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Abstract: The vibrational strong coupling, where vibrational energy states of molecules and an optical 

cavity mode are hybridized, is an emerging method for the modification of ground-state 

thermochemical reactivity of molecules. Here, we report that vibrational strong coupling promotes 

ionic conductivity of aqueous electrolyte. A Fabry-Pérot cavity were fabricated for the spectroscopic 

analysis and electrochemical impedance measurements of electrolyte solution. We observed the 

splitting of vibrational state of water in optical cavity with the Rabi splitting energy of 760 cm−1 by 

matching cavity mode frequency to OH stretching mode frequency of water molecules. From the 

electrochemical impedance measurements, we discovered the modulation of relative dielectric 

constants and one-fold promotion of proton conductivity of the aqueous electrolyte. This study 

demonstrates that the use of vibrational strong coupling system for the promotion of ionic conductivity 

utilized for the electrochemical energy conversion system without light pumping.  
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The strong coupling of energy state of molecules to the optical cavity vacuum fields is an emerging 

method for modulation of molecular or material properties, such as modification of energy level via 

coherent interaction between single molecules.1-3 On one hand, electronic excitation of energy states 

of molecules are coupled to the electromagnetic fields and giving the unusual photochemical 

dynamics4,5 or coherent electronic transport.6-8 On the other hand, vibrational level of molecules can 

be coupled to the vacuum fields of optical cavity for the formation of vibrational strong coupling 

state,9-12 leading to the modification of chemical landscapes for the reactivity modulation.13-16 That is 

related to the classical concept of “vibrational excitation for bond-selective chemical reactions”17 even 

without light pumping. The utilization of vibrational strong coupling can open up the opportunity to 

modulate the chemical dynamics, which plays an important role in chemistry. In particular, hydrogen 

bonding dynamics of water plays a vital role for the physicochemical properties of water.18-22 Even in 

the static condition, the proton is transported by sequential orientations of water molecules occurring 

along the hydrogen bond network as known as Grotthuss mechanism.23,24 The promotion of the proton 

conductivity is important topics in electrochemistry.25-29 However, there are no demonstration on the 

utilization of vibrational strong coupling on the ionic transport or electrochemistry. 

Herein, we demonstrate the vibrational strong coupling of water to promote the ionic conductivity. 

We observed Rabi splitting of vibrational energy state in water and acidic solution. Interestingly, 

vibrational strong coupling modulates the dielectric constant and even one-fold increase of the proton 

conductivity. The origin of the promotion of the proton conductivity by vibrational strong coupling is 
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discussed. 

 

 

Figure 1. Schematic illustration of vibrational strong coupling by hybridization of molecular vibration 

and optical cavity mode. The demonstration of proton conductivity within the cavity. 

 

A Fabry-Pérot cavity consisting of two parallel mirrors separated by Mylar film was prepared as 

shown in Figure S1. Mirrors were fabricated by deposition of 20 nm SiO2 and 8 nm Au on 2 mm CaF2 

window. Mirrors were sandwiched with home-made cell, and cavity thickness was tuned by screw. 

The holes for the liquid insertion were used for the positioning of two-electrode setup of Pt wires for 

electrochemical measurements. The homogeneity of the cavity thickness was checked by interference 

structural color of the optical cavity. It is essential to position two mirrors parallelly of a Fabry-Pérot 

cavity in order to observe the modulation of electrochemical properties of electrolyte solution as 

described hereafter.  

A IR transmission spectrum of the air-filled Fabry-Pérot cavity is shown in Figure S2. The 
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spectroscopy showed progression of optical cavity modes as a result of interference characteristic of 

optical cavity. Optical cavity modes can be determined by the fringe in peak-to-peak separation of 

cavity modes. Cavity thickness can be controlled between the range of 5 µm to 100 µm by using Mylar 

films: longer cavity thickness leads to the narrower free spectral ranges and shorter cavity thickness 

leads to the wider free-spectral-ranges. The detuning of the screw can optimize the optical mode of the 

cavity. In our case, spacer was eliminated for the achievement of thinner condition of optical cavity 

cell. The electrolyte solution was placed between mirror without spacer, and cavity thickness was tuned 

to the lower order mode with the cavity length less than 5 µm. Importantly, quality factor of cavity 

mode is similar each other independent to the mode number of cavity mode, suggesting that the quality 

of the cavity is maintained throughout the experiments. 

Vibrational state of water in optical cavity was evaluated by detuning of cavity thickness. Water 

was sandwiched with the two parallel mirrors and IR spectra was evaluated as shown in Figure 2a. The 

optical cavity mode frequency was detuned by controlling cavity thickness. To characterize the cavities, 

we extrapolate the coupled cavity mode position from one of the uncoupled cavity modes where water 

shows no absorption bands. When the cavity mode was matched to the OH stretching mode frequency, 

original absorption peak was absent and the two unique peaks, which can be assigned to the vibro-

polaritonic states, were observed. This tendency is consistent with the previous reports for the 

vibrational strong coupling of water.30-34 Cavity mode was detuned from OH stretching mode 

frequency to evaluate the anti-crossing behavior of upper polariton branch and lower polariton branch 
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as shown in Figure 2b. We observed Rabi splitting behavior with the first order modes of optical cavity 

without the saturation by intense OH stretching absorption band. Rabi splitting energy was estimated 

when the cavity mode is tuned to the OH stretching mode, and the observed Rabi splitting energy was 

760 cm−1. In case with the strong coupling condition, light is confined in the cavity and coherent 

interaction was observed, which means that Rabi splitting energy, ℏωR, is larger than sum of photon 

loss rate of a cavity, κ, and dephasing rate of OH stretching of water molecules, γ.35-37 Fullwidth at half 

maximum (FWHM) of OH stretching mode, which corresponds to the dephasing rate, was 510 cm−1. 

FWHM of cavity modes, which corresponds to the photon loss rate of a cavity, were 200 cm−1. The 

comparison between Rabi splitting energy and photon loss rate and dephasing rate can guarantee the 

vibrational strong coupling state of water molecules in cavity even in the presence of electrolyte.30-34  

 

Figure 2. (a) IR spectra of water in cavity. (b) The anti-crossing behavior of water in optical cavity. 
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We evaluated the electrochemical properties of aqueous electrolyte 0.01 M HClO4 aqueous solution 

under vibrational strong coupling. Electrochemical impedance measurements were conducted by using 

two platinum electrodes. We first evaluated the effect of cavity formation by using non-sputtered CaF2 

cell systems. Figure 3a shows the typical Cole-Cole plot for in the presence and absence of cavity 

effect. In both case, equivalent circuit composed of a series of resistance and two sequential Randles 

circuit, which are parallel circuit of resistance and capacitance. A resistance can be assigned to the 

electrical resistance of the circuit. One Randles circuit can be assigned to the electrolyte and the other 

Randles circuit can be assigned to the electrode-electrolyte interface. Importantly, we observed the 

decrease in resistance and similar value for capacitance in case with the same electrochemical cell 

setup by using cavity type cell. In this case, cell constant of the optical cavity cell is similar each other, 

therefore, the difference in the resistance and capacitance are derived from the ionic conductivity and 

relative dielectric constant. The resistance and capacitance of 0.01 M HClO4 electrolyte for the cavity 

cell solution were 0.720 MΩ and 0.198 pF, respectively. Whereas the resistance and capacitance of 

0.01 M HClO4 electrolyte for the non-cavity cell were 3.59 MΩ and 0.182 pF, respectively. These 

observations suggest that vibrational strong coupling of OH stretching mode in water molecules can 

attributes to the decrease in the resistance and promotion of ionic conductivity. 

We observed that ionic conductivity of water can be controlled by the cavity thickness by tuning 

the cavity mode. Ionic conductivity of 0.01 M HClO4 electrolyte showed 0.013 S cm−1 in the presence 

of cavity effect with off-resonance geometry condition. Surprisingly, tuning of cavity mode to the OH 



 7 

stretching frequency promoted ionic conductivity. Ionic conductivity of 0.01 M HClO4 electrolyte 

showed 0.19 S cm−1 in the presence of cavity effect with on-resonance geometry condition, which is 

one-fold higher value than the same geometry in off-resonance condition. On the other hand, the 

relative dielectric constants showed similar values of 82 weakly reached to the 120 for on-resonance 

condition. In addition, we observed isotope effect on the ionic conductivity with cavity effect. The 

resonant cavity modes of the vibrational strong coupling of water isotopes are different because the 

resonant wavelength between the OH stretching and the OD stretching modes are different due to the 

mass of the hydrogen isotopes. Figure S3 shows the ionic conductivity of HClO4 and DClO4 with 

respect to the cavity length. In case with the proton conductivity, the maximum enhancement on the 

ionic conductivity showed 0.19 S cm-1 with the cavity length of the 1.2 µm. In case with the deuteron 

conductivity, the maximum enhancement on the ionic conductivity showed 0.14 S cm-1 with the cavity 

length of the 1.5 µm. The feasible point of the cavity-enhanced ionic conductivity is that the relative 

ionic conductivity can be controllable by selective coupling of molecular vibration to the cavity mode. 

The observed cavity-dependent behavior on ionic conductivity depending on the behavior excludes 

the possibility of the surface-enhanced ionic transport by the formation of diffusion layer in micro 

cavity,38 or structured water formation from the wall of microchannels.39,40 The observed 

electrochemical behavior is inherently different from the previously reported electrochemical 

phenomena in microchannels. 
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Figure 3. (a) Cole-Cole plot of 0.01 M HClO4 with cavity effect (red) and without cavity effect (black) 

and equivalent circuit (inset). (b) The dependence of conductivity and dielectric constant to the optical 

cavity mode frequency. Dotted straight lines are ionic conductivity and dielectric constant of bulk 

electrolyte. 

 

In addition, we successfully observed inherent cavity effect on the ionic conductivity of electrolyte 

solution. In case with the tetrabutylammonium hexafluorophosphate (TBAPF6) acetonitrile solution, 

vibrational strong coupling of acetonitrile was not observed from the IR spectra as shown in Figure 

S4. This is due to the weak oscillator strength of single acetonitrile molecule compared to the one of 

single water molecule. We cannot observe any perturbation of electrochemical properties of TBAPF6 

solution even in the presence of cavity effects as shown in Figure S5. Whereas inherent promotion of 

the ionic conductivity was observed in case with the aqueous solution. We observed small increase in 

the ionic conductivity in KCl aqueous electrolyte over 5 times, which is smaller value compared to the 
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cavity effect in 0.01 M HClO4. The observation can be due to the vehicle mechanism, where hydrated 

K+ and Cl- diffuse in the solution as an ionic carrier. Therefore, the major effect of vibrational strong 

coupling was not observed compared to the proton carrier with the Grotthuss mechanism. For example, 

the self-ionization of water to produce the H+ as the ionic carrier and promotion. As a proof of concept, 

we observed the promotion of the ionic conductivity of milli-Q water over one-fold as shown in Figure 

S6. From these results, we can expect that vibrational strong coupling can modify the ground state 

proton transfer step in the proton conductivity. 

We would like to discuss the origin of the promotion of the ionic conductivity. In general, proton 

conductivity are related to the dynamic transfer of hydrogen bonding,25-29 and dielectric constantans 

are related to the density of molecules and molar polarization.41-43 Our finding reported here are 

consistent with the fact that coupling a vibrational mode to a cavity mode alters the potential energy 

landscape causing modification of ground-state reactivity, which was also related to the proton transfer 

reaction. Generally ionic conductivity, σ, can be modelled via Nernst-Einstein equation and relative 

dielectric constant, εr, can be represented by Debye’s equation. We presumed that the strong coupling 

facilitates on the (1) vibrational structural change (mode softening/hardening) of water molecules and 

(2) coherence between individual vibrational mode in water molecules. In addition, the energy of the 

ground-state did not change energy state does not change, which is often observed for the deep strong 

coupling. 

We would like to first discuss the effect of vibrational strong coupling on the aspect of mode 
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softening and hardening. We assumed that the vibrational strong coupling can modulate the enthalpy 

terms resulted from force constants without changing the dissociation energy, and negligible difference 

in the entropy term for liberation, translation, vibration, solvation. We note that the energy level of the 

OH stretching mode is same because ground-sate modulation cannot be observed for even strong 

coupling region (detailed discussion are described in Supporting Information). Water dimer structure 

is modeled for the proton transfer as shown in Figure S7a, and potential energy curves were calculated 

as shown in Figure S7b. Absolute kinetic theory determines the proton conductivity for the 

enhancement factor as shown in Figure S7c.44-46 In this model we can stimulate that the ionic 

conductivity can be increased via the modulation of potential energy for the proton transfer between 

water dimer. From the OH stretching potential parameters and experimentally observed Rabi splitting 

values, the increment of the ionic conductivity is observed.  

We would like to then discuss the effect of vibrational strong coupling on the aspect of coherence 

among the molecular vibration of individual water molecules. The cooperative motion of the ionic 

carrier is important for the hydrogen bonding structurization of water,47 and cooperative proton 

transport.48 The coherence in the ionic conductivity is known as the Haven ratio, which is a parameter 

that governs for the ionic conductivity, which diffusion coefficient from charge transport and diffusion 

of atoms from random-walk models are compared.49,50 In case with the vibrational strong coupling, 

we can expect the coherent vibration of OH stretching bond in cavity because the photon exchange is 

faster than the rate of the vibrational relaxation and cavity leakage. In addition, the Travis-Cumming 
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model possesses the formation of the dark state in the cavity and there are some contribution of the 

dark mode on the charge transport.51-53 We assumed that the dark mode in the polaritonic system can 

contribute to the ion transport, and, therefore, the ionic conductivity can be modulated even for the 

electrolyte with vehicle mechanism. 

We would like to note that the demonstrated study can be, in principle, applied to various ion 

conductors. Usually, ion conductors have been designed based on the ion binding energy and ionic 

carrier,54 and even nanostructure can be utilized by employing the space-charge layer.55 Vibrational 

structure is ubiquitous for molecular, polymer, and inorganic materials. Various materials can be placed 

to the optical cavity, and the utilization of oscillating electromagnetic fields in vacuum field enhances 

the ionic conductivity of materials. The increase of the ionic conductivity can be used for any 

electrochemical devices, such as water electrolysis, fuel cell, battery systems. The utilization of the 

vibrational strong coupling can potentially leads to the efficient energy conversion systems by the use 

of quantum optics principle. 

In conclusions, we have discovered that the vibrational strong coupling of water enhances the ionic 

conductivity. We observed vibrational strong coupling of water electrolyte solutions and the 

modulation of electrochemical properties dependent on the cavity modes. Theoretical model can be 

used for the explanation of the observed ionic conductivity and importance of vibrational strong 

coupling state is indicated. Since vibrational structure is ubiquitous in materials, we envisioned that 

and inherent promotion of ionic transport is plausible approach via vibrational strong coupling.  
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Experimental Methods 

Materials. Au, Pt metals are purchased from Tanaka Precious Metals, Japan. CaF2 window was 

purchased from the Specac Ltd., UK. Mylar films were purchased from the Toray, Dupont Japan. All 

aqueous electrolyte solutions were prepared with Milli-Q water (Millipore, 18.2 MΩ cm resistivity). 

D2O (99.9%) was purchased from Sigma-Aldrich. 

Preparation of a Fabry-Pérot cavity. A Fabry-Pérot cavity consisting of two parallel mirrors 

separated by Mylar film was prepared as shown in Figure S1. The mirrors were fabricated by sputtering 

of 8 nm of Au on 2 mm of CaF2 windows, followed by sputtering of 20 nm of SiO2. Mirrors were 

sandwiched with home-made cell, and cavity thickness, L, is tuned by screw. Optical cavity modes can 

be determined by following equations, ωcav(i) = ik0, k0 = 104 (2nL)-1, where ωcav(i) is the frequency of 

the i th optical mode in cm-1, i is integer, k0 is the free spectral range (FSR, corresponding to the peak-

to-peak separation of cavity modes) in cm-1, n is the refractive index of the cavity medium, and L is 

the cavity thickness in µm.  

IR measurements. IR spectroscopy measurements were conducted by using a JASCO FT-IR 4200. 

The resolution was set as 4 cm-1 and the spot size was typically 2.5 mm. Quality of cavity cell was 

confirmed from the infrared spectroscopy and structural color in cavity cell.  

Electrochemical impedance measurements. All the electrochemical impedance measurements were 

conducted by using Biologic VSP-150 potentiostat. Frequency range was set from 1 MHz to 1 Hz. 

Potential bias was set as 0 V, and amplitude was typically 300 mV. For the measurements, two Pt 
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electrodes (ɸ = 0.3 mm) were introduced to the two holes of window. The ionic conductivity was 

measured horizonal to the window. 

Ionic conductivity and dielectric constants of electrolyte solution were calculated by following 

equations. 

𝜎 =
1
𝑅!
𝑑
𝐴 				𝜀 = 𝐶

𝐴
𝑑 

Where A is electrode area, d is electrode distance, respectively. The obtained ionic conductivity or 

dielectric constant was corrected by using the value obtained from the CaF2. 
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