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Abstract:  15 

Site-selectivity is fundamental for steering chemical reactivity towards a given product 
and various efficient chemical methods have been developed for this purpose. Here we explore a 
very different approach by using vibrational strong coupling (VSC) between a reactant and the 
vacuum field of a microfluidic optical cavity. For this purpose, the reactivity of a compound 
bearing two possible silyl bond cleavage sites, at Si-C and Si-O, was studied as a function of 20 
VSC of its various vibrational modes in the dark. The results show that VSC can indeed tilt the 
reactivity landscape to favor one product over the other. Thermodynamic parameters reveal the 
presence of a large activation barrier and significant changes to the activation entropy, 
confirming the modified chemical landscape under strong coupling. This study shows for the 
first time that VSC can impart site-selectivity for chemical reactions without the need for 25 
chemical intervention. 

Over the years, synthetic chemists have mastered the art of designing and developing bond-, site- 
and stereo-selective chemical reactions using various functional moieties and catalysts (1–4). In 
light of the decisive nature of molecular vibrations in dictating the outcome of isomerization and 
other chemical processes (5–7), a physical approach based on the selective excitation of 30 
vibrational modes using strong laser fields was also developed to impart control on chemical 
reactivity (8–11). This laser-induced mode-selective chemistry provided a way to move the 
system along the reaction coordinate, particularly for late barrier reactions (12–14). Interestingly, 
the vibrational excitation of the C-H bond of an early barrier reaction inhibited the formation of 
the typical product and modified the branching ratio (15), even though such an excitation was 35 
predicted to have little influence on the outcome (16). An adiabatic transfer of excitation to the 
product stretching mode was also observed when the localized spectator mode of the reactant 
was pumped in the former experiments, further indicating the complexities of the reactive 
landscape (15,17). Although such mode-selective chemistry works well in the gas phase at 
cryogenic temperatures, intramolecular vibrational energy redistribution (IVR) limits its use for 40 
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reactions in solution involving large molecules. To overcome such challenges, we started 
exploring an alternative approach whereby the vibrational transition of a molecule is selectively 
hybridized with the vacuum electromagnetic field (zero-point energy) of a cavity by means of 
vibrational strong coupling (VSC) (18–21). VSC leads to splitting of the vibrational transition 
into two new vibropolaritonic states (P+ and P- in Fig. 1A) that should affect the Morse 5 
potential. We predicted that this could lead to changes in the chemical reactivity and indeed in a 
first example, we demonstrated that the rate of silyl cleavage is reduced by the VSC of the Si-C 
stretching vibration (22). Most significantly, the reaction mechanism was also modified.  

Changing the ground state reactivity landscape under such a weak field perturbation 
suggests that VSC could also be used for site-selectivity of a reaction. Here in a proof-of-10 
principle study, we demonstrate that it is indeed possible to tilt the chemical landscape of a 
reactant to favor one product over another.  

 

Fig. 1. (A) Schematic illustration of the light-matter strong coupling of a vibrational transition in 
resonance with Fabry-Pérot cavity mode and the subsequent formation of hybrid polaritonic 15 
states P+ and P- separated by Rabi splitting energy, ħΩR. (B) The scheme showing the two major 
silyl cleavage pathways for the starting material L1, when reacted with TBAF in a mixture of 
methanol and THF. The structure of the C- (1) and O-deprotected product (2) are also given. (C) 
Schematic representation of a site selective reactive pathway upon the VSC of the reactant.  

To explore the above possibilities, the silane derivative, tert-butyldimethyl((4-20 
(trimethylsilyl)but-3-yn-1-yl)oxy)silane called L1 hereafter, (structure given in Fig.1B), having 
two parallel silyl bond cleavage sites was synthesized (Supplementary Material for details). The 
nucleophilic attack of tetra-n-butylammonium fluoride (TBAF) on the Si atoms of L1 can result 
in the cleavage of the Si-C bond, yielding product 1, or the breakage of the Si-O bond, resulting 
in product 2 (Fig.1B). Since both the products are formed through similar mechanistic pathways, 25 
first we explored whether the selective strong coupling of vibrational modes associated to Si-C 
and Si-O have similar or different influences on the reactivity. The second and most important 
point of the present study was to check whether changes in the reactivity landscape under VSC 
lead to site-selectivity and thereby in changes to the branching ratio of the products as 
schematically presented in Fig.1B and C. 30 
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It is recalled that light-matter hybridization is generally achieved by placing a molecule 
in liquid or solid form in a Fabry-Pérot optical cavity with a mode tuned in resonance with the 
chosen molecular transition (23). When the exchange of energy between the molecular transition 
and cavity mode is faster than any decay process, the system is said to be in a strong coupling 
regime manifested by the splitting of the molecular transition into two new states separated by a 5 
Rabi splitting energy, ħΩR, as shown schematically in Fig. 1A with VSC as a specific example. 
Under collective strong coupling conditions, the Rabi splitting can be so large that it results in 
significant modification of characteristic molecular and material properties beyond chemical 
reactivity such as work function (24), phase transition (25) and other physical processes 
including electrical conductivity (26), energy transfer (27–29) and reverse intersystem crossing 10 
(30).  

The Fabry-Pérot cavity used in the present experiments was made of two parallel metal 
mirrors (Au coated ZnSe) separated from each other by a Mylar spacer (6-8 um) having a hollow 
central channel designed to inject liquid samples (19). To ensure that the reaction dynamics are 
not affected by the presence of Au or ZnSe, an additional layer of 200 nm glass (SiO2) was 15 
deposited on top of the metal coating in each of the windows. A homogenous solution of the 
starting material L1 (0.90 M) and TBAF (0.86 M) in a 1:1 (v/v) mixture of methanol and THF, 
optimized for strong coupling conditions, was used as the reacting medium throughout the 
experiments presented here. The IR spectrum of L1 (Fig. 2A) in this mixture recorded outside 
the cavity (a sample cell made of glass coated ZnSe windows separated by the same spacer 20 
thickness as of the Fabry-Pérot cavity) shows the characteristic strong bands corresponding to 
the stretching mode of Si-C (842 cm-1) and Si-O (1110 cm-1) and the bending mode of CH3 
group bonded to Si (1250 cm-1).  
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Fig. 2. (A) FT-IR transmission spectrum of the starting material L1 in the reaction mixture 
recorded outside the cavity. The characteristic peaks of L1 are noted in the plot. (B-D) The FT-
IR transmission spectra showing the vibrational strong coupling with the formation of P+ and P- 
when the three different modes are coupled to the cavity: the Si-C stretching mode in (B), the Si-5 
O stretching in (C) together with a transfer matrix simulated transmission spectrum shown by 
black dotted line, and (D) Si-CH3 bending vibration. (E) Kinetics of the reactions in cavities 
tuned to be on-resonance with the Si-C stretching (red diamonds), the Si-O stretching (orange 
circles) and the Si-CH3 bending modes (magenta triangles) together with an off-resonance cavity 
(green squares) and outside the cavity (blue triangles), as extracted from the temporal shifts in 10 
the higher-order cavity modes. (F) The GC-MS chromatograms of the reactions carried out in 
cavities tuned to be on-resonance with Si-C stretching (red), Si-O stretching (orange) and Si-CH3 
bending modes (magenta), together with the data for an off-resonance cavity (green) and outside 
the cavity (blue). The unreacted starting material peak is marked as L1 and the peak 
corresponding to C- and O- deprotected products are marked as 1 and 2, respectively. The small 15 
peak at a retention time of 3.2 min corresponds to the unreacted TBAF.  
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For VSC, it is important to tune the cavity mode to be in resonance with a specific IR 
transition of L1. This is achieved by carefully adjusting the spacer thickness by applying a 
pressure by tightening or loosening the screws holding the assembly (Supplementary Materials 
for details). The injection of the homogeneous reaction mixture into the  flow cell Fabry-Pérot 
cavity, whose second mode (l) was precisely tuned to 842 cm-1, resulted in the strong coupling 5 
of the Si-C stretching transition as shown in Fig. 2B. The appearance of P+ and P- peaks in the 
IR spectrum with a Rabi splitting energy of 70 cm-1, larger than the width of the cavity mode (30 
cm-1) and the Si-C vibrational band (30 cm-1), showed that the system meets the strong coupling 
criteria (23). Under these conditions, a largely detuned coupling was also observed for the 
bending mode of -CH3 groups bonded to Si (Si-CH3, 1250 cm-1) to the third mode of the cavity. 10 
The role of strongly coupled Si-CH3 bending vibration towards the reactivity was analyzed 
separately and is described later.  In a different experiment, by tuning the third mode of the 
cavity to 1110 cm-1, VSC of Si-O stretching band was achieved (Fig. 2C solid line). The 
presence of the intense and broad vibrational modes of solvents (1040-1060 cm-1), splits and 
reduces the P- band intensity (Fig. 2C) and complicates the spectrum analysis. Therefore the 15 
Rabi splitting energy in this case was calculated using the standard optics technique (transfer 
matrix simulation) and shown in Fig. 2C as a dotted line.  The extracted value of 85 cm-1 is well 
above the cavity and IR mode widths.   

The rate of silyl cleavage of L1 under the influence of VSC as well as the product ratio 
between 1 and 2 was quantitatively estimated using spectroscopic and chromatographic methods 20 
respectively. The sum rate of the two parallel reactions, carried out at room temperature (298 K), 
was determined from the ln plot of the temporal shift of a higher order cavity mode (from`n0 

to`nt; see Supplementary Materials for details). Similar to the earlier experiment (22), this was 
aided by the slight change in the refractive indices of the reactant and the products of the 
reaction. The linear ln plot (Fig. 2E) indicated that the kinetics is first order and from the slope 25 
the rate constant corresponding to the disappearance of starting material was determined. 
Interestingly, when the Si-C stretching bond vibration was strongly coupled, the rate was 
retarded (Fig. 2E, red diamond) by a factor of 3.5 compared to the control measurements done 
outside the cavity (Fig. 2E, blue triangle) or inside the cavity under off-resonance conditions 
(Fig. 2E, green square). Off-resonant experiments correspond to the set of measurements done in 30 
the Fabry-Pérot cavity, where the modes are not in resonance with any of the selected vibrational 
transitions of L1.  

To better understand the reactivity and product formation, the reaction mixture was 
quantitatively analyzed by GC-MS after each experiment (see Supplementary Materials for 
details). The presence of the unreacted starting material peak (denoted as L1 in Fig. 2F) in the 35 
chromatogram of all the experiments shows that the reaction has not gone to completion in the 3 
h time period.  The ratio between the concentration ([1]/[2]) of the products 1 and 2 of Fig. 1B 
was further quantified as shown in Fig. 2F. For outside cavity and off-resonance experiments, the 
ratio ([1]/[2]) between the C- (1) and O- (2) deprotected products was found to be 1.5±0.2 and 
1.4±0.1 respectively. A remarkable increase in the peak area of product 2 was seen when the Si-40 
C stretching vibration was strongly coupled (red chromatogram, Fig. 2F), changing the 
branching ratio [1]/[2]  to 0.3±0.1. This value takes into account the fraction of the Fabry-Perot 
microfluidic cavity under strong coupling. This reversal of product ratio under VSC indicates 
that the reactive landscape is modified in favor of Si-O cleavage rather than the typical 
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kinetically favored Si-C bond breaking. A similar trend was observed when the Si-O stretching 
vibration was also subjected to light-matter hybridization. In this case where the overall rate of 
the reaction was slowed by a factor of 2.5 relative to the outside cavity/off resonant conditions 
(orange circle, Fig. 2E), the product ratio was estimated as 0.4±0.1. Thus, the VSC of the two 
stretching vibrations of the Si reactive center both tilt the reaction towards Si-O bond cleavage, 5 
clearly imparting selectivity.  

As discussed in the introduction, previous examples on the mode-selective chemistry 
experiments have shown that spectator modes, vibrations that are not directly linked to the 
reaction coordinate, also play a critical role in determining the outcome of reactions (14, 15, 31). 
In the present case, the strong IR band at 1250 cm-1, arising from the bending mode of the -CH3 10 
groups attached to the Si atom (32) may also be considered a spectator vibration. However, the 
appearance of this IR transition at 1250 cm-1, which in isolation should be at ca. 1460 cm-1, 
already indicates that it is interacting with other vibrations associated with the Si center. By 
varying the spacer thickness, VSC of this bending mode alone (Fig. 2D) was achieved with a 
Rabi splitting energy of 43 cm-1, without simultaneously coupling either the Si-C or Si-O 15 
stretching vibrations. The VSC of the 1250 cm-1 reduced the overall reaction rate by a factor of 
3.5 (Fig. 2E, magenta triangle) with a ratio [1]/[2] of 0.3±0.1 between the products (Fig. 2F, 
magenta chromatogram), in a close similarity to the results obtained under the VSC of the Si-C 
stretching transition. A question which then naturally arises is whether the VSC of any 
vibrational mode of L1 would lead to similar results or whether the effects are only related to 20 
those vibrations that are associated with the Si reactive center. To check this, the C-O stretching 
transition (at 1045 cm-1) of L1, a vibration that should have little influence on the reaction from a 
mechanistic point of view, was chosen. Moreover, this mode is embedded in the broad region 
corresponding to the C-O vibration (1040-1060 cm-1, see Fig. 2A) of the solvents used (methanol 
and THF). Therefore, the VSC of the C-O transition should also provide information on whether 25 
coupling a solvent vibration influences the outcome of this chemical reaction. Interestingly, the 
rate as well as the ratio of the product concentration was not affected by the VSC of the C-O 
transition (Fig. S6). It shows that in the present experiment only those vibrations that are directly 
associated with the Si reaction center are influential in tilting the reaction landscape as one might 
expect. Although VSC of the C-O vibration of methanol did not influence the present study, 30 
VSC of solvent could potentially lead to significant changes for reactions in which solvent plays 
a more crucial role. Further, through a series of experiments where the cavity tunings were 
varied throughout the IR spectrum of L1, an action spectrum was obtained (Fig. 3A) which 
clearly shows through which vibrational modes VSC act to influence the reaction. This plot of 
the overall rate constant (kTR) as a function of cavity tuning reflects the precise selectivity that 35 
can be achieved by this weak field physical perturbation tool at room temperature.  

 Furthermore, by combining the observed overall rate constant (kTR) of the parallel 
reaction and the product ratios ([1]/[2]) from GC-MS measurements, the individual rate 
constants corresponding to the Si-C (k1) and Si-O (k2) bond cleavage were estimated. From this 
data, the respective product yields were calculated.  The yields (f) of products 1 and 2 in and out 40 
of strong coupling for various coupling conditions are shown in Fig. 3B. Outside the cavity and 
in off-resonance conditions, the k1 dominates over k2 resulting in preferential formation of 
product 1 (Fig. 3B, violet diamond). Interestingly, the VSC reverses the selectivity, leading to an 
excess formation of product 2 (Fig. 3B, pink squares). This is again a direct proof-of-principle 
that the chemical landscape can be tilted by targeting the vibrational modes associated with the 45 
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reaction center. It should be noted that the value of both k1 and k2 under strong coupling 
conditions are both lower than those observed outside the cavity indicating that a higher 
activation energy is required for the reaction under VSC. It should be noted that products 1 and 2 
undergo further silyl bond cleavage, however the subsequent reactions appear to be much slower 
resulting in the accumulation of 1 and 2 in the GC-MS analysis. Nevertheless, it imparts a small 5 
error in the yields but has no consequence on the overall results. As will be discussed further 
down, the change in yields under VSC are probably much higher if one takes into account 
physical parameters associated with the coupling process.  

 

 10 

Fig. 3. (A) The overall reaction rate as a function of the cavity tuning for reactions inside the 
cavity (red spheres). The blue solid line shows the IR absorption spectrum of L1 in the reaction 
medium. The red dotted line connecting the spheres is a guide for the eye. The blue dashed line 
represents the average rate of the reaction outside the cavity. (B) Plot showing the yield of the 
product 1 (f1, violet diamonds) and 2 (f2, pink squares) under VSC of various vibrational modes 15 
of L1, together with the off-resonance and outside cavity conditions. The dashed lines are guides 
for the eye.  

The thermodynamics of the reaction were determined by studying the reaction rate as a 
function of temperature under VSC by coupling of the Si-C and Si-O stretching vibrations and 
outside the cavity. By using transition state theory, the free energy of activation (DH‡) and the 20 
entropy of activation (DS‡) were determined from the slope and intercept of the plot of ln (kTR) 
against the inverse of temperature. Interestingly, the DH‡ values under VSC, 66.8 ±3 kJmol-1 (for 
Si-C) and 62.1 ±3 kJmol-1 (for Si-O) were much higher than that observed for outside cavity 
(27.2 ±3 kJmol-1) experiments. This high activation energy requirement reflects the observed 
retardation of the bond breaking process for the selected reaction under VSC. The DS‡ values 25 
were also distinctly different under VSC, -66.5 ± 11 Jmol-1K-1 for Si-C and -80.6 ±11 Jmol-1K-1 
for Si-O while outside the cavity it is found to be -190.4±8 Jmol-1K-1.  Since a typical fluoride 
induced silyl cleavage is known to proceed through a pentacoordinate intermediate, a strained 
transition state with large negative value for DS‡ is expected as observed outside the cavity.  A 
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sharp decrease of DS‡ to a lower value under VSC implies that the transition state under VSC is 
significantly different. These changes in the DH‡ and the DS‡ are indeed an indication that 
mechanism, and thereby the chemical landscape, changes under strong coupling conditions in 
agreement with our earlier study (22).  

 5 

Fig. 4. Eyring plot showing the reaction rate as a function of temperature for reactions inside the 
cavities tuned to be on-resonance with Si-C (red squares) and Si-O (orange diamonds) stretching 
modes and outside the cavity (blue spheres).  

The above results show that VSC can modify the chemical landscape in such a way that it 
tilts the landscape from one product to another. An interesting aspect of chemical reactions under 10 
VSC so far has been the high activation barrier seen towards the breaking of Si-C and Si-O 
bonds. A possible reason could be motional narrowing of the Morse curves in this collective 
coupling of many molecules to a given optical mode, akin to what occurs in J-aggregates (33), 
increasing the energy barrier.  This barrier increase has also been seen in earlier experiments, 
whether occurring in the ground state (22) or via the excited state under electronic strong 15 
coupling such as in the photoisomerization reaction of merocyanine (34). For the latter case, 
recent theoretical studies show that the collective response of molecules plays a role in widening 
the barrier at the conical intersection and thereby preventing the isomerization (35, 36). More 
experiments and theoretical studies are required to determine whether such features can be 
generalized or not. The high activation energy and the less negative DS‡ clearly indicates that the 20 
reaction follows a dissociative mechanism under VSC, and also suggest that the transition state is 
product-like as in the case of late barrier reactions. Factors such as changes to the electrophilicity 
of the Si atom could be a reason for the enhanced rupture of the Si-O bond under VSC.   

In conclusion, this proof-of-principle study is a first step towards controlling reaction selectivity 
at a given site through VSC. It is already clear that it requires that the VSC is applied to 25 
vibrational transitions directly linked to the reaction center, in this case the Si atom. It should be 
noted that strong coupling is dependent on the orientation of the transition dipole moment 
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relative to the electric field of the cavity mode. Here the molecules were randomly oriented and 
the electric field is not uniform in the cavity, i.e. there are nodes where the field is essentially 
null.  Hence, the five-fold increase in selectivity under VSC reported here is probably much 
larger if corrected for such features. For instance, experiments could be done in a tubular cavity 
to ensure a larger fraction of coupled molecules. Therefore, the selectivity and specificity 5 
displayed by VSC in the current experiment shows the remarkable potential of light-matter 
strong coupling for enhancing site selectivity of organic and inorganic chemical reactions. More 
reactions must be studied to evaluate the generality of this phenomenon and to see to what extent 
the selectivity can be enhanced at a given site. As more and more studies show (18–22, 37–49), 
this weak field method that works at room temperature has the potential to become an everyday 10 
tool for chemists to physically control chemical reactivity without catalysts, pre-functionalization 
or chemical changes to the reaction conditions.  
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