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What quantum chemical simulations tell us about
the infrared spectra, structure and interionic
interactions of a bulk ionic liquid

Sergey A. Katsyuba*® and Elena E. Zvereva*@®

The recently developed efficient protocol to explicit quantum mechanical modeling of the structure and
IR spectra of liquids and solutions [Katsyuba et al.,, J. Phys. Chem. B, 2020, 124, 6664-6670] is applied
to ionic liquid 1-ethyl-3-methyl-imidazolium tetrafluoroborate [Emim][BF4], and its C2-deuterated
analog [Emim-d][BF,]. It is shown that the solvation strongly modifies the frequencies and IR intensities
of both cationic and anionic components of the ionic liquids. The main features of the bulk spectra are
reproduced by the simulations for cluster ([Emim][BF4l)s, representing an ion pair solvated by the first
solvation shell. The geometry of the cluster closely resembles the solid-state structure of the actual
ionic liquid and is characterized by short contacts of all CH moieties of the imidazolium ring with [BF4]~
anions. Both structural and spectroscopic analyses allow the contacts to be interpreted as hydrogen
bonds of approximately equal strength. The enthalpies of these liquid-state H-bonds, estimated with the
use of empirical correlations, amount to 1.2-1.5 kcal mol™, while the analogous estimates obtained for

the gas-phase charged species [Emim][BF4l,~ and [Emim],[BF4]" increase to 3.6-3.9 kcal mol™%.

1. Introduction

Ionic liquids (ILs), organic salts with low melting points, have
reached practically all areas of science and industry. Their
useful properties, and possibilities for their tuning on the basis
of near limitless available combinations of ionic components of
ILs, is the main reason for this wide spread.! At the same time,
the sheer number of possible variations of both cations and
anions constituting ILs requires structure-property relationships
for tailoring their properties. A thorough understanding of how
the properties of an IL arise from its structure is impossible
without knowledge of the supramolecular architecture of the IL
and the forces acting between its elements. Infrared (IR) spectro-
scopy is one of the most popular experimental methods used to
establish the abovementioned features.” To derive structural
information from IR spectra, input is required from quantum
chemical calculations at computational levels that match the
experimental resolution and accuracy. The latter condition is
achievable in most cases of gas-phase studies, but it is very
problematic for the condensed state.? In particular, IR spectra of
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bulk ILs differ dramatically from the spectra of their isolated
cationic and/or anionic components.*

Molecular dynamics (MD) simulations of both molecular’®
and ionic liquids,” allow the liquid-state IR spectra to be
obtained via Fourier transform of the velocity autocorrelation
function in the MD trajectory. However, the most rigorous ab
initio MD®” approach involves a huge amount of computer
resources while the accuracy of the theoretical spectra obtained
on the grounds of classical molecular mechanical treatment of the
liquid strongly depends on the quality of the applied empirical
force fields.® Recently, we presented an efficient approach to an
accurate, fully quantum-mechanical (QM) modeling of IR spectra
of condensed-phase systems.” An automated cluster generation
algorithm was applied to construct an ensemble of explicitly
solvated molecular clusters that were re-optimized at a reasonable
but efficient level of Density Functional Theory (DFT). The DFT
simulated IR spectrum of the system matches the corresponding
condensed-phase IR experiment better than the theoretical
spectrum of the isolated molecule compared to the gas-phase IR
spectrum. More details can be found in Section 2.

Our approach was successfully tested on hydrogen-bonded
molecular liquids, such as methanol® and ethanol,'® and
aqueous and methanolic solutions of methyl lactate.® It has
been suggested that vibrational modes and dipole moment
derivatives are mainly influenced by their immediate local
surroundings, and the inclusion of the first solvation shell is
sufficient to simulate liquid-phase IR spectra with similar
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accuracy as for individual molecules in a vacuum. In this work,
we apply this protocol to prototypic room-temperature IL
1-ethyl-3-methyl-imidazolium tetrafluoroborate [Emim][BF,],
where apart from hydrogen bonds (HBs), long-range Coulomb
interactions are present. The purpose of our study is two-fold:
(i) to improve our understanding of the factors influencing the
IR spectra of condensed-phase systems in general, and (ii) to
gain new knowledge about how these factors are reflected in
the IR spectra of ILs, to search for spectroscopic markers of
various structural subunits in the bulk IL, and to assess the
strength of HBs functioning therein.

2. Computations

The IL was approximated by a representative ensemble of
molecular clusters. In these clusters, solvation shells around
the “solute” are formed by interaction with explicit “‘solvent”
molecules. Both the ‘“solute” and ‘solvent” species were
represented by ion pairs consisting of cation [Emim]" and
anion [BF,|~ (Fig. 1). Clusters were generated by the Quantum
Cluster Growth (QCG) algorithm™" which, in short, adds solvent
molecules around the solute at energetically favorable positions
using an intermolecular force field docking algorithm
(XTB-IFF)."* The cluster generation step is followed by MD
simulations in which equilibrated snapshots from the trajectory
are fully geometry optimized at the robust and fast semi-
empirical GFN2-XTB" level, forming an ensemble of low-
energy clusters. To simulate the liquid [Emim][BF,] clusters,
4 to 8 ion pairs were taken into account. The cluster of lowest
free energy (ie., including thermostatistical corrections) was
used as the starting point for the calculation of the IR spectra
of the liquid. It should be noted that a comparison of the IR
spectra calculated for clusters that are populated by more than
20% has shown that the difference between the spectrum of the
lowest-energy cluster and all other clusters from the final
ensemble is practically negligible (Fig. S1, ESIT).

For a more accurate treatment of explicit solvent effects, the
GFN2-xTB generated clusters were re-optimized with the B97-3¢
composite DFT method,'* and harmonic vibrational frequencies

Fig.1 The B97-3c optimized geometries of the [Emim][BF,4] ion pair (A)
and ([Emim][BF4])s cluster (B). Hydrogen atoms in the cluster are omitted
for clarity. The atom numbering scheme is given for the imidazolium ring.

and IR intensities were calculated analytically. This highly
efficient method has been shown'® to perform well for IR spectra
computations in the harmonic approximation, being only
slightly inferior to B3LYP - one of the best performing DFT
methods for the calculation of vibrational frequencies and IR
intensities of organic molecules.>'® For better agreement with
the experimental anharmonic frequencies, the computed har-
monic frequencies with v > 1100 cm ™" were scaled by 0.979.'°

The collective vibrations of clusters ([Emim][BF,]), involve
species at the external surface of a cluster, which have no
analogs in the case of the bulk IL. In order to minimize these
finite cluster size effects, we separated the vibrations of the
central ion pair [Emim][BF,] from the vibrations of the sur-
rounding ions by increasing the atomic masses of the latter
species to 400 amu, and thus shifting their vibrations to the
low-frequency region (these separated spectra are represented in
Fig. 3 and Tables 2-4). For comparison with experimental spectra,
the computed absolute intensities (km mol ") were plotted
against computed frequencies, with a Lorentzian broadening
(fwhm = 15 em ™). All DFT calculations were carried out using
the Turbomole-7.5.1 program package."”

3. Results and discussion

3.1. Structure of ([Emim][BF,]), clusters.

The [Emim]" cation can adopt not only the nonplanar
conformation shown in Fig. 1A, but also a planar form with
the ethyl moiety eclipsing the C2-H bond. The nonplanar
conformer, which is known to dominate both in the isolated
cation and in the liquid [Emim][BF,],'® was used as the starting
structure of the ion pair (Fig. 1A) for the generation of clusters
([Emim][BF,]),. No conversion from the nonplanar to the
planar conformer was obtained during the process of the
cluster growth (see Section 2), and thus, the relative abundance
of the [Emim]" conformers within the clusters did not coincide
with the real IL, where the planar cations were still detected by
Raman spectroscopy.'® Nevertheless, this structural deviation of
our models from the experiment is of minor importance for the
cluster simulations of IR spectra, since the mid-IR spectrum of
the IL is practically insensitive to the cation conformation.'®?°

Variation of the number (n) of ion pairs in the clusters
([Emim][BF,]), demonstrates that formation of the first solvation
shell of the [Emim]" cation is accomplished at = 8 (Fig. 1A). The
protons of the solvated cation in this cluster form short contacts
(less than the sum of the corresponding van der Waals radii)
with six [BF,]” anions (Table 1). The seventh anion resides on
top of the [Emim]' ring, while the bottom position is occupied by
another cation (Fig. 2).

This geometry reasonably well matches characteristics of the
liquid [Emim][BF,] obtained from the 'H, ""F-HOESY NMR
experiment,?’ indicating strong contacts of all the cation
protons with the anions (Table 1). It is also worth noting that
the positions of the anions forming short contacts with the
protons of the [Emim]" ring (Fig. S2, ESI{) closely resemble
those found in crystals of [Emim]|[BF,] and revealed by the



Table 1 Computed and experimental characteristics of H- - -F short con-
tacts in [Emim][BF4]

Relative cross relaxa-
tion rates between the
H.--F distances (in A) protons and the anions
Protons participating computed for the clus- in neat [Emim][BF,].>!
in contacts with ter shown in Fig. 1(B). The strongest inter-
anions. See Fig. 1(A) The sum of van der action has been used
for atom numbering Waals radii ~ 2.6 A for normalization

(C2)H 2.15 1

(C4H 2.17 0.89
(C5H 2.16 0.89
(N1)CH, 2.70 0.89
(CH,)CH; 2.48 0.75
(N3)CH; 2.33-2.45 0.89

.
2
X

‘ /Jn

/\J
)—{J
9
Fig. 2 The closest surrounding of the solvated [Emim]™* cation in the B97-

3c optimized cluster ([Emim][BF4])g shown in Fig. 1 (B). Hydrogen atoms
are omitted for clarity.

analysis of the corresponding data-files from the Cambridge
Structural Database.>>

3.2. IR spectra of ((Emim][BE,]), clusters, isolated [Emim]*
and [BF,]™ ions, and their various associations

B97-3c computations of vibrational frequencies of the isolated ionic
constituents of [Emim][BF,] are in reasonably good agreement with
the corresponding gas-phase experiment,* providing practically the
same quality of the spectra simulations as more time-demanding
B3LYP/6-31+G(d,p) calculations (Table S1, ESIt). This suggests that
B97-3c represents an adequate level of DFT approximation for
simulation of the IR spectra of the IL under study.

Indeed, the IR spectrum simulated for cluster ([Emim][BF,])s
(Fig. 3b) quite well matches the corresponding experimental
spectrum of the bulk [Emim][BF,] liquid in the lower-frequency
part (500-900 cm ') of the fingerprint region. Absorption satura-
tion by the intense broad bands of stretching vibrations of
the [BF,]~ anion, vg,(BF,), in the bulk IR spectrum, prevents the
simulation vs. experiment comparison of the IR intensities in the
region ~1000-1100 cm™". Nevertheless, the positions of v (BF,)
bands, known from attenuated total reflectance IR spectra®*>* of
liquid [Emim][BF,], are reproduced by our simulations for cluster

([Emim][BF,])s reasonably well, in contrast to the computations of
ion pair [Emim|[BF,] (Table 2). Much better quality of the spectra
simulated for the cluster ([Emim][BF,])s than for ion pair
[Emim][BF,] is also clearly seen from visual comparison of
Fig. 3A and B.

It should be noted that the accurate comparison of our
harmonic computations with the experiment is hampered by
contamination of the region > ~1100 cm ' by combination
bands and overtones.”” These manifestations of anharmonism
are most pronounced in the region of CH stretching vibrations,
vstr(CH), critical for assessing hydrogen bonds (HBs) in the IL,
which have become a topic of vigorous discussion (e.g. ref. 26-28).
Deuteration of [Emim]" at the C2 position allows the isolation of
the band of v4,(C2D) from the Fermi resonance and other strong
anharmonic effects, and its use as a convenient IR spectroscopic
marker of HBs and other intermolecular interactions functioning
in bulk IL and various gas-phase associations of the [Emim-d]"
cation.*”® Our computations of the isolated cation perfectly
reproduce the corresponding experimental value of v, (C2D),
while a small red shift of this band in the experimental IR
spectrum of bulk liquid [Emim-d][BF,]* relative to the gas-phase
spectrum® of [Emim-d]" is qualitatively reproduced by the
calculations of cluster ([Emim-d][BF,])s (Table 3). The qualitatively
incorrect blue shift of v (C2D) in the simulated spectra of the
((Emim-d][BF,]), species (n = 4-7) relative to the spectrum of
[Emim-d]" (Table 3) indicates that these models of bulk IL are
oversimplified.

The above comparative analysis of v, (C2D), as well as the
fingerprint region (Fig. 3) in the spectrum simulated for an
isolated ion pair, i.e. the simplest model of IL broadly used for
interpretation of bulk IR spectra, and the spectrum computed
for the ion pair solvated by the first solvation shell of other ion
pairs, clearly demonstrates much better quality of the latter.
This theoretical spectrum of the cluster ([Emim][BF,])s matches
the bulk IR experiment at least no worse than the simulated
spectra of isolated [Emim]‘, [BF,]”, [Emim-d][BF,],” and
[Emim-d],[BF,]" species match the corresponding gas-phase
experiment® (Tables S1-S3 (ESIt), respectively). This strongly
suggests that, similar to the case of molecular liquids/
solutions,®° the IR spectrum of the bulk IL is determined
mainly by interaction of a minimal neutral entity, an ion pair,
with its immediate surroundings, while the role of farther ions
is minor, in spite of long-range Coulomb forces acting in such a
medium.

3.3. Hydrogen bonding in bulk [Emim][BF,] IL, and the gas-
phase associations [Emim],[BF,]" and [Emim][BF],~

It is commonly accepted that intensification and red shift of the
IR band of stretching vibrations of XH groups, vg.(XH), are the
hallmarks of a HB involving XH as a donor. Quite modest red
shift of v, (C2D) in the spectrum of the bulk IL relative to the
case of isolated [Emim]', as well as a similarly small red shift
reported for the gas-phase cationic cluster [Emim-d],[BF,]"
(Table 3), were interpreted* as an indication of very weak
or even absent H-bonding in both cases. Nonetheless, as
discussed in ref. 29, stretching frequencies of the CH groups
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Fig. 3 Comparison of the experimental IR spectrum of liquid [Emim][BF412° with B97-3c simulated IR spectra of ion pair [Emim][BF4] (A), and of cluster
(IEmim][BF4l)g (B). The spectra are normalized so that the maximum experimental intensity is equal to unity, and the calculated and experimental

intensities of the bands around 850 cm™! coincide with each other.

Table 2 Experimental frequencies (cm™3)
[BF4]~ anion in bulk liquid [Emim][BF,],2%24

different models

of stretching vibrations of the
and frequencies computed for

Bulk IL (experiment) 1016 ~1025/1033 1046
Ion pair [Emim][BF,] 972 992 1167
((Emim][BF,])s 997 1027 1097

Table 3 Experimental frequencies (in cm™, bold) of stretching vibrations
v5(C2D) of [Emim-d]* in gas (isolated cation and [Emim-d][BF 4], anion),*
and in bulk liquid [Emim-dI[BF4],%° and frequencies computed for various
models scaled with 0.979 (the computed IR intensities in km mol™ are
given in parentheses)

[Emim-d]* (gas-phase experiment) 2362
[Emim-d]" 2362 (9.3)
[Emim-d][BF,],” (gas-phase experiment) ~2310
[Emim-d][BF,],~ 2299 (143)
[Emim-d],[BF,]" (gas-phase experiment) ~2350
[Emim-d],[BF,]" 2343 (244)
Bulk IL (experiment) 2358
((Emim-d][BF,]), 2389 (13.8)
((Emim-d][BF,])s 2379 (14.8)
([Emim-d][BF4))s 2368 (39.1)
((Emim-d][BF,]), 2375 (22.3)
([Emim-d][BF,])s 2361 (40.6)

of the imidazolium ring are influenced not only by red-shifting
HBs but also by other secondary interactions, which may cause
a blue shift. E.g., it was demonstrated that the effects of
CH- - [PF¢] ?° and CH- - -[OAc]™ *° HBs were overcompensated
by multiple secondary interactions present in crystals, which

resulted in the net blue shift. Similar effects probably explain
the blue shift of v, (C2D) in the IR spectra of solid [Emim-d]
[Tf,N] and [Emim-d]Br relative to the spectra of the melts.”®
Furthermore, even in the case of H-bonded pairs forming a
“classical” two-center HB isolated in an innocent solvent or
gas, the shift can be zero or even negative.**

In contrast, strengthening of the v, (XH) IR band is one of
the well-accepted criteria of HB formation.*> There exists a
correlational equation®' linking HB enthalpy, —AHy;, and
intensity of vy (XH):

—AHyyg [keal mol™] = 0.29 AIM? [km mol ]

1)

here, AI** = "> — [,*?, where I is the IR intensity for the
localized, uncoupled stretching vibration vg,(XH) of the X-H
group participating in the HB as compared to the non-
interacting group (I,). Equation (1) is applicable to 1:1
H-bonded complexes, in particular formed by CH moieties,**
in which the —AHyp values are lower than 15 keal mol >3 Its
applicability to CH---[PFs]” *>° and CH---[OAc]” *° HBs in ILs
has been demonstrated on a limited number of examples.

To apply eqn (1) to our systems, the IR intensities have been
calculated for isotope-isolated vibrations of the various asso-
ciations of [Emim]" with [BF,]~ species (I) and the bare [Emim]"
cation (I,). For example, in the case of the C2H- - -[BF,]” HB all
hydrogen atoms except for the (C2)H atom of the imidazolium
ring were substituted by deuterium atoms. Such an approach
results in vy (CH) and the —AHyg values collected in Table 4.
Inspection of Table 4 clearly demonstrates all signatures of HBs
for [Emim][BF,],~ and [Emim],[BF,]" species: (i) red shift and
(ii) intensification of v (C2H) and vy, (C4H), (iii) lengthening



Table 4 Geometric and spectroscopic parameters computed for [Emim]*
and its various associations. Frequencies (in cm™) of isotopically isolated
stretching vibrations v, (C2H), and the IR intensities in km mol™ (in
parentheses); interatomic distances r(C2H) and r(H- - -F), in A; enthalpy of
HB CH--[BF4~, —AHyg (kcal mol™) according to egn (1). The same
parameters for C4H and C5H are given in italics

r(H: - -F). The sum of
ver(C2H)®  r(C2H) van der Waals radii ~ 2.6 A. —AHgugp

[Emim]" 3174 (17) 1.074
3176 (9)° 1.074°
3177 (9) 1.074°

[Emim][BF,],~ 3075 (306) 1.080 1.961 3.9

3180 1.078° 2.039° 3.6°
(239)
[Emim],[BF,]" 3143 (283) 1.076 2.111 3.7
((Emim][BF,])s 3175 (88) 1.072 2.150 1.5
3178 (52)° 1.073° 2.159° 1.2¢

“ Scaled with 0.979. ® Computed for C4H. ¢ Computed for C5H.

of the C2H and C4H bonds, and (iv) quite short H- - -F contacts.
—AHyg values, estimated for these ions with the use of Eqn. (1),
vary between 3.6 and 3.9 kcal mol '. In the case of cluster
([Emim][BF,])s the signatures (i) and (iii) are absent. Never-
theless, short H- - -F contacts, and ca. 5-fold increase of the IR
intensity of v (C2H) and v, (C5H) for ((Emim][BF,])s relative to
[Emim]" suggests that C2H and C5H moieties of the imidazo-
lium ring of ([Emim][BF,])s still form HBs, though less pro-
nounced than in the case of [Emim][BF,],” and [Emim],[BF,]"
species. The use of Eqn. (1) produces estimates of —AHyg, which
amount to ca. 1.5 kcal mol " for C2H and ca. 1.2 kcal mol " for
C5H. Thus, CH moieties of the imidazolium ring form HBs of
moderate strength in all the studied species, and the almost
negligible red shift of v, (C2D) relative to isolated [Emim]" does
not indicate negligible H-bonding in the ([Emim][BF,])s cluster.
The good match of the spectra simulated for this cluster to the
experimental spectra of bulk IL (Section 3.2) strongly suggests
that the above statement is also applicable to the bulk IL.

The estimates of —AHyg for CH " [BF,]” HBs in the cluster
model of liquid [Emim][BF,] (Table 4) are of the same order
of magnitude as the analogous estimate of the enthalpy of
C2H- - [PF¢]” HB (2.1 kcal mol ')*® obtained for crystals of
1-(2'-hydroxylethyl)-3-methylimidazolium hexafluorophosphate
([C,OHmMim][PF¢]). They are expectedly much smaller than the
enthalpies of HBs formed by C2H and C5H moieties of the
[C,OHmim]" cation with the much more HB-basic acetate
anion [OAc]™ (4.9 and 5.4 kcal mol ', respectively) in crystals
of [C,OHmim][OAc].>* Nevertheless, both [Emim][BF,] and
[C,OHmim][OAc] bulk ILs have one common feature, namely,
a rather moderate difference between the enthalpies of HBs
formed by the C2H and C5H moieties of the imidazolium ring.
This counterintuitive behavior of the C2H and C4H/C5H sites
with the different acidity persists also in the case of the gas
phase: the enthalpies of HBs C2H- - -[BF,]” and C4H- - [BF,]” in
isolated anion [Emim][BF,],” differ by less than 10% (Table 4).
Another common specific of the above ‘non-conventional”
charge-assisted HBs formed by CH moieties of the imidazolium
ring is their significant strengthening in the gas phase relative
to the bulk IL: ¢f 3.9 or 3.7 keal mol ™" in isolated [Emim][BF,],~

or [Emim],[BF,]" ions, respectively, vs. 1.5 kcal mol™' in
([Emim][BF,])s; and 10.4 kcal mol™" in the isolated [C,OHmim)]
[OAc] ion pair vs. 4.9 keal mol " in the corresponding crystal.*®

4. Conclusions

In this work, we applied an explicit solvation protocol for the
quantum chemical simulation of the structure and IR spectra of
bulk ILs [Emim][BF,] and [Emim-d][BF,]. We have shown that the
solvation strongly modifies the frequencies and IR intensities of
both cationic and anionic components of the ILs. The main features
of the bulk spectrum are reproduced by the spectrum simulated for
cluster ((Emim][BF,])s, representing an ion pair solvated by the first
solvation shell comprising seven cations and seven anions. This
strongly suggests that, similar to the case of molecular liquids/
solutions, the impact of the remaining part of the surrounding
medium on the IR spectrum of the solvated species is rather
moderate. In other words, the influence of the electric field of the
ions behind the first solvation shell of a solute on its dipole moment
derivatives and force constants is quite moderate. This knowledge
not only improves our understanding of solute-solvent interactions,
but also allows minimization of the computational costs of quan-
tum chemical simulations of the IR spectra of bulk ILs.

Good match of the simulated and experimental spectra
suggests a close structural correspondence of the actual IL
and model cluster ([Emim][BF,])s. Geometries of the latter
cluster and, most probably, of actual IL closely resemble the
solid-state structure of [Emim|[BF,] and are characterized by
short contacts of all CH moieties of the imidazolium ring with
[BF,] anions. Both structural and spectroscopic analyses allow
the contacts to be interpreted as H-bonds of approximately
equal strength. The combined action of the HBs and other
condensed-state forces induces quite moderate red shifts of the
IR bands of stretching vibrations of the CH moieties, and ca.
5-fold increase of their intensity relative to the case of an isolated
[Emim]" cation. Enthalpies of the liquid-state CH- - -[BF,]~ HBs,
estimated on the basis of quantitative characteristics of this
intensification with the use of empirical correlations, amount to
1.2-1.5 keal mol ', while the enthalpies are more than doubled
in the negatively and positively charged gas-phase associations
of ionic components of the IL. This disparity, already marked in
the case of another IL, [C,OHmIim][OAc],*° suggests that an
analysis of the role of H-bonding in ILs based solely on “‘gas-
phase” computations can lead to the misinterpretation of the
data. Reliable simulations of both the gas-phase, and the liquid-
state IR spectra within the framework of our cluster approach
deliver confidence in reliability of modeling of other properties
of the actual systems in both states. The quantitative analysis
described herein should facilitate further studies on the role of
hydrogen bonding in ILs and ultimately it could aid the rational
design of ILs with specific physical and chemical properties.
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