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ABSTRACT: Ionic liquids (ILs) are a class of liquid salts with distinct
properties such as high ionic conductivity, low volatility, and a broad
electrochemical window, making them appealing for use in energy storage
applications. The ion—ion correlations are some of the key factors that play a
critical role in the ionic conductivity of ILs. In this work, we present the
study of the impact of ion mass on ion—ion correlations in ILs, applying a
combination of broadband dielectric spectroscopy measurements and
molecular dynamics simulations. We examined three ILs with the same
cation but different anions to consider three different cases of cation—anion
masses: M, > M_, M, ® M_, and M, < M_. We applied the momentum
conservation approach to estimate the contribution of distinct ion—ion
correlations from experimental data and obtained good agreement with
direct calculations of distinct ion—ion correlations from molecular dynamics
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simulations. Our findings reveal that relative ion mass has a strong effect on the distinct ion—ion correlations, leading to swapping of

the relative amplitude of distinct cation—cation and anion—anion correlations.

B INTRODUCTION

Room-temperature ionic liquids (ILs) are promising materials
for various electrochemical energy storage applications,
including batteries and supercapacitors.' > ILs demonstrate
high intrinsic conductivity, low flammability, and higher
thermal and electrochemical stabilities in comparison to
conventional salt solutions with carbonate solvents."”” Due
to these characteristics, they meet most of the criteria for
electrochemical devices with improved performance and
safety.” One of the key fundamental properties of any ionic
system is its ionic conductivity. In diluted salt solutions, ionic
conductivity can be estimated using the Nernst—Einstein (NE)
equation from information concerning the concentration, n,

and self-diffusion coefficient, D;, of the mobile ions”'?

2
q_T Z nD;

Ong =
N kg i (1)

where g is the charge of an ion. In diluted salt solutions, where
ion—ion interactions are assumed to be negligible, the
experimentally measured ionic conductivity (opc) indeed is
very close to the estimation from eq 1 (opc & oyg). However,
concentrated ionic systems, including ILs, have significant
ion—ion interactions, leading to strong dynamic correlations of
ions. As a result, the NE equation fails to describe the ionic

=19 and the additional
9,20,21

conductivity of concentrated systems,
factor has to be introduced to the NE equation
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Here, the ratio H™! = 6pc/0yg is known as ionicity or inverse
Haven ratio.'”*> The ionicity of ILs is always less than one
(ie, H' < 1),'¥'51923726 4nd this has been traditionally
ascribed to the presence of ion pairs due to the coupled motion
of anion and cation."”” However, recent simulations®® and
experiments””~>' have revealed that the low value of H™" for
molten salts and ionic liquids is mostly caused by distinct
anion—anion and cation—cation correlations, rather than the
ion pairs. Even more interesting effects occur in the mixtures of
salt and ionic liquids, where ion—ion correlations lead to
clustering and surprising negative cation transport num-
bers,>*™>° or even superionic behavior®® with H™! > 1.
Molecular dynamics (MD) simulations have been the only
method for estimating the contribution of distinct ion—ion
correlations to conductivity. Recently, a method was proposed
from experimental measurements.”’ However, the proposed
approach is complex and challenging, requiring electrodes
containing one ion (e.g,, Li*), and has been applied only to a
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Figure 1. Conductivity spectra over a wide frequency range for the different ionic liquids: (a) [BMIM][BF4]; (b) [BMIM][PF6]; and (c)
[BMIM][TFSI]. In panel (b), the different regimes are shown: (1) AC conductivity; (2) DC conductivity; and (3) electrode polarization. To
determine the conductivity relaxation time, 7,, the conductivity spectra were fitted using eq 7. The example of fitting at different temperatures is
shown in panel (c) by red solid lines. To match data from high- and low-frequency measurements, the electrode polarization regime in the high-
frequency measurements was removed, and dashed lines are displayed only to guide the eye.

few lithium conductive systems. Another approach that was
proposed in refs. 38,39 is based on a combination of
experimental measurements of conductivity and diffusion and
theoretical models and the assumption that the total
momentum of all ions is conserved. Recently, this approach
was used to estimate each term of the distinct ion—ion
correlations in polymerized ionic liquids,” ionic liquids,”**°
and concentrated solutions.*’ However, the estimations of the
distinct ion—ion correlations from experimental data using this
approach were never compared to the results of model-
independent MD investigations.

To verify the validity of the momentum conservation
approach, we performed experimental and computational
studies of ILs with different ion masses. We chose ILs with
the same cation, 1-butyl-3-methylimidazolium ([BMIM], M,
~139 g/mol), but different anions, [BF,] (M_ ~ 87 g/mol),
[PFs] (M_ =145 g/mol), and bis(trifluoromethane)-
sulfonimide [TFSI](M_ ~280 g/mol). These ILs present the
cases when M_ < M, [BMIM]-[BF4], M_ ~ M, [BMIM]-
[PF6], and when M_ > M, [BMIM]-[TFSI]. Experimental
data were used to estimate distinct ionic correlations based on
the momentum conservation approach, and the results were
compared to MD simulations, where distinct ion—ion
correlations were directly computed. This comparison revealed
a good quantitative agreement between experimental and
simulation results. In particular, the cation—cation correlations
provide a more negative contribution to conductivity than the
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anion—anion correlations in [BMIM]-[BF]4 with M_ < M,,
while in [BMIM]-[TFESI] with M_ > M,, the anion—anion
correlations contribute more negatively to conductivity than
the cation—cation correlations. At the same time, the cation—
anion correlation has a positive contribution to conductivity in
all three ILs. We also discuss how the momentum conservation
approach depends on the choice of coordinate system.

B EXPERIMENTAL RESULTS

Materials. 1-Butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF4], 1-butyl-3-methylimidazolium hexafluorophos-
phate [BMIM][PF6], and 1-butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide [BMIM][TFSI] were pur-
chased from Sigma-Aldrich and used as purchased. The
samples were opened and loaded into a cell for conductivity
measurements inside a glovebox in an inert atmosphere.

Broadband Dielectric Spectroscopy (BDS). BDS was
used to perform conductivity spectra measurements. Two
spectrometers were utilized to cover the wide frequency range
from 0.1 Hz up to 3 GHz. An a-A analyzer from Novocontrol
was utilized in the frequency range of 107'—10° Hz. A cell
consists of a cap as the bottom electrode; the upper electrode
is separated from the cap by a sapphire window to avoid
electrical contact between them. The fixed electrode distance
of 0.4 mm and a diameter of 10.2 mm were used. The samples
were measured with a voltage amplitude of 0.1 V. The standard
calibration procedure was used before measurements. An
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Figure 2. (a) Temperature dependence of the DC conductivity, opc: symbols present experimental data, and lines are from the MD simulations
results. The inset figure in panel (a) represents the comparison of MD results and experimental data on an expanded scale. (b) Temperature
dependence of the conductivity relaxation time, 7,. The gap in the experimental data for opc and 7, at low temperatures for [BMIM][PF6] and
[BMIM][TFSI] is due to crystallization.

Agilent RF impedance material analyzer, E4991A, with previously employed protocol.**™** Partial charges on all
WinDETA Software from Novocontrol, was used in the atoms were determined with the restrained electrostatic
frequency range 10°—3 X 10° Hz. The cell was constructed potential (RESP) algorithm® based on the optimized
using two APC-7 connectors. For the upper electrode, the electronic structures of the isolated cation or anion. These
inner pin of one connector was replaced by a solid pin with a ab initio calculations were carried out at the Hartree—Fock
diameter of 3 mm, and the free space between the inner pin HF/6—31g(d) level of theory using the Gaussian 09 package.*’
and outer part was filled by Teflon. For the lower electrode, the The computed atomic partial charges were scaled by a factor of
pin in the other connector was removed, and in the free central 0.8 to account for polarization and charge transfer, which has
space, a movable metallic cylinder was inserted. As a result, the been proven to be an efficient and reliable approach in ion-
coaxial line was terminated by a plate capacitor with an containing systems.”*"** A cutoff distance of 14 A was used
adjustable distance between the electrodes. The coaxial line for the electrostatic and Lennard-Jones interactions with long-
was calibrated using a standard procedure (Open/Short/S0 Q) range corrections handled by the particle mesh Ewald (PME)
to move the reference plane up to the cell terminating the line. method and appropriate tail corrections, respectively. The
The cell was also calibrated (open and short) for better initial systems were equilibrated for over 50 ns within the NPT
precision. The samples were loaded between the two ensemble, following a ~ 30 ns annealing process using the
electrodes at 0.1 mm and measured with a voltage amplitude GROMACS code.”” Following an additional 30 ns of
of 0.1 V. A Quattro temperature controller (Novocontrol) was equilibration under the NVT ensemble, a trajectory of 100
used for temperature stabilization for the measurements from ns was collected every 1 ps. This length of trajectory ensured
107" to 10° Hz. The samples were stabilized for 20 min at each reliable ion—ion correlations in these IL systems.'”>* Temper-
temperature to reach a precision of +0.2 K. The samples were ature and pressure were controlled b(y the Bussi thermostat™
equilibrated at each temperature for 20 min to achieve a and the Parrinello-Rahman barostat™ with coupling times of
precision of +0.2 K, followed by rapid quenching to prevent 0.5 and S ps, respectively. The MD simulations for all of the IL
crystallization at low temperatures and to reach supercooled systems were conducted in a periodic cubic box with a time
liquid states. However, the two ionic liquids [BMIM][PF6] step of 2 fs. To assess the accuracy of the force fields applied to
and [BMIM][TFSI] crystallized upon heating and then melted these systems, we compared the simulation and experimental
back at higher temperatures. In our further analysis, the densities, as illustrated in Figure S1. The density of
conductivity data corresponding to the crystalline states of the [BMIM][TFSI] closely matches the experimental data. While
ILs were excluded. the densities of the other two systems are slightly lower than

The conductivity spectra for all studied systems exhibit three the experimental values,”’ they still exhibit reasonable
usual regions (Figure la—1c): (i) frequency-dependent AC agreement. All dynamic correlations were compiled from 4
conductivity regime at high frequencies, 6,¢; (ii) a plateau to 6 trajectories to provide average values, along with their
level of DC conductivity regime at the intermediate frequency corresponding standard deviations.

range, opc, and (iii) a decrease due to the accumulation of
charge carriers at the surface of the electrode at a lower Bl DISCUSSION
10,11

frequ'ency (electrode polarization effect).”’ The temperature The conductivity spectra of ion conductive materials are
gap in the data for [BMIM][PF6] and [BMIM][TFSI] is usually described by the random barrier model (RBM).”" ™%
caused by sample crystallization.

Molecular Dynamic (MD) Simulations. MD simulations
were performed for a variety of molecular BMIM-based ILs.
Each system consisted of 500 pairs of ions, providing an
optimal balance between statistical reliability and computa- () iWTO 8 iwT.o 173
tional efficiency.””™** The methodology was established by 1 ( ]= or DC( —— DC]
using the generalized AMBER force field (GAFF) utilizing a o' (@) 3 0(w)

According to this model, charge carriers hop over potential
energy barriers. When the barrier height distribution is
constant, the model results in the following equationé1

3)

Opc
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Figure 3. (a) Radial distribution functions of the center of mass of cations and anions in ILs to estimate half the average distance between the ions,
(d).4¢/2. (b) Ions rearrangement length estimated from eq 8 for cations (open square symbols) and anions (closed square symbols). Estimated half
distances between the ions from ion concentration, (d).,,./2, are represented by dashed lines. Estimated half distances between the ions from the

radial distribution functions, (d).4/2, are represented by dotted lines.

Here, 6*(®) is a measured complex conductivity, op¢ is a DC
conductivity, and 7,; is a conductivity relaxation time. The latter
specifies the characteristic of AC—DC crossover time when
charge mean-squared displacement crosses over from a
subdiffusive regime, (r*(t)) ~ t* with @ < 1 (corresponds to
AC tail in conductivity spectra) to a normal diffusion regime
(*(t)) ~ t (corresponds to DC-plateau in conductivity
spectra). Both the conductivity spectra and the conductivity
relaxation process in the real part of the dielectric permittivity
are described by eq 3. The examples of conductivity spectra fits
are shown in Figure lc, and the temperature dependences of
opc and 7, obtained from the fits are plotted in Figure 2. The
results for conductivity values from MD simulations are
presented in the same Figure 2a and provide a good match
with experimentally measured data for [BMIM][BF4] and
[BMIM][PF6] but slightly underestimate the conductivity for
[BMIM][TFSI].

As it was proposed in early studies,
conductivity relaxation process corresponds to local ion
rearrangements, and from knowledge of the conductivity
relaxation time and diffusion coeflicient, D, measured by
pulsed field gradient nuclear magnetic resonance (PFG-NMR),
we can estimate the ion rearrangement length, 4, with

A= ,/6Dz, (4)

The parameter, 4, defines the characteristic length, where
anomalous subdiffusion regime crosses over into a normal
Fickian diffusion, and in typical ILs, its value is about 4 &~ 1-3
A27e? Using the diffusion coefficients of the cation and

. 23,63 .
anion, we can estimate separately the rearrangement length

for positive and negative charge carriers: A, = ,/6D,7, and

A_ = /6D_t,. These parameters for the studied ILs appear in
the range ~1.2—1.9 A (Figure.3b). It was suggested' that the
ion rearrangement length should be about half the average
distance between the ions estimated from their concentration,
(d)eone/2 = [(3/471)Y3]/2. However, the distance estimated
from ion concentration appears slightly larger than 4,(d) o,c/2
~ 2.0-2.4 A (Figure 3b). The average distance between the
ions can also be estimated from the radial distribution function
(RDF) obtained from the MD simulations (Figure 3a). Half of
the average distance between the ions estimated from the RDF
is even slightly larger than (d).../2 (Figure 3b).

10,11,16,27,40
the
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Although the estimated rearrangement length, 4, is slightly
smaller than the average distance estimated from the ion
concentration and RDFs, it is worth noting that its value is
almost temperature-independent. This fact can be used for an
estimation of the ion diffusion coefficient at low temperatures
where slow ion dynamics is inaccessible from PFG-NMR
measurements. Indeed, knowing the value of the parameter 4,
we can invert eq 4 and use 7, from the BDS measurements to
estimate the diffusivity of the ions even at low temperatures D,
= 12/67,.'>*" The result of these estimations is presented in
Figure 4. In the same figure, we presented diffusion coeflicients

-8
— 10_9 T T T TN T
< 10 —— [BMIM] [BF4] catiorr
NG 1010F TR e . e [BMIM] [BF4] anion ]
E 11 —— [BMIM] [PF6] cation
=107 Figps;; 00 RoR8Es . [BMIM] [PF6] anion
0 10" —— [BMIM] [TFSI] cation]
- 10-13 [ » [BMIM] [BF4] anion ®e e [BMIM] [TFSI] anion]
S 40 f°  [BMIM] [PFé] cation . ]
‘O ,~15f ° [BMIM] [PF6] anion
& 107 Fo  BMIM] [TFSI] cation of g 1
8 10" F«  [BMIM] [TFSI] anion % 1
O 10" | [PFG-NMR]: o j
c 1018} © [BMIM] [BF4] cation o L
o) 19 4 [BMIM] [BF4] anion oy
‘® 107" Fo  [BMIM] [PFé] cation A 1
5 1020 | ¢ [BMIM] [PF6] anion -
5 102" < [BMIM] [TFSI] cation 8
22| ¢ [BMIM] [TFSI] anion
10 L 1 1 1

2.0 2.5 3.0 35 4.6 4.5 50 55
1000/T, [1/K]

Figure 4. Temperature dependence of the diffusion coefficient for
cations and anions of the ILs. Circle symbols represent our
experimental data, which are in good agreement with previous studies
(ref 23). PEG-NMR data are shown with diamond symbols, and the
MD simulation results are shown as solid and dotted lines for the
cations and anions, respectively.

from MD simulation, which has a good match with PEG-NMR
data for [BMIM][BF4] and [BMIM][PF6] but slightly
underestimates diffusion for [BMIM][ TFSI]. This is consistent
with an underestimated conductivity for the same IL (Figure
2a).

From the diffusion coefficient, we can estimate the expected
NE ionic conductivity using eq 1 and calculate the inverse
Haven ratio, H ' = opc/0yg (eq 2) to reveal how ion—ion
correlations depend on temperature. Analysis of the inverse
Haven ratio in the studied systems (Figure S) reveals that it
remains almost constant ~0.6—0.8 at higher temperatures and

https://doi.org/10.1021/acs.jpcb.3c05568
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Figure 5. Temperature dependence of the ionicity or the inverse
Haven ratio. Circle symbols represent our experimental data, where
the diffusion coeflicient was estimated from the ac—dc crossover and
square symbols corresponds to data, where the diffusion coefficient
was measured by PFG-NMR results. The dashed lines represent the
average value of ionicity from the MD simulations, which are in good
agreement with the experimental data. The complete data obtained
from the MD simulations, along with computed standard deviations,
are reported in Figure S1b.

then decreases to ~0.4—0.25 upon cooling toward T,. The
decrease of H™' upon cooling has been reported for many

10,27

other systems, and the mechanism behind this behavior

remains unknown.

Although the inverse Haven ratio provides information
about ion correlations, this parameter does not reveal any
mechanistic details that dominate these correlations in the
studied systems. At the same time, the direct experimental
measurement of distinct ion—ion correlations is quite
difficult.’” However, the contributions of distinct ion—ion
correlations to conductivity can be estimated based on the
model proposed by Schonert and developed in several
papers.”***** The model only assumes that the total
momentum of all ions is conserved and that the velocities of
the cations and anions obey the following equation (the
validity of this assumption will be discussed later):

M, Y 5,(0) + M_ Y 7.(0) =0

i i (%)

Considering the case when all ions are mobile, we can

multiply eq S by 171- L(t) and sz_(t) and take the average to obtain

the following pair of equations:

M.(D + D!, /2) = -M_D!_/2
M_(D: + D?_/2) = -M,D}_/2 6)
where DS and D° are self-diffusion coeflicients and D?,, D?_,

and DI_ are distinct diffusion coefficients defined by the

relationships

o, =2 [" @050,

A T gAY
pt =2 / (@ (1)7_(0))dr

i =2 [T Gmi =2 [T 6 070
(7)

Here, the —/+ subscript refers to either anion/cation, ¢ is
the total number of correlated ions in a local area, and i # j.
Using the definition of conductivity as a current—current
correlation function”**'

1 o =3 . - -
it J, TOT @) with G 0T )

( 2, 47(0) 2 q7(1)) (8)

we have, together with eqs 6 and 8, the closed system of
equations for D¢,, D!_, and D?_. To find the contribution of
distinct ion—ion correlations into conductivity we can write
conductivity as”****”

Opc

Opc=Ong + 04+ 0l + 0L, op=ol+ol  (9)
where we combined self-correlation to NE conductivity eq 1,
and the last three terms define conductivity contribution from
distinct anion—cation (6%_), cation—cation (6¢,), and anion—
anion (6%_) correlations. As a result, after solvingzg’g'g_40
system of eqs 6 and 8, we can derive analytical expressions for
the contribution of the ion—ion correlation in each term of eq
9

2k, T
2
O_S en S
+ +
kT

2 kyT
6211
cf=—D¢
kT
ol = —ez—nDd =0 72M+M_
T kT T M+ M) (10)

This result provides a simple means to estimate distinct
ion—ion correlations if the DC conductivity and self-diffusion
coefficients are experimentally measured. According to eq 10,
the cation—anion correlations in ionic liquids always have a
positive contribution to conductivity, unlike the systems with a
solvent, where this type of correlation might change sign,
depending on the solvent concentration.*’ This indicates that
the conductivity of the ionic liquids is always improved by the
correlated anion—cation motion. The distinct contributions to
conductivity estimated by eq 10 and scaled by the expected NE
conductivity for the three IL systems studied here are shown in
Figure 6. These contributions appear in surprisingly good
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Figure 6. Distinct ion—ion contribution to conductivity normalized by oy for the three ILs, where the closed symbols represent our experimental

data and open symbols represent data from our MD simulations.
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Figure 7. (a) Self-diffusion coefficient as a function of the anion-to-cation mass ratio, x = M_/M,, at 400 K obtained by MD simulations. (b)
Contributions of distinct (closed symbols) and total (open symbols) ion—ion correlations to conductivity normalized by oy of [BMIM][BF4]
ionic liquids as a function of the artificially changed anion-to-cation mass ratio, x = M_/M,, at 400 K. The green vertical line indicates the case in
which the masses of anion and cation are equal. The solid lines present the theoretical prediction from eq 10, where we used H™' = 0.78.

agreement with the direct calculations of these correlations
from our MD simulations (Figures 6 and S2). These important
results suggest that momentum conservation likely plays an
important role in ionic correlations in liquid electrolytes.
Both experimental and simulation results also revealed a
significant role of the anion mass in these correlations (Figure
6). While the contribution of the anion—cation correlations to
conductivity remains essentially the same, ~+(0.3—0.4),
distinct anion—anion correlations decrease from ~—0.2 in

10416

the IL with (the light) BF, to ~—(0.4—0.5) in the IL with the
heavier TFSI, and distinct cation—cation correlations have
opposite behavior with the increase of anion mass (Figure 6).
Moreover, it can be seen from eq 10 that the mass of the ions
has a direct relationship with the distinct ion—ion correlations.
In BMIM-BE,, the mass of the cation is larger than the mass of
the anion, resulting in stronger negative cation—cation
contributions to the conductivity (Figure 6a), but BMIM-
TEFSI, where the anion mass is larger than the cation mass, has
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stronger negative anion—anion contributions to conductivity
(Figure 6¢). The independent MD simulations reveal a similar
result of switching anion—anion and cation—cation correla-
tions with the change of the anion mass (Figure 6).
Surprisingly, in [BMIM][PF6], where the anion and cation
have similar masses, the cation—cation correlations appear
more negative (stronger). The same result is observed in the
MD simulations (Figure 6b). This surprising result might be
related to the difference in the size/geometry/structure of
these ions and their diffusion. Indeed, it was shown®* that in
the case of [EMIM][TFSI], cation and anion diffusion
coeflicients have different dependence on the applied pressure,
corresponding to the connection between TESI conforma-
tional exchange and diffusion. It appears™ that the diffusion of
BMIM cation is faster than the diffusion of any studied here
anions, regardless of their mass. The good agreement between
the estimates of the distinct ionic correlations from the
experimental data using eq 10 and the results of the MD
simulations justifies a simple approach based on momentum
conservation for the analysis of distinct ion—ion correlations in
the various ionic systems.

To better understand the impact of the mass of the anion,
we artificially manipulated the mass of BF,” in the MD
simulations across a broad spectrum of molecular weight while
maintaining the same force field. This approach enabled us to
eliminate the influence of other factors, including the anion
structure and charge distribution. As expected, the self-
diffusion coefficient of the anion decreases with increasing
mass. Similar behavior is observed for the cation (Figure 7a). It
is worth noting that the self-diffusivity of the cation is
consistently greater than that of the anion across all of the
studied cases (M_/M, = 0.125 — 6.26). This occurrence can
be explained by the geometry of the cation, which leads to a
preferential translational motion in the plane of the ring. "%
Spatial distribution functions (SDFs) of these ILs show that
the anions preferentially present above/below the imidazolium
ring generally close to the top carbon, while the area near the
nonpolar alkyl tails remains vacant (Figure 8 top), leading to a
preferential direction for the movement of the cation. In

BMIM-TFSI

BMIM-PF,

Figure 8. Spatial distribution functions of anions around the BMIM
cation (top) and the BMIM cation around three anions (bottom).
The SDFs were computed using the TRAVIS program’® and
visualized by the VMD program.76 The contour surfaces are shown
at the isovalues of 10 nm™ and 6 nm™ for the top and bottom ones,
respectively.

addition, the surfaces become larger with decreasing size of the
anion. This characteristic has been observed previously in both
experimental and computational studies.”**>~"* In contrast,
the SDFs of the BMIM cation around the three anions reveal
that the BMIM cation distributes around the anions in a
symmetric and well-ordered way, especially noticeable for the
PF6 and BF4 anions (forming an octahedron for PF6 and a
tetrahedron for BF4, respectively), as depicted in the bottom
panel of Figure 8. It is worth noting that the BMIM cation
resides around the linear TFSI anion, contributing to the fast
movement of the anion in BMIM-TESI system, despite TFSI
being heavier than the other two anions. However, this specific
phenomenon was not captured in our simulations due to the
limitations in the force field, which could not adeqyuately
represent the multiple conformations of the TESI anion.”* Not
surprisingly, changes in the anion mass have a negligible
influence on the distribution of cations around the anion and
the anions around the cation, as shown in Figure S3. This
phenomenon elucidates why the [BMIM] cation exhibits
diffusion faster than that of the anion across a wide range of
anion-to-cation mass ratios (Figure 7a). The relaxation time of
ion-association increases with an increase in the mass of the
anion (Figure S4). This implies that heavier ions require more
time to escape the cage formed by oppositely charged ions. In
addition, our MD simulations reveal the heterogeneity of the
nonpolar domains. The anion exhibits a minimal influence on
the clustering of these nonpolar domains, which is represented
by the tail groups of the imidazolium ring (Figure SS5).
However, previous reports indicate that increasing the tail
length significantly increases the aggregation of nonpolar
domains in coarse-grained modeling of [C.MIM][NO;] (x =
1,2, 3,4, 6, and 8) systems.”*

The contribution of distinct ion—ion correlations normal-
ized by oy as a function of the anion-to-cation mass ratio were
also examined (Figure 7b). We found that the correlated
movement of the cations and anions positively contributes to
the conductivity, while the distinct correlations between ions
of the same charge result in negative contributions to the
conductivity. More specifically, the negative contribution of
distinct anion—anion correlation increases with an increase in
the mass of the anion. In contrast, the distinct cation—cation
correlation shows an opposite trend. Moreover, all of the
distinct correlations quickly change when the anion-to-cation
mass ratio is very small or very large. This is consistent with the
difference between the distinct like-charged ion correlations in
the case of an anion lighter than the cation (Figure 6a) and the
opposite situation (Figure 6¢). It is worth noting that the
distinct anion—anion correlation coincides with the distinct
cation—cation correlation when the ratio of the anion-to-cation
mass (M_/M,) equals 1.25, rather than when the masses are
identical, as indicated by the green vertical line in Figure 7b.
This shift is consistent with stronger negative 6?, than ¢%_ in
the [BMIM][PF6] system with M, ~ M_ (Figure 6b). The
shift of the crossing between the distinct ion correlations is
related to the differences in diffusion coefficients of anion and
cation, which may be due to the anisotropic diffusion of the
cation compared to the isotropic movement of the anion, as
discussed above. Indeed, if we take into account the self-
correlations, we obtain that A% = (¢¢_ + ¢*)/oy; and (A +
0°.)/oyg switch exactly at M_ = M, (Figure 7b), in agreement
with eq 10. Furthermore, eq 10 correctly predicts how
normalized cation—anion correlations 69_/oy; and total
contribution A and A*%! depend on mass (solid lines in

https://doi.org/10.1021/acs.jpcb.3c05568
J. Phys. Chem. B 2023, 127, 10411-10421


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c05568/suppl_file/jp3c05568_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c05568/suppl_file/jp3c05568_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c05568/suppl_file/jp3c05568_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05568?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05568?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05568?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c05568?fig=fig8&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c05568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Figure 7b). Surprisingly, the distinct like-charged ion
correlations shift from negative to slightly positive values, as
the ratio of anion-to-cation masses is either significantly small
or sufficiently large. The reason for this remains unclear. These
findings conclusively demonstrate that disparities in the anion
and cation masses influence the magnitude of distinct
correlations between ions. Remarkably, even the sign of
these contributions can change when the masses of the ions are
significantly different. However, the results (Figures 6 and 7b)
also suggest that the ion mass is not the only parameter
affecting these correlations. Apparently, the geometry and/or
volume of the ions and their diffusion also play a role.

It is important to emphasize that the MD simulations
explicitly assume momentum conservation (keeping no
displacement for the center of mass). The law of momentum
conservation in the form of eq 5 assumes that total momentum
is conserved only for mobile ions and is not transferred to the
environment, e.g., to the sample cell. It is equivalent when the
coordinate system is linked to the center of mass, where the
velocity of the center of mass of the system is zero, i.e.,

M) + M0 _
M, + M_ (11)

iem(t) =

However, recent studies using electrophoretic NMR’’
suggest that momentum conservation might be broken in
ILs, and instead, the conservation of local molar volumes of
specific ions may play a critical role. In this case, the velocity of
the center of mass of the system might not be equal to zero
Vem(t) # 0, and we have to take into account the next type of
correlations (Vcp(t)vem(0)), (.()9cm(0)) and (v_(t)
Vcm(0)). The general equations in this case have been derived
in refs.78,79. The effect of these three additional terms is
difficult to estimate because it is quite challenging to measure
how much momentum has passed to the environment due to
the movement of the ions. One of the ways to measure this is
to compare the MD simulations, which explicitly assume
momentum conservation only between ions and experimen-
tally measured distinct ion—ion correlations, as proposed in 37.

B CONCLUSIONS

In this work, we studied three ILs with different anion/cation
mass ratios. We have measured conductivity spectra over a
wide frequency range and estimated DC conductivity and
conductivity relaxation times over a wide temperature range.
Based on the diffusion coefficient at high temperatures, we
estimated the ion rearrangement length, marking a crossover
from anomalous to normal diffusion regime. This length
appears slightly shorter than half of the average distance of the
ions assumed in earlier studies. It is important that in the
accessible temperature range, this length scale appears
essentially temperature-independent. This enables an estimate
of ion diffusion at low temperatures, where it is too slow for
PFG-NMR. As a result, it provides a way to estimate the
inverse Haven ratio at very low temperatures. Our results
indicate that H™' decreases with decreasing temperature, but
the mechanism of this temperature dependence requires
additional investigation. Furthermore, we demonstrate that
the distinct ion—ion contributions to conductivity can be
estimated using a momentum conservation approach in the
center of mass coordinate system. The results from this
approach were validated by our MD simulations. It was
discovered that the behavior of the anion—anion and cation—

cation correlations depend strongly on the anion-to-cation
mass ratio, M_/M,. In the case of M_/M, > 1, the distinct
anion—anion correlations show a stronger suppression effect in
the conductivity in comparison to the distinct cation—cation
correlation. The opposite effect is observed in the case of M_/
M, < 1. This switching effect was also verified by our MD
simulations. A detailed analysis also revealed that not only
mass but also the diffusivity of ions plays a role in these
correlations, emphasizing the role of ion geometry.
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