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Abstract

Description of the local microscopic structure in ionic liquids (lls) is a prerequisite in obtaining a
comprehensive understanding of the influence of the nature of ions on the properties of ILs. It is mainly
determined by the spatial arrangement of the nearest neighboring ions. Therefore, the main interaction
patterns in ILs such as cation-anion H-bond-like motifs, cation-cation alkyl tail aggregation and ring
stacking were considered within the framework of the nearest neighbor approach with respect to each
particular interaction site. We employed classical molecular dynamics (MD) simulations to study in detail
the spatial, radial, and orientational relative distribution of ions in a set of imidazolium-based ILs, in
which the 1-butyl-3-methylimidazolium (C4mim®) cation is coupled with the acetate (OAc), chloride
(CI'), tetrafluoroborate (BF, ), hexafluorophosphate (PFg ), trifluoromethanesulfonate (TfO ), and
bis(trifluoromethanesulfonyl)amide (TFSA") anion. It was established that several structural properties
are strongly anion-specific, while some can be treated as universally applicable to ILs regardless of the
nature of anion. Namely, strongly basic anions, such as OAc and CI prefer to be located in the

imidazolium ring plane next to the C-H¥**

sites. By contrast, the other four bulky and weakly
coordinating anions tend to occupy positions above/below the plane. Similarly, the H-bond-like
interactions involving the H? site are found to be particularly enhanced in comparison with the ones at H*
® in the case of asymmetric and/or more basic anions (CsmimOAc, CsmimCl, CimimTfO, and
C.mimTFSA), in accordance with recent spectroscopic and theoretical findings. Other IL-specific details
related to the multiple H-bond-like binding and cation stacking issues are also discussed in the paper. The

secondary H-bonding of anions with the alkyl hydrogen atoms of cations as well as the cation-cation alkyl

chain aggregation turned out to be poorly sensitive to the nature of the anion.



1. Introduction

Room temperature organic molten salts, often referred to as ionic liquids (ILs) constitute a matter of a
booming research interest due to a number of particular properties (negligible volatility, high solvating
power towards both organics and inorganics, thermal and electrochemical stability etc.) rendering them
very promising in such industrial applications as electrochemical energy storage devices, media for
dissolution and processing of biopolymers, or reaction and separation media to name a few.*? As the
number of possible counterion combinations is essentially countless and the cost of ILs is still rather high,
their systematic experimental investigations are somewhat limited. In this regard computational and
theoretical methods of research, in particular, atomistic simulations utilizing classical and/or ab initio
force fields, represent a valuable complement and sometimes even an alternative to otherwise unfeasible

experiments with ILs and IL-based systems.*>

Despite an unprecedentedly detailed description of various structural and dynamical properties that can be
accessible from molecular simulations, analysis of the results of such simulations is very often based
solely on the radial distribution functions (RDFs) between centers of mass.”*° Moreover, many seminal
computational studies on ILs have been performed either on a single IL or on a rather narrow family of
systems, e.g., chlorides, for the sake of computational efficiency, while the results have been presented as

universally applicable.® "2 However, such claims can turn out to be questionable.

Thus, in ILs bearing 1-alkyl-3-methlylimidazolium cation (C,mim®, see Figure 1 for molecular structure

and atom labeling in C;mim®) it is generally accepted that C-H? is the main H-bond donating site of the
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cation and H-bonding at the rear of the imidazolium ring, i.e., at H*>, is often dropped out of

discussion. However, as it has been recently highlighted by us for a set of neat C;mim*-based ILs and for

mixtures with acetonitrile,*’ 8

as well as for a similar set of ion pairs considered in simulations of neat
ILs by Matthews et al.,*® the relative strength of H-bonding at H* and H*® sites is remarkably anion-

dependent.



Another prominent example concerns the potential energy surface describing the position of anion in the
vicinity of C,mim® cations. On the basis of model quantum-chemical calculations and molecular
dynamics (MD) simulations of C,mimCl Zahn et al. proposed a paradigm of energy landscape relating
the mobility of anions with melting points decrease.'® However, as we have shown later in this paper, the
mentioned potential energy profile is strikingly different between ILs bearing CI" anion and multiatomic

anions with delocalized charge distribution, such as BF, .18

All these findings highlight the need for detailed and systematic studies of ILs by means of molecular
simulations. Here the term “detailed” refers to the atomic-level description of the local structure around
particularly relevant interaction sites, whereas ‘systematic’ implies a thoughtful selection of systems to be
studied so that the eventual conclusions could be of use for the subsequent design of novel better
performing ILs.*® % Despite the fact that even the crudest MD force-fields describe the bulk

I,Zl

thermodynamic properties of ILs relatively well,“" it is the description of the local microscopic structure

17, 22-24

that is of interest for deciphering some spectroscopic findings or rationalizing their performance in

such applications as catalysis® or cellulose dissolution.

A great deal of systematic MD studies on imidazolium ILs has been devoted to the issue of the alkyl
chain length in Cymim™ cations, as it has direct implications on the microscopic heterogeneity, i.e., the
segregation of non-polar alkyl and polar ionic domains.* 2"*° Regarding the use of molecular simulations
in explaining various spectroscopic observations one has to keep in mind that the vast majority of such
experimental information reports the local molecular environment around specific sites of IL cations, e.g.,
'H NMR signals, CH vibrational bands, etc.?2?* " The importance of studying the influence of the

anions on the microscopic structure around a reference cation is evident in this context.



Several MD works have focused on the influence of anions on the microscopic structure and dynamics in
ILs™® %3¢ however, the extent of site-specific information extracted from the simulations is rather
limited. Nonetheless, we highlight the works of Kirchner et al.*"*° in which the systematic selection of
anions has been combined with a detailed analysis of the microscopic structure. Namely, they have
investigated such aspects as cation-anion H-bonding, relative counterion arrangement, and different
modes of cation aggregation in systems such as ComimOAC/CI/SCN,*
CsmimOAC/CF;COO/TFSA/TfO/Br/I,*®  and  their analogues with fluorinated cations, and

C2mimSCN/N(CN),/B(CN),. %

Here we present a systematic MD study on the local microscopic structure around cations in six
imidazolium-based ILs containing 1-butyl-3-methylimidazolium C,mim* cation coupled with the acetate
OAc, chloride CI, tetrafluoroborate BF, , hexafluorophosphate PFs , trifluoromethanesulfonate TfO,
and bis(trifluoromethanesulfonyl)amide TFSA™ “° anions (see Figure 1 for molecular structures). The
selected set of ILs is mainly of interest for such applications as biopolymer dissolution (CsmimOAc and
C4mimCI)® and electrolytes for batteries and other energy related applications (CsmimBF,, CsmimPFs,
C,mimTfO, CymimTFSA).*! We selected the C;mim* cation as the associated ILs are liquids at room
temperature (except CsamimCl). Furthermore, both experimental and theoretical data are available in the
literature on their microscopic structure, which provides the possibility of comparing them with our
present results. By studying anions of different size, shape, symmetry, charge distribution and basicity we
aim to reveal the influence of these anion properties on various fine aspects of the local structure in these
systems, which is of great importance for fine-tuning the molecular design of novel ILs with better

characteristics and for explaining numerous experimental findings.

Needless to say that any conclusions drawn on the local average preferential structure of ILs, should be
treated with caution without proper handling of the corresponding dynamics.®® ** The latter constitutes the

subject of our ongoing work, and will be presented in a subsequent publication. The rest of the paper is



organized as follows: MD simulation details are briefly presented in Section 2, the obtained results on the
cation-anion relative arrangement, cation-anion H-bond-like interactions and cation-cation relative

arrangement are discussed in Section 3, and, finally, Section 4 outlines the main conclusions of our work.
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Figure 1. Molecular structures of C;mim™ cation and six anions constituting the studied ILs. Labeling of
the CH sites in C4mim” cation is also given. Color coding of the elements: white — H, orange — C, blue —

N, red — O, green —ClI, cyan — B, purple — F, gray — P, yellow - S.

2. Computational details

All-atom MD simulations were performed with the DL_POLY_4 code (version 4.07).43 Initial
configurations of the systems were created with the Packmol software using the default closest contact
tolerance of 2 A.** The DL_FIELD tool was used in the preparation of the necessary force-field and

configuration files.*®

We employed the recent force-field model of Mondal and Balasubramanian®® for all the ILs studied here.
It is a scaled-charge non-polarizable model based on the popular force-field of Canongia Lopes and
Padua.”**® The model reproduces not only basic thermodynamic and structural properties but also a
number of dynamical ones very well.®® % Intramolecular degrees of freedom are represented by the
corresponding bond stretching, valence angle bending, and dihedral rotation potentials. Several of these

internal degrees of freedom were frozen in the simulations, namely, C-H bond stretches in C,mim*



cations and OAC™ anions, using the RATTLE algorithm,50 while the BF,~ and PFg~ anions were treated as
completely rigid bodies. The readers are referred to the original publications for the parameter values of
the interaction potentials. We only note here that the original dihedral potential function is not

implemented in the DL_POLY _4 code and it was thus refitted to an OPLS-type potential:

U (9) = Ao+ 0.5 (A1 (1 + cos(p — o)) + Az (1 - €0s(2(¢ — 90))) + A3 (1+C0s(3(p — 90)))) (1)

The corresponding parameters are summarized in Table S1 in the Supporting Information.

For each system simulated, 864 ion pairs were randomly placed inside a cubic simulation box with three-
dimensional periodic boundary conditions applied. Such a relatively large system size was selected by
considering the results of Gabl et al.,>* who claimed that sufficiently large system size (at least 512 ion
pairs) and long simulation time are needed in order to properly capture both the structure and the
dynamics of an ionic liquid. Moreover, they also emphasized that the number of particles is a more
crucial factor in this respect than the length of the trajectory.”® Electrostatic interactions were evaluated
using the smoothed particle mesh Ewald technique with the real space cutoff of 15 A and relative
precision of 107°.>* Non-bonded interactions were explicitly calculated within the spherical cutoff of 15 A
with the necessary long-range corrections to the system energy and pressure applied. Velocity Verlet
integrator was used with the timestep of 2 fs. After initial energy minimization the systems were
equilibrated for 1 ns on the isothermal-isobaric (NpT) ensemble at 300 K and 1 atm using Nosé-Hoover
barostat®® and thermostat™ with relaxation constants of 2 ps and 0.1 ps, respectively. As C;mimCI melts
at a temperature higher than 300 K, this IL was simulated at 353 K in order to compare with the original
publication of Mondal and Balasubramanian.” The simulated densities of all ILs studied here are in
perfect numerical agreement with the originally reported values which, in turn, are quite close to the
experimental data (see Table S2 in Sl). The systems were further equilibrated for 5 ns on the canonical

(NVT) ensemble using the Nosé-Hoover thermostat with the same relaxation constant. Production runs of



1 ns were performed afterwards, using the same parameters to produce 10000 independent sample

configurations. All the analyses presented here were carried out using the TRAVIS code.*®

3. Results and discussion

3.1. Cation-anion arrangement

We begin our analyses with a basic characterization of the relative arrangement of anions around a
reference cation. Due to the different shape and symmetry of the anions considered in the present
analysis, we describe their position via the corresponding atomic centers of coordinating group Y, i.e.,
C“°®in OAc, ClinCI, B in BF4, P in PFs, Sin TfO™ and TFSA™. As most of the positive charge of the
C.mim" cation is localized at the imidazolium ring a typical approach is to consider the center of the ring
(CoR) - Y radial distribution functions (RDFs).*® However, these RDFs show little detail (see Figure S2)

as they sample all the possible orientations of the vector connecting the reference and observed sites.

A common way to resolve the orientational component of these functions is to study the isosurfaces of the
so-called spatial distribution functions (SDFs).>% ® %8 Thijs type of representation, however, suffers
from the somewhat ambiguous choice of the isovalue, and also from the lack of information on the
distribution of the observed particle density inside the region enclosed by the isosurface. We overcome
these difficulties by using the cross-sections of the spatial distribution functions CoR — Y with the
observed particle density color-mapped on the slicing planes (see Figure S3). It is well known from

numerous published conventional SDFs® % %08

that in imidazolium-based ILs anions prefer to occupy
three main sites next to the ring CH sites with a higher intensities observed at the C-H? group and a minor
one next to the C*Hs group. It is noteworthy that the latter is often overlooked because of too high SDF

isovalue used. In this regard, one of the cutting planes shown in Figure S3 is the imidazolium ring plane

while the other one is orthogonal to the first one and contains the C-H? line.



It is readily apparent from Figure S3 that all the aforementioned regions of localization of anions around a
reference C,mim* cation (i.e., next to the imidazolium ring C-H%** sites and in front of the C*Hs group)
are observed in all the studied ILs. However, several IL-specific features are also apparent. Namely, the
localization of anions becomes progressively more diffuse in the order of OAc™ < CI" < BF4, = PFg <
TfO™ < TFSA™. In particular, around the C2%-H site the nature of the distribution of anions above/below

and within the imidazolium ring plane is strongly anion dependent.

In order to study the latter aspect in more detail, we have decided to calculate the distribution of the first
nearest neighboring anions with respect to cation’s main sites of interest. Indeed, it is primarily the
nearest neighbor that defines the local environment of a reference site. Thus, by analyzing different

*%81 one samples over a small yet

structural properties taking into account only the first nearest neighbors
significantly reasonable volume of space. In this regard, we described the position of the first nearest
neighboring coordination group of anions with respect to one of the three ring hydrogen atoms H¥** of
C4mim* cation in terms of the distance H'-Y and the angle ¢; between the imidazolium ring normal vector
and the radius-vector H-Y (see Figure 2 for the scheme). Thus, a perfect in-plane arrangement of the

observed anion next to the reference H' site would correspond to the ¢; values around 90°, while positions

above/below the reference site would contribute to the ¢; values close to 0 and 180°.

Figure 2. Schematic representation of the main parameters used for the description of the relative

position of anion with respect to the imidazolium ring C-H?*" sites.



The results of the present analysis are shown in Figure 3A as combined distribution functions (CDFs)
correlating the H'-Y distances and the corresponding ¢; values for the first nearest neighboring anions
with respect to H¥*®. By construction, these contour plots are very similar to the slicing plane in Figure
S3 that contains the C-H? line. However, due to restriction to the first nearest neighbor with respect to

each specific reference site these CDFs bring about more information.

A common point of all the studied ILs here is that both angular and radial distributions are more diffuse
in the case of H*® than in the case of H2. This means that the general position of the neighboring anion is
better localized around the H? site, which obviously stems from its higher positive charge.” ' " At the
same time, there are still plenty of anion-specific information. For example, one can notice that OAc™ and
CI" strongly prefer to occupy the in-plane positions around all the ring C-H?*" sites, although the CDF of
CI" shows some tails towards above/below H? positions, as well. The four other anions, in contrast, show
a distinct preference towards above/below H? arrangement. This effect is the most pronounced in
C:mimPFsg, then, to a similar extent, in CsamimBF, and CamimTfO, while CsmimTFSA reveals the most
diffuse anion distribution around the H? site. As for the distribution of the perfluorinated anions around
the H*® atoms, some anion-specific details are also apparent. In CsmimBF4 and C,mimTfO the anions
tend to be localized around the in-plane positions next to the H*® sites, while in CsmimTFSA the bulky
anion is mainly found above and below these sites. In the latter case, one also has to notice that the
distribution is even more diffuse than around H2. Finally, PFs” occupies mainly in-plane position next to

H°, and slightly prefers the above/below H* arrangement.

Clearly, the above/below arrangement of the nearest neighboring anions around the imidazolium ring
plays a non-negligible, if not the dominant (depending on the anion) role in determining the local
microscopic structure around a reference C4mim™ cation. In an attempt to characterize such contributions
that could have been overlooked in the analysis presented above, we studied the distribution of the nearest

neighboring anions to the CoR that are, at the same time, not the first nearest neighbors of any of the
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imidazolium ring C- H¥*®

sites, and hence have not been taken into account in the previous analysis.
Figure 3B presents the results of this analysis in the form of contour plots of the density of projections of
the anion position to the imidazolium ring plane. The percentages shown in the plots indicate the fraction
of the nearest to the CoR anions that satisfy the second condition, i.e., not being the nearest neighbors of

any of H?*®,

In accordance with what has been found above, there is a rather low probability of finding OAc™ anions
above/below the ring plane. On the other hand, all the other studied ILs show very similar distributions,

centered between C2 and N2 with intensities following the order of PFs > BF, = TfO" > TFSA >CI".

The obtained trend is in excellent agreement with numerous results on related systems. The examples
include MD simulations of Hardacre et al. aimed at reproducing neutron diffraction data on
CimimCI/PF¢/TESA and C,mimOAc,® 62 as well as NMR, classical MD simulations and static ab
initio calculations on ion pair dimers performed by Matthews et al. on C;mimCI/TfO/NO3/BF,/MeSO,
and CsmimCl/TfO/SCN/TFSA/Me,PO4. " These results were, however, mainly based on the
calculation of conventional SDFs with an arbitrary isovalues. The conclusions can be typically
summarized as follows: the bigger and the less coordinating (H-bond accepting) the anion is, the more it
prefers to occupy the above/below C-H? sites. A more quantitative assessment of this issue was given by

Skarmoutsos et al.,*?

who reported a similar angular distribution for anions that are localized closer than
the H-bonding distance at the C-H? site in C;mimCl. Kirchner et al. reported the results of the relative
arrangement of anions around cations, in a similar level of details as we presented here, on the basis of ab
initio and classical MD simulations of Comim® coupled with cyano-based anions,*® mixtures of
C,mimOAc with water,*® neat C,mimBr/I/OAc/CF;COO/TFSA ILs,* and C,mimCI-C,mimSCN IL
mixtures.®” Nonetheless, their results mainly dealt with C-H? or CoR centered description. In the present

work we present a particular level of structural details by considering nearest neighboring anions with

respect to each relevant cation interaction site.
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As for the nature of the interactions underlying the revealed structural motifs we first highlight that the
present results are an outcome of a classical force-field and therefore conclusions are necessarily limited
to the effects of size and charge distribution. Nonetheless, several static and dynamic ab initio studies
have already tackled this question. It is assumed that the on-top arrangement of anions results from the

10-12, 68

so-called anion-n* interaction, which is a complex interplay of electrostatics and dispersion

10-12, 38, 68

forces.

66420245

Figure 3. A) Combined distribution functions relating the distance of the vector connecting the

imidazolium ring hydrogen sites H? (top row), H* (middle row), H> (bottom row) of Csmim* cation and
12



the nearest central atom of coordinating group of anions and the angle between this angle and the normal
to the imidazolium ring plane (¢). B) Contour plots of the density of projections on the imidazolium ring
plane of the nearest to the CoR anions that are at the same time not the nearest neighbors of any of H¥*®
sites. The projection plane is centered at the CoR (grey circle) and part of the skeleton of a reference
Csmim™ is shown for clarity. The percentages indicate the fraction of the nearest to the CoR anions that
satisfy the second condition, i.e., which are not the nearest neighbors of any of H2*®. Color scaling range

is different in A and B, but the same for all the studied ILs and reference sites.

3.2. Cation-anion H-bond-like interactions

It is well appreciated in the literature that, apart from the strong non-directional electrostatic interactions
between the ions as charged entities, the local microscopic structure in imidazolium ILs is significantly
influenced also by directional cation-anion H-bonding, though the extent and the importance of this
contribution to the overall potential energy landscape is still under debate.*? ** 1% 37 870 \ithin the
framework of modern all-atom force fields this type of interaction is treated via coulombic terms and the
corresponding atomic charges. The issue of cation-anion H-bonding in ILs has mainly been assessed by
computer simulations studies using a certain H-bond criterion. Typically, this implies a combination of a
radial cut-off between a given hydrogen atom and the corresponding H-bond acceptor, and an angular
cut-off for the pseudovalent H-bond angle (D-H---A, where D and A stand for the H-bond donor and
acceptor site, respectively).”* However, in some studies more sophisticated criteria have also been used.*?
Moreover, some authors claim that poorly selected cut-off values can significantly bias the results,*?

while others stipulate that these results are rather insensitive to the cut-off values.*’

In order to avoid this ambiguity in the present study we refrain from any H-bonding criteria and study
rather H-bond-like interactions. We present in Figure 4 CDFs correlating the H-bond pseudovalent angle

and the corresponding H-bonding distance between the imidazolium ring hydrogen atoms H' and the

13



nearest neighboring H-bond accepting atom of anion (O in OAc,, TfO", and TFSA', F in BF; and PFg,
and CI'). Similarly to the general distribution of anions around the ring sites discussed before, several
apparent features are common for all the studied ILs here. Namely, both angular and radial distributions
are more diffuse at H*® than at H?. Also, the preference of the H-bonds for the linear alignment is

stronger around H° than H*.

As for the IL-specific observations on cation-anion H-bonding at the imidazolium ring sites, one should
mention that the relative strength of H-bonds estimated from their linearity/length follows the order OAc’
>> TfO" > BF, > TFSA = PFs. CymimCl, the only IL considered that has a monoatomic anion,
represents a rather particular case. Despite the fact that the main peaks are located at H-bonding distances,
very close to linear arrangements and with intensities comparable to those of C;mimTfO, one also sees
broad low intensity features reaching rather large distances and low angle values. The latter originate
from the above/below arrangements of the nearest neighboring anion which are also important as can be

judged from Figure 3.
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Figure 4. Combined distribution functions relating the distance and the corresponding pseudovalent angle
of H-bond like interactions between the imidazolium ring hydrogen atoms H? (top row), H* (middle row),
H° (bottom row) of the Csmim" cation and the nearest neighboring primary H-bond accepting atom of

anion (O for OAc, TfO, and TFSA, F for BF, and PFe).

In our recent NMR study on neat C;mimBF,;, C;mimPFs, C;mimTfO, and CymimTFSA and their
mixtures with acetonitrile over a broad concentration range,*’ apart from the relative strength of cation-
anion H-bonding in these ILs we also obtained an interesting result concerning the relative strength of H-
bonds at the H? and H** sites. In particular, it was established that H-bonding at H? is much stronger than
at H*® in C,mimTfO and C,mimTFSA, while this difference is less pronounced in C;mimBF, and
CsmimPF¢. Given that the angular distribution of the H-bonding pseudovalent angle are quite similar in
these ILs, we verify our experimental finding by calculating the average H-bond-like distance with the

first nearest neighbor for each imidazolium ring site (Figure 5). It is readily apparent that the difference in
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the average distances at H” and H** is larger in the case of C,mimTfO and C,mimTFSA as compared to
CsmimBF,; and C4smimPFs. The MD results are in accordance with our experimental findings, and also
partly supported by another of our recent work on quantum-chemical calculations of ion pair dimers of

these ILs.'8

One of the main experimental evidences obtained by us in this regard was the IR bandshape of the
stretching vibration of the imidazolium C-H' bonds, namely the particularly strong low frequency
shoulder corresponding to the C-H? stretching vibration.*’” The results presented in Figure 5 suggest that
C4mimCl and C;mimOAc also reveal significantly enhanced H-bonding strength at H® similar to that
found in CymimTfO and C,smimTFSA. In accordance with this result, the published IR spectra of

C4mimCI’#" and C,;mimOAc* also show an intense redshifted band related to the C-H? stretching.

2
3.0 o H i

A H X
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25} . .
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OAc ClI BF, PF

¢ TfO TFSA
Figure 5. Average distance between the imidazolium ring hydrogen atoms H?, H*, H® of C;mim* cation
and the nearest neighboring primary H-bond accepting atom of anion (O for OAc, TfO, and TFSA, F for

BF, and PFg). The error bars are an estimation of the corresponding fluctuation of the average distance.

Double-headed green arrows serve to mark the difference between the average values for H* and H*®.

All the anions considered in this study, with the exception of CI', can form multiple H-bonds with a given
hydrogen atom. This point has mainly been studied in acetate-based systems,*® *® however, numerous

static quantum-chemical calculations on representative ion pair clusters suggest that this issue is also
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important in ILs with perfluorinated anions.*> '® ™ As we stick to the idea of the nearest neighbor
approach, and try to avoid the use of any arbitrary H-bonding criteria, here we propose to follow the
correlations between the distances from a given ring hydrogen atom to H-bond accepting atoms of the
nearest neighboring anion. The nearest neighboring anion here was defined with respect to the distance

between the ring hydrogen atoms H**®

and the central atom of the coordinating group of the anion (see
above). The obtained CDFs are shown in Figure 6. The simplest case is CamimOAc, because here the
anion has only two oxygen atoms, and thus, the leftmost column of Figure 6 contains the CDFs
correlating the distances H#*°-O"2. In this representation a bidentate coordination of the OAc™ anion to a
given hydrogen atom would correspond to a cross-peak at the diagonal, where both H'-O? distances are

short, whereas a monodentate motif should give rise to two contributions where one distance is H-bond-

like and the other one is larger.

However, as the other anions have at least three atoms that could possibly simultaneously coordinate a
given hydrogen atom, the visualization of such multidimensional data is rather complicated. In order to
simplify the representation, we analyzed only those nearest neighboring anions that have one H-bond with
a given hydrogen atom. This was realized by applying a condition that the distance from a given
hydrogen atom to an H-bond accepting atom of the nearest neighboring anion is within the standard
deviation from the average position of the first nearest neighbor of this type, in other words, within the
limits of the appropriate error bars in Figure 5. Then, after selecting the configurations that fit these
conditions, we analyze the CDFs of the distances from the selected hydrogen atom to two other H-bond
accepting atoms of the nearest neighboring anion that were not considered in the above condition. In other
words, these CDFs, presented in columns 2 to 5 of Figure 6, correspond to an observation of two different

atoms (a three-body analysis) with a condition applied to a third one.

Within this framework a monodentate coordination means that only the first H-bond accepting atom of

the nearest neighboring anion, i.e., the one that served for the condition, is within the typical H-bonding
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distance from a given hydrogen atom. In other words, in the CDFs shown in columns 2-5 of Figure 6 such
configurations would contribute to the probability density corresponding to high values of both observed
distances. Similarly, a bidentate coordination implies that apart from the first H-bond accepting atom, one
of the two others should be observed at short, H-bonding-like distances, while the other one is much
farther from the given hydrogen atom. Finally, a tridentate coordination would give rise to a cross-peak
along the diagonal at short distances (i.e., an equivalent of the bidentate coordination pattern for OAC).
For this set of systems, we highlight the range of H-bonding distances used in the criteria for the first H-

bond accepting atom with hatched squares in Figure 6.

7
7 N

]

ro! A

Figure 6. Combined distribution functions relating the distances from H? (top row), H* (middle row), H
(bottom row) of C;mim* cation to the two oxygen atoms of the nearest OAc anion (1% column) or to two
different H-bond accepting atoms of the nearest anion (O for TfO, and TFSA, F for BF, and PFg) under

the condition that a third atom is within a certain distance condition as explained in the text (columns 2 to
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5). The hatched square in CDFs shown in columns 2 to 5 encloses the range of distances used as the

criterion applied to the third (not-observed) H-bond accepting atom.

We begin this analysis with CymimOAc, whose anion can only be mono- or bidentate. From Figure 6 it is
evident that the bidentate mode of coordination is strongly dominating at the C-H? site due to its highly
positive charge. However, at C-H” and, to a greater extent, at C-H> we observe a slight preference for the
monodentate coordination of OAc™ anions. This preference can be explained by the larger sterical
hindrance around these H atoms. It also worth mentioning that the transition from a monodentate to
bidentate H-bonding mode goes through a minimum of probability where the longer of the two distances
is around 3 A. This means that if necessary one could easily distinguish between the different

1.5 claimed on the basis of direct MD simulations and EPSR

coordination patterns. However, Bowron et a
refinement of neutron diffraction data of C,mimOAc that bidentate binding of the anion is of low
probability even at the C-H? site. One has to remark though that they analyzed all ion pairs within the first

minimum of the corresponding H'-O°° RDFs, not just the nearest neighboring ones, as done here.

CamimBF4, CsmimPFs, and CsmimTfO are different from CsmimOAc as their anions can potentially
form up to three H-bonds with a given hydrogen atom using three equivalent H-bond accepting atoms. As
one can see from Figure 6, several observations are universally applicable to all the three ring sites in this
set of ILs. First, the most probable H-bonding mode is the bidentate one, as indicated by the large peaks
(at 2.0-25 A / 3.5-4.5 A) located symmetrically at the two sides of the diagonal. Second, tridentate
configurations are more probable at H** sites than at H? (note the higher intensity close to the hatched
regions in the case of H*° as compared to H?). Finally, transition from the dominating bidentate
configuration to either a monodentate or the tridentate one passes through a monotonic decrease of
probability. This is in a clear contrast to what has been seen for CsmimOAc, as less probable H-bonding
modes do not correspond to local maxima on the probability density maps shown in Figure 6, which

makes quantitative distinguishing between different H-bonding coordination patterns rather ambiguous. It
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is also worth noting that the stable ion pair geometries of C;mimBF,;, CsmimPFg, and C,mimTfO,*®
reported previously by us, revealing that the anion is located above the C-H? fragment, are fully

compatible with the prevailing bidentate H-bonding mode revealed here.

As for IL specific features of multiple H-bonding of a given ring C-H site with the nearest anion, we note
a significant population of the tridentate arrangement, comparable to that of the monodentate one, in the
case of CsmimPFs. In CsamimBF4 and CsmimTfO the tridentate H-bonding occurs less frequently than the
monodentate one. Among these two ILs, it is CamimBF, that exhibits more tridentate H-bonding. In other
words, the average number of close H-bond like contacts with the nearest neighboring anion follows the

order CsmimPFg > CsmimBF; > CsmimTTfO.

Lastly, we describe the multiple H-bonding with the nearest TFSA™ anion. Here the two H-bond like
distances, analyzed in Figure 6, refer to two non-equivalent oxygen atoms. Namely, the distance
corresponding to the horizontal axis of the graph is that to the O oxygen atom, which resides in the same
SO, moiety as the O' oxygen atom used for defining the condition. Accordingly, the distance plotted
along the vertical axis is that to the O oxygen atom, corresponding to the other SO, group. The main
peak at 4.5 A /2.5 A implies a very strong preference, particularly at the C-H? site, for the bidentate H-
bonding between oxygen atoms of two different SO, groups. Nevertheless, weak populations of
monodentate and bidentate configurations within the same SO, group are also apparent. Similarly to
C4mimBF; and C,;mimTfO, tridentate configurations are hardly observed at the C-H? site, while they are

encountered at H* though with a very low probability.

Our final insight into cation-anion H-bonding concerns such non-conventional H-bond donors as aliphatic
C-H sites of the butyl and methyl groups of C;mim” cation. It has been often acknowledged in molecular

11-12, 15, 18, 68, 74

modeling studies that anions located close to the imidazolium ring C-H sites can also

establish slightly weaker H-bonds with the adjacent alkyl hydrogen atoms of the alkyl chains. This claim
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has been experimentally confirmed in neat ILs via the isotopic shift of *°F NMR signals after selective
deuteration of the Cymim* cation in C;mimBF, and C;mimPFg,” and also in their solutions in various

molecular solvents, from concentration dependent chemical shifts.” 222

Similarly to Figure 4, we present in Figure 7 the CDFs relating the H-bonding distance and the
corresponding pseudovalent angle between different alkyl hydrogen atoms of the C4mim™ cation and the
nearest neighboring H-bond accepting atom of the anions. Not surprisingly, the H-bonds involving the
alkyl hydrogen atoms are less frequent (note the scale used in Figure 7 is half of that in Figure 4), longer,
and deviate more from the linear arrangement than those involving the imidazolium ring C-H sites. The
fact that the distributions are the least diffuse for the H" site can be traced back to the better special
accessibility of this H atom. Moreover, it can contribute to the cation-anion H-bonding not only in
configurations where anion is simultaneously bound to H? or H* of the same C,mim" cation, but also in
configurations in which the anion is located directly in front of the N*-C*“Hs group, as indicated by a
weak probability zone of the cross-sections shown in Figure S3. This finding supports the importance of
H®“ hydrogen atoms not only in the analysis of the cation-anion interactions in ILs, but in the force-field

development as well.***’

In general, the H-bonds with hydrogen atoms of the butyl chain become progressively weaker as one gets
farther away from the imidazolium ring. The only obvious exception here is CsmimPFg, as it reveals
rather equally strong H-bonds with all types of alkyl hydrogen atoms along the butyl chain of the C;mim*
cation. This finding can be related to the well defined localization of the PFs anion above/below the C-

H? site, and could be one of the reasons of its surprisingly high viscosity of ca. 280 mPas.”
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Figure 7. Combined distribution functions relating the distance and the corresponding pseudovalent angle
of H-bond-like interactions between the alkyl hydrogen atoms of C,mim” cation and the nearest
neighboring primary H-bond accepting atom of anion (O for OAc, TfO, and TFSA, F for BF, and PFs).

Intensity scale is twice as small as in Figure 4.

3.2. Cation-cation arrangement

Despite the fact that the local environment of cations in imidazolium-based ILs is mainly determined by
the surrounding counterions it is well understood that cation-cation contacts also play significant role in

determining the properties of the corresponding IL. Two typical kinds of contacts have been reported in
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imidazolium-based ILs: tail-tail and ring-ring (e.g., n*-n* stacking).> * ¥ " The former one is known to

1,77-78

be at the origin of microheterogeneity observed both experimentally and by molecular simulations.*

2128 The |atter, by contrast, is much less common and was initially suggested to rationalize some NMR

79-81

spectroscopic data, and was also confirmed later by MD simulations, including ones that well

reproduce neutron and X-ray scattering data.* 2

It is interesting to note that in the available experimental crystal structures of C4mim*-based ILs, among
which several ones are studied here, no stacking type close contacts were observed, though the
neighboring ring planes are often, but not always, parallel and displaced.?”®* Several recent quantum-
chemical calculations on representative clusters of ion pairs of C;mim*-based ILs have also revealed the

importance of n*-n* stacking in such systems, 0+ 18 68 74,8486

We address here these two types of cation-cation contacts through conventional RDFs (Figure 8) between
the centers of imidazolium rings (CoR), and between the terminal carbon atoms of the butyl chain (C°). It
is readily apparent that the chain-chain aggregation is much less IL specific, though it is obviously
stronger than the n*-n* stacking. The first peak in the C° — C° RDFs is located at 4 A with a distinct
shoulder at ca. 5 A. The main peak accommodates approximately one neighbor, whereas integration up to
the first minimum located at 6.5-7 A gives around 3-3.5 neighbors, except for C;mimTFSA, for which the
coordination number is close to 2 due to the bulkiness of the anion. The second shell of chain-chain

contacts is hardly discernable.
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Figure 8. Radial distribution functions relating two main types of cation-cation aggregation: between the

butyl chains (top) and between the imidazolium rings (bottom).

As already mentioned before, the CoR-CoR distributions are much more complex and sensitive to the
type of anion. First, none of these distributions exhibits a distinct sharp first peak. Instead, one can
observe a series of shoulders and humps with a complicated structure. Second, the initial slope of the
curve corresponding to stacking contributions at 3-4 A follows the order of OAc” = CI" > BF, = TfO" >
PFs > TFSA". This trend only represents the general tendency for stacking. In order to resolve the
orientational aspects of this interaction, we study several angular distributions (see Figure 9) for the first
nearest neighbor with respect to the CoR-CoR distance. The results are presented in Figure 10 as CDFs
correlating one of the selected angles and the distance between the centers of two closest imidazolium

rings.
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Figure 9. Schematic representation of the parameters used to description of the relative orientation of two

C:mim” cations.

The first investigated angle, designated here as y, is the angle between the normal vector of the
imidazolium ring plane of the reference C;mim™ cation and the vector connecting the ring centers of the
reference cation and the observed nearest neighboring Csmim™ cations. This angle is analogous to the ¢
angle that we used to describe the relative position of anions with respect to cations. If the center of the
imidazolium ring of the observed cation is located exactly above/below that of the reference one, it will
contribute to at y values close to 0 and 180°. Similarly, an in-plane arrangement of the observed nearest
neighboring cation corresponds to a y value around 90°. One can clearly see from Figure 10 that in all the
investigated ILs the nearest neighboring cation prefers to occupy the above/below positions at typical
stacking distances around 3.5-4.5 A. Noteworthy, this preference is much weaker for C;mimPFs and
CsmimTFSA than for the other ILs considered, and the corresponding peaks are much broader along the
radial variable and are shifted to longer distances.

Stacking interactions including those in imidazolium-based 1Ls** 8758

imply not only good relative
above/below arrangement of the interacting planes, but also their essentially parallel relative arrangement.
This is characterized here by the angle 8 formed by the normal vectors of the imidazolium ring planes of
the reference and observed molecules. Again, a perfectly parallel arrangement of the planes corresponds
to @ values of 0 or 180°, whereas the values around 90° are indicative of T-shaped relative arrangement of

the two rings. For all the ILs studied here (with the exception of CsamimTFSA, which does not show any

distinct preferences for stacking), we observe a strong bias towards parallel alignment of the imidazolium
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ring planes of the first nearest neighboring cation. This preference is even somewhat stronger than that for

the above/below arrangement. In other words the angular distribution peak of y is broader than that of 6.

So far, we have established that the nearest neighboring cation ring prefers parallel stacking and direct
above/below arrangement relative to the reference one, although some displacement from this perfect
alignment is also possible. CsamimOAc and CsmimCl, i.e., the ILs with the strongest preference for the in-
plane arrangement of anions at all the ring sites, reveal the most favorable stacking alignments of the
cations. Conversely, CsmimPFs and CsmimTFSA exhibit hardly any particular stacking type
arrangements due to the preferential localization of anions above/below the ring plane, and to their large
size (in particular, for C;mimTFSA). C4smimBF, and C;mimTfO constitute an intermediate case of n'-n"
stacking. It should be reminded, however, that the present results are obtained from classical MD
simulations, i.e., they stem from merely point-charge electrostatics and molecular packing considerations,
while quantum-chemical treatment of n*-n" interactions are out of scope here. Static quantum chemical

1.7 also

calculations on a set of ion pair dimers of Cymim*-based ILs, reported recently by Matthews et a
highlighted the tendency of multidentate big anions to prefer the on-top arrangement, thus preventing
cations from stacking. In their subsequent combined NMR/MD study on mixtures of C;mim*-based ILs
with different anions they reinforced their findings that smaller anions, showing higher H-bond accepting
capacity can stabilize n*-n" stacking, whereas bulky anions with diffuse charge distribution favor the
anion- " interactions.’® However, a very recent ab initio MD study of C,mim*-based ILs with cyano-

bearing anions by Weber and Kirchner *® suggests that cation stacking and on-top anion arrangement are

not always in direct competition.
One can also get an idea about the relative orientation of two stacked imidazolium rings by following the

angle « (Figure 9), which is the angle between the vectors N*-C" in the reference and observed Cymim*

cations. Orientations in which the equivalent alkyl groups point to the same direction correspond to the «
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values of 0°. It is apparent from the bottom row in Figure 10 that the four ILs are prone to stack with

equal preferences for parallel and anti-parallel arrangements of the alkyl groups.

Brehm et al. inferred from small but still representative ab initio MD simulations of neat C,mimOAc and
its mixtures with water™® that the alkyl chains of the nearest neighboring cations in the corresponding
stacking arrangement (on top and parallel with respect to the reference one) are oriented in an orthogonal
fashion. On the one hand, this result could stem from the better description of the manifold of interactions
between the ions in ab initio MD compared to the classical MD used in the present study. On the other
hand, in the case of C4ymim*-based ILs one would naturally expect stronger bias towards (anti)parallel
arrangement of the alkyl chains due to packing restrictions and aggregation of the nonpolar moieties.
Moreover, many published to date structures of quantum chemically optimized ion pair clusters of

18, 84, 86

C4mim*-based ILs reveal collinear arrangement of the butyl chains.
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Figure 10. Combined distribution functions relating the 1% nearest neighbor CoR-CoR distance between

two Cysmim” cations and the three representative angles y (top row), 8 (middle row), and a (bottom row)

reporting their relative orientation.

The latter observation highlights the fact that the ring stacking of cations can occur simultaneously with
the aggregation of the butyl chains. In order to study this aspect more precisely we present in Figure 11
the CDFs correlating the C° — C® and CoR — CoR distances under two alternative conditions. The first one
implies that the observed cation is the nearest neighbor with respect to the distance between the terminal
carbon atoms C? of the butyl chain, whilst the second condition applied refers to the nearest neighbor with
respect to the CoR-CoR distance. The results suggest that if two neighboring Csmim® cations are
aggregated via their butyl chain, the most probable distance between the centers of their imidazolium
rings is around 6.5 A in C;mimOAc, and around 7.5-8.0 A in the other ILs studied. Nevertheless, in
CsmimCl and C;mimOAc one observes a non-negligible contribution as a secondary peak/shoulder at the

higher limit of stacking distances around 4.5 A. This means that in the case of the butyl chain aggregation
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between a pair of C;mim” cations the n*-n" stacking between the same cations is only essential in ILs that
show a strong tendency to the imidazolium ring stacking, e.g., CsamimCl and CymimOAc. Similar results

were reported by Weber et al.* for a similar set of C;mim*-based ILs.

In the opposite case, i.e., when one considers a pair of stacked C;mim" cations the distribution of
distances between the terminal carbon atoms of the butyl chains is rather broad and featureless within the
range of 4-8 A, peaking at 4 A. In other words, in the studied ILs, the stacking of cations does not impose

any particular arrangement between their corresponding butyl chains.
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Figure 11. Combined distribution functions relating the distance between the terminal carbon atoms C°

and the distance between the centers of rings (CoR) for a pair of closest C;mim™ cations with respect to

their C° (top row) or their CoR (bottom row).

4. Conclusions
We have studied site-specific nearest neighboring local environment of cations in six ionic liquids bearing
C,mim” cation coupled with OAc, CI', BF,, PFs , TfO, and TFSA™ anions by means of classical MD

simulations. Particular attention was paid to the issues of the influence of the nature of anion on the
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relative cation-anion and cation-cation localization as well as on cation-anion H-bonding in terms of

radial and orientational distributions of the nearest neighbors.

The results suggest that the position of the anion with respect to the imidazolium ring plane of the cation
is strongly anion-dependent, especially around the C-H? site. Namely, OAc™ and CI™ anions strongly
prefer to occupy the in-plane position, while the other anions studied tend to the on-top arrangement. The

corresponding distribution at the C-H"" sites is much more diffuse.

H-bonding at the H? site is strongly enhanced as compared to the H*® sites in the case of asymmetric
and/or strongly basic anions, such as OAc, Cl, TfO or TFSA . This finding is also in accordance with
recent spectroscopic and theoretical claims.*® *"*® Multiple H-bonding (bi- and even tri-dentate, when
possible) with the nearest neighboring anion was observed to be prevailing at the H*® sites as compared
to the H? one in all the ILs with multiatomic anions, except for CsmimOAc. H-bonding like short contacts
were also found between the anions and alkyl C-H groups in all the studied anions, though remarkably

less frequent and directional than those involving ring hydrogen atoms.

Finally, cation-cation contacts via the aggregation of the butyl chains is found to be much stronger and
less anion-dependent than the n*-n" stacking of the imidazolium rings. The latter, however, can occur
simultaneously with the alkyl chain aggregation, particularly in the case of ILs whose anions tend to be
located in the imidazolium ring plane and hence do not hamper the stacking, such as CsmimOAc and
C.mimClI.

Supporting information

Dihedral potential parameters refitted in accordance with eq. 1, densities of the simulated systems and
cation-anion radial distribution functions (RDFs).
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