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Abstract: Vibrational strong coupling (VSC) is currently 

emerging as a tool to control chemical dynamics. Here 

we study the impact of strong coupling strength, given 

by the Rabi splitting energy (ħΩ
R
), on the thermody-

namic parameters associated with the transition state of 

the desilylation reaction of the model molecule 1-phenyl-

2-trimethylsilylacetylene. Under VSC, the enthalpy and 

entropy of activation determined from the temperature-

dependent kinetic studies varied nonlinearly with the 

coupling strength. The thermodynamic parameters of 

the noncavity reaction did not show noticeable variation, 

ruling out concentration effects other than the enhanced 

ħΩ
R
 for the changes observed under VSC. The difference 

between the total free energy change under VSC and in 

noncavity was relatively smaller possibly because the 

enthalpy and entropy of activation compensate each other. 

This thermodynamic study gives more insight into the role 

of collective strong coupling on the transition state that 

leads to modified dynamics and branching ratios.

Keywords: vibrational strong coupling; vibrations; 

chemical dynamics; thermodynamics; transition states; 

microcavities.

1   Introduction

Light–matter strong coupling is evolving as a physical tool 

for chemists to control chemical reactivity [1–10]. This was 

triggered by the modified spiropyran–merocyanine pho-

toisomerisation dynamics under the electronic strong cou-

pling (ESC) [2] and further fuelled by the development of 

vibrational strong coupling (VSC), where the vibrational 

mode of a molecule is strongly coupled [11–18]. Vibra-

tional strong coupling was envisioned to alter the rates 

and yields of ground state chemical reactions as the latter 

involves the scission and formation of chemical bonds 

and therefore vibrations [11]. The retarded kinetics of the 

desilylation of 1-phenyl-2-trimethylsilylacetylene (PTA) 

provided the first evidence for a VSC-controlled chemical 

reaction [3]. Subsequent experiments under VSC showed 

that the reactions can be accelerated [7, 8], and the chemi-

cal landscape could be modified in such a way that the 

product branching ratio is altered [6]. Remarkably, the 

reactivity can also be controlled by the strong coupling 

of solvent vibrational modes [8, 9]. Various theoretical 

models have been developed recently, which support the 

modified chemical dynamics under strong coupling [19–

26]. However, the mechanistic details of chemical reac-

tions under VSC are not well understood, although a clear 

change in the activation barrier is observed in experimen-

tal [3, 6–8] and in theoretical studies [24–26]. The present 

study aims to provide further insights into the transition 

state (TS) changes under VSC by monitoring the thermo-

dynamic parameters of the desilylation reaction of PTA as 

a function of the strong coupling strength.

Light–matter strong coupling, for example VSC, 

occurs when the resonance energy exchange between the 

molecular vibration and the eigen mode of an electromag-

netic cavity (Fabry–Pérot cavity) proceeds faster than any 

other decay process [1]. This results in hybrid light–matter 

states, called the polaritonic states (P+ and P−), which are 
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visible as split vibrational modes separated by the Rabi 

splitting energy (ħΩ
R
) in the absorption spectrum of the 

molecule. The formation of polaritonic states is schemati-

cally shown in Figure 1A. The coupling strength, ħΩ
R
, is 

often decisive in the modification of molecular properties, 

and its magnitude for a molecule can be calculated with 

the Jaynes–Cummings two-state model, which reduces to 

(1) in the absence of any dissipation:

 
R ph

0

2 1
2

d n
v

ω
Ω

ε
= × +

ℏ
ℏ  (1)

where d is the transition dipole moment of the molecule 

(which is determined by the derivative of the permanent 

dipole moment of the vibrational mode), ħω is the optical 

resonance, ε
0
 is the vacuum permittivity, ν is the volume 

of the electromagnetic mode, and n
ph

 gives the number 

photons involved in the strong coupling. Detailed descrip-

tion of strong light–matter coupling, and its impact on 

molecular and material properties can be found in [1, 

27–33]. For discussions specific to the physics of VSC, 

the reader is referred to [11] and [16]. The last part of  

(1) points out that ħΩ
R
 has a residual value known as 

vacuum Rabi splitting energy even in the absence of real 

photons. In other words, the zero-point energy fluctua-

tions of the cavity enable the formation of light–matter 

hybrid states in the dark. The experiments reported here 

are carried out under this regime, such that the weak IR 

light used to intermittently probe the system does not 

increase the ħΩ
R
 in this collective coupling condition. The 

magnitude of ħΩ
R
 is varied only when the number of mole-

cules (N) involved in the coupling process is changed. This 

is because the volume of a single electromagnetic mode 

can accommodate a large number of molecules. The wave 

functions of the hybrid states are delocalised over all the 

molecules interacting with the cavity mode, and there-

fore the 
R

,N v CΩ ∝ =ℏ  where C is the concentration 

of the molecule. This scenario is schematically shown in 

Figure 1A with VSC of PTA as an example.

2   Results and discussion

The desilylation of PTA (Supplementary Material, 

Figure S1) was chosen as the model reaction for the present 

study. The VSC of the Si–C stretching vibrational mode 

(ν
Si−C

; 860 cm−1, blue curve in Figure 1B) of PTA has shown 

to retard the Si–C bond scission dynamics [3], prompting 

us to do a detailed thermodynamic study, varying the ħΩ
R
. 

Vibrational strong coupling of the ν
Si−C

 of PTA is achieved 

using a Fabry–Pérot cavity assembled in a temperature-

controllable and demountable IR cell (purchased from 

Specac) equipped with holes to inject the liquids. An air-

filled Fabry–Pérot cavity (empty cavity) is built in the IR 

cell by placing a Mylar spacer (6 ± 1 µm thick with a hollow 

central region) on top of an Au-coated ZnSe window 

(bottom mirror), which is then covered by a top mirror 

of Au sputtered on a ZnSe substrate having an inlet and 

outlet hole for sample injection. To protect the Au from the 

reactants, a 200-nm-thick SiO
2
 (glass) was deposited on 

top of the Au mirrors. The IR cell is then closed by tighten-

ing the screws on the top lid. Such an empty cavity has 

many equally spaced modes in the IR whose periodicity 

is determined by the path length of the cavity (Figure S2). 

Using a screwdriver, the empty cavity path length is then 

fine-tuned by adjusting the screws on the cell such that 

Figure 1: Formation of polaritonic states and VSC of Si–C stretching 

modes of PTA.

(A) Schematic illustration of the formation of polaritonic states 

P+ and P− and the modulation of Rabi splitting energy as the 

concentration of PTA (C
PTA

) is varied. (B) FT-IR transmission spectra 

showing the vibrational modes of PTA in methanol (blue curve) and 

the Rabi splitting corresponding to the VSC of the Si–C stretching 

modes as a function of C
PTA

. The shaded region shows the width of 

the Si–C stretching vibration, and the dotted lines are guide to the 

eyes. (C) The plot showing the linear dependence of Rabi splitting 

energy on the square root of C
PTA

.
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upon injection of the reaction mixture one of the modes of 

the cavity will be at 860 cm−1. In other words, during the 

reaction under VSC, the cavity mode will be on resonance 

with the ν
Si−C

 of PTA at normal incidence. For more details 

on cavity preparation, see Supplementary Materials and 

earlier reports [6, 13].

The VSC of the ν
Si−C

 as a function of the concentra-

tion of PTA (C
PTA

) was analysed first to determine a lower 

limit for VSC in the experiments. Different solutions of 

varying C
PTA

 (5–0.5 m) were prepared by the addition of 

methanol to a neat PTA and were then injected to a tuned 

cavity described earlier. The VSC of the ν
Si−C

 of PTA in 

each experiment was evident from appearance of the split 

peaks (P+ and P−) in the IR transmission spectra shown 

in Figure 1B (red curves). The ħΩ
R
 of the strongly coupled 

ν
Si−C

 reduced from 128 cm−1 to 55 cm−1 with decreasing C
PTA

. 

The lowest C
PTA

 used (0.5 m; 10% by volume in methanol) 

also satisfies the strong coupling conditions as its Rabi 

splitting energy (55  cm−1) is larger than the full width at 

half maximum of the cavity mode (28 cm−1) and the width 

of the ν
Si−C

 (39 cm−1). Further dilution of PTA with methanol 

resulted in reduced signal and was difficult to distinguish 

in the noisy background. The variation of ħΩ
R
 scaled lin-

early with square root of the C
PTA

, as shown in Figure 1C, 

confirming strong coupling for all the concentrations 

studied.

To analyse the impact of ħΩ
R
 on the thermodynamic 

parameters of the desilylation under VSC, the C
PTA

 in the 

reaction mixture [a freshly prepared homogeneous solu-

tion of PTA and tetrabutyl ammonium fluoride (TBAF) in 

methanol] was varied from 0.5 to 2.5 m in steps of 0.5 m, 

while maintaining the fixed concentration of TABF (0.5 m). 

The presence of TBAF facilitates the desilylation reaction 

at room temperature [34]. A higher C
PTA

 resulted in immis-

cible solutions when mixed with TBAF and methanol and 

is therefore not suitable for experiments under VSC. The 

TBAF concentration was fixed based on the half-life of 

the reaction outside the cavity for the lowest C
PTA

 and the 

homogeneity of the reaction mixtures for all the C
PTA

 used.

In order to extract the thermodynamic parameters 

of the desilylation of PTA under VSC, the rate constants 

for the reaction with a fixed ħΩ
R
 (C

PTA
) in a small range 

of temperature (20°C–40°C) were determined as follows. 

The IR cell containing the tuned empty cavity is placed in 

a temperature-controlled jacket and is allowed to equili-

brate to the set temperature. Subsequently, the reaction 

mixture is injected to the cavity without removing it from 

the temperature-controlled jacket. Precise tuning of the 

cavity mode to the ν
Si−C

 of PTA is ensured in every experi-

ment and confirmed by the appearance of the P+ and P− 

in the IR transmission spectra. The rate constant of the 

silyl bond scission was determined following the relative 

shift of a higher-order cavity mode as explained in the 

earlier reports [3, 6] and in the Supplementary Material 

(Figure S3). For comparison, reactions were also carried 

out outside the cavity (noncavity), as exactly described for 

experiments under VSC, using a cell made of SiO
2
-coated 

ZnSe. Plots showing the comparison of desilylation kinet-

ics at 25°C, under VSC and noncavity, are given in the Sup-

plementary Material (Figure S4).

The temperature-dependent rate constants of the 

desilylation for reaction mixtures with different ħΩ
R
 were 

then analysed based on the TS Eyring equation:

 

‡ ‡

expB
k T H S

k
h RT R

∆ ∆ 
= − +  

 (2)

where k is the rate constant, k
B
 is the Boltzmann constant, 

T is the temperature, h is Plank’s constant, and R is the 

universal gas constant. From the slope and the intercept 

of the Eyring plot, a plot of rate constant against inverse of 

temperature, enthalpy (∆H‡), and entropy (∆S‡) of activa-

tion of the TS is determined. The Eyring plots for various 

values of ħΩ
R
 and its comparison for a noncavity reaction 

for the same C
PTA

 are shown in Figure 2. A clear change in 

slope of the Eyring plot is visible for reactions under VSC 

with respect to the variation in the ħΩ
R
, whereas those 

for the noncavity experiments remained more or less the 

same for the different C
PTA

. The plots were then analysed 

quantitatively to determine the values of ∆H‡, ∆S‡, and the 

corresponding free energy of the TS (∆G‡).

The red squares in Figure 3A and B show the varia-

tion of the ∆H‡ and T∆S‡ values under VSC as a function 

of ħΩ
R
. As clearly seen in Figure 3A, ∆H‡ (35 ± 4 kJ mol−1, 

lowest ħΩ
R
) more than doubled to 84 ± 8 kJ mol−1 for the 

reaction proceeding under the largest ħΩ
R
, indicating a 

higher enthalpy requirement for the desilylation reaction 

with increasing coupling strength. The noncavity experi-

ments did not exhibit noticeable variation in ∆H‡ as a 

function of C
PTA

 (Figure 3A, blue circles), revealing that the 

change under VSC is not a concentration effect. The T∆S‡ 

(−49 ± 6 kJ mol−1 for the lowest ħΩ
R
, T = 298 K) underwent 

a decrease in magnitude and nearly changed its sign to 

−1 ± 7 kJ mol−1 for the largest ħΩ
R
 studied here, representing 

a gradual change from an organised to a less-ordered TS as 

the strong coupling strength is increased. Again, it can be 

seen that in the case of the noncavity conditions no such 

change in the T∆S‡ is observed (Figure 3B, blue circles). 

Figure 3C shows ∆(∆G‡), the difference between ∆G‡ of the 

reaction under VSC and noncavity, as a function of ħΩ
R
. 

The variation in ∆(∆G‡) is relatively small compared to the 

large changes observed for ∆H‡ and ∆S‡, because the latter 
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compensate each other. The upward trend of ∆(∆G‡) with 

the increase of ħΩ
R
 is representative of the higher energy 

requirement for the desilylation under VSC compared to 

the noncavity and leads to the retarded reactivity up to a 

factor 4.5 as shown in Figure 3D and as reported earlier [3].

It is remarkable that although the changes in the ther-

modynamic parameters follow the Rabi splitting, their 

magnitude is much greater than the VSC induced ħΩ
R
. 

This indicates that the effect of VSC is not only an ener-

getic one on the potential energy surface leading to the 

products, it must also imply a change in reaction mecha-

nism, which is confirmed by the evolution of ∆H‡ and ∆S‡ 

as discussed elsewhere [3]. It is interesting to see that the 

VSC has a retarding effect on the reaction, which could be 

understood by looking into the formation and organisa-

tion of the TS of the rate-limiting step.

The thermodynamic parameter ∆H‡ mostly represents 

the reorganisation energy requirement for the forma-

tion of the TS, and ∆S‡ primarily indicates the degree of 

organisation of the TS [35]. Under ambient conditions, the 

reaction studied here proceeds through a pentacoordinate 

intermediate and follows an associative mechanism with 

an ordered TS [35–37]. The lower value of ∆H‡ (30 ± 4  kJ 

mol−1) and the large negative value of T∆S‡ (−54 ± 6  kJ 

mol−1, T = 298 K) for the noncavity experiments agree well 

with the associative mechanism and with a TS that is more 

reactant/intermediate-like as schematically displayed in 

Figure 4A. Interestingly, the thermodynamic data show 

that the reaction proceeds through a more product-like 

TS as shown in Figure 4B under VSC. The dissociative TS 

requires higher energy as it is more bond-breaking, and it 

is less strained because of the tetrahedral-like structure. 

This could mean that the intermediate generated under 

VSC is easier to form but more stable than the noncavity 

case either by a charge stabilisation or by anisotropic inter-

actions induced by light–matter coupling. For example, 

mode selective chemistry experiments have shown that TS 

control of the reaction can be modulated by anisotropic 

forces either to enhance or suppress a particular reaction 

path [38]. In other words, the role of strong coupling could 

be more important in determining the position and struc-

ture of the TS as shown in recent experimental [6, 8] and 

theoretical studies [23, 24].

In summary, we have shown that the thermodynamic 

parameters of a chemical reaction under VSC are indeed 

dependent on the strong coupling strength. This further 

illustrates that the polaritonic states are delocalised over 

all the molecules involved in the strong coupling and act 

collectively, even though the reactions are ultimately local-

ised on single molecules. The observed changes in chemi-

cal dynamics of the present system, despite the relatively 

weak Rabi splitting energy compared to the TS energy of 

Figure 2: Eyring plots of reaction under VSC and noncavity conditions.

(A–F) Plots of reaction rate as a function of temperature under VSC (red diamonds) for the various Rabi splitting energies and the 

corresponding plot for noncavity reactions (blue squares). The different values of ħΩ
R
 are shown in the plots. Least-squares method was 

used to fit the data, and the goodness of the fit was assessed based on the coefficient of determination (R2) value. For each fit, R2 value 

was ≥0.95.
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the reaction, point to structural changes in the TS under 

VSC. With more experiments and theoretical understand-

ing about the TS changes under strong coupling, it should 

be possible to predict the catalytic activity and the product 

selectivity of reactions controlled by light–matter hybrid 

states.

Figure 3: Variation of thermodynamic parameters of as a function of Rabi splitting energy.

Plots showing the changes in (A) the enthalpy of activation and (B) entropy of activation (T∆S‡, T = 298 K) under VSC (red squares). The blue 

circles represent the corresponding noncavity values for the various C
PTA

 shown in top axis. (C) Shows the difference between the free energy 

of activation under VSC with increasing ħΩ
R
 at normal incidence and the noncavity situation at the same C

PTA
. (D) The decrease in the ratio of 

the reaction rates at 25°C under VSC for various values of ħΩ
R
 relative to the noncavity situation. The dashed lines are guides to the eye.

Figure 4: Vibrational strong coupling modifies the reactive landscape to a dissociative path. 

Schematic illustration of possible transition states under (A) noncavity and (B) VSC.
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