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CHEMISTRY

Modification of ground-state chemical reactivity via
light-matter coherence in infrared cavities

Wonmi Ahn!, Johan F. Triana?, Felipe Recabal?, Felipe Herrera®>*, Blake S. Simpkins**

Reaction-rate modifications for chemical processes due to strong coupling between reactant molecular
vibrations and the cavity vacuum have been reported; however, no currently accepted mechanisms
explain these observations. In this work, reaction-rate constants were extracted from evolving cavity
transmission spectra, revealing resonant suppression of the intracavity reaction rate for alcoholysis

of phenyl isocyanate with cyclohexanol. We observed up to an 80% suppression of the rate by tuning
cavity modes to be resonant with the reactant isocyanate (NCO) stretch, the product carbonyl (CO)
stretch, and cooperative reactant-solvent modes (CH). These results were interpreted using an open
quantum system model that predicted resonant modifications of the vibrational distribution of reactants
from canonical statistics as a result of light-matter quantum coherences, suggesting links to explore

between chemistry and quantum science.

ontrolling chemical reactions with electro-

magnetic fields is a long-standing goal in

chemistry and physics (7, 2). Femtosecond

laser pulses can transiently excite vibra-

tional modes of reactant molecules to
selectively promote breaking or forming of
chemical bonds (3-5). However, fast energy
redistribution in polyatomic molecules se-
verely limits this approach, despite efforts
to overcome this obstacle using laser pulse
shaping (6, 7).

Chemical control without lasers has been
recently demonstrated using cavities (8-12).
In this approach, hybrid light-matter polar-
iton states arise from strong interactions of
dipole-allowed molecular transitions with the
cavity vacuum at optical (13) and infrared fre-
quencies (14-16). Experiments show inhibition
of excited-state processes such as photoisome-
rization (I7) and photobleaching (I8) in visible
cavities and also modification of bond forma-
tion and cleavage rates in infrared cavities as
a result of vibrational strong coupling (VSC)
(8-10, 19). VSC is characterized by collective
molecular response in transmission (20, 21),
a spatial dependence of the interaction that
follows the mode profile (22, 23), and revers-
ible modulation of the system using ultrafast
lasers (24, 25) or electrochemistry (26, 27).

Achieving coupling-induced selective chem-
istry would enable chemical catalysis by design,
but challenges to its reproducibility (28, 29)
and lack of mechanistic explanation have stifled
progress. Here, we report robust experimental
evidence of cavity-modified chemistry and de-
scribe a theory consistent with measurements.
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We studied the alcoholysis of phenyl isocyanate
(PHI) with cyclohexanol (CHol) in tetrahydro-
furan (THF) to give urethane [cyclohexyl car-
banilate (CC)]. The reaction is exothermal (30),
has a low activation energy (31), and reso-
nant cavity modes can be tuned to reactant,
product, or solvent vibrational modes. We mea-
sured a strong cavity-tuning dependence of
the reaction kinetics, with rate constants re-
duced by 30 to 80%, and developed a quantum
model that qualitatively agrees with observa-
tions and provides mechanistic understanding
for intracavity reaction Kkinetics. Our theory
proposes that the intracavity reactivity de-
pends on stationary light-matter coherences,
and we discuss the importance of energy dis-
order in preserving coherence over chemical
time scales.

Results and discussion

The alcoholysis of isocyanates is well understood
(81-33) and proceeds through concerted nu-
cleophilic addition at the NC bond in isocya-
nate (31, 33, 34). The geometry of the PHI-CHol
complex (Fig. 1A) involves an NHO hydrogen
bond that evolves into a cyclic NHOC structure
in the transition state (3). Cleavage of the HO
bond results in ring opening and exothermic
formation of urethane (AH,,, = —20.5 kcal/mol)
with activation energy of 6.7 kcal/mol (2343 cm ™)
in THF. The second-order rate constant at room
temperature is &, = 0.59 x 107> M~"s™ (3). Back
reactions are negligible.

We injected the reactant solution into a
thin-layer cell bounded by transparent CaF,
windows, for out-of-cavity control measure-
ments, or by Au-coated CaF, windows, for
cavity-coupled measurements [Fig. 1B; addi-
tional details in section 1 of the supplementary
materials (SM)]. Figure 1C shows two sets of
transmission spectra. For control measure-
ments (upper curves, red), reactant bands de-
creased (NCO stretch of PHI at ~2260 cm ™!
and OH band of CHol at ~3470 cm™), and

at 3293 cm Y see detailed spectra in figs. S1...
S2). The NCO band absorption was converted
to reactant concentration through direct pro-
portionality (see procedure in section 1 of the
SM and fig. S3 for extinction coefficient cali-
bration), then inverted and plotted against time
(Fig. 1D), yielding a line whose slope equaled
the second-order rate constant (35). The aver-
age of six such measurements gave a control
rate constant k, = (2.34 = 0.2) x 107° M s
(datasets in fig. S4). This rate was higher than
in previous reports (32), which involved lower
reactant concentrations. The rates measured under
our conditions were consistent in independent
measurements performed in a period of 24
months, with all reactions (control and cavity-
coupled) carried out using the same initial
reactant concentrations.

Typical transmission spectra for a cavity-
coupled sample are shown in Fig. 1C (lower
curves, blue). These example data exhibited
multiple resonant peaks, with one coupled to
the NCO band of PHI (2260 cm ™), giving a
splitting at normal incidence of 112 ecm™ (cav-
ity Q ~ 100, cavity linewidth x ~ 38 cm™; see
table S2). These evolving transmission spectra
were fit to a function that accounted for the
absorbance of the intracavity medium (Fig.
1E), which, again, was directly proportional to
reactant concentration. We inverted and plot-
ted this data (Fig. 1F) to extract a rate constant
k= (148 + 0.2) x 10° M "s™* for this sample,
~37% lower than uncoupled controls. Collec-
tion of the entire cavity dispersion allowed
identification and fitting of spectra showing
strong interaction with the mode of interest
regardless of tuning at normal incidence
[see the model in section 3.3 of the SM and
(14, 21, 23, 25, 27)].

Reaction rates were extracted for different
cavities. The resulting “action spectrum” (9) is
shown in Fig. 2A. The initial (blue) and final
(orange) transmission spectra of the control
solution are shown to identify relevant vibra-
tional modes. There was a strong dependence
of the reaction rate on the cavity mode tuning,
with rate suppression due to VSC on reactant
(NCO), product (CO), and cooperative reactant-
solvent (CH) modes (full dataset in fig. S8 and
table S1). Cavity-induced suppression spanned
30 to 80%, relative to uncoupled controls.
The largest suppression was found for cavities
tuned to the NCO reactant mode, with a fre-
quency dependence that closely followed the
shape of the NCO absorption band. The rate
constants for far-detuned cavities (squares)
were close to the out-of-cavity rates (k/k, ~ 0.91;
see table S1). Figure 2B shows representative
inverse concentration plots and linear fits
for cavities tuned to the reactant NCO and
reactant-solvent CH bands, highlighting the
lower slopes (rates), relative to out-of-cavity
controls. Our mechanistic discussion below
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Fig. 1. Description of urethane monomer formation and reaction monitoring. (A) The reactants

phenyl isocyanate (PHI) and cyclohexanol (CHol) were combined in tetrahydrofuran (THF) to form cyclohexyl
carbanilate (CC). (B) Solution was contained between two CaF, windows that were either transparent

(for control measurements) or coated with Au/SiO, (for cavity-coupled experiments). (C) Time-dependent
Fourier transform infrared transmission spectra for out-of-cavity control measurements (red hues) showed
reactant absorptions, vnco of PHI at 2260 cm™ and voy of CHol at 3470 cm™, diminished as the reaction
proceeded, while product features, veo at 1730 cm™ and vy at 3293 cm™, increased. The vygo absorption

was converted to PHI concentration, inverted, and plotted versus time to extract the second-order reaction
rate constant as shown in (D). The blue curves in (C) correspond to a time series of cavity-coupled
transmission spectra showing strong coupling between the cavity and NCO vibrational mode of the PHI reactant.
These spectra were fit, as shown in (E), to yield time-dependent PHI concentration, which was inverted,
plotted, and fit to yield the reaction rate constant under cavity-coupled conditions. One typical cavity-coupled

dataset is shown in (F).

focuses on the NCO band because it plays a
prominent role in the reaction, however, mod-
ification of one mode can influence others
(intramolecular vibrational relaxation, Fermi
coupling, etc.). Further, we note that the product-
coupled cavity also supported a higher-order
mode that weakly coupled to the reactant OH
mode (~3500 cm™), however, we have only
highlighted modes under strong coupling. The
role of weak coupling in chemical reactivity
has yet to be fully understood.

Our mechanistic description of VSC-modified
reactivity started by modeling the vibrational
structure of the PHI molecule in the frequency
region of the NCO band, which includes a
fundamental NCO stretch, vg, and a Fermi
resonance between vg and a combination of
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low-frequency CH bending modes (analysis in
section 4 of the SM). The NCO fundamental at
2260 cm ' was inhomogeneously broadened
(full width at half maximum ~ 47 cm™; see
fig. S13). We modeled an ensemble of N reac-
tant NCO vibrations under VSC at 300 K, con-
sidering vibrational relaxation, cavity decay,
thermalization, and many-body correlations,
using an open quantum system approach (see
sections 5 and 6 of the SM). Field-dependent
dipole self-energy terms (36) were not included.
The theory suggested that although the coupled
vibration-cavity system was at thermal equi-
librium with its environment, as confirmed by
experiments (37), when tracing out the pho-
tonic degrees of freedom, the stationary vibra-
tional population of reactants could deviate
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Fig. 2. Cavity-modified chemical reactivity.

The action spectrum presented in (A) shows the
extracted reaction rate constants (orange symbols)
as a function of cavity tuning (i.e., Fabry-Perot mode
position at normal incidence). The gray horizontal
band represents the average out-of-cavity control
rate with its width equal to the standard deviation
of six measurements. Blue and orange dashed
curves correspond, respectively, to initial and final
transmission spectra. Reaction suppression was
observed when the cavity was tuned to prominent
vibrational modes. Several example linear fits, from
which reaction rate constants were extracted, are
shown in (B).

from canonical Boltzmann statistics. This
phenomenon has been shown to occur for
other strongly coupled subsystems (38), but its
potential consequences in cavity chemistry
have yet to be fully explored. In this picture,
chemical bonds can break and form through
local two-body processes with the vibrational
level statistics modified by the strongly inter-
acting photonic environment. This insight can
be complemented by other approaches wherein
the cavity photon quadrature is treated as
another classical coordinate that contributes
to a static polaritonic potential energy surface
(89, 40).

In Fig. 3A, we show the deviation of the
most-probable vg occupation from its cavity-
free canonical Boltzmann value, Ang/ ngh, as
a function of cavity frequency, for an ensemble
of PHI molecules (N = 50) with a Gaussian dis-
tribution of vg mode frequencies (variance =
o%), coupled to a single cavity mode. Cavity-
modified rate measurements (orange points
reproduced from Fig. 2A) and the PHI trans-
mission spectrum (orange dashed curve) are
also shown. This single-mode theory predicted
a narrow vibrational depopulation feature (blue
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Fig. 3. Comparison of cavity- A
modified reactivity with

theoretical prediction.
(A) The NCO region of the action
spectrum of Fig. 2 is reproduced

here. Single-mode theory pre-
dicted a resonant depopulation
of the vg mode (blue points)
that qualitatively followed the
experimental data well. Example
cavity-induced population redis-
tribution is shown in (B). A
multimode single-molecule
treatment, solid black curve

in (A), yielded a resonant
depopulation effect that was

considerably stronger in magni- 2600 2500 2400 2300 2200
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circles, Ang/ ngh < 0) which closely followed
the transmission lineshape and was most prom-
inent at the frequency of the combination band
(2280 cm™), in qualitative agreement with the
measured action spectrum. Figure 3B shows
that at large detuning, the vibrational occupa-
tion of vg was symmetrically centered at the
canonical Boltzmann average, but near-resonant
cavities gave a skewed distribution of Ang/ ngh,
whose most-probable value corresponded to
net vibrational depopulation (additional histo-
grams in fig. S14). The formal connection be-
tween Ang / ngh and the reaction rate has yet to
be developed (see ansatz in section 6 in the SM).

The single-mode many-particle analysis qual-
itatively agreed with the experimental data and
improved our understanding of cavity-suppressed
reactivity. However, the predicted values of
Ang/ ngh were relatively small. This result was
due to the many-particle model not account-
ing for the full dispersion of the cavity field.
Treating large N and a continuum of cavity
modes is prohibitive, but we could gain insight
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by treating a single PHI molecule in a multi-
mode Fabry-Perot cavity with a quasi-continuous
spectrum oy, where k& denotes the in-plane
wave number (details in section 6.2 of the SM).
We showed that Ang/ n};h in this case is pro-

portional to Zk (g6/ y6)1m<&k13; >SS, where
<&kb2 is the stationary light-matter coher-
SS

ence between the vibrational mode and the 4th
cavity mode, g5 is the Rabi frequency, and v is
the homogeneous vibrational linewidth. Solv-
ing for the steady-state coherence gave

Anﬁ/nréh _ ka((l)k) (e—Alc.G/k‘BT _ 1) (1)

where Ay = wp — my, is the detuning of ve
from the £th mode, and P(wy,) is a normalized
distribution function scaling with (g6/Az.s) 2
for |Ars| > ve. Figure 3A (solid black curve)
shows that the frequency response from Eq. 1 was
much broader and blue-shifted relative to ex-
periments. However, integrating over the cavity

dispersion gave values of Ang/ n};h considerably

larger than the single cavity mode approach,
suggesting that the entire photon spectrum con-
tributed to cavity chemistry phenomena.

Finally, we addressed the N-scaling of the
vibrational depopulation effect. Because the
total vibration-cavity system was in thermal
equilibrium (37), deviation of the photonic
occupation from a canonical distribution by
dn would correspond to a redistribution of
vibrational occupation per molecule of —87n/N.
Therefore, for typical values of N ~ 10° in
Fabry-Perot cavities, the population redistrib-
ution on individual molecules should be neg-
ligible. However, in Fig. 3C we showed that
this many-body dilution behavior did not hold
in general for ensembles with frequency dis-
order, by plotting Ang/ ngh as a function of N
for different values of the disorder width ¢ (see
also fig. S15). We found that inhomogeneous
broadening could protect resonant popula-
tion redistribution from the homogeneous 1/N
scaling, possibly due to partial delocalization
of molecular states (41, 42).
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Conclusions

In this work, we suppressed a ground-state
addition reaction through strong coupling be-
tween molecular vibrational modes and cavity
vacuum fields. This suppression reached 80%,
and we found a strong cavity frequency de-
pendence that closely followed the reactant
infrared absorption spectrum. The strongest
effect was for cavities resonant with an NCO
mode that participated in the transition state
of the reaction. We described the mechanism
quantum mechanically as the emergence of
stationary noncanonical vibrational populations
as a result of strong vibration-cavity coupling
but noted that the composite vibration-cavity
polaritonic state remained in a Boltzmann
thermal state. Deviations of the vibrational
occupations from canonical statistics were due
to stationary light-matter coherences that de-
pended on the details of the cavity spectrum
and dispersion. For molecular ensembles, we
showed evidence that inhomogeneous spec-
tral broadening could protect the light-matter
coherences that influenced vibrational reac-
tivity, suggesting fundamental links between
chemistry and quantum science that have yet
to be fully developed.
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Editor’'s summary

Hybrid light-matter states called polaritons, which are formed by strong interactions between resonant molecular
transitions and photonic modes in microcavities, could be used to control chemical reactions with electromagnetic
fields, a long-standing goal in chemistry. Unfortunately, such “polariton chemistry” still lacks a series of convincing
demonstrations. Ahn et al. performed a joint experimental and theoretical study of alcoholysis of phenyl isocyanate
with cyclohexanol under various strong light-matter coupling conditions. Through a rigorous analysis of their theoretical
and experimental results, the authors provide compelling arguments for how cavity-altered reactivity may arise. These
results are needed in this emerging field because they provide an important corroboration of earlier observations that
became controversial after several reports of failed attempts. —Yury Suleymanov
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