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ABSTRACT: We report the dynamics of concentrated lithium

chloride aqueous solutions over a range of moderate to high A Concentratlonw .
concentrations. Concentrations (1—29 to 1—3.3 LiCl—water) were w ~

studied in which, at the highest concentrations, there are far too few \\ ?_3', 8

water molecules to solvate the ions. The measurements were made . 26

with optically heterodyne-detected optical Kerr effect experiments, a Cl 2 .

non-resonant technique able to observe dynamics over a wide range of N g 4

time scales and signal amplitudes. While the pure water decay is a N 2f

biexponential, thegLiCl—water decays are tetP;a—eXponentials at all A Ion Network it 0 L —
concentrations. The faster two decays arise from water dynamics, while A Viscosity 0123456789
the slower two decays reflect the dynamics of the ion-water network. correlation time (ps)

The fastest decay (t;) is the same as pure water at all concentrations.

The second decay (t,) is also the same as that of pure water at

the lower concentrations, and then, it slows with increasing

concentration. The slower dynamics (¢; and t,), which do not have counterparts in pure water, arise from ion-water complexes and,
at the highest concentrations, an extended ion-water network. Comparisons are made between the concentration dependence of the
observed dynamics and simulations of structural changes from the literature, which enable the assignment of dynamics to specific
ion-water structures. The concentration dependences of the bulk viscosity and the ion-water network dynamics are directly
correlated. The correlation provides an atomistic-level understanding of the viscosity.

1. INTRODUCTION

The role of ions in aqueous systems is essential in chemistry,
biology, and geology.' > The properties of water are strongly
tied to the structure and dynamics of its hydrogen bonding
network. These properties have been the subject of many
studies using a wide variety of techniques.”” Beyond pure
water, the influences of ions in aqueous solutions are subjects
of a vast amount of ongoing research®™® and are fundamental
to understanding how ion concentration affects properties such
as viscosity, conductivity, and vapor pressure.”"’

Recently, highly concentrated “water-in-salt” electrolytes
have been of interest.'"”'” In some cases, there are fewer than
three water molecules per ion pair.'”'* By mass, these systems
are often primarily salt. The excess of ions changes the
reduction and oxidation potentials of the water. A very high
ionic mole fraction can double water’s electrochemical window
while still maintaining ion conductivity, which can make
“water-in-salt” electrolytes attractive for applications; e.g,
highly concentrated salt solution electrolytes can be a safer
and more environmentally friendly battery technology.
However, there remains a substantial deficit in our under-
standing of these systems. Theories such as Debye—Huckel
can provide accurate predictions of conductivity and other
properties but only for low concentrations (less than ~0.1
M)."> Theories that describe the complex behavior of
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concentrated aqueous salt solutions (great than 1 M) are
lacking. This gap is a motivating factor for this research.”
The interactions of ions and water have been studied with
numerous techniques, including nuclear magnetic resonance,'®
X-ray and neutron scattering,17 Raman spectroscopy,18
dielectric spectroscopy,'”~>" depolarized Rayleigh scattering,”*
and more recently ultrafast infrared (IR) spectroscopies.”””*
These techniques provide detailed information about ion-
pairing and the structure of the H-bonding network. Several
recent ultrafast IR studies have focused on different aspects of
highly concentrated electrolytes. Lim and co-workers studied
the ultrafast dynamics of LiTFSI with concentrations up to 21
m by observing the anisotropy and spectral diffusion of the
TESI ion.” Lithium chloride has been extensively studied as a
model for ionic systems.'”***>**=*! LiCl’s very high solubility
in water makes it an appealing model for “water-in-salt”
electrolytes. Recently, MeSCN was used as an IR probe
molecule in ultrafast IR nonlinear spectroscopy studies of

Received: March 13, 2023
Revised:  March 23, 2023
Published: April 5, 2023

https://doi.org/10.1021/acs.jpcb.3c01702
J. Phys. Chem. B 2023, 127, 3488—3495


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+J.+Van+Wyck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+D.+Fayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.3c01702&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/127/15?ref=pdf
https://pubs.acs.org/toc/jpcbfk/127/15?ref=pdf
https://pubs.acs.org/toc/jpcbfk/127/15?ref=pdf
https://pubs.acs.org/toc/jpcbfk/127/15?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c01702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

concentrated LiCl solutions. The orientational relaxation of the
probe was measured, and the time dependence of chemical
exchange between MeSCN-water and MeSCN-Li complexes
was investigated.”> More recent ultrafast IR investigations used
the OD stretch of dilute HOD in aqueous concentrated LiCl
solutions (4—6 water molecules per ion pair) to measure the
details of water’s orientational relaxation and structural
evolution.”

Here, we present the results of optically heterodyne-detected
optical Kerr effect (OHD-OKE) experiments on concentrated
LiCl solutions. OHD-OKE is a non-resonant, probeless,
ultrafast technique used to study a wide variety of systems,
including room-temperature ionic liquids and aqueous ionic
systems.”> " It reports on the dynamics of the entire system,
ions, and water. We examined a wide range of concentrations
from 0.06 to 0.38 ion mole fraction (29—3.3 water molecules
per LiCl). We applied a tetra-exponential model to the OHD-
OKE decays. We demonstrated that the data could be divided
into two biexponential decays. The two fast components are
associated with the dynamics of water loosely bound to contact
ion pairs. The fastest component is identical to the fastest
component of pure water’'s biexponential decay and is
concentration independent. The second of the two fast
components is the same as that of pure water at lower
concentrations but slows at higher concentrations. The slower
pair of exponentials is associated with the dynamics of ion-
water complexes. As the ion mole fraction increases, the extent
of the ion-water network expands, and the dynamics slow. This
increased extent of the ion-water network (large ion-water
complexes) and slowing were linked to the rapid, 10-fold
increase in viscosity over the concentration range studied.

The results are combined with molecular dynamics (MD)
simulations from the literature.”” The simulations report that
at high concentrations, as the ion mole fraction increases, the
fraction of Li*—Cl~ contact ion pairs decreases and the fraction
of large complexes increases. The decrease in the ion pair
fraction is identical to the decrease in the combined fractions
of the two fast exponential decays, and the increase in the
fraction of large ion-water complexes is identical to the
increase in the combined fractions of the two slow
exponentials. These results identify the sources of the
experimentally measured dynamics and provide the dynamical
time dependences of the structures identified in the
simulations.

The observed dynamics are also able to identify the source
of the concentration dependence of the viscosity. The
concentration-dependent viscosities track the concentration
dependence of the slow components’ correlation times of the
ion-water dynamics.

2. METHODS

2.1. Sample Preparation. Lithium chloride was acquired
from Sigma-Aldrich (anhydrous, >99%) and used as received.
The sample concentrations were prepared gravimetrically. The
samples were filtered to 0.022 microns into a 1 cm glass
cuvette and were sealed with a Teflon stopper. The samples
were used in the experiments immediately. All experiments
were performed at 24.4 °C.

2.2. Optical Kerr Effect Setup. The OHD-OKE experi-
ment is a non-resonant, pump-probe technique, which reports
on the dynamics of condensed materials. Because the OHD-
OKE technique is not dependent on a probe molecule or
limited by an excited state lifetime, it can explore a wide range

of time scales of the pure system of interest. It provides the
ground state thermal equilibrium dynamics. An intense,
polarized pump pulse interacts with the sample. The oscillating
electric field induces a corresponding oscillating polarization
along a direction determined by the local anisotropic
polarizability of the ion-water structures. The induced
oscillating dipole of the medium couples to the pump pulse
electric field and produces a minute alignment of the
polarizability toward the direction of the pulse’s electric field.
The alignment causes the sample to have a small birefringence,
which will decay due to the dynamics and eventual
randomization of the ion-water structures. The resulting signal
is the time derivative of the polarizability—polarizability
correlation function.**™* Integration gives the polarizability—
polarizability correlation function.

The OHD-OKE experimental system has been described in
detail previously.*>** The key details are present here. Intense,
short pulses were produced by a Ti-sapphire oscillator-seeded
regenerative amplifier. The output pulses at 5 kHz are 80 fs
with an energy of 0.2 mJ per pulse. An intense pump and
weaker probe pulses were created using a 98%/2% beam
splitter. The pump arrived at the sample linearly polarized, and
the probe had a polarization that alternated between +45 and
—45° relative to the pump. The probe is passed through
crossed polarizers before and after the sample. In the simplest
configuration, in the absence of the pump pulse, the sample is
isotropic. Then, essentially no probe intensity would pass
through the second polarizer. The pump induces a
birefringence in the sample, which depolarizes the probe,
permitting some of it to pass through the second polarizer,
which is the signal. As the ion-water dynamics cause the
induced alignment to decay, the birefringence and, therefore,
the signal decay. For greater sensitivity, heterodyne detection
was used. A collinear local oscillator was produced by
introducing a slight ellipticity in the probe polarization.
Using a Pockels cell, the ellipticity was alternated between
+3° every other shot, which is a form of phase cycling. In
addition, the pump pulse polarization was alternated between 0
and 90° every two shots with another Pockels cell to reduce
pump scattered light. The signal was detected with a lock-in
amplifier and digitized. The result is exceptional signal-to-noise
ratios over many decades of signal amplitude (4 in these
experiments). The time dependence is obtained by delaying
the probe pulse with a stepper motor translation stage.

The OHD-OKE data were analyzed with multi-exponential
functions. For water, a biexponential was used. For all samples
with LiCl, the data were fit to a tetra-exponential.

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

As mentioned above, the OHD-OKE measures the time
derivative of the polarizability—polarizability correlation
function. The polarizability—polarizability correlation is
obtained by integration of eq 1.

R(t) = Ajtexp(—t/t;) + A,tyexp(—t/t,)
+ Ajtyexp(—t/ty) + Autyexp(—t/t,) (2)
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Because the sign of the signal in the experiments is arbitrary, 10° -
we take R(t) to be positive. The prefactors in eq 2 can be 1-4 LiCl

normalized and relabeled in the following manner. /é 1-5
1-6
-1
o Aty s 107¢ —1-10
VAL + A, + Aty + Aty = 1-20
=]
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C, = Aty = 107k
Aty + Ayt + Aty + Aty @
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PUUAL 4 Ay, + Aty + Aty =
O
= Adty 104 E MW,

Aty + Ast, + Aty + Ayt (3)
The C/s sum to one and represent the relative proportion of
each time component associated with the dynamical processes.

3. RESULTS AND DISCUSSION

3.1. OHD-OKE Decays. The source of the OHD-OKE
signal is important for the following analysis. OHD-OKE
measures the time derivative of the polarizability—polarizability
correlation function.**™* The strength of the signal will be
dependent on the polarizability anisotropy of the structures in
the sample.** Structures that have high symmetry will yield a
poor signal. As a result, the regular, tetrahedral network of
water gives a weak signal. The observed weak signal for pure
water results from deviations from a perfect tetrahedral
structure caused by thermal fluctuations. An isolated lithium
or chloride ion is a sphere. This high symmetry of a totally
isolated ion (gas phase) would produce no OHD-OKE signal.
The relatively strong signals observed for the LiCl solutions
come from structures that are not present in pure water or in
very dilute LiCl solutions. The sources of the signals are water-
ion structures that have polarizability anisotropies. The lowest
concentration studied is 1 ion pair per 29 water molecules
(1:29). This is far from the low concentration (1 mM) at
which there would be well-separated solvated ions. Even at
1:29, the ions will experience strong electric fields, and the
simulations,®® discussed below, show that there are already
contact ion pair structures.

Figure 1 displays the OHD-OKE decays of a representative
set of LiCl concentrations. Note the high quality of the data.
The decays span amplitudes from 2.5 to 4 decades. The full set
of decays is in the Supporting Information (Figure S1). Water
was fit to a biexponential decay. All LiCl samples fit well to
tetra-exponential decays (eq 1) with well-separated time scales.
Previous OHD-OKE experiments on water by many research
groups have fit the decays with biexponentials.”*>*"~>* One
group has fit the water decay with the derivative of a stretched
exponential.**>>™>” The stretched exponential model was also
applied to the OHD-OKE decay of a eutectic mixture of water
and LiCl, where the temperature was varied from room
temperature to 130 K.® We were not able to achieve
meaningful fits across the range of LiCl concentrations with
a stretched exponential or derivative of a stretched exponential
model. The multi-exponential function yielded high-quality fits
(see Figure 1) and, as will be shown below, enables tracking
the evolution of the dynamics across concentrations. In
addition, as presented in detail below, the tetra-exponential
function is consistent with concentration-dependent structural
simulations of the LiCl solutions.
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Figure 1. OHD-OKE decays of pure water and moderate to high
concentrations of LiCl (solid, colored curves). The concentrations are
given as 1 ion pair-number of water molecules. The dashed black
curves are tetra-exponential fits to the data except for water, which is a
biexponential. The decays were normalized at 1 ps.

While a tetra-exponential is a complex model for the decays,
it can be broken down into two populations, each described by
a biexponential decay. The first is the fast population,
characterized by exponential time constants t; and t, with
the corresponding correlation function amplitudes of C; and
C, (eq 3). The sum of the amplitudes will be referred to as
Ce- The second population is characterized by slower time
constants of #; and t, with amplitudes C; and C, (eq 3). The
sum of these amplitudes will be referred to as Cy,,. All four
amplitudes, as well as Cgg and Cy,, are given in Table 1 for
each concentration.

Figure 2 shows Cgy and Cy,, as a function of the ion mole
fraction. For pure water (0 ion mole fraction), it is exclusively
Ce,q As the ion mole fraction increases, the population of Cy,g
decreases linearly, with Cy,, increasing linearly. As discussed
below, Cg, is associated with the dynamics of water loosely
bound to contact ion pairs, while Cy,, is associated with large
ion-water complexes. At the high LiCl concentrations, the C,,,
population begins to dominate, indicating that a large
proportion of ions and water molecules is part of large ion-
water complexes. The trend and relative populations are
similar to data obtained using FT-IR and IR pump-probe
experiments for LiITFSL>

3.2. Time Constants of Dynamics. The dynamics
associated with Cpg are also present in pure water. This is
manifested in ¢; and t,. In Figure 3A, t; does not change as a
function of the ion mole fraction, consistently having a value of
~0.5 ps, which is within the error of pure water, 052 + 0.03 ps
(Table 2). For lower ion mole fractions, the LiCl samples’ t,’s
are within the error of t, for pure water, 1.29 + 0.01 ps (Figure
3B and Table 2). Toward higher ion mole fractions, there is a
steady slowing in t,, reaching 2.2 + 0.2 ps at 0.38 ion mole
fraction.

The pure water decay times found here are akin to the
biexponential decay times observed in 2D-IR of pure water,
with similar time constants, 0.4 and 1.8 ps.”*~®' While 2D-IR
and OHD-OKE measure different correlation functions, for
closely related processes, the time constants would be expected
to be similar. In 2D-IR of water, the fast and slow time
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Table 1. Amplitudes of the Components of the Tetra-Exponential Decays for LiCl Concentrations

solution (ratio) ion mole fraction C, @) Che = C + G, Cs C, Cyow = C3 + C4
LiCl 1-3.3 0.38 0.21 + 0.02 0.23 + 0.01 0.44 + 0.03 0.35 + 0.03 0.21 + 0.01 0.56 + 0.03
1-3.6 0.36 0.25 = 0.11 0.27 + 0.07 0.53 + 0.13 0.33 + 0.03 0.14 + 0.01 0.47 + 0.04
1-4 0.33 0.23 + 0.02 0.27 + 0.02 0.50 + 0.02 0.36 + 0.01 0.14 + 0.03 0.50 + 0.03
1-4.4 0.31 0.24 + 0.03 0.29 + 0.02 0.52 + 0.04 0.37 + 0.03 0.11 + 0.02 0.48 + 0.04
1-S§ 0.29 0.26 + 0.03 0.33 + 0.03 0.58 + 0.04 0.32 + 0.04 0.10 + 0.02 0.42 + 0.04
1-6 0.25 0.29 + 0.02 0.35 + 0.04 0.63 + 0.04 0.29 + 0.07 0.080 + 0.011 0.37 + 0.07
1-7 0.22 0.33 + 0.04 0.44 + 0.0S 0.77 + 0.06 0.18 + 0.07 0.052 + 0.022 0.23 + 0.07
1-8 0.20 0.35 + 0.01 0.39 + 0.04 0.74 + 0.04 0.21 + 0.04 0.045 + 0.008 0.26 + 0.05
1-10 0.17 0.35 + 0.02 0.40 + 0.03 0.75 + 0.04 0.20 + 0.04 0.052 + 0.012 0.25 £+ 0.05
1-14 0.13 0.39 + 0.01 0.44 + 0.06 0.83 + 0.06 0.12 + 0.06 0.052 + 0.008 0.17 £ 0.06
1-20 0.09 0.42 + 0.02 0.45 + 0.01 0.87 + 0.02 0.11 + 0.01 0.016 + 0.007 0.13 + 0.02
1-29 0.06 0.47 + 0.01 0.44 + 0.01 091 + 0.01 0.08 + 0.01 0.009 + 0.006 0.09 + 0.01
water 0 0.66 + 0.01 0.34 + 0.01 1 n/a n/a n/a
A 10 C 10
1O " Cp=C + G, 0.8F z
i " Caow=C3 TG4 2 06k l 2 7 1t
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Figure 2. Amplitudes of the fast and slow portions of the decays from
the coeflicients of the four exponentials from the fits. Cr = C; + C,
(black points) and Cy,,, = C; + C, (red points). The data are plotted
as a function of the ion mole fraction. The solid lines are linear fits.
C,: are from the decays that are closely related to those of pure water.
Cqow come from decays associated with increasingly large ion-water
clusters as the concentration is increased.

constants are assigned to local H-bond fluctuations, mainly
length fluctuations and the randomization of the H-bond
network, respectively.”” ' The fast time constant measured
here for water-associated ions and other water molecules may
be local H-bond fluctuations as in the 2D-IR experiments.
However, particularly for the higher concentrations, the
extended H-bond network of pure water does not exist. The
second component of both measurements is likely to also arise
from similar processes. The OKE data may involve
reorientation, with water switching H-bonds from one anion
to another as well as from one water molecule to another.
Therefore, comparison to the 2D-IR results suggests that the
fast OHD-OKE component arises from local H-bond
fluctuations, which are independent of the LiCl concentration.
The second OHD-OKE time constant is caused by the
rearrangement of the water H-bonds, which slow with an
increasing amount of LiCl. The slowing can occur because
water becomes more entwined as the water-ion complex size
grows.
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Figure 3. Time constants from the fits to the data in Figure 1. ; (A),
t, (B), ; (C), and t, (D) as a function of the ion mole fraction. t; is
the same as that found in pure water within experimental error and is
independent of concentration. The other time constants become
longer with increasing LiCl concentration.

The dynamics associated with Cg,, are completely absent
from pure water with time constants that are considerably
slower than those found in water. Figure 3C shows that t;
ranges from 3.5 + 0.2 ps at 0.06 ion mole fraction to 7.4 + 0.3
ps at 0.38 ion mole fraction (Table 2). Similarly, Figure 3D
shows that ¢, is 12 + 3 and 23 =+ 2 ps for 0.06 ion mole fraction
and 0.38 ion mole fraction, respectively (Table 2). These time
constants reflect the decay of the polarizability—polarizability
correlation function caused by the structural randomization of
extended ion-water networks. As the concentration increases,
these networks may become larger and therefore more
constrained in their relaxation dynamics. These values are on
the same order as ultrafast measurements of the frequency-
frequency correlation functions of the CN stretch of
MeSCN’s** and the OD stretch of dilute HOD of the
water”® in concentrated aqueous LiCl solutions. In those
experiments, dynamics sensed by a vibrational probe were
measured. The dynamics reported by the probe depend on the
dynamics of the ion-water structures.

3.3. Comparison to Simulations. A number of experi-
ments and simulations have been used to investigate ion pairs
and large ion-water complexes in concentrated aqueous LiCl
solutions.””** We compared our results to recent simulations
of concentrated aqueous LiCl solutions that calculated the

https://doi.org/10.1021/acs.jpcb.3c01702
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Table 2. Tetra-Exponential Decay Time Constants and Viscosities for Aqueous LiCl Concentrations

solution (ratio) ion mole fraction t, (ps) t, (ps) t; (ps) t, (ps) 7w viscosity (cP)“

LiCl 1-3.3 0.38 0.6 + 0.1 22 +£02 74 + 0.3 23 £2 74 + 0.7 9.9
1-3.6 0.36 0.5+ 02 23+0.5 7.5+ 12 24+3 59+ 1.1 8.0
1-4 0.33 0.5 +0.1 19 + 04 6.0 + 0.5 20 £2 49 £ 0.2 6.2
1-4.4 0.31 0.5+ 0.1 1.8 £ 03 5.1 +02 18 +1 39+ 04 4.9
1-5 0.29 0.5+ 0.1 19 £ 04 49 + 038 18 +2 33 +£0.1 4.0
1-6 0.25 0.6 + 0.1 19 £ 02 42 + 04 18+1 2.6 + 0.1 3.0
1-7 0.22 0.6 + 0.1 1.9 + 0.2 44+ 1.0 16 +1 1.6 + 0.4 2.5
1-8 0.20 04 + 0.1 1.5+ 02 3.8+ 0.5 17 + 4 1.6 £ 0.1 22
1-10 0.17 0.5 + 0.1 1.5+02 33+ 06 15+2 14 £ 0.1 1.8
1-14 0.13 0.5 +0.1 1.6 + 0.3 3.7+ 09 17 £2 13 +£02 1.5
1-20 0.09 04 + 0.1 14 +02 34 + 04 13+2 0.60 + 0.06 13
1-29 0.06 0.5 + 0.1 13+ 02 3.5+02 12 £3 041 + 0.01 1.2
water 0 0.52 + 0.03 1.29 + 0.01 n/a n/a n/a 0.9

“Reference 64.

number of ion pairs and large ion-water complexes for a wide A 10F ] ]

range of concentrations (0.11—19.28 molal).** MD simu- s = 10N pairs

lations were performed with the optimized potentials for all 0.9 F S . Cfast:C1+C2

atoms (OPLS—AA force field) and an SPC/E water model. 7t

Radial distribution functions (RDFs) were calculated for Li*— Z

Cl” as a function of the concentration, which suggested the = 0.8 E

creation of contact ion pairs and potentially larger ion . 9 r

complexes. It was found that the RDFs obtained from the 8 0.7 E

MD simulations compared favorably with X-ray and neutron S r

scattering experiments. With increasing LiCl concentration, d:‘ 06 C

there were large changes in the RDFs of Li*—Li" and CI"—CI".

At a low concentration (1.015 molal), there was a major peak 0.5F

at approximately 0.55 nm for both Li*—Li* and CI"—CI". As

the LiCl concentration was increased, a new peak formed at 04F

about 0.37 nm and continued to grow with concentration. The — L L L L

peak was interpreted as arising from the formation of larger ion B 0.6 Cm COIIlplCXGS that are not ion pairs

complexes as the like-charged ions require an opposite-charge - C. =CAC -

ion between them. This information enabled the calculation of 05k slow 3" 4

the percentage of Li* ions incorporated in ion complexes and [

the sorting of the ion complexes into different sizes at each = 04F

LiCl concentration. The ion complexes were divided into . 9

contact ion pairs and larger ion complexes, which contained 8 03F

three or more ions. )

The simulations found that at approximately 0.08 ion mole d\: 02¢F

fraction (2.36 molal) and higher concentrations, there were a T

significant number of ion complexes. Figure 4A shows a 0.1 3

comparison between the experimental Cg and the simulated I -

fraction of ion complexes that were contact ion pairs. The I

agreement is remarkable and provides further confirmation 0.0t . .

that Cg reports on water loosely associated with contact ion
pairs. With higher ion mole fractions, the proportion of contact
ion pairs decreases, which is accompanied by an increase in
large ion complexes. Figure 4B shows a comparison of Cy,,
with the fraction of large ion complexes as a function of the ion
mole fraction. Again, the agreement between the data obtained
from the measurements of the ion-water dynamics and the
simulations is remarkable. At the intermediate and higher
concentrations, there are insufficient water molecules to solvate
separated complexes. The system is more akin to an extended
ion-water network. As the fraction of extended complexes
increases, the dynamics, given by f; and t,, slow. These time
constants reflect the dynamics of the complexes, and ¢, can be
associated with the time for the structures to randomize. Figure
4 allows us to assign the time dependence of structural
evolution to the ion-water complexes found in the simulations

3492
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Figure 4. Comparison of the experimental data to MD simulation
results from the literature.”® (A) Fraction Cp, = C, + C, (black
points) and the fraction of contact ion pairs from the simulations (red
points) as a function of the ion mole fraction. (B) Fraction Cy,,, = C;
+ C4 (black points) and the fraction of large ion-water complexes (not
contact ion pairs) from the simulations (red points) as a function of
the ion mole fraction. The lines are concatenated linear fits to the
experimental data and the simulation data. The agreement between
the experimental and simulation data is striking.

as a function of concentration. In addition, the concurrence of
the coeflicients of the exponentials measured in the experi-
ments and the fractions of the structures obtained in the

https://doi.org/10.1021/acs.jpcb.3c01702
J. Phys. Chem. B 2023, 127, 3488—3495


https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c01702?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c01702?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

simulations is strong support for the accuracy of the
simulations.

3.4. Viscosity and lon-Water Network Dynamics. The
results presented above gave a detailed picture of the
concentration dependence of ion-water structural dynamics
at the atomistic level. The results can also be used to explicate
the nature of bulk properties, in particular the viscosity, as a
function of concentration.

By observing how the time constants associated with Cgy,,
change with the ion mole fraction, the evolution of the ion-
water network was tracked. At the lowest concentration (0.06
ion mole fraction), large ion-water complexes accounted for
less than 10% of the complexes and had time constants of 3.5
+ 0.2 and 12 + 3 ps for t; and t,, respectively. As the amount
of LiCl increased, the proportion of large ion-water complexes
and their time constants steadily increased. For 0.38 ion mole
fraction, large ion-water complexes make up 54% of all
complexes, and the time constants have basically doubled to
7.4 + 0.3 and 23 + 2 ps for t; and t,, respectively, compared to
0.06 ion mole fraction. Like the simulations,’” these
experimental changes reflect the growth of a more connected
ion-water network.

Increased concentration, which is associated with the growth
of the ion-water networks and the slowing of the water
dynamics, coincides with the rapid increase in viscosity. We
can compare the increase in the correlation time of the
dynamics of the large ion-water complexes with increasing
concentration to the concentration dependence of the
viscosity. The correlation time is a single time constant, 7,
that reflects the overall time scale of a combination of
dynamical processes.

rc=f0 f(t)dt @

For a multi-exponential
w= [ f(0)dt = f Y et =Y ¢,
C A f( ) 0 Z 1 Z [

The correlation time for the dynamics of the large complexes
(t; and t,), 7", is

()

T = Gyt + Gty (6)

Figure S shows the viscosity as a function of the correlation
time, 73°". The red line is a fit to the data. The viscosity
linearly tracks the correlation time 79°% within experimental
error. It should be noted that viscosity does not track the
individual time constants, neither t; nor t,. Therefore, the
relationship shown in Figure S is not simply hydrodynamic
behavior as given by the Stokes—Einstein—Debye equation.
The correlation between the viscosity and 79°%, displayed in
Figure 5, demonstrates that the increase in viscosity with
concentration is caused by the increase in extended ion-water
structures. As the amount of water decreases, the ion-water
network becomes more tightly interwoven, and the structural
relaxation slows. Viscosity is a bulk property that depends on
the underlying structure and dynamics of the liquid. Here, we
have shown which structures of the concentrated ion-water
system control the viscosity and the actual structural relaxation
times that are associated with the structures.
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Figure S. Viscosity plotted against the correlation time of the slow
dynamics, 73°". The solid red line is a linear fit. The correlation
between the increasing viscosity and the increasing correlation time of
the slow dynamics shows that the viscosity is determined by the
dynamics of the extended ion-water clusters, which slow as the
amount of water decreases. The viscosity data are from ref 64.
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4. CONCLUDING REMARKS

The dynamics of concentrated salt solutions and the relation of
dynamics to the structure of ion-water systems are challenging
problems. Here, we have presented a study of the dynamics of
LiCl solutions from moderately high to very high concen-
trations. At the lowest concentration studied, 1 ion pair to 29
water molecules, there are a sufficient number of water
molecules to solvate the ions. However, this concentration is
far from the low concentration, and there are already ion pairs
and larger ion complexes as shown by the experimental results.
At the highest concentration, 1 ion pair per 3.3 water
molecules, there are not nearly enough water molecules to
fully solvate the ions. The fraction of large ion-water clusters in
the extended network has become dominant.

We employed OHD-OKE experiments to measure the
dynamics as a function of concentration over a broad range of
time scales. There are four dynamical time scales, while pure
water only has the faster two. The fastest, £, is identical to that
of pure water. It is independent of concentration and
corresponds to hydroxyl H-bond length fluctuations for
water molecules solvating ion pairs. The second time constant,
t,, is identical to that of pure water at the lower concentrations
but slows at higher concentrations. This time constant is likely
associated with water H-bond rearrangement for water that is
not trapped in the large complexes. The slower two time
constants, ¢; and t,, have no counterparts in pure water. These
are substantially slower than the dynamics found in pure water.
The time constants become longer, and their amplitudes
increase as the concentration of ions is increased. The time
constants and amplitudes arise from the dynamics of large ion-
water complexes and the extended ion-water network. t; and ¢,
are the time scales for ion-water aggregates to undergo
structural change.

The assignments of the time constants can be made by
comparison to the time constants of pure water and the inverse
concentration dependences of the fraction of the t; and ¢,
components, Cg,, versus the fractions of the t; and f,
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components, Cy,,, as shown in Figure 2. The relation of the
dynamics and structure is strongly supported by MD
simulations from the literature.’” The simulations study the
LiCl concentration dependence of ion-water structures. The
study reports the fractions of ion pairs and larger complexes as
functions of concentration. Figure 4 shows remarkable
agreement between the experiments and simulations. Cgg
decreases in amplitude identically to the simulated fraction
of ion pairs, and C,,, increases in amplitude identically to the
simulated fraction of large clusters. Thus, the relationship
between the dynamics and structures is confirmed.

Finally, the experimentally measured dynamics are able to
elucidate the underlying cause of the increase in the bulk
solution viscosity with increasing concentration. Figure $
displays a plot of the viscosity versus the correlation time of the
slow components of the dynamics. The correlation time is a
measure of the average dynamical time scale. These results
show that the viscosity is determined by the fraction of large
ion-water complexes. As the concentration is increased, the
concentration of large ion-water complexes increases. As the
ion-water network grows, its structural dynamics slow. It is this
slowing of the large ion-water large complex dynamics that is
directly correlated with the increase in the viscosity.
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