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ABSTRACT

Vibrational strong coupling (VSC) has emerged as a means for modifying chemical reactivity.
Despite the intriguing discoveries and progresses in the field, the precise mechanisms that govern

polaritonic chemistry still deserve further interrogation. Herein, we use the hydrolysis of ammonia



borane in D,0 as an exemplary reaction and systematically investigate the influence of VSC on its
reactivity. Experimental evidence of the coexistence of a resonant effect and reaction acceleration
is observed in this system. In particular, we find that when the O-D stretching mode of D>O is
strongly coupled to a cavity mode, reaction acceleration is observed. The reaction rate acceleration
factor, u, is consistently observed to be dependent on the coupling conditions between the
vibrational and cavity modes, and reaches a minimum at zero mode detuning, suggesting that a
resonant effect is likely in play. In addition, we find that pu decreases with increasing Rabi splitting.
Based on these experimental findings, we propose that the overall influence of VSC on the
reactivity of this reaction is likely determined collectively by the polaritonic bright and dark states.
These findings could help shed new light on the intricate effects of VSC on ground-state reaction

landscapes.
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INTRODUCTION

To overcome limitations imposed by the naturally small value of the fine structure constant,’
structured local electromagnetic fields have been widely used to modify the interaction strength of
a dipole with light.> When the interaction between the dipole and photons occurs at a rate faster
than the dissipation rates of the system, it enters the strong coupling regime, in which new
eigenstates called cavity polaritons are formed. The realization of strong coupling in solid state
systems such as semiconductors and superconductors has enabled the observation of numerous
exotic phenomena such as polariton condensation and superfluidity,* # photon blockade,> ¢

extreme nonlinear optics,” and long-distance energy transfer.!% !

In a concurrent manner, applying strong coupling to molecular systems has the potential to
transform contemporary chemistry.!> !* Selective coupling of molecular electronic and vibrational
transitions with cavity photons has been demonstrated to alter chemical reaction rates and
selectivity.!*?? These fascinating experimental discoveries have inspired many theoretical models
to explain the results and provide further guidance.?-*! However, on account of the complexity of
the systems, precise principles underpinning polaritonic chemistry still remain inconclusive.
Strong coupling between a cavity mode and N molecular transitions gives rise to two bright

polaritonic states that are delocalized over all the resonant molecules, as well as N-1 dark states

32-34 It

with energy distributions resembling those of the bare molecules. still remains to be

elucidated what exact roles the polaritonic bright and dark states play, and how they conjointly

affect the chemical landscapes. In particular, theoretical models have yet to reconcile with the

experimental observations of both reaction rate acceleration!® * and deceleration!”- 13- 20- 2! jp

adiabatic reactions upon resonant vibrational strong coupling (VSC). For instance, theoretical

t36’ 37

studies based on the dynamical caging effec and quantum electrodynamical density functional



method®® have predicted trapped reaction coordinates and trajectories, as well as reduced reaction

rates, while theoretical models considering vibrational dissipation via dark states>® 4°

support the
scenario of accelerated reaction rates.’®> Moreover, compared to solid-state systems, a
comprehensive understanding of liquid phase reactions can be further thwarted by the unavoidable
molecular rotations and intermolecular collisions that change the instant dipole orientations and

thermodynamic states of the systems.*® As such, experimental works that could help disentangle

these intertwined effects and shed light on the fundamental mechanisms are highly desirable.??

Here, we provide experimental evidence that could help elucidate the concurrent influence of
polaritonic bright states and the thermalization effect on reaction rates. Specifically, we investigate
a hydrolysis reaction, in which the vibrational mode of a reactant, D0, is strongly coupled to a
cavity mode. We find the reaction rate to be closely related to the overlap between the polaritonic
dark and bright states, which is intricately determined by the Rabi splitting and mode detuning: at
a large overlap facilitated by reducing the Rabi splitting and/or increasing the mode detuning,
larger acceleration in the reaction rate is observed. In contrast, a reduction in the overlap between
the polaritonic dark and bright states results in smaller acceleration. These findings suggest that in
the currently studied system, both resonant effect and dark state-associated thermalization play

critical roles in determining the overall reaction rates.

RESULTS AND DISCUSSION

Reaction and strong coupling conditions



Fabry-Pérot (FP) cavities are used in this study to provide quantized electromagnetic fields in the
vertical directions of the cavities (Figure 1b inset).*! Mode frequencies of FP cavities follow w, =
m/(2nL), with m being the mode order, n the filling medium refractive index, and L the cavity
length. By adjusting the cavity length, the FP cavity modes can be continuously tuned over a
certain frequency range. Each of the cavities used in this study consists of two parallel Au mirrors
separated by an approximately 6 um thick Mylar spacer. They are assembled in a commercial
FTIR flow cell following a previously reported method.!” '8 The Au mirrors are fabricated by
subsequently depositing 10 nm of Au, 2 nm of Cr, and a 100 nm passivation layer of SiO2 onto
calcium fluoride (CaFz) windows (see Methods and Figure S1 for experimental details). Figure 1b
shows a representative FTIR transmission spectrum of an as-assembled empty cavity, whose mode
frequencies can be well reproduced by numerical simulations. The broader linewidths (and hence
smaller quality factors) observed in the experimental spectra compared to those from the numerical
simulations are likely associated with surface roughness-induced imperfections in the Au mirrors,
influences of the substrates and passivation layers, and/or imperfect alignment of the two Au
mirrors. We would like to note that the 6 pm-thick spacer is chosen primarily for two reasons: 1)
to ensure that there are sufficiently large free spectral ranges (~ 660 cm™) for accommodating our
mode detuning-dependent studies, and ii) to avoid unintentional coupling of a designated

vibrational mode with multiple cavity modes.

In this study, we consider the hydrolysis reaction of ammonia borane (NH3BH3) in deuterium water
(D>0), the influence of VSC on which has raised much interest and remains inconclusive.*> *3
Aside from providing additional experimental evidence that could contribute to the understanding

of this types of reactions and shed light on any unveiled mechanisms that may have led to

inconsistencies in previous reports, we choose this reaction to study also because it allows us to



systematically investigate several important VSC metrics in the same system: Firstly, due to the
broad O-D stretching mode in D20 (wgo ~ 2500 cm’!, Figure 1c blue peak), a wide range of overlap
degrees between the polaritonic bright and dark states can be achieved by adjusting the mode
detuning and coupling strength conditions (vide infra). Secondly, to avoid complications, the
vibrational mode is set to be coupled to only one cavity mode instead of multiple ones. The
amplitude and frequency of the transition dipole moment of the O-D stretching mode ensure that
various VSC strengths manifested as Rabi splitting values can be achieved by simply adjusting the
D>0 concentrations. These two characteristics of this reaction system allow us to study the intricate

influences of the bright and dark states through a series of reaction conditions.

The hydrolysis reaction has DoO and NH3BH3 as the reactants, and isopropanol (IPA) as the
reagent (Figure la). Detailed compositions of the products are determined from NMR
measurements (Figure S2). Here, IPA is chosen as the reagent due to its relatively similar solvent
polarity compared to D20 (0.546 for IPA vs 0.991 for D,0),* and lack of strong absorption bands
in the frequency window that is of interest to this study. The concentration of D>O, [D,0], in the
initial mixture is tuned between 10% to 50% of the total volume (Vo) for reasons that will be
explained below. For clarity, the concentration of D>O is simply labeled using its volume
percentage ([D20] = nVo, n = 0.1 — 0.5) in the following text. In all the reactions studied here, the

initial concentration of NH3BH3 is kept the same, namely 1 M.
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Figure 1. (a) Hydrolysis of ammonia borane in a mixture of DO and IPA. (b) A representative IR
transmission spectrum of an empty cavity (red) and the corresponding simulated spectrum for an
empty cavity with a cavity length L = 7.5 um (black). Inset: electric field intensity (|E[?)
distribution inside the empty cavity for the m = 5 mode as indicated by an arrow in the transmission
spectrum. Positions of the Au mirrors are marked by the dashed lines. (c) Top curve: IR
transmission spectrum of a mixture of 0.2V D20 and 0.8V IPA. The O-D stretching mode in D,O
(~ 2500 cm™), C-H stretching mode in IPA (~ 2970 cm™), and B-H stretching mode (~ 2250 —
2380 cm™') in NH3BH3 are color coded in blue, green, and orange, respectively. Red curve: IR
transmission spectrum of the 0.2Vo D20, 0.8V, IPA, and NH3BH3 mixture when the O-D
stretching mode at ~ 2500 cm™! is strongly coupled to a cavity mode. (d) Rabi splitting (triangle)
and spectral linewidth of the O-D stretching mode (circle) at various concentrations of D>O. The
linewidths are calculated from absorbance spectra. The solid line is a linear fit, while the dashed
line is a guide to the eye. (e) Top curve: IR transmission spectrum of a mixture of 0.5V D20 and
0.5V TIPA. Red curve: IR transmission spectrum of the 0.5Vy D20, 0.5Vy IPA, and NH3BHj3

mixture when the O-D stretching mode is strongly coupled to a cavity mode.



In a typical experiment, the cavity length is fine-tuned by adjusting the screws on the flow cell,
and the m = 5 cavity mode is used to couple to the O-D stretching mode. When the cavity mode is
tuned into resonance with the vibrational mode (i.e. detune 4o = 0), the original cavity peak splits
into a pair of lower (P°) and upper (P") polaritonic states (Figure 1c, red). The peak shape of P~ is
slightly irregular due to the additional B-H stretching mode from NH3BHj3 in the frequency range
of ~ 2250 — 2380 cm! (Figure 2c, orange). The influence of the B-H mode on the reactivity is
expected to be minimal due to its detuned frequency from microcavity modes and more

importantly, the low concentrations of NH3BH3 used in this study.

As shown in Fig. 1d (circles), an increase in the DO concentration leads to a slight broadening of
the O-D stretching mode, which is likely related to an increased occurrence of hydrogen bonding
at high D20 concentrations.*> % In parallel, the Rabi splitting value also increases, exhibiting a
linear dependence on the square root of [D>O] (Figure 1d triangles). Overall, we consider reactions
with D>O concentrations in the range between 0.1V and 0.5V to be in the strong coupling regime,
because their Rabi splitting values are larger than the corresponding FWHMs of the O-D
vibrational modes and the cavity modes. For instance, we obtain a Rabi splitting of Q = 242 cm’!
for the 0.2V D20 reactions, which is larger than the corresponding FWHM of the O-D vibrational
mode (178 cm™!, Figure 1d red circle) and the cavity mode, confirming the interaction to be in the
strong coupling regime. We use 0.1Vo as the lower limit of the D>O concentration, since the
corresponding Rabi splitting (138 cm™) and FWHM of the O-D vibrational mode (141 cm™') are
close to each other, hence placing this condition to be at the crossover from the weak to the strong
coupling regimes. A further reduction in the D>O concentration would place the system in the weak

coupling regime, and no polaritonic states would be formed. On the other hand, it is worth



mentioning that at 0.5Vy, the ratio n between the coupling strength (g = €©/2) and the O-D
vibrational frequency (wg) is 0.083, approaching the condition of n = 0.1, which defines the onset
of the ultrastrong coupling regime. Overall, by controlling the D>O concentration in the reaction

system, we are able to adjust the strong coupling condition.

Quantification of reaction rates

Due to the large excess of D>O compared to ammonia borane in the reactant mixture, pseudo-first-
order kinetics are expected. In principle, reaction time-dependent absorbance change of the
reactants can be used for calculating the rates of this kind of pseudo-first order reactions, because
the absorbance of the reactants’ vibrational modes is directly proportional to their concentrations
inside the cavity.*> However, due to the varying reflectivity of the microcavity over the course of
a reaction,*® and the spectral overlap between the reactants’ vibrational modes and cavity modes,
accurate determination of reactant absorbance change as a function of reaction time is challenging.

As such, we primarily use cavity mode shifts for the estimation of the reaction rates.

Progress of the reactions is monitored by recording the reaction time-dependent IR transmission
spectra (see Figure 2a for an exemplary case and Methods for experimental details). Upon injection
of the two reactants, i.e. DoO and NH3BH3, and the reagent IPA into a cavity, continuous blue
shifts in the cavity modes can be observed during the reactions (Figure 2b). In stark contrast,
injecting mixtures of D>O and IPA only into a cavity without the other key reactant NH3BHj3 yields
no apparent peak shift (Figure S3), confirming that the blue shifts in the IR transmission spectra

are associated with the reactions inside the cavities rather than issues such as cavity stability and



sealing, etc. The slightly smaller refractive index of the product compared to the reactant could

account for this cavity mode shift.!”2°

A detailed description of the approach for deriving reaction rates from cavity mode shifts is
provided in Supporting Information S1. In principle, the following correlation between the cavity
resonance frequency w.(t) at time t, and the average reaction rate k over a specific period of

reaction time can be obtained:

In w.(t) < —In [exp(—kt) + C]

Here, C is a constant related to the refractive indices of the reactants and products. By plotting
In w.(t) as a function of the reaction time t, and fitting the experimental data with the above
equation, the average reaction rate k can be derived. In general, a larger initial slope indicates a
faster reaction (Figure S4). Indeed, we find that this equation can well describe the reaction time-
dependent mode shifts, as shown in Figure 2c. For the exemplary reaction with an initial detuning
value of 49 = 0 shown in Figure 2a and 2b middle, a k value of 2.39%10* min™! can be obtained
(Figure 2c, red dots and line). Also, similar reaction rates can be obtained when different cavity
modes were used for analysis (Figure S5). We would like to note that due to the broad linewidth
of the O-D vibrational mode, the definition of mode detuning is less apparent in this system. For
clarity, we refer to the energy difference between the cavity mode peak and the O-D mode peak as
the detuning value. Applying a similar approach to reactions with large mode detuning values at
the beginning of the reaction, we observe more drastic peak shifts (see e.g. Figure 2b and 2c for
reactions with 4o = -126.6 cm™ and 4o = 76.6 cm™). k values of 7.21x10* min™!' for 4o = -126.8
cm’! (black dots) and 4.41x10™ min™! for 49 = 76.6 cm™! (blue dots), respectively, are obtained by

applying the fitting method described above. Based on this fitting approach, it is potentially

10



conceivable to develop a verification method that relies on injecting mixtures consisting of reaction
products with known concentrations (and hence refractive indices) into the cavities and monitor

whether the cavity mode frequencies match with those from the in-situ measurements.
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Figure 2. (a) Reaction time-dependent IR transmission spectra of a mixture of 1 M ammonia
borane, 0.2Vo D20, and 0.8V IPA for an inside-cavity experiment with 4o = 0. Inset: zoomed-in
view of the m = 5 cavity mode. The region marked by a green rectangle corresponds to the data in
(b) middle row. (b) Shifts in the m = 9 cavity mode as a function of the reaction time for inside-
cavity experiments with 49 > 0 (top), 40 = 0 (middle), and 49 < O (bottom). (c) Reaction time-
dependent In w, values for the three cases shown in (b). The dashed lines are fits to the data points
using the method described in the main text and Supporting Information S1. For 4o > 0 (blue), 4o
~ 0 (red), and 4o < O (black), average reaction rate k of 4.41x10* min™ (blue), 2.39%10* min!
(red), and 7.21x10* min™! (black) are obtained, respectively. For clarify, the three sets of data

points are offset to overlap at time zero.

Influences of mode detuning and coupling strength
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Based on this quantification method, we systematically investigate the influence of mode detuning
on the average reaction rates. Figure 3a shows the initial transmission spectra of a series of
reactions with the same starting concentration of [D,0] = 0.2V, but varying mode detuning values
Ao. As the cavity length is reduced, the cavity mode blue shifts, resulting in a redistribution in the
relative intensities of the upper (P*) and lower (P°) polariton peaks. Notably, this adjustment in the
mode detuning value 4o results in apparent changes in the reaction rates, as shown in Figure 3b:
the reaction rate reduces and reaches a minimum when the cavity mode approaches that of the O-
D vibrational mode at ~ 2500 cm™ (i.e. 40 — 0). The overall trend of the detuning-dependent
reaction rate seems to follow the transmission spectrum of the O-D stretching mode, as was
previously reported.'” 2° This correlation between mode detuning and reaction rate can be
consistently observed for reactions with different starting concentrations and consequently,
coupling strength. Figure 3c-3d shows results from another set of reactions that have the same
starting concentration of [D>0] = 0.5Vy. A similar trend can be observed, with the reaction rate
reducing to a minimum at zero detuning values. These findings clearly suggest the influence of
mode detuning on the reaction rates. We would like to note that a further extension of mode
detuning values to a broader range is restricted by the spacer thickness, free spectral range, and

linewidth of the O-D vibrational mode.

For comparison, control experiments are also carried out under similar conditions using cell
windows without coating the Au mirrors (termed as non-cavity). D-O concentration-dependent
non-cavity reaction rates are presented in Figure S6. Although slight variations in the non-cavity
reaction rates are observed, there is no apparent D>O concentration dependence, suggesting a
change in the [D2O]:[IPA] ratio has negligible influence on the reaction rate. We obtain an average

non-cavity reaction rate of 5.56x10° min™' (Figure 3b and 3d, dashed lines), which is slightly

12



larger than that reported in ref. **. Evidently, the inside-cavity reactions are accelerated compared
to the non-cavity ones, with the acceleration extent varying for different DO concentrations.
Specifically, when [D»O] is increased from 0.2Vq to 0.5Vy (Figure 3b and 3d), which reflects an
increase in the Rabi splitting from 242 cm™! to 415 cm™!, reaction acceleration can still be observed

for the various detuning values, but apparently to a smaller extent.
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Figure 3. (a, ¢) FTIR transmittance spectra of reactions with initial DO concentrations of 0.2V
(a) and 0.5V (c). (b, d) Reaction rates (kinside-cavity) plotted as a function of the initial mode positions
(i.e. wg + 4o) for the 0.2V D2O (b) and 0.5Vo D20 (c) inside-cavity reactions. The rates are
estimated utilizing the mode shift method. The gray solid lines represent the corresponding IR

absorption spectra of the O-D stretching band. The dashed lines represent the average non-cavity

reaction rates.

By defining p = Kkinside-cavity/knon-cavity @s the reaction rate acceleration factor, the effect of the
coupling strength is further elucidated by plotting p as a function of the Rabi splitting while

keeping the detuning value at 4o = O (Figure 4a). An overall decrease in the acceleration factor, p,
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can be observed with increasing Rabi splitting. A 77-fold increase in the reactivity is observed for
reactions with [D20] = 0.1V (see Figure S7 for example spectra), while for reactions with [D>0]
= 0.5V, the average acceleration factor is reduced to only 15-fold, signifying the profound
influence of coupling strength between the O-D stretching mode and cavity mode on the reaction

rates.

The observations of minimum rates at 4o = 0 and decreasing rate acceleration factor u with
increasing Rabi splitting are to some extent supportive of the strong coupling-induced resonant

1.3 have used quantum

effect predicted by several theoretical works. For instance, Schifer et a
electrodynamical density functional theory to perform real-time simulations of a single strongly-
coupled molecule, and found that the reaction trajectory was trapped in the local minimum due to
strong coupling-assisted energy redistribution, leading to rate inhibition. By including the dipole

self-energy term in the Shin-Metiu model, Li et al. also predicted that the molecular reaction

coordinate can become trapped under resonant conditions, leading to a slowdown in the reaction.

However, our observation of considerable acceleration at small Rabi splitting and large mode
detuning suggests that a competing factor exists along with the resonant effect. In this regard, Du
et al. recently proposed that the N-1 dark states existing in a strongly coupled system could enhance
the thermalization rate, thus leading to reaction rate acceleration.’® We would like to note, though,
that the rate acceleration factor predicted in Ref. *° is much smaller than the maximum values
observed in this study, potentially due to different potential energy surfaces involved or other
factors that render a direction comparison challenging (for instance, the recently reported ionic
conductivity enhancement of water upon strong coupling of its O-H vibrational mode to a FP
cavity).*’ Notably, dark state-mediated thermalization was also predicted by Li et al. using

classical cavity molecular dynamics simulations.*

14
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Figure 4. (a) Reaction rate ratios between inside-cavity and non-cavity reactions, U = Kinside-
cavity/knon-cavity, as a function of the Rabi splitting with 49 = 0. (b, ¢) Simplified sketches of
population transfer and decay processes for different Rabi splitting, £2. When Rabi splitting is
smaller or comparable to the absorption linewidth of the vibrational mode (cgak) (b), the
polaritonic bright states overlap substantially with the dark states. Notable population transfer
between the bright and dark states occurs, followed by thermal dissipation. In this case, the dark
state-mediated catalytic effect dominates. (c) For large Rabi splitting, namely £ > Ggaxk, the
polaritonic bright states are well isolated from the dark states. The polaritonic bright state-mediated
resonant phenomenon becomes more important, which has an inhibiting effect on the reactivity.

This leads to a reduced acceleration rate.

Based on our experimental findings and those earlier theoretical works, we propose a potential
explanation for the simultaneous observation of rate acceleration and resonant effect in this
reaction system. Specifically, we consider that the polaritonic bright and dark states contribute

collectively to the overall reactivity. In a ground-state chemical reaction such as the one in this
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study, vibrational energy relaxation and intermolecular energy transfer rates play an important role
in the reaction rates.*” Under vibrational strong coupling conditions, two polaritons and N-1 dark
modes would be formed, constituting a highly nonequilibrium system. The bright polaritons
predominantly result in reaction inhibition due to trapping of reaction trajectories under resonant
conditions.>® *® On the other hand, the hot molecules in the dark mode reservoir have accelerated
intermolecular vibrational energy transfer rates when compared to molecules in a non-cavity,*” *
thus resulting in catalytic effects on the thermally activated reaction studied here. As such, the
overall reactivity of the system is determined by the competition between the opposite effects
caused by the bright polariton and dark modes. Moreover, depending on the strong coupling
conditions, the bright polaritons may primarily relax into the dark modes or directly to the ground
state. This suggests that the contributions of the bright polariton and dark modes and the resultant
overall reactivity are intimately related to the strong coupling conditions. At small Rabi splitting,
Q, and/or large mode detuning, dark states play a more important role due to their substantial
overlap with the bright polaritonic states, such that the polaritons can readily dephase into the dark
manifold*3* %49 followed by thermal dissipation (Figure 4b and S8b), which leads to a prominent
acceleration. In contrast, at large Rabi splitting and/or small mode detuning, the resonant effect
dominates over dark state-related thermalization due to small overlaps between the polaritonic
bright and dark states, and a smaller acceleration effect (or even deceleration) may occur (Figure
4c and S8a). It is worth noting that earlier studies of this reaction system were carried out in the
ultrastrong coupling regime.*’ Based on the observations in this study, a negligible catalytic effect
in the ultrastrong coupling regime is plausible if the mechanisms governing polariton reactions in

strong and ultrastrong coupling regimes are comparable.
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Aside from Figure 4a, these speculations are also consistent with a weak correlation we observe
between the polaritonic bright-dark overlap and the reaction rate (Figure S9). In these analyses,
we use the bare D>O molecules’ absorbance to represent the energy distributions of the polaritonic
dark states, and the integral of their spectral overlap with the cavity modes as the polaritonic bright-
dark overlap. A larger overlap is generally associated with a faster reaction. We speculate that the
large linewidth of the O-D stretching mode used in this study helps promote the influence of the
dark states.’® 5! While these findings in general support our speculations, the trend observed in
Figure S9 is convoluted with the influence of the coupling strength. To further disentangle the
effects of the polaritonic bright and dark states, carefully designed experiments would be required

to rigorously test the effect of strong coupling on the thermal equilibrium of a reaction system.*’

CONCLUSION

In summary, we find that the reactivity of the hydrolysis reaction studied here depends strongly on
both cavity mode detuning and coupling strength. Depending on the coupling condition, different
acceleration factors in the reaction rates are observed. In particular, the reaction rates decrease with
increasing Rabi splitting and reach minima when in resonance with the cavity modes. While the
Rabi splitting- and resonance-dependent reaction rates signify the contribution of polaritonic bright
states in determining the reactivity,*¢ the catalysis effect observed in the same system implies that
changes in the thermalization rates upon VSC, likely associated with the dark states,* also affect
the reactivity. Based on these results, we speculate that the overall reactivity of the VSC system

investigated here is dependent on the intricate and collective effects of polaritonic bright and dark
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states. Future studies with a focus on unveiling the thermalization rates of VSC systems could help

further verify and discern the contributions of bright and dark states to chemical reactivities.

EXPERIMENTAL METHODS

Preparation and assembly of Fabry-Pérot (FP) cavities. Commercially available, 4 mm thick
CaF> windows (Specac Ltd. UK) were subsequently coated with 10 nm Au, 2 nm Cr, and a 100
nm SiO; passivating layer using sputtering (AJA International Inc.). The microfluidic FTIR flow
cell (GS20590 Series) and 6 um-thick Mylar spacers were purchased from Specac Ltd. UK. A pair
of CaF, windows separated by a 6 um-thick Mylar spacer were assembled in the FTIR flow cell
to form a FP cavity (Figure Sla-1b). The cavity length was fine adjusted using the four screws of
the flow cell until desired resonance conditions were achieved. We then put a stainless steel mask
with a hole diameter of 7.36 mm on the exterior of the front window (Figure S1b right).”> A
representative IR transmission spectrum of an as-assembled empty cavity is shown in Figure Slc.
Typically, the as-assembled empty cavities were left to stand still for over 30 minutes before the

subsequent operations.>

Monitoring the hydrolysis reaction in a cavity. At room temperature (~ 23 °C), 1 M ammonia
borane solutions were prepared by dissolving ammonia borane (Sigma-Aldrich) into mixtures of
D>0O (Sigma-Aldrich) and IPA (Sigma-Aldrich). After shaking the mixtures for several seconds,
the solutions were immediately injected into the FP cavities. The flow cell was then sealed using
Parafilm and the time used to seal the system was kept to less than 5 mins. After that, IR

transmission spectra with a 2 cm™! resolution and each with over 64 scans were recorded at constant
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intervals (5 mins) using a standard FTIR spectrometer (Nicolet 6700). As the average refractive
index of the products was smaller than that of the reactants, blue shifts of the cavity modes were
observed during the reactions. As a comparison, non-cavity experiments were carried out
following a similar procedure but using FTIR flow cells with CaF, windows coated with SiO> only

without the Au and Cr layers.

To ensure accurate comparisons among various reactions, we restrict the use of data to those
recorded over similar reaction time (0 - 25 min) and interval (5 min). Also, we perform all the
reactions under continuous IR irradiation to make sure that they are subject to similar durations of

IR exposure.

NMR Characterization. 480 uL solutions of ammonia borane (1 M) using H>O and D0 as the
solvents, respectively, were used for the NMR measurements. After storing the solutions for 12
days, their 'H and ''B NMR spectra were taken with a Bruker NMR spectrometer, each using 120

uL dimethyl sulfoxide-d6 (Sigma-Aldrich) as the locking solvent.

Numerical simulations. The finite-difference time-domine (FDTD) method (Ansys) was used to
simulate the electric field distributions inside a FP cavity. In a typical simulation, a Gaussian
source was used to illuminate the cavity. PML and periodic boundary conditions were used for the
directions perpendicular to and along the cavity. A mesh size of 10 nm was used for the cavity

region.
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