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ABSTRACT: para-nitrophenyl acetate (PNPA) hydrolysis is 

studied under vibrational strong coupling (VSC) in a Fabry-Perot 

micro-fluidic cavity. By tuning the cavity resonance to the C=O 

vibrational stretching mode of both the reactant and solvent mole-

cules, it is found that the reaction is accelerated by an order of mag-

nitude. It is shown that this cavity catalysis involves a co-operative 

strong coupling effect between the solvent and the reactant mole-

cules.  The reaction rate follows an exponential relation with re-

spect to the solvent coupling strength. The combination of co-op-

erative effects and cavity catalysis confirms the potential of VSC 

as a new frontier in chemistry. 

Over the last century, synthetic organic chemistry has undergone 

spectacular development by mastering the ways of controlling re-

actions.1,2 Nevertheless, modifying the energy landscape of an in-

trinsic reaction co-ordinate remains a challenging task. The concept 

of coherent chemistry was introduced to address this issue of tar-

geting a chemical bond with intense field thereby pushing the bond 

oscillations to overcome the transition state (TS) energy.3 One of 

the challenging aspects of coherent chemistry is that the applied 

energy will be redistributed into 3N-6 degrees of freedom and 

hence the process is less efficient.4,5  

Strong light-matter coupling offers a unique way of controlling in-

ternal reaction coordinates  by coupling molecular transitions to the 

vacuum field (zero-point energy) of a cavity mode.6,7 VSC was in-

troduced to couple selectively a vibrational mode.8,9 VSC is most 

easily achieved in the liquid state in a microfluidic Fabry-Perot 

(FP) cavity.10 Thomas et al., observed the modification of the rate 

of a C-Si bond breaking process and more interestingly changes to 

the branching ratio of products by selective VSC of silane deriva-

tives.11a, b Recently, Hiura et al reported the possibility of cavity 

catalysis by vibrational ultra-strong coupling of water molecules 

involved in hydrolysis reactions.12 In both the cases, reactants were 

directly coupled to the cavity modes and the reaction rates could be 

controlled by moving the physical distance between the mirrors of 

an FP cavity,  i.e. by tuning the coupling to a given vibrational 

mode. Recent theoretical studies confirm that potential energy sur-

faces and reactivity can be modified by coupling to the vacuum 

field.13-16  

 

 
Figure 1. (a) Schematic representation of vibro-polaritonic states 

formed from a molecular vibrational state and a FP cavity mode; 

(b) the hydrolysis of PNPA in ethyl acetate (EtOAc). 

VSC condition can be achieved by injecting a molecular liquid into 

a FP cavity in which the vibrational band interact with the cavity 

mode (Figure 1a) to generate two new eigen states, called vibro-

polaritonic states (P+ and P-). The interaction energy (Rabi energy; 

ℏ𝛺VR) is proportional to the oscillator strength (𝑓) and the electric 

field (𝐸) of the electromagnetic mode of the cavity:  

ℏ𝛺VR ∝ 2𝑓 ⋅ 𝐸 × √𝑛ph + 1; 𝐸 = √
ℏ𝜔

2𝜀0𝑉
                    (1)  

where 𝜀0is the vacuum permittivity, 𝜔 is the vibrational frequency, 

𝑉  is the mode volume of the cavity and 𝑛ph the number of photons 

involved in the coupling process. When the latter goes to zero, a 

residual Rabi splitting energy remains even in the dark due to the 

coupling to the zero-point energy of the cavity. Importantly, ℏ𝛺VR 

is proportional to √𝑁 𝑉⁄ ~√𝐶 where N is the number and C the 

concentration of the coupled molecules interacting strongly with 

the cavity mode. 6-8 

In this communication, we report the hydrolysis of PNPA catalyzed 

by VSC under co-operative strong coupling effect between the sol-

vent and the reactant molecules. In other words, when the vibra-

tional frequency of reactant molecules exactly matches with cavity 

mode, which is in the envelope of solvent vibro-polaritonic reser-

voir, it increases the reaction rate more than one order of magnitude 

at room temperature. 
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Figure 2. (a) Schematic representation of a flow cell FP cavity. (b) 

IR transmission spectra of 10 % EtOAc (red trace) and ATR spec-

trum of neat PNPA (dotted red trace). Vibro-polaritonic states P+ 

and P- formed by coupling to the 10th and 7th cavity modes to car-

bonyl and acyl bands of EtOAc respectively (black trace; path-

length is approx. 18 m); dotted black trace represent the corre-

sponding TMM simulation. 

The FP cavities used in the present experiments were prepared with 

Au mirrors sputtered on to IR transparent BaF2 windows, following 

a reported procedure.10 The spacing between the mirrors used for 

the current study is approximately 18 m (Figure 2a, b). Such FP 

cavities can hold up to 3 L volume of reacting solution. The non-

cavity experiments were carried out in a microfluidic cell made of 

bare BaF2 windows. See Supporting Information for further details. 

PNPA hydrolysis17 in this study was carried out under mild basic 

conditions provided by tetrabutylammonium fluoride (TBAF), as 

schematically shown in Figure 1b. EtOAc was chosen as the sol-

vent because its carbonyl stretching transition overlaps with that of 

the reactant PNPA (Figure 2b; red traces).  Both PNPA and TBAF 

solutions were prepared separately, mixed outside and injected into 

the FP cavity.  

Strong coupling of the C=O stretching mode of neat EtOAc to the 

10th mode of the FP cavity gives a Rabi splitting of 155 cm-1, which 

is equivalent to 4.4 % change in the actual transition energy with 

P+ and P- are at 1840 cm-1 and 1685 cm-1, respectively (Figure 2b 

and Figure S2). In the reactive mixture, only EtOAc (99.9 w % 

compared to PNPA) gets coupled to the cavity mode effectively. 

Now the question is whether VSC of EtOAc will influence the re-

activity of PNPA in such conditions? 

The major product of the PNPA hydrolysis is the para-nitro phe-

noxide (PNP-) having an intense absorption peak at 407 nm. Since 

the transparency region of BaF2 windows extends well in to the UV 

(c.a. 300 nm), the progress of the reaction can be easily monitored 

by following the temporal rise of PNP- absorption peak as shown 

Figure 3. (a) Absorption spectra in a cell (non-cavity) shows the 

temporal evolution of PNP- during the ester hydrolysis. (b) Kinetic 

traces measured at 407 nm and (c) the corresponding log-plot of 

cavity ON resonance (blue circle; 1753 cm-1), cavity OFF reso-

nance (blue hollow circle; 1713 cm-1) and cell (red circle). (d) Car-

bonyl stretching mode of 0.1 M PNPA (grey trace) and 100 % 

EtOAc (black trace). (e) kapp verses tuning the cavity mode fre-

quency (blue circle) indicate the rate enhancement only happens in 

the C=O stretch region at ON resonance and the corresponding kapp 

at four different pathlength in the cell (non-cavity; red circle). The 

dashed curves are guides to eye. 
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in Figure 3a. In other words, while the FP cavity is set to couple the 

C=O vibrational band in the IR, the influence of strong coupling on 

the reaction rate is being monitored in the UV-Vis region. This con-

dition help to avoid complications such as filter effects and other 

issues related to FP cavity configuration. By having a tenfold ex-

cess of PNPA as compared to TBAF (0.1 M vs 0.01M), a pseudo-

first order kinetics was observed. Apparent rates (kapp) were deter-

mined by linear regression method (Figure 3b, c).17 In the normal 

cell (non-cavity), the apparent rate constant kapp
cell is in the order of 

0.2 x 10-2 s-1 (Figure 3b, c). To prepare an ON-resonance cavity, 

the empty cavity is tuned slowly to the desired pathlength and is 

kept undisturbed for 30 minutes (for details see Supporting Infor-

mation). Subsequently, the reaction mixture is injected into the cav-

ity and the kinetic traces are recorded. Under ON-resonance condi-

tion, in other words when the cavity is tuned to C=O stretching fre-

quency of the EtOAc, the kapp
cav increased by more than one order 

of magnitude (2.5 x 10-2 s-1) compared to the non-cavity as shown 

in Figure 3b, and c. kapp
cav levels off to normal values (kapp

cell) when 

the cavity is detuned from the C=O mode (the OFF-resonance 

measurements) as shown in Figure 3e. Please note that the cell 

(non-cavity) and the cavity conditions are exactly the same, except 

the presence of Au mirrors in cavity, and kapp
cell is unaffected by 

small variation in the spacer thickness (red circle in the Figure 3e). 

Interestingly, kapp
cav follows the vibration envelope of C=O stretch-

ing mode of solvent molecules that coupled to the 10th cavity mode 

(Figure 3d and e). The increase in the kapp
cav specifically at the car-

bonyl stretching mode roughly follow its full width-half maximum 

(FWHM; 25 cm-1). TBAF/MeOH mixture provides methoxide 

ions, attacking the electron deficient C=O carbon atom which is 

considered as the rate determining step.17b, c This is a clear indica-

tion that the VSC of EtOAc can co-operatively transfer the cou-

pling strength to the C=O stretching mode of PNPA that can influ-

ence its internal reaction coordinate so as to affect its bond dissoci-

ation energy. 

Another interesting aspect of the study is to look into the reaction 

rate variation (PNPA concentration was fixed at 0.1 M) with re-

spect to co-operative coupling strength of the solvent molecules. 

To our surprise, an exponential rise in the reaction rate is observed 

upon further increasing the concentration of EtOAc under strong 

coupling condition (Figure 4). We have chosen anisole as a co-sol-

vent (polarity difference is 0.03) with EtOAc to avoid rate change 

due to solvent co-ordination on the transition state and negligible 

changes are indeed observed in the cell medium (Figure S3). We 

propose two possibilities for decreasing the bond dissociation en-

ergy. First, solvent molecules are involved here in the charge stabi-

lization of the transition state, which could be further stabilized un-

der VSC conditions. Secondly, the VSC of the C=O stretching 

mode of the solvent can be transferred to solute PNPA through so-

lute-solvent interactions, thereby modifying the reaction co-ordi-

nate. The later has been investigated theoretically and confirmed to 

be possible depending on the strength of the solute-solvent interac-

tions.19  

 

  

Figure 4. Semi-logarithmic plot showing apparent rates by varying 

co-operative coupling strength of the solvent molecules at ON res-

onance condition. 

In conclusion, we have shown that a chemical reaction can be cat-

alyzed by coupling solvent molecules to vacuum field without di-

rect involvement of the solvent in the reaction. This is specifically 

achieved through a co-operative interaction between the solute and 

the strongly coupled solvent. Detuning experiments clearly indicate 

the feasibility of controlling the chemical energy landscape by 

modifying the internal reaction coordinate. Concentration depend-

ent studies points to the fact that co-operativity in strong coupling 

influence the reaction rate through an exponential relation and this 

can also be related to a change in the anharmonicity factor of the 

Morse potential curve.12,18 All these finding should have large im-

pact on controlling chemical reactivity through VSC. More exper-

iments are underway in order to understand the actual mechanism 

of such modifications under VSC of solvents. 
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Supporting Information 

Experimental Methods: 

para-nitrophenyl acetate (PNPA) and tetrabutylammonium fluo-

ride (TBAF) were purchased from Sigma-Aldrich. HPLC grade 

ethyl acetate, anisole and methanol are purchased (Merck Life Sci-

ence) and used as such for the experiments. Ester hydrolysis of 

PNPA in mild basic condition of TBAF was carried out by mixing 

0.1M PNPA (18mg PNPA in 1mL ethyl acetate) and 0.1M TBAF 

(31.5mg in 1mL methanol). Fresh solutions were used for each ex-

periment. The reactant (0.1M PNPA) and the reagent (0.1M TBAF) 

are mixed in 9: 1 ratio, in a 4 mL glass vial and 300 L of this 

reaction mixture was injected immediately into the FP cavity with 

a standard disposable syringe. Final concentrations of PNPA and 

TBAF are 0.1M and 0.01M respectively. The rate of the reaction is 

followed by observing the absorbance at 407 nm and kinetic data 

are plotted by observing the system up to 300 seconds. 

TBAF normally dissolves in polar protic solvent and the fluoride 

ions are stabilized by intermolecular H- bonding with solvent mol-

ecules. In methanol, TBAF-fluoride can abstract a proton which 

generate methoxide species which attack the electron deficient car-

bonyl carbon atom. This nucleophilic attack of methoxide ion on 

the electron deficient carbonyl carbon generate a tetrahedral inter-

mediate state.17 para-nitrophenyl (PNP) group is more electron 

withdrawing, resulted in reshuffling of electron density leads to the 

formation of para-nitrophenoxide ions. Please note the rate deter-

mining step is the formation of the tetrahedral intermediate which 

involve the attack of the nucleophile on the carbonyl group. 

Figure S1: IR transmission spectra of PNPA in 10% EtOAc (red 

trace) and the corresponding P+ and P- formed by coupling to the 

10th and 7th cavity mode (black trace). 

Demountable flow cell with BaF2 windows was purchased from 

Specac Ltd. UK and used for the studies. Mylar spacers with 18 m 

thickness was used for the cell as well as the cavity experiments. 4 

mm thick BaF2 windows was coated with 10 nm Au film by thermal 

evaporation method and 100 nm of SiO2 passivating layer is depos-

ited by RF sputtering onto the Au film. IR spectra were recorded 

by Perkin-Elmer FT-IR spectrophotometer (Spectrum 1). Cavity 

modes are tuned precisely by tightening or loosening the four pre-

cision screws on different corners of the flow cell. Free spectral 

range (FSR) is measured in every case by taking the average of 6 

cavity modes of an empty cavity and by back calculation we 

achieve ON resonance situation from the beginning of the injection 

of the reaction mixture (Figure S1; Table 1). Calculation of the FSR 

can be done by using the formula;𝑘(𝑐𝑚 1) =
10000

2𝑛𝐿
,  where n is 

refractive index (RI) of medium and L is the length between the 

mirrors (µm). RI of the solution was estimated a priori for achiev-

ing ON resonance situation and the actual FSR is measured to 

cross-check after the completion of the reaction, assuming that the 

product formed will not change the RI of the medium during the 

course of the reaction. Please note that in this regard, the reactant 

concentration is 1, 000 times lower than the solvent medium. After 

setting the empty cavity FSR, system is kept at rest for 30 minutes. 

Both the reactant and the reagent are maintained at 30̊ C in a water 

bath for equilibration and the reaction mixture was injected into the 

cavity followed by observing the kinetic traces at 407 nm in a UV-

Vis spectrophotometer (Carry 5000). 

 
Figure S2: IR spectra of pure EtOAc (red trace) and the corre-

sponding P+ and P- formed by coupling the (a) 10th mode of the 

cavity to carbonyl and (b) 7th mode of the cavity to acyl bands (blue 

traces). 

IR spectra of EtOAc exhibit carbonyl C═O and acyl C-O stretching 

mode at 1750 cm-1 and1238 cm-1, respectively. Coupling the 10th 

mode of the cavity to the carbonyl band of EtOAc resulted in a Rabi 

Splitting energy of 155 cm-1 with P+ and P- at 1840 cm-1 and 1685 

cm-1 respectively (Figure S2). The 7th mode of the cavity can be 

resonantly coupled to acyl vibrational mode having Rabi energy of 

150 cm-1 with P+ and P- at 1320 cm-1 and 1170 cm-1, respectively. 

The number of molecules calculated from the concentration and 

volume occupied (3L) is roughly 1015 for PNPA and 1018 for ethyl 

acetate molecules. 

Next, we compared the change in the solvent mixture with respect 

to the reaction rate. Here, the cell was maintained at the same path-

length and kinetics was measured by varying the concentration of 

EtOAc from 25% to 100% in a step of 25%. Anisole was taken as 

the mixing solvent due to similar polarity as that of EtOAc. The 

reaction rate for varying concentration of EtOAc is plotted in 
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Figure S3. It should be noted that the rate increase is negligible 

compared to the VSC condition as mentioned in the Figure 4.  

Figure S3: Semi-logarithmic plot of apparent rate verses square 

root of concentration of EtOAc. 

Table S1: FSR of the empty cavity and reacting medium inside the 

QED reactor and the corresponding rate as plotted in Figure 3e. 

  

Transfer Matrix Method (TMM) simulation: 

Transfer Matrix Method (TMM) simulation predict approximately 

the cavity modes, by solving Maxwell equation for multiple layers 

having different refractive indices during the light propagation. 

Here, we constructed a multilayer index medium with pure Au mir-

rors (thickness; approx. 10 nm), dielectric SiO2 (100 nm; refractive 

index data was taken from https://refractiveindex.info). The mirror 

spacing are tuned to achieve strong coupling condition with car-

bonyl stretching mode. 10th mode of the cavity is coupled to the 

C=O stretch and the bulk RI was taken approx. as 1.37.  

Figure S4: (a) Rabi splitting verses square root of concentration of 

EtOAc; C=O stretching band is at ω0=1750 cm-1 and (b) the disper-

sion curve for carbonyl VSC for 10% EtOAc. 
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