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The energy states of molecules and the vacuum electromagnetic field can be hybridized to form a strong
coupling state. In particular, it has been demonstrated that vibrational strong coupling can be used to
modify the chemical dynamics of molecules. Here, we propose that ion dynamics can be altered
through modifications of the dynamic hydration structure in a cavity vacuum field. We investigated the
effect of different electrolyte species on ionic conductivity. Infrared spectroscopy of agueous electrolyte
solutions within the cavity confirmed the formation of vibrational ultrastrong coupling of water
molecules, even in the presence of electrolytes. Interestingly, we observed significant enhancements in
ionic conductivity, for specific alkali cations, particularly those classified as structure-breaking cations.
These enhancements cannot be explained within the current theoretical framework for liquid
electrolytes. Our analysis suggests that the vibrational strong coupling modifies the local dielectric
friction experienced by hydrated ions. In addition, we propose the enthalpic and entropic modification of

ionic conductivity through the systematic investigation of the hydration properties of different
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Accepted 30th September 2023 electrolytes. This study unveils the potential role of polaritons for exploring uncharted spaces in the
design of materials with enhanced ionic conduction. Harnessing the unique properties of strong

DOI: 10.1039/d35c03364c coupling and its influence on hydration dynamics could lead to the development of novel electrolytes
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Introduction

Various inorganic and organic materials have been used as
ionic conductors,'* which are important in energy technolo-
gies, such as electrolyzers, batteries, and sensors. In particular,
water plays an important role in ionic conduction.>” Charge
transport in electrochemical energy-conversion systems
involves the diffusion and migration of hydrated ions in
aqueous electrolyte solutions. Ion transport is influenced by the
hydration properties of the ion species.”™ In general, ion
conduction in aqueous electrolyte solutions can be classified as
either proton (H') conductivity or classical ion transfer. The
former mechanism is characterized by the quantum transfer of
H" ions and the reorientation of water molecules.** ™ It is
commonly known as the Grotthuss mechanism.*** In the
second mechanism, ion migration is governed by the compe-
tition between migration effects and friction. This is also known
as the vehicle mechanism.* Friction arises from the viscosity
and dielectric environment of the electrolyte solution.?® There-
fore, a molecular-level understanding of intermolecular
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and advancements in the field of ionic conduction.

interactions and dynamic hydration behavior is crucial.
However, currently, there are no effective methods to control
hydration in ion dynamics which limit the transport
phenomenon.

Recently, an emerging field of research known as polaritonic
chemistry has been proposed, which explores the interaction
between light and matter, even in the absence of an external
light illumination.***” In this field, the electromagnetic fluctu-
ations of the vacuum field in an optical resonator can interact
with molecules inside the resonator to create a state of coherent
coupling. When molecules are placed in a micrometer-scale
cavity, physicochemical phenomena can be modified.”®>° The
modification under vibrational strong coupling can be empha-
sized especially for the coupling with solvents because of the
large number of molecules.** Notably, water has been shown to
exhibit an ultrastrong coupling regime,*** allowing for modi-
fications in its physicochemical properties. This phenomenon
has been demonstrated in various contexts, including the
modulation of hydrogen-bonding networks,*” the manipulation
of enzymatic activity,**** the modification of DNA replication®
and the folding of DNA origami,*® and the selective crystalliza-
tion of metal-organic frameworks.*” In our previous work, we
discovered a more than tenfold enhancement in the H'
conductivity of aqueous solutions.*® We hypothesized that
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water-molecule hydration could be modified through vibra-
tional strong coupling.

Here, we reveal the effect of hydration on the ionic conduc-
tivity of cations and anions under vibrational strong coupling.
We conducted a systematic study on alkali metal-halide solu-
tions and observed an increase in the ionic conductivity as
a result of the modified hydration under vibrational strong
coupling. We propose a mechanism in which vibrational strong
coupling modifies the hydration dynamics. Importantly, the
nature of hydration influences ionic conductivity.

Results and discussion
Vibrational strong coupling of aqueous electrolytes

The formation of vibrational strong coupling states was
confirmed using infrared (IR) transmission spectroscopy, and
representative IR spectra are shown in Fig. 1a. When the cavity
mode was matched to the O-H stretching frequency of water
(wst,ou = 3400 cm ), the original absorption peak disappeared,
and two distinct peaks corresponding to vibro-polaritonic states
emerged. This phenomenon is consistent with previous reports
on the vibrational strong coupling of water.**?® The anti-
crossing behavior of the upper and lower polariton branches
was evaluated, as shown in Fig. 1b. The frequency of the third-
order cavity mode was adjusted by controlling the cavity thick-
ness within the range of 2.8 to 4.0 um. The third order of cavity
mode was selected to avoid the resonance effect of the bending
mode of water (1600 cm ™). The cavity thickness was deter-
mined from the free spectral range of the cavity fringe (see
ESI}).2428293238 We investigated electrolyte solutions of LiCl,
NaCl, KCl, RbCl, CsCl, Me,NCl, Et,NCl, "Pr,NCl, "Bu,NCl, LiF,
and LiBr. The quality factor of the fourth-order cavity mode
varied between 22 and 25 in each independent experiment.
Even in the presence of electrolyte, the observed anti-crossing
behavior remained consistent. Consistent vibro-polaritonic
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Fig.1 (a) Representative IR transmission spectra of the air-filled cavity

(red dotted line) and the water-filled cavity (red solid line). The cavity
thickness of air-filled cavity was 4.5 um. The cavity thickness of water-
filled cavity was 3.7 pm. The black line represents IR transmission
spectra of a 0.01 M KCl aqueous electrolyte. (b) Anti-crossing behavior
of the upper and lower polariton peaks with a third-order cavity mode,
where the typical cavity thickness varies between 2.8 and 4.0 um, for:
LiCl (black solid circles), NaCl (blue solid circles), KCl (green solid
circles), RbCl (red solid circles), CsCl (purple solid circles), LiF (black
open circles), LiBr (red open circles), Me4NClL (black crosses), Et4,NCl
(blue crosses), "PryNClL (green crosses), and "BusNCl (red crosses). The
light line and O—H stretching frequencies are shown as dotted lines.
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behavior was observed for combinations of alkali cations, tet-
raalkylammonium cations, and halide anions. This is reason-
able because the concentration of the electrolyte (0.01 M) was
significantly lower than the concentration of water (55.5 M). The
Rabi splitting frequency was estimated when the cavity mode
was tuned to the O-H stretching frequency, resulting in a value
of 760 cm ™. This value is similar to that in reports on vibra-
tional polaritons in pure water.*>>® Under strong coupling
conditions, the optical mode was confined within the cavity,
enabling coherent interactions with the vibrational mode of
water. Under these conditions, wi exceeded the sum of the
photon loss rate of the cavity and the dephasing rate of the O-H
stretching frequency of water molecules.***® The photon loss
rate of the cavity mode was estimated as 200 cm™'. The
homogeneous line width of the O-H stretching mode, which
corresponds to the dephasing rate of the vibrational modes, was
120 cm ™ *.*! The relationships between the Rabi splitting energy,
photon loss rate, and dephasing rate provide support for the
clear formation of vibrational strong coupling states of water
molecules in the cavity, even in the presence of an electrolyte.
This system achieved particularly strong vibrational ultrastrong
coupling, where wg/2wson = 0.11, which is a benchmark for
molecules coupled to vacuum fields.*>**

Modulation of ionic conductivity under vibrational strong
coupling

We evaluated the modulation of ionic conductivity under
vibrational ultrastrong coupling. Fig. 2a illustrates the depen-
dence of ionic conductivity on the cation species in 0.01 M MCl
aqueous electrolyte solutions (M = Li, Na, K, Rb, and Cs). The
control experiments of bulk ionic conductivity have been con-
ducted by using the same cell without the Au mirrors (see
ESI{).*® Notably, the modulation of the ionic conductivity
depended on the cation species. For example, the bulk ionic
conductivity of LiCl (0.11 S m™') was comparable to its ionic
conductivity in the cavity (0.14 S m™ ). By contrast, the ionic
conductivity of CsCl in the cavity (0.41 S m ") was three times
higher than its bulk ionic conductivity (0.15 S m™*). For all
cations, the highest ionic conductivity was observed at a cavity
thickness of approximately 3.3 um, which corresponds to the
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Fig. 2 Modulation of ionic conductivity by detuning the cavity mode.
(a) Effect of the cation on the ionic conductivity, with data shown for
0.01 M LiCl (red), NaCl (green), KCl (brown), RbCl (blue), and CsCl
(purple) aqueous electrolytes. (b) Effect of the anion on the ionic
conductivity, with data shown for 0.01 M LiF (yellow), LiCl (green), and
LiBr (brown) aqueous electrolyte.
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coupling of the third-order cavity mode with the O-H stretching
mode. This suggests that the coupling of the O-H stretching
mode of water enhances the ionic conductivity.

We investigated the modulation of ionic conductivity by
different anion species. We selected lithium as the cation
species because we observed that it modulated the ionic
conductivity very weakly under vibrational ultrastrong coupling.
Fig. 2b illustrates the dependence of the ionic conductivity in
0.01 M LiX aqueous electrolyte solutions (X =F, Cl, and Br). The
values for fluoride and chloride anions did not change appre-
ciably under vibrational ultrastrong coupling. By contrast, the
ionic conductivity of LiBr aqueous electrolyte solution in the
cavity was three times higher than its bulk ionic conductivity.
We also attempted to evaluate the ionic conductivity using Lil;
however, the mirrors peeled off because of the corrosive nature
of iodide on the Au surface, even when covered with SiO,. The
scattered data in ionic conductivity in this case may arise from
the instability of the cell in the electrolyte solution. We assume
the origin of the broad resonance might be originated from the
micro-solvation environments. In summary, we demonstrated
the independent modulation of cationic and anionic conduc-
tivity through vibrational coupling of ionic hydration.

Temperature dependence

The temperature dependence of the ionic conductivity was
investigated under vibrational strong coupling, as shown in
Fig. 3. The third order of the cavity mode was detuned to the
O-H stretching mode by adjusting the cavity thickness to 3.3
pm. Temperature control was achieved using a custom-made
cell. IR transmission spectra were obtained before and after
the electrochemical measurements to confirm the coupling
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Fig. 3 Temperature dependence of ionic conductivities. (a) CsCl, (b)

KCl, (c) LiCl and (d) HClO4. The solid circles represent the ionic

conductivity in the cavity. The open circles represent the ionic
conductivity in the cavity.
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state (detailed experimental conditions are described in the
ESIt). The validity of the results was confirmed by control
experiments (Fig. S21). Importantly, the temperature depen-
dence was modulated under vibrational strong coupling. In
particular, linear temperature dependence was observed for the
CsCl aqueous electrolyte. Nonlinear dependence was observed
for KCl and HCIlO,. In most cases, linear Arrhenius behavior was
observed. This is because a simple model with a defined diffu-
sion constant can characterize the state of ionic conductivity.
The nonlinear behavior might be due to the non-linearity in the
local hydration around the ions depending on temperature. In
addition, the apparent activation energies of CsCl aqueous
electrolyte solution in the cavity were higher than its values in
the bulk. We also investigated H' conductivity. However,
modulation of the activation energy was not observed, despite
the greatly enhanced conductivities. This suggests the contri-
bution of a distinct mechanism to the activation process of ion
conduction under vibrational strong coupling.®®

Effect of vibrational strong coupling on hydration

Historically, the transport of ions has been described using
nonequilibrium statistical mechanics, such as the Debye-
Hiickel-Onsager-Falkenhagen theory. In this theory, ions are
treated as Brownian particles in a continuum dielectric solvent,
interacting through coulombic forces. Because ions are in
continuous motion, the frictional force acting on them is
proportional to their velocity.'****> Stokes law, which is derived
from hydrodynamic theory and states that friction increases
with increasing ionic radius, fails to accurately describe small
alkali and halide ions.***¢*” The total friction, ¢;, is described as
the sum of the hydrodynamic friction, ¢, and dielectric fric-
tion, ¢°, according to the following equation ({ = {7 + {P). The
hydrodynamic friction is proportional to the ion size and is
given by Stokes law with slip boundary conditions (™ =
4Ttnrion), Where 7o is the Stokes radius of the ion and 7 is the
solvent viscosity. In continuum treatments, the dielectric fric-
tion is usually characterized by a single relaxation time, ({° =
3Gion>(€0 — €0 )Tn/4Tion €0°), Where gion is the ion charge, e, is the
vacuum permittivity, ¢, is the high-frequency dielectric
constant, and 1y, is the dielectric relaxation time.

In an attempt to explain the unique behavior of small ions in
polar solvents, two models have been proposed that attribute
different phenomena to the solvent response and solute or ion
displacement. The first model, which is often referred to as the
solvent-berg model, maintains a classical view of Stokes law but
introduces an “effective” ionic radius that arises from solvation.
In this model, solvent molecules are considered to be bound to
the ion, and the radius of the solvated complex is equivalent to
the Stokes radius. The other model is the dielectric-friction
model, which has been developed over several decades by
Born,*® Fuoss,* Boyd,** and Zwanzig,*>** with a comprehensive
theoretical framework established by Hubbard and Onsager.*>>
This model aims to describe the dielectric response of the
solvent when perturbed by the motion of an ion. As the ion
moves away from its initial position, where the solvent is
polarized according to the electrostatic field generated by the

Chem. Sci., 2023, 14, 11441-11446 | 11443
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ion, the solvent polarization does not immediately equilibrate
with the new position of the ion. This leads to a relaxation
process and subsequent dissipation of energy in the form of
dielectric friction. The dielectric friction is inversely related to
the ionic radius. As a result, the friction coefficient reaches
a minimum value with increasing ionic radius in both models.

Fig. 4 illustrates the correlations between ionic conductivity
and ionic radius in bulk and under vibrational strong coupling.
The plot includes the ionic conductivity of electrolyte solutions
with and without the cavity. We note that the slight increase in
ionic conductivity can be attributed to the high transport
number of the counter anion, ClI™. Alkylammonium cations
exhibited a linear relationship with the cation's ionic radius,
Tion- This behavior is consistent with Stokes' law, according to
which the viscosity strongly influences ionic conductivity. The
hydrodynamic friction ({* = 47nrioy) is minimally affected by
vibrational strong coupling, indicating that the effect of water
viscosity by vibrational strong coupling was negligible. Alkali
cation species displayed an inflection in their ionic conduction
with increasing ionic radius. We attribute this to the dynamic
hydration process, which is described by the component in the
relaxation time of dielectric friction (£° = 3gion’(€0 — €«)Tn/
4Tion’ee’). Li ions are strongly hydrated by water molecules,
leading to the formation of a structured network of hydrogen
bonding between water molecules. By contrast, because of the
low charge density of Cs ions, water molecules are weakly
hydrated, resulting in unstable water networks. Under vibra-
tional strong coupling, an enhancement in the ionic conduc-
tivity of Cs ions was observed.

Notably, the enhancement of ionic conductivity for Cs*, Rb",
and K" ions exceeded that predicted by the limit of the Hub-
bard-Onsager model.”>** The enhancement of ionic conduc-
tivity gradually decreased with increasing the ionic radius. The
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Fig. 4 lonic radius as a function of ionic conductivity. The values for

LiCl, NaCl, KCl, RbCl, CsCl, and tetraalkyl ammonium electrolyte
solutions with the cavity under vibrational strong coupling (closed red
symbols) without the cavity (open black symbols) were plotted. The
dotted lines represent the Zwanzig model*®** and Hubbard—-Onsager
model.52%3
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observed changes in ionic conductivity under vibrational strong
coupling suggest the existence of a novel mechanism to accel-
erate the rate of the response of hydration under vibrational
strong coupling.

Finally, we discuss the effect of thermodynamic parameters
on the changes in ionic conductivity under vibrational strong
coupling. Fig. 5 illustrates the correlation between thermody-
4% and the
observed changes in ionic conductivity and activation energy.
The changes in ionic conductivity correlate with the hydration
entropies. The hydration entropy is associated with the solva-
tion of ions from the gas phase and alterations in hydrogen-
bonding networks. The modification of the hydrogen-bonding
network within the dynamic hydration environment plays
a crucial role in increasing the ionic conductivity by modifying
the dielectric friction. Furthermore, the hydration enthalpy can
be linked to the mechanism responsible for the change in ionic
conduction. For bulk systems, the activation energies are

namic parameters reported in the literature

independent of the ionic species according to the vehicle
mechanism. This is usually explained by the competition
between viscosity and migration effects in ion conduction.
Under the conditions of vibrational strong coupling, the
hydrogen-bonding network can be modified, even in the
absence of light. This is reminiscent with the recent demon-
stration on the modification of the solvent polarity with the
dispersion force.** The coherent interaction of the hydrogen-
bonding environment in the water cavity can lead to the
modification of the dynamic hydration network.

The chemical phenomena under vibrational strong coupling
are still largely unexplored across various research fields.** Very
recently, theoretical calculations have suggested that the
dissociation rate of water molecules can be accelerated under
vibrational strong coupling.®® This theoretical study supports
our conclusion that intermolecular hydrogen-bonding
dynamics can be modified under vibrational strong coupling.
Further advanced models could be needed to explain thermo-
dynamics and kinetics of the system in detail. As for kinetics,
our systematic study has revealed the potential for modifying
the transport number in ionic conduction through dynamic

hydration modifications. Moreover, it demonstrates the
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Fig. 5 (a) Correlation of hydration entropies and the ionic conductivity
in the cavity, oca., and bulk, op,k (b) Correlation of the hydration
enthalpy and activation energies of g5, (red) and apy (black). The
hydration enthalpy values® and hydration entropy values®** were taken
from the literature.
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possibility of using vibrational polaritons for further explora-
tion in the field of electrochemical energy conversion, which is
based on the properties of water.*®

Conclusions

In conclusion, we have demonstrated the potential of vibra-
tional strong coupling to modify ionic conductivities. The
observed modifications in ionic conductivity were found to
depend on the ion radius. This is derived from the nature of
hydration from structure-breaking to structure-making. The
formation of polaritons effectively modified the dynamic,
collective, and coherent hydration network, resulting in signif-
icant enhancements in ionic conductivity. In addition, we
proposed that the entropic term in hydration plays a role in the
modulation of ionic conductivity. The use of polaritons opens
up new possibilities for exploring the chemical space and
designing innovative materials.
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