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lonic liquids are defined as salts composed solely of ions with melting points below 100 °C. These
remarkable liquids have unique and fascinating properties and offer new opportunities for science and
technology. New combinations of ions provide changing physical properties and thus novel potential
applications for this class of liquid materials. To a large extent, the structure and properties of ionic liquids
are determined by the intermolecular interaction between anions and cations. In this perspective we show
that far infrared and terahertz spectroscopy are suitable methods for studying the cation—anion interaction
in these Coulomb fluids. The interpretation of the measured low frequency spectra is supported by density
functional theory calculations and molecular dynamics simulations. We present results for selected aprotic
and protic ionic liquids and their mixtures with molecular solvents. In particular, we focus on the strength
and type of intermolecular interaction and how both parameters are influenced by the character of the
ions and their combinations. We show that the total interaction between cations and anions is a result of a
subtle balance between Coulomb forces, hydrogen bonds and dispersion forces. For protic ionic liquids
we could measure distinct vibrational modes in the low frequency spectra indicating clearly the cation—
anion interaction characterized by linear and medium to strong hydrogen bonds. Using isotopic substitu-
tion we have been able to dissect frequency shifts related to pure interaction strength between cations
and anions and to different reduced masses only. In this context we also show how these different types
of interaction may influence the physical properties of ionic liquids such as the melting point, viscosity or
enthalpy of vaporization. Furthermore we demonstrate that low frequency spectroscopy can also be used
for studying ion speciation. Low vibrational features can be assigned to contact ion pairs and solvent sepa-
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molecules along the bond A-H- - B, respectively (Scheme 1).>?
The force constants obtained from these frequencies provide
information about the hydrogen bonding potential function as
well as being a measure of the bond strength. Moreover, the
extent to which these low-energy vibrations affect the band shape

1. Introduction
1.1 The role of this perspective

The pioneers of infrared spectroscopy and hydrogen bonding,
George C. Pimentel and Aubrey L. McClellan, have stated fifty
years ago that “Of all the vibrational degrees of freedom of
hydrogen bonded polymers, v, and v are the most interesting.”"

The vibrational modes v and v describe intermolecular stretch- S
ing and bending motions between two hydrogen bonded 1 \
A—Heee B A—Heee B VB
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Scheme 1 Stretching (v;) and bending (vp) vibrational modes of two
hydrogen bonded molecules along the bond A-H---B.
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and intensity of the bonded A-H stretch (1) may be determined,
and their very important contribution to thermodynamic func-
tions can be calculated. When Pimentel and McClellan issued
their statement they thought about intermolecular H-bonds
between two or more molecules resulting in chains, rings or
three dimensional networks of molecular liquids such as water,
alcohols, polypeptides or proteins.' Of course, it should also be
possible to observe spectral features which can be related to
intermolecular interaction between cations and anions or
between ions and solvent molecules, respectively. In principle,
low vibrational spectroscopy should provide information about
interaction in ionic liquids, ionic liquid mixtures and ionic
liquid mixtures with molecular solvents.

A couple of years ago we started to study intermolecular
interaction in ionic liquids by far infrared (FIR) spectroscopy
and later on by terahertz (THz) spectroscopy as well. At the
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beginning this attempt did not seem to be very promising.
Primarily, the low frequency spectra are surprisingly rich in
information. Even for light molecules, low-energy intramolecular
vibrations as torsions and certain skeletal motions are located in
the far infrared region. This was probably the reason why
researchers gave up exploring the low frequency range without
any reasonable support by theory and simulation. Secondly,
ionic liquids (ILs) solely consist of ions and hydrogen bonding
was assumed to be negligible. Furthermore, a mélange of
Coulomb interaction, hydrogen bonding and dispersion forces
further hampers the interpretation of far infrared spectra as well.

Within the framework of this perspective article we show
that these problems can be overcome, emphasizing that low
frequency vibrational spectroscopy provides important informa-
tion about interaction strength, the type of interaction and their
influence on the properties of ionic liquids. For this reason we
have initiated a program for direct spectroscopic observation of
cation-anion interaction and in particular of hydrogen bonding
in these Coulomb fluids. Unambiguous assignment of the low
frequency vibrational bands could be achieved due to the synth-
esis of ionic liquids including specific interaction sites and
supporting density functional theory (DFT) calculated frequen-
cies of related ionic liquid clusters. In a few cases we also
performed molecular dynamics simulations (MD) for analyzing
the far infrared spectra. Of course, reasonable radiation sources
such as high-pressure mercury lamps, better beam-splitters and
more sensitive detectors provide strongly improved access to the
far infrared spectra these days.*

1.2 The outline of this perspective

The outline of this perspective article is as follows. First we
would like to introduce briefly ionic liquids and some of their
unique properties. Then we show that far infrared (FIR) and
terahertz (THz) spectroscopy are suitable methods for studying
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the cation-anion interaction in these Coulomb fluids. Mostly the
interpretation of the experimental low frequency spectra requires
support from theoretical and simulation methods which are
therefore introduced as well. It is not the aim of this perspective
article to cover the whole families of aprotic ionic liquids (APILS)
and protic ionic liquids (PILs) including combinations of all
commonly used cations and anions. Instead we picked out
special combinations which allow the study of the anion-cation
interaction in detail. We present the results for chosen APILs and
PILs. We focus on the strength and type of intermolecular
interaction and how both parameters are influenced by the
character of the ions and their combinations. In particular we
would like to show that the total interaction between cations and
anions is a result of a subtle balance among Coulomb forces,
hydrogen bonds and dispersion forces. This can be nicely
demonstrated by switching from APILs to PILs. For PILs we could
measure distinct vibrational modes in the FIR indicating clearly
the cation-anion interaction characterized by linear and medium
to strong hydrogen bonds. Using isotopic substitution we have
been able to dissect frequency shifts related to pure interaction
strength between cations and anions and to different reduced
masses only. In this context we show how these different types of
interaction may influence the physico-chemical properties of ILs
such as the melting point, viscosity or enthalpy of vaporization.
Finally, we demonstrate that FIR spectroscopy can also be used
for studying ion speciation. Low vibrational features can be
assigned to contact ion pairs (CIPs) and solvent separated ion
pairs (SIPs). We were successful in evaluating the spectra quanti-
tatively resulting in equilibrium constants and free energies of
the ion-pair species. Ion speciation can now be studied as a
function of solvent polarity, solvent concentration and tempera-
ture. In conclusion we demonstrate how detailed knowledge of
the low frequency spectra can be used to understand the change
in interaction strength and structure by variation of temperature,
solvent polarity and solvent concentration in IL mixtures.

1.3 Low frequency vibrational spectroscopy

Knowledge of intermolecular forces is a requisite for under-
standing material properties. They determine whether matter
sticks together, gases condense to liquids or liquids freeze to
solids. To study these forces is in particular interesting for
ILs.>"® Although the structure and properties of these fluid
materials are determined to a large extent by the Coulomb
forces, hydrogen bonding and dispersion forces can play a crucial
role in the understanding of their unique properties. The strong
anion-cation interaction in these Coulomb fluids is characterized
by extremely low vapour pressures as well as high enthalpy of
vaporization.’® These unique properties make them attractive for
science and technology. As discussed above, the measurement of
the interaction between cations and anions in ILs is still a challenge.
In principle these interactions can be studied by experimental
techniques which cover the frequency range of interest. Meanwhile
there is a substantial number of spectra available covering the
frequency range of interest between 10 and 300 cm™*, equivalent to
0.3 and 9 THz or 1 and 36 meV. The variety of spectroscopic
methods includes optical femtosecond Raman-induced Kerr-effect
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Scheme 2 The stretching (v,) and bending () modes of the cation—anion
interaction for the *C(2)—H---A~ interaction within 1,3-dimethyl-imidazolium
cation.
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spectroscopy (RIKES),"””*° terahertz time-domaine spectroscopy
(THz-TDS),"*™* as well as conventional steady-state spectroscopic
methods such as Raman spectroscopy,* ™ and far infrared spectro-
scopy (FIR).***> Experimental work has been accompanied by
numerous theoretical studies including ab initio calculations on
ion-pairs or ion-pair clusters, classical molecular dynamics simula-
tions and Car-Parrinello molecular dynamics simulations.>®”°
However, in most cases only a combination of experimental and
theoretical methods provides a reasonable spectral assignment and
reliable interpretation of the low frequency spectra. In this perspec-
tive article we discuss the use of conventional steady-state spectro-
scopic methods such as FIR and Raman spectroscopy for the
investigation of intermolecular interaction in ILs including hydro-
gen bonding. Also TD-THz is applied which does not measure
dynamics. Although the measurement is made in the time domain,
only equilibrium properties of the sample are probed.*

As discussed above, we are mainly interested in the low
frequency range between 10 and 300 cm ™" covering nicely the
vibrational modes due to intermolecular interaction. For
imidazolium-based ILs the cation-anion interaction is charac-
terized by the stretching (v;) and bending (v3) modes as
illustrated in Scheme 2.

To which extent this cation-anion interaction in APILs is deter-
mined by hydrogen bonding is one of the issues of this perspective
article. The situation becomes clearer for PILs, in particular for
those which have only one strong interaction site at the cation. As
an example the trimethylammonium cation is shown in Scheme 3.
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Scheme 3 The stretching (v,) and bending (vp) frequencies of the cation—
anion interaction for the *N—H---A™ interaction including a trimethyl
ammonium cation.

Phys. Chem. Chem. Phys., 2014, 16, 21903-21929 | 21905


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4cp01476f

Open Access Article. Published on 23 May 2014. Downloaded on 3/5/2026 3:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

1.3.1 Experimental methods: far infrared, terahertz and
Raman spectroscopy. The FIR measurements were performed
using a Bruker VERTEX 70 FTIR spectrometer. The instrument
is equipped with an extension for measurements in the far
infrared region. This equipment consists of a multilayer mylar
beam splitter, a room temperature DLATGS detector with
preamplifier and polyethylene (PE) windows for the internal
optical path. The accessible spectral region for this configu-
ration lies between 30 and 680 cm™'. Further improvement
could be achieved by using a high pressure mercury lamp and a
silica beam splitter. The reason why mercury lamps have
proved to be so successful for FIR is that emission from the
plasma reinforces the emission from the hot quartz envelope of
the lamp. This configuration allowed measurements down to
10 cm ! and significantly better signal-to-noise ratios compared
to the above given configuration.

The THz spectroscopy measurements were performed using
a TeraView TPS spectra 3000 transmission spectrometer. For all
measurements the sample compartment of the spectrometer
was purged with dry nitrogen gas. Transmission terahertz
spectra were collected from 2 cm ™" to 120 cm™ " at a resolution
of 1.2 em™"'. Each rapid-scan spectrum, the average of 1800
co-added scans, took 60 s to record. Three spectra of each
sample were recorded. A liquid cell consisting of z-cut quartz
windows and a 300 um spacer was used for all measurements.

The pulsed terahertz attenuated total reflection (ATR) spectra
were recorded using the same THz pulsed spectrometer and a
silicon ATR module. The silicon ATR crystal is cut at an angle of 35°.
These THz ATR spectra could be recorded from 15 to 100 cm !
(0.2 to 3 THz) at a resolution of 1.2 cm ™.

In all cases the sample temperature was maintained by an
external Haake DC 30/K 20 bath chiller and recorded using a
NiCrNi thermocouple attached directly to the cell.

1.3.2 Hartree-Fock (HF) and density functional theory
(DFT) calculation on ionic liquid clusters. Focussing on IL
clusters, binding energies, free energies and vibrational
frequencies have been calculated by using restricted Hartree—
Fock (RHF) and/or density functional theory (DFT) methods.
Calculations have been carried out for structures comprising
between four and twelve ion pairs depending on the total
number of basis functions and our computer capabilities at
the time (Scheme 4).

Scheme 4 The cation—anion interaction in a tetramer of the aprotic ionic
liquid 1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyllimide
[Comim][NTf,] indicated by the TC(2/4/5)-H---O~ bonds (left) and in a
12-mer of the protic ionic liquid ethyl ammonium nitrate [EtNHz][NO+]
indicated by the *N—H---O~ bond (right).
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For calculating the APIL and PIL clusters between four and
six conformers of each cluster were taken into account. No
conformational search was undertaken. The starting geometries
of the conformers were chosen this way that a maximum of
donor and acceptor abilities at the ions were saturated. Using
this approach we could minimize surface effects which could
lead to different properties compared to those in the bulk phase.
Recently it could be shown by the group of Johnson that the
main features of the bulk spectrum are already developed in
small IL clusters indicating similar binding and interaction in
the gas and the bulk phases. This finding strongly supports our
procedure. In some of our studies we could also show that from
a particular cluster size on (in most of the cases tetramers) the
energetic and spectroscopic properties did not change anymore
indicating that cooperative effects are sufficiently saturated.®'
Finally for each size the lowest energy conformers were used for
calculating spectroscopic properties.

For the studies before 2010, ab initio calculations were
performed at the Hartree-Fock level with the Gaussian 98
program® using the internal stored 3-21G basis set. All optimized
clusters were found to have only positive frequencies, demon-
strating that they are all true equilibrium species on the RHF/
3-21G potential-energy surface. The basis set superposition error
(BSSE) corrected binding energies and average binding energies
per ion of IL clusters usually comprising between two and six
ion-pairs have been calculated.®®

The zero point energies (ZPE) were also considered. However,
both the BSSE and the ZPE corrected energies were negligible for
comparison of binding energies of different sized clusters.

Studies after 2010 could calculate geometries and frequen-
cies of all IL clusters at the density functional theory (DFT) level
B3LYP, using the internal stored 6-31+G* basis set of the
Gaussian 09 program.’* In some cases Grimme’s DFT-D3
method was applied for the calculation of dispersion forces.*

It is an ongoing debate whether gas phase like configurations as
calculated here are able to reflect bulk phase behaviour as measured
here. In our case this approach is justified because the low vibra-
tional modes are mainly determined by local and directional
interaction. If we enlarge the calculated clusters by adding further
ion-pairs we observe some slight cooperative effects but no signifi-
cant change in the spectroscopic properties of the configurations.
Thus the calculations provide nearly quantitative information.

The molecular volumes discussed in Chapter 5.2 were
computed by a Monte-Carlo integration as implemented in
the Gaussian programs.®>®* The volume is defined inside a
contour of 0.001 electrons Bohr ® density. The computed
volume is only accurate to about two significant figures, but
this is sufficient for our purposes. We were interested in
comparing volumes of different cations rather than determin-
ing accurate absolute values.

1.3.3 Molecular dynamics (MD) simulations. In a few cases,
MD simulation helped us to interpret the measured infrared
spectra in the low frequency region. We mainly focussed on
simulating ILs of the [C,,mim][NTf,] family in accordance with
most of our experiments. Usually we performed constant-
pressure (NPT) MD simulations at 303 K and at a pressure of

This journal is © the Owner Societies 2014
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1 bar using different force fields available for the imidazolium-
based ILs.”"®® In addition to the CLaP force field,*® we used our
improved (nonpolarizable) fully-flexible all-atom force field
which has been parameterized for imidazolium-based ILs of
the type [C,mim][NTf,]. The model is composed of atom-
centered point charges and Lennard-Jones interactions for
non-bonded interactions.”"*® The proper stereochemistry and
conformational representations of the molecules are guaranteed
by appropriately parameterized bond angle and dihedral inter-
actions taken from the CLaP force field.*® This force field for
[Comim][NTf,] has been refined in such a way that the simulated
properties mostly agree with experimental densities, accurately
measured self-diffusion coefficients for cations and anions in
neat [C,mim][NTf,] and NMR rotational correlation times for
the cations in [C,mim][NTf,] and water molecules in a 1 W%
solution of water in [C,mim][NTf,] at 303 K.”® For this purpose the
TIP4P-Ew water model was employed.®” This kind of parameter-
ization might seem unusual, but provides significant benefits.
Diffusion coefficients can be fitted separately to cations and
anions no matter whether the ions exist as single particles, ion
pairs or larger clusters. Likewise this does apply to the NMR
rotational correlation times. Unfortunately these reorientation
dynamics are available only for the CH(2) vector of the imidazo-
lium cations. Thus, we used NMR reorientational correlation times
of water in [C,mim][NTf,] to fit the anion parameters. This
unusual procedure is based on recent experimental findings
showing that the structure and dynamics of single water molecules
are sensitive probes for anion properties.*® We show that the single
water behaviour is mainly determined by anions in the IL; thus the
water dynamics may serve as a good indicator of anion properties
providing a useful tool to derive force field parameters.

There are several ways to calculate the FIR spectra from
theory and simulation. Mostly, the vibrational spectra in the
low frequency range are obtained using normal-mode analysis
within the harmonic approximation as well as from velocity
autocorrelation functions in a molecular dynamics trajectory
generated from empirical force fields or from ab initio MD
simulation (AIMD).°>®* We used empirical force field for
calculating the FIR spectra of ILs from the Fourier transform
of the velocity autocorrelation function, using eqn (1):

+oo
so) =5 _GOT) exp-iondr )
g and o correspond to the intensity and frequency of the
vibrational state in equilibrium, respectively. It is not expected
that all inter- and intramolecular spectral features are given
quantitatively in wavenumbers and intensities. Despite the
shortcomings, the power spectrum should be broadly represen-
tative of motions occurring in IL. The simulations reproduce
the positions of the absorption maxima fairly well, although in
the simulations the absorption peaks occur at lower frequen-
cies compared to experimental results. We are aware that
reliable force fields are crucial for simulating reasonable prop-
erties of ILs. However, we were able to improve the CLaP force
field based on experimental properties. In their recent paper
about generic force fields for ILs, Dommert et al. stated about
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our force field: “There are still exceptions, such as the force
field for [C,mim][NTf,],”* which is transferable within arbitrary
chain length and accurately describes thermodynamic and

dynamic properties”.”"7>89

2. Aprotic (APILs) und protic (PILs)
ionic liquids

Ionic liquids are salts in the liquid state. The physical properties
of these Coulomb fluids can be simply tuned by varying the size,
shape and symmetry of cations and anions. Such a ‘design’
provides novel potential applications for this class of new liquid
materials. The structure and properties of ILs are determined by
the intermolecular interaction between anions and cations. The
molecular interaction is described by a subtle balance among
Coulomb forces, hydrogen bonds, and dispersion forces and is
thus crucial for understanding the properties of ILs. All the
important properties such as structure, diffusion, viscosity,
conductivity or melting point depend on these interactions
between cations and anions in ILs. Thus, the development of a
fundamental understanding of their chemical and physical prop-
erties at the molecular level is of current interest. Furthermore,
reliable structure-property relationships can help us to synthe-
size IL compositions possessing a desired set of properties.

In addition, ILs have changed from a lab curiosity to
materials of tremendous academic and industrial interest. This
new and remarkable liquid substance with unique and fasci-
nating properties offers a phenomenal opportunity for new
science and technology.”™° Ionic liquids are of particular
interest due to their wide range of possible applications as
solvents for reaction and material processing, as extraction
media or as working fluids in mechanical applications. Starting
in the field of electrochemistry and based upon their wide
electrochemical windows and good conductivities, ILs found
useful applications in sensors, solar cells, solid-state photo-
cells, batteries, separation devices and as thermal fluids, lubri-
cants, hydraulic fluids, ionogels and fuels.>® Hereby, two types
of ionic liquids gained increasing interest in science and
technology: aprotic (APILs) and protic (PILs) ionic liquids.

2.1 Aprotic ionic liquids (APILs)

The preferred aprotic ionic liquids (APILs) are those with
pyrrolidium, pyridinium, tetraalkylammonium, or tetraalkyl-
phosphonium ions. However, the most widely employed cation
is the 1-alkyl-3-methylimidazolium. The imidazolium-based
salts exhibit unique properties which stem from the electronic
structure of the aromatic cations. This electronic structure can
be described by a delocalized 3-center-4-electron configuration
across the N(1)-C(2)-N(3) moiety, a double bond between C(4)
and C(5) at the opposite side of the ring, and a weak delocaliza-
tion in the central region. The hydrogen atoms C(2)-H, C(4)-H,
and C(5)-H have almost the same charge, but carbon C(2) is
positively charged due to the electron deficit in the C—=N bond,
whereas C(4) and C(5) are practically neutral. Notably, the
resulting acidity of the hydrogen atoms is the key feature to
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Table 1 Commonly used ionic liquids (ILs) based on the imidazolium cation
Anions
Cations Abbreviation Structure Name
@ _CF3
RS R% 1 F2C
Q
>6< [PF;(C,Fs)3]” or [FAP]™ FsC s F|>< F Tris(pentafluoroethyl)-trifluorophosphate
~~
c” | °CF
R1fN N\R3 E F 2
e > CFR
R2
F
1 Sk
R'= H, n-alkyl (C4-Cg) [BF,] F/B\\F Tetrafluoroborate
R*=H, Me F
R3= H, Me F
R'= H, Me D
5_ ., [PF¢] F~ Fl)\ F Hexafluorophosphate
R®=H, Me £
2o 9
[(CF3S0,),N]™ or [NTf,]~ F3C_S,_N_§_CF3 Bis(trifluoromethylsulfonyl)imide
O
[SCN]™ © S—C=N Thiocyanate
©
[N(CN),]™ NC~ N “CN Dicyanamide
O
@ I
[EtOSO;]~ O_ﬁ_OEt Ethylsulfate
O ||
[(EtO),PO,]~ O_I?_OEt Diethylphosphate
OEt
[OAc]™ o 9 Acetate
O-C-Me

understand the properties of these salts. Thus the imidazolium-
based ILs are a good choice for measuring molecular interac-
tions such as hydrogen bonding. The anions range from
mostly hydrophobic to strongly hydrophilic one including
tris(pentafluoroethyl)trifluorophosphate [FAP]™, tetrafluoro-
borate [BF,]”, hexafluorophosphate [PF¢], trifluoromethyl-
sulfonate ([TfO]"), bis(trifluoromethylsulfonyl)imide ([NTf,]"),
dicyanamide ([N(CN),]"), thiocyanate ([SCN]), ethylsulfate
([EtSO4]7), diethylphosphate ([Et,PO,]”) or acetate ([OAc]).
To find a reasonable sequence in anion interaction strength
and its influence on IL properties was a significant part of this
work (Tables 1 and 2).

2.2 Protic ionic liquids (PILs)

Protic ionic liquids (PILs) are an important subgroup of ionic
liquids formed by a combination of equimolar amounts of a
Bronsted acid and a Brgnsted base.'® The key feature that
distinguishes PILs from other ILs is the proton transfer from
the acid to the base, leading to the presence of proton-donor
and proton-acceptor sites, which can be used to build a hydro-
gen-bond network. PILs have a number of unique properties in

21908 | Phys. Chem. Chem. Phys., 2014, 16, 21903-21929

contrast to other ILs, just as water which is different from
“normal” molecular liquids. Thus, PILs are a perfect system to
study the presence and strength of hydrogen bonding. The
number of H-bond donors, the interaction strength, and the
network formation can be varied as desired. For our studies we
have mainly used ammonium-based PILs including anions
with variable interaction potential ranging from weakly inter-
acting iodide to strongly interacting nitrate (Table 2).

3. Studies of aprotic ionic liquids

3.1 Cation-anion interaction detected by far infrared
spectroscopy

In the first study we could show that the cation-anion inter-
action in APILs can be detected by FIR spectroscopy. For that
purpose we measured FIR spectra of these imidazolium-based
ILs [C,mim][SCN], [C,mim][N(CN),], [C,mim][EtSO,] and
[C,mim][NTf,].*>° The interpretation of the measured spectra
was supported by ab initio calculated frequencies of IL clusters. The
low frequency vibrational bands between 50 and 120 cm™ " could be
assigned to bending and stretching modes of the 'C-H---A~
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Table 2 Commonly used protic ionic liquids (PILs) based on the alkylammonium cation

Anions
Cations Abbreviation Structure Name
©
R*-N-R? [NO, ]~ I Nitrate
R3 ©
1= o 9
R'= H, n-alkyl (C4-Cg) [MeSO;]~ O_ﬁ_CHS Methylsulfonate
R?= H, n-alkyl (C1-Cq) o}
R3= H, n-alkyl (C4-Cg) o O
4_ I
R'= H, n-alkyl (C1-Ce) [oTf]~ O_ﬁ_CF3 Trifluoromethylsulfonate
6]
g9
[NTf,]~ F3C_§_N_§_CF3 Bis(trifluoromethylsulfonyl)imide
@) 6]
I I Iodide

cation-anion interaction in the ILs. Characteristic bands shift in
frequency and change intensity corresponding to the strength of
the calculated interaction energies caused by varying the anion.
Thus we present a direct probe for studying the strength of
interaction energies between cations and anions in ILs. The FIR
spectra of the neat ILs [C,mim][SCN], [C,mim][N(CN),], [C,mim]-
[EtSO,], and [C,mim][NTf,] are shown for the frequency range
between 30 and 300 cm ™" (Fig. 1). The observed differences in the
spectra can only stem from weak intramolecular vibrations of
various anions and/or specific cation-anion interactions because
the imidazolium cation (C,mim") is kept fixed. Vibrational frequen-
cies and intensities change significantly with the anion interaction
strength. Strong support for the interpretation of the low vibrational
frequencies came from ab initio calculations of IL clusters

rel

50 100 150 200 250 300
wavenumber /cm”

Fig.1 FIR spectra of [Comim][SCN], [Comim]IN(CN),], [Comim][EtSO4],
and [Comim][NTf,] ionic liquids measured at 273 K. Reprinted from
ref. 49 with permission. Copyright 2008 Wiley VCH.

This journal is © the Owner Societies 2014

([Cmim][Anion]), where 7 is the number of ion pairs. The assump-
tion is that the largest clusters give the most liquid-like frequency
spectra. In large clusters C(2)-H as well as C(4/5)-H are involved in
hydrogen bonding with different strengths leading to slightly differ-
ent intermolecular frequencies and intensities (see also Scheme 2).

A detailed interpretation is given for the low frequency
spectra of [C,mim][N(CN),]. Fig. 2 shows the measured FIR
spectrum of [C,mim][N(CN),] along with the ab initio calculated
low frequencies of the IL clusters (n = 2, 4, 6, 8). All vibrational
modes could be assigned to weak intramolecular modes of the
ions. However, the most interesting bands are found below
150 cm™ . The calculated frequencies of IL clusters with different
size suggest that the main intensity at about 120 ecm ™' can be

1.2 T T T T T T T T T
i [C,mim][N(CN),] 1

rel

50

100 150 200 250 300
wavenumber / cm”

Fig. 2 FIR spectrum of [Comim][N(CN),] at 273 K compared with ab initio
calculated vibrational modes of corresponding IL clusters ([Comim]IN(CN),l),
withn = 2, 4, 6, 8. It is observed that the major vibrational bands are reflected
by the calculated frequencies which are corrected for the harmonic approxi-
mation. Reprinted from ref. 49 with permission. Copyright 2008 Wiley VCH.

Phys. Chem. Chem. Phys., 2014, 16, 21903-21929 | 21909


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4cp01476f

Open Access Article. Published on 23 May 2014. Downloaded on 3/5/2026 3:19:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

clearly attributed to the stretching modes of the hydrogen bonds
‘C-H---A”, where C-H can be C(2)-H and/or C(4/5)-H
(Scheme 2). The vibrational bands at about 50-60 cm ' stem
from the corresponding bending modes of these hydrogen
bonds. These modes are significantly weaker in intensity.
Obviously, the stretching mode of the hydrogen bond provides
a sensitive probe for the cation-anion interaction.

3.2 Frequency shifts due to increasing anion interaction
strength

We could show so far that vibrational bands in the FIR provide
important information about the anion-cation interaction in
APILs. However, there were still some difficulties in identifying
the anion-cation interaction precisely. As discussed in the
introduction this frequency range can be strongly populated.
Besides the pure anion-cation interaction, other contributions
can stem from weak intramolecular vibrational modes of
anions and cations or unspecific librational motions or lattice
modes. But even if the vibrational band of the anion-cation
interaction can be clearly assigned, its position in the spectral
range is still determined by two parameters. The equation of
the simple harmonic oscillator 7 = (1/2mc)(k/)"* shows that the
frequency (wavenumber) is determined by the square root of
the ratio between the force constant k and the reduced mass u.
Thus frequency shifts in the spectrum can be referred to
changing force constants or to different reduced masses
or both.

Stronger frequency shifts can be expected by using the same
imidazolium cation but anions with significantly different
interaction potential. In principle this has been shown in the
foregoing study, where we used ILs including the same C,mim"
imidazolium cation but diverse anions NTf, ", EtSO, , N(CN), ™
and SCN. As shown in Fig. 1, the most intense bands shifted
from 82 to 116 cm ™' in this order and could be related linearly
to the DFT calculated binding energies.*® Although there has
been some evidence that not the full masses of the anions and
cations take part in the intermolecular vibrational motion and
that the interaction is local in nature, the shift to higher
frequencies could also be explained by the decreasing reduced
masses of the ILs instead of increasing force constants due to
stronger interaction. It is obvious to use anions of similar mass,
but this approach is difficult to realize. Voluminous and heavy
anions only weakly interact, whereas small and light anions
provide strong interaction potential due to their higher surface
charge density. Both the reduced mass as well as the force
constant lead to shifts into the same direction, namely to lower
or higher frequencies, respectively.

For this purpose we used imidazolium-based ILs with
C,mim" cation fixed and anions which are close in molecular
mass as shown in Fig. 3.°° Additionally to the ILs including
anions N(CN),” and SCN~, which we recorded again for a
broader frequency range down to 10 cm™ ', we measured FIR
spectra of 1-ethyl-3-methylimidazolium nitrate [C,mim][NO;]
and 1-ethyl-3-methylimidazolium acetate [C,mim]|[CH3;COO].

The low-frequency FTIR spectra of [C,mim][N(CN),] (I),
[Comim][SCN] (1), [C,mim][NO;] (If) and [C,mim][CH;COO] (IV)
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Fig. 3 Structures of anions dicyanamide (N(CN),") (I), thiocyanate (SCN™)
(I, nitrate (NOs™) (Ill) and acetate (CHsCOO™) (IV) in C,mim™ imidazo-
lium-based ionic liquids. Reprinted from ref. 90 with permission. Copyright
2012 American Chemical Society.

— N(CN),~
- — SCN
8 — NoO,
6_
5 L
~ 4F
100 200 300
~ -1
v/cm
Fig.4 Far infrared spectra of [Comim]IN(CN)l, [Comim][SCN],

[Comim][NO3] and [Comim][CH3COO]. The maxima in the spectra indicate
the anion—cation interaction as supported by combined experimental and
theoretical analysis. Reprinted from ref. 90 with permission. Copyright
2012 American Chemical Society.

in the range between 20 and 300 cm ™" are shown in Fig. 4. Beside
similarities the spectra also show significant differences.

As discussed before the frequencies below 150 cm™* can be
assigned to the stretching modes ‘C-H- --A~ describing the anion-
cation interaction.*® In Fig. 4 it is shown that the FIR spectra of ILs
I-III are similar in the anion-cation stretching region between 100
and 150 cm ™. But one IL is different. For [C,mim][CH;COQ] (IV)
the vibrational mode that describes the ‘C-H---A~ interaction
occurs at 136 cm ', This mode is strongly shifted to higher
wavenumbers although the reduced mass is only the second
lowest among all ILs. Such a strong increase in frequency
(22 ecm™") can be only referred to increasing interaction strength
between cations and anions. This finding is supported by DFT
calculations. The energies per ion pair are up to 35 k] mol " higher
for [C,mim][CH;COQ] than those for ILs I-IIL%

The observed interaction strength of CH;COO™ is well

91793 The acetate anion is even able to overcome the
94-97

known.
strong hydrogen bond network in cellulose. Imidazolium-
based ILs including the weaker interacting anions (I-III) are not
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capable of competing with the cellulose-cellulose interaction.
Recently, we could show that the dissolution power of ILs largely
depends on the ability of the anion to disrupt the H-bond
network in a well-defined model compound such as pentaery-
thritol.”*®” Moreover we could show that the frequency shifts in
the OH stretching region of the model compounds support the
development of effective cellulose solvents. Strong redshifted OH
stretching modes of the model compound are related to high
wavenumber shifts in the FIR spectra. Both experimental find-
ings support stronger solute-solvent or anion—cation interaction,
in agreement with our results obtained for the FIR spectra of
[C,mim][CH;COO]. Here we would like to point out that the use
and studies of acetate containing ILs is a rapidly growing field
with a particular focus on hydrogen bonding.”%**

3.3 Frequency shift due to the variation of the cation
interaction sites

By varying the number and strength of the cation interaction
sites we hoped to obtain some information about the impor-
tance of hydrogen bonds. The strategy here is to vary the cation.
Instead of switching from imidazolium to other types of cations
we modified the interaction sites at the imidazolium cation.
Overall, it is assumed that hydrogen bonding plays an impor-
tant role in the properties and reaction dynamics of these
Coulomb systems. The presence of hydrogen bonding in
1-alkyl-3-methylimidazolium salts was first reported by Seddon
et al.'® Evidence for hydrogen bonding stems from X-ray
diffraction, mid-infrared and NMR spectroscopy. Local and
directional interactions such as H-bonds in imidazolium-based
ILs are indicated by shorter C-H- - -anion distances, redshifted
C-H frequencies and downfield shifted C-H proton chemical
shifts.*®7%1°2711% gupport for hydrogen bonding in this type of
APILs also comes from theoretical studies.’®”>'"™'" From
time to time the presence of hydrogen bonding in ILs is
strongly challenged at all. Some authors claim that hydrogen
bonding is not invoked for explaining IL’s properties.'** ¢

It was the purpose of our work to address this important issue
by providing direct spectroscopic evidence for hydrogen bonding
in imidazolium-based ILs.>? First, we show that the different
reduced masses have negligible effects on the frequency shifts
because the interaction is local in nature. Second, we enhance
the anion-cation interaction due to the increasing number and
strength of H-bond abilities supporting that we certainly observe
H-bond stretching frequencies in ILs. These experimental find-
ings are supported by ab initio calculations on larger IL clusters.
We measured FIR spectra of imidazolium-based ILs containing
the same anion bis(trifluoromethylsulfonyl)imide (NTf,”) but
various cations 1,2,3-trimethyl-imidazolium (1,2,3-trimethyl-im",
1), 1,3-dimethyl-imidazolium (1,3-dimethyl-im’, 2), 1,2-dimethyl-
imidazolium (1,2-dimethyl-im’, 3) and 1-methyl-imidazolium
(1-methyl-im", 4), respectively.*>****> We expected to find similar
vibrational modes for the anions but different contributions
stemming from the modified cations of these ILs. For the direct
spectroscopic observation of H-bonds in molecular liquids, some
criteria have been established for making more positive assign-
ments. The most convincing identification can be obtained
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Fig. 5 Structures of cations of [1,2,3-trimethyl-im][NTf,] (1), [1,3-dimethyl-
im][NTf,] (2), [1,2-dimethyl-im][NTf,] (3), and [1-methyl-im][NTf,] (4). Different
position and numbers of H-bond abilities are indicated by the dotted lines.
Reprinted from ref. 52 with permission. Copyright 2010 Wiley VCH.

when a group incapable of hydrogen bonding is substituted
for the hydrogen atom. Consequently, the vibrational bands
associated with hydrogen-bond stretches or bends disappear
completely. In our examples the formation of hydrogen bonds
is possible via C(4)-H and C(5)-H of the cation in all ILs (Fig. 5).
We have gradually substituted the methyl (CH;) group for the
hydrogen (H) at the C(2)-H and N-H positions. In 1 both
interactions via C(2)-H and N-H are eliminated, in 2 and 3
additional H-bonds are possible either via the C(2)-H or N-H,
whereas in 4 both interactions are possible. In the sequence 1-4
the potential H-bond capabilities increase.

The FIR spectra were measured in the frequency range between
30 and 300 cm™ ' (see Fig. 6). The main focus was put on the
maximum intensities of the FIR modes below 150 cm™'. The
vibrational bands of interest can be observed at 62.3 cm ™! for 1,
85.7 cm ™ for 2, 96.7 cm™* for 3 and 100.7 cm ™ * for 4, respectively.
They all can be assigned to stretching vibrational bands of hydro-
gen bonds 'C-H:--A~ and/or "N-H---A". In Fig. 6 it is observed
that the interaction strength between the cation and anion is
significantly different. The frequencies of the band maxima shift to
higher wavenumbers in the order of ILs from 1 to 4. Obviously, the
interaction energy is enhanced for this sequence of ILs. Increasing
hydrogen bonding leads to shorter intermolecular bond lengths
and larger force constants. Enhanced H-bonds result in higher
wavenumbers and increasing intensities of the vibrational bands.
Such a behaviour is reflected in the FIR spectra. Consequently, we
could relate the low vibrational frequencies to the average binding
energies from ab initio calculated IL clusters. The binding energies
per ion pair of IL tetramers could be plotted against the measured
frequencies v, (see Fig. 7, filled symbols). The almost linear plot
suggests that the measured low vibrational bands reflect the
strength of intermolecular forces. Moreover, the relation to hydro-
gen bonding is obvious.

Overall, we reported the direct observation of H-bond
stretching frequencies in pure imidazolium-based ILs from
FIR spectroscopy. Nearly excluding reduced mass effects, the
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Fig. 6 Far infrared spectra of [1,2,3-trimethyl-im][NTf,] (1), [1,3-dimethyl-
im][NTf,] (2), [1,2-dimethyl-im][NTf,] (3), [1-methyl-im][NTf,] (4) at 323 K
for 2—4 and 383 K for 1. Reprinted from ref. 52 with permission. Copyright
2010 Wiley VCH.
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Fig. 7 Average binding energies E;, per ion pair in tetramers of the ionic
liquids 1-4 plotted versus the measured H-bond frequencies 7:c...a-.
Using the obtained linear relationship we can predict the H-bond fre-
quency for ionic liquid ([1,2,3,4,5-pentamethyl-im][NTf,]) (filled circle). The
filled symbols represent the measured frequencies and the open symbols
give the frequencies corrected for the reduced masses. Reprinted from
ref. 52 with permission. Copyright 2010 Wiley VCH.

frequency shifts could be related to increasing force constants
indicating stronger cation-anion interactions. Ab initio calcula-
tions suggest a linear relationship between the interaction
energies and the intermolecular stretching frequencies. Both
properties are related to the increasing H-bond capabilities in
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the varying imidazolium cations. This finding clearly indicates
that the stretching frequencies are a direct measure of hydro-
gen bonding in the ILs.

3.4 Hydrogen bonding in aprotic ionic liquids

In the foregoing work we could show that the cation-anion
interaction is at least enhanced by hydrogen bonding at the
C(2)-H position. That this specific interaction can influence the
physical properties of ILs was first noticed by Bonhote et al.'°® His
group discovered that methylation of the C(2) position of 1,3-
dialkylimidazolium containing ILs disrupts the predominant
hydrogen-bonding interaction between cations and anions leading
to surprising changes in the physicochemical properties. Elimina-
tion the C(2)-H: - -A™ H-bond interaction by alkyl substitution was
expected to lower the melting point and to decrease the viscosity.
Instead, the opposite behaviour was observed. C(2) methylation
increased the melting point from 50 to 120 °C, whereas methyla-
tion at the C(5)-position only moderately increased the melting
point. Similar characteristics were found for the viscosities. Alto-
gether, the ionic liquids protonated at the C(2) position exhibit the
lowest melting points and viscosity.

There have been several efforts to explain the unusual prop-
erty behaviour of imidazolium-based ILs. Hunt'” studied
1-butyl-2,3-dimethyl-imidazolium and 1-butyl-3-methyl-imidazo-
lium based ILs by DFT methods for understanding these effects
at the molecular level. Also here less hydrogen bonding and
slight reduction in Coulomb attraction between the cation and
the anion in [1-butyl-3-methyl-im]C] suggest that phase transi-
tion temperatures and viscosities decrease compared to those of
the [1-butyl-2,3-dimethyl-imidazolium]Cl in agreement with
experimental findings. It was argued that the effect due to a loss
in hydrogen bonding is outweighed by those due to a loss in
entropy. The amount of disorder in the system is reduced by the
elimination of ion-pair conformers which are stable for [1-butyl-
3-methyl-imidazolium]Cl but not for [1-butyl-2,3-dimethyl-im]Cl.
An increase in the rotational barrier of the butyl chain limits free
rotation and facilitates alkyl chain association. In the so-called
“entropy theory” by Hunt""” it is still presumed that hydrogen
bonding stabilizes imidazolium-based ILs.

The C(2) methylation effects for [1-butyl-3-methyl-imidazo-
lium]X and [1-butyl-2,3-dimethyl-imidazolium]X, where X is
Cl™,Br, 17, BF, , and PFs~ were also studied by Endo et al.'*®
These authors reported that the melting points and freezing
points of these ILs increase with methylation at the C(2)
position. They argued that the overcompensation of the phase
transition entropy decreases with the transition enthalpy
decrease. Their findings are in agreement with Hunt’s results
although quantum chemical calculations of isolated ion-pairs
should be regarded with suspicion.

We suggested another explanation for understanding the prop-
erty behavior of imidazolium-based ILs (see Chapter 3.1-3.3). We
proposed that local and directional hydrogen bonds formed
between cations and anions destroy the charge symmetry resulting
in fluidized ILs. Hydrogen bonds can be regarded as “defects” in
the Coulomb network of ILs. These defects increase the dynamics
of the cations and anions, leading to lower melting points and
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viscosities. Such a behaviour could be observed for 1-ethyl-3-
methyl-imidazolium bis(trifluoromethylsulfonyl)imide and 1-ethyl-
2,3-dimethyl-imidazolium bis(trifluoromethylsulfonyl)imide based
on FIR measurements and DFT calculations on IL clusters. In
additional studies we could show that the cation-anion interaction
in imidazolium-based ILs is enhanced due to hydrogen bonding as
indicated by frequency shifts to higher wavenumbers in FIR and
terahertz (THz) spectra.>®>>*1%120

Noack et al.'** showed for similar ILs 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide, 1-ethyl-2,3-
dimethyl-imidazolium bis(trifluoromethylsulfonyl)imide, and
1-butyl-3-methyl-imidazolium  bis(trifluoromethylsulfonyl)imide
and 1-butyl-2,3-dimethyl-imidazolium bis(trifluoromethylsulfonyl)-
imide that electron density changes can alter the position and
strength of interionic interactions and lead to reduced configura-
tional variations. From their spectroscopic work they concluded
that both factors can alter the melting points and viscosities. They
summarized that neither the “entropy theory” of Hunt'"” nor the
“defect hypothesis” of our earlier studies®>> alone are capable of
explaining the changes in the physicochemical properties but
complement each other.

There are other ideas discussing the relevance of hydrogen
bonding to the properties of ILs.”*'™*** Spohr and Patey studied
the influence of charge location on IL properties by MD simulations.
Charge displacement from the center of mass of the ions shows the
formation of directional ion-pairs leading to low conductivities. If the
hydrogen bonding strength exceeds a critical value melting points
and viscosities increase again.'*" Zahn et al. showed that hydrogen
bonding at the C(2) position enhances the mobility of the anion
resulting in lower melting points. Low melting points could be
referred to flat energy landscapes of ion-pairs.'*

Izgorodina et al. investigated two possible structural or
energetic sources of the increased viscosity due to the methyla-
tion at the C(2) position: firstly, ion association, as probed by
the Walden rule, and secondly differences in the potential
energy surface profiles that favor ionic transport in the non-
C2-methylated imidazolium-based ILs."*® They showed that the
increased viscosity could be a result of higher potential energy
barriers between the energetically preferred conformations on
the potential energy surface inhibiting the overall ion transport.

For supporting the “defect hypothesis”, we used the same
bis(trifluoromethylsulfonyl)-imide anion (NTf, ) for all ILs to avoid
any effects from changing negative charge distributions. Only the
imidazolium cations are different: 1,2,3,4,5-pentamethyl-imidazo-
lium (1), 1,2,3,4-tetramethyl-imidazolium (II), 1,3,4,5-tetramethyl-
imidazolium (I) and 1,2,4,5-tetramethyl-imidazolium (IV) (see
Fig. 8). To reduce the conformational flexibility of the cations,
only methyl groups and hydrogen atoms at the imidazolium ring,
but no longer alkyl chains are taken into consideration. Addition-
ally, we tried to avoid mass or volume effects by synthesizing ILs
with imidazolium cations II, III and IV, all having four methyl
groups as ring substituents. Now, the focus can be put on effects
resulting from anion-cation interactions only.

For better understanding of our concept, interaction sites of
the imidazolium cations are given as red dotted lines (Fig. 8).
They show possible local and directional interactions via
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Fig. 8 Structures of cations for imidazolium-based ionic liquids I1-IV. The
positions of possible H-bonds are indicated by the dotted lines. Reprinted
from ref. 119 with permission. Copyright 2011 The Royal Society of Chemistry.

C(5)-H, C(2)-H or N-H, which should be important for the
structure and properties of ILs.

We measured FIR spectra of ILs I-IV between 10 and 150 cm™
or 0.3 and 4.5 THz. The vibrational bands are relatively broad but
not featureless. Without deconvolution of the vibrational spectra
and supporting DFT calculated frequencies, vibrational bands of
enhanced intensity for each IL can be observed as shown by the
arrows (Fig. 9). For IL I we could demonstrate before that the ATR
as well as absorption FIR and THz spectra could be deconvoluted
into three vibrational bands. DFT calculations on an cluster of an
ion-pair trimer supported the number of vibrational bands in this
frequency range. Moreover, DFT calculated frequencies suggested
that the vibrational band at about 60 cm™" describes the anion-
cation interaction. Because in I no specific interaction site for
hydrogen bonding is present, this interaction mainly stems from
Coulomb forces and to a minor extent from non-directional

1

— [1,2,3,4,5-m-im]NT¥,

- — [1,2,34-m-im]NT,

— [1,3,4,5-mim]NTt,

I — [1,2,4,5-m-m]NTt,
1

l1v
B I gl

50 100

v/em™

150

Fig. 9 Far infrared spectra of imidazolium-based ionic liquids I1-IV. The
maxima in the spectra indicate the anion—cation interaction as supported
by the subsequent experimental and theoretical analysis. Reprinted from
ref. 119 with permission. Copyright 2011 The Royal Society of Chemistry.
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Fig. 10 Far infrared spectra of a 50 mol% mixture of the ILs I and IlI (black
line) along with the difference spectra obtained from measurements of this
mixture versus the background spectrum of IL I (red line) and IL 1l (blue
line), respectively. The negative contribution at about 77 cm™ can be
assigned to the *C(2)-H---A~ interaction in IL lll and is indicated by the

dotted line. Reprinted from ref. 120 with permission. Copyright 2011 The
Royal Society of Chemistry.

150

dispersion forces. The arrow for II at about 59 cm ™" indicates a
similar type of interaction. Although there is possible interaction
with C(5)-H, there is no specific interaction and thus no
enhancement by hydrogen bonding resulting in increasing
frequencies. Such a behavior is well known from earlier stu-
dies.”® Interaction via C(4/5)-H is negligible and does not cause
significant frequency shifts. That is completely different for ILs
III and IV as shown in Fig. 9. Here, the maxima of the low
frequency vibrational bands are shifted to 77 and 102 cm™"
caused by hydrogen bond enhanced anion-cation interaction.
However, although supported by DFT calculations the deconvo-
lution procedure of the spectra is not unique in any case. The
spectra show characteristic features, but the relative halfwidth
and the intensities are difficult to identify.

For better assignment of the vibrational bands we addition-
ally measured the FIR spectra of 50 mol% mixtures of the ILs I/
II, I/III and I/1V, versus the background spectra of the pure ILs I
and II, III, IV, respectively. The resulting difference spectra give
positive and/or negative contributions for the intra- and inter-
molecular vibrational bands present or missing in these mix-
tures. If we now subtract II, III, IV from the 50 mol% mixtures
with I, we expect positive contributions from I, but negative
contributions from II, III or IV, respectively.

The spectra and difference spectra of the I/IIIl mixtures are
shown in Fig. 10. If IL I is subtracted three negative bands are
observed in the difference spectrum. The contributions at
about 30, 60 and 90 cm ™" can be well assigned to the frequen-
cies we derived from the deconvolution procedure.

3.5 Substituting the hydrogen by a methyl group at the C(2)
carbon

In a consecutive study we measured the low-frequency spectra
of [C,mim][NTf,] and [C,C;mim][NTf,].>**>* Although we used
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Fig. 11 Far infrared spectra of [Comim]INTf,] (top) and [CoCymim][NTf,]
(bottom) as a function of temperature. To the right, enlarged spectra are
given for the intermolecular vibrational modes between 30 and 150 cm™.
Reprinted from ref. 124 with permission. Copyright 2009 Wiley VCH.

the same path length for the IR cell, all intensities of
[C,Cimim][NTf,] are substantially lower, except those of the
cations above 250 em~'. The intramolecular bending and
wagging modes of the anion NTf, ™ are affected by suppressing
the important H-bonds via C(2)-H (see Scheme 2). However, the
intensities of the vibrational bands which we referred to the
bending and stretching modes of the C(2)-H:--A™ and C(4/5)-
H---A™ interactions are now significantly reduced. Further-
more, the remaining low-intensity band is red-shifted from
83.5 cm ™' to 79.0 cm ™. Although the shift is small relative to
the rather broad bands, this behaviour could be detected for
spectra at all temperatures (see Fig. 11).

Switching off the C(2)-H interaction leads to H-bonds via
C(4/5)-H. These interactions are weaker, leading to a slight redshift
of the intermolecular vibrational band. The overall H-bond con-
tribution is significantly reduced in favor of increasing Coulomb
interactions in [C,C;mim]|[NTf,]. This can be observed in FIR
spectra by increasing contributions above 100 cm ™, represented
by a long tail up to 200 cm *. The Coulomb interactions are
stronger than the H-bonds and occur at higher wavenumbers.
Substituting the C(2)-H hydrogen in [C,mim][NTf,] by the
C(2)-CH; methyl group in [C,C;mim][NTf,] we replace a localized
and highly directional H-bond in favour of a non-localized and
smeared-out Coulomb interaction.

These characteristic features in the FIR spectra can be used to
evaluate force fields of ILs which have been developed for
molecular dynamics (MD) and Monte Carlo (MC) simulations.
For the simulation of FIR spectra we used two different force
fields.”>®® In the CLaP force field®® the same charges and
Lennard-Jones parameters for all the ring hydrogen HA/C(2)-H,
HW/C(4/5)-H are used throughout. Instead, in the refined force
field by Kéddermann et al,”' the Lennard-Jones parameters
o and ¢ were changed in such a way that the C(2) interactions
were significantly favoured over the C(4)-C(5) interactions with
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Fig. 12 Measured far infrared spectra of [Comim][NTf] (1) and

[CoCimIm][NTf,] (2) as well as simulated far infrared spectra of the
[Comim]INTf,] using the force field by Kéddermann et al.”* (3) and the
CLaP force field®® (4), respectively. Reprinted from ref. 124 with permis-
sion. Copyright 2009 Wiley VCH.

the anion. This was achieved by decreasing ¢ and increasing ¢ for
these hydrogen atoms. The parameters were parameterized to
reproduce NMR rotational correlation times for cations and
water molecules in [C,mim][NTf,].

The experimental and simulated FIR spectra of the pure ILs
are shown in Fig. 12. It is not expected that all inter- and
intramolecular vibrational modes are given quantitatively in
frequency and intensities. Despite the shortcomings, the power
spectrum should reflect motions present in the ILs. The simu-
lations reproduce the positions of the absorption maxima fairly
well, although in the simulations the absorption peaks occur at
lower frequencies than in the measured spectra.

We now discuss the profiles of the low vibrational bands
below 150 cm ™', which can be assigned to the cation-anion
interactions. Whereas the shape of the spectral band obtained
from the MD simulation using the Kéddermann’s force field
resembles that from the measured spectrum of [C,mim][NTf,],
the spectral feature resulting from the MD simulations based
on the CLaP force field looks significantly different. The latter
resembles the characteristics of the spectral band observed
experimentally for [C,Cymim][NTf,]. Both spectra, the MD
simulated spectrum for [C,mim][NTf,] as well as the measured
spectrum for [C,C;mim][NTf,] show long tails towards higher
wavenumbers, whereas the low vibrational bands are less
pronounced. In our opinion this feature does not surprise.
The CLaP force field suggests no specific preference for the
C(2)-H interaction and treats all ring hydrogen atoms equally,
as indicated by identical Lennard-Jones parameters. Conse-
quently, the power spectra resemble those of the measured
spectra of [C,C;mim][NTf,] where this specific interaction is
deleted by methylation of the C(2) position.
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4. Studies of protic ionic liquids

4.1 Stronger H-bond interaction: shift from aprotic to protic
ionic liquids

Aprotic (APILs) and protic ionic liquids (PILs) differ significantly
in their ability to form hydrogen bonds. Therefore characteristic
differences in FIR spectra describing the cation-anion interac-
tions are expected. For observing changes in the spectral features
from APILs to PILs, we measured the FIR spectra of the imida-
zolium-based APILs [C,Cymim][BF,] (1), [C;mim][BF,] (2) and
[Csmim][NO;] (3) as well as PIL [PrAm][NOs] (4) (see Fig. 13).
The consideration is as follows: at first we increase the inter-
action strength in the APILs by replacing the methyl group at the
C(2) position of [C,Cymim] by a hydrogen atom getting [C,;mim]
(1 — 2). Thereby the anion BF, remains the same. For IL 2
hydrogen bonding via C(2)- - -H---A” is possible. Then we replace
the weakly interacting anion BF, by the strongly interacting
anion NO; ™ in the imidazolium-based APIL without replacing the
cation [Cy;mim] (2 — 3). Finally we substitute the imidazolium
cation [Cymim] by the propylammonium cation [PrAm] with
still the same anion NO3;~ (3 — 4). In Fig. 14 FIR spectra of all
four ILs (1-4) are shown for the frequency range between 30 and
600 cm™". It is observed that the spectra show significant
differences but also share some common features. The anions
BF,” and NO;~ have been chosen for contributing to this
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Fig. 13 The imidazolium-based aprotic ionic liquids [C4Ciymim][BF4] (1),
[C4mim][BF4] (2), [C4mim][NOs] (3) and the protic ionic liquid [PrAm][NOs]
(4). Similar colors indicate like cations and anions, respectively. Reprinted from
ref. 76 with permission. Copyright 2009 The Royal Society of Chemistry.
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Fig. 14 FIR spectra of [C4Cimim][BF,], [C4miml][BF4l, [C4mim][NOs] and
[PrAm][NOs3] at 353 K. Reprinted from ref. 76 with permission. Copyright
2009 The Royal Society of Chemistry.

frequency range by intramolecular frequencies. Thus differences
can only be referred to weak intramolecular vibrations of the
different cations and/or specific cation-anion interactions.

In PILs, the proton transfer from the acid to the base leads
to the presence of proton-donor and proton-acceptor sites
resulting in hydrogen-bond networks. This is observed in the
FIR spectra. Again, the most interesting bands show up below
250 cm ™. The DFT calculated frequencies of the PIL clusters
suggest that the frequencies at about 224 cm™ " and 159 cm™*
can be assigned to the asymmetric and symmetric stretching
modes of the hydrogen bonds "N---H-O~ (v,(HBs) and
v5(HBs)). The vibrational bands at around 78 cm™' can be
attributed to corresponding bending modes of these hydrogen
bonds (J(HBs)). As for the intramolecular modes, the asym-
metric stretches exhibit higher intensities than the symmetric
stretches. The asymmetric and symmetric stretching modes as
well as the bending modes of the hydrogen bonds can be
related to those reported for liquid water and ice.

Overall it can be summarized that the low vibrational modes
of all ILs reflect cation-anion interactions. Again the shift to
higher wavenumbers for these bands can be related to increasing
DFT calculated binding energies. The correlation of intermole-
cular frequencies and calculated NBO delocalization energies is
even more plausible, suggesting that the increase in interaction
energy from (1) to (4) results from increasing hydrogen bonding
as supported by Weinhold’s NBO analysis.'*>*?° The NBO stabili-
zation energy is expected to be the dominant attractive contribu-
tion to H-bond formation. It is closely related to the cooperative
strengthening and shortening of H-bonds, because intermole-
cular charge delocalization enhances the Lewis base (donor)
strength of the anion and the Lewis acid (acceptor) strength of
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Fig. 15 B3LYP/6-31+G* calculated binding energies Epi, (circles) and
NBO delocalization energies AEf‘zlG* (squares) of ionic liquid clusters x
[1 = monomers (open symbols)], [2 = dimers (filled symbols)] for
[C4CimimI[BF4] (1), [C4smiml][BF4] (2), [Camim][NO3] (3) and [PrAm][NO3]
(4). The inlay shows the ratios between both energies (AE&G*/EM“)
indicating increasing contributions of hydrogen bonding for the given
order of ionic liquids. Reprinted from ref. 76 with permission. Copyright
2009 The Royal Society of Chemistry.

the cation. In Fig. 15 the AEY(IZ_),GX delocalization energies of ion-pair
monomers and dimers of ILs (1-4) are shown. The energies of the
dimeric ion pair are only slightly higher than those for the single ion
pair. The reason is the larger number of H-bonds in the dimer
rather than cooperative effects. The intermolecular stabilization
energies as well as the total binding energies per ion were plotted
versus the measured intermolecular frequencies. The obtained
relations suggest that the measured low-frequency vibrational bands
reliably describe the intermolecular forces. In Fig. 15 it is shown that
the intermolecular stabilization energies more strongly increase in
the order from (1) to (4) than the corresponding binding energies.

The ratios of AE&)G* and Ey;, increase in this sequence, suggesting
that the H-bond contribution to the total interaction energy
increases from 0.06 for [C,Cymim]|[BF,] (1), via 0.15 for [C,mim][BF,]
(2), 0.33 for [C;mim][NO;] (3) to 0.53 for PIL [PrAm][NO;] (4),
respectively. By choosing specific cation-anion combinations it is
obviously possible to tune the ratio from Coulomb forces to

hydrogen bonding by switching from APILs to PILs.

4.2 Detecting and quantifying H-bonds

For quantifying hydrogen bonding, we studied a well chosen set
of PILs. Room temperature PILs were measured in the liquid
state, PILs in the solid state were studied as pellets. Thus, some
of the chosen systems may be called protic molten salts because
they have melting points above 100 °C. However, all PILs
considered here include trialkylammonium cations as Brgnsted
base possessing only a single H-bond donor possibility via N-H.
We expected to observe a distinguished vibrational band that
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can be clearly assigned to N-H- - -anion hydrogen bonds."”” F
some methyl ammonium nitrates Raman and IR spectra in the
low frequency range have been measured some time ago.**%*°
Due to the lack of systematic variation of the number of
possible H-bond and unavailable DFT calculated frequencies,
the vibrational modes could be only roughly referred to “trans-
lational and librational motions of cations and anions”.

First, we measured the FIR spectra of tetramethylammonium
nitrate [(CH3),N][NO;] and trimethylammonium nitrate [(CH;);NH]-
[NO;] as shown in Fig. 16a. For [(CH;),N][NOs] a broad vibrational
band is observed which is generally attributed to librational
contributions of interacting ions. Intramolecular vibrational
motions of the ammonium cation or nitrate anion are not
observed in this frequency range. The spectrum of
[(CH;3);NH][NO;] shows a similar band at around 100 cm *,
but also a distinct vibrational band at around 170 cm .
Because no intra molecular modes can be referred to the ions,
this vibrational band is associated with anion-cation inter-
action and can be only assigned to the "N-H- - -NO;~ hydrogen
bond. This interpretation is supported by DFT calculated
frequencies of clusters ([(CH3);NH][NOs]), with n = 2, 4, 6, 8,
10. For comparison with the measured spectrum, the calculated
FIR spectra were also simulated by applying a width at half
maximum of 10 cm " for the Lorentzian functions for each
vibrational mode (see Fig. 16b). Although the frequencies are
calculated in the harmonic approximation and no correction is
applied, the calculated spectra represent the measured spectra.
The vibrational band observed at around 170 ecm™ ' is also
found in the calculated spectra for each cluster. There is no
additional frequency shift of this band with increasing cluster
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Fig. 16 (a) FIR spectra of trimethylammonium nitrate [(CH3z)3sNHI[NO3]

(top) and tetramethylammonium nitrate [(CH3)4N][NOs] (bottom) in the
pellet state. The additional vibrational band at 170 cm™ in the spectrum
can be assigned to "N—H---NO3z ™~ intermolecular interaction (indicated by
the arrow) and is consequently missing in the spectrum for [(CHz)sN][NOx].
(b) Calculated FIR spectra of clusters of ion-pairs for ([(CHz)sNHIINO3]),
withn = 2, 4, 6, 8, 10. The calculated spectra were also simulated by using
a width at half maximum of 10 cm™* for each vibrational mode. No cluster
size dependence beyond the ion-pair tetramer is observed. The calculated
spectra perfectly reproduce the measured spectrum (top), in particular the
H-bond vibrational mode. Reprinted from ref. 127 with permission. Copy-
right 2012 Wiley VCH.
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size beyond the tetramer. Caused by the matrix effect in the
pellets, vibrational bands are better separated in the calculated
than in the measured spectra. At that time we can realize
that the distinct vibrational band at around 170 em ' is
well isolated and that it can be clearly attributed to the
"N-H---NO;~ hydrogen bond.

We then tried to quantify this interaction strength. Steiner
pointed out in his review that hydrogen bonds possessing mainly
ionic as well as little covalent nature are not classified as “strong”
despite high dissociation energies.’*® Instead, these interactions
should be termed ionic with a moderate hydrogen bond formed
on top. We show here that this “on top” H-bond energy can be
calculated. For clusters of ([(CH;)4][NOs]),, and ([(CH;);NH][NOs]),,
up to n = 6 the binding energies per ion pair were calculated and
corrected for the basis set superposition error. Similar to the
calculated FIR spectra the binding energies do not change for
clusters beyond trimers (Fig. 16b). Mostly three types of energies
contribute to the overall interaction: Coulomb forces, hydrogen
bonding and dispersion forces. In principle, Coulomb and disper-
sion forces should be similar for both PILs. However, the addi-
tional methyl group in [(CH;),N][NO;] leads to slightly larger
dispersion forces compared to [(CH3);NH]|[NO;]. For confirmation
we applied Grimme’s DFT-D3 method and calculated the non-
covalent interactions.® The dispersion forces per ion-pair for both
PILs only differ by about 2 kJ mol~*. Obviously the difference in
energy can be mainly referred to the presence of hydrogen bonding
in [(CH3);NH][NOs]. The energy difference of both PIL clusters now
provides a reliable measure of the H-bond strength which is
estimated to be 49.4 kJ mol™" (see the inset of Fig. 17). If the
dispersion correction is taken into account, the H-bond energy
only slightly decreased to 47.3 k] mol *. These H-bonds are usually
classified to be located between moderate and strong."*°
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Fig. 17 DFT calculated cluster energies per ion-pair for ([(CHz)4N]INOs]),
(filled circles) and ([(CH3z)3sNHI[NOs]),, (open squares) with n = 1-6. The
energy differences between clusters of similar size of these protic ionic
liquids are shown in the inlay and represent the H-bond strength of the
*N-H---NOs~ interaction in [(CH3)sNH][NOs]. The H-bond energy is
quantified to be 49.4 kJ mol™*. The slightly higher dispersion energies in
clusters ([(CH3)4NI[NO3]),, due to the additional methyl group of the cation
reduce the H-bond energy by only about 2 kJ mol™*. Reprinted from
ref. 127 with permission. Copyright 2012 Wiley VCH.
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We additionally considered several anions and alkyl group
substitution at the cation."”” Overall we could conclude that
the interaction between the trialkyl ammonium cation and
the respective anion is local and directional in nature. The
observed frequency shifts can be related to different interaction
strengths caused by changing anions or inductive effects resulting
from alkyl group substitution at the cation. For all PILs taken into
account the H-bond vibrational modes were found in the range of
140-180 cm™". This is close to the observed vibrational band of
the water H-bond network stemming from O-H:--O inter-
action.”®""** It seems thus surprising that the H-bonds in PILs
(47 kJ mol™") are about two times stronger than those in water
(22 kJ mol™"). However, the intermolecular interaction in water
strongly depends on the reduced mass as a result of its low
molecular weight. We calculated the force constants and the
corresponding reduced masses of the low vibrational frequencies
of a water dimer and compared them to those of the PIL ion-pair
[(CH;3);NH][NO;]. The ratios [(CH3);NH][NO;])/H,O for the force
constants (2.16) and the reduced masses (2.12) are similar.
Obviously, the significantly lower reduced mass of water compen-
sates for its small force constants leading to intermolecular
vibrational modes for water and PILs in the same frequency range.

4.3 Pure interaction, corrected for reduced mass effects

The interaction between cations and anions in ILs can be
controlled by increasing the molecular volume of the ions.
Simultaneously the reduced mass increases and the frequency
shift to lower wavenumbers results from both parameters. In
this context, further work was needed to derive the pure
intermolecular interaction energy corrected for reduced mass
effects from low frequency vibrational bands.

We could show that combining synthesis of a well chosen
set of ILs, systematic far infrared measurements as well as DFT
calculated frequencies, reduced masses and force constants of
IL clusters allows the complete analysis of the FIR spectral
region. In particular we could demonstrate that frequency
shifts describing the intermolecular interactions between
anions and cations in ILs can be dissected into reduced mass
and pure interaction effects.

Cations and anions in well chosen APILs and PILs have
specific features and functions to overcome the typical difficul-
ties in analyzing the FIR spectra and assigning the interaction
contributions. Six PILs have been synthesized, one APIL has
been purchased and already measured in earlier studies.**>%"*>
The full set of ILs included triethylammonium methylsulfonate
[(C,H5);NH][CH;3S05] (Ia), triethylammonium trifluoromethyl-
sulfonate [(C,H;);NH][CF;SO;] (Ia), triethylammonium bis-
(trifluoromethylsulfonyl)imide [(C,H;);NH][NTf,] (Illa) and
1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide
[Comim][NTf,] (IV). The PILs Ib-IIb have also been synthesized
including deuterated ethyl groups in the triethyl ammonium
cations resulting in [(C,D5);NH][CH;SO;3] (Ib), [(C,Ds);NH]-
[CF3S05] (1Ib) and [(C,Ds5);NH][NTT,] (IIIb), respectively.

The PILs included the same triethylammonium cation
throughout. Therefore changes in the interaction strength can
result only from varying anions. Three mobile ethyl groups in
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the ammonium cations result in room temperature PILs as
well. Highly flexible ethyl groups lead to a larger variety of states
and are entropically favored. Another important feature of this
cation is the single proton donor function N-H. The only
possible directional interaction "N-H- - -A~ yields isolated vibra-
tional bands in the FIR spectra which can be clearly attributed
to the H-bond enhanced anion-cation interaction."*” The
chosen anions show decreasing interaction strength in the
order [NTf,”] < [CF3S0;7] < [CH3S0;" ] due to fluorination
of the methyl groups. The problem here is that the decreasing
interaction strength is accompanied by increasing reduced
mass of the anions. Consequently both properties result in
shifts to lower vibrational frequencies and thus do not allow the
discrimination between reduced mass and force constants
effects. To overcome this problem we deuterated the three
ethyl groups in the ammonium cations for the PILs Ia-Illa.
Without changing the anion—-cation interaction strength we are
now able to measure the frequency shifts stemming from the
reduced masses only.

The measured FIR spectra cover the frequency range from 20
to 220 cm ™! (see Fig. 18). The frequencies above 180 cm ™' can
be clearly assigned to intramolecular vibrational modes mainly
of the anion as described earlier."*”"*® In ILs II and I includ-
ing CF;S0;~ and NTf, ™ the vibrational modes above 200 cm ™"
result from wagging modes of the O—S=—O0 groups within the
anions.

In the low frequency range only contributions from inter-
molecular interaction can be observed. The intramolecular

— [(C,Hy);NHIICH,SO,] (Ia)

— [(C,Dy),NHI[CH,SO,] (Ib)

— [(C,H,);NHI[CF,SO,] (lla)
) - [(C,D,);NHI[CF,SO,] (IIb)
~ [(C,Hy),NHIINT,] (llla)
B [(C,Dg),NH][NTT,] (Illb)
. . ~ [C,mim][NT£,] (IV)
0 100 200
J/cm”

Fig. 18 Far  infrared spectra of  [(CaHs)3sNH]ICH3SO4] (1a),

[(CoHs)sNHIICF3SO4] (Hla), [(CoHs)sNHIINTS,] (Hla), and [Comim][NTf,] (V)
and the corresponding protic ionic liquids for the fully deuterated ethyl
groups of the ammonium cation (lb=Illb). The vibrational band at
149 cm™! for la can be assigned to the "N—H- - -CH3SOs~ intermolecular
interaction. This interaction strength is decreasing with the series of la—Illa
as indicated by the straight line. For the deuterated PILs the reduced mass
effect is shown by the dotted line. Reprinted from ref. 135 with permission.
Copyright 2013 Wiley VCH.
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bending and rotational contributions of the cation ethyl groups
are relatively weak compared to the distinct local interactions
“N-H---A~. Two main features characterize the low frequency
spectra of the ILs. A broad and unspecific vibrational mode at
about 80 cm ™ is attributed to librational modes overlapped by
bending modes of H-bonds. This interpretation is supported by
calculated frequencies of IL clusters. The most important
vibrational mode is observed at 149.4 cm™ " for Ia and shifts
down to 105.2 cm ™" for IIa. The corresponding mode of APIL
IV is detected at 83.2 cm ™!, wherein this contribution cannot be
separated from the librational modes. Some time ago this
interpretation raised the controversy whether the contribution
at 83 cm™ ' in APILs such as [C,mim][NTf,] can be assigned to
anion-cation interaction and H-bonding at all.>® In this work
we could clearly address and answer this question. By increas-
ing the anion—-cation interaction due to enhanced H-bonding
this vibrational mode continuously moves to higher frequen-
cies as displayed by the straightline in Fig. 18. However, not the
entire frequency shift from 149.4 cm ™" to 83.2 cm ™ for Ia to IV
can be explained by decreasing interaction strength between
anions and cations. Following the simple equation of the
harmonic oscillator 7 = (1/2mc)(k/u)"* frequency shifts can
result from both different reduced masses and different force
constants indicating the interaction strength between anions
and cations.

For frequencies fully determined by increasing reduced
masses, a frequency shift from 149.4 ecm ™" for Ia to 117.6 cm ™"
for IV with A7 = 31.8 cm ™' is expected. Instead a larger frequency
shift A7 = 66.2 cm™" is observed. Consequently the additional
frequency shift of about A7 = 34.4 ecm ' can be exclusively
attributed to decreasing force constants due to decreasing inter-
action strength. Now the deuterated PILs Ib-IIIb come into play.
The measured frequencies for the deuterated PILs are about
6-12 cm ™" lower than those of the protonated species in accord
with the calculated frequency shifts. The trend of the frequency
shifts for the deuterated PILs is shown by the dotted red line
which is nearly parallel to that of the protonated species. The
slope of the red dashed line is somewhat steeper than that of the
solid line, because the additional mass becomes less significant
for the heavier, deuterated PILs. The frequency shifts given by the
straight, solid line include both increasing reduced masses and
decreasing force constants (ILs Ia, Ia, Illa and IV). The shift of
the dotted line for the deuterated PILs (Ib, IIb and IIIb) versus the
straightline for the protonated species displays the effect of the
reduced masses only. Overall, the measurements show that
frequency shifts result to the same extent from changing force
constants and reduced masses.

We find perfect linear behaviour between the measured
frequencies and the calculated binding energies per ion of
the IL tetramers (see Fig. 19).*>°>'*° The resulting linear
dependency still includes reduced mass effects (filled symbols),
but the expected frequency shifts due to increasing reduced
masses only are given by the steeper slope (open symbols). The
area between both lines presents the frequency shifts stemming
from changing interaction strength only. The data analysis
results in a total frequency shift of A7 = 67.8 cm™ ' between
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Fig. 19 Density functional calculated energies per ion of tetramers for ILs
la—IV plotted versus the corresponding vibrational modes of the inter-
molecular interaction *N-H---anion (filled symbol). The open symbol
indicates the frequencies which are expected if only the reduced mass
contributes to the frequency shift. PIL la (149.4 cm™) is chosen as a
reference system. The shaded area gives the frequency shifts due to
increasing force constants indicating the interaction strength between
anion and cation. The bar for la indicates the accuracy of the calculated
binding energies per ion by taking different conformers into account for la.
Reprinted from ref. 135 with permission. Copyright 2013 Wiley VCH.

PIL Ia and IV where A7 = 33.1 cm ™" and AJ = 34.7 cm™ ' can be
related to decreasing force constants and increasing reduced
masses, respectively. Obviously, changing force constants and
reduced masses contribute in an equal way to the measured
frequency shift.

Finally we could relate the frequency shifts to changing
interaction strength between anions and cations in the ILs. A
redshift of about 1 ecm™* for the vibrational band corresponds
to lower interaction energy between cations and anions of
about 1.69 + 0.06 k] mol . Although this relation was derived
mainly from a set of PILs, it should also hold for APILs.

4.4 Frequency shifts due to increasing temperature and phase
transition and their relation to changing interaction energies

In the foregoing study we presented a reliable estimate for
changing interaction strength between anions and cations in
APILs and PILs. Frequency shifts in FIR spectra could be referred
to stronger or weaker interactions in these Coulomb fluids. This
relation opens a new path for studying the variation of inter-
action strength due to the changing temperature or the physical
environment."*' Frequency shifts observed for the solid-liquid
phase transition could give some estimate of enthalpies of
melting. Another possibility is to analyze changing interaction
energies of ILs in solution by using solvents of different polarity.
In Fig. 20 FIR spectra of PIL triethylammonium methylsulfonate
[(C,Hs5);NH][CH3S05] (TEAMS) are shown as a function of
temperature. The maxima of the vibrational bands between
147 and 158 cm ™' can be assigned to the "N-H---CH3SO;~
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Fig. 20 FIR spectra of triethylammonium methylsulfonate [(C,Hs)sNH]-
[CH3SO4] as a function of temperature. The maxima of the vibrational bands
between 147 and 158 cm™ can be assigned to the *N-H...CH3SO3~
intermolecular interaction. This interaction strength is decreasing with
increasing temperature and with the solid to liquid phase transition as
indicated by the arrows. Reprinted from ref. 136 with permission. Copyright
2013 Elsevier.

intermolecular interaction. With increasing temperature from
273 to 303 K for the solid phase and from 313 to 353 K for the
liquid phase, both vibrational bands are shifted by about 2 cm™"
to lower frequencies. Following the above given relationship
between the wavenumber and energy such a shift indicates
weaker interaction in the order of 3.4 k] mol . The solid to
liquid phase transition taking place between 303 and 313 K
results in a frequency shift of about 7 cm™" corresponding to a
change in the energy of about 12 k] mol'. Unfortunately, the
enthalpy of melting is not available for TEAMS. However, the
measured enthalpies of melting for similar ammonium contain-
ing ILs range between 6.4 k] mol ' for trimethyl-butyl-
ammonium bis(trifluoromethylsulfonyl)imide and 15.2 k] mol "
for dimethyl-propyl-butyl-ammonium bis(trifluoromethylsul-
fonyl)imide, respectively."*” These data for related compounds
are close to the predicted value for TEAMS obtained from FIR
spectroscopy.

4.5 TIon speciation

An important feature affecting the properties of ILs is ion pair
formation. Ion pairing in solution results from the subtle balance
between ion-solvent interaction and cation-anion interaction.'** %>
This in particular holds for ILs where a mélange of Coulomb forces,
hydrogen bonds and dispersion forces between cations and anions
results in characteristic macroscopic properties of these Coulomb
fluids."**™"** For sufficiently strong anion-cation interaction contact

21920 | Phys. Chem. Chem. Phys., 2014, 16, 21903-21929

View Article Online

PCCP

ion pairs (CIPs) are the dominant structures. If the ion-solvent
interaction dominates, solvent shared and solvent-separated ion
pairs (SIPs) prevail."*®

For PILs including trialkylammonium as the cation, ‘quasi’
CIPs can already exist in the neat Coulomb fluid. Additional to
Coulomb interaction a strong and directional hydrogen bond
between the NH of the cation and the oxygen of the anion
results in strongly bound CIPs for the pure PIL."*” First, we
show qualitatively that FIR spectroscopy in combination with
DFT methods allows us to study ion speciation of PILs in
aqueous solutions. With this combined approach we expected
to observe the transfer from CIPs to SIPs in aqueous solutions
of triethylammonium methylsulfonate (TEAMS). The water
concentrations were 50, 70, 80 and 90 mol%. The background
spectra of both the PIL and water were measured for eliminat-
ing the contributions of the pure ionic and the pure molecular
liquids, respectively. As discussed before for TEAMS, the vibra-
tional band at 150 cm™ " in the FIR spectrum can be referred to
the cation-anion interaction along the *N-H---O~ bond.'*”*4¢
The well known feature of the low frequency water spectrum is
the broad vibrational band at around 200 cm ' which is
assigned to the intermolecular interaction within the extended
hydrogen bonding network of water.*®™'"** In Fig. 21 the
difference spectra of the TEAMS-water mixtures measured
against the pure TEAMS and the pure water samples are shown.

50 mol%
70 mol%
I/a.u.
80 mol%
— vsH,0
90 mol%
— vs TEAMS
1 1 1
100 200
~ -1
v/cm
Fig. 21 Far infrared difference spectra of the mixtures of

[(CoHs)sNHI[CH3SO3] (TEAMS) with water. The spectra were obtained by
subtracting the pure water (red line) and the pure TEAMS (blue line)
contributions as background. The vibrational band at about 150 cm™ in
both difference spectra could be assigned to remaining or missing
contributions from *N-H-..CH3SOz~ intermolecular interaction. With
increasing water concentration this vibrational mode disappears and a
new maximum occurs at about 180 cm™' above 80 mol% of water
(indicated by the grey bar). Reprinted from ref. 146 with permission.
Copyright 2013 Wiley VCH.
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The clue of these measurements is discussed for the difference
spectra of the 50 mol% PIL-water mixture. If the pure water
spectrum is subtracted from the mixture spectrum, positive
contributions can stem from vibrational modes of the remain-
ing internal TEAMS or arising TEAMS-water interactions.
Negative intensities can be referred to missing pure water
contributions. Contrarily, if the pure TEAMS spectrum is sub-
tracted from the mixture spectrum, positive contributions
result from water-water or TEAMS-water interactions, whereas
negative intensities can be assigned to decreasing TEAMS
concentration.

So far we have reported that both difference spectra of the
50 mol% mixture show the vibrational mode at 150 em™"
supporting that CIPs are fully present. The TEAMS-water
vibrational modes can be found in the same frequency range
as those of water. By constantly increasing the water concen-
tration from 50 to 90 mol%, the difference spectra change
typically. The characteristic vibrational mode at 150 cm™*
describing the cation-anion interaction of the CIPs strongly
loses intensities and finally cannot be observed as distinct
bands anymore. However, an additional vibrational band
occurs at around 180 cm™'. In the other difference spectra
the negative bands of the TEAMS are better structured. It can be
concluded that CIPs are strongly reduced in the mixtures with
increasing water concentration. At the same time the TEAMS-
water contributions increase in intensity. The cross-over point
for the difference spectra is observed at the same frequency at
about 180 cm ™. Notably its intensity increases with increasing
water concentration. However, these contributions cannot stem
from anion-water interactions which are observed at 200 cm™".
Furthermore, at these concentrations all proton acceptor sites of
the anion are saturated. We claim that due to the transfer from
CIPs to SIPs in particular above 80 mol% water, cation-water
interaction via N-H- - -O (water) occurs and changes the differ-
ence spectra. Our interpretation of the measured difference
spectra is assisted by DFT calculations of an isolated contact
ion pair and hydrated CIPs and SIPs of TEAMS (see Fig. 22).

The calculated binding energies of all CIP and SIP config-
urations are shown in Fig. 23. For the configuration with four
and more water molecules SIPs are better in energy than CIPs.
The reason is that SIP configurations provide increased
potential for H-bond formation. The OH proton donors of
water can be integrated in H-bonded structural motifs. The
enthalpic preference of SIPs between 20 and 30 kJ mol~ " holds
for all configurations including four or more water molecules.

Here we measured the FIR difference spectra of PIL-water
mixtures for studying ion speciation. Vibrational bands repre-
senting the cation-anion interaction can be distinguished from
those stemming from anion-water or cation-water interac-
tions. Changing difference spectra can be attributed to the
transfer from CIPs to SIPs with increasing water concentration.
Minimum four water molecules are needed to activate this
process. The SIPs are enthalpically favored over the CIPs
due to increasing H-bond possibilities and cooperative effects.
This interpretation is supported by calculated structures, ener-
gies and frequencies of hydrated PIL ion pairs. The transfer
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Fig. 22 Density functional calculated clusters of [(C,Hs)sNHI[CH3SOs]
(TEAMS) ion pairs and different numbers of water molecules representing
50, 66, 75, 80 and 83 mol% water concentration. Starting with the
configurations including four water molecules (4 W) the solvent-
separated ion pairs (SIP) are enthalpically favoured over the contact ion
pairs (CIP). The intermolecular interaction between cation and anion (*N-
H- - -anion, blue dotted line) is replaced by the intermolecular interaction
between the cation and water (*N-H- - -water, red dotted line). In these SIP
configurations (e.g. SIP + 5 W) one additional H-bond can be formed due
to the coordination ability of the water molecules. Reprinted from ref. 146
with permission. Copyright 2013 Wiley VCH.
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Fig. 23 Total binding energies for clusters of [(CyHs5)sNHI[CH3SO3]
(TEAMS) ion pairs and different numbers of water molecules representing
water concentrations between 50 and 90 mol%. It is shown that the
solvent-separated ion pairs (SIP) are energetically favored over the contact
jion pair (CIP) configurations including four or more water molecules (filled
symbols). The energies are lower by about 20-30 kJ mol™* due to the
formation of one additional H-bond in the SIP (see inlay). Reprinted from
ref. 146 with permission. Copyright 2013 Wiley VCH.

from contact to solvent separated configurations strongly
depends on the interaction power of the PILs anion. If the
anion CH3SO;  is substituted by CF;SO;  the cation-anion
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interaction is reduced and the transfer process may begin at
lower water concentration.

4.6 Network formation

For the PILs in the foregoing studies only linear hydrogen
bonds but no two- or threedimensional H-bond networks could
be formed. This situation is different for mono- or dialkyl
ammonium cations providing two or three proton donor func-
tions. The resulting network structures for PILs may be com-
parable to those of water.>® We checked that by measuring the
FIR spectra of the neat PILs ethylammonium nitrate (EAN),
propylammonium nitrate (PAN), and dimethylammonium
nitrate (DMAN) in the range between 30 and 600 cm™" (see
Fig. 24). The spectra show some common features but also
significant differences. Because the anion (NO; ) is the same
for all PILs under consideration, the differences can only stem
from weak intramolecular vibrations of the various cations
and/or from specific cation-anion interactions.

The calculated frequencies of the PIL clusters suggest that the
bands between 199 and 224 cm ' as well as between 134 and
159 cm™ ' can be attributed to the asymmetric and symmetric
stretching modes of the hydrogen bonds NH---O (v,5(HBs) and
v(HBs)). The vibrational bands between 60 and 78 cm " can be
attributed to corresponding bending modes of these hydrogen
bonds (6(HBs)) (see Fig. 25). Similar to the intramolecular case the
asymmetric stretches show higher intensities than the symmetric
stretches. The frequency difference for the asymmetric and sym-
metric stretches for all alkyl ammonium nitrates is observed to be
65 cm ', suggesting comparable interaction strengths between
cations and anions for all PILs. Both stretching modes as well as
the corresponding bending mode of the hydrogen bonds can be
compared to those measured for liquid water and ice.

The characteristic vibrational bands of liquid water in the
low-frequency range up to 250 em™ " are well known. Cluster

rel

1 J
400 600

1
200
-1

wavenumber / cm

Fig. 24 FIR spectra of ethylammonium nitrate (EAN), propylammonium
nitrate (PAN), and dimethylammonium nitrate (DMAN) measured at 353 K.
Reprinted from ref. 51 with permission. Copyright 2009 Wiley VCH.
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Fig. 25 Measured FIR spectra of ethylammonium nitrate (EAN) (a), pro-
pylammonium nitrate (PAN) (b), and dimethylammonium nitrate (DMAN)
(c), deconvoluted into distinct vibrational bands, which can all be assigned
with the help of the frequencies calculated by DFT. For DMAN, the detailed
assignment to intramolecular bending modes and intermolecular stretch-
ing and bending modes is shown. Reprinted from ref. 51 with permission.
Copyright 2009 Wiley VCH.

calculations support that stretching modes of the OH- - -O hydro-
gen bonding stretching modes occur at 200 cm™".**" In ice I, at
263 K, a major sharp band is observed at 215 cm™* and a minor
sharp band is found at 155 ecm™"."**> Bending vibrational modes
of the hydrogen bonds are out-of-alignment translations relative
to the hydrogen bonds between 40-60 cm™ .'** Recently,
Brubach et al."** matched the structure of the connectivity band
of water to a sum of four Gaussians. For all temperatures
they obtained constant bands positioned at 88, 130, 195, and
251 ecm~'. The intensities of the hydrogen bond stretches
increased with decreasing temperature.

Overall, the vibrational bands of ice and liquid water in the
FIR spectra can be referred to the herein measured bands at
199-224, 134-159, and 60-78 cm™' in the PILs. This analogy
indicates comparable strength of hydrogen bonding and
related network structures. Obviously both water and the alkyl
ammonium nitrates can form three-dimensional H-bond
networks of similar strength (see Fig. 26).

In this work we presented FIR spectra of PILs EAN, PAN and
DMAN. Supported by DFT calculations, the deconvoluted vibra-
tional bands could be assigned to intermolecular bending and
stretching modes of the hydrogen bonds ‘NH---O~. The char-
acteristic features of the low-frequency spectra of PILs resemble
those of water because both liquids form three-dimensional
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EAN

Fig. 26 Network structures of ethylammonium nitrate (EAN) and water
obtained from DFT calculations on larger clusters. For EAN the connections
between the nitrogen atoms of the cation and anion are shown, whereas for
water the oxygen—oxygen distances are displayed. Both liquids have three-
dimensional networks, but a tetrahedral network is only present for water.
Reprinted from ref. 51 with permission. Copyright 2009 Wiley VCH.

network structures. However, only water exhibits a tetrahedral
H-bond network. Such a network is impossible for EAN because
of different donor-acceptor abilities of the ions."*”*°

5. Influence of H-bonding on APIL and
PIL properties

As discussed in Chapter 3.4 several strategies have been proposed
to fluidize ILs. The most promising strategy is the use of weakly
polar anions which reduce the interaction energy between cations
and anions with the result that melting points and viscosities
decrease.”* Another opportunity is the increase of asymmetry for
the imidazolium cation by adding different substituents at the
N(1) and N(3) positions. Substituting the methyl group by an
ethyl group at the C(1) position in [C;mim][NTf,] leads to lower
melting points,'®'*>™** lower viscosities'®***>'*® and a small
reduction of the enthalpies of vaporization”* for [C,mim][NT£,].
We reported a third possibility for tuning IL properties. We could
show that strong, directional and localized hydrogen bonds
(H-bonds) fluidize imidazolium-based ILs (see also Chapter
3.4).°%% Thus deleting the interaction via C(2)-H due to substitu-
tion of the hydrogen atom by a methyl group increases melting
points and viscosities significantly.

Similar arguments concerning the preformation of ion-pairs
were thoroughly discussed by Tokuda et al.™>>"*” and Widegren
et al.">® Meanwhile there is more experimental evidence that
H-bonds increase the asymmetry in the well-organized Coulomb
fluids leading to more fluid ILs. In Fig. 27 measured melting
points, viscosities and enthalpies of vaporization are shown for
imidazolium-based ILs with [C(2)-H] and without [C(2)-CHj;]
H-bonds at the C(2)-H position. If the methyl group at the C(2)
position is replaced by a hydrogen atom allowing the formation
of H-bonds between cations and anions, the melting points and
the viscosities are lowered throughout, independent of the
chosen anion. It is expected that the addition of a methyl group
increases the molecular volume resulting in higher melting
points and viscosities.'> However, these effects do account only
partially for the significant property changes.
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Fig. 27 Melting points, viscosities and enthalpies of vaporization for
imidazolium-based ionic liquids showing the differences between proto-
nated and methylated C(2) positions in the imidazolium cation: (a) melting
points of Comim* (squares) and C,C;mim™ (circles) containing several
anions, (b) viscosities of Comim* (squares) and C,C;mim™ (circles) with
anions NTf,~ and OTf~, (diamonds) viscosities for C,mim* cations which
are methylated at the C(5) position, (c) enthalpies of vaporization of
C4mim* (squares) and C3Cimim™ (circles) with anions NTf,~ and OTf".
Reprinted from ref. 79 with permission. Copyright 2009 Wiley VCH.

Bonhote et al.'®® could show that methylation at the C(2)-H
position in [C,mim][NTf,] increases the viscosity substantially
from 34 MPa s to 88 MPa s, whereas it is only less affected
(n = 37 MPa s) for methylation at the C(5)-H position. This
behaviour was also found for melting points.'®® Even stronger
evidence stems from recent isothermographic determination
of vaporization of 1-alkyl-3-methyl-imidazolium ILs. Luo et al.
reported that in the case of the [C;C;mim][NTf,] cation bearing a
methyl group at the C(2) position, distinctly higher enthalpies of
vaporization relative to that expected for this side chain length are
observed."®® This is surprising based on the fact that the mole-
cular volume V;, is nearly identical for [C3C;mim] and [C;mim]
cations having the same anion. The authors interpreted this result
by considering the fact that the C(2) proton of [C;mim] can engage
in strong hydrogen bonding with the anion of the IL, supporting
the formation of stronger bound ion pairs. In contrast, if this
hydrogen bond is removed, A,,,H increases as shown in Fig. 27.
These experimental results are in complete agreement with our
findings that directional and localized H-bonds liquefy ILs.** >

5.1 Enthalpies of vaporization

Here we show that measuring the strength of anion-cation
interaction by FIR spectroscopy opens a new path for estima-
ting enthalpies of vaporization of ILs. Instead of relating
transport and thermodynamic properties it is more reliable to
focus on properties which describe the cohesive energies of ILs
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Fig. 28 Far infrared spectra of ionic liquids including the same 1-ethyl-3-
methylimidazolium cation (Comim) but various anions bis(trifluoromethyl-
sulfonyl)imide (NTf, "), ethylsulfate (EtSO,4 ), dicyanamide (N(CN),"), tricya-
nomethide (C(CN)s™), tetracyanoborate (B(CN)4 ), butylsulfate (BuSO4),
nitrate (NO3"), tetrafluoroborate (BF, ), tris(pentafluoroethyl) trifluoropho-
sphate (PF3(CxFs)s~, FAP), trifluoromethanesulfonate (CF3SOs~, OTf), and
thiocyanate (SCN7), respectively. Reprinted from ref. 53 with permission.
Copyright 2009 Wiley VCH.

and may quantify the energetics involved in the vaporization
process.”>'®" We measured FIR spectra of 11 ILs including
the same 1-ethyl-3-methyl-imidazolium cation (C,mim") and various
anions bis(trifluoromethylsulfonyl)imide (NTf,”), ethylsulfate
(EtSO, ), dicyanamide (N(CN), ), tricyanomethide (C(CN); "), tetra-
cyanoborate (B(CN), ), butylsulfate (BuSO, ), nitrate (NO;z "), tetra-
fluoroborate  (BF, ), tris(pentafluoroethyl)trifluorophosphate
(PF5(CyFs);~ or FAP), trifluoromethylsulfonate (CF;SO;~ or OTf ),
and thiocyanate (SCN™). All spectra are shown in Fig. 28.

The observed maxima in the measured FIR spectra mainly
coincide with those obtained from the deconvolution procedure
into Voigt functions. The most accepted values of the enthalpies
of vaporization of some imidazolium-based ILs are then plotted
versus wavenumbers of the vibrational bands obtained from the
deconvolution procedure (Fig. 29). We obtained a linear relation-
ship between enthalpies of vaporization and the intermolecular
vibrational frequencies. Lower enthalpies of vaporization corres-
pond to lower wavenumbers and higher A,,,H values can be
assigned to higher frequencies. By fitting the experimental data
we obtained a linear equation [eqn (2)]:

AvapH =751 kK mol ' +0.75 kf mol ' em ™' x 7 (2)

represented by the dotted line in Fig. 29. Obviously, the low
vibrational frequencies reflect the cohesion energies between
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Fig. 29 Measured maxima of the low frequency vibrational bands from far
infrared spectra plotted versus enthalpies of vaporization taken from
literature. A linear relation could be achieved. Deviations are smaller than
those assumed for the experimental A, ,H values. Reprinted from ref. 53
with permission. Copyright 2010 Wiley VCH.

anions and cations which have to be overcome for vaporization.
It can be concluded that good estimates for the enthalpies of
vaporization of imidazolium-based ILs can be derived from FIR
spectroscopy. A linear relationship is found for A,,,H and the
low frequency vibrational bands reflect the interaction strength
between anions and cations. Such a relationship opens a new
path for predicting enthalpies of vaporization using common
spectroscopic equipment. Thermodynamic properties such
as enthalpies of vaporization are complex and difficult to
measure. Those can now be estimated with reliable accuracy
from straightforward FIR measurements of ILs.

5.2 Melting points

We could show in the two foregoing chapters that ILs are salts
with surprisingly low melting temperatures which is of impor-
tance for any application."®® The working temperature range of
ILs is set by the melting and boiling or decomposition tem-
perature. In particular the melting points (Ty,) vary substan-
tially for reasons presently not fully understood."'”*>* We can
show here that the melting points of imidazolium-based ILs are
decreased by about 100 K if an extended ionic and hydrogen
bond network is disrupted by localized interactions, which
might be hydrogen bonds as well.

To exclude any effects from varying anions, we have chosen a set
of 8 ILs, all with the same bis(trifluoromethylsulfonyl)imide anion.
Only the cation is different: imidazolium (I), 1-methyl-imidazolium
(1), 1,3-dimethyl-imidazolium (HI), 1,2-dimethyl-imidazolium (IV),
2,4,5-trimethyl-imidazolium (V), 1,2,3-trimethyl-imidazolium (VI),
1,2,4,5-tetramethyl-imidazolium (VII), and 1,2,3,4,5-pentamethyl-
imidazolium (VII) (see Fig. 30).

All melting points for ILs I-VIII are now plotted versus ab initio
computed volumes (A~ + C") of anions and cations (Fig. 31). It was
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Fig. 30 Structures of imidazolium-based cations of imidazolium (1), 1-methyl-
imidazolium (1), 1,3-dimethyl-imidazolium (lll), 1,2-dimethyl-imidazolium (IV),
2,4,5-trimethyl-imidazolium  (V), 1,.2,3-trimethyl-imidazolium (VI), 124,5-
tetramethyl-imidazolium (VIl), and 1,2,3,4,5-pentamethyl-imidazolium (VIII).
The different positions of H-bond abilities are indicated by bold dots and
the remaining interaction sites as dotted lines. Reprinted from ref. 144 with
permission. Copyright 2011 Wiley VCH.
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Fig. 31 T,, versus volume (A~ + C¥) for the ionic liquids I1-VIII including
various imidazolium cations and the same bis(trifluoromethylsulfonyl)imide
anion (NTf,7). As indicated by the dotted lines, there is an increase in T,,, with
increasing volume for the ionic liquids with no specific interaction site
(circles), with one interaction site (squares) and with two interaction sites
(diamonds). Overall it is shown that the presence of single interaction sites at
the cation leads to significant decrease in T, as given for ILs lll, IV and VII,
respectively. The filled symbols indicate further T, value from the literature.
Reprinted from ref. 144 with permission. Copyright 2011 Wiley VCH.

shown by Krossing et al. and Markusson et al. that the calculated
volumes are in good agreement with those obtained from crystal
structure or density measurements.'*"'*® As shown in Fig. 31 no
linear trend for T}, versus volume can be observed. The highest
melting points are found for ILs I and VIIIL Both of these cations,
imidazolium and 1,2,3,4,5-penta-methyl-imidazolium do not exhi-
bit specific interaction sites. In principle this is not true for IL I

This journal is © the Owner Societies 2014
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which owns five interaction sites via C-H or N-H bonds as
indicated by the black dotted lines in Fig. 30. However, none of
these interaction sites is favored over others and therefore not
specific. In Fig. 31 it is shown by the dashed line that T},, increases
with increasing volume. However, T;, of IL VI can be found on that
line too. This is surprising because the 1,2,3-trimethylimidazolium
cation exhibits interaction sites for the anion via C(4)-H and
C(5)-H. However, it is known from recent studies that these
interactions are weak compared to those via C(2)-H which is
known to be strongly acidic.*>'°® The major decrease in Ty, of
nearly 100 K is found for the ILs III, IV and VII. These ILs all
provide single interaction sites via C(2)-H in II or via N-H in
IV and VII. The local and directional interaction via hydrogen
bonding results in preformation of ion-pairs characterized by
lower “lattice energies” compared to the energy of isolated ion-
pairs. Obviously, the preformation of ion-pairs increases the quasi-
molecular character of the pure ILs. Dupont suggested a similar
idea for adding solvent molecules and macromolecules to ILs."*
He argued that the degradation of the H-bond network results in
nanostructures with polar and non-polar regimes.'**'%>

Obviously, there is strong evidence that 7., can be lowered
significantly if single local and directional interactions such as
H-bonding are present. For the imidazolium-based ILs under
investigation these effects can add up to 100 K. Such a decrease
in the melting point significantly expands the working tem-
perature range of ILs. This phenomenon has been observed
already by Bonhote et al. some time ago. His group synthesized
ILs including imidazolium cations and perfluorinated hydro-
phobic anions.’®® They recognized significant H-bonding via
C(2)-H and hoped for lower melting points by replacing the
proton at the C(2) position by alkyl groups. The opposite
behavior was observed. Alkylation increased the melting points
and viscosities. However, Bonhote et al. put their focus on
synthesizing low melting and highly conductive ILs for solar
cell applications and did not consider this phenomenon in
detail. Here we could show that hydrogen bonding in ILs can
have opposite effects on properties compared to that expected
for H-bonded molecular liquids.

6. Conclusions and perspectives

Summarizing some of our results from FIR and THz spectro-
scopy combined with ab initio and DFT calculations on larger
clusters of aprotic and protic ionic liquids we can conclude the
following: FIR and THz are suitable methods for studying the
anion-cation interaction in ionic liquids. By varying anions and
cations in a systematic way it could be shown that increasing
interaction strength leads to frequency shifts to higher wave-
numbers due to increasing force constants indicating stronger
interaction between the ion species. Further on it is demon-
strated that although hydrogen bonding contributes only about
10% of the overall interaction energy in aprotic ionic liquids,
the local and directional nature of this type of interaction
significantly influences the unique properties of this liquid
material. For protic ionic liquids it could be shown that the
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vibrational band assigned to the anion-cation interaction can
be well separated from other low-frequency vibrational modes
due to librational and rattling motions. Stronger H-bonds
further shift the frequencies to higher wavenumbers and result
in distinguished vibrational bands which can be used for
studying the interaction strength as a function of temperature
and phase transition. By using isotopic substitution we could
dissect the frequency shifts into contributions stemming from
changing reduced masses and force constants. The resulting
relationships between frequencies and energies open a new path
for studying the variation of interaction strength due to the
changing temperature or physical environment. Overall also
access to thermophysical properties of ionic liquids such as heat
capacities and enthalpies of vaporization is provided. The linear
behavior between the FIR frequencies and enthalpies of vapori-
zation as introduced recently still holds, but it is not corrected for
reduced mass effects. Overall, the relation between FIR frequency
shifts and changing interaction strengths provides further
options. Frequency shifts observed for the solid-liquid phase
transition could give some estimate for enthalpies of melting.
Another possibility is to analyze changing interaction energies for
ionic liquids in solution by using solvents of different polarity. In
diluted ionic liquids it could be studied whether ion-pair or
cluster formation leads to stronger anion-cation interaction
compared to that in the neat liquid. Furthermore we could
demonstrate that FIR spectroscopy is an interesting method to
investigate ion speciation at least in protic ionic liquids. Spectral
features can be clearly assigned to contact and solvent separated
ion pairs. In principle, FIR spectroscopy in combination with DFT
calculations and/or MD simulations can be used for studying not
only ionic liquids but all H-bonded molecular liquids and their
mixtures with different polar solvents."®*™'”° Another perspective
is the study of dissolution and precipitation of molecules and
nanoparticles in ionic liquids. Our approach could be used for a
better understanding of the role of these ‘composite’ ionic liquids
as templates, stabilizers and immobilizing agents. Little is known
about how the properties of ionic liquids and ionic liquids
mixtures depend on the amount or chemical identity of additives
such as solvents, salts or nanoparticles. Some of these investiga-
tions are currently on the way in our laboratories.
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