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Abstract

Combining two ionic liquids to form a binary ionic liquid mixture is a simple yet
effective strategy to not only expand the number of ionic liquids but also precisely
control various physicochemical properties of resultant ionic liquid mixtures. From a
fundamental thermodynamic point of view, it is not entirely clear whether such mix-
tures can be classified as ideal solutions. Given a large number of binary ionic liquid
mixtures that emerge, the ability to predict the presence of non-ideality in such mix-
tures a priori without the need for experimentation or molecular simulation-based
calculations is immensely valuable for their rational design. In this research report,
we demonstrate that the difference in the molar volumes (AV') of the pure ionic lig-
uids and the difference in the hydrogen bonding ability of anions (Af) are the pri-
mary determinants of non-ideal behavior of binary ionic liquid mixtures containing
a common cation and two anions. Our conclusion is derived from a comparison of
microscopic structural properties expressed in terms of radial, spatial, and angular
distributions for binary mixtures and those of the corresponding pure ionic liquids.
Molecular dynamics simulations of sixteen binary ionic liquid mixtures, containing a
common cation 1-n-butyl-3-methylimidazolium [Cymim]* and combinations of (less
basic) fluorinated {trifluoromethylacetate [TFA|™, trifluoromethanesulfonate [TFS]~,
bis(trifluoromethanesulfonyl)imide [NTfs]~, and tris (pentafluoroethyl) trifluorophos-
phate [eFAP|™} vs. (more basic) non-fluorinated {chloride Cl~, acetate [OAC]™,
methylsulfate [MeSO4]~, and dimethyl phosphate [MeaPO4]™ } anions, were conducted.
The large number of binary ionic liquid mixtures examined here enabled us to span a
broad range of AV and Ap values. The results indicate that binary mixtures of two
ionic liquids for which AV > 60 cm?®/mol and AB > 0.4 are expected to be micro-
scopically non-ideal. On the other hand, AV < 60 cm?/mol and AB < 0.4 will lead
to molecular structures that are not differentiated from those of their pure ionic liquid

counterparts.
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Introduction

Ionic liquids are an intriguing class of molten salts, which are composed of molecular ions
the asymmetry of which results in packing frustration leading to their melting points below
100°C. At molecular level, ionic liquids are characterized by a delicate balance of Coulombic,
dispersion, hydrogen bonding, and 7-7 interactions giving rise to properties such as negligible
vapor pressure and solvation of polar and non-polar solutes. A natural way of manipulating
these interactions to obtain ionic liquids with improved properties is by changing the cation,
anion or both. Due to the diversity of available ions, such approach has been the primary
focus to design ionic liquids with desired properties resulting in a large number of ionic
liquids synthesized till date. As an illustration, the ILThermo Database maintained by the
National Institute for Standard and Technology contains physicochemical properties of 1400
unique ionic liquids. In lieu of synthesizing new ionic moieties, mixing of two ionic liquids
is probably the simplest and cost-effective strategy to generate new ionic liquids in which
molecular-level interactions governing macroscopic properties are modified.® Considering
that the mole fractions of the constituent ionic liquids can be varied almost continuously,
the approach holds great promise to produce a large number of ionic liquids increasing the
probability of discovering ionic liquids with desired properties. However, due to the combi-
natorics, the number of potential ionic liquid becomes too large to be studied rapidly either
experimentally or with molecular simulations. To navigate a large chemical space comprised
of potentially 10'® ionic liquids,? it is imperative that a first-pass, rapid, robust, easy-to-use
screen based entirely on the properties of pure ionic liquid be developed to differentiate ideal

vs. non-ideal ionic liquid mixtures.

While results from several studies indicate that thermodynamic properties such as enthalpy
and chemical potential, or volumetric properties such as excess molar volumes obey ideal
mixing law, there exist ionic liquid mixtures exhibiting non-ideal behavior. The ideal be-

havior is generally explained in terms of the similarity between interactions in the mixture
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and pure ionic liquids. On the other hand, changes in one or more molecular level interac-
tions with respect to those present in pure ionic liquids have been invoked to rationalize the
non-ideal behavior. The origin of such non-ideality has been suggested to be rooted in the
differences in the anion size/ionic liquid molar volumes and the hydrogen bond ability (3) of
anions. For example, binary ionic liquid mixtures containing anions with a very substantial
difference in [ parameter have been reported to yield non-ideal behavior in terms of excess
molar volumes, viscosity, conductivity, and glass transition temperature experiments. 10
Our work and that of others have also shown that when binary ionic liquid mixtures with
a common cation and two anions with a large difference in the hydrogen bond ability are
formed, the molecular arrangement of anions around the cation in the mixture can markedly
differ from those in the pure ionic liquids. ' We have also demonstrated that the presence of
“non-native” arrangements of anions exert a profound influence on the physical dissolution

mechanism of CO, at molecular level.'?

Despite the significance of molar volumes and hydrogen bond ability of the anions in pre-
dicting the non-ideal behavior in ionic liquid mixtures, it is surprising that a systematic
investigation evaluating the influence of these markers has been absent in the literature.
In the present work, we resort to molecular dynamics simulations to assess the ability of
these two descriptors in providing clues to the non-ideality in binary ionic liquid mixtures.
We report a comparison of molecular arrangements for a total of sixteen binary ionic liquid
mixture systems containing the common cation 1-n-butyl-3-methylimidazolium [Cymim]*™
and mixtures of (less basic, low § values) fluorinated {trifluoroacetate [TFA|~, trifluorosul-
fonate [TFS|~, bis(trifluoromethanesulfonyl)imide [NTfy]~, and tris(pentafluoroethyl) tri-
fluorophosphate [eFAP]™} vs. (more basic, high § values) non-fluorinated {chloride CI~,
acetate [OAC]~, methylsulfate [MeSO4]~, and dimethylphosphate [Me,POy4]”} anions (see

Supporting Information for the molecular structures, g values and molar volumes).
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Computational Details

The intra- and inter-molecular interactions were modeled using an all-atom force field devel-
oped by Canongia Lopes-Padua 314 (CL&P) for all the molecules except [Me;PO4]™ anion,
the parameters of which were taken from OPLS-AA force field'® which has been shown to
work well when combined with CL&P parameters.!8 The force field has the following

functional form:

bonds angles

kri' k ij
Bt = Y 5 (i = T05)" + > eéjk(eijk — Oo,ijn)°

iJ ijk

torsions 4

> Z%[H (=1)™" cos(meiju)] +

ijkl  m=1
nonbonded 7 12 o 6 G4

> {4 [(a) () ] : (7)} .

where k, ;;, Koijk, Fm,ijii Tepresent the force constants for bond stretching, angle bending, tor-
sion (both proper and improper), respectively, o and e denote the size and energy parameter
of the 6-12 Lennard-Jones (LJ) potential and ¢ indicate partial charges. As proposed for the
force field model, the unlike interactions were computed by the geometric-mean combining
rule and 1-4 nonbonded interactions were reduced by a factor of 2 for both LJ and electro-
static interactions. The total charge on the cation and anion is £+ 1. It is worth mentioning
that not using either polarizable force field or scaled non-integer charges may be justified as

polarizability has minor effect on the local structural properties.**

Molecular dynamics (MD) simulations were carried out at a temperature and pressure of
353 K and 1 bar using GROMACS 5.1.5 package. 2! Along with pure ionic liquid systems,
simulations for a total of five intermediate molar ratios (10:90, 25:75, 50:50, 75:25 and 90:10)
obtained by varying the concentrations of the respective anions were performed. With peri-

odic boundary conditions enforced in three dimensions, a system size consisting of 256 ion
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pairs was used for all the ionic liquid compositions, except for 10:90 and 90:10 compositions,
for which 250 ion pairs were simulated. The simulations were performed in two steps. First,
random initial configurations were generated using PACKMOL.?? These initial configura-
tions were then subjected to a steepest descent minimization followed by a 2 ns annealing
scheme, where the temperature was increased from 353 K to 553 K and then lowered to the
desired temperature of 353 K iteratively. Fach ionic liquid system was then simulated in
canonical (NVT) ensemble for a duration of 10 ns, followed by isothermal-isobaric (NPT)
equilibration run of 20 ns. In second step, the last configuration obtained from the NPT
equilibration run was used as the initial configuration. This configuration was subjected to
the same annealing scheme followed by 10 ns of NVT, and 25 ns of NPT equilibration and
subsequent NPT production run of 40 ns. The trajectories obtained from the last 20 ns of
the production run, with coordinates were saved every 0.4 ps, were used for the analyses.
During the production run, Nosé-Hoover thermostat and Parrinello-Rahman barostat with
a coupling time constant of 0.4 ps and 2.0 ps were used to maintain the temperature and
pressure. Particle Mesh Ewald (PME) method was used to handle electrostatic interactions
while analytical tail corrections were applied for nonbonded LJ interactions, each with a
potential cutoff of 16 A. Since all the fast vibrating modes comprising hydrogen atoms were
constraint, the simulations were integrated with a time step of 2 fs. The analysis of the

trajectories was performed using TRAVIS package.??

Results and Discussion

The systems studied here allowed us to change the values of AV (difference in molar vol-
umes) and AS (difference in the hydrogen bond ability) from low to high systematically,
thereby enabling the investigation of difference in entropic and enthalpic contributions in
a mixture. The [ parameter for all the anions were taken from the works of Spange and

co-workers,?4% except for [Me,PO,]™ and [eFAP]~, where the 3 parameters were predicted
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using a correlation between [ values and calculated hydrogen bond energies suggested by
Freire and co-workers.?% Same inferences can also be made using the 3 parameter values
taken from the works of Welton and co-workers?” (see Supporting Information). The molar
volumes were predicted from molecular dynamics simulations. Based on these values, we
generated Figure 1 displaying (AV') and (Af) of the anions for all the ionic liquid mixtures.
Figure 1 depicts four rectangular regions, which can provide guidance in predicting the ideal
vs. non-ideal behavior that might be expected for a given binary ionic liquid mixture. In
particular, non-ideal mixing behavior in terms of non-native structures (see below) can be
expected if the ions comprising the ionic liquid mixture are chosen such that AV > 60
cm?/mol and AB > 0.4 (top right corner of Figure 1 shaded in green) while close to ideal
mixing behavior is predicted for the region comprised of AV < 60 cm?/mol and AB < 0.4
(bottom left corner of Figure 1 shaded in red). As an aside, the data in Figure 1 highlight
that though there is a general trend of increasing AV and Ap, the correlation is weak at
best. As we dive deep into Figure 1 below, we have highlighted several ionic liquids mixtures
possessing similar AS values and up to a ten-fold variation in AV values. Similarly, a two-
to three-fold increase in AS can be obtained for a given AV'. In the subsequent sections, we
will provide details on how we developed various regions in the master figure and highlight

the merit of Figure 1 in predicting the non-ideality of a binary ionic liquid mixture.

Non-native structures as a surrogate for non-ideality

In this article, we adopt the differences in the molecular arrangement of anions around the
cation between those encountered in a binary ionic liquid mixture and constituent ionic
liquids as markers for non-ideality. The choice of this metric is partly due to the difficulty in
predicting excess thermodynamic properties for ionic liquid mixtures, such as excess molar
volumes and excess enthalpies, which are traditionally invoked to classify ideal vs. non-ideal
solutions. The excess quantities tend to be rather small and are sensitive to the selection

of a force field model, while the microstructure is more robust. As an evidence, the radial
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Figure 1: Range of differences in hydrogen bond ability and size / molar volume of anions
that leads to non-ideality in 16 binary ionic liquid mixtures studied in this work. The symbol
represents a less basic anion while its color indicates the type of the more basic anion for
a given binary ionic liquid mixture. For example, filled black triangle refers to [Cymim]
Cl, [eFAP];_,. Note that open ¢ symbols in orange, violet and magenta colors are three
additional ionic liquid mixture systems [Cymim| [PFg], [NTfo];_,, [Cymim] [BF,], [NTf];_,,
and [Cymim| [DCA], [NTfy];_, respectively. Also included is the cation atom numbering used
in this work. This figure is best viewed in color. Note that 05 is computed as the difference
between the [ value for the more basis anion and that for the less basis anion always yielding
a positive value. The corresponding absolute value of difference in molar volumes is plotted
in the figure.

distribution functions for the binary ionic liquid mixtures of [Cymim] Cl, [NTfy];_, using
an all-atom model in this study vs. a united-atom model in our previous study!! are very

similar (see Supporting Information).

Large difference in hydrogen bonding ability and molar volumes lead to non-ideal

behavior revealed in terms of non-native microstructures

To rationalize our chosen metrics of ideal vs. non-ideal mixing behavior, we elucidate the

composition dependence of the preferential cation—cation and cation—anion interactions by
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means of spatial distribution functions (SDFs) of the cation and anions around [Cymim]*.
Figure 2 is one such example for the ionic liquid mixture system of [Cymim| Cl, [eFAP];_,
(AB ~ 0.55 and AV ~ 218.7 cm?®/mol - the highest differences encountered in this work).
The general features of SDFs for pure ionic liquid systems share similarities: (i) both anions
interact with the cation via acidic ring-hydrogen atoms (H2, H4, and H5 - refer to Figure 1
for the nomenclature); (ii) even though both anions are found in the plane between the
two imidazolium rings, the SDFs above and below the plane for the anion with stronger
hydrogen bonding interaction are not as extended as those of the weakly coordinating anion.
The difference in the spatial extent of the anions enables neighboring cations to participate
in -7 interactions in the presence of a strongly coordinating anion, while a weakly coor-
dinating anion itself establishes anion-7 interactions thereby mediating the interactions of
two neighboring cations; (iii) The coordination of the anion at the CN3 position (3-methyl
position identified in Figure 1) is possible with a strongly coordinating anion; however, the
site becomes inaccessible to weakly coordinating anion as shown here and by us and others

for different ionic liquid systems. 11828

Next, we consider five intermediate mole fractions (0.1, 0.25, 0.5, 0.75, 0.9) for every binary
ionic liquid mixture and analyze how the anions distribute around the cation and compare
these distributions to those observed for pure ionic liquids. For [Cymim| Cl, [eFAP],_,
mixture, even at the lowest CI~ mole fraction of 0.1, the spatial density localization of C1~
around the ring-hydrogen atoms begins to resemble that in the pure [Cymim] Cl system,
with a notable exception of the absence of the isosurface density region around CN3 posi-
tion. This implies that the ring hydrogen sites are the preferred locations for C1~ and the
small addition of Cl~ is effective in displacing the weakly coordinating anion [eFAP]~ from
the ring binding sites. Henceforth, we will term such structures as non-native structures as
they are absent in the pure ionic liquids from which mixtures are generated. The appearance

of non-native structure in the SDFs of [eFAP]~ is clearly evident at the Cl~ mole fraction
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Increasing CI- anion concentration
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Figure 2: Spatial distribution functions (SDFs) of anions and cation around the cation for
the binary ionic liquid mixture of [Cymim] Cl, [eFAP];_,. Isosurface density for cation-anion
and cation-cation are 2.5 and 1.5 times the bulk density, respectively. Color coding: CI~
yellow, [eFAP]™ golden brown, and [Cymim]™ black. Atoms: C cyan, N blue, H white, O
red, S yellow, F orange, and P olive green.

of 0.25 marked by a reduction in the density around the H5 site and thinning of the region
connecting the isosurface density regions belonging to H2 and H5. As the mole fraction of
Cl™ increases to 0.5, non-native structure is fully established as discerned by the disappear-
ance of the isosurface density from the H5 site and in the plane of the imidazolium ring;
[eFAP]~ is seen to interact with the cation only through the H4 site and above and below
the plane of the imidazolium ring through anion-m interactions. With further increase in
the C1~ mole fraction, [eFAP|™ is prevented from any hydrogen bonding interaction with
the cation; the anion-7 interactions are retained and surprisingly, new interactions with the
butyl chain emerge. The bottom pane in Figure 2 further confirms that cation-cation ar-
rangements (specifically -7 stacking) found in the various mixtures differ from those in the

pure ionic liquids at least for Cl~ mole fractions below 0.5.
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Increasing [MeSO,]- anion concentration
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Figure 3: Spatial distribution functions (SDFs) of anions and cation around the cation
for the binary ionic liquid mixture of [Cymim]| [MeSOy], [TFA];_,. Isosurface density for
cation-anion and cation-cation are 2.5 and 1.5 times the bulk density, respectively. Color
coding: [MeSOy4]~ red, [TFA]~ dark blue, and [Cymim]" black. Atoms: C cyan, N blue, H
white, O red, S yellow, F orange, and P olive green.

Small differences in the hydrogen bonding ability and molar volume point to ideal

behavior deduced from the absence of non-native molecular structures

The compositional dependence of SDF's for the ionic liquid system [Cymim] [MeSOy], [TFA];_
(Figure 3, A3 ~ 0.01 and AV ~ 1 cm?®/mol — the smallest differences considered in this
work) is rather negligible. SDFs indicate that all the favorable sites including CN3 are al-
most equally accessible to both the anions. Although the density of [TFA|~ anion in the
plane of the imidazolium ring, corresponding to H2 site, vanishes at the [MeSO4]~ mole
fraction of 0.9, the spatial distribution of [TFA]~ is almost identical to that for the pure
ionic liquid and other mixtures. Furthermore, cation-cation SDFs demonstrate that the 7-7
interaction is maintained for all the mixture compositions. In contrast to the [Cymim| Cl,
[eFAP];_, system, we designate the [Cymim] [MeSOy], [TFA];_, system to be an ideal ionic

liquid mixture due to the absence of any non-native structures at any composition.
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Radial and angular distribution functions for [Cymim] [Cl], [eFAP];_, and [Cymim)]
[MeSO,], [TFA],_, systems provide additional means to identify ideal vs. non-ideal

behavior

Additional insight into the molecular structures for the two systems discussed above can
be gleaned from the radial distribution functions (RDFs) and angular distribution functions
(ADFs) provided in the Supporting Information. Akin to the SDFs, a strong composition
dependence is seen in the RDFs and ADF's for [Cymim] Cl, [eFAP];_, system. An increase
in the proportion of strongly coordinating anion (Cl7) leads to a reduction in the first
peak intensity in the cation-Cl and cation-[eFAP] RDFs; the concentration exerts a more
pronounced effect on the cation-Cl RDF. The location of the first maximum for cation-[eFAP]
RDFs is found to be dependent on the anion composition (except for Cl1~ mole fraction of
0.9) such that the cation and [eFAP|~ are further situated as the C1~ mole fraction increases;
however, the first solvation shell becomes increasingly compact. The observation points to
the influence of Cl~ on the cation-[eFAP] interaction, which has the potential to alter the
chemical environment around the cation with composition. The shifting of the first peak
location appears to be a unique feature of the [Cymim] Cl, [eFAP];_, system as the RDFs
between the cation and the weakly coordinating anion in the non-ideal mixtures [Cymim]
Cl, [NTfy];_, ™ and [Cymim] [MeyPOy], [NTfy]; ,'® do not exhibit such compositional
dependence. The first solvation shell in the cation-cation RDFs becomes more expanded
while the pre-peak shifts to larger distances becoming almost non-existent at high Cl~ is
indicative of the disruption of the 7-7 interaction. On the other hand, the effect of mixture
composition on RDFs and ADFs for [Cymim] [MeSOy|, [TFAJ,_, is rather inconspicuous; it
appears that the structural transitions can be explained on the basis of simple substitution

of one anion by the other.
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The likelihood for the emergence of non-native structure increases for Ag > 0.4.

We first discuss four ionic liquid mixtures: [Cymim] [OAC], [TFA];_, (AS ~ 0.11 and AV
~ 21.1 em?/mol), [Cymim] [OAC], [TFS];_, (A8 ~ 0.28 and AV ~ 27.8 cm?/mol), [Cymim]
[Mea POy, [TFA];_, (AB ~0.19 and AV ~ 25.8 cm®/mol), and [Cymim] [MeaPOy), [TFS];_.
(AB ~ 0.36 and AV ~ 19.2 cm®/mol), where AV ranges between ~ 20-30 cm®/mol while Aj3
changes by 3 folds from 0.11 to 0.36 respectively. The SDF's, RDFs, and ADFs for these mix-
tures are included in the Supporting Information (Figures S4, S5, S6 and S8 respectively).
All the distribution functions are similar to the pure ionic liquid distribution functions, in-
dicating that native structures are preserved with the mole fraction. Small deviations from
the native structures are obtained for the weakly coordinating fluorinated anions [TFA]~
and [TFS|~. For example, the coordination at the H2 position is eliminated when a small
amount of [OAC]~ is added to the ionic liquid [Cymim] [TFA] or [Cymim] [TFS]. The small
non-ideality observed in the [Cymim]| [OAC], [TFA],_, system may be a reason that the
ionic conductivity of mixtures with x = 0.1 and x = 0.25 are higher than those for the pure
ionic liquid counterparts, while thermophysical properties such as excess molar volumes and
self-diffusion coefficients can be approximated with ideal mixing rule.'® When the strongly
coordinating anion is [Me;PO4] 7, the loss in the interaction of [TFA]~ and the H2 site occurs
only at the [Me,POy4]~ mole fraction of 0.9. The composition of any of the mixtures does
not perturb the cation-cation interactions observed in the corresponding pure ionic liquids.
Overall, the four ionic liquid mixtures (AViax ~ 30 cm?®/mol and ABp. ~ 0.36) exemplify

ideal mixing behavior.

To identify the threshold for A, we turn our attention to two systems with similar AV
values but different Af such that Ag > 0.36: [Cymim]| Cl, [TFS];_, (AS ~ 0.38 and AV ~
56.0 cm?®/mol) and [Cymim] [MeyPOy), [NTf]1_, (AB ~ 0.51 and AV ~ 48.9 cm?®/mol). A
lack of non-native structures for [Cymim] Cl, [TFS];_, is apparent while non-native struc-

tures are clearly seen for [Cymim| [MeyPOy), [NTfy];_, in the SDF's of these systems (Figure

13
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S15 and S10, respectively),. The findings for these two systems are also consistent with
experimental observations by Clough et al.? that [Cymim] Cl, [TFS];_, mixtures show ideal
behavior while [Cymim] [MesPOy], [NTfy];_, exhibit non-idealities for a number of physic-

ochemical properties. A similar result was obtained by Matthews et al.'®

experimentally
which authors rationalized computationally through SDF's displaying reorganization of the
constituent anions. Given that the molar volume differences are nearly identical, the appear-
ance of non-native structures can be entirely ascribed to the greater difference in the Ag
values for [Cymim] [Mey POy, [NTfs];—,. The absence of non-native structures in in [Cymim]|
Cl, [TFA];_, ,with similar difference in molar volume (AV ~ 49.3 cm?®/mol) and the AS
~ 0.21 - the smallest of the three ionic liquid mixtures, further substantiates the dominant
role difference in hydrogen bonding ability plays in modulating ideal vs. non-ideal behavior.
Based on the evidence presented here, we believe that the ionic liquid mixture [Cymim] Cl,

[TEFS];_, is at the limit of native to non-native structural transition, implying the increasing

likelihood of non-ideal behavior as AS exceeds 0.4.

Non-native structures become more likely as AV increases beyond 60 cm?/mol.

We consider two ionic liquid mixtures at roughly identical AS and a four-fold increase in AV
values to determine the threshold for the difference in molar volumes (above) below which the
formation of (non-native) native structures can be anticipated: [Cymim]| [MeaPOyl, [TFS];—,
(AB ~ 0.36 and AV ~ 19.2 cm?®/mol) and [Cymim] [MeSOy], [NTf];_, (AS ~ 0.33 and AV
~ 73.7 cm®/mol). SDFs in Figures S8 and S17, respectively, convey that the former ionic
liquid mixture system is representative of an ideal mixing system, while the latter is that
of a non-ideal mixing, suggesting that the threshold for AV is between ~ 20 cm?/mol and
~ 70 cm?/mol. To accurately pinpoint the gap, we turn our attention to three ionic liquids
with similar Af values but almost a ten-fold increase in the AV values: [Cymim] [MeSOy],
[TFS);_2 (AB ~ 0.18 and AV ~ 5.6 cm?/mol), [Cymim]| [Me,POy), [TFA];_, (ASB ~ 0.19 and
AV ~ 25.8 cm®/mol), and [Cymim| Cl, [TFA];_, (AB ~ 0.21 and AV ~ 49.4 cm?/mol).
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The structural information for these ionic liquid mixtures is contained in the Supporting
information (Figures S18, S7, and S16, respectively). SDF's for [Cymim]| [MeSOy], [TFS];_,
and [Cymim| [MeoPOy], [TFA];_, systems show very little dependence with the mole fraction;
the only non-native behavior is observed in the form of the elimination of the interaction of
the weakly coordinating anion ([TFS]~ or [TFA]~) at high concentrations of [MeSOy4]~ or
[MeaPOy] ™, respectively. Cation-Cl SDF's for [Cymim]| Cl, [TFA];_, are identical across the
composition range. Some non-ideality, however, is detected in the cation-[TFA] SDFs. For
example, the elimination of the in-plane density of TFA occurs at the CI~ mole fraction of
0.5; however the hydrogen bonding interactions are preserved at the H4 and H5 sites. Thus,
it appears that increasing the difference between the molar volumes of ionic liquids begins
to manifest in the development of non-native molecular structures, especially for the weakly
coordinating anion at increasingly lower concentrations of the anions with stronger hydrogen
bonding ability. Collectively, the results for these five systems demonstrate that the critical
value for AV for separating ideal vs. non-ideal mixing for ionic liquid mixtures is located
within 5070 ¢cm?/mol range for a given AS value. As a conservative estimate, we establish
this limit to be 60 cm®/mol. The non-native structures, presented in Figure S9, for [Cymim]
[MeSOy], [eFAP];_, (AB ~ 0.35 and AV ~ 168.4 cm?/mol) confirms that a difference in

molar volumes greater than 60 cm?/mol will produce non-ideal behavior.

Non-native structures are produced in ionic liquid mixtures when the limit for AV or

Ap is breached.

Furthermore, ionic liquid mixtures of [Cymim| [MesPOy], [NTf]1—, (AS ~ 0.51 and AV ~
48.9 cm?®/mol), [Cymim] Cl, [NTf);_, (AB ~ 0.53 and AV ~ 124.0 cm?/mol) and [Cymim]
[Mea POy, [eFAP];_, (AB ~ 0.53 and AV ~ 143.6 cm®/mol) that have similar A3 > 0.5 and
have monotonically increasing AV also show a non-ideal mixing behavior, with structures
comparable to those encountered for [Cymim]| Cl, [eFAP];_, ionic liquid mixtures. Our

results for [Cymim| [Mey POy, [NTf;];_, and [Cymim] Cl, [NTfy];_, are consistent with those
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1.18 using an all-atom model. The large difference in molar volumes

acquired by Matthews et a
of the constituent ionic liquids forming ionic liquid mixtures [Cymim| [OAC], [NTfy);_. (AS
~ 0.43 and AV ~ 95.8 cm?®/mol) and [Cymim| [OAC], [eFAP],_, (AB ~ 0.45 and AV ~

190.5 cm?/mol) display non-native structures driven by entropic effects.

Additional Ionic Liquid Systems

As an illustration for the utility of Figure 1, we compare several ionic liquid mixtures
for which various physicochemical properties have been measured. The ionic liquid mix-
tures tetrafluoroborate [BF4—[NTfy], hexafluorophosphate [PFg]-[NTf;] and dicyanamide
[DCA|-[NTf,] shown as open symbols in Figure 1 belong to the class of mixtures in which
entropic forces tend to dominate (A8 < 0.4 and AV > 60 cm?®/mol). Our classification
suggests these ionic liquid mixtures would exhibit non-ideal behavior. Experimental mea-
surements of densities and calculations of excess molar volumes by Lopes et al.? indicate
that the mixture systems [Cymim] [BF4], [NTf]; ., (AB ~ 0.13, AV ~ 91.1 ¢cm®/mol) and
[Cymim]| [PFg, [NTf]i_, (AS ~ 0.02, AV ~ 61.1 cm®/mol) display positive excess molar
volumes; however, the magnitude is higher for the former system reflecting the increase in
the non-ideality with the molar volume difference. Larriba et al. demonstrated that the
anion pair [BF4]™ and [NTfy]~, when combined with the cation 1-butylpyridinium [Cypyr|™
(AB ~ 0.13, AV ~ 108.3 cm®/mol ), produces non-ideal behavior displayed in the terms of
negative deviation for refractive indices and viscosities while positive deviations were found
for the excess molar volumes,3? implying that the classification inherent in Figure 1 may
be extended to ionic liquid mixtures containing a common cation other than [C,mim|" as
well. Based on the fact that Ag for the [DCA|-[NTf,] system is 0.22, higher than that
for the [BF4|-[NTf;], and the AV for both the pairs are nearly identical (AV for [Cymim]
[DCA], [NTfy);_, is 89.5 cm?®/mol), we predict that [DCA]-[NTf,] to display non-ideal be-
havior. There is no experimental data available for this system, but a similar system of

1-propylpyridinium [Cspyr] [DCA]-[NTf,] investigated by McFarlane and co-workers®! was
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found to be non-ideal. Thus, it is conceivable that the [DCA]-[NTfy] would be classified
as an example of a non-ideal mixture system. Likewise, a large difference in the hydrogen
bonding ability of anions can form non-ideal mixtures even if the difference in molar volumes
is small, as already demonstrated for [Cymim] [MeaPOyl, [NTfo];—, (AS > 0.4 and AV < 60
cm?/mol). The conclusion derived here suggests that the ionic liquid mixture 1-n-butyl-
methylpyrrolidinium [C4Cypyrr] [MesPOy|, [NTf];_, is likely to exhibit non-ideal behavior,
which is in line with experimental observation® of non-ideal behavior across a range of prop-
erties such as excess molar volumes, viscosity, conductivity, and glass transition temperature
with either [Cymim|™ or [C4Cipyrr]™ cations paired with the two anions. The substan-
tial difference in the hydrogen bonding ability between ethylsulfate [C2SO,)~ and [NTfy]™
(AB ~ 0.35) with [Comim]* (AV ~ 60 cm?/mol at 298.15 K and 1 bar) results in a more
pronounced 'H NMR shift for the acidic hydrogen as the concentration of [Comim| [CoSO,]
increases, indicating preferential interaction of [CoSOy4]~ with the cation. On the other hand,
only marginal chemical shifts are recorded when mixtures comprised of anions with similar
hydrogen bonding ability are probed, e.g. [Comim]| [C3SO4], [CF3S03]1—, (AS ~ 0.2 and
AV ~ 45 cm®/mol) and [Comim] [C2SOy], thiocyanate [SCN];_, (AB ~ 0.06 and AV ~ 65
cm?/mol).;3? the trends correspond to the characteristics of the regions these ionic liquid

mixture are located in.

The general applicability of Figure 1 for predicting non-ideal behavior can be further demon-
strated using a contrived example of the ionic liquid mixtures containing a common anion
(AB ~ 0) as in 1-ethyl-3-methylimdiazolium [Comim|™ and 1-n-octyl-3-methylimidazolium
[Cgmim|* combined with [BF4]~ (AV ~ 100 cm?/mol) at 298.15 K. The binary mixtures
have been recently reported to exhibit non-ideal behavior reflected in terms of dielectric
constants; for few mixture compositions, the dielectric constant was almost a factor of two
higher than those for the pure ionic liquids.3? Although the molecular-level explanation of

the non-ideal behavior is completely different from that used to identify non-native struc-

17

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

tures here, Figure 1 proves to be a useful guide for predicting the non-ideality. Along these
lines, we can scrutinize three ionic liquid mixtures containing the common anion [NTf;]~ but
different cations: [Comim]™ and 1-n-decyl-3-methylimidazolium [Ciomim]*, [Comim]™ and
1-n-hexyl-3-methylimidazolium [Cgmim]|", and [Cymim|* and [Cemim|*. The non-ideality
expressed in terms of 12Xe NMR chemical shifts for the first two ionic liquid mixtures were
observed to be much more pronounced that those for the third ionic liquid mixture.* This
observation correlates very well with the guidance provided from Figure 1 as the AV values
are ~ 141 ¢cm?®/mol, 106 cm?®/mol, and 35 cm?®/mol, respectively, based on the densities of

the ionic liquids reported at 323 K (AS ~ 0 for all the ionic liquids). 3

Conclusion

Molecular dynamics simulations were conducted for a total of sixteen ionic liquid mixtures
comprising of the cation [Cymim]t and a combination of anions enabling us to vary the
enthalpic and entropic contributions through the difference in the hydrogen bonding ability
of the anions and ionic liquid molar volumes, respectively. Distributions of anions around the
cation and their deviation from those in the pure ionic liquids making up a given mixture
were employed to quantify the non-ideality of the mixture. A considerable imbalance in
the enthalpic and entropic effects reflected in terms large differences in molar volumes and
hydrogen bonding ability of anions (AV > 60 cm?®/mol and A3 > 0.4) translated into
anion distributions that differed markedly from those in the corresponding pure ionic liquids.
Specifically, the anion with weaker hydrogen bonding ability lost its favorable interaction with
the ring hydrogen atoms, resulting in its occupying positions above and below the plane of
the imidazolium ring. The rearrangement induced a disruption in the 77 stacking of the
two neighboring cations, leading to the observation of structures non-native to those in the
parent ionic liquids. We also illustrated that non-native structures could arise in ionic liquid

mixtures even when a large difference exists in only one of the descriptors. On the other hand,
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small differences in both the descriptors led to minimal deviation of ionic arrangements for
ionic liquid mixtures. The identification of regions demarcated by the values of AV and Ap
has the potential to serve as a useful guide to quickly screen emergent ionic liquid mixtures

for non-ideal physicochemical properties.
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