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Strong coupling between molecules and confined light modes of optical cav-
ities to form polaritons can alter photochemistry, but the origin of this effect
remains largely unknown. While theoretical models suggest a suppression of
photochemistry due to the formation of new polaritonic potential energy
surfaces, many of these models do not account for the energetic disorder
among the molecules, which is unavoidable at ambient conditions. Here, we
combine simulations and experiments to show that for an ultra-fast photo-
chemical reaction such thermal disorder prevents the modification of the
potential energy surface and that suppression is due to radiative decay of the
lossy cavity modes. We also show that the excitation spectrum under strong
coupling is a product of the excitation spectrum of the bare molecules and the
absorption spectrum of the molecule-cavity system, suggesting that polar-
itons can act as gateways for channeling an excitation into a molecule, which
then reacts normally. Our results therefore imply that strong coupling pro-
vides a means to tune the action spectrum of a molecule, rather than to change

the reaction.

Placing molecules between the mirrors of a Fabry-Pérot micro-cavity
that is resonant with their excitation frequency, has been shown to
alter their chemistry in both ground and excited states'™®, but the
origin of these effects is hitherto unknown. Inside the cavity, the rate of
energy exchange between excitations of the molecules and confined
light modes of the cavity can exceed the intrinsic decay rates of both
the molecular excitations and the photonic modes'. Under these
conditions, the system enters the strong light-matter coupling regime,
in which the excitations of the molecules hybridize with the confined
light modes of the cavity to form new light-matter states, called
polaritons™ ™,

Changes to photo-chemical reactivity have been rationalized on
the basis of differences between the potential energy surfaces of the
polariton and that of the bare molecule, as illustrated in Fig. 1c”. The
key to this hypothesis is that the lifetime of the polariton is sufficiently
long for the reactants to evolve over the modified portions of the
potential energy surface. Despite recent suggestions that the lowest-
energy polariton state can be very long-lived™, polariton lifetimes are
generally considered to be limited by the lifetime of the cavity
photon'’®, which is on the order of a few tens of femtoseconds in the
metallic cavities that have been used in experiments. Because the
polariton decay rate in these experiments was significantly higher than
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Fig. 1| Proposed mechanism for suppression of ultra-fast photochemistry due
to collective strong coupling in optical cavities. a Schematic illustration of the
cavity geometry (not to scale). b Normalized absorption and emission spectra of

HBQ in PMMA films. ¢ Potential energy profiles for intra-molecular proton transfer
in the electronic ground state (So, black), first singlet electronic excited state (S;,

purple), and in the lower polariton (LP), when 256 (orange dashed), 512 (magenta
dashed-dotted) or 1024 (blue dotted) identical HBQ molecules are strongly
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coupled to a single confined light mode of an optical cavity that is resonant with the
So > S; transition in HBQ shown as a purple upwards arrow. The Rabi splittings,
QR are listed in the upper right corner. The 157 meV energy barrier for proton
transfer in the LP state with highest Rabi split is indicated by the black double-
arrow. The emission of the photoproduct after the proton transfer is shown as a red
downwards arrow. Source data are provided as a Source Data file.

the rate of the photo-chemical reaction®”?, it remains difficult to
understand whether the observed changes in reactivity are due to the
polaritonic states providing (1) a competing radiative decay channel®,
(2) a different potential energy surface®, or (3) a combination of both.

To disentangle these effects, and understand how strong coupling
affects photo-reactivity, experiments should instead be performed on
a photo-chemical reaction that happens at same timescale as polariton
decay. In this work, we therefore investigated the influence of strong
light-matter coupling on the ultra-fast photochemical reaction of 10-
hydroxybenzo[h]quinoline (HBQ) in an optical cavity (Fig. 1a). The
reaction in the electronic excited-state (S;) of this molecule happens
on a timescale of ~15 fs'**°, which is comparable to the lifetime of a
cavity photon in metallic micro-cavities.

Figure 1b shows the normalized absorption and emission spectra
of HBQ in polymethyl methacrylate (PMMA), which we used as a
polymer matrix for embedding the molecules within the cavity
(Fig. 1a). Photon absorption at 375 nm triggers an ultra-fast excited
state intra-molecular proton transfer (ESIPT) from the phenol oxygen
to the nitrogen atom'?°, as shown in Fig. 1c. The reaction coordinate is
defined as the difference between the Oxygen-Hydrogen and
Nitrogen-Hydrogen distances: do.y — dn.p. After proton transfer, the
keto-form of HBQ decays back to the electronic ground state (So)
through photon emission with a maximum around 620 nm.

Results from density functional theory (DFT) calculations at the
TDA-CAM-B3LYP/6-31G* level of theory”?* suggest that outside of the
cavity, proton transfer is a barrier-less process in the first singlet
electronic excited state (S;, Fig. 1c). When N molecules are placed
inside the cavity, the Sp > S; excitations couple to the confined light
modes that are resonant with the excitation energy (375 nm in
experiment, 305 nm at the TDA-CAM-B3LYP/6-31G* level of theory, see
below), to form the upper (UP) and lower (LP) polaritons, as well as
N -1 dark states. The Rabi splitting that separates the LP and UP states,
creates a local minimum on the potential energy surface of the LP

state”. As a consequence, the excited-state intra-molecular proton
transfer in the lowest-energy excited state of the molecule-cavity sys-
tem is no longer barrier-less (Fig. 1c). Because the Rabi splitting
depends on the molecular concentration, i.e., KR o \/N/V ", we
can control the barrier separating the local minimum on the LP surface
from the product minimum by varying the number of molecules in the
cavity mode volume (V,,,), as illustrated in Fig. 1c, and thus system-
atically reduce the proton transfer rate. This reduction, in combination
with the low LP lifetime, should hence suppress the emission at
620 nm, which is sufficiently far off-resonance from the lowest-
frequency cavity mode to be affected by strong coupling or Purcell
enhancement.

Because the potential energy profiles, shown in Fig. 1c, for excited-
state intra-molecular proton transfer in one of the HBQ molecules,
were computed while keeping the other N-1 molecules in their Sq
minimum energy geometries, thermal disorder was neglected. To test
if the suppression hypothesis® is valid also when there is disorder, we
performed both molecular dynamics (MD) simulations and experi-
ments at room temperature.

Here, we show that thermal disorder at room temperature pre-
vents the suppression of the ultra-fast proton transfer reaction in the
strong coupling regime. Because the thermal disorder redistributes
the cavity mode contribution over all eigenstates, the distinction
between polaritonic and dark states vanishes, and all states become
gray. As these gray states are dominated by electronic excitations
localized on the molecules, the modifications of the potential energy
surfaces due to the strong light-matter coupling, are too small to
prevent proton transfer.

Results and discussion

In the simulations, the details of which can be found in the “Methods”
section and in the Supplementary Information (section 2), 512 HBQ
molecules solvated in cyclohexane, were placed inside a single-mode
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Fig. 2 | Results of molecular dynamics simulations of HBQ molecules collec-
tively coupled to a cavity. a Absorption spectra of HBQ in cyclohexane at 300 K
outside (blue) and of 512 HBQ molecules inside (magenta) a single-mode micro-
cavity that is resonant with the absorption maximum of HBQ (4.02 eV at the
CAM-B3LYP/6-31G(d)//Gromos96 level of hybrid quantum mechanics/molecular
mechanics (QM/MM) theory). Arrows indicate the eigenstates in which molecular
dynamics simulations were started. b Contribution of the cavity mode (|a™? Eq.
(S16), Supplementary Information) to the eigenstates of the coupled HBQ-cavity
system. ¢ Overlap between the polaritonic absorption spectrum and the molecular
density of states as a function of the number of strongly-coupled molecules (black).
The red line shows the losses due to cavity decay. Data are presented as mean
values + standard deviation, obtained from all trajectories performed for a specific

Time (fs)

number of molecules (see Supplementary Information 2.7.2 for an overview of the
number of trajectories for each HBQ ensemble size). The numbers under the black
data points give the Rabi splitting in meV. d Time evolution of the O-H distances in
each of the 512 strongly-coupled HBQ molecules (all colors) after excitation into an
optically bright polaritonic state (i.e., state 19, second arrow from left in (a)). As
schematically illustrated in the inset, the OH distance is the reaction coordinate for
excited-state intra-molecular proton transfer, and a distance of -0.10 nm corre-
sponds to the situation where the proton is bound to the phenol oxygen, whereas a
distance around 0.19 nm indicates that the reaction has occurred and the proton
has transferred to the nitrogen. Here, the latter happened in molecule 400, for
which the OH distance is shown in blue. Source data are provided as a Source
Data file.

cavity. The configurations of these molecules were extracted from a
classical MD trajectory in the electronic ground state, which sampled
the Boltzmann distribution at 300 K*. The energy of the cavity mode
was resonant with the absorption maximum of our molecular model
(see below) at fiw.,, =4.02 eV. In all simulations, the strength of the
vacuum field was /hw ., /2€0V = 0.77MVcem™. With only 512
molecules coupled to the cavity mode, this field needs to be stronger
than in experiments, where the collective coupling regime is typically
achieved with 10° molecules or more®’,

As shown in Fig. 2a, the calculated QM/MM Sq - S; absorption
spectrum of HBQ at 300 K (Supplementary Information, subsec-
tion 2.5) splits inside the cavity, suggesting that the molecule-cavity
system is in the strong coupling regime with a Rabi splitting of
230 meV. We performed 22 MD simulations, starting in different
adiabatic eigenstates of the molecule-cavity system, that are indicated
by arrows in Fig. 2a. In all simulations, intra-molecular proton transfer
occurs irrespective of the polaritonic eigenstate that was initially
excited (Fig. S13b, Supplementary Information ). In Fig. 2d, we plot the
O-H distances of the 512 strongly coupled HBQ molecules in one of the
trajectories. In this trajectory, a proton transfer reaction occurs in HBQ
molecule 400 within 25 fs after excitation into the 19th eigenstate, as
indicated by an increase of the O-H distance (blue curve). The other 511
molecules remain in their ground state geometries, sampling O-H
bond distances around the Sg equilibrium value of 0.1 nm. Because the

reaction rate in QM/MM simulations of HBQ outside of the cavity is
very similar (Fig. S13a, Supplementary Information), these results
suggest that strong coupling does not have an appreciable effect on
the reaction. Thus, even though the Rabi splitting implies strong
coupling, the formation of polaritonic states does not lead to a sup-
pression of the photo-chemical reaction in HBQ, in contrast to theo-
retical predictions”, and experiments on spiropyran and
norbornadiene in Fabry-Pérot cavities"”*°*, nor to an acceleration, as
observed in experiments on fulgide photo-switching in an optical
cavity®.

To understand why excitation into a polaritonic eigenstate of the
molecule-cavity system does not suppress the reactivity in our simu-
lations, we inspected the composition of these states. As shown in
Fig. 2b, the cavity mode is distributed over virtually all eigenstates of
the molecule-cavity system. As pointed out by Houdré et al.*® for
atoms, and later by Mony et al.” for molecules, this is due to structural,
and hence energetic disorder among the HBQ molecules at 300 K.
Without disorder, only the optically accessible upper and lower
polariton states include contribution of the cavity mode and thus have
a different potential energy surface on which reactivity can be sup-
pressed (Fig. 1). The other N-1 eigenstates are dark, i.e., without
contribution from the cavity mode, and have potential energy surfaces
that are similar to the S; surface of the uncoupled molecule. In con-
trast, when there is disorder, which is unavoidable in experiments
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under ambient conditions, all states are optically accessible, but
because molecular excitations dominate these states, rather than the
cavity mode, the potential energy surfaces are hardly perturbed with
respect to the bare molecules—not even for the brightest polaritonic
states.

In our simulations, a perfect cavity was assumed, without any
losses. However, in reality, photon leakage through the mirrors is
unavoidable and hence provides an additional decay channel for the
excited population that could reduce the quantum yield and hence
suppress the reaction. Under the assumption that the rate of radiative
decay during an MD timestep, At, from a polaritonic state is propor-
tional to its cavity mode contribution®****, we accounted for such
reduction in the quantum yield a posteriori by recomputing the evo-
lution of the polaritonic wave function under the influence of cavity
losses along the MD trajectories (Supplementary Information, sub-
section 2.4). In these calculations we assumed a cavity decay rate of
Yeav =250 ps™, which is typical for a low quality metallic cavity with
Q-15. The losses estimated under these assumptions, plotted for
various ensemble sizes in Fig. 2c, suggest an average loss of only 5% for
the 512 molecule-cavity system.

The extent of the radiative loss depends on how rapidly the
population transfers from a bright polaritonic state with cavity mode
contribution and hence susceptible to radiative decay, into a dark state
that is localized on a single molecule and therefore lacks cavity mode
contribution®*, Because the rate of this non-adiabatic population
transfer process is inversely proportional to the energy difference
between the states”, the radiative loss depends on the overlap
between the optically-bright states and the molecular dark states'.
Because that overlap is determined by the Rabi splitting, the loss can
be controlled by varying the HBQ concentration'®,

However, because adding more molecules inside the cavity mode
volume not only increases the Rabi splitting, but also the number of
dark states, the overlap between the polaritonic absorption spectrum
(Fig. 2a), which represents the distribution of the optically-bright
states (Fig. 2b), on the one hand, and the molecular absorption spec-
trum, which represents the distribution of the molecular dark states'®,
on the other hand, has a maximum at a specific Rabi splitting, or
equivalently, a specific number of molecules, as shown in Fig. 2c.
Therefore, also the suppression of the reaction due to radiative loss
has a minimum around that Rabi splitting and increases again at higher
concentrations. Losses estimated for simulations with a different
number of molecules in the same cavity, confirm this correlation
between Rabi splitting and losses, at least qualitatively (Fig. 2c).

With 2048 HBQ molecules in the cavity and a collective Rabi
splitting of 520 meV, the losses reduce the formation of the photo-
product by 30%, in line with a smaller overlap. To remove the overlap
and hence suppress photo-product emission, the Rabi splitting must
exceed 800 meV (Supplementary Information, Fig. S15), placing the
system in the ultra-strong coupling regime. Such coupling strengths
are not only challenging to achieve experimentally due to the limited
solubility of HBQ in PMMA, but also difficult to simulate, as the rotating
wave approximation (RWA), on which our model is based®, may loose
its validity in this regime®®. Notwithstanding the potential limitations of
the RWA, we observed full suppression of the reaction in simulations at
a Rabi splitting of 820 meV (Fig. S15b).

Summarizing, the results of our calculations suggest that within
the strong coupling regime, the thermal disorder at 300 K prevents the
modification of the potential energy surfaces, in line with recent
results from quantum dynamics simulations®® and experiments®**4°,
Instead, ultra-strong coupling would be required to create a polari-
tonic potential energy surface with a sufficiently deep local minimum
to reduce the reaction rate. In both regimes, cavity decay provides a
competing loss channel that suppresses the overall reaction quantum
yield and our calculations suggest that the extent of such suppression
can be tuned via the HBQ concentration (Fig. 2c).

To verify the validity of these findings experimentally, we fab-
ricated metallic Fabry-Pérot micro-cavities containing HBQ mole-
cules and measured the photo-luminescence associated with the
photo-product at 620nm as a function of light-matter coupling
strength and excitation wavelength. As shown schematically in
Fig. 1a, a <100 nm PMMA film doped with HBQ, was covered with a
20 nm thick semitransparent aluminum (Al) mirror on top and a
120 nm non-transparent Al mirror on the bottom*. The top mirror is
sufficiently thin for the HBQ photo-product emission around 620 nm
to leak through and be detected. The thickness of the cavities was
tuned to match the first-order cavity mode with the HBQ absorption
maximum at 375 nm. To control the collective light-matter coupling
strength (x +/N), we varied the concentration of HBQ in the PMMA
film. Because the first-order cavity mode is sufficiently higher in
energy than the emission maximum of the HBQ photo-product, we
can exclude fluorescence enhancement due to the Purcell effect*.
Further details on the design, fabrication and characterization of the
cavity systems are provided in the Supplementary Information
(section 1).

Three micro-cavities were fabricated with HBQ/PMMA ratios of
0.5 (low), 1.0 (mid), and 1.6 (high concentration). In addition, three
bare films were fabricated with the same HBQ/PMMA ratios as in the
cavities. To provide a similar geometry for the reflection measure-
ments, these films were also deposited on a 120 nm thick non-
transparent Al mirror, i.e., the structure was identical to the cavity
geometry shown in Fig. 1a except for the top mirror.

We measured angle-dependent steady-state absorption spectra of
the cavities, which are shown as contour maps in Fig. 3. The anti-
crossings between the bright polaritonic branches around 40°-50°
incident angle, suggest that the cavities are in the strong coupling
regime and that the first-order cavity mode is hybridized with the two
lowest-energy electronic transitions in HBQ, namely the main peak at
375nm and the (vibronic) shoulder at 360 nm (Fig. 1b). These mole-
cular transitions are shown as black dotted horizontal lines, together
with the complete absorption spectrum of the HBQ/PMMA film in pink.
The energies of LP and UP, extracted from the angle-resolved experi-
mental spectra, are shown as black crosses.

While in previous works on strong coupling with organic mole-
cules, coupling strengths and cavity mode dispersions were often
extracted from the measured spectra by means of the coupled har-
monic oscillator model (CHOM)®***324>%5 3 straightforward application
of this model to our reflectivity data is compromised by the limited
visibility of the Middle Polariton (MP), situated between the two
vibronic transitions of HBQ. The limited visibility of this MP is due the
heterogeneous broadening of the transitions*. As demonstrated by
Musser et al., applying the CHOM to organic molecules with broad
absorption spectra, provides coupling constants, g, that do not reflect
the actual strength of the light-matter interaction*. Therefore, criteria
for strong coupling based on the coupling constants obtained from a
fit of the CHOM to the experimental data (i.e., 28 = Kol + Veav, With Kmor
and y.,y the decay rates of the molecule and the cavity, respectively),
cannot be used to determine if our system is in the strong coupling
regime.

We, therefore, instead focus on the observable splitting of the
molecular absorption into clearly visible upper and lower branches
with dispersion, and report the minimum energy gap between these
branches in Table 1 as a proxy for the coupling strength. Because this
gap, which is similar to the Rabi splitting of 240 meV in the MD
simulations, scales with the expected square-root of the molecular
concentration in all samples*®, we consider our systems to be in the
strong coupling regime. Although the CHOM may not be very suitable
for extracting the coupling strengths, we nevertheless used it to
visualize the polariton dispersions and to estimate the cavity disper-
sion, shown as white dashed lines and black dotted lines, respectively,
in the spectra of Fig. 3.
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harmonic oscillator model (CHOM, Supplementary Information, subsection 1.7) to  vided as a Source Data file.
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Table 1| Energy difference between the upper (UP) and lower
polariton (LP) for cavities with low, mid and high concentra-
tion (C)

c HBQ/PMMA UP-LP Oros Ares
(meV) (deg) (nm)
Low 0.5 ~270 50 385
Mid 1 ~290 40 386
High 1.6 ~325 40 390

The concentrations are defined as the HBQ/PMMA weight ratios (second column), at the inci-
dence angle for which the cavity dispersion and HBQ absorption are maximum are resonant
(Bres. fourth column). The last column lists the wavelength of the LP absorption maximum (4,.)
at these angles.

To verify the main finding in our simulations that exciting any
eigenstate of the molecule-cavity system leads to proton transfer and
the formation of the photo-product, we recorded cavity excitation
spectra by measuring the intensity of the steady-state emission of the
photo-product at 620 nm as a function of excitation wavelength and
angle. Since the energy gap between the lower polariton and the
fluorescence spectrum of HBQ (Fig. 1b) is more than an eV at all angles,
we can rule out photo-product emission through the optically trans-
parent polaritonic branches. The cavity system was excited with ~5ns
pulses at a 100 Hz repetition rate from a tunable laser source. Because
the fluorescence is emitted from uncoupled molecules without angu-
lar dependence, the emission was always collected at the sample sur-
face normal (i.e., at 0°).

The observation that the yield of the reaction in our simulations
depends on the overlap between bright and dark states (Fig. 2c)'®,
suggests that the excitation spectra of the HBQ-cavity systems can be
obtained by multiplying the probability to absorb a photon, deter-
mined by the absorption spectrum of the HBQ cavity, and the prob-
ability to undergo ESIPT, which is determined by the density of
molecular states. Because for HBQ the absorption and excitation
spectra are the same in solution (Supplementary Information, Fig. S3)
and very similar in the PMMA film (Supplementary Information,
Fig. S4), we obtained this density of states by measuring the excitation
spectra of the HBQ/PMMA films.

In Fig. 4, we show the absorption spectra (a,b) and excitation
spectra (c,d) at various incidence angles for the mid C (left column)
and the high C (right column) HBQ/PMMA cavities, as well as the
excitation spectra of films with the same HBQ/PMMA doping ratios as
the cavities (c,d). The qualitative agreement between the measured
cavity excitation spectra (Fig. 4c, d), on the one hand, and the spectra
obtained by multiplying the cavity absorption spectra and film
excitation spectra (Fig. 4e, f), on the other hand, confirm the results
from the simulations that the efficiency of the reaction is primarily
controlled by the overlap between the bright polaritons and the
molecular dark states. Likewise, dividing the excitation spectra of the
HBQ/PMMA-cavity systems by the excitation spectra of the HBQ/
PMMA films, yields the polaritonic absorption spectra (Fig. 4g, h),
affirming our conjecture. We note that the agreement between the
calculated and measured spectra is not perfect for all angles, which
we attribute to uncertainties in the baseline corrections that were
applied to the cavity absorption spectra (Supplementary Informa-
tion, Section 1.4).

Additional support is provided by the lower yield of the photo-
product emission at the largest angles where the overlap between the
polaritonic absorption maxima and film excitation spectrum is smal-
lest. Simulations, in which the cavity is red-detuned to mimic excita-
tion at such angles, confirm this (Supplementary Information, Fig. S14).
Thus, the results of both our MD simulations and excitation spectra
measurements suggest that in the strong coupling regime the bright
polaritonic states act as a gate-way to access the reactive dark states
and that the efficiency of this gate-way, or optical filter, depends on the
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Fig. 4 | Measured and predicted excitation spectra of strongly coupled HBQ-
cavities. Absorption spectra of (a) mid concentration (C) and (b) high C HBQ/
PMMA cavities at various excitation angles. Excitation spectra for emission at
620 nm of (¢) mid C and (d) high C HBQ/PMMA cavities as a function of excitation
angle. The excitation spectrum of the films are scaled down and shown in light gray.
Scaling of the film excitation spectra was done to compensate for the absence of
the top mirror and to facilitate comparison. The product of the cavity absorption
spectrum and film excitation spectrum for (e) mid C and (f) high C cavities. The
scaling of the film excitation spectra has no effect on the shape of these product
spectra. Cavity excitation spectrum divided by the film excitation spectrum for (g)
mid C and (h) high C HBQ/PMMA cavities. The curves are normalized so that the
highest value within a group of spectra in each panel (c-h) is scaled to one, i.e., the
relative intensities of the curves are preserved to facilitate comparison. Source data
are provided as a Source Data file.

overlap between the polaritonic absorption spectrum and the mole-
cular density of states'®,

Our simulations furthermore suggest that within the strong cou-
pling regime, increasing HBQ concentration enhances the overlap at
the resonance angle (Fig. 2c), and hence the efficiency of the ESIPT
reaction. To verify also this finding, we measured the steady-state
emission intensity at 620 nm from our HBQ cavities while exciting
directly into the lower polariton at the resonance angle, i.e., the angle
at which the excitation energy of bare HBQ matches the dispersion of
the cavity, and the energy gap between UP and LP is minimum. These
excitation wavelengths, A, and angles, 6,.,, are listed for each sample
in Table 1. As reference, we also measured the emission from the HBQ/
PMMA films with the excitation tuned to the absorption maximum
(dex=375nm) of the film. As in the measurements of the excitation
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Fig. 5 | Measured emission yields as a function of coupling strength. Emission
yield, n°%?, in HBQ-cavity systems and films as a function of HBQ/PMMA doping
ratio. The emission yield is normalized to the highest value. Source data are pro-
vided as a Source Data file.

spectra, the samples were excited with -5 ns laser pulses at a 100 Hz
repetition rate. Details of these experiments are provided in the Sup-
plementary Information (section 1.5).

We quantify the emission yield (1) in these experiments as:

ne® =I(/lem)/A(9res'Ares) @

with /() the intensity at the maximum of the emission band
(Adem=620nm) and A(B,, A,es) the baseline-corrected absorption at
the excitation wavelength A,.,, and incident angle 0.,. In Fig. 5, we plot
the yields as a function of the HBQ/PMMA doping ratio, which is
correlated with both the number of HBQ molecules within the mode
volume of the cavity and the coupling strength (Table 1). The films
show almost constant emission yield with only a minor decrease at
higher concentrations, presumably due to quenching'’. The absorp-
tion, A(0,es.Ares), Was also computed with the transfer matrix method
and the optical finite element method (Supplementary Information,
section 1.6). While both approaches provide similar trends, the
assumptions of a perfect cavity geometry is rather strong. We,
therefore, only report yields, n°?, that were derived from the
experimental spectra. Although the relative increase of the cavity
emission yield is larger than in the simulations, presumably due to the
overestimation of population transfer rates in small ensembles of
molecules”, the increase is in line with our calculations. Therefore,
both simulations and experiments suggest that increasing the
coupling by adding more molecules, decreases the suppression by
enhancing the rate at which population transfers from the lossy
polariton modes into the reactive dark state manifold.

However, experiments in cavities with different Q-factors, as was
done for example by Pandya et al. for investigating the effect of cavity
mode lifetime on polariton-mediated exciton transport*®, would be
needed to further confirm our interpretation that suppression of
photo-chemistry in the strong coupling regime is due to cavity loss,
rather than to a modified potential energy surface. In addition,
experiments at higher HBQ concentration are needed to confirm the
turn-over between the decrease and increase of losses, predicted by
our simulations (Fig. 2c). However, due to the limited solubility in
PMMA, either other polymer matrices or chemical modifications*’
would be required to reduce the aggregation propensity of HBQ in
such experiments and reach the Rabi splittings that are necessary for
observing the turn-over.

In conclusion, we have investigated how strong light-matter
coupling affects an ultra-fast photo-chemical reaction that occurs on
the same timescale as the cavity lifetime. While the coupling leads to
the characteristic Rabi splitting in the absorption spectra, the cavity
mode excitations are smeared out over so many states that their
contributions are too small to significantly perturb the potential
energy surface of the electronic excited state and affect the reaction
dynamics. The redistribution of the cavity mode contribution is due to

disorder, which suppresses the collective response, and, by localizing
the excitation, reduces polaritonic effects not only on reactivity®*’, but
also on other properties, such as polariton-mediated transport®®~°,
While radiative decay from the polaritonic states in a lossy cavity can
reduce the excited state population, the efficiency with which such
losses suppress the reaction, depends on the competition with non-
adiabatic population transfer into the molecular dark states. Since the
rate of population transfer between bright and dark states is inversely
proportional to the energy gap?¥, this rate is determined by the overlap
between the polaritonic absorption spectrum and the molecular den-
sity of states. Because this overlap depends on the number of mole-
cules in the mode volume'®, the extent of suppression can be
controlled by tuning the cavity Q-factor and the concentration. In
addition, by providing additional non-reactive decay channels, cavities
can also affect the excitation spectrum, and thereby selectively
enhance excitation of states at the edges of the molecular excitation
spectrum, where a system may be more reactive, as for example in
Photoactive Yellow Protein”’. Although we focused specifically on the
effect of strong coupling on the ultra-fast ESIPT reaction in HBQ, we
believe our findings, obtained by combining simulations and experi-
ments, provide important new insights into the possibilities of altering
chemistry with strong coupling in general as well as the limitations.

Methods

Experiments

Sample design and fabrication. To fabricate the samples, we first
evaporated a 120 nm aluminum (Al) mirror on a glass substrate (BK7,
Prézisions Glas and Optik GmbH) by e-beam evaporation. On top of
this mirror, a thin molecular film with a thickness of approximately
100 nm, was deposited by spin-coating a PMMA polymer matrix doped
with 10-hydroxybenzo[h]quinoline molecules (HBQ, TCI Europe N.V.
Belgium, CAS# 33155-90-7). Two identical samples were always fabri-
cated at the same time. To create an all-metal Fabry-Pérot cavity, we
evaporated a 20 nm Al mirror on top of the film on one of the samples.
By restricting the evaporation of the second mirror to only one of
samples, the other sample remained available as a reference molecular
film to compare against. Although with a 20 nm top mirror, the Q-
factor of our cavities, was low (Q = 17), the asymmetric cavity geometry
with a thin leaky mirror on top and a thick non-transmissive mirror at
the bottom, combines sufficient light confinement for reaching the
strong coupling regime, with sufficient out-coupling of the photo-
product fluorescence*.

Using transfer matrix method (TMM) and finite-difference time-
domain (FDTD) modeling simulations, we further optimized the cavity
geometry for the first-order cavity mode to be resonant with the first
electronic absorption maximum of HBQ (375nm) at -40° incidence
angle. An undoped reference cavity was fabricated by following the
same procedure for a PMMA matrix without HBQ. Further details
about the cavity design, fabrication and characterization are provided
in the Supplementary Information (sections 1.1, 1.2 and 1.6).

Optical measurements. Optical measurements were carried out using
a home-built goniometric setup, illustrated in Fig. S5 (Supplementary
Information), that could be equipped with a wide variety of optical
sources and detectors. The samples were excited with a pseudo-
collimated s-polarized excitation light beam aimed at the rotation axis
of the sample stage. The excitation (6) and detection (¢) angles were
adjusted by rotating the stage and the goniometric detection arm that
was equipped with a fiber coupler (ThorLabs, F220SMA-A) connected
to an optical fiber guiding the collected light into a detector.

Reflection and absorption spectra. For the reflection measurements,
we excited the sample at varying incidence angles (6) with a deuterium
lamp (Cathodeon, C710) and guided the light at the reflection angle
(¢ = 0) via the fiber (ThorLabs, M112L02) into a spectrometer, which
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consisted of a monochromator (Acton, SP2150i) in combination with a
CCD camera (Andor, InstaSpec IV CCD DU420-OE). The angle-resolved
reflection spectra, R(6, 1), were calculated as R(6, 1) = (8, 1)/Io(A), with
1(6, 1) being the collected signal reflected from the sample and /y(4) the
lamp spectrum. Without transmission through the bottom mirror (i.e.,
7(6,1) = 0), we could compute the absorption spectrum as A(6,1) =1
- R(6, A). These absorption spectra were corrected for variations in the
non-specular Rayleigh scattering from the top mirror surface. The
details of the baseline corrections are discussed in section 1.4 of the
Supplementary Information.

Fluorescence and excitation spectra. In the fluorescence measure-
ments, the samples were excited by a fiber-coupled tunable pulsed
laser (EKSPLA OPO NT230, pulse width: 3-6ns, repetition rate:
100 Hz). The emission from the samples was coupled to a fiber optic
bundle (ThorLabs, BFL200HS02) and guided into a monochromator
(Acton, SP2150i) equipped with a CCD camera (Andor, IVAC CCD DR-
324B-FI). A long-pass filter (Semrock, BLPO1-488R-25) was placed in
front of the spectrometer to avoid detecting the excitation light. The
detection angle ¢ was set to 0° for all 8 except for 6 =10° where ¢ was
set to 30° to avoid detecting the direct reflection of the incident laser
light. For the reference films, which lack dispersion, 8 was set to 30°
and ¢ to 0°. The collected emission intensity was normalized by the
sum of the energies of all excitation pulses, which were recorded pulse
by pulse with a separate sensor (Ophir PD10-C). The excitation spectra
were constructed by extracting the energy-corrected emission inten-
sities at 620 nm as a function of the excitation wavelength. Further
details on these measurements and the correction of the data are
provided in the Supplementary Information (Section 1.5).

Molecular dynamics simulations

Simulation model. We used the multi-scale Tavis-Cummings model,
introduced by Luk et al®*, to perform molecular dynamics (MD)
simulations of 256-2048 solvated HBQ molecules strongly coupled to
the confined light mode of a Fabry-Pérot cavity. In this model, we
apply the Born-Oppenheimer approximation to separate the nuclear
degrees of freedom, which we treat classically, from the electronic
degrees of freedom and the cavity modes®™. Within the single-
excitation subspace, probed experimentally under weak driving con-
ditions, and employing the rotating wave approximation (RWA), valid
for light-matter coupling strengths below 10% of the material excita-
tion energy*’, we model the electronic plus cavity mode degrees of
freedom with the Tavis-Cummings model of quantum optics®®*. In
the long-wavelength approximation, the interaction between the
molecular excitons and the cavity modes are modeled as the inner
products between the transition dipole moments and the vacuum field
associated with an excitation of the Fabry-Pérot cavity mode. A con-
cise summary of the details relevant to this work is provided in Section
2 of the Supplementary Information.

HBQ model system. The electronic ground state (So) of the HBQ
molecules was modeled at the hybrid Quantum Mechanics/Molecular
Mechanics (QM/MM) level®>®*, using density function theory with the
CAM-B3LYP functional®®**** in combination with a 6-31G(d) basis set*.
The cyclohexane solvent was described with the 2016H66 parameter
set of the Gromos96 force field”. We used time-dependent density
functional theory® within the Tamm-Dancoff approximation (TDA)*
in combination with the CAM-B3LYP functional and the 6-31G(d) basis
set, to model the first singlet excited electronic (S;) state of HBQ in our
simulations. Further details of the HBQ simulation setup are provided
in the Supplementary Information (subsection 2.3).

HBQ-cavity model. For the simulations in the cavity, 256-2048
configurations were extracted from the QM/MM ground-state tra-
jectory and coupled to a single confined light mode with an infinite

lifetime and a vacuum field strength of 0.77 MV cm™ (0.00015 au). To
maximize the collective coupling strength, the transition dipole
moments were aligned to the cavity field. MD trajectories of 100 fs
were calculated with 256, 300, 400, 512, 768, 1024, 1280 and 2048
molecules in the cavity. In these simulations, the cavity energy,
fwcay, Was tuned to be in resonance with the maximum of the HBQ
absorption, which is 4.02 eV at the TDA-CAM-B3LYP/6-31G(d)//Gro-
mos2016H66 level of QM/MM theory. In total 161 trajectories were
computed, each starting in a different polaritonic eigenstate of the
HBQ-cavity systems. Population transfers between states were
modeled with the diabatic surface hopping method®. All simulations
of the cavity systems were performed with Gromacs 4.5.3%, in which
the Tavis—-Cummings QM/MM model was implemented***’, in com-
bination with Gaussian167°.

Data availability

All data, including raw and analyzed experimental spectra with ana-
lyzing scripts, transfer matrix and FDTD modeling data and scripts,
simulations models, input files, trajectories and structures, analysis
scripts and programs, including raw data, are available for download
from IDA—Research Data Storage’’. Source data are provided with
this paper.

Code availability

The GROMACS-4.5.3 fork, in which the multi-scale Tavis-Cummings
model used in this work, was implemented, is available for download
from GitHub’.
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