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ABSTRACT: The extent of charge transfer between the cation and
the anion in a room-temperature ionic liquid depends on the
basicity of the anion. Ion charges determined in the condensed state
via density functional theory calculations capture this effect rather
well, and charges derived in such a manner have been employed in
force field-based molecular dynamics simulations to quantitatively
reproduce several physical properties of the liquids. However, the
issue of transferability of cation charges in mixtures of ionic liquids,
say with one type of cation and two different anion types needs to
be addressed. Herein, we demonstrate that the cation charge in such
a mixture varies linearly with anion composition, a result that ties in
rather well with X-ray photoelectron spectroscopic experiments.
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The variation in cation charge with bulk anion composition is

shown to be a result of changes in its coordination environment. Cations surrounded by a higher proportion of more basic anions
possess lower charges than those surrounded by less basic anions. Time scales for the exchange of anion types for the occupation
of hydrogen bonding sites around the cation have been determined and are seen to be constituted by three processes—breakage
of existing hydrogen bond, diftusion to the hydrogen bonding site and displacement of the incumbent anion from its site in the
cation coordination shell. These time scales explain the differences observed between infrared and NMR spectroscopic

experiments in ionic liquid mixtures rather well.

Room temperature ionic liquids (RTILs) offer a wide
choice of properties for their use as either solvents or
electrolytes by allowing for the possibility of mixing different
ionic components.'~* However, the compositional space of ILs
is too large to be explored by experiments alone. Computer
simulations play an essential role complementing experiments
as well as offering insights into the microscopic behavior of
ILs."™

In this regard, empirical force field (FF)-based molecular
dynamics (MD) simulations are apt, as they can offer
microscopic insights as well as provide estimates of bulk/
interfacial properties while using a modest amount of
computational resource.””'> However, the reliability of MD
simulations is contingent upon the fidelity of the force
field."”~'° Researchers have recognized the need to take into
account charge transfer and polarizability effects between the
ions in the condensed phase, for a quantitative comparison
between the modeled system and experiment.'”"” A crucial
outcome of interion char%e transfer is the reduction in their
formal charges from unity."® Polarizable force fields account for
these phenomena explicitly, and hence are more “physical” than
nonpolarizable ones. However, this additional detail often
comes at an increased computational cost.' "

Although nonpolarizable force fields do not account for
polarization explicitly, fixed partial charges, if chosen appropri-
ately, can capture the effects of ion polarization in a mean field
manner.”" Studies have shown that some structural (like X-ray
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structure factor)*>** and dynamical properties (like diffusion
constants)”* are most affected by the choice of partial charges,
hence it is imperative that they are parametrized consistently.

As the extent of charge transfer between the cation and the
anion can depend on their type, a nonpolarizable force field
based on fixed ion charges (subunity) will need to be
transferable to mixtures, ie., ionic liquids which contain one
type of cation and two different types of anions (say).
Addressing this problem, using periodic quantum density
functional theory (DFT) calculations, we demonstrate the
linear variation of cation charge with anion composition, a
result that segues with results from X-ray photoelectron
spectroscopy (XPS). This observation constitutes the basis on
which a linear charge mixing approach can be adopted within a
force field. MD simulations, using such a force field, reproduce
experimental data on IL mixtures and shed considerable light
on the microscopic exchange mechanisms of anion types in the
coordination shell of a cation. These studies are pursued in a
binary ionic liquid (BIL) system with 1-butyl-3-methylimida-
zolium [BMIM] as the common cation and chloride [Cl] and
tetrafluoroborate [BF,] as the counteranions (see section I of
the Supporting Information).*®
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Figure 1. (a) High-resolution N 1s XPS spectra of [OMIM][CI],[NT£],_, mixture at different compositions, taken from the work of Licence et al.”*
and (b) magnitude of average net ion charges (NICs) of BMIM, [Cl] and [BF,] ions vs composition obtained from simulations. The labels indicate
the ions and the corresponding force fields used to derive the NICs: (i) MB force field®"** and (i) CL&P force field**™>* (see Supporting
Information for additional details). Magenta dash-dot line is drawn as a guide to the eye.
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Figure 2. Probability density vs partial coordination number of (a) high charge cations (charge greater than +0.78¢) and (b) low charge cations
(charge less than +0.70e), in a BIL with 50:50 composition. The green vertical line indicates the average partial [Cl] coordination number (average
number of [Cl] ions surrounding a cation), and the maroon dash-dot line represents the average partial [BF,] coordination number.

The condensed phase electronic charge density was
estimated by DFT calculations of a representative set of
snapshots of each BIL mixture. These snapshots were selected
from classical MD trajectories of BILs generated from two
different force fields. Details of these calculations are presented
in the Supporting Information. The electron density was used
to calculate the atomic site charges using the DDEC/c3
method”®*” and the net ionic charge (NIC) was obtained as
the sum of atomic site charges of all atoms of an ion. Figure 1b
shows the variation of average NIC of [BMIM], [Cl] and [BF,]
ions with respect to composition of the BIL mixture. The
average NIC of cations varies linearly between the values of the
pure components, irrespective of the force field employed. By
contrast, the average NICs of both the anions remain
unchanged with composition. Recently, Licence et al
investigated the charge environment of ions in IL mixtures
using N 1s X-ray photoelectron spectroscopy.”® Figure 1la
shows the N 1s XP spectra of [OMIM][CI],[NTf,],_, system,
which contains nitrogen in both the cation as well as in the
[NTf,] anion. The XPS measurements revealed that the
binding energy of nitrogen atom in cation varied “quasi-
linearly” with anion composition whereas that in the [NTf,]
anion remained unchanged. Moreover, the binding energies of
all the carbon and nitrogen atoms in the cation varied quasi-
linearly. Various studies have shown that the cation charge is
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largely centered on the ring and is independent of the alkyl tail
ler1gth.29_31 In general, the XPS binding energies of most atoms
(including carbon and nitrogen) are linearly correlated to the
partial charge on the atoms.” This would mean that the atomic
partial charges of cation atoms, derived from XPS binding
energies, would also vary quasi-linearly with composition. This
observation serves as a direct experimental evidence to the
linear variation of NIC obtained in our simulations.

In order to understand the origin of the linear trend of cation
charge with anion mole fraction, we examined the local
environment of cations in the BIL at 50:50 anion composition.
The average NIC of cation at this composition is +0.74e. We
first selected two sets of cations—low charge (NIC values less
than +0.70e) and high charge (NIC values greater than +0.78e)
cations. We then estimated the partial coordination number for
cations belonging to each of these two sets separately.

Figure 2 shows the probability density of a cation (in the
50:50 mixture) to have a certain coordination number of [Cl]
and [BF,] anions. The average number (shown as green vertical
line) of [Cl] ions in the first coordination shell of a cation is
higher for the low charge cations and lower for a cation with
high charge. More the number of chloride ions surrounding a
cation, more is the extent of charge transfer and hence lower is
that cation’s NIC. This analysis clearly shows that the NIC of a
cation is affected by both the number and composition of the
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Figure 3. Time evolution of (a) g¢i(r,t) from the population of cations initially hydrogen bonded to [Cl] ions, (b) gy (rt) from the population of
cations initially hydrogen bonded to [BF,] ions, (c) gur(rt) from the population of cations initially hydrogen bonded to [Cl] ions and (d) guz(rt)
from the population of cations initially hydrogen bonded to [BF,] ions. 50:50 BIL mixture was used for this analysis. The maroon dotted line

indicates the position of the first peak at t = co (equilibrium).

anions surrounding it. This correlation can be used to
rationalize the linear trends in average NIC of cation (Figure
1). The average NIC of cations depends on the composition of
their first solvation shell and which in turn depends on the bulk
composition of the mixture (assuming homogeneous mixing;
see ref 39). These results encouraged us to adopt a linear
charge mixing scheme for the ion charges modeled via classical
MD simulations. While the charges of the anions are chosen to
be independent of the anion composition of the IL, that of the
cation is chosen as the weighted sum of the charges of the
cations used in the pure systems—the weight being the mole
fraction of the individual anions present in the mixture. In a
liquid modeled with a polarizable force field or one with a
fluctuating charge model, the charge on a specific cation would
be dependent on its environment. The linear charge mixing
scheme employed by us here can be viewed as a mean field
approximation to such models which include explicit polar-
izability.*’

To gauge the efficacy of the linear charge mixing rule, we
have also simulated the [BMIM][NTH,],[SCN],_, liquid, for
which experimental density data was available. Simulated
densities are found to be in good agreement with experimental
values having at most 2% error (Figure S3). Both simulated and
experimental desities show a linear trend indicating the mixture
to be ideal, consistent with most IL mixtures.*

Hydrogen bonds play a vital role in influencing the bulk
properties of ILs, including shear viscosity."”** Among the
many hydrogen bonding sites on the imidazolium cation, the
H, atom (see Figure S1) forms the strongest hydrogen bond
with the donor atoms (X) on anions.*** Hence, for the sake of
simplicity, we consider only Hy—X hydrogen bonds. Spectro-
scopic studies and MD simulations of IL mixtures have shown
that Hy—X hydrogen bonds switch from one anion to another
as the cation rotates within its solvation shell.***® Doseok et al.
investigated the nature of hydrogen bonds in liquid [BMIM]-
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[Cl],[BF,],_, using IR and NMR spectroscopy.45 While the
former showed two distinct peaks (Cy—H vibrational modes)
corresponding to each type of Hy—X hydrogen bonds, the H,
proton NMR chemical shift showed a single peak whose value
exhibited a monotonic change with anion composition. They
attributed this conflicting result to the different time scales
probed by the two spectroscopic methods: subpicosecond (=
0.1 ps) for IR and millisecond (%~ 0.6 ms) for NMR. They
conclude that the hydrogen bond switching time scale is higher
than the IR time scale and lower than the NMR time scale (0.1
ps < 7 < 0.6 ms).

We now employ our force field within the linear charge
mixing framework to study the microscopic structure and
dynamics of [BMIM][CI],[BF,],_, IL mixtures. Note that
although the chloride end of the cation NIC in Figure 1B
terminates at a value of +0.69¢, the MB force field®"**
parametrized the cation NIC in the pure dialkylimidazolium
chloride IL to be +0.64e. Hence the linear charge mixing is
performed with the terminal values prescribed by the MB force
field for the pure IL systems. In particular, we focus on the
dynamics of the hydrogen bond between the most acidic ring
hydrogen H, and the donor atom of anion, X = CLF. Hy—X
pair correlation functions (Figure S6) and spatial distribution
functions (Figure SS) show that [Cl] ions have a marginally
higher propensity of forming a hydrogen bond when compared
to [BF,] ions, consistent with experiments on similar IL
mixtures.”® The cation reorientational time correlation
functions and the cation—anion hydrogen bond time
correlation functions (Figure S11—12) indicate that the H,—
Cl hydrogen bond lasts longer than the H,—F bond (see
Supporting Information). These results are consistent with the
fact that [Cl] ions interact stronger with the cations than [BF,]
ions do.

In order to understand these spectroscopic observations, we
obtain the time scales of hydrogen bond (HB) switching in
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pure and mixed ionic liquids. We define a time dependent pair
correlation function gx(r,t) (defined below), between the most
acidic hydrogen (H,) of the cation and the donor atom (X =
CLF) of the anion.

N, Ny
1% 1
g )= ———( —= o
G (1) Nydnr® \ Ny(t,) ; ;=21
X (r = 7ty + t) = 71t + 1))
(1)
i () ) \'% ik (7, tg + t)
T, = = =
Brax Ny 4rr’dr Ny () @)

where V is the volume of the simulation box, Ny is the number
of selected donor atoms, Ny(t,) is the number of H, atoms
belonging to selected cations at time t;, § represents the Dirac
delta function, 7 represents the position of atoms, and ( )
represents the average over time origin t,. In the case of HB
switching between the same kind of anion (say [Cl] to [Cl]),
Ny = Ny — 1, Ny being the total number of X type donor
atoms, because the anion hydrogen bonded to cation at time ¢ =
0 is not considered in the calculation of gx(r,t), whereas, in the
case of HB switching between different anion types (say [Cl] to
[F]), Ny = Ny. Equation 2 gives a simplified version of gy (rt),
where figy(rt, + t) is the number of X atoms (in case of like
anion switching, we exclude the X atom hydrogen bonded to
selected cation at t,) situated at a distance between r and r + dr
from the selected H, atoms. At time t;, we select cations which
are hydrogen bonded to only one of the two anion types in the
mixture. This selected population of cations represents an out
of equilibrium scenario where only one type of hydrogen
bonding is present. Hence, this population would relax to the
equilibrium hydrogen bonding statistics by process of anion
exchange. The anion that hydrogen bonds with the cation at
any time t can be of the same type as the one that the cation
was hydrogen bonded to at time t;, or it could be of another
type. Thus, it is possible to calculate from the MD trajectory at
a given composition, four different g(r,t). Zux(rt) tells us the
time evolution of this anion exchange process (see Figure 3).

In all the gyx(r,t) plots, we see that the first peak, which is
absent at time £, increases in intensity with time. This indicates
that other anions (ie., ones which were not initially hydrogen
bonded to the selected cations) start replacing the original
anions which were hydrogen bonded to the cation initially. To
obtain a quantitative estimate of this relaxation process, we
compute the radial coordination number Zyx(t). The
coordination number is calculated by integrating Zux(rt) up
to the first solvation shell cutoff. Equation 3 gives a normalized
function f(t), which can be used to compare the time scales of
different kinds of anion exchange.

Eux(t) — 5}01)(
T Lo -0
CHx ~ fHx

f@) = )

where @y is the coordination number at time t, and &% is the
coordination number when the system is in equilibrium (t =
o). Figure 4 shows the function f(t) for all kinds of anion
exchange in the 50:50 BIL mixture as well as in the pure ionic
liquid systems.

Time-constants of the relaxation process, listed in Table 1,
were obtained from fitting f(f) to a sum of three exponential
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Figure 4. Normalized function f(t) of all kinds of anion exchange in
mixed as well as pure ionic liquid systems. Read the labels as “A to B”
to mean f(t) of A type anions with respect to cations that were
hydrogen bonded to B type anions at time #, The labels with suffix
“pure” refers to neat IL systems.

decay functions (see Supporting Information). The migration
of [Cl] ions to the occupied hydrogen bonding sites are the
slowest processes, while the migration of [BF,] ions to the
occupied hydrogen bonding sites are the fastest. We also note
that the migration of [Cl] ions to sites occupied by [BF,]
anions (7 = 1.9 ns) is slower compared to the migration of
[BF,] ions to [Cl] (z = 1.5 ns) occupied hydrogen bonding
sites. This might seem counterintuitive, as [Cl] ion forms a
stronger hydrogen bond with the cation and hence is more
likely to replace [BF,] ions than vice versa. Such an argument
might be valid if the [Cl] ions were freely available in the liquid,
ready to displace [BF,] ions from hydrogen bonded sites.
However, [Cl] ions are already hydrogen bonded to other sites
(either to a different cation or to other ring hydrogens). Thus,
we propose a simple, mechanical picture of this anion exchange
as a three step process: first, the incoming anion has to break its
hydrogen bond and become a free ion (Step I), followed by its
relative diffusion to the hydrogen bonding location (Step II)
and finally, to displace the incumbent anion (Step III). The
relative hydrogen bond lifetime of H,—Cl, estimated from the
continuous hydrogen bond time correlation function is greater
than that of Hy—F (see Table S7). Hence [Cl] ions are slower
in step I than the [BF,] ions. Thus, in the case of [Cl] ions,
Step I is the rate limiting step, and hence they are slow to
replace [BF,] ions than vice versa.

From this study, we estimate the characteristic time scale of
the hydrogen bond switching phenomenon to be on the order
of nanoseconds (1.4—2.7 ns). IR spectroscopy, which probes
the system at subpicosecond time scale, essentially captures a
static hydrogen bond network and hence detects two distinct
Cr—H, vibrational peaks corresponding to two different Hy—X
bond types. However, NMR spectroscopy, probing larger time
scales, captures a dynamic hydrogen bond network and thus
exhibits a single chemical shift value.*’

In sum, we have shown that the average charge of cation in a
binary ionic liquid mixture containing two different anion types
displays a linear trend as a function of anion composition. This
observation is supported by the linear trend in the
experimentally observed XPS binding energies of cation
atoms with composition.”® We have found that the charge of
a specific cation is directly correlated to the composition of its
first coordination shell: the greater the fraction of more basic
anions, the lower the cation charge. The agreement of our
findings with experiments gives credence to our framework to
obtain condensed phase site charges. We propose a linear
charge mixing scheme to obtain the atomic site charges for MD
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Table 1. Parameters of Fit of f(t) to a Sum of Three Exponential Functions

relaxation process A, 7, (ps) A,
[c1] to [C1] 0.102 13 0.629
[Cl] to [BE,] 0.102 9 0472
[BE,] to [Cl] 0.190 7 0.480
[BE,] to [BE,] 0.226 7 0.612

7, (ps) A3 73 (ps) () (ps)
975 0.270 7892 2745
523 0.426 3984 1919
526 0.331 3894 1542
489 0.122 9393 1449

simulations of BIL mixtures. MD simulations performed within
such an approach were used to study the switching of cation
hydrogen bond between anions. The hydrogen bond switching
is shown to be a three-step process involving hydrogen bond
breaking, relative diffusion, and hydrogen bond forming,
respectively. The time scales of each of these processes have
been determined which rationalize the differences in exper-
imental results of IR and NMR spectroscopies.
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