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Direct spectroscopic evidence for hydrogen-bonded clusters of

like-charged ions is reported for ionic liquids. The measured in-
frared O¢H vibrational bands of the hydroxyethyl groups in

the cations can be assigned to the dispersion-corrected DFT
calculated frequencies of linear and cyclic clusters. Compensat-

ing the like-charge Coulomb repulsion, these cationic clusters

can range up to cyclic tetramers resembling molecular clusters
of water and alcohols. These ionic clusters are mainly present

at low temperature and show strong cooperative effects in hy-
drogen bonding. DFT-D3 calculations of the pure multiply

charged clusters suggest that the attractive hydrogen bonds
can compete with repulsive Coulomb forces.

Van der Waals clusters have been intensively studied in the gas

and the liquid phase.[1–6] The weakly bound complexes provid-
ed important scientific advances in understanding cooperativi-

ty in hydrogen bonding, hydrogen-bond networks and finally
the behaviour of the pure liquid phase. For ionic liquids (ILs),

which consist solely of ions, strong and directional intermolec-

ular bonding is only reported for the opposite charged constit-
uents. The attractive Coulomb interaction between cation and

anion is enhanced by local and directional hydrogen bonding
which can have significant influence on the IL properties such

as viscosity and conductivity.[7–11] The counter-intuitive phe-
nomenon of association of like-charged ions was never consid-
ered because such interaction was supposed to be not com-

petitive with the usually strong cation-anion interaction in ILs.
In general, attractive interaction between ions of like charge

could be reported for salt solutions but required the mediation

of the solvent molecules.[12–17] In this study, we want to show
that the formation of clusters of like-charged ions is possible in

pure ionic liquids. Cation-cation clusters are stabilized in partic-
ular at low temperatures and show the same infrared spectro-

scopic features as molecular clusters due to cooperative hydro-

gen bonding. The largest cluster observed here is a cyclic
tetramer of cations with a four plus net charge exhibiting simi-

lar spectral features as cyclic tetramers of H-bonded propanol
molecules.

Here, we report measurements of the infrared (IR) spectra of
the ionic liquids 1-(2-hydroxyethyl)-3-methylimidazolium tetra-

fluoro-borate [HEMIm][BF4] (IL I) in mixtures with 1-propyl-3-

methylimidazolium tetrafluoroborate [PMIm][BF4] (IL II) and
their mixtures. Only the 1-(2-hydroxyethyl)-3-methylimidazoli-

um cation in IL I includes the functional OH group providing
possible hydrogen bonding to the tetrafluoroborate anion

and/or to the hydroxyl groups of other cations. We prepared
mixtures of both ILs with 10, 25, 50, 75 and 100 mol % of IL I.
Because IL II does not show vibrational modes in the O-H

stretching region, it is used as background throughout to
avoid fringes from subtracting the empty cell contributions. All

the IR spectra are shown as a function of the temperature be-
tween 213 and 353 K in Figures 1 a and 2 a–d.

Figure 1. a) Infrared spectra in the O¢H stretch region of IL I (1-(2-hydroxy-
ethyl)-3-methylimidazolium tetrafluoroborate) in the 10 mol % mixture with
IL II (1-propyl-3-methylimidazolium tetrafluoroborate) as a function of tem-
perature between 213 and 353 K. b) B3LYP/6-31 + G*-D3 calculated interac-
tion energies per ion-pair for clusters of IL I (squares) and IL II (circles) with
n = 1–6 ion-pairs. The difference in interaction energy between IL I and IL II
clusters is similar from the tetramers on and accounts for the average H-
bond energy of about 16 kJ mol¢1 between cation and anion (as indicated
by the blue box).

[a] A. Knorr, P. Stange, Dr. K. Fumino, Prof. Dr. R. Ludwig
Universit�t Rostock, Institut fìr Chemie
Abteilung fìr Physikalische Chemie
Dr.-Lorenz-Weg 1, 18059, Rostock (Germany)
E-mail : ralf.ludwig@uni-rostock.de

[b] Prof. Dr. F. Weinhold
Theoretical Chemistry Institute and Department of Chemistry
University of Wisconsin, Madison WI 53706 (USA)
E-mail : weinhold@chem.wisc.edu

[c] Prof. Dr. R. Ludwig
Leibniz-Institut fìr Katalyse an der Universit�t Rostock e.V.
Albert-Einstein-Str. 29a, 18059 Rostock (Germany)

Supporting Information for this article is available on the WWW under
http://dx.doi.org/10.1002/cphc.201501134.

Ó 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons At-
tribution-NonCommercial License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited and
is not used for commercial purposes.

ChemPhysChem 2016, 17, 458 – 462 Ó 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim458

CommunicationsDOI: 10.1002/cphc.201501134

http://dx.doi.org/10.1002/cphc.201501134


The spectrum for the lowest IL I concentration of 10 mol %
shows a nice isolated and symmetric vibrational band in the

O¢H stretch region at 3541 cm¢1 (Figure 1 a). This vibrational

feature can be attributed to OH groups interacting with BF4

anions via hydrogen bonding. As known from earlier studies,

such H-bonds with weakly interacting anions result in moder-
ate redshifts of the OH frequencies.[18, 19] For quantifying the

cation-anion H-bond, we calculated the interaction energies
per ion-pair in clusters with sizes n = 1–6 for both ILs at the
B3LYP/6-31 + G*-D3 level of theory.[20–22] From the tetramer (n =

4) on, the interaction energies for both ILs do not change sig-
nificantly and the energy differences remain constant as
shown in Figure 1 b. The average H-bond energy OH···BF4 can
be estimated to be 16 kJ mol¢1 and is in the order of HB ener-
gies reported for water and alcohol dimers (see the Supporting
Information, SI).[23–27]

In the 10 mol % mixture, the density of the OH functional
groups is low and should hardly allow the formation of
OH···OH bound cation–cation clusters (Figure 1 a). Even at the

lowest temperature (213 K), the shapes of the spectra do not
change significantly. The vibrational bands indicating the

cation–anion H-bond are only slightly redshifted and their in-
tensities are enhanced with decreasing temperature. However,

the spectrum at 213 K shows an additional vibrational band at

3278 cm¢1 (Figure 1 a). This low-intensity band will be dis-
cussed later in more detail. If we now increase the concentra-

tion of IL I from 10 mol % up to the pure liquid and thus in-
crease the OH density in the mixtures, new vibrational bands

arise in the spectra in particular at the lower temperatures (Fig-
ure 2 a–d). They are significantly redshifted compared to the vi-

brational bands indicating the cation–anion (c–a) H-bonds. The
intensities of these vibrational features increase with increasing

OH density for all temperatures. For the fixed OH densities, the
redshifted vibrational bands are strongly enhanced with de-

creasing temperature as shown in Figures 1 a and 2 a–d. The in-
tensities of all vibrational bands change smoothly with the
temperature, indicating no phase transition. In Figure 3 a, the

Figure 2. Infrared spectra in the O¢H stretch region of the IL I (1-(2-hydroxy-
ethyl)-3-methylimidazolium tetrafluoroborate) in mixtures with the IL II (1-
propyl-3-methylimidazolium tetrafluoroborate) as a function of the tempera-
ture between 213 and 353 K: a) 25 mol %, b) 50 mol %, c) 75 mol % and
d) 100 mol % of IL I.

Figure 3. a) Measured infrared spectra in the O¢H stretch region of the IL I
(1-(2-hydroxyethyl)-3-methylimidazolium tetrafluoroborate) in mixtures with
the IL II (1-propyl-3-methylimidazolium tetrafluoroborate). The spectrum at
the lowest temperature (213 K) is shown as a function of the concentration.
With increasing OH density, enhanced intensities for the redshifted vibra-
tional modes are observed. b) The IR spectrum of the pure IL I at the lowest
temperature (213 K) can be decomposed into four vibrational bands at
3545, 3496, 3395 and 3278 cm¢1, respectively. The assignment of the vibra-
tional bands to the c–a, the c–c dimer, the c–c trimer and tetramer as well
as the cyclic c–c tetramer results from B3LYP/6-31 + G*-D3 calculations of
clusters as shown in Scheme 1. The calculated average frequencies and in-
tensities for these clusters are indicated as drop lines in the same color as
the deconvoluted bands (see the SI).
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concentration-dependent spectra are shown for the lowest
temperature at 213 K. It is observed that the c–a vibrational

band at 3541 cm¢1 does not increase linearly with the OH den-
sity and loses intensity in favour of the strongly enhanced red-

shifted vibrational bands. The intensities from the deconvolut-
ed spectra in Figure 3 a are given in the SI. Overall, the mea-

sured infrared spectra as a function of concentration and tem-
perature clearly indicate that these vibrational bands can only

stem from OH···OH cation-cation (c-c) hydrogen bonds result-

ing in H-bonded clusters of like-charged ions.
For the assignment of the measured IR spectra, we calculat-

ed two types of H-bonded clusters, c–a and c–c, including up
to four ion pairs, as illustrated in Scheme 1.

In clusters c–a, only OH frequencies from H-bonding be-
tween cation and anion are present. These frequencies are

used as a reference. In clusters c–c, the OH groups form solely
H-bonds among the cations. Additionally, the terminal OH is in-

teracting with one of the anions. The c-c clusters include
a dimer, linear trimer and tetramer plus an additional cyclic

tetramer showing all the features of molecular clusters for

water and alcohols (see the SI).[1–6, 23–28] In Figure 3 b, the calcu-
lated redshifts of the c–c relative to the c–a frequencies are

shown. The calculated redshifts can be attributed to the de-
convoluted vibrational bands of the measured spectra. The

second strongest redshifted band can be related to the fre-
quencies of the linear trimer and the linear tetramer. Both fre-

quencies are very close and cannot be resolved in the mea-

sured IR spectra. Overall, the measured IR intensities can be at-
tributed to a dimer, linear trimer and/or tetramer and cyclic

tetramer indicated by the strongest redshift due to coopera-
tive effects. Surprisingly, the strongest redshifted vibrational

band of the cyclic tetramer at 3278 cm¢1 also occurs in the
spectra of the 10 mol % mixtures at low temperature (as

shown in Figure 1 a). A reasonable argument could be that the
formation of cyclic clusters is strongly favoured over that of
linear structures in the less polar environment of IL II. Such
cyclic cluster formation is comparable to that of alcohols in
apolar solvents. In the environment of tetrachloromethane, al-
cohols tend to form cyclic clusters thereby maximizing cooper-

ative hydrogen bonding which leads to characteristic redshifts
in the IR spectra and downfield shifts in the NMR spectra.[6, 24–26]

(Figure 1 a)

For that purpose, the calculated OH redshifts for the IL I
clusters are compared with those from molecular clusters of
propanol. All redshifts were taken relative to the correspond-
ing dimer frequencies, as shown in Figure 4 a. Obviously, coop-
erative effects in hydrogen bonding are similar in molecular

Scheme 1. B3LYP/6-31G*-D3 calculated structures of possible tetrameric
clusters including four ion pairs: tetramer c–a, including solely cation–anion
pairs characterized by OH···F hydrogen bonds; tetramer c–c, with additional
cation–cation interaction resulting in cooperative hydrogen bonding OH···O-
H···OH···OH···F ; and tetramer c–c-cyc, showing a strongly cooperative H-
bonded cyclic tetramer of cations via (OH···O)4 bonds.

Figure 4. a) Plot of the calculated O¢H vibrational redshifts for the trimers
and cyclic tetramers of IL I (filled circles), propanol (diamonds) and cation–
cation (open circles) relative to the corresponding c–c linear dimers (set to
zero). For comparison, the redhifts of the deconvoluted bands of the mea-
sured spectra are shown as grey bars. The calculated redshifts strongly sug-
gest that all species are present in the liquid. Moreover, it is shown that
c–c clusters of the IL show similar redshifts as the propanol clusters. Al-
though the pure cationic clusters (open circles) show smaller redhifts, coop-
erative hydrogen bonding is present in particular in the cyclic tetramer.
b) The intramolecular bond lengths, R(OH) (left axis, circles) and the intermo-
lecular bond distances, R(H···O) (right axis, diamonds) and R(O···O), (right
axes, squares) are shown for IL I (filled symbols), propanol (red open sym-
bols) and pure cationic clusters (black open symbols), respectively. Enhanced
hydrogen bonding with increasing cluster size is observed for all systems, in-
dicated by lengthening of the OH bonds and shortening of the intermolecu-
lar bond distances.
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clusters and clusters of like-charged ions in ILs. Although
weaker interacting due to repulsive Coulomb forces and due

to the absence of counterions, even the pure cationic clusters
show this kind of behavior. Cooperativity is strongest for the

cyclic tetramers, as shown in Scheme 2. The B3LYP/6-31 + G*-
D3 optimized structures of all cyclic tetramers show that the

linearity of the H-bonds decrease in the order propanol, IL and
pure cationic clusters.

A similar behavior with the cluster size can be observed for

the calculated intra- and intermolecular bonds, all involved in
hydrogen bonding. The intramolecular bond lengths, R(OH),

and the intermolecular bond distances, R(H···O) and R(O···O),
are shown in Figure 4 b for IL I clusters, pure cationic clusters

and the propanol clusters, respectively. Enhanced hydrogen
bonding with increasing cluster size is observed for all systems.

From the dimers to the cyclic tetramers, the OH bonds are

lengthened and the intermolecular distances are shortened as
expected for hydrogen bonding.[6] The effect with clusters size

is nearly similar for IL I and propanol, meaning that the charge
transfer from the anions to the charge center of the imidazoli-

um cations lowers the cationic character in such a way that
the hydroxyl groups can interact via hydrogen bonding like in

molecular clusters. Because this charge transfer is missing in

the pure cationic clusters, this effect is less pronounced. How-
ever, even in the fourfold H-bonded cationic cluster with net
charge + 4, cooperative hydrogen bonding overcomes the re-
pulsive Coulomb interaction resulting in longer intra- and

shorter intermolecular bond lengths. Overall, H-bonding affects
structural and spectroscopic properties of like-charged clusters

in ILs, pure cationic and molecular clusters in similar way.
We also calculated the B3LYP/6-31 + G*-D3 energies and free

energies of the c–a and c–c clusters.[29] For example, the tet-

ramers c–a are slightly lower in energy than the c–c and c–c-
cyc structures by about 5.83 and 1.0 kJ mol¢1 per ion pair. For

the free energies, these ratios become even more favourable
for the cc species (DG = 2.96 and 0.2 kJ mol¢1). Although the

choice of ca and cc clusters is somewhat arbitrary, the calculat-

ed differences in energy and free energy are in the right mag-
nitude and support the interpretation of the experimental

data. Overall, the calculated energies suggest that the c-c con-
figurations are present in equilibrium and further kinetically

stabilized at low temperatures. Here, we would like to point
out that we also find minimum structures for the purely cat-

ionic clusters (e.g. cation 4c in Scheme 2). The calculated posi-
tive harmonic frequencies establish the local-minimum charac-

ter of the equilibrium species, and the short RO···H equilibrium
distance, near-linear O···HO geometry, and pronounced nOH vi-

brational red-shift are recognizable signatures of H-bonding
(see Figure 4 b and the SI).

In this Communication, we provide spectroscopic evidence
for the formation of H-bonded clusters of like-charged ions in

ionic liquids. Cooperative OH···OH hydrogen bonds overcome

the repulsive Coulomb forces between the cations. The most
interesting cluster is a cyclic tetramer of cations, wherein coop-

erativity is maximized and no further H-bonds are formed to
the weakly coordinating anion. The ionic clusters show the

same OH vibrational signatures as molecular clusters. The mea-
sured and calculated IR redshifts of the cationic and propanol
clusters are nearly similar. This finding strongly supports the

covalent character of H-bonding and the concept of “anti-elec-
trostatic hydrogen bonds” (AEHB) as controversially discussed
recently.[30–33] There is also some indication that the formation
of these clusters allows to supercool the IL and prevent it from

crystallization. We tried very hard, but could not get any crys-
tal. In upcoming studies further important issues will be ad-

dressed. How does the formation of clusters of like-charged

ions depend on the anion? Can these clusters and their prop-
erties be controlled by the interaction strengths of the counter

ions?
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