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ABSTRACT: We present concentration-dependent dynamics of
highly concentrated LiBr solutions and LiCl temperature-depend-
ent dynamics for two high concentrations and compare the results
to those of prior LiCl concentration-dependent data. The
dynamical data are obtained using ultrafast optical heterodyne-
detected optical Kerr effect (OHD-OKE). The OHD-OKE decays

Concentration dependence
® LiBr
® LiCl

Viscosity (cP)

are composed of two pairs of biexponentials, i.e., tetra- e
s g ® Li .3 m
exponentials. The fastest decay (#;) is the same as pure water’s ® LiCI56m

at all concentrations within error, while the second component (t,)
slows slightly with concentration. The slower components (¢; and
t,), not present in pure water, slow substantially, and their
contributions to the decays increase significantly with increasing
concentration, similar to LiCl solutions. Simulations of LiCl solutions from the literature show that the slow components arise from
large ion/water clusters, while the fast components are from ion/water structures that are not part of large clusters. Temperature-
dependent studies (15—95 °C) of two high LiCl concentrations show that decreasing the temperature is equivalent to increasing the
room temperature concentration. The LiBr and LiCl concentration dependences and the two LiCl concentrations’ temperature
dependences all have bulk viscosities that are linearly dependent on 72°¥, the correlation time of the slow dynamics (weighted
averages of £; and f,). Remarkably, all four viscosity vs 1/7°" plots fall on the same line. Application of transition state theory to the
temperature-dependent data yields the activation enthalpies and entropies for the dynamics of the large ion/water clusters, which

Slow correlation time (ps)

underpin the bulk viscosity.

1. INTRODUCTION

The characteristics of ionic solutions are significant in
chemistry, biology, and geology.'™ They are also the basis
of technological progress for applications like water treatment
facilities or safe and efficient energy storage and conversion
systems. The properties of water are closely related to the
physical properties of the individual molecules and the
structure and dynamics of water’s hydrogen bonding network,
which has been extensively studied using a variety of
techniques.”™” The addition of salts to water modifies the
hydrogen bonding in proximity to the ions and has a major
impact on its molecular structure, dynamics, and bulk
physicochemical properties.

The effects of ions on aqueous solutions, particularly at very
high concentrations, is an area of substantial ongoing
research.'””'® At very high salt concentrations, the ions are
not fully solvated and isolated from each other. Rather, they
form ion/water clusters and, at the highest concentrations,
extended ion/water networks, which are not thoroughly
understood.'” !

For low ion concentrations, less than ~0.1 M, accurate
predictions of ionic solution properties can often be obtained
from models based on the Debye—Huckel theory.””** At
higher concentrations (greater than ~1 M), however, analytical
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theories that describe the complex nature of ionic solutions are
lacking.”>** This is especially true for the very high
concentration regime, often referred to as “water-in-salt”
electrolytes, which can have as few as three water molecules
per ion pair.***7*” Recent theoretical investigations of the
structure and dynamics of water-in-salt solutions include
molecular dynamics (MD) simulations based on optimized
force fields,""”®* ab initio neural network-based deep
potential MD, and density functional theory simulations.*>*"
These methods predict that most salinity effects arise from the
clustering of salt ions, which disrupt the water hydrogen
bonding network at high salt concentrations.

Although simulations have had success in reproducing some
types of structural experimental data for moderate to high
concentrations of some simple salts, limitations still arise when
analyzing dynamics and the effects of alkali cations. Current
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methods have less success in reproducing experimentally
observed properties of highly concentrated lithium and sodium
salts.!

Explicating how high ion concentrations affect bulk
properties, such as viscosity, conductivity, and vapor pressure,
is particularly challenging due to the lack of experimental
methods to directly observe molecular level dynamics and
relate them to bulk properties.””*” Various experimental
techniques, including Raman spectroscopy,”> > depolarized
Rayleigh scattering,®® nuclear magnetic resonance,” X-ray
and neutron scattering,” dielectric spectroscopy,’’ ~* and
ultrafast infrared (IR) spectroscopy, ***> have been
employed to investigate the interactions between ions and
water. X-ray and neutron scattering techniques are very useful
for obtaining information about structures in concentrated salt
solutions but do not provide information about their temporal
evolution. NMR spectroscopy has made important contribu-
tions through the characterization of salt solutions on
microsecond to millisecond time scales. However, NMR can
only address faster dynamics indirectly.** Two-dimensional IR
spectroscopy and other ultrafast IR methods have the
necessary time resolution, but these methods can be limited
by the vibrational lifetime of the probe vibration, e.g., water
hydroxyl stretching mode, and are only sensitive to dynamics
coupled to the probe vibration.'”*” While OHD-OKE
experiments cannot discriminate among chemical moieties,
they measure dynamics of all structural components of salt
solutions on all time scales because it is a nonresonant method
that does not involve an excited state lifetime.

The various techniques have provided a great deal of
information on concentrated salt solution properties, e.g., ion
pairing and formation of specific hydration shells; however,
they still do not address connections between microscopic
dynamics and bulk properties.*® Progress in this field will form
the foundation for a fundamental understanding of ion/water
interactions and enable technological advances in, e.g., high-
energy-density and long-cycle-life batteries and more efficient
ion-exchange membranes.

Here, we focus on selected lithium halide solutions due to
their very high solubilities, substantial differences in the cation
and anion sizes and charge densities, and their use as model
systems related to potential applications. While LiBr and LiCl
are quite similar, the ionic volume of bromide is 26% larger
than that of chloride, and the sizes of ions have been shown to
have a substantial impact on solution properties.””™>" Small
ions with high charge densities can more readily order water
molecules in their solvation shell. Monoatomic alkali halide
salts are often used to study ion size effects because of their
simplicity.">**>**7>* A large difference between the size of the
cation and anion results in alkali halide salts with very high
solubilities.”" For example, LiF is composed of two small ions,
and it is only sparingly soluble (<0.1 m), while replacing the
Li" with the much larger Cs* leads to remarkable solubility in
water (~30 m).> Highly soluble lithium halide salts have been
the subject of many studies because of their potential, but still
limited, applicability in energy storage technology.'******’

One of the main drawbacks of lithium-ion batteries is their
restricted temperature operating range, approximately —20 to
5SS °C, which significantly limits their performance and
imposes threats of spontaneous combustion or release of
hazardous gases. Highly concentrated salt lithium-ion-based
batteries have been shown to almost double the operating
temperature range with improved stability and perform-

ance.””®* A molecular description of these phenomena is
yet to be elucidated; therefore, better insights on how
temperature affects ion mobility, viscosity, and proton transfer
are important in this field.*’

We present the results of experiments conducted with the
optical heterodyne-detected optical Kerr effect (OHD-OKE)
method. This nonresonant ultrafast experimental technique
provides information about the structural dynamics of the
entire ion/water system. It has been used to study a variety of
aqueous systems,”' "®® including work by Heisler and co-
workers who previously employed OHD-OKE to study the
anion size effect in aqueous halide solutions.”* However, their
choice of sodium salts limited their investigation to moderately
high concentrations. Turton et al. investigated eutectic LiCl
solutions; OKE experiments were performed only in a low-
temperature range (130—300 K) with a focus on the properties
of supercooled liquids.*®

These earlier OKE experiments, supported by MD
simulations and frequency domain dielectric relaxation
measurements, provided a good background for interpreting
the molecular motions and relaxations that contribute to
different time scale signals. The fastest, tens of femtoseconds to
hundreds of femtoseconds, dynamics in the aqueous solutions
are assigned to broad frequency distributions of librational
motions of water molecules as well as transverse and
longitudinal acoustic and optical phonon modes of the liquids,
akin to true phonon modes of crystals.”® These measurements
provide high-frequency densities of the states of these modes.
These types of 100 fs time scale dynamics do not provide
information about ion/water structural reorganization dynam-
ics, which occur on slower but still fast time scales. Longer
decay time scales correspond to structural relaxation of ion/
water structures, with water molecules forming a component of
large ion/water clusters in highly concentrated solutions.?>°>%7

In this study, we examine and compare the dynamics of LiBr
to those of LiCl solutions®> over a broad concentration range,
i.e.,, 0.06—0.36 ion mole fraction (IMF) (1—29 to 1—3 salt ion
pair-to-water molecule, ~2—15 m). In addition, we present
temperature-dependent results on LiCl dynamics. Two
concentrations, 1—10 and 1—6, were studied from 15 to 95 °C.

Based on previously published MD simulations of the
concentration-dependent LiCl/water structures,’” we associate
the types of ion/water structures that give rise to the LiCl-
specific dynamics,®* and because of the similarities in the data,
also to LiBr. Furthermore, the bulk viscosities as a function of
the LiCl concentration are directly related to the slow
correlation times 7o (the amplitude-weighted average of
the two longest time constants), which characterize the
dynamics of the large ion/water clusters. As with the
concentration-dependent data of LiCl and LiBr, the temper-
ature-dependent bulk viscosities of the two concentrations of
LiCl track 78", A remarkable result of this study is the bulk
viscosity vs 7o for the concentration dependences of LiCl and
LiBr solutions and the temperature dependences of LiCl
solutions all fall on the same line. In addition, simple transition
state theory68 is used to relate 1/1%"‘” to the activation free
energies, AG¥, for the two concentrations and to obtain their
activation enthalpies and entropies, AH* and AS*.

2. EXPERIMENTAL PROCEDURES

2.1. Sample Preparation. Lithium bromide and lithium
chloride (anhydrous, >99%) were acquired from Sigma-
Aldrich. Deionized ultrafiltered water was acquired from
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Fisher. All materials were used as received. The sample
concentrations were prepared gravimetrically at room temper-
ature. For the concentration-dependent studies, the samples
were filtered through a 0.02 um filter into a 1 cm path length
glass cuvette for higher concentrations, >4 m, and into a 4 cm
glass cell for the lower concentrations, <4 m. The cells were
sealed with Teflon stoppers. All the concentration-dependent
experiments were performed at 24.4 °C. The temperature-
dependent experiments used a thermally insulated S cm long
glass cell. A thermometer under the insulation in thermal
contact with the cell and a temperature controller were used to
set the temperature. The temperature was controlled to +0.1
°C.

Experimental bulk viscosity values of LiCl and LiBr solutions
used in this paper were obtained from the literature.”” Some
values for 1—10 LiCl solutions were determined by
extrapolation (see Supporting Information (SI), Section I
and Figure S1).

2.2, OHD-OKE Experimental Setup. The OHD-OKE
experiment measures the time derivative of the polarizability—
polarizability correlation function, which depends on the
polarizability anisotropy.”””" The data are converted to the
polarizability—polarizability correlation function by integration.
The polarizability—polarizability correlation function reports
on the structural dynamics of the ion/water systems. As the
OHD-OKE is a nonresonant technique, it provides the ground
state thermal equilibrium dynamics.

The electric field of the pump induces an oscillating
polarization along a direction determined by the local
anisotropic polarizability of the ion/water structures. The
induced oscillating dipole of the local structures couples to the
pump pulse’s electric field and produces a minute structural
modification, resulting in a small shift of the polarizability
toward the direction of the pulse’s electric field. The alignment
causes temporary birefringence in the sample, which decays
due to the dynamical relaxation and eventual randomization of
the ion/water structures. The resulting sign;:1172_74 provides the
polarizability—polarizability correlation function. Linear re-
sponse theory’® states that a system, initially in thermal
equilibrium, will relax from a small perturbation by the
system’s thermal equilibrium fluctuations. Therefore, the time-
dependent polarizability—polarizability correlation function
provides the thermal equilibrium structural dynamics of the
salt solutions.

The OHD-OKE experimental system has been described in
detail previously.”®”” The key elements are described here.
Ultrafast pulses were generated by a 90 MHz Ti:sapphire
oscillator, which was used to seed a 5 kHz Ti:sapphire
regenerative amplifier. Pulse duration was adjusted to be ~200
fs for the shorter time data and 2.5 ps (fwhm) for the longer
time data by using a linear chirped pulse compressor. Using
longer pulses for the slower decaying portion of the data
improves the signal-to-noise ratio. An intense pump and
weaker probe pulse were produced using a 98 and 2% beam
splitter. The linearly polarized pump pulse introduced a
transient birefringence along the axis of its electric field vector.
The weaker probe pulse, with polarization set at 45° to the
pump pulse, was used to measure the birefringence. The probe
is passed through crossed polarizers: one before and one after
the sample. Therefore, the extent of depolarization caused by
the induced birefringence is measured.

To improve the signal-to-noise and reduce the interference
from scattered pump light, heterodyne detection with phase

and polarization cycling in a four-shot sequence at 1.25 kHz
were used.”> A balanced detector photodiode pair was used.
The reference pulse’s amplitude was adjusted to eliminate the
local oscillator intensity, leaving the heterodyned signal, which
was measured by a lock-in amplifier at 1.25 kHz. The timing of
the probe pulse was controlled by using a computer-operated
delay stage. The pump intensities were adjusted until no
dependence on the pump power was observed.

3. RESULTS AND DISCUSSION

A. Anion Influence on Concentration-Dependent
Dynamics. The OHD-OKE data were fit with tetra-
exponential decay functions:

r(t) = R(t)
= Ajexp(—t/t)) + Ayexp(—t/t,) + Azexp(—t/t;)
+ Ayexp(—t/t,) (1)

where R'(t) is the decaying OHD-OKE signal (the derivative
of the polarizability—polarizability correlation function), the s
are the decay time constants, and A/s are the associated
amplitudes. The tetra-exponential is composed of two pairs of
biexponential fast decay components (¢, and t,) related to
those of pure water and slow decay components (; and t,)
that do not occur in pure water, as discussed in detail below.
This fitting model was chosen as it is the simplest model that
results in a satisfactory fit. This multiexponential decay model
has been shown to provide a direct physical and quantitative
description of the structures in LiCl salt solutions and can be
correlated with the bulk viscosity.®>

The polarizability—polarizability correlation is obtained by
the integration of eq 1:

R(t) = Atiexp(—t/t) + Ay trexp(—t/t,)
+ Aytyexp(—t/t;) + Atyexp(—t/t,) (2)

Because the sign of the signal in the experiments is arbitrary,
we take R(t) to be positive. The prefactors in eq 2 can be
normalized and relabeled in the following manner:

Altl
C =
Aty + Aty + Agty + Aty
AZtZ
C,=
Aty + Asty + Agty + Aty
C. = A3t3
PTUAL + At + Aty + Aty
o Agt,
YA+ At + Aty + Aty 3)

The C/s sum to 1 and represent the fractional amplitude, i.e.,
the normalized relative contribution associated with each time
component.

OHD-OKE data for concentrated aqueous LiBr solutions
were collected from 1—3.6 to 1—29 LiBr—water ratio (IMF of
0.36—0.06, 15.5—1.9 m). Figure 1A shows the OHD-OKE
signal decays from a subset of the LiBr concentrations,
including pure water. The decays for all the concentrations
studied can be found in the SI, Figure S2. The data show that
the observed dynamics slow with increasing LiBr concen-
tration.
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through the data are linear fits. If error bars are not visible, they are
smaller than the symbol. ¢, is constant with the pure water value
within experimental error. ¢, has a mild concentration dependence,
increasing slightly from its pure water value. The ¢, and ¢, points at
IMF = 0 are the pure water values. t; and t, have no counterparts in
pure water. They are considerably slower than t; and t, and have
much steeper concentration-dependent slopes.
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Figure 1. OHD-OKE signal decays of water and aqueous LiBr and
LiCl solutions. The concentrations are given as 1 ion pair-number of
water molecules. (A) OHD-OKE signal decays of pure water and
moderate to high concentrations of LiBr (solid, colored curves). The
dashed black curves are tetra-exponential decay fits to the data, except
for water, which is a biexponential. Water data were reproduced from
the literature.”” (B) OHD-OKE signal decays of LiBr and LiCl
solutions at variety of selected concentrations (solid, colored curves).
LiCl data were reproduced from the literature.> The decays were
normalized at 1 ps.

Figure 1B shows a subset of the LiBr samples compared with
previously published LiCl data.®* For a given salt-to-water
ratio, dynamics in LiBr solutions are consistently faster. Figure
2 and Table S2 in the SI show the four time constants as a
function of LiBr concentration. As reported previously,”>”*~*
the pure water curve (see Figure 1A) decays as a biexponential,
with the time constants #;, = 0.52 #+ 0.0S psand £, = 1.29 + 0.1
ps. As can be seen in Figure 2, black points, t; = ~0.5 ps at all
concentrations within experimental error. (All points in Figure
2 have error bars. If they are not visible, they are the size of the
symbol or smaller.) t, (red points) increases very gradually
across the concentration range studied. The slope of the linear
fit is 1.5 ps/IMF. At the lowest several concentrations ~1.3 ps
within experimental error. At the highest concentration, t,
slows to ~1.8 ps at a 0.36 IMF (15.5 m). Therefore, t; has the
pure water value at all concentrations studied within error, and
t, increases slightly from its pure water value.

2D IR experiments have been previously used to determine
the H-bond dynamics of pure water. The 2D IR measured

decay of the frequency—frequency correlation function is
biexgonential with time constants, 0.4 + 0.1 ps and 1.7 + 0.1
ps.”*"® These fast and slow time constants are assigned to
local H-bond fluctuations and the randomization of the H-
bond network, respectively.”*"* 2D IR and OHD-OKE
measure different correlation functions of the dynamics of
the same system. 2D IR measures the time dependence of
structural changes that influence the frequency of the
vibrational probe molecule. For water, this is the OD stretch
of dilute HOD in H,0. OHD-OKE measures structural
changes that influence the polarizability of the system. Both
experiments are third-order nonlinear experiments that reflect
the structural dynamics. For the same processes, the time
constants will likely be similar. Therefore, it is reasonable to
assign the two fast time constants (#; and t,) to H-bond
dynamics.

At the lowest concentration studied, IMF = 0.066, there are
29 water molecules per ion pair. In this solution, there will be
some water molecules that are H-bonded only to other water
molecules. There will also be water molecules that form the
solvation shells of isolated ions. The simulations from the
lite:rature,67 discussed in detail below, show that for our lowest
concentration, ~20% of the ions are in contact ion pairs. There
may also be some solvent-separated ion pairs. LiCl forms
contact ion pairs.”” The similarities between the LiBr and LiCl
data, described in detail below, indicate that LiBr mainly forms
contact ion pairs.

The dynamical processes that contribute to t; and t, have a
variety of structural origins. If the correlations with the 2D IR
experiments are correct, the results show that within error
(£0.1 ps for t,), the H-bond length fluctuations are so similar
for pure water-like structures, water solvating isolated ions, and
water solvating contact ion pairs that the fluctuations average
to the pure water value within the error. There will be no pure

https://doi.org/10.1021/acs.jpcb.3c07711
J. Phys. Chem. B XXXX, XXX, XXX—XXX



The Journal of Physical Chemistry B pubs.acs.org/JPCB
water-like H-bonding except for the lowest two concentrations. 10F
At higher concentrations, the isolated solvated ions will Al
decrease and be replaced by contact ion pairs and larger
ion/water clusters. t, gradually slows with an increasing 0.8 F
concentration. If t, is caused by H-bond rearrangements, as
suggested by the 2D IR, then different environments could 06F = Liclc. —cac
produce different but similar time constants. These dynamics g ' o LicL Cf‘”‘ :é +C2
would still give data with the appearance of a single time .2 I Cs'°“'= C3+C4
constant, t,. If the water H-bond rearrangements are slower for o 04 o Librc  —cac
contact ion pairs than for isolated solvated ions, which are 8 Ce
slower than for pure water-like structures, t, will slow as the ~ 02l
concentration of contact ion pairs grows at the expense of the ’
other structures.

For LiBr, t; (blue points) and f, (green points) have much 0.0f
steeper slopes than the faster two time constants, 10.7 and 28.7 B 1.0F " ! !
ps/IMF, respectively (see Figure 2). The values approximately -
double from the lowest to the highest ion concentrations, t;
slowing from ~2.5 to ~6 ps and t, from ~9 to ~19 ps. In 08F
contrast to t; and t,, the slower components have significant LiCl ~®
concentration dependencies. As discussed below, t; and t, can 0.6k © Scip
reasonably be associated with the dynamics of large ion/water g ' ® Sic
clusters. = " G COF G

t,; and t, have counter parts in pure water, while t; and ¢, do Q 04F = C,=C+C,

. . ©

not. t; and t, are fast and have no or a very mild change with &
concentration, respectively. t; and f, are much slower and have
significant slopes. We will divide the dynamics into two types, 02F
fast and slow, which will be associated with different ion/water
structures in connection with the literature simulation results 0.0F .
presented below. The sum of the fractions of these pairs of 1oF
polarization correlation function decays (eq 3) Cgy = C;+C, C ’
and Cy,, = C3+C, for LiBr (black) and LiCl (red),** are
shown in Figure 3A (see Table S3 for values). The lines are 0.8
linear fits to the data. As the IMF increases, the fraction Cg,,
decreases, and the fraction Cg,, increases. While the slopes of 06k
the LiBr and LiCl lines differ, the basic trends are the same. =
The effective ionic radius of bromide is 8% larger than C
chloride, which leads to a 26% increase in volume.*” As they o 04f
both have a charge of —1, bromide will have a correspondingly 8
lower charge density. The lower charge density of Br~ may - ook
contribute to a less rapid change from fast to slow ’
contributions to the decay as the concentration increases.

The fractions of Cg, and Cgy,,, in LiCl solutions as a function 0.0 )

of concentration (squares) are compared with previously
published MD simulations of concentrated LiCl solutions
(circles).®” The results are shown in Figure 3B. The
simulations used concentration-dependent radial distribution
functions with comparisons to X-ray and neutron scattering
data® to determine the fraction of ion/water complexes that
are isolated solvated ions, isolated solvated contact ion pairs,
and larger ion/water clusters (tetramers, hexamers, octamers,
etc.).9** 7% We assume that the dynamics contributing to Cg,,
are from the water solvating the isolated solvated ions and
isolated solvated contact ion pairs. Except at the two lowest
concentrations studied, there is insufficient water to have
structures that resemble those of pure water. The signals from
the water solvating ions are ~2 times larger than that of pure
water, although this value is difficult to measure precisely.
Therefore, pure water-like structures do not contribute
significantly to Cg and are not considered. The simulation
results are divided into the fraction: ions that are isolated
solvated ions plus isolated solvated contact ion pairs divided by
the sum of ions that are isolated solvated ions, isolated solvated
contact ion pairs, and larger ion clusters (orange circles), Scippp

0.1 02 03 0.4
1on mole fraction

Figure 3. Fractions of the fast and slow portions of the decays from
the coefficients of the four exponentials from the fits of the OHD-
OKE data. (A) Comparison of the amplitudes (Cg and Cyg,,) as a
function of ion mole fraction of LiBr and LiCl in aqueous solutions.
LiCl data were obtained from reference.” The lines are linear fits to
the data. The LiBr and LiCl data show the same trend with different
slopes. (B) Relative fractions of fast (Cgg) and slow (Cy,,,) decay
components in LiCl solutions as a function of the ion mole fraction in
water compared to the results of MD simulations of the
concentration-dependent structures of LiCl solutions.” Scpp.y; is the
fraction: ions that are solvated isolated contact ion pairs and solvated
isolated ions divided by all ions, i.e., solvated isolated ions, solvated
isolated contact ion pairs, and large ion clusters. S, is the fraction:
ions that are in large clusters divided by all ions, i.e., solvated isolated
ions, solvated isolated contact ion pairs, and large clusters. The
agreement between the data and the simulations is good. (C) The
same as B except solvated isolated ions are not included. S¢yp is the
fraction: ions that are solvated isolated contact ion pairs divided by
solvated isolated contact ion pairs plus large clusters. S;c is the

https://doi.org/10.1021/acs.jpcb.3c07711
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Figure 3. continued

fraction: ions that are in large ion clusters divided by solvated isolated
contact ion pairs and large clusters. The agreement between the data
and the simulations is very good. Both B and C demonstrate that Cy,,,
corresponds to the fraction of ions that are large ion clusters.

(contact ion pairs—isolated ions), and the fraction: larger ion/
water clusters divided by the sum of ions that are isolated
solvated ions, isolated solvated contact ion pairs, and larger ion
clusters (green circles) S;¢ (large clusters).

The experimental fractions Cg, and Cy,, show quite
reasonable agreement with the simulated fractions of solvated
isolated ions plus solvated contact ion pairs (Scip;) and large
ion/water clusters (S ) as a function of the IMF. Therefore, in
the LiCl solutions, t; and ¢, structural relaxation times can be
attributed to the dynamics of isolated ion/water and contact
ion pair/water structures, while t; and ¢, reflect the dynamics of
large ion/water clusters. These results support the division of
the time decays into two pairs. The comparison to the
simulations shows that the two fast decays and the two slow
decays arise from different types of structures. These structures
have dynamics that occur on different time scales.

The Cgy and Cg,,, data can be compared to the simulations
in a different manner. It is possible that the isolated solvated
contact ion pairs produce much larger OHD-OKE signals and,
therefore, much larger contributions to Cg, than solvated
isolated ions. Isolated Li* and Cl™ ions in the gas phase would
generate zero OKE signal. Although they are polarizable, they
do not have polarizability anisotropy. However, a contact ion
pair would produce a significant OKE signal in the gas phase
because it has anisotropic polarizability. In water, the isolated
ions are solvated. An Li* is solvated by four water molecules. In
the ideal case, the oxygens would form a tetrahedral
arrangement. For this perfect structure, by symmetry, the
solvated Li* would produce no OKE signal. However,
deviations from a perfect tetrahedral arrangement caused by
structural fluctuations would result in an OKE signal. The
same is true for CI™ if it is solvated by six water molecules in a
nominal octahedral arrangement. In contrast, a solvated
contact ion pair has intrinsically large anisotropic polarizability
as the two ends of the pair are solvated in very different
manners. Therefore, the solvated contact ion pair may generate
far more signal than solvated isolated ions. It is not possible to
examine the relative strengths of the signal experimentally.
Changing samples and comparing the absolute magnitudes of
signals is problematic. In addition, a concentration study has
changing contributions from isolated ions, contact ion pairs,
and large ion clusters with proportions and time constants
changing.

Figure 3C compares the Cg, and C,,, data and the
simulations in which only solvated contact ion pairs and larger
ion clusters are considered. In Figure 3C, the simulation results
are divided into the fraction: isolated solvated contact ion pairs
divided by isolated solvated contact ion pairs plus larger ion
clusters (orange circles), Sc;p (contact ion pairs), and the
fraction: larger ion/water clusters divided by isolated solvated
contact ion pairs plus larger ion clusters (green circles) S
(large clusters). The agreement between Cgg and Cy,,, data
and the MD simulations®>® is very good. The important
aspects of both Figure 3B,C are the agreement between the
Ce and Cy,,, data and the MD simulations. The agreement
shows that Cg,,, and therefore C;, C,, t;, and f, can be

associated with large ion clusters, which is necessary for the
results presented below. In addition, Cy,, and therefore C;, C,,
t;, and t, can be associated with ions that are not part of large
clusters.

The experimental and simulation results shown in Figure
3B,C are for LiCl solutions. The comparison of the LiBr and
LiCl concentration-dependent data in Figure 3A shows that
Cry and Cy,,, for the two types of salt solutions behave
similarly. In addition, the four LiBr time constants (see Figure
2) show identical trends as the four LiCl time constants.”>
Therefore, making the same Cg, and Cg,, structural
assignments for LiBr as those done for LiCl is reasonable.
There is one caveat. The simulations for LiCl show that the ion
pairs are contact ion pairs.67 There are no equivalent
simulations for LiBr. THz absorption experiments in the 200
cm™" range indirectly suggest that ion pairs with Br'~ anions,
but not specifically LiBr, can be solvent-separated.”” However,
the similarities between the LiBr and LiCl data, including
additional results presented below, indicate that the LiBr ion
pairs are likely contact ion pairs.

3.2. Concentration-Dependent Dynamics and the
Bulk Viscosities. At high salt concentrations, aqueous LiBr
and LiCl solutions experience a rapid rise in viscosity,
becoming approximately six and ten times more viscous than
water, respectively.””*® LiCl has a viscosity higher than that of
LiBr at every concentration. The Cg,, component of LiCl
solutions also grows with concentration, reflecting the growth
of large ion/water clusters. Cg,, in LiBr solutions increases
with concentration in a similar manner (see Figure 3A).

The previous study of LiCl showed that the bulk viscosity is
linearly related to the correlation time of the slow dynamics.”
The correlation time is a single time constant, 7, that reflects
the overall time scale of dynamical processes:

Tc=f0 f(t)dt @

For the two slow dynamic components associated with the
large ion/water clusters, the correlation time 73" is the
weighted average of the two slowest time constants t; and f,:

7™ = Cyty + Gy ()
Figure 4 (see also Tables S4 and S9) shows the bulk

viscosities vs the correlation times of the slow dynamics, 7dow,
for LiBr and LiCI°® solutions. Both the LiBr and LiCl bulk
viscosities are linearly related to the correlation times and fall
on the same line. As the ion concentration increases, Cgyg,
increases, and both #; and t, slow. At the low end of the
concentration range, C; > C, As the ion concentration
increases, both C; and C, increase, but C, increases faster than
C, (see Table S3). Figure 4 shows that the slow structural
relaxation, rather than the fast water-like dynamics, determines
the viscosity of both LiBr and LiCl. Even though LiBr is less
viscous than LiCl at all concentrations studied, a specific
correlation time corresponds to the same viscosity. The large
cluster dynamics are determined by both time constants, t; and
t,, and the fractions of structural relaxation that occur with
each time constant, Cy and C,. These dynamics are captured in
,l..zlow.

Except at the lowest concentrations studied here (<~4 m),
there is insufficient water to fully solvate isolated ions, ion
pairs, and a very small number of larger clusters. In the
simulations discussed above,”” clusters are defined as contact
ion pairs, ion tetramers, hexamers, octamers, etc. An, e.g,
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Figure 4. Viscosity as a function of the correlation time of the slow
dynamics, 79 in LiBr and LiCl solutions. The blue line is a
concatenated linear fit. The viscosity data for LiBr and LiCl are from
reference® (see SI). The bulk viscosities as a function of
concentration for both LiBr and LiCl are linearly dependent on

slow

7¢°" and fall on the same line.

octamer is defined as eight ions that all have direct contact
with two other ions except at the ends, where there can be
single ion contact. Because of insufficient water, individual
large ion clusters cannot be entirely surrounded by solvation
shells of water. Instead, water molecules form bridges among
clusters. The ion clusters with bridging waters form a
continuous ion/water network. Locally, there will be distinct
ion/water structures. The time constants, t; and f,, are the time
constants for the relaxation of local ion clusters with bridging
waters. There needs to be anisotropic polarizability to generate
an OKE signal that decays with t; and t,. The distinct local
structures with different numbers of ions, configurations, and
orientations will give rise to the necessary anisotropic
polarizability. Figure 4 shows that these local relaxations
determine the viscosities of high salt concentration LiBr and
LiCl solutions.

A rate process theory of viscosity for molecular liquids,
which is an activated process, was developed by Raymond and
Eyring.*” The key aspect of this theory is that two molecules
exchange places, which requires passing over a potential
barrier. When no external stress is applied, a molecule’s
forward and backward motions are equally likely and there is
no net flow. However, when a shear force is applied, the
potential barrier is deformed, favoring forward motion and
hence flow.

The molecular theory of viscosity is dependent on the
existence of individual molecular units. However, reliable
methods are lacking to estimate the specific sizes of the clusters
in concentrated salt solutions that correspond to individual
molecular units. In a concentrated salt solution, there are
cations, anions, and water molecules. Rather than discrete
molecules or larger structural units, ion clusters are joined by
water molecules, forming a dynamic ion/water network. In
analogy to Eyring’s model, in lieu of molecules, the extended
ion network is composed of local ion/water structures.
Relaxation of these ion/water structures, driven by thermal
fluctuations, is analogous to Eyring’s one molecule exchanging

places with another.*” When shear force is applied, the random
configurational relaxation of local ion/water clusters is skewed
in the forward direction. The local ion/water cluster relaxation
is characterized by 73°%. Akin to the molecular model, the
viscosity of the concentrated salt solutions should be an
activated process. In the next section, the temperature-
dependent dynamics are considered, including the activation
enthalpy of 79" and the relationship of 79°" to the
temperature-dependent viscosity.

3.3. Temperature-Dependent Dynamics of LiCl
Solutions. The temperature dependence of LiCl solutions
was studied at two concentrations, 1—6 and 1—10, which
correspond to IMFs of 025 and 0.16 (9.3 and 5.6 m),
respectively. OHD—OKE data were acquired from 15 to 95 °C
in ~10 °C steps. Figure SA shows some of the decay curves for

A 10°

— 1-6 LiCl (9.3 m) femperature. c
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Figure S. OHD—OKE signal decay of aqueous LiBr and LiCl
solutions at different temperatures. The concentrations are given as 1
ion pair-number of water molecules. (A) Subset of OHD—OKE signal
decays of 1—6 LiCl solutions at different temperatures. (B)
Comparison OHD—OKE signal decays of 1—6 and 1-10 LiCl
solutions at various selected temperatures. All of the data are given in
the SL

the 0.25 IMF (1—6). The full set of curves for the 1—6 and 1—
10 samples are presented in the SI, Figure S3. Figure SB
compares the decays at several temperatures for the two
concentrations.

Figure 6 and Table S5 show the four temperature-dependent
time constants for the 1—10 LiCl solution. The 1-6 LiCl
solution data are given in the SI, Figure S4 and Table S6. Note
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Figure 6. Four time constants, t, (A), t, (B), t; (C), and t, (D), from
the fits for OHD-OKE data of 1—10 LiCl solutions as a function of
temperature. The lines are fits to the data. See SI for the 1—6 data.

that the vertical axes on the four plots differ. The lines, linear
fits to the data, are used for comparison, but because of the
large error bars, the linearity of the data is not established. The
fits show that ¢, t,, and t; decrease by factors of ~1.5 over the
increasing temperature range, while f, has a more pronounced
change with temperature, a factor of ~2. The 1—6 data show
less change with temperature: t), t,, and t;, within the noise,
show almost no change, while #, decreases ~1.7 times as the
temperature increases. The changes in the decay curves with
temperature shown in Figure S result from changes in both the
time constants and the amplitudes (see SI, Tables S7 and S8).
As with the concentration dependences discussed above, we
divide the amplitudes into two pairs: Cg, = C; + C, and Cy,,, =
C; + C,. Figure 7 displays Cg, and Cy,,, for the 1—10 and 1-6
LiCl solutions. As the temperature increases, Cg is
approaching 1, and Cg,, is approaching zero.

Above, it was shown that the concentration-dependent
viscosity parallels 79°%, the correlation time representing the
slow components of the tetra-exponential decay (Figure 4).
The linear relation holds for both LiCl and LiBr. The
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Figure 7. Amplitudes of fast (Cyy = C, + C,) and slow (Cy,,, = C; +

C,) decaying components as a function of temperature of 1—10 and
1—6 LiCl solutions.

temperature-dependent viscosities (see SI, Tables S9 and
$10)*”® for both concentrations (1—6 and 1—10) vs the

temperature-dependent 79°% are shown in Figure 8. The
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Figure 8. Viscosity as a function of the correlation time of the slow
dynamics, 79°%, in 1-10 and 1-6 LiCl solutions at different

temperatures. The red line is a concatenated linear fit. The viscosity
data are from refs 72 and 56 respectively.

temperature-dependent data for the two concentrations are
linearly correlated with 79°% and fall on the same line within
the error. As the temperature increases, the slow correlation
time becomes faster and the viscosity decreases. As with the
concentration dependence, the viscosity tracks 79°%. The
temperature-dependent viscosity is determined by the temper-
ature-dependent weighted average of the time constants,
corresponding to the overall dynamics of large ion/water
clusters. As discussed above, 72°" likely describes the relaxation
of local clusters embedded in a more extensive ion/water
network. The relaxation of these structures controls both the
temperature- and concentration-dependent viscosities.

The large ion/water clusters that give rise to 79 determine
the concentration dependence of the viscosity for both LiCl
and LiBr solutions and the temperature-dependent viscosity of
LiCl solutions at the two concentrations studied. Figure 9
shows the relationships between the viscosities and 73°"for the
LiCl and LiBr concentration and temperature dependences.
The inset is an expanded view of the first few picoseconds of
79" in the low-viscosity portion of the plot, which has very
dense data. All four data sets fall on the same line, within
experimental error. These are notable results: a specific
concentration, anion, and temperature give rise to a particular
slow correlation time. Regardless of how the correlation time is
achieved, a given 7¥°¥ value is associated with a specific
viscosity. At least for LiCl and LiBr solutions over the wide
range of concentrations and temperatures studied, knowing
9% and the line in Figure 9 is sufficient information to give
the viscosity. In fact, the line in Figure 9 is a calibration curve.
Conversely, the value of the viscosity provides 72°", although
the viscosity does not give the individual time constants and
amplitudes. A temperature decrease has the same effect as an
increase in concentration, i.e., increasing the relative
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Figure 9. Viscosity as a function of the correlation time of the slow
dynamics, 7%, in 1-10 and 1—6 LiCl solutions at different
temperatures and LiCl and LiBr data at different concentrations at
room temperature. The orange line is a concatenated linear fit. Within
experimental error, all four data sets fall on the same line. The

viscosity data are from the literature.%¥%’

concentration of large clusters and slowing their time
evolution.

As mentioned above, there is a rate process theory
predicting the viscosity of molecular liquids based on transition
rate theory.89 1/ z‘f}w is the rate constant for the relaxation of
the large ion/water clusters. We can examine its temperature
dependence with simple transition rate theory:*®

1 _ kBTe—AG*/RT _ kBTe—(AH*/RT—TAS*/RT)
T(s:low I’l

(6)

where AG* is the activation free energy, AH* is the activation
enthalpy, AS* is the activation entropy, R is the gas constant, h
is Planck’s constant, kg is Boltzmann’s constant, and T is the
absolute temperature. Then,

L kBTe—AH*/RTeAS*/R
e (7)

In(z2"Y" = In(kyT/h) = — AH*/RT + AS*/R (8)

In[(z3°) " (h/kyT)] = — AH*/RT + AS*/R (9)

If this description of the temperature dependence holds,
then a plot of the 1/7%Vas In[(z2") ' (h/kT)] vs 1/RT will
fall on a line; the slope of the line will give the activation
enthalpy, AH*, and the intercept will give the activation
entropy, AS*.

Figure 10 shows plots of (72°")™!(h/ksT) on a log scale vs
1/RT for concentrations 1—10 and 1—6. The data for both
concentrations are linear. The term—In (kT/h) changes only
mildly over the temperature range. These results strongly
suggest that the temperature-dependent relaxation rate of the
large ion/water clusters, as embodied in 1/7°%, is an activated
process. The AH*s for the concentrations 1—10 and 1—6 are
20 and 19 kJ/mol, respectively. Within error, AH* is
essentially the same for the two concentrations: AH* = ~20
or 4.8 kcal/mol. The activation entropies, AS*, are 7.0 & 0.2

(T (ks T)

0.1 -
1 1 1 1 1
0.00034 0.00036 0.00038 0.00040 0.00042
1/RT (I
Figure 10. Slow correlation time,7°%, as a function of the

temperature plotted as (75°") ™' (h/ksT) on a log scale vs 1/RT for
the 1—10 and 1—6 LiCl solutions. The points fall on lines for both
concentrations, indicating an exponential activated process, and yield
activation enthalpies of 20 and 19 kJ/mol, respectively.

and 5.7 + 0.3 J/K for 1-10 and 1—6, respectively. The fact
that AS* for the lower concentration is larger may be due to
the presence of more water molecules. By multiplying by the
average temperature, the entropic contribution to the total free
energy can be found. These are 2.3 and 1.9 kJ/mol. Therefore,
the activation free energy, AG¥, is dominated by the change in
enthalpy.

4. CONCLUDING REMARKS

We have investigated the concentration-dependent dynamics
of LiBr salt solutions using OHD-OKE experiments and
compared the results to previous measurements on LiCl
solutions®” over the same high concentration ranges at room
temperature (~24.5 °C). The concentrations extended from
the low end with 1 ion pair to 29 water molecules (1-29, 1.9
m) to the high end, 1—3.6 (15.5 m). To form a first solvation
shell, a bromide anion or a chloride anion requires ~6—8 water
molecules, and a lithium ion requires 4 water molecules.”*~"*
Thus, at the 1—29 ratio, there are still some water molecules
not directly solvating an ion. At higher concentrations, there
are far too few water molecules to form individual ion solvation
shells. The liquid structure is composed of large ion clusters
bridged to other clusters by water molecules, forming an
extended network.

While the decay of the OHD—OKE signal of pure water is
biexponential, all the salt solution data, both temperature- and
concentration-dependent, decayed as tetra-exponentials. Sep-
arating the total measured polarization correlation function
decay into fast (t; and t,) and slow (¢; and #,) components
with their associated coefficients, Cp,, = C; + C, and Cy,,, = C;
+ C,, we have shown that the ion/water solutions could be
divided into two classes of ion/water structures. The rapid
structural relaxation class is composed of solvated contact ion
pairs and isolated ions. The slow structural relaxation class is
composed of large ion/water clusters. As the concentration is
increased or the temperature is decreased, the fraction of large
ion/water clusters, Cy,,, grows at the expense of the solvated
contact ion pairs and solvated isolated ions, and the slow time
constants (t; and t,) become even slower.

The dynamics of the large ion/water clusters depend on the
fractions (C; and C,) and the time constants (t; and t,). To
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capture the concentration- and temperature-dependent trends,
we investigated the correlation time (see egs 4 and §), 7%,
which is the fraction-weighted sum of the two slow time
constants. An important result is that the bulk viscosities as a
function of the concentrations of both LiBr and LiCl, and the
LiCl temperature-dependent viscosities for the two concen-
trations all track 7", showing that the dynamics and
concentrations of the large local structures determine the
bulk viscosity. The structural dynamics of the relaxing
structures reflected in t; and f, with the associated C; and
C, determine the viscosity.

The temperature dependence of the slow correlation rate
constant, 1/72°Y, for the two concentrations (1—6 and 1—10)
was analyzed with transition state theory (see Figure 10),
yielding essentially the same activation enthalpies, ~20 kJ/mol
(4.8 kcal/mol), although the activation entropies differ. It is
interesting to consider that there may be a relation between
this AH* and the viscosity’s activation enthalpy. As discussed
briefly above, a rate process theory based on transition state
theory for the viscosity of molecular liquids®® shows that
viscosity is an activated process. It was argued that the local
ion/water clusters play an analogous role in determining the
viscosity of concentrated salt solutions as molecules do in
molecular liquids. The strong relationship between the bulk
viscosity suggests that the AH* found for the rate 1/75°" may
correspond to the viscosity activation energy for these
concentrated water-in-salt solutions.
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