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Abstract

Ionic liquids (ILs) being composed of bulky multiatomic ions reveal a plethora of non-
covalent interactions which determine their microscopic structure. In order to establish the main
peculiarities of these interactions in IL-environment, we have performed quantum chemical
calculations for a set of representative model molecular clusters. These calculations were coupled
with advanced methods of analysis of the electron density distribution, namely, the quantum theory
of atoms in molecules (QTAIM) and the non-covalent interactions (NCI; JACS 132 2010 6499)
approaches. The former allows for profound quantitative characterization of non-covalent
interactions between atoms while the latter gives an overview of spatial extent, delocalization, and
relative strength of such interactions. The studied systems consist of 1-butyl-3-methylimidazolium
(Bmim") cation and different perfluorinated anions: tetrafluoroborate (BF,), hexfluorophophate
(PF¢), trifluoromethanesulfonate (TfO"), and bis(trifluoromethanesulfonyl)imide (TFSI). IL ion
pairs and ion pair dimers were considered as model structures for the neat ILs and large aggregates.
Weak electrostatic hydrogen bonding was found between the anions and the imidazolium ring
hydrogen atoms of cations. Weaker but still appreciable hydrogen bonding was also noted for
hydrogen atoms of the adjacent to the imidazolium ring alkyl groups of Bmim'. The relative
strength of the hydrogen bonding is higher in BmimTfO and BmimBF,4 ILs than in BmimPF4 and
BmimTFSI, whereas BmimTfO and BmimTFSI reveal higher sensitivity of hydrogen bonding at

the different hydrogen atoms of the imidazolium ring.
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Introduction

Ionic liquids (ILs) constitute a large class of substances that draw a considerable scientific
interest due to their number of advantageous properties.' The structure of imidazolium-based ILs is
mainly determined by the strong interionic Coulombic interactions which are relatively efficiently
screened moving away from the central ion (i.e., they are rather local).” > A significant contribution
is also supposed to arise from a three-dimensional network of hydrogen bonds between the
counterions™ > as well as from dispersion interactions.® ’ The overall balance of these forces gives
rise to self-association of ILs which is manifested at the microscopic level in the redistribution of
electron density at specific interaction sites. These weak non-covalent interactions can contribute up
to 20 percent of the overall interaction energy in ILs.* Recently, some efforts have been undertaken
to dissect the hydrogen bonding and dispersion contributions in protic ILs from far-IR experiment
and theoretical calculations.® ° Apart from the binding energy perspective, a comprehensive
understanding of the complete pattern of non-covalent interactions between the constituting ions
and the related electron density distribution is a key prerequisite for a consistent IL characterization.

Quantum chemical electronic structure calculations have been routinely used to study
various properties of the IL-based systems, to help with the analysis of experimental results and to
design new potentially better performing ILs.” ' One should always be cautious when trying to
connect the results obtained from calculations on model systems of the size of tens of atoms, often
performed in the gas phase, to subtle properties of the macroscopic samples. It is only very recently
that molecular dynamics (MD) simulations of the IL-based systems of relevant size and trajectory
length have become feasible.” Nevertheless, there is still a severe lack of proper MD force field
models suitable to be applied over a broad range of conditions for ILs."' At present, quantum
chemical calculations of small model systems are affordable for the routine use in order to reveal
the electronic properties of ILs in detail.

The majority of published to date quantum chemical calculations have been performed by

means of density functional theory (DFT) calculations on 1-alkyl-3-methylimidazolium IL ion pairs
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(RmimX) and other representative systems.” ' Most of these reports are based on the results
obtained with the popular B3LYP functional,” ' which is known to be relatively inaccurate in
systems where dispersion plays role, including ILs.'*"'® Thus, many conclusions drawn from these
calculations may turn out to be an artifact of poor description of the dispersion interactions. For
example, as it was shown by Matthews et al.,'”’ B3LYP gives wrong energy ordering of the most
stable ion pair structures of MmimCl when benchmarked against the second-order Moller-Plesset
perturbation theory (MP2) and coupled cluster (CCSD(T)) methods.

At present, there are two mainstream approaches to overcome this issue at little increase of
computational cost. One deals with the addition of an empirical pairwise correction term, which
scales as inverse sixth power of interatomic separation, as for example the one introduced by
Grimme,"® known as vdW-correction or DFT-D2. Another approach benefits from implicit
parameterization of novel functionals in order to better describe medium-range dispersion effects."
Truhlar’s Minnesota family of functionals, particularly the M06-2X,% are the most popular in the
chemistry field. Both approaches have been found to bring about a considerable improvement of
accuracy when benchmarked against high-level calculations on test datasets that consist of systems

1416 and those including IL ion pairs and larger structures.'>

with dispersion and hydrogen bonding,
132122 1 this regard, a thorough validation of the level of theory to be used in a computational
study seems to be a crucial point when it comes to the relevance of the results.

Bader's quantum theory of atoms in molecules (QTAIM)* is one of the well-established
methodologies for the analysis of electron density distribution in molecular systems. For a given
system it gives its complete bonding pattern including weak non-covalent interactions between
atoms. The latter feature is highly valued in detailed studies on such interactions, particularly, on

2 including those in ILs.* *° The central property of interest for QTAIM is the

hydrogen bonds,
electron density, p, whose topology is characterized in terms of critical points (CPs) where the

electron density gradient vanishes (Vp = 0). Any bonding contact between two atoms, whether

covalent or non-covalent, is characterized by a bond critical point (BCP) which is at the same time a
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point of minimum in p along a bond path and a point of maximum in the plane which is orthogonal
to it. The former is a line of highest electron density connecting the two interacting atoms. Various

BCP
P and

descriptors at the BCP, such as the electron density, p°", electron density Laplacian, 4p
total electron energy density, H>", can be used to asses the interaction strength and to distinguish
between different types of weak non-covalent interactions.** *” Different sets of hydrogen bonding
criteria and types have been proposed in this regard24’ 28 including the very recent classification of
doubly ionic hydrogen bonds between the IL counterions by Hunt and co-workers.*

One of the drawbacks of the QTAIM approach is that the whole analysis, which starts by
locating the CPs, relies on a numerical differentiation procedure which can fail to locate the CPs,
particularly the bond critical points (BCPs) corresponding to weak non-covalent interactions in the
regions of low electron density.zg In fact, there are situations described in the literature where
everything points to the existence of a weak attractive non-covalent interaction, like the
intramolecular hydrogen bond in ethylene glycol,”> but QTAIM does not reveal the corresponding
BCP. The problem is that the electron density gradient in the vicinity of the anticipated BCP
location approaches zero, but does not reach it in terms of numerical accuracy of the QTAIM
algorithm.

An approach that is capable of overcoming this problem has been recently developed by
Contreras Garcia and Johnson.*** 1t is called ‘non-covalent interactions’ analysis, or NCI, and it is
based on an analysis of the electron density distribution in molecular systems in the regions of low

electron density and low gradient values. This approach is also often referred to as ‘reduced density

gradient’ (RDG) analysis.**

1 |Vp|
RDG = N3 43
237°)" p

(D
When RDG is plotted as a function of electron density multiplied by the sign of the electron

density Hessian second eigenvalue (vide infra), sign(4,)p, one can reveal and quantify different

types of weak non-covalent interactions including hydrogen bonds.?* " ***° The NCI analysis also
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provides means of visual highlighting of the regions of interest. > ** This approach has been already

%639 and very recently to MmimCl ion pair

applied to a number of dialkylimidazolium IL ion pairs
dimers.

In the present Article, we present QTAIM and NCI analyses using a carefully selected level
of theory of representative configurations of IL ion pairs and ion pair dimers based on 1-butyl-3-
methylimidazolium (Bmim") cation coupled with perfluorinated anions (BF,, PFs, CF3SO;™ and
(CF380,);N"). These ILs are promising candidates for electrolyte components used in different
electrochemical devices both as neat liquids and in mixtures with additives.****

Computational details

Most of the quantum chemical calculations reported in this work were conducted using
density functional theory (DFT) using the GAUSSIAN 09 program suite.” Ultrafine integration grid
and the default convergence criteria were used throughout. MP2 was employed as a reference
method for benchmarking purposes.

We compared the results from the DFT-D2/D3 approaches applied to the functionals
B3LYP, B97, and wB97x, annotated as B3LYP-D3, B97D, and wB97xD, with ones from the M06-
2X functional. Recently, Grimme even proposed parameters for the dispersion correction for the
MO06-2X functional, notated as MO06-2X-D3'" which was also tested here. Classical B3LYP was
also included for comparison. Most of the tests were performed using Pople-type triple-zeta split-
valence basis set with diffuse and polarization functions on both hydrogens and heavy elements 6-
311++g(d,p). The influence of the basis set was studied for the M06-2X functional coupled with 6-
31+g(d), 6-311+g(d,p), 6-311++g(d,p), and aug-cc-pvdz basis sets. Generally, at least triple-zeta
basis sets are recommended for the Minnesota family of functionals."” However, some benchmark
studies claim that M06-2X is better coupled with Dunning’s type double-zeta basis set aug-cc-

pVDZ.44 The reference methods MP2 and B3LYP were additionally tested with the heavier aug-cc-

pVTZ and lighter 6-31+g(d) basis sets, respectively.
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Geometry optimizations were followed by harmonic frequency analysis to ensure that the
obtained structures were true minima due to the absence of imaginary wavenumbers.

Binding energies were estimated in the supramolecular approximation, i.e., as a difference
between energy of a given complex and the sum of energies of isolated ions constituting it, taking
into account zero-point vibrational energies of the species. Basis set superposition error correction
was shown to be unnecessary in DFT calculations of IL ion pairs and larger clusters'’ performed
with triple-zeta valence split basis set and thus it was not taken into account in the present study.

All the QTAIM and NCI calculations were performed with the MultiWFN software®
utilizing either its default parameters or a uniform spatial grid with a step of 0.1 a.u., respectively.
In order to focus on the weak non-covalent interactions, only the regions of p <0.05 a.u. were
analyzed. All the NCI isosurfaces were plotted with VMD.*

A detailed description of the level of theory validation procedure is presented in the ESI.
Among the tested combinations ‘basis set/functional’ the M06-2X/6-311++g(d,p) is the best
compromise judging from the structural, energetic, electronic, and bonding properties of a sample
MmimBF, ion pair.

Results and Discussion

IL ion pairs

We studied several types of model systems, e.g., IL ion pairs and ion pair dimers to reveal
the non-covalent interactions that could be characteristic for the neat ILs and large aggregates.
Given the limited size of these model systems, the results obtained in this approach should be
treated rather as a hint than solid evidence.

Main structural features of the ion pairs

Ton pairs are often taken as the smallest unit to represent the main features of the neat ILs.'"
* They may be also interesting by themselves as representative species in dilute solutions of ILs in
molecular solvents.*” Ton pair structures for the studied set of imidazolium ILs obtained from gas-

phase calculations are shown in Fig. 1. Most of the literature studies on quantum-chemical
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calculations of the imidazolium IL ion pairs containing BF, and PF¢ anions suggest that the
configuration where the anion sits on top of the C*-H” fragment is the most stable one."> **° When
referencing to ‘above’ or ‘on-top’ of the imidazolium ring plane, it means at the same side as the
alkyl chain with respect to the ring. This configuration was found in our optimizations even when

48, 50, 51, 53, 58, 59, 61
o were employed,

other initial structures revealed by some previous investigations
e.g., with anion positioned in front of the C*-H? fragment or at the C*-H> - C*Hj site in the plane of
the imidazolium ring. This can be explained as a result of poor performance of the B3LYP
functional that was used in most of the previously cited studies. We also note rather rare usage of
triple-zeta basis sets in these investigations which could lead to improper description of the
potential energy surface. The on-top of C>-H” arrangement of the PFs anion with its three fluorine
atoms pointing towards the cation was also established by Hardacre ef al. in neutron scattering

studies on RmimPF coupled with MD simulations.*> ©*
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BmimTFSI

BmimBF, BmimTfO

Fig. 1. Optimized in vacuum at the M06-2X/6-311++g(d,p) level of theory structures of the
studied ion pairs. Color coding of the elements: white — H, orange — C, blue — N, purple — F, cyan —
B, gray — P, yellow — S.

Calculations on the TFSI containing imidazolium ILs reveal two kinds of structures.

B3LYP and Hartree-Fock based studies employing rather moderate basis sets™ %

predict the
anion to be in front of the C*-H? fragment in the plane of the imidazolium ring. In these structures
the anion was found in the trans-conformation with respect to its C-S-N-S-C fragment and strong
directional hydrogen bonds were observed between the C>-H? hydrogen and anion’s nitrogen and/or
oxygen atoms.”® On the other hand, more recent studies on EmimTFSI ion pair, employing
MP2/aug-cc-pVTZ®" and M06/6-311++g(d,p)®® levels of theory, revealed the TFSI™ anion to be in
the cis-configuration in all the stable low-energy minima and located on top of the C>-H? fragment
with one of its SO, moieties. This exactly corresponds to the structure found as the lowest energy

minimum for the BmimTFSI ion pair in the present study. A remarkable point in this structure is

that due to the bulkiness of the anion the butyl chain is pushed towards the in-plane orientation.

9



Physical Chemistry Chemical Physics

Similar feature was also observed for the BmimTFSI ion pair by Hunt et al. using B3LYP/6-
311++g(d,p) level of theory.53 Such orientation of the anion also agrees with the results of Hardacre
et al.** that for the TFSI anion the position above/below the imidazolium ring is even more favored
than for PF¢ .

Raman® ™ and MD"' studies suggest a comparable population of the cis- and trans-
conformations of the TFSI anion in neat ILs. This contradiction can be resolved if one assumes
that the trans-conformations, which are thermodynamically more stable, are more frequently found
for ‘free’, or less bound configurations of the anion, while in tightly bound structures, like the ion
pairs, the cis-conformation is stabilized by multiple bonding contacts with the counterions.

Theoretical studies on the ion pair structures of imidazolium ILs with TfO anions are far
less ubiquitous.”® *7* Our calculated optimal structure is in accordance with these reports. The
strongly negatively charged SOs group of the anion is positioned on top of the C-H? fragment with
two oxygen atoms being in the vicinity of C?-H? and of the NCH; and C“H, hydrogen atoms.
Trifluoromethyl group CF; of the anion is located exactly above the imidazolium ring center and
the fluorine atoms are in close contact with the hydrogen atoms of the butyl group.

The common property of all the revealed optimal ion pair structures is presented in Fig. 2.
One can easily see that the central atom of the negatively charged group of every anion (B for BF, ,
P for PFs, and S for TfO™ and TFSI") is positioned roughly on top of the C*-H? fragment (the most
positively charged part of the cation”) and its electronegative atoms are at hydrogen bonding
distance away from the C*-H* hydrogen atom and allegedly from the alkyl ones adjacent to the

imidazolium ring.

10
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Fig. 2. Optimized in vacuum structures of the studied ion pairs, superimposed by the
imidazolium ring carbon atoms. Red — BmimTfO, blue — BmimBF,4, orange — BmimPFg, gray —
BmimTFSI. Dashed lines indicate short contacts between the C*H* hydrogen atoms and the nearest
electronegative atoms of anion.

The general stability of the ion pairs in vacuum can be estimated with the binding energies
which are —359.9, —362.8, —372.8, and —380.7 kJ mol ' for BmimPFs, BmimTFSI, BmimTfO, and
BmimBF, respectively. The present order of ion pair binding energy values is in agreement with the
literature results.** >

In order to estimate the stability of the revealed configurations with respect to the position of
the anion around the imidazolium ring plane and to the rotation of the butyl chain a small
supplementary survey was conducted. We performed relaxed potential energy scans along the
selected dihedral angles ¢ and 7, shown in Fig. 3. The angles were varied in steps of five and fifteen

degrees, respectively. A slightly smaller basis set 6-31+g(d) coupled with the M06-2X functional

was used in these calculations.
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Fig. 3. Schematic representation of the main dihedral angles defining the geometry of a
BmimX ion pair. The dihedrals 7; and 7, determine the orientation of the butyl chain while the ¢
dihedral describes the position of anion X relative to the imidazolium ring plane. Color coding of
the elements: white — H, orange — C, blue — N, black — X.

Position of the anion relative to the imidazolium ring plane was characterized via a dihedral
angle ¢, which is the angle between the vector connecting the C* carbon with the central atom of the
negatively charged group of aninon X and the imidazolium ring plane (Fig. 3). The perfect on-top-
of-C? arrangement would correspond to the value of ¢ equal 90 degrees, while an in-plane
arrangement is characterized by zero value of ¢ and the configurations where anion is below the
imidazolium ring plane are found at negative ¢ values. In chloride-based ion pairs the in-plane
configuration was found to be one of the most stable as reported in many previous computational

. 17, 51, 53, 60, 61, 75-77
studies. 7 77 0 Ph

In order to figure out the effect of asymmetric alkyl substitution at the
imidazolium ring as well as that of a multi/monoatomic anion on its preferential arrangement such

scans along the ¢ dihedral were performed for BmimBF4, BmimCl and MmimCl ion pairs. The

results are shown in Fig. 4.

12
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Fig. 4. Electronic energy variation during the relaxed potential energy scan along the ¢
dihedral for BmimBF,, BmimCl, and MmimCl ion pairs obtained in vacuum at the M06-2X/6-
31+g(d) level of theory (fop). Representative structures for below, above and in-plane
configurations of anions with respect to the imidazolium ring (bottom). Color coding of the
elements: white — H, orange — C, blue — N, cyan — B, purple — F, green — CL

It is apparent that, indeed, both MmimCl and BmimCl reveal a local minimum at the in-
plane configuration (¢ = 0) in contrast to BmimBF, for which it is a maximum. The global

minimum for all three ion pairs is the on-top configuration with ¢ equal ca. 80 degrees. The energy
profile for MmimCl semiquantitatively agrees with the results of Zahn ez al.”® obtained at MP2/aug-
cc-pVTZ//MP2/cc-pVTZ level of theory. We note that the asymmetry of Bmim" cation is reflected
in the asymmetry of the potential energy profile, i.e., the on-top of the C*-H? fragment minimum
structure is more stable than the one below it. This effect is more pronounced for BmimBF,
(8 kJ mol ™) than for BmimCl (1.5 kJ mol™"), because in the latter case the chloride anion stabilizes
the below-the-ring arrangement by forcing the butyl chain to be in the plane of the ring and

maintaining short contacts with the alkyl hydrogen atoms of the butyl chain. From the
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representative ion pair configurations shown in the bottom of Fig. 4, one can see that both for
BmimCl and BmimBF,; when going from the on-top configuration to the in-plane one, anion pulls
the butyl chain towards the in-plane orientation. In the case of BmimCl such orientation of the butyl
chain is maintained even with anion being below the imidazolium ring plane, while for the
situations where BF4 is below the plane the butyl chain relaxes to its equilibrium out-of-plane
(above) orientation.

This potential energy scan survey allowed us to claim that the on-top of C*-H? arrangement
of a multiatomic anion in the structure of Bmim -based IL ion pairs is rather stable and the
corresponding structures obtained in our geometry optimizations can be considered as global
minima. Another noteworthy point concerns the credibility of chloride based ion pairs as models for
ILs with multiatomic anions. Before the computational resources became ubiquitously available to
researchers, the chloride-based ILs had been considered in the first place for the sake of
computational cost even though ILs with multiatomic anions present a much broader interest. Our
present results suggest that one should be cautious when using the results previously obtained for
chloride based ion pairs to deal with multiatomic anions as the potential energy surfaces and, hence,
the representative structures can be substantially different.

The second set of potential energy scan calculations was undertaken in order to find out the
influence of the butyl chain rotation on the stability of the ion pair structure. Rotation around the 1,
dihedral was studied in detail by Hunt and Gould.”® They showed for the front in-plane structure of
BmimCl ion pair that the butyl chain strongly prefers to be oriented out of plane of the imidazolium
ring regardless of its conformation and the position of anion. However, the range of values for the 7;
dihedral was found to be rather broad.”® Here we study the rotation along the 7, dihedral for the
optimal configurations of the ion pairs and of the isolated Bmim" cation.

The potential energy profiles, which are shown in the top left panel of Fig. 5, are similar
between the ion pairs and the isolated cation in terms of position of the extrema and the barrier

heights. For the isolated cation, one of its gauche-conformations of the butyl chain (z; = 300

14
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degrees) corresponds to the global minimum, while in all the ion pairs the trans-conformation
(1~ 180 degrees) is the most stable. This result is in accordance with the literature.”® 7*!
Variations of 7, do not alter significantly the 7; value for the isolated cation and all the ion pairs
except for the BmimTFSI (bottom left panel of Fig. 5). As it was mentioned before, due to the

bulkiness of the TFSI anion, the butyl chain is close to the in-plane orientation, however, rotation

about the 1, dihedral forces it to deviate significantly from the equilibrium orientation.

25F Bmim®-O- o 37Fbpy. T ]
F BmimBF, -A- BmimTfO v ’f < 35 "»..’ N
_ 20F P|BmimPF, 4-BmimTFSI-> ] =
o | : © 35} . PN ]
E 15F § 341 "YVvvvyewy
& B 33 Y44499qqaae94qed ?&5«1 1
== 0P B 32f ]
E X .l 1
N 5 K2 Nl J.1 F -
O 30 a A
oF . , , ; _ sl A‘AAAMMAA AAAATY ]
0 60 120 180 240 300 360 0 60 120 180 240 300 360
A Ideg & Ideg
140 ._ o 85 [ " L] * L] ¥ ) - T
120 F g o ] 80 “
100 F ﬂﬁi‘ 000904, 4 75k
80 00000 ; - {/" ‘(f 004"y
D a0k ] o770 :
% 40t \' 1 % 55_’ a VISP T 7 VV vV, ]
-2 28 - \> ,bu’ 1 S 6of VVVK v vv 1
40 1544 % . 50 | >
-gg 3 1 1 ’b’ E 45 - 1 1 1 1 1 :
0 60 120 180 240 300 360 0 60 120 180 240 300 360
7,/ deg 7,/ deg

Fig. 5. The results of relaxed potential energy scan along the 7, dihedral for Bmim" cation
and the studied ion pairs obtained in vacuum at the M06-2X/6-31+g(d) level of theory. Top left
panel shows the energy variation relative to the lowest energy structure. The variations of the
distance C>-X (X=B for BF,4 , P for PF¢ , S for TfO , and the nearest S for TFSI ") as a function of
the scanned variable are given in the top right panel. Bottom right panel shows how the 7, dihedral
changes as the 7, is varied. Bottom right panel present the ¢ dihedral as a function the scanned
variable.

Similar observations can be made for the interionic separation characterized as the distance
between the cation’s C* carbon atom and the central atom of the negatively charged group of anion,
X (top right panel Fig. 5). The variations in the scanned variable do not induce changes in the

interionic separation higher than 0.05 A for BmimBF4, BmimPFg, and BmimTfO ion pairs. The

distance C-S in the BmimTFSI ion pair can vary by as much as 0.4 A.
15
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Relative position of anion with respect to the imidazolium ring plane, in terms of the ¢
dihedral values (bottom right panel of Fig. 5), follows the same trends as the interionic separation.
In BmimBF4, BmimPF¢ and BmimTfO anions remain on top of the CH? fragment during the
rotation of the butyl chain around the C*-C" bond and the corresponding dihedral variations do not
exceed 10 degrees. In contrast, the TFSI anion shows rather broad distribution of the ¢ dihedral

values.Numerous Raman investigations®>*®

claim the coexistence of different conformers stemming
from the rotation around the 7, dihedral in the neat Bmim" based ILs. Our results show that the
corresponding rotation of the butyl chain has almost the same energy profile for the studied ILs and,
hence, does not depend markedly on the anion. Moreover, the principal position of anion on top of
the C*-H” fragment of anion is hardly influenced by the rotation of the butyl chain around the ceCP
bond for all the IL ion pairs except BmimTFSI. The latter exhibits particular behavior which
reflects that its structure is rather labile and the anion is evidently mobile and it can change its
position around the equilibrium one to a considerable extent already as a consequence of the butyl
chain rotation.

Altogether, these findings justify our selection of the on-top configurations of the ion pairs
with cations in trans-conformations as the representative structures for subsequent analysis of weak
non-covalent interionic interactions and for investigation of larger aggregates like ion pair dimers.
Some literature reports also suggest that the butyl chain conformation does not influence the
interionic interactions in analogous ion pairs, since they are mainly localized at the imidazolium

ring.”®’® The results on the BmimTFSI ion pair should be interpreted cautiously though.

Weak non-covalent interactions in the IL ion pairs

Fig. 6 shows the NCI surfaces and the CPs, revealed by the QTAIM analysis, for the studied
ion pairs. Similarly to the case of MmimBF, ion pair (see ESI), there are broad surfaces of weak

non-covalent contacts in the interionic space.

16
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Fig. 6. NCI isosurfaces for the BmimPFg (A), BmimTFSI (B), BmimBF, (C), and BmimTfO
(D) ion pair structures obtained at the M06-2X/6-311++g(d,p) level of theory in vacuum. The RDG
isovalue is 0.6. The sign(4,)p value is colormapped onto the isosurfaces in the region from
—0.03 a.u. to +0.03 a.u. in the blue-green-red palette. QTAIM revealed CPs are depicted as light
blue (BCPs), green (RCPs), and black (CCPs) spheres. Color coding of the elements: white — H,
orange — C, blue — N, purple — F, cyan — B, gray — P, yellow — S.

In all the ion pairs, the most blueish regions and the corresponding BCPs are observed in the
zones of multiple contacts between the most electronegative atoms of anions (F in BF4 and PFg¢ ,
and O in TfO™ and TFSI) and the C>-H? fragment. Less intense interactions, which appear as cyan
or blue-green regions of the NCI surfaces, are observed for the contacts between anions and the
alkyl hydrogen atoms of the NCH;3 and C*H? groups. The importance of the latter type of hydrogen
bond like contacts for additional stabilization of cation-anion complexes has been previously
emphasized in MD simulations of BmimCl and EmimCL*’ crystal structure analysis of a series of
RmimPF ILs,* and in a very recent NMR study on isotopic substitution effects.®

The general extent of the NCI surfaces corresponding to the same RDG isovalue for all the

ion pairs presented in Fig. 6, i.e., the area of non-covalent contacts, is higher for larger anions. For

example, for the region of interaction between the anion and the C*” site, in the case of small BF4~
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anion and the slightly larger PF¢ , there is only a small part of green NCI isosurface typical for van
der Waals like weak interaction, while for the larger TfO the isosurface extends closer to the C*
side of the imidazolium ring and even several CPs are found there. For the largest anion studied
here, TFSI', the NCI isosurface covers the entire imidazolium ring and the corresponding BCPs
with the C*° fragment are in the light blue region of the surface, indicating a weak attractive
bonding interaction. We also note that in the NCI isosurfaces of weak dispersive contacts between
the butyl chain and anions, there are no CPs found.

Quantitative results of the QTAIM analysis of the weak non-covalent interactions between

the counterions in the studied IL ion pairs are collected in Fig. 7. The main BCP characteristics,

BCP BCP

such as the electron density (p~ ), the electron density Laplacian (Ap~ ), and the total electronic

energy density (H°") values are plotted as a function of interatomic distance in Fig. 7.
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Fig. 7. The BCP electron density (top panel), electron density Laplacian (middle panel), and

total electron energy density (bottom panel) values for the weak non-covalent interactions as a
function of distance between the interacting atoms, as revealed in the structures of the studied ion
pairs by means of QTAIM analysis. X indicates any non-hydrogen atom of the cation, i.e., carbon
or nitrogen.

Two distinct types of BCPs are observed. The first is between the electronegative atoms of
the anions and the hydrogen atoms of the cation. The corresponding values of the electron density
descriptors are in accordance with previous reports on similar systems.* °® °*** The second BCP
type corresponds to the curved bond paths. It connects the anion not with cation's hydrogen atoms,
but with the adjacent carbon atoms (see F*~--C? contacts in Fig. ESI3). Direct bonding non-

covalent contacts between non-hydrogen atoms, e.g., F'+~C? in Fig. ESI3, fall in this BCP type as

well.
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The BCPs of the second type are logically found at slightly higher interatomic distances
(Fig. 7). Almost linear correlations between the selected BCP descriptors and the corresponding
distances are observed for both types of contacts (somewhat worse for H>7).

Also, both types of contacts have very close range of the electron density values at the
BCPs, though somewhat higher for the contacts with hydrogen atoms. Given the values of p® P as
well as the signs of Ap®® and H5", these contacts should be classified as weak bonding contacts of
electrostatic nature. The contacts with the hydrogen atoms can thus be classified as weak hydrogen
bonds.* ** ** For the sake of clarity, hereafter, we will only use the p®" values to characterize the
strength of these interactions within the QTAIM approach.

As it was noted before, BmimTFSI reveals the broadest interatomic NCI surface. This is
naturally reflected in the higher number of BCPs revealed. We also note that it exhibits the shortest
(= 2.1 A) and strongest (p®* = 0.019 a.u.) hydrogen bond within the studied set of IL ion pairs. It is
established between the C*-H” hydrogen atom of the cation and the O' oxygen atom of the anion
and can be noted as the most blueish zone in the corresponding NCI isosurface. Nevertheless, we

consider the occurrence of this BCP rather as an artifact than a strong persistent interaction, if one

takes into account the mentioned above lability of the structure of this ion pair.

Ion pair dimers

17, 21, 26, 55, 59, 73, 74, 77,93 . .
it has been claimed that the smallest unit

In several theoretical studies
capable to represent the main structural features of neat imidazolium-based ILs is not the ion pair
but rather its dimer. Taking these considerations into account we also undertook a study on the ion
pair dimers in order to model IL network structures and to understand the possible changes in the
electronic structure when the size of ion aggregates is decreased upon dilution in a solvent.*”> **
Given that the possible number of stable ion pair dimer structures is obviously large and their
extensive search is rather computationally expensive and, in fact, out of scope of this study, we took

17, 74
L.

advantage of the results of Matthews et a who performed a systematic study on the ion pair

dimers of MmimCl/BF4+/NO;/CH3SO4/TfO at the B3LYP-D3/6-311+g(d,p) level of theory. The
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most stable structures were found to be with imidazolium cations in a stacked antiparallel

_H* site

arrangement and with each anion interacting with the C*-H? site of one cation and the C
of the other one. Cations can be offset from the perfect stacked antiparallel arrangement rather
easily depending on anion. Danten et al. studied the same set of ILs, however, their attention was
focused on the spectral signatures of interaction with water and the interaction between the IL
constituting species were not thoroughly analyzed.”

We constructed the initial configurations of the ion pair dimers in accordance with the
results of Matthews ef al.'” ’* The optimized structures are shown in Fig. 8 along with the
corresponding NCI surfaces. The structures of the ion pair dimers revealed in our calculations at the
MO06-2X/6-311++g(d,p) level of theory are in good agreement with the results of Danten et al.”> "
% obtained for the same set of ion pair dimers at the B3LYP/6-31+g(d) level of theory. We also
note that the butyl chains of the neighboring cations point to the opposite directions. This is in

consonance with the local cation-cation arrangement revealed via NOESY NMR techniques by

Mele et al.”
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Fig. 8. NCI isosurfaces for the BmimPF¢ (A), BmimTFSI (B), BmimBF,4 (C), and BmimTfO
(D) ion pair dimer structures obtained at the M06-2X/6-311++g(d,p) level of theory in vacuum. The
RDG isovalue is 0.6. The sign(4,)p value is colormapped onto the isosurfaces in the region from
—0.03 a.u. to +0.03 a.u. in the blue-green-red palette. Color coding of the elements: white — H,
orange — C, blue — N, purple — F, cyan — B, gray — P, yellow — S.

Upon inspection of the NCI surfaces depicted in Fig. 8 several features become apparent. In
addition to the obvious increase of arca of weak non-covalent interactions between the ions, there
are some areas of contact between cations. Particularly, in the case of BmimTfO, cations are the
least displaced from the stacked arrangement and the corresponding NCI surface of weak dispersion
interaction extends over the whole space between the imidazolium rings. A similar observation by
Matthews et al. for certain MmimCl ion pair dimers has been attributed to @1 interactions
between the cations.”® We also note the increased number and strength of the cation-anion bonding

contacts and hydrogen bonds seen as blueish regions. This is a result of expelling of the anions from

the on top of C? arrangement, compared to ion pair structures, towards more in-plane like positions

22

Page 22 of 31



Page 23 of 31

Physical Chemistry Chemical Physics

where the hydrogen bond like directional arrangements are more favored. These contacts are also

+5_H* sites.

observed at the C

The electron density values of the BCPs revealed by the QTAIM analysis of the ion pair
dimer structures are plotted as a function of the distance between the interacting atoms in Fig. 9.
The most important interactions with the imidazolium ring atoms are marked. The noted above
increase of the number of bonding contacts is reflected in the higher number of BCPs found. This is
particularly apparent for the weak contacts of low electron density (p <0.01 a.u.) for all the
investigated ILs.

As for the BCPs involving the imidazolium ring sites, we note that for BmimBF, and
BmimPFj ion pair dimers the BCPs with the C*-H” fragment are insignificantly influenced in terms
of the corresponding distances and the electron density values, whereas the newly revealed bonding
contacts with the C’-H’ site are of comparable or even slightly higher strength. In contrast, in the
case of BmimTfO and BmimTFSI ion pair dimers a remarkable number of BCPs are revealed at
significantly higher p®" values compared to the corresponding ion pairs. This enhancement of the
strength of hydrogen bonding is particularly prominent for the C*-H* hydrogen while the hydrogen
bonds with the C**-H*” sites are only slightly stronger than the hydrogen bonds in the parent ion
pairs. These observations are different from those of Matthews et al.*® where partially covalent
strong hydrogen bonds between chloride anions and ring hydrogen atoms of Mmim" cations in ion
pairs got significantly weaker upon ion pair dimer formation.

All the bonding contacts between the counterions in the ion pair dimer structures fall on the
same trend lines that were established for the corresponding ion pairs (Fig. 7). The BCPs that do not
obey these trends are related to the very weak contacts like H-H between the cations (squares in Fig.

9) and to the stacking interactions in the case of BmimTfO (down triangles in Fig. 9).
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Fig. 9. The BCP electron density values for the weak non-covalent interactions as a function
of distance between the interacting atoms, as revealed by means of QTAIM analysis in the
structures of the studied ion pairs (open symbols) and ion pair dimers (filled symbols). X indicates

any non-hydrogen atom of the cation, i.e., carbon or nitrogen.
Fig. 10 presents the NCI plots of the ion pairs and the corresponding ion pair dimers. The

higher number of spikes and data points in the region of weak nonbonding interactions

(p <0.01 a.u.) observed for the ion pair dimers is the reflection of the broader extent of the

corresponding NCI surfaces. The strongest bonding interactions are of comparable strength between

the ion pairs and ion pair dimers in the case of BmimBF4 and BmimPFs. A significant increase of

the strength is observed for BmimTfO. For BmimTFSI, given that the spike at ca. —0.019 a.u. stems

from the allegedly unstable hydrogen bond at the C>-H? site in the ion pair structure and should be

thus neglected, the enhancement of the strength of the bonding interactions is also noticed.
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Fig. 10. The NCI plots for the structures of the studied ion pairs (open symbols) and ion pair
dimers (filled symbols).

Conclusions

Quantum chemical DFT calculations of the representative structures of model clusters of ILs
with multiatomic perfluorinated anions (BmimBF4, BmimPFs, BmimTfO, and BmimTFSI) have
been used to analyze the main structural features and weak non-covalent interactions. These
systems are considered as model ones which, despite limited size, can help to gather the most
relevant information on the non-bonding interactions within IL-based systems. Advanced methods
of analysis of the electron density distribution and of the weak non-covalent interactions have been
employed to capture the details and relative strength of hydrogen bonds and other types of weak
interactions in the studied systems. We still stress that larger high-level calculations are needed in
order to properly capture collective effects relevant for bulk properties of ILs.

Using MmimBF, ion pair as a model object, we have shown that reliable geometrical

structure and, hence, the related bonding pattern cannot be obtained with the popular B3LYP
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functional as well as with such dispersion corrected functionals as B97D and wB97xD. It is only the
B3LYP-D3 and implicitly parameterized M06-2X functionals that give adequate results at a
reasonable computational cost. The latter one coupled with 6-311++g(d,p) basis set was used for its
slightly better performance.

All the studied ILs have revealed the ion pair configuration with anion positioned on top of
the C*-H? fragment as the most stable one. Such arrangement of the counterions is hardly influenced
by the cation’s butyl chain rotation. The potential energy profile of anion’s position with respect to
the imidazolium ring plane is substantially different from that previously found for monoatomic
anions. In the on top configuration, multiatomic anions form weak interionic electrostatic hydrogen
bonds with the C*>-H? imidazolium ring hydrogen atom. Slightly weaker hydrogen bonds are also
established with the hydrogen atoms of the adjacent alkyl groups. A number of additional
stabilizing non-covalent contacts different from hydrogen bonding are observed between the
counterions seen as RCPs, CCPs, and non-conventional BCPs or as broad green NCI isosurfaces
indicative of dispersion interactions.

In larger aggregates, represented by ion pair dimers, hydrogen bonding at the C*>-H*” sites
is observed in addition to the interactions with the C*-H* fragment. In BmimTfO and BmimTFSI,
the higher strength of the hydrogen bond at the C*-H? site is more apparent than in the case of
BmimBF,; and BmimPFs. Apart from the localized hydrogen bonding interactions, there are
multiple delocalized weak non-covalent interactions between the counterions and some signatures
of m~n" interactions between cations manifested in numerous BCPs, RCPs, and CCPs in the
interionic space as well as in larger extent of the NCI isosurfaces.

QTAIM analysis has shown that BCP densities fall on the same linear trends as a function of
distance between the interacting atoms for all the studied systems. NCI results are in excellent
agreement with those from QTAIM, in particular with respect to the hydrogen bond strength in ILs
which is comparable between BmimBF4, BmimPFs, BmimTFSI and slightly stronger for

BmimT{O.
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Finally, the multiple weak non-covalent interactions with a broadly distributed in space
dispersion contribution seem to be a universal feature of the studied set of ILs with multiatomic
perfluorinated anions. These interactions are very important in the absence of strong directional
hydrogen bonds like those in ILs with small strongly basic anions, e.g., NOs or Cl . This ensemble
of non-covalent forces should be given a proper attention if one wishes to rationalize the non-

covalent bonding patterns in bulk ILs.
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