N], in which a
methyl group in C*-position replaces the most acidic proton,
were measured. Hence, hydrogen bonds between anions and
cations are strongly reduced in these two ILs compared to
their non-methylated homologues [CiC,Im]Br and
[CsC,Im][TE,N].I-77

In Figure 5, the C1s and N 1s spectra of the methylated
ILs [CC,CIm][T£,N] (top) and [C4C,C,Im]Br (bottom) are
displayed (black circles); for the C 1s region the spectra of
the corresponding [CsC,Im]* ILs are superimposed (open
circles). The BE of the N 1s signal from the methylated imi-
dazolium ring exhibits an anion-dependent difference of
0.41 eV (Figure 5, right-hand side), which is within the mar-
gins of error nearly identical to the differential N 1s shift of
0.36 eV for the non-methylated homologues [CsC,Im][Tf,N]
and [CgC,Im|Br (Figure 3¢ and Table S2 in the Supporting
Information); only the absolute value of the N 1s BE for the
[CsC,CiIm]* ILs is smaller by 0.2 eV (see also Figure 3¢).
In the C1s spectra of both [CyC,C,Im]* ILs the signal of
the additional CH; group, with its BE between Ci,, and
C,iky» 18 superimposed making the data interpretation not as
straight forward as in the N 1s region. Nevertheless, the BE
positions of Cy,o for both [CeC,C,Im]* ILs can unambigu-
ously be derived by fitting as shown in Figure 5 (left-hand
side), and also by simple subtraction techniques (see Fig-
ure S2 in the Supporting Information). Independent of the
presence of the methyl group in the C? position, the BE
values of Cy.ro for the Br~ as well as the [Tf,N]™ ILs are
identical within +0.05 eV. These data demonstrate that the
observed anion-dependent differential XPS shifts of the im-
idazolium ring signals are almost independent of the
strength of the hydrogen bonding between anion and cation.
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Figure 5. Analysis of C1s and N 1s spectra of [CsC,C,Im][Tf,N] and
[CsC,C Im]Br. The grey fit curve corresponds to the contribution of the
additional methyl group in C? position. The C 1s spectra of the two corre-
sponding [CsC,Im]* ILs (open circles) are overlaid for comparison and
illustration of the C>-methyl contribution.

Interpretation of anion-dependent differential XPS shifts of
imidazolium ring signals: In general, variations in the local
electron density at a particular atom contribute to shifts in
the corresponding core levels in XPS, the so-called chemical
shifts. As a common trend, an increase in electron density at
the atom under investigation (e.g., induced by electron
transfer due to reduction or by bonding to an electron-do-
nating neighbour atom) leads to a lowering of the measured
core level BE, whereas a decrease in electron density (e.g.,
due to oxidation processes or due to bonding to an electron-
withdrawing neighbour atom) increases the measured BE.
In particular, very good correlation between XPS shifts and
(semi)empirical charges on the atoms (e.g., described by oxi-
dation states or Pauling charges) can be found, as already
pointed out by the pioneering work of Siegbahn and co-
workers."l For an accurate calculation of chemical shifts
using ab initio methods, the discrimination between initial
state effects (i.e., changes of the ground state) and final
state effects (due to the specific response of the remaining
electrons to screen the generated core hole during the pho-
toemission process) is required, which is not straightforward
at all. Fortunately, initial and final state effects in most cases
result in BE shifts in the same direction,*” which leads to
the general observation that an increase of electron density
at an atom yields a core-level shift towards lower binding
energies (and vice versa).

Hence, we propose that our observed anion-dependent
XPS shifts of the cationic headgroup are attributed to an
anion-dependent transfer of charge between the anion and
the cation. Such charge transfer is expected to be smallest
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(probably close to zero) for the large and weakly coordinat-
ing anions when the anions and cations are well separated
from each other (i.e., no or only a little orbital overlap
occurs). In this case excess charges very close to the integer
values of +1e for the cation and —1e for the anion are ex-
pected. Thus, the observed highest BE values of the ring sig-
nals for the large and weakly coordinating anions indicate a
situation in which no charge transfer occurs. For the smaller,
more basic and more coordinating anions, which are in
closer vicinity to the imidazolium ring, the much more local-
ised charge is transferred from the anion to the cation, lead-
ing to a less positively charged ring and in turn to lower
XPS BEs. As a consequence of the overall charge neutrality,
the negative excess charge of the anion must also deviate
from the formal value of —1e in the ILs. Hence, the small
and strongly coordinating anions (such as the halides and
[NO;]7) carry less negative charge compared to the large
anions [Tf,N]™ and [FAP]™. The degree of the ionic charac-
ter of the ILs in a chemical meaning is thus affected by the
choice of combination of anion and cation (the term “ionici-
ty” will be avoided here because it is commonly used to de-
scribe transport properties and degree of association of
anion and cation™). The saturation effect seen in Figure 4
for ions larger than [BF,]™ indicates that the charge transfer
reaches values close to zero above a certain size of the
weakly coordinating anions.

While in Figure 4a and 4b the molecular volume was
chosen as an easily quantifiable parameter to correlate the
amount of charge transfer between anion and cation, it is
evident that specific interaction parameters, such as coordi-
nation characteristics of the molecules (e.g. shapes, terminal
groups, etc.), will also play an important role. Accordingly, a
much better correlation of the differential BE shift is found
with the Kamlet-Taft parameter 8 (Figure 4c), as it is a
measure of the hydrogen-bond acceptor ability of an IL’s
anion, which directly relates to the anion’s coordination
strength and charge localisation.””!! The dipolarity/polarisa-
bility parameter * also reflects the coordination ability of a
given anion; however this value incorporates contributions
from both the anion and cation as has been shown recently
by Lungwitz et al.”"

It should also be mentioned that counterion-dependent
shifts of XPS core levels have been observed before in ionic
crystals, but no clear statement on their origin has been
made."*”® However, these data show similar trends to that
observed in our study, that is, shifts of the respective cation
core levels to higher BE for larger and less basic anions. Un-
fortunately, the question of reference level is not easy to
handle for those earlier described inorganic salts in compari-
son to our well-adapted internal referencing method using
the cation’s octyl chains. Therefore, we refrain from a quan-
titative and detailed comparison of these previous studies
on solid salts with our findings.

To corroborate our interpretation of the anion-dependent
XPS shifts as a measure for the charge transfer between
ions, detailed quantum chemical calculations on the repre-
sentative ILs [CgCIm]X and [GC,CIm]X (X=CI", Br,
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[BF,]™, [Tf,N]7) in form of gas-phase ion pairs were per-
formed. For the non-methylated [CyC,Im]* ILs, the in-plane
configurations (i.e., the anion in-plane of the imidazolium
ring in front of the C? position) were found to be energeti-
cally favoured. However, “on-top” configurations (i.e., the
anion located above the ring plane in close proximity to the
C>-H? bond) were found to lie only at slightly higher ener-
gies and, thus, will also be considered here.'>” Especially
for the larger and less-strongly coordinating [Tf,N]~ ion, the
on-top configuration is energetically degenerate, that is, it
has the same energy, or is even slightly favoured, with re-
spect to the in-plane configuration. In case of the methylat-
ed [C4C,C,Im]* ILs, only on-top configurations were found
to be energetically stable. These low-energy conformers
agree well with results from comparable imidazolium ion
pair calculations.”™! It should be mentioned at this point that
a detailed discussion on geometry and total energy of differ-
ent conformers is beyond the scope of the present contribu-
tion and will be provided elsewhere. Here, we will restrict
ourselves to the aspects directly related to our experimental
findings.

In Table 2 the sums over partial charges for different moi-
eties of [CyCiIm]X and [CC,C,Im]X ion pairs (X=CI",
Br, [BF,], [Tf,N]7) as well as the isolated [CyC,Im]* ion
(labelled as “monomer” in Table 2) are given as derived by
natural population analysis (NPA). It is evident that the
overall excess charges of the cation and anion are non-inte-
ger and smaller than one in all cases except for the isolated
[CsCiIm]* ion, for which the charge +1e is imposed by
boundary conditions. Thus, charge transfer between anion
and cation is clearly indicated by the NPA. Most of the posi-
tive charge on the cation is located on the atoms of the

Table 2. NPA charge distribution in units of the elementary charge e summed over chemical groups for select-

ed ion pairs.

< HE Me?
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ionic headgroup (labelled R’ in Table 2), in which it is
nearly equally distributed over the imidazolium ring R and
each of the two adjacent methyl (C®) and methylene (C7)
groups bonded to the nitrogen atoms of the ring (note that
R’ comprises the atoms Cy,, and N .., measured in XPS).
The two different in-plane and on-top conformers of the
[CiC,Im]X ILs show only minor deviations in charging of
R’. Only for [Tf,N]™ is the difference somewhat larger,
which could be related to the higher degree of flexibility of
the [Tf,N]~ ion compared to the more spherical anions. The
insensitivity of the excess charge to the different in-plane/
on-top geometries is particularly surprising for the strongly
coordinating Cl™ and Br™ ions, because of the different type
of orbital interaction as it will be detailed in the next sec-
tion. In short, for the in-plane configuration the charge
transfer between the halide anion and the cation occurs
mainly under strong participation of o-type MOs of the
cation located at the C? position and the p atomic orbitals of
the anion (i.e., more hydrogen-bonding interactions), where-
as for the on-top configuration anion and cation mainly in-
teract through s orbitals of the imidazolium ring (i.e., more
ni-type bonding interactions). Nevertheless, both geometries
with their individual charge-transfer mechanisms yield simi-
lar net charges of R'. These findings are in line with earlier
results for [C,C,Im]CLP? The relative distribution of the
excess charge on the groups of the cation is similar for all
anions and resembles the intrinsic charge distribution of the
monomer (see Table 2). However, the absolute values of the
NPA charges are significantly affected by the anion. Where-
as the small, basic and strongly coordinating anions Cl~ and
Br~ yield the smallest values for the charges on the ionic
headgroup R’ (e.g., a mean value of 0.76¢ in both configura-
tions), the positive charge is
considerably  increased by
+0.12¢ for the larger, less basic
and more weakly coordinating
[BF,]~ and [Tf,N] . The highest
value for the positive charge on
R’ of 0.91e is found for [Tf,N]~

VAL®S ! . .
N \c‘;:c“ ‘R A ““““““““ in the energetically favoured
R' oo on-top configuration (coming
[C.C.m]* v, [C.C.Im]X for in-planc/on-t PeS— close to the nominal value of
m onomer m Oor 1m-plane/on-top contiguration .
£ 1/ o i o L [ p] & N one). Hence, the measured in-
group/anion - - Br|~ BF,]” TEN] .
cation (= —anion) 1 0.811/0.791 0.824/0.803 0.940/0.964 09360972 crease in XPS BEs of Cheero
ionic headgroup R’ 0.920 0.762/0.742 0.772/0.751 0.860/0.906 08500.913  aNd Neason With increasing anion
imidazolium ring R 0.388 0.265/0.269 0.272/0.272 0.359/0.384 0.353/0.394 size and decreasmg anion basic-
(CH,)* 0.293 0.263/0.260 0.266/0.263 0.291/0.285 0.286/0.281 ity is indeed directly reflected
7
(CH,) 0.239 0.235/0.214 0.234/0.217 0.210/0.236 0.211/0.238 by an increase in positive
alkyl rest A 0.080 0.049/0.049 0.052/0.052 0.080/0.058 0.086/0.059 ..
charge on the ionic headgroup,
[CsC,CIm]™* Monomer [C4C,C,Im]X for on-top configuration as proposed above. To the best
group/anion - (- [Br]” [BE.]” [TLN] of our knowledge, this is the
cation (=—anion) 1 0.838 0.893 0.966 0.970 first time that interionic charge-
ionic headgroup R’ 0.925 0.787 0.833 0.927 0.927 " h f d f
imidazolium ring R 0311 0.258 0.292 0.320 0.306 transfer phenomena found for
(CH,)* 0.284 0256 0.262 0270 0278 ILs in theory could be directly
(CH,)’ 0.233 0.209 0.207 0.246 0.250 related to experimentally ob-
Me? 0.097 0.064 0.071 0.090 0.093 servable chemical shifts in XPS.
alkyl rest A 0.075 0.051 0.060 0.039 0.043
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Moreover, the calculations clearly show that the anion-de-
pendent charging of the ionic headgroup takes place inde-
pendently of the methylation at C2 In particular, the on-top
configuration NPA charges on R’ of the non-methylated ILs
[CsCiIm]Br (0.75¢) and [CiC,Im][Tf,N] (0.91e) ILs and
their methylated counterparts [C;C,C,Im]|Br (0.83¢) and
[CsC,CiIm][Tf,N] (0.93¢) reveal a common increase of at
least +0.1e of the ionic headgroup when the small and
basic Br~ is replaced by the larger and less basic [Tf,N]~
ion. This is in very good agreement with the measured BE
shifts of Cyiero and Negion sShown in Figure 5. As is also indi-
cated in Table 2, the additional methyl group at C* of
[C4C,CiIm]* ILs carries a minor contribution (about 0.07e,
only weakly anion dependent) to the total positive charge of
the ionic headgroup. The positive NPA charges of this
methyl group are thus considerably smaller than the NPA
charges on the N—CH; and the N—CH, carbon atoms, but
larger than the NPA charges on methylene groups in the
octyl chain (which are rather neutral, see Figure 1). This ex-
plains the intermediate C 1s peak position of the methyl
group between the Cieer, and the C,yy, position found by
our XPS analysis (see Figure 5).

One should note that the different degree of charge trans-
fer that is presumably responsible for the observed XPS
shifts of the cationic headgroup is directly reflected by the
degree of mixing of molecular orbitals between cation and
anion. In Figure 6 the three highest occupied orbitals
(HOMOs) and the lowest unoccupied MO (LUMO) of
three ion pairs [CsCIm]Cl, [C4CIm][BF,] and [CsC,Im]-

[C,C,Im]Cl-in-plane

[(EEC1Em][BE1 Fn-plane  [C,C Im][Tf,N]-in-plane

OZOx oZcr

OZO0OXI

'
-y

(a1} < fim

'
N

]

Figure 6. Frontier orbitals of [C;C,Im]X (X=CI", [BF,]", [T,N]") in in-
plane configuration (isosurface value 0.02 for all orbitals).
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[TE,N] in the low-energy in-plane configurations are shown.
In case of the smallest and most basic Cl™ ion, a pronounced
mixing of the Cl 2p atomic orbitals with molecular orbitals
from the imidazolium cation is found. For the HOMO of
the [C4C,Im]Cl ion pair, which is dominated by the p states
of CI7, and for the LUMO dominated by the cation, consid-
erable density of states is present on the imidazolium ring
and on the Cl™ ion as well. Mixing of orbitals becomes, how-
ever, more evident for the lower lying HOMO-1 and
HOMO-2. In particular, the HOMO-2, which has a pro-
nounced m-type bond character, exhibits strong interaction
between the Cl 2p states and states localised at the -N'-C*H-
N> unit of the imidazolium ring. As was stated earlier,® it
is this HOMO-2 orbital that is important for the hydrogen-
bond formation between the cation and the Cl™ ion. For the
on-top configuration of [CyC,Im]Cl the HOMO, HOMO-2
and HOMO-3 MOs show pronounced orbital mixing be-
tween the Cl 2p states and the cationic headgroup, evident
in Figure 7. Upon replacement of Cl™ by the much larger
and less basic [BF,]” and [Tf,N]™ ions, no comparable strong
mixing of orbitals could be detected for the in-plane config-
uration as it is shown in Figure 6. The character of MOs of
the ion pairs for the in-plane configuration (Figure 6) is
mainly given by either the MOs from the cation or MOs of
the anion. As depicted in Figure 7 for the on-top configura-

[CCm]|Cl-on-top  [C,C,Im][BF,]-on-top

[C,CIm][Tf,N]-on-top

OZ0TI co=EzCcr

O=20xT

'
-

020X

~

OZ0TI

w

Figure 7. Molecular orbitals of [CsC,Im]X (X=CI", [BF,]", [Tf,N]") in
on-top configuration (isosurface value 0.02 for all orbitals).

Chem. Eur. J. 2010, 16, 9018 —9033


www.chemeurj.org

ITonic Liquids

tion of [CyC;Im][BF,] and [CsC,Im][Tf,N], only some minor
orbital mixing is observed in the HOMO-3 for [CsC Im]-
[BF,] and in the HOMO-1 of [CC,Im][Tf,N], which ac-
counts for the slightly reduced charges in these ILs. Further-
more, the frontier orbitals of [C4C,C,Im]Cl in on-top config-
uration were calculated and compared to the [CyC,Im]Cl
conformers from Figures 6 and 7 (see also Figure S3 in the
Supporting Information). [C¢C,C,Im]Cl on-top shows the
same pronounced orbital mixing as it was discussed in the
case of [C¢C,Im]Cl on-top, which further corroborates our
interpretation of results.

As an intermediate summary, our XPS results in combina-
tion with quantum chemical calculations clearly indicate a
strong electronic interaction between anion and cation for
small, basic and strongly coordinating anions. This interac-
tion leads to a partial charge transfer between anion and
cation and, as a consequence, to effective charges considera-
bly smaller than one. The amount of charge transfer de-
creases with increasing anion size and decreasing basicity,
that is, with decreasing coordination strength. For the
[PF.]~, [TfO]~, [Tf,N]~, [Pf,N] and [FAP] ions, which are
all of low basicity and low coordination strengths, charge
transfer is very small (<0.1¢) leading to values of the charg-
es close to the ideal values
+1le. We believe that these

FULL PAPER

corresponding C?, C* and C° carbon atoms of the cation (la-
belled in Scheme 1) are shown in Figure 8a and 8c, respec-
tively. Both the 'H and *C NMR spectra show anion-depen-
dent shifts.

'H NMR of [C4C,Im]X ILs: Focusing first on the 'H NMR
signals of the imidazolium ring in Figure 8a, all peaks shift
towards lower ppm values when going from small, basic and
strongly coordinating anions to larger, less basic and weaker
coordinating anions. Our data agree very well with previous-
ly published '"H NMR data by Tokuda et al., who investigat-
ed neat [C,C,Im]* salts carrying [TfO]", [Tf,N]", [PE,N],
[BF,]~ and [PF4]~ counterions."!! The NMR shift is largest
for the H? proton (from 9.9 ppm for CI~ to 7.4 ppm for
[FAP]") and slightly smaller for the H*H® signals (from
7.9 ppm for CI™ to 6.5 ppm for [FAP]™). The correlation of
the NMR shifts with the size of the anion is shown in Fig-
ure 8b, in which 'H NMR positions of the ring protons are
plotted against IL molecular volume. The data reveal a simi-
lar overall trend as the chemical shifts in XPS (Figure 4):
with increasing molecular volume, a steep decrease in ppm
shifts from CI~ to about [BF,] /[PF,] is measured, followed
by a plateau-type behaviour for the larger anions (dashed

findings are crucial for the un- a) TH-NMR spectr; of Cz_pmt'on , ' s b) o '10 ' " % AZ 11 [FAPT
derstanding of ionicity and po- [FAP] Hl 1 I[H "‘E" . m ue {2 PENT
larity of ILs in general. More- [PI,N] 9.5 %8 13 eNT
Qver, cqrrect .charges assigl.led 2 [T . - £ 80 '_;§_7| {4 oy
in MD simulations are most im- = o] l S ' 5 [PF,
portant to obtain correct inter- g PF] ] 58-5- ) 16 BF]
action potentials, especially for s BFe]’ e = i +..?‘§ T LI 4
coulombic interactions. % {7 4 i ' ,_é? '. 8 mg il 1 .

As emphasised in the intro- 5 l - A N 75 ”i; L {2
duction, in addition to coulom- £ [NOJ | I R R 9 Br
bic interactions also hydrogen- Br A M ' Fiféj e S I X j1ecl
bonding-type interactions play Cl_aH? _MmH” 6.5 —
an important role. Thus, in 10 9 8 7 6 04 05 06 07
order to obtain complementary & (ppmy) v /om®
information on the molecular c) e T s
interactions between anion and C-NMR of ring carbone < FAP] & L\_.
cation and on the influence of @ JjL [[Pf N]]’ |
these hydrogen bonds on elec- E J TfZN - L
tron density 'H and “C NMR s T inEO]! — i
measurements on the ten &Y
[C4CiIm]*-based ILs were car- z lJL [PFel U\ JL
ried out, and the results are 5 JL [BF,I JL jk.
compared to the XPS findings = 3
in the following. A nog A A

cr e
'H and *C NMR spectra of the c? Br g'®
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out any influence of solvents,
'H and C NMR spectra of the
neat ILs were recorded. For all
ILs, the spectra arising from the
H?, H* and H’ protons and the
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Figure 8. a) 'HNMR spectra of H?> and H* of [CsC,Im][X]. b) Correlation of '"H NMR resonances of H>
(open circles) and H** (solid squares, values are for mid position for H¥H®) with molecular volume (dashed
lines are guide to the eye). ¢) *C NMR spectra of C* and C** of [Cy4C,Im][X]; the spectra are offset for sake of
clarity in the order of increasing molecular volume.
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lines in Figure 8b). Again, it should be mentioned that
anion size is a rough, but easily accessible parameter that
seems to give a good correlation as long as spherical anions
(with a spherical charge distribution) are considered. Also, a
very good overall correlation can be found when correlating
the NMR shifts with the ILs’ Kamlet-Taft parameters” a
and S, which represent the hydrogen-bond donor and ac-
ceptor capability of the IL, respectively (see Figure S4 in the
Supporting Information).

Such anion-dependent '"H NMR shifts have been com-
monly interpreted as a measure for the extent of hydrogen
bonding in imidazolium-based ILs or as a measure of the
extent of m stacking of the imidazolium rings.>% 7> Ag
the imidazolium cation is surrounded by anions, the
"H NMR shift of H?, H* and H’ is a result of an equilibrium
of several ion-pair structures.®! Increased m stacking—as
predicted for an increasing concentration of ILs diluted in
common solvents—generally leads to a shift towards lower
ppm values.” In our case of pure ILs it appears unlikely
that the very large and weakly coordinating [Pf,N]~ and
[FAP]™ ions yield a higher degree of association to the imid-
azolium cations and, thus, a better & stacking than the small
halides. Lungwitz and Spange observed an analogous anion-
dependent H? shift for a series of [C,C,Im]*-based ILs, with
the ILs sufficiently diluted in CD,Cl, to ensure that they are
mainly present as ion pairs. The measured NMR shifts were
unambiguously identified as a measure for hydrogen-bond-
ing-type interactions between the anion and the cation, be-
cause of their good correlation with corresponding Kamlet—
Taft parameters o and § of the ILs as probed by solvato-
chromic dyes.”!”! According to the interpretation of the
Spange group, the interaction with small and strongly coor-
dinating anions leads to a weakening of the C*~H? bond,
and thus, to a proton resonance closer to that of an acidic
proton. Comparing the data from Lungwitz with our meas-
urements, the trend of the "H NMR signals of the H? proton
with the different anions is similar; however, in our case of
the pure ILs absolute values for the ppm positions are about
0.5 ppm smaller, which is attributed to the influence of the
solvent. Hence, we adapt the interpretation for our observed
anion-dependent '"H NMR shifts, which are primarily attrib-
uted to changes in the magnetic shielding constant at the H?
and (to a lesser extent) the H* and H® protons. Shifts to-
wards higher ppm and, thus, less pronounced shielding of
the protons, indicate stronger hydrogen bonding and vice
versa. This is in line with the qualitative picture of diamag-
netic shielding in NMR: the lower the electron density at
the place of the 'H nucleus (as it is the case of pronounced
hydrogen bonding), the weaker the local shielding of the ex-
ternal magnetic field leading to higher ppm shifts. (It is im-
portant to note that quantification of NMR shifts is very
complicated—particularly in case of delocalised m-electron
systems—and many theoretical approaches have been em-
ployed in the past to ascribe for the different effects.*”) As
the concentration of the ILs is not varied in our case and
the structure of the [CyC\Im]* ion remains virtually un-
changed in our series, we do not expect that variations in 7
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stacking have a strong influence on the observed 'H shifts.
Nevertheless, it is interesting to note that [CsC,Im][BF,] and
[CsCiIm][PF4] are to some extent outliers in the series ex-
hibiting smaller shifts than expected from their molecular
volume (see Figure 8b), which might be attributed to the
fact that for these anions very low basicity and coordination
strength is combined with relatively small molecular volume
compared to the larger fluorinated anions in this study.

BCNMR of [CsCiIm]X ILs: In the hydrogen-bonding
scheme described above, smaller, more basic and stronger
coordinating anions lead to a more pronounced loss in elec-
tron density at the position of the ring protons and conse-
quently to high ppm shifts in the 'H NMR spectra. Thus,
one might expect that the neighbouring carbon atoms C?, C*
and C° simultaneously gain in electron density. This assump-
tion is supported by the anion-dependent Cls and N 1s
XPS shifts of the imidazolium ring, which indicate an in-
crease in electron density within the ring for the small
anions as compared to the large, less basic and weakly coor-
dinating anions. As a consequence, the *C NMR signals of
the ring carbon atoms should shift towards LOWER ppm
with decreasing size of the anion, due to a higher shielding
within the imidazolium ring if the electron density were the
sole contribution to the signal shifts (see also the discussion
on charge density and "C NMR for typical aromatic com-
pounds given by Wiberg et al.l). In Figure 8¢ the *C NMR
data of the ring carbon atoms of all [C4C,Im]* ILs are
shown. Overall, the C NMR signals of the imidazolium
ring are approximately constant within the whole series and
changes are very small. The differential shifts of the C?
signal amounts to 1.5 ppm around 135 ppm, and those of
the CYC° signals to 40.5 ppm around 122.5 ppm, being
therefore in the range of typical heteroaromatic compounds,
and are more or less independent of the anion (only
[C¢C,Im][NO;] seems to be an outlier with larger shifts of
the ring carbon atoms). Hence, ?°C NMR seems to be rather
insensitive to the influence of the anion. However, a weak
trend is observed: for smaller, more basic and more strongly
coordinating anions the *C NMR signals slightly shifts to-
wards higher ppm (most pronounced at C?). Hence, 'H and
BCNMR signals exhibit “parallel” shifts for the C*-H?
group of the ring, as seen in Figure 8c, which contradicts the
simple consideration of electron densities. It seems that
some compensating effects are present, such as changes in
the ring current, hybridisation re-arrangements accompanied
with anisotropy changes and so forth, which are known to
have an impact on local shielding effects in *C NMR. In
particular, it has been shown for monocyclic aromatic com-
pounds that it is the degree of p, occupancy for sp*-hybri-
dised ring carbon atoms rather than the local charge density
that affects the “C NMR shifts.’®! Therefore, we assume
that the different degree of orbital mixing (see also Figure 6
and the discussion in the preceding chapter) has a direct
impact on the >C NMR shifts, as well as the more straight-
forward charge-density considerations.
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If this assumption was correct one should expect anion-
dependent changes in hybridisation of the imidazolium ring.
For that reason we performed a NBO analysis of selective
bonds within the imidazolium ring using natural resonance
theory (NRT).[* Here, NBO values of 1 and 2 describe clas-
sical single and double bonds, respectively, whereas values
close to 1.5 in the aromatic compound benzene would corre-
spond to a classical aromatic bond. Since the effect of the
different anions on the NBO values is rather small, we com-
pare the isolated [C¢C,Im]" ion (representing the most ex-
treme case, in which an coordinating anion is absent) with
[CsCIm]CI (NBO averaged for in-plane and on-top configu-
ration) as the other extreme case of the most strongly coor-
dinating anion of our study.

From Figure 9, in the case of the weakly coordinating
anion (i.e., the isolated cation), the ring bonds exhibit a pro-
nounced aromatic bond character with a delocalised &

1.39/1.41 2
\(100/0_97
2
6 7
C C
~N V70 3~ "SR
N N
)
c—o—c*
1.26/1.10 T
155/1.79

Figure 9. NBO values from NRT of selected ring bonds in the isolated
[CsCiIm]* ion (first value) and in the [CzC,Im]Cl ion pair (second value,
average of in-plane and on-top configuration).

system (NBOs varies from 1.39 for the N'-C*-N° bonds, 1.26
for the N'-C*/N*-C* bonds to 1.55 for the C*-C° bond). For
the strongly coordinated [Cy¢C,Im]Cl ion pair, the ring bonds
resemble more an Arduengo carbene with a double bond at
C-C’ (1.79), whereas the N'-C/N*-C* bonds exhibit single-
bond character (1.10). The reduced NBO value for the C*—
H?- bond (0.97, 0.94 for the in-plane-configuration) is a
clear indication for the hydrogen bonding of the H? proton
with the coordinating CI™ ion, as already discussed in the
context of the "H NMR data; see also reference [22]. An il-
lustration of the proposed interactions and changes in hy-
bridisation (representative for the in-plane configurations) is
given in Scheme 2, in which both the degree of hydrogen
bonding as well as slight changes in hybridisation and aro-
maticity of the system are depicted. This interaction scheme
is also supported by the work of Fumino et al.,">' who find
a significant weakening in the C>~H? vibrational bands for
the more strongly coordinating anion [NOs]~ as compared
to [BF,]".

Our interpretation is supported by the ®C NMR chemical
shifts for the classical imidazolium compound [C,C;Im]Cl
(C? resonance at 135 ppm) and the corresponding extreme
case of complete proton abstraction, an Arduengo carbene
(C? resonance at 213.7 ppm).** In case of the carbene,
changes in hybridisation, and thus, changes in shielding con-
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Scheme 2. Interaction scheme of the imidazolium ring with a given anion.

stant, lead to a strong increase in chemical shift despite the
fact that the electron density at the place of the C*-position
is evidently enhanced. Although our results from the NBO
analysis point in the right direction, further theoretical in-
vestigations would be very helpful to elucidate details in
electronic structure of the ring of the cation as a function of
the anion, especially for the larger, less basic and very
weakly coordinating ones.

NMR results from [C4C,C;Im][X] ILs: To consolidate our
interpretation of 'H and “C NMR shifts of [CyC,Im][X] ILs,
a comparison was made with the C>methylated ILs
[CsC,CiIm]Br and [CiC,C,Im][Tf,N]. As [C;C,C,Im]Br is
solid at room temperature, a liquid 5:1 mixture of
[CsCiIm]Br:[CiC,C,Im]Br was investigated. 'H and
BCNMR spectra of the respective ILs are shown in
Figure 10.

From the “C NMR measurements it can clearly be seen
that the peak assigned to C? undergoes a clear downfield
shift of about 8 ppm towards higher values upon methyl-
ation, which is a general feature in aromatic systems, when a
proton is substituted with a methyl group.® This shift is
commonly assigned to a change in electron current at the
BC nucleus resulting from the different bonding environ-
ment (exchange of s-type(H) with sp*-type(C) orbital). In
contrast, the C* signals undergo a highfield shift of
~1.5 ppm, which could be assigned to the molecular
changes due to methylation. However, this shift can also be
related to the slight highfield shifts observed for the H**
protons in '"H NMR. While in the spectra of [CyC,C,Im]Br
and [C4C,C,Im][Tf,N] no H? peak is present, the H** peaks
are subject to a subtle highfield shift of about 0.2 ppm for
both ILs, which indicates less pronounced (or at least no en-
hanced) hydrogen bonding through H*. This means that
upon methylation of the C* position the main hydrogen-
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Figure 10. Imidazolium ring signals in a) >C and b) '"H NMR of [C4C,Im][Tf,N] (black curves) and [CsC,C,Im]-
[Tt,N] (grey curves) (top row) and of the 5:1 mixture of [C¢C,Im|Br:[CyC,C,Im]Br (black curve, bottom) are
compared (signals originating from the [Tf,N]™ ion in this region are indicated by boxes). The differential ppm

shifts due to methylation at C* are marked by arrows.

bonding interaction is indeed eliminated and to no extent
compensated by the H* protons.

Concluding our results from NMR and the NBO analysis,
the interaction between anions and the imidazolium cations
through hydrogen-bonding-type interactions is strongly al-
tered by the nature of the anion. Small and more basic
anions exhibit pronounced hydrogen bonding with the hy-
drogen atoms of the ring (particularly with H?) as compared
to the larger and less basic anions. Moreover, the electronic
structure of the imidazolium ring in terms of charge distri-
bution is modified by the coordination ability of the anion—
large and weakly coordinating anions lead to a more aro-
matic character of the m system of the ring; this is in con-
trast to the case of small, more basic and, thus, more strong-
ly coordinated anions, which yield a more carbene-like
charge distribution in the ring. Importantly, we find no evi-
dence that the presence or absence of intermolecular hydro-
gen bonds considerably influences the absolute value of the
net charge transfer between anion and cation; this is de-
duced from our XPS results and DFT calculations in combi-
nation with our NMR data for the methylated and non-
methylated ILs.

Conclusion

In this systematic XPS, NMR and theoretical study ten
[CsCiIm]*- and two [C3C,C,Im]*-based ILs were investigat-
ed. In XPS, we find an anion-dependent shift of the Cls
and N 1s levels originating from the headgroup of the imida-
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drogen-bond acceptor basicity
of the anion—characterised by
the corresponding Kamlet-Taft
parameter —is found, which
indicates that the interionic
charge transfer is closely relat-
ed to the anion’s coordination
strength and, thus, to the localisation of the negative excess
charge in the anion. These findings are corroborated by
DFT calculations on isolated [C¢C,Im]X ion pairs, which
show that a net charge transfer through orbital mixing of
anion and cation occurs for all energetically favourable con-
formations (i.e., the, “on-top” and “in-plane” configura-
tions). The positive excess charge on the ionic headgroup of
the cation varies from +0.75¢ for [CyC,Im]Cl up to of
+091e for [CyCiIm][Tf,N], coming close to the nominal
value +1.0e. Our calculations also show that for less basic,
less strongly coordinating anions, the on-top configuration is
energetically favoured; this also holds true for the homo-
logue ILs [C3C,C,Im]X, in which the most acidic proton in
the 2-position is substituted by a neutral methyl group. De-
spite the considerably lower contribution of hydrogen-bond-
type interactions in the methylated [CiC,C,Im]X ILs (de-
duced from natural bond order (NBO) analysis and
'H NMR spectroscopy), the anion-dependent charge trans-
fer is nearly identical to that for the non-methylated homo-
logue ILs (deduced by natural population analysis of atomic
charges (NPA) and XPS). Thus, the anion-dependent charge
transfer cannot solely be mediated through pronounced hy-
drogen bonding, but is most likely dominated by the degree
of orbital mixing of anion and cation. This contribution is
strongly depending on the proximity of the ions; hence, the
local charge distributions play a crucial role.

Apart from coulombic interactions related to the charged
ions, the understanding of the role of hydrogen-bonding-
type interactions is essential for ILs. The analysis of the
'"H NMR spectra of pure ILs, in which additional solvent in-
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teractions can be ruled out, reveals that the increasing size
of the anion, accompanied by gradual reduction in anion ba-
sicity, leads to a reduction in hydrogen bonding, which is in
line with findings from other groups measuring ILs in organ-
ic solvents. The *C NMR signals of the imidazolium ring are
only weakly influenced by the nature of the anion. However,
a small shift of the signal from the carbon atom in the 2-po-
sition reflects an anion-dependent change of electronic
structure within the ring, which is likely related to altera-
tions in ring hybridisation, an argument that is also support-
ed by our NBO analysis. Hence 'H NMR reflects very well
the influence of different anions on the ion pair interactions
by hydrogen bonding, whereas *C NMR is less sensitive to
hydrogen-bonding interactions.

We are confident that an approach towards a detailed un-
derstanding of intermolecular interactions in ionic liquids as
reported in this communication can be extended to other
liquid systems, where these types of interactions also play an
important role. This understanding will also provide a better
interpretation of parameters (e.g., effective charges) com-
monly used in molecular dynamics.

Experimental Section

Tonic liquids: An overview of all ILs studied in this work is given in
Table 1. [C4CIm][FAP], [CsC,CIm][Tf,N] and [CyC,C,Im|Br were
kindly given by Merck, while [CsC,Im]I and [C4C,Im][NO;] were provid-
ed by Alasdair Taylor from the Licence group at University of Notting-
ham and Ralf Lungwitz from the Spange group at University of Chem-
nitz, respectively. [CyC,Im][Tf,N], [CsC,Im][Pf,N] and [C¢C,Im|Cl were
synthesised under ultra-clean conditions in our laboratories. [CyC,Im]Br
and [C¢CIm][PF] were purchased from Merck, [CiC,Im]|[BF,] and
[CsCIm][TfO] from Sigma—Aldrich.

XPS measurements: Thin IL films (thickness ~0.2 mm) were prepared
by deposition of the corresponding IL onto a planar, pre-cleaned Au foil.
In the load lock chamber of the XPS apparatus the IL samples were care-
fully degassed at a pressure of 1x10~® mbar for at least 6 h to remove re-
sidual water and other possible volatile impurities.**>* XP spectra were
taken with a VG ESCALAB 200 spectrometer with non-monochroma-
tised Alg, radiation (hv=1486.6 eV). All spectra were recorded at a pass
energy of 20 eV, resulting in an overall resolution of ~0.9 ¢V, and at
normal emission (0° with respect to the surface normal). Due to the in-
elastic mean free path of about 3 nm of photoelectrons in organic com-
pounds®™ at the kinetic energies used (800-1300 eV), measurements at 0°
average over several ion layers of the near-surface region (information
depth, ID: 7-9 nm, depending on the kinetic energy). Hence, the mea-
sured BEs represent the electronic states of the corresponding ions in the
bulk of the IL. The spectra were fitted using Gaussian functions after
linear background subtraction. C 1s spectra were fitted individually with
the constraint of full width at half-maximum, FWHM(Cj.ro)=1.11x%
FWHM(C,y), in accordance with previously published results.** ™! To
allow for comparison of relative BE positions of different ILs, all spectra
were shifted, such that the peak position of the seven aliphatic carbon
species (C,uy1) Was at 285.0 eV (see also Results and Discussion section).
This procedure was necessary to account for slight charging phenomena
(£0.15 eV), which have been observed and discussed before.*” The un-
shifted C 1s spectra are shown in Figure S1 in the Supporting Informa-
tion.

NMR measurements: '"H and °C NMR measurements were performed
using a JEOL ECX 400 MHz spectrometer. The ILs were carefully de-
gassed at 107> mbar and then introduced into a standard NMR tube with
a [Dg]DMSO-inset as external standard and reference. All spectra were
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recorded without additional solvent making this set of data a valuable
NMR reference for a large set of pure [CyC,Im]-based ILs. Chemical
shifts were referenced to DMSO with 2.50 and 39.51 ppm for 'H and *C
spectra, respectively.” For the measurement of the methylated IL
[CsC,C,Im]Br, which is a solid at room temperature, a liquid 5:1 mixture
of [C4C,Im]Br and [C¢C,C,Im]Br was measured.

Computational methods: The models used in the present work are isolat-
ed ion pairs in the gas-phase. For all compounds, methods and basis sets
applied the structures were always optimised. In most cases, more than
one geometrical configuration of the anion relative to the cation was con-
sidered. All calculations from the Kirchner group were performed with
the TURBOMOLE 5.10 program package®” using density functional
theory in combination with the dispersion corrected BLYPP*¥1-DI®! func-
tional. This choice of functional and dispersion correction turned out to
perform very well for ionic liquid ion pairs.*®) The TZVPP basis set
was employed as implemented in the TURBOMOLE 5.10 program pack-
age; all calculations were combined with the resolution of identity tech-
nique calculations.”” To obtain atomic charges, a natural population anal-
ysis (NPA) was carried out with the aid of the TURBOMOLE 5.10 im-
plementation.”) In order to avoid ambiguities in charge assignment to in-
dividual atoms, a sum of charges over characteristic groups of the mole-
cules (e.g., CH, and CH; groups) is given. Orbitals were calculated with
the TURBOMOLE 5.10 program package. The isosurface value for all
orbitals was set to 0.02. The GAUSSIAN 03 program was employed for
the NBO analysis under application of the TZVP basis set.[***! The
NBO analysis was carried out employing the BLYP functional without
the resolution of identity approximation. For comparison, ion-pair calcu-
lations independently performed in the Wasserscheid group for
[C,CiIm]X ILs (with X=CI", [BF,]", [Tf,N]") with GAUSSIAN 03 using
the B3LYP functional and the 6-311G basis set (for details, see refer-
ence [66]) reveal good agreement with the analogue calculations from
the Kirchner group. Deviations in absolute values for the atomic charges
between both types of calculation are considerably smaller than 10%;
relative trends for the three different anions fully agree.
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