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Abstract

Molecular dynamics simulations are performed to probe the molecular-level interactions
between various ionic pairs in the reciprocal mixture consisting of equimolar amounts of
the cations 1-ethyl-3-methylimidazolium |Comim|" and 1-n-hexyl-3-methylimidazolium
[Cemim|* and dicyanamide [DCA|™ and bis(trifluoromethanesulfonyl)imide [NTf2|™ an-
ions. Any enhancement or depletion in these interactions is compared with those ex-
isting in equimolar binary mixtures [Comim|[Cemim|[DCA], [Comim|[Cemim|[NTfs],
[Comim||[DCA||NTfz], and [Cemim||[DCA]|NTfz] and pure ionic liquids [Comim|[DCA],
[Cemim|[DCA], [Comim|[NTfy], and [Cemim|[NTf;]. The simulation results indicate
that the [Comim|* cation prefers to interact favorably with the strongly coordinat-
ing [DCA|™ anion through enhanced hydrogen-bonding interactions, while showing no
preferential interest towards the other anion in the reciprocal mixture. The average
hydrogen bond lifetimes between [Comim|* cation and [DCA|™ anion increases by a
factor of two in the reciprocal mixture compared to that in the pure system. We find

that the hydrogen bond lifetimes in the various systems are directly correlated to the



first peak intensity in the center-of-mass radial distribution functions for corresponding
ion pairs and have a direct bearing on the self-diffusion coefficients of the ions. Our
results point to possibilities of tuning interactions between various species in reciprocal

ionic liquid mixture by appropriately changing the cation and anion combinations.

Introduction

For more than two decades now, ionic liquids have gained widespread attraction because of
several unique attributes such as low melting points despite ionic in nature, ability to exist as
liquids at ambient conditions, low vapor pressures, and high thermal and chemical stability.
In addition to these desirable properties, the ever-increasing attention paid to these ionic
solvents is due to the fact that they offer the possibility of designing task-specific solvents
with desired properties when an appropriate cation is paired with a suitable anion. Given
that there exist seemingly an endless list of cations and a plethora of anions, it is no surprise
that the chemical space for ionic liquids is vast. The search for an ideal ionic liquid with
requisite properties can be expanded further by considering mixtures of two or more ionic
liquids, which can potentially aid, for example, in improving sluggish dynamics encountered

for many ionic liquids.

A large number of experimental and molecular simulation studies have extensively exam-
ined the molecular level interactions and structural transitions in ionic liquids mixtures and
their relationship to deviations in macroscopic properties.* Kapoor and Shah, in a recent
study, showed that the difference in molar volumes of ionic liquids and hydrogen bonding
accepting ability between the anions played a driving force in determining whether a given
binary ionic liquid mixture with a common cation would exhibit non-ideal behavior.?> The
authors conducted molecular dynamics (MD) simulation for 16 different binary anion mix-
tures and concluded that pure ionic liquids with molar volume difference greater than 60

cm?/mol and hydrogen bonding basicity difference greater than 0.4 when mixed would most



likely yield non-native structural transitions at microscopic level. Such guidelines could serve
to screen potential ionic liquid mixtures to identify non-ideal behavior. Several other binary
ionic liquid mixtures with two anions and a common cation have obtained similar results
where the difference in hydrogen bonding ability of the anions and the difference in anion size
induces competition between the anions that causes the system to show non-ideal behavior.
In such systems, the strongly coordinating anion prefers to occupy the locations proximal to
the most acidic hydrogen in the imidazolium cation, which in turn displaces the less basic

anion. 69

As a consequence of the competition for the most acidic site in the imidazolium cation, binary
anion mixtures also display hydrogen bond dynamics that differs from that in the pure ionic
liquids. For example, the MD study by Wang et al. reported an enhancement in the hydrogen
bond dynamics between 1-ethyl-3-methylimidazolium [Comim]| with tetrafluoroborate [BF,]
in the binary anion mixture containing [Comim|*, [BF4|~ and bis(trifluoromethanesulfonyl)imide
[NTf,]~.10 At [Comim|[BF4].25[NTf2o.75 mole fraction the lifetime of intermittent hydro-
gen bond dynamics between |[Comim|[BF,] increases two-fold to 117 ps as compared to 57
ps for the pure [Comim]|[BFy| ionic liquid. Interestingly the hydrogen bonding lifetime of
[Comim][NTf,] decreases as more [BF,]|~ anion is added to the mixture. Similarly, Gekhre
et al. in an MD study, examined the molecular level interaction and hydrogen bond dynam-
ics between 1-butyl-3-methylimidazolium [Cymim|* and Cl- and trifluoromethanesulfonate
[OTf]=.1! The authors observed an increase in the lifetime of hydrogen bond dynamics be-
tween [Cymim| and Cl as Cl- ion is added to the system, presumably due to the stronger

hydrogen bonding ability of Cl- than that for [OTF]~ anion.

Ionic liquids comprised of two cations and a common anion is another way to modulate
properties of the resulting ionic liquid mixtures, primarily driven by the difference in the

alkyl chain attached to the cations.!?14 Shimizu et al. reported, from an MD study, that



the equimolar mixture of [Comim|* and 1-hexyl-3-methylimidazolium [Cgmim|* with [NTfy|~
obeyed a nearly ideal mixing law with a small negative excess molar volume. !5 In an experi-
mental study, the Welton group found that the sign of the excess molar volume switches from
negative to positive as the difference in the alkyl chain length between the imidazolium cation
increases. The observation was attributed to the mismatch between the alkyl chain length
leading to a large number of voids in the mixture!® as the longer alkyl chain is unable to
incorporate the shorter chain into its non-polar domain, disrupting the continuous non-polar
domain.!"1® Cosby et al., in a combined experimental MD simulation study, observed that
the mesoscale morphologies in the mixtures of [Comim|* and 1-octyl-3-methylimidazolium
[Csmim]|* with [BF4|~ could be tuned, which leads to an enhancement in the enhancement
of static dielectric permittivity of the liquid by as much as 100% at equimolar concentra-
tions as a result of change in the aggregation behavior of [Cgmim|*.1® Such binary cation
mixtures can also produce interesting hydrogen bonding dynamics as noted by Wang and
co-workers in their MD study focusing on the mixtures of [Comim|* and [Cymim|* cations
with [BF4|=.2%: the average lifetime for a hydrogen bond is greater for |[Cymim|*—[BFy|~
than that for [Comim|*—[BF4|~, which was reasoned to be partially responsible for the slow

rotation of the [Cymim|* cation.

A yet-another approach to tailoring the physicochemical properties of ionic liquids is through
reciprocal mixtures that contain at least two cations and two anions.?"?2 These systems are
interesting because they are usually formed by cations with varying alkyl chain lengths and
anions that differ in their hydrogen bonding ability. By carefully selecting these parameters,
which affect the non-polar and hydrogen bonding interactions, it may be possible to induce
ionic associations that are not observable in neat or binary ionic liquid mixtures, leading
to potentially non-ideal behavior. However, very few studies have probed molecular-level
interactions in such mixtures. The experimental findings by Taige et al. indicate that the

viscosity and ionic conductivity follow a non-ideal behavior for some reciprocal mixtures. 23



Experiments by Bharmoia et al. also suggest that a pronounced deviation from ideality
is possible for various physicochemical properties compared to other binary mixtures.?* An
MD examination of reciprocal mixtures of 1-benzyl-3-methylimidazolium |Zmim|*, [Cymim]|*,
[BFy4]~, and [NTfy|~ revealed that the stronger hydrogen bonding ability anion [BF4|~ was

seen to displace [NTfy]~ from the coordination shell of both the cations.?>

To the best of our knowledge, there exists no study in which hydrogen bond dynamics
of the reciprocal is systematically studied, especially when there is a mismatch in the alkyl
chain length in the cationic species combined with a considerable difference in the hydrogen
bond accepting ability of the anions. In such systems, it would be important to investigate
how the presence of a cation capable of forming a continuous non-polar domain perturbs the
distribution of anions in coordination shell of the cation with shorter alkyl chain, specifically
the hydrogen bonding environment and hydrogen bonding dynamics as they exert profound
influence on the physicochemical properties of ionic liquids. The focus of this work, there-
fore, is to employ an all-atom MD simulations to provide molecular-level insight into an
equimolar reciprocal mixture that is composed of [Comim|*, [Cemim|*, dicyanamide [DCA|~
and |[NTfy|~. Following Kapoor and Shah, the cations and anions are selected as they offer a
significant difference in molar volumes and the hydrogen bonding ability. We systematically
evaluate structure and dynamics in pure ionic liquids, binary cation mixtures, binary anion

mixtures, and the reciprocal mixture system.



1-hexyl-3-methylimidazolium [Cgmim] * dicyanamide [DCA]-

Figure 1: Chemical structures of the cations and anions used in this study.

Methodology

Force Fields

The all-atom version of Optimized Potentials for Liquid simulations (OPLS-AA) forcefield
was used to model the ionic liquids studied in this work. The forcefield for this study was
taken from the work of Lopes and Padué.?6 28 The charge scaling for electrostatic interactions
was set to £0.8 to improve transport properties as demonstrated by other studies.??39 We
also conducted +£1.0 charge scaling simulation to compare the difference in results for bulk
density and radial distribution function. The results for +1.0 charge scaling are provided in

the supporting information.

The OPLS-AA model treats each atom as an interaction site and the total potential en-
ergy Uiotal takes into account bond stretching Usiretching, bond bending Upending, dihedral

angle Urysion, Coulomb, and 12-6 Leonard Jones (LJ) terms for non-bonded interactions



UNon-Bonded- The functional form is shown below in Equations 1-5.

Utotal = UNon—Bonded + UStretching + UBending + UTorsion (]-)
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where LJ parameters o;; and ¢;; represent the energy and size parameters, 7;; denotes the
distance between atomic sites ¢ and j, ¢ is the partial atomic charge for electrostatic interac-
tions. 7, r¢q, 0, 04 are bond length, equilibrium bond length, bending angle and equilibrium
bending angle, respectively. K,, Ky are force constant for stretching and bending, respec-
tively; V; is the torsional parameters for dihedrals. LJ potential between unlike pairs was
calculated using the geometric combining rule for ¢ and €. The intramolecular non-bonded
interactions between atoms separated by three bonds was evaluated using a scaling factor of

0.5 for both the LJ and electrostatic interactions.

Simulation Details

Molecular Dynamic (MD) simulations were performed for nine different systems at 323.0 K

using Gromacs 2018 software package 332 including four pure ionic liquid systems [Comim|[DCA],
[Comin|[NTfy], [Cemim|[DCA], [Cemim|[NT1,], four binary ionic liquid systems with equimo-

lar compositions [Comim|[DCA]o5[NTfs]o.5, [Cemim|[DCA|g 5|[NTts]o.5, [Comim]|g 5|Cemim] 5[DCA],
[Comim]g 5|Cemim|g 5|NTfs], and an equimolar reciprocal system [Comim]|g 5[Cemim|g 5[DCAJg 5[NTfs]o 5.

A cubic simulation box was employed for each of the ionic liquid systems. The length of



the simulation box for pure systems was estimated from experimental density at 323 K,
while the simulation box length for the binary mixtures was set assuming ideal mixing be-
havior. Similarly, the initial volume for the reciprocal system was calculated by considering
the ideal mixing volume for the ionic liquids [Comim|[DCA], [Comim||[NTf;|, [Cemim|[DCA],
and |Cemim|[NTf,| with mole fractions of each of the ionic liquids set to 0.25. Packmol was
used to prepare an initial configuration for all the systems for 500 ion pairs3? with periodic

boundary conditions applied in all directions.

The simulation protocol involved five steps: minimization, annealing, NV'T equilibration,
and N PT equilibration followed by two production runs in the N PT ensemble. Each system
was first minimized using the steepest-descent algorithm for 10000 steps and subjected to
a 1.5 ns annealing protocol. The temperature was slowly increased to 323 K during the
first stage of annealing followed by relaxation of the system at 323 K. The temperature was
further raised to 523 K to ensure additional relaxation of the system before bringing the
system down to 323 K. An NVT equilibration for 10 ns was performed next, in which the
temperature of the system was controlled at 323 K using a Berendsen thermostat with a
time constant of 0.4 ps. An NPT equilibration for 10 ns was carried out so that the density
approached an equilibrium value; Berendsen thermostat and barostat were applied during
this stage with time constants of 0.4 ps and 0.2 ps, respectively. The first NPT production
run lasted 60 ns in which the Nosé-Hoover thermostat3* and Parrinello-Rahman barostat?3>
were activated at a coupling constant of 7 = 0.4 ps and 7, = 2.0 ps. Finally data collection
and analysis were carried out on the final 20 ns of the NPT production run. Results for
each system were averaged over three independent simulations with different starting initial

coordinates to estimate the uncertainty in property predictions.

During the course of the entire simulation protocol, the bonds involving hydrogen atoms

were constrained using the LINCS algorithm. Both LJ and electrostatic interactions were



truncated at 12 A | while long-range electrostatic interactions were handled using particle-
mesh Ewald (PME) summation with a PME order of 4 and Fourier spacing of 0.1 nm.

Long-range corrections were also applied for LJ energy and pressure.

Results and discussion

Liquid Densities

The densities of all the nine different systems studied in this paper are shown in Table 1 and
visualized in Figure S1. The simulated densities of the pure systems with both charge scaling
of +1.0 and 0.8 are compared with experimental data. Density data for the +1.0 charge
scaling are provided in the supporting information. The pure ionic liquid densities obtained
with £1.0 scaling are in excellent agreement with experimental measurement as indicated by
the average absolute relative deviation (AARD) of 1.46%. In contrast, the AARD increases
to 5.2% for pure ionic liquid densities with + 0.8 charge scaling.??:36:37 The deviations in
densities are similar in magnitude to Goloviznina et al. study with +0.8 scaling using CL&P

forcefields. 29

Table 1: Detailed description of the system composition and equilibrium densities at 323 K

System Ions Density
(g/cm?)
[Comim|*  [Cemim|* [DCA]- [NTfy]- This work
[Comim][DCA| 500 500 1.026+0.001
[Comim]||[NT1,] 500 500 1.486+0.009
[Cemim][DCA| 500 500 0.974+0.001
[Comim]|[NT1,] 500 500 1.332+0.008
[Comim]|Cemim|[DCA] 250 250 500 0.996+0.001
[Comim]|Cemim||[NTf,| 250 250 500 1.390+0.009
[Comim|[DCA|[NTf,)] 500 250 250 1.292+0.001
[Comim|[DCA|[NTf,)] 500 250 250 1.184+0.001
[Comim]|Cemim||[DCA|[NTf,| 250 250 250 250 1.231+0.001




Radial Distribution Function (RDF)

To understand the molecular-level structure between the ions in the reciprocal mixture, we
computed the center of mass (COM) radial distribution function (RDF) plot for all the
cation-anion interactions in the system as depicted in Figure 2(a). It was observed that
the characteristic of the first solvation shell as deduced from the intensity of the first peak
and the distance at which the peak is located varied with the system. For example, the
cation-anion correlations are strongest for the [Comim|-|[DCA| as the intensity of the first
peak in the RDF is highest amongst all the RDFs. In contrast, the first peak height is
nearly identical for [Cemim|[DCA]|, [Comim]|[NTf|, and [Cemim|[NTfy]. The observation
points to a strong preferential interaction between the [Comim|-[DCA]. This is also reflected
by the greater number of [DCA]~ surrounding [Comim|* in the coordination number plot
in Figure 2(b). This is most likely due to the easier access to the hydrogen bonding sites
of [Comim|* by the stronger coordinating ability and smaller size of [DCA]~ in comparison
to those for [NTf,]|~. The location of the first peak height is almost invariant at ~5 A for
the cation-anion interactions in [Comim|[DCA]|, [Cemim|[DCA], and [Comim|[NTf,|, while
the bulky nature of both the ions in [Cemim||[NTfy| leads to the first peak height locating
further by 0.5 A. The anion size difference also affects the location of the first minimum in
the RDFs such that the first solvation shell of [DCA|~ around the cations is more contracted
than that of [NTfy]". The location of the first minimum remains unaffected for a given
anion, which suggests that the size of the first solvation shell is determined primarily by the
interaction of the imidazolium ring with the anion. The type of cation-anion pair also exert
subtle changes in the second solvation shell: the peak intensity is nearly identical for the
pairs involving [Comim|* and is higher than those for pairs containing |[Cemim|*. Beyond

the second shell, the RDFs are nearly identical in all respects.
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Figure 2: Center of mass (COM) radial distribution plot of all the cation-anion interactions
in reciprocal mixture.

Next we determined the cation-anion COM radial distribution functions for [Comim|[DCA]
in various ionic liquid mixtures to examine whether the preferential interaction of [DCA|-
with [Comim]|* is retained. Examination of these correlations in Figure 3 reveals that the first
peak height follows the order [Comim|[DCA] < [Comim]|g 5|Cemim]|o 5[ DCA| < [Comim|[DCA]y 5|NTtz]0.5
< |Comim]g 5|Cemim|o 5|DCA]o.5|NTts]o5, which clearly shows that the |Comim|-[DCA] in-
teractions become stronger in binary and reciprocal mixtures. The minor increase in the
peak height when [Cgmim] is added to [Comim|[DCA] is attributed to the formation of non-
polar domains due to the presence of [Cgmim|*, which leads to the confinement of the anion
in the polar region and has an effect of pushing the anion closer to [Comim|*. Shimizu et
al. reported a similar increase in first peak height in the RDF between the carbon attached
to H, and oxygen atom in [NTfy]~ an equimolar mixture of [NTfy|~ an ef [Comim|[NTf,]
and [Cemim|[NTf,].1> A more pronounced influence on the first peak height is noted when
a weakly coordinating anion [NTfy]~ is mixed with [Comim|[DCA], which is consistent with
several reports in literature that the anion with stronger hydrogen bonding ability preferen-
tially interacts with a cation in ionic liquid mixtures containing a common cation and two

anions. Lastly, the reciprocal mixture shows the highest peak height compared to all the

11



other systems exhibiting a combined influence of the larger cation and a weakly coordinating
anion in driving the preferential interaction between |[Comim|* and [DCA|~. The trends seen
for the reciprocal mixture are similar to a recent MD study by Sappidi et al.?> where the
authors found that the [BF4|~ anion tend to show a strong association for the two cations in

the reciprocal mixture compared to [NTf;|~ anion.
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Figure 3: COM RDF plot for [Comim|-—[DCA| interactions in pure and various mixtures.

The origin of the preferential interaction between |[Comim|* and [DCA|~ in mixtures relative
to the pure ionic liquid is examined further using the radial distribution functions around
the hydrogen bonding sites in the imidazolium ring. Figure 4(a) depicts the interactions
between H, position in the cation with the N, position in the [DCA]~ anion as one of the
dominant hydrogen bonding sites (please refer to Figure 1 for the nomenclature). The
magnitude of the first peak intensity greater than 1 at short distances for all the systems

indicate a presence of hydrogen bonding interactions. The RDF’s exhibit split peaks in the

12



first solvation shell, suggesting that [DCA|~ interacts with the hydrogen bonding site through
multiple conformations. It is interesting to note that the two peaks in the first solvation shell
for all the systems occur at around the same distance, while a clear change in the peak heights
is observed for pure and mixture systems. The neat ionic liquid [Comim|[DCA] exhibits the
lowest peak height, which is enhanced upon the addition of the [Cgmim|* cation. The
addition of [NTf,|~ induces a significant increase in the first peak height. Such a behavior,
brought about the difference in the hydrogen bonding ability of the two anions, is well
documented in literature.®38 Finally, the reciprocal mixture shows the largest increase in
the peak height amongst all the mixture systems, demonstrating the combined effect of the
difference in the hydrogen bonding ability of the anions and the formation of non-polar
domains due to the [Cgmim|* cation. The RDF’s for the H,, position position in the cation
and the [DCA|~ anion are provided in Figure 4(b). Although the first peak intensities
are lower than those found for the H, site, the ranking of peak heights is similar to that
obtained for the most acidic hydrogen bonding site, which clearly shows that enhanced
interactions of [Comim|* with [DCA]" in ionic liquid mixture systems are due to an increased
coordination of [DCA]~ at all the hydrogen bonding sites. Overall, these findings confirm
that the preferential interaction of the anion with stronger hydrogen bonding ability can be
dramatically enhanced by forming ionic liquid mixtures. As hydrogen bonding interactions
have been implicated in several physicochemical properties of ionic liquids, it is expected
that ionic liquids properties can be tuned through a subtle manipulation of these interactions

through various combinations of cations and anions in an ionic liquid mixture.
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Figure 4: RDF plots for site-site interaction in pure and various mixtures. (a) H, - -N,
site-site interactions between [Comim|--[DCA]. (b) H, — —N, site-site interaction between

[Comim]--[DCA].

We also analyzed the hydrogen bonding interactions between the most negatively charged
oxygen atom in [NTf,]~ and the H, and H,, sites in the [Comim|* cation. The radial distri-
butions functions for the H, site are shown in Figure 5, which reveal that the ordering of the
first peak intensity for the various systems is dependent on the type of the mixture under
consideration. As seen for the hydrogen bonding interaction of [DCA|~ with H,, there is a
rise in the intensity when a longer alkyl chain cation is added to the system. However, the
ionic liquid mixture in which [DCA|~ is present, there is depression in the first peak intensity
in the RDF of H, with O relative to that for the pure system. This is in direct contrast
to the behavior observed in the RDF of H, with N, of [DCA|-, confirming the preferential
interaction of [DCA|~ with the hydrogen bonding site. The first peak height is elevated
when the reciprocal mixture is analyzed; however, the magnitude is still smaller than that
obtained in the pure system. The RDF’s between H,, and O mirror the trends for the H,

and O RDF’s with a decrease in the first peak height for respective systems.
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Figure 5: RDF plots for site-site interaction in pure and various mixtures. (a) H, - -O
site-site interactions between |Comim|-[NTf,]. (b) H, — —O site-site interaction between

[Comim|-[NT1].

Hydrogen Bonding Lifetimes

To understand how this enhancement in interaction for the hydrogen bonding sites affects
the dynamics of the system, the lifetime of hydrogen bond dynamics between the ion pairs
for all the systems were calculated using the intermittent hydrogen bonding autocorrelation

function (Eq. 6) calculated over the first 1 ns of the second NPT production run using

TRAVIS®
<h(0)h(t) >
<h(0) > (6)

C(t) =
where h(t) takes a value of 1 if the hydrogen bond is persistent, but assumes a value of 0
when the hydrogen bond is broken. We defined the hydrogen bond following the criteria laid
out in the work by Kirchner et al.3049, The cutoff angle between donor-acceptor-hydrogen
was set to 30°, the cutoff distance between the acceptor-donor was set at the distance cor-

responding to the first minimum in the center of mass RDF between the cation-anion, and

the cut-off distance for the acceptor-hydrogen atom was limited to the first solvation shell

15



of the hydrogen bonding sites. Further details are provided in the supporting information
(Figure 89, S10, S11, S12). The autocorrelation was calculated for the C,~H,-N. and
Coa—H,-O interactions, where C, and H, atom belongs to [Comim|*/|[Cemim]|* cation, N, is

the central nitrogen atom in [DCA|~ anion and O is the oxygen atom in the [NTf,|~ anion.

The average hydrogen bonding lifetime between a given pair of atoms was calculated by

integrating the hydrogen bonding autocorrelation function
e = fo T o@)dt (7)
This integral was evaluated analytically by fitting a stretched exponential equation
C(t) = are™ + aze™*? + azet/® (8)
where, a3 =1—-ay —ay yielding
Tie = ar1by + agby + asbs. (9)

The hydrogen bonding lifetime values obtained from the analysis are included in Table 2.

Table 2: Average lifetime 7;; of hydrogen bonds. C, and H,s atom are attached to the
[Comim]|* cation, C,¢ and H,g atom are attached to the [Cgmim|* cation, N, is attached to
the [DCA]~ anion and O is attached to the [NTfy]|~ anion.

SyStem Ca2 - _Ha2 - _Nc Ca2 - _HaQ - _O Ca6 B _Ha6 - _Nc Ca6 - _Haﬁ - _O
[Comim|[DCA] 42.2+5.7

[Comim]|[NT1,] 29.2+1.5

[Cemim][DCA] 88.7+6.1
[Comim|[Cemim|[DCA] 57.6+£10.2 66.9+0.3
[Comim]|[Cemim|[NTf,| 38.8+7.7 37.3+0.9
[Comim][DCA|[NTf] 55.9+5.3 26.5+3.5

[Cemim]|[DCA|[NTH,)] 109.4+3.6 49.6+4.4
|Comim]|[Cmim|[DCA|[NTf,| 73.9+11.9 34.644.9 95.1216.8 37.942.5
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For the pure ionic liquids, we observe an increase in the hydrogen bonding lifetime as the
alkyl chain in the imidazolium cation is elongated for a given anion, attributable to the for-
mation of the non-polar domain confining the movement of the anion to the polar domain.
The trend is in similar agreement with the work of Kircher et al.4% where the authors found
the hydrogen bonding lifetime for the same hydrogen bonding sites of [C4ymim|[NTf,| at 323.0
K using CL&P forcefields to be 35.4 ps which is in between the lifetime of [Comim|[NTf,]
and [Cemim]|[NTf,| as seen from the table. Reddy et al. saw a similar trend in the hydrogen
bonding lifetime where it increased by a factor of 14 as the alkyl length of the primary am-

monium cation paired with formate anion increased from methyl chain to propyl chain.*!

The increase in the lifetime for hydrogen bonding interaction is primarily dominated by
the identity of the anion. For instance. the ratio of the average lifetime for [Cemim|[DCA]
is ~ 2 times the lifetime of |[Comim|[DCA], while the ratio drops to ~ 1.7 in going from
[Comim|[NTf,] to [Cemim|[NTf]. The hydrogen bonding lifetime ratio is also similar to the
change in viscosity for a given ionic liquid series. Experimental viscosity of [Comim|[DCA]*42
at 323.15 K is found to 8.51 c¢p compared to 18.72 cp for [Cemim|[DCA|*3 which is roughly
2.20 times the increase in viscosity as the alkyl chain length of the cation is increased. Sim-
ilarly, the viscosity of [Comim|[NTfy|4* at 323.15 K which is 15.61 cp that only increases to
26.25 cp for [Cgmim|[NTfs]*® which is roughly a factor of 1.68 almost identical to the ratio of
the hydrogen bonding lifetime for these systems. Our results are consistent with the findings
by Zhang and Maginn that the transport properties such as self-diffusion coefficients and the
ionic conductivity are inversely related to the ion-pair correlation timescales. 6 For mixtures,
we notice that the hydrogen bonding lifetimes increase in accordance to the increase in the
height of the RDF’s between H, and N.. for [Comim|[DCA] and H, and O for [Comim|[NTf,]

as illustrated in Figure 6.
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Figure 6: Correlation between hydrogen bonding lifetime and RDF peak height of the first
solvation shell of hydrogen bonding sites. (a) [Comim|-—|DCA]. (b) [Comim|-—[NTf,]. Bi-
nary A refers to [Comim|[DCA]|NTf,| system, Binary C refers to [Comim|[Cemim|[DCA]
or [Comim||Cemim||[NTf,] system and Reciprocal refers to [Comim|[Cemim|[DCA|[NTH;] sys-
tem.

Self Diffusion Constant

The self-diffusion constant of the ions was obtained by fitting the linear region of the mean

square displacement (MSD) using the following equation.
N
D== hm (Z 7i(t) = 7;(0)] > (10)
i=1
where, 7;(t) is the position of an ion at any given time, () is the average of the ensemble,

and D is the self-diffusion constant. To determine the linear region for the fit, the MSD

values were divided into three blocks spanning 0-10 ns, 10-15 ns and 15-20 ns for the final
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NPT production run. Over these blocks, we computed the non-Gaussian parameter 3(t):

din{Ar2(t))

AIn(?) (11)

p(t) =

A linear regime is indicated as §(t) approaches a value of unity, which, for most systems
occurred over the 10-15 ns block, as assessed from the slope of the log-log plot MSD versus
time (please refer to Figures S13 - S16) The reported values of self-diffusion coefficients were

calculated by tracking the MSD over this timeframe.

Table 3 summarizes the average self-diffusion constant of ions for pure, binary, and recip-

Table 3: Self Diffusion constant (Dx1077 cm?/sec) of ions for pure, binary and reciprocal
mixtures at 323 K.

System Self Diffusion constant

[Comim]|* [Cemim]|* [DCA]- [NT1,]-
[Comim][DCA] 10.64+0.67[12.8]2 12.29+0.14[14.6]2
[Comim]|[NT1,] 7.85+1.61[10.6]° 6.22+1.56[6.91|°
[Cemim][DCA] 3.75+0.32[8.4]>  4.92+0.30[9.6]"
[Comim]|[NT1,] 4.48+1.20(4.64]¢ 3.90+0.93[4.31]¢
[Comim]|Cemim|[DCA] 7.84+0.54 5.38+0.02 7.72+0.41
[Comim]|Cemim|[NTf,| 6.77+1.55 5.3+1.48 4.59+1.08
[Comim][DCA|[NTf,)] 8.63+0.57 10.24+1.02 6.89+0.77
[Cemim]|[DCA||NTH,] 3.28+0.19 4.07+0.46 2.67+0.12
[Comim]|Cemim|[DCA|[NTf,| 6.14+0.60 4.83+0.29 6.37+0.55 4.10+0.15

@D data obtained using MD simulation at 303 K.2°
bD data obtained using MD simulation at 333 K.2°
¢D VFT equation from Tokuda et al.*”

rocal mixtures at 323.0 K obtained from this study along with a comparison of self-diffusion
constant data obtained from MD simulation in literature and NMR diffusion experiements.
The self-diffusion constant for the cation and anion in pure [Comim|[DCA] show an interest-
ing trend where the self-diffusion coefficient of the anion is greater than that of the cation, a
trend that is opposite for many imidazolium-based ionic liquids.4” This is primarily because

of the smaller size and planar shape of the [DCA|~ anion that allows it to easily diffuse
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through the ionic network. Goloviznina et al. reported a similar trend for [Comim|[DCA].?°
The authors emploiyed +0.8 charge scaling as in this work, which results in a considerable
speeding up of the dynamics and an improvement in the self-diffusion coefficients compared
to £1.0 scaling for the electrostatic interactions. The self-diffusion coefficients for both the
cation and anion in [Cemim|[DCA] drop by a factor of 2.4 compared to the self-diffusion co-
efficients of ions in [Comim|[DCA]. The reduction in the self-diffusion coefficient is similar to
the ratio of the viscosity of [Comim|[DCA] to that of [Cgmim|[DCA| and is in line with change
in the hydrogen bonding lifetimes for these ionic liquids. Switching the anion from [DCA|-
to [NTf,]~ leads to a decrease in ionic self-diffusion coefficients despite the hydrogen bonding
lifetime being smaller than that for [Comim|[DCA|, which suggests that additional factors
such as the bulkier size of the anion and a propensity for anion-7 interactions also contribute
to determining dynamics in [Comim||[NTf,]. Consistent with findings in the literature, results
from our simulations indicate that the cation diffuses faster than the anion in the pure ionic
liquid systems containing [NTf,|~ as the anion. Similar to the [DCA|- systems, substituting
[Comim]* cation with [Cgmim]|* causes slowing down of the dynamics for both the ions. The
calculated self-diffusion coefficients for the ions in [Comim][NTf,| and [Cemim|[NTt,] agree
reasonably well with those computed from the parameters of the VFT equation derived by
Tokuda et al.%” For binary and reciprocal mixtures, we see that the species exhibiting higher
self-diffusion coefficient slows down, while the self-diffusion coefficients of the slower moving
ions either remains nearly identical or increases with respect to their respective values for
the pure ionic liquids, e.g., the self-diffusion coefficients of |[Comim|* and [DCA|- are lower,
while that of |[Cgmim|* enhances in [Comim|[Cemim|[DCA] mixture relative to those in pure
systems. A similar observation can be made for the [Comim|[DCA][NTf,| system. We also
calculated the overall diffusion coefficients for the pure, binary, and reciprocal mixtures using

the Eqgs. 12-15 to quantify the dynamics:

D+ D_
92

D (12)
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B D++I* (D1_+D2_)

D 1
. (13)
D=I’>(—(D1++D2+)+D_ (14>
2
D:x*(D1++D2;+D1_+D2_) (15)

The results for the overall diffusion constant of the system are displayed in Figure 7. As
expected from the individual ions self-diffusion coefficients, [Comim|[DCA]| has the fastest
dynamics compared to all the systems. This is again because of the pairing between short
alkyl chain cation and a smaller size anion that does not hinder the movement of ions
leading to faster diffusion. Changing the [DCA]~ anion to bulkier [NTf;|- however reduces
the overall diffusion of the system significantly. The effect of replacing the [Comim]|* cation
with [Cgmim|* has a more pronounced effect on the overall dynamics of the ionic liquid. For
the binary ionic liquid mixtures, the collective dynamics falls in between the dynamics of

the constituent ionic liquids.
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Figure 7: Self Diffusion constant of all the systems calculated using equation equation 12,
14, 13 and 15.

Conclusion

In this work, we performed MD simulations on various systems of pure ionic liquids [Comim|[DCA],
[Cemim|[DCA], [Comim]|[NTf|, [Cemim|[NT1;], and equimolar binary and reciprocal mix-
tures resulting from them. We characterized these systems in terms of the ionic center-
of-mass radial distribution functions (RDF), hydrogen bonding bonding interactions and
corresponding hydrogen bonding lifetimes, and self-diffusion coefficients. We observed that
the RDF between [DCA|~ with [Comim|* displayed the highest first peak intensity in the
reciprocal mixture followed by that in the binary anion mixture, binary cation mixture, and
pure ionic liquid system, indicating that the association of the [DCA]|~ with |[Comim|* could
be tuned through the addition of a cation, anion, or both to [Comim|[DCA]|. Further, eval-
uation of the hydrogen bonding site-site RDF interaction exhibited a similar enhancement

in the first peak intensity, revealing the role of hydrogen bonding in preferential interac-
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tion. The first peak intensity in the center-of-mass RDF of [Comim|-|NTf,] in the reciprocal
mixture, however, was found to be less than that for the pure ionic liquid [Comim|[NTf,],
providing additional evidence of the preferential interaction of [Comim|* with the anion pos-

sessing higher hydrogen bonding ability.

We also demonstrated that the preference for [DCA|~ to associate with [Comim|* trans-
lates into an increase in the hydrogen bonding lifetimes in binary and reciprocal mixtures.
In fact, the hydrogen bonding lifetime in the reciprocal mixture is almost twice that for the
pure ionic liquid system. Although the hydrogen bonding lifetime for [Comim|-[NTfy| also
increases when mixtures are considered, the enhancement is non-monotonic. The hydrogen
bonding lifetime for the [Comim|-|[NTfy] interaction stayed relatively the same or reduced in
the presence of [DCA|~ anion, suggesting that this preferential interaction only occurs for
the short alkyl chain cation and the strongly coordinating anion. The overall dynamics of
the various systems, as analyzed from the diffusion coefficients, revealed trends similar to the
hydrogen bonding lifetimes, with the exception of pure [Comim|[DCA] and [Comim|[NTf;]
systems, which was explained in terms of the ability of [NTfy]~ to participate in additional

modes of interaction with the cation.

Our study provides molecular-level details on the emergence of preferential ionic interactions
and their implications on the hydrogen bonding between ion pairs in the binary and recip-
rocal mixtures, opening up possibilities for inducing non-idealities in such systems. From a
practical point of view, as hydrogen bonding interactions are intimately connected to physic-
ochemical properties of ionic liquids, the present work exemplifies a pathway for designing
task-specific ionic liquid mixtures by combining cations with differing in the length of the

alkyl chain length and/or anions possessing widely different hydrogen bonding abilities.
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