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ABSTRACT: Strong coupling between photonic modes and molecular electronic excitations, creating hybrid light-matter states
called polaritons, is an attractive avenue for controlling chemical reactions. Nevertheless, experimental demonstrations of polariton-
modified chemical reactions remain sparse. Here, we demonstrate modified photoisomerization kinetics of merocyanine and
diarylethene by coupling the reactant’s optical transition with photonic microcavity modes. We leverage broadband Fourier-plane
optical microscopy to noninvasively and rapidly monitor photoisomerization within microcavities, enabling systematic investigation
of chemical kinetics for different cavity-exciton detunings and photoexcitation conditions. We demonstrate three distinct effects of
cavity coupling: first, a renormalization of the photonic density of states, akin to a Purcell effect, leads to enhanced absorption and
isomerization rates at certain wavelengths, notably red-shifting the onset of photoisomerization. This effect is present under both
strong and weak light-matter couplings. Second, kinetic competition between polariton localization into reactive molecular states and
cavity losses leads to a suppression of the photoisomerization yield. Finally, our key result is that in reaction mixtures with multiple
reactant isomers, exhibiting partially overlapping optical transitions and distinct isomerization pathways, the cavity resonance can be
tuned to funnel photoexcitations into specific reactant isomers. Thus, upon decoherence, polaritons localize into a chosen isomer,
selectively triggering the latter’s photoisomerization despite initially being delocalized across all isomers. This result suggests that
careful tuning of the cavity resonance is a promising avenue to steer chemical reactions and enhance product selectivity in reaction
mixtures.

■ INTRODUCTION
Strong coupling between light and polar excitations (including
excitons and vibrations) can renormalize light-matter eigen-
states into part-light part-matter states known as polaritons.1,2

Polaritonic strong coupling is typically achieved in the
collective regime, whereby many dipoles collectively couple
to the same photonic mode, such as in an optical micro-
cavity.3−8 Polaritons inherit the dispersive nature of photonic
modes and are delocalized in space but maintain relatively
strong matter-like interactions. These features have been
leveraged to enhance energy transport,9−15 realize Bose−
Einstein condensation,16−18 and achieve single-photon non-
linearities.19−23 Strong light-matter coupling is also an
emerging route to control chemical reactions.4−6,24−27 In this
context, vibrational strong coupling has been more heavily
explored both experimentally28−32 and theoretically.33−38 Here

we focus on electronic strong coupling, wherein the electronic
transitions of reactant molecules are hybridized with micro-
cavity photons.14,39,40,42 Specifically, we study how the
photoisomerization rates of two organic photoswitches are
modified in microcavities.
Some theoretical work predicts large effects of electronic

strong coupling on photochemistry, including modifications of
potential energy surfaces along which reactions evolve.33,43−49
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Despite these advances, and multiple experimental demon-
strations of energy-level tuning and rate inversions in
molecular systems,39,50−54 there are few experimental demon-
strations of polariton-driven chemical transformations in the
electronic strong-coupling regime. A pioneering study by
Ebbesen and co-workers42 showed that the rate of the ring-
opening photoisomerization of spiropyran (SP) into mer-
ocyanine (MC) was slowed by approximately an order of
magnitude in cavities that were tuned to be resonant with the
product state.42 Recent studies reproduce this empirical
finding,55,56 though one study suggests that the effect is
nonpolaritonic.56 In this work, we study the opposite reaction
from MC to SP, with the reactant (rather than the product)
strongly coupled to the cavity mode. A recent study by
Börjesson and co-workers41 studied the effect of electronic
strong coupling on a norbornadiene−quadricyclane photo-
switch with the reactant state of the photoswitch strongly
coupled to the cavity. Although this study shows a suppression
of the photoisomerization yield, strong coupling enables
lowering of the photon energy required to drive photo-
isomerization. Finally, recent work by Stern and co-workers55

shows that the photoswitching kinetics of fulgides is
accelerated by cavity strong coupling.
Questions remain about why polaritons influence chemical

reactions. In the Tavis−Cummings model of collective strong-
coupling, N molecules couple to one cavity mode, resulting in
two bright states�known as the upper polariton (UP) and
lower polariton (LP)�and N − 1 dark states that are also
collective in nature but formally do not couple to the light field
except in the presence of disorder (Figure 1a). Given that N is
often on the order of 105 to 106, dark states outweigh bright
states49,57,58 and dominate system relaxation with dynamics
resembling those of bare molecules,49,59−63 raising questions
on why cavities affect chemical reactions. Although proposals
suggest that dark states can inherit some delocalized character
that can modify reactions,35,64,65 another possibility is that

cavity-induced effects on light-driven reactions stem primarily
from a (weak-coupling) Purcell effect that is not intrinsically
polaritonic.56,66,67 Although not explored in the context of
chemical reactions, other proposals suggest that when cavity
modes are resonant with product states, polaritons can funnel
energy toward these states and change photophysical pathways,
even if the density of dark states far outweighs polar-
itons.45,68−70 Here, through systematic investigations of
photoisomerization rates using different cavity-exciton detun-
ings, photoexcitation wavelengths, and light-matter coupling
regimes, we show that both Purcell-like effects and polariton
funneling are operative mechanisms that enable tuning the
absorption onset, relaxation dynamics, and most importantly
chemical reaction pathways in organic microcavities.

■ RESULTS AND DISCUSSION
Tracking Photoisomerization Kinetics with Broad-

band Fourier-Plane Microscopy. The reactant molecules
chosen for this study are the colored MC form of the SP
derivative 1′,3′-dihydro-1′,3′,3′-trimethyl-6-nitrospiro[2H-1-
benzopyran-2,2′-(2H)-indole], Figure 1b, and the colored
closed ring isomer of the diarylethene (DAE) derivative 1,2-
bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-
cyclopentene. Both molecules have been extensively studied as
photoswitches.52,71−73 Both molecules show reversible and
repeatable photoswitching in polymer matrices upon light
irradiation.74−78 MC has a large molar absorption coefficient
(∼37,700 M−1 cm−1)79 at visible wavelengths and good
solubility, enabling collective strong coupling in a microcavity.
DAE, however, has a weaker absorption coefficient than MC
(10,900 M−1 cm−1),80 making it more challenging to reach
strong coupling in single-mode cavities. We focus our analysis
on the reaction behavior of MC in the polaritonic strong
coupling regime but also highlight measurements on DAE in
the intermediate-to-weak-coupling regime to demonstrate that

Figure 1. Tracking photoisomerization under strong light-matter coupling. (a) Tavis−Cummings model for collective strong coupling. (b) Sample
configuration of MC photoisomerization in an optical microcavity. MC is dispersed in PMMA to control the cavity thickness. (c) Visible absorption
spectra of SP and MC placed in a microcavity (black and red, respectively) and MC outside the cavity (purple). The SP form, which does not
absorb visible light, displays primarily a bare photonic cavity mode. In MC form, the photonic mode splits into the upper and lower polaritons.
(d,e) Experimental (left) and transfer matrix calculations (right) broadband angle-resolved reflectance of strongly coupled MC (d) and SP (e) in
silver microcavities. Colored lines overlaid on the dispersion are fits using a COM. The purple dashed lines indicate the peaks of the MC exciton
transition. (f) Experimental angle-resolved spectra during a photoisomerization experiment. The arrow represents the excitation wavelength and
momentum.
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some effects on photoisomerization are not necessarily related
to strong coupling.
To reach the strong-coupling regime, we disperse MC

molecules in poly(methyl methacrylate) (PMMA) and embed
them in a metallic Fabry−Perot cavity (Figure 1b, see
Supporting Information, Section 1, for details). Silver mirrors
are less lossy than gold mirrors but show signs of
decomposition over long experimental times�we therefore
carry out key measurements in both silver and gold cavities and
report both sets of data, confirming that they show equivalent
behavior. MC features a broad electronic absorption centered
at approximately 550 nm (Figures 1c, S1, and S2). When MC
is embedded in a resonant cavity, we observe a characteristic
splitting of the exciton and photon peaks into upper and lower
polariton bands (Figure 1c), in line with previous
reports.42,52,81 To resolve the polariton dispersion, we
implement broadband Fourier-plane optical microscopy,82−84

enabling the capture of a full angle-resolved spectrum in a
single (1 ms) exposure using low irradiation intensity (Figure
S3). Compared to angle-resolved spectroscopy that requires
beam- or sample-scanning, our approach crucially reduces light
exposure, which would prevent accurate characterization of the
dispersion evolution during a light−driven reaction. We
confirm that this noninvasive approach leads to negligible
photoinduced isomerization over a full experimental cycle in
the absence of an additional light source driving photo-
isomerization (Figure S4). Although MC can revert to SP
thermally in addition to light exposure,42,52,79,85 Figure S4 also
confirms that MC in PMMA is thermally stable over a full
experimental cycle.
Figure 1d,e displays the polariton dispersion for the MC and

colorless SP forms in a representative cavity, showing good
agreement with simulations using the transfer matrix method
(TMM) and the coupled oscillator model (COM). We obtain
a Rabi splitting of ΩR = 523 meV in the MC form (obtained
experimentally from the UP−LP separation in the absorbance
spectrum at the anticrossing), similar to that achieved in
previous reports.42,52,81 ΩR is larger than the full-width half-

maximum of both the cavity Γc = 114 meV and the MC
exciton band ΓMC = 447 meV. Although different schemes are
invoked to verify strong-coupling, for very broad/disordered
molecular systems, such as MC, the condition ΩR > |Γc − ΓMC
| most closely matches secondary measures of strong
coupling.81 Our system is therefore well within the strong-
coupling regime at the onset of ultrastrong coupling (ΩR > 0.2
E0 = 450 meV, where E0 = 2.25 eV is the uncoupled molecular
transition energy), although the validity of such analysis for
ultrastrong coupling in highly disordered molecular systems is
debated.86

Photoisomerization from MC to SP is induced using
coherent light with tunable energy and in-plane momentum
to target specific regions of the polariton dispersion (Figure
S3). The evolution of the dispersion upon irradiation is then
monitored over seconds to minutes. As MC molecules are
converted to colorless SP, Rabi contraction42,52 results in the
LP (UP) branch shifting toward higher (lower) energy during
the reaction (Figures 1f and S5). The evolution of the
dispersion is compared to TMM calculations to extract the
absolute concentration of MC over time, allowing for the
determination of instantaneous photoisomerization rates in the
cavity as a function of light-matter coupling strength, cavity-
exciton detuning, and irradiation energy and momentum. We
will show that detailed analyses of photoisomerization kinetics,
instead of overall yields, provide key indicators of subtle
polariton-modified chemistry in our systems.

Absolute Photoisomerization Rate Enhancement is
Driven by a Purcell Effect. We begin by comparing MC
photoisomerization dynamics in three different environments:
a strongly coupled system with the cavity energy crossing near
the peak (90% of peak absorbance) of the MC electronic
transition (cavity 1, Figure 2a); a strongly coupled system with
the cavity detuned by −0.35 eV from the peak of the electronic
transition (cavity 2, Figure 2b); and outside of the cavity
(control). The cavity energies are tuned to be selectively
resonant with different MC isomers (vide infra). The samples
were irradiated with either 630 or 670 nm light, both at normal

Figure 2. Photoisomerization kinetics as a function of excitation wavelength in MC and DAE. (a,b) Angle resolved reflection spectra of cavity 1 (a)
with ΩR = 517 meV and cavity 2 (b) with ΩR = 605 meV. Pink dot represents 630 nm excitation at normal incidence; green dot represents 670 nm
excitation at normal incidence. (c,d) Plots of reaction extent over time in control (black), cavity 1 (blue), and cavity 2 (red) for 630 nm excitation
(c) and 670 nm excitation (d). Red and blue arrows positioned on the plots indicate the time point at which the system undergoes a transition from
strong to weak coupling. The lines are fits to extract approximate isomerization rates in the strong-coupling regime. The cavities are gold cavities.
Equivalent data is shown for silver cavities in Figure S6. (e,f) Fluence-normalized photoisomerization rate in each sample as a function of irradiation
wavelength for MC (e) and DAE (f). The rate constants are extracted from single-exponential fits over the reaction times depicted in panels (c,d).
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incidence corresponding to momentum kx = 0 (Figure 2a,b).
To provide an estimate for the macroscopic reaction rate, we
begin by assuming a simple first-order photoisomerization
reaction from MC to SP (an assumption we revise with a more
complete kinetic model below), with only the reactant (MC)
absorbing at the excitation wavelengths. Thus

t
k k I

d MC
d

MC , ( ) ( ) ( )

for monochromatic light

t
t

[ ]
= [ ] =

(1)

where [MC]t is the MC concentration at time t, k is the
reaction rate constant, σ is the absorption cross section
(proportional to A/[MC], where A is absorbance), ν is the
irradiation frequency, I is the light irradiance, and ϕ is the
reaction quantum yield. The integrated rate law, assuming k is
constant, is simply [MC]t = [MC]0e−kt. Figure 2c,d plots

ktln MC MC
MC MC

t

0
=[ ] [ ]

[ ] [ ] for the two excitation conditions and

the three environments, where [MC]∞ refers to a data point
collected at late times, once the system has completely stopped
evolving (indicating [MC]∞ ≈ 0). Arrows in Figure 2c,d point
to the concentration at which the systems transition from
strong to weak coupling. Most plots show a deviation from
linear behavior, indicating nonfirst-order kinetics even prior to
transitioning to weak coupling; we will show below that these
deviations are key to understanding the effects of polaritons on
our systems. For now, we estimate an average rate constant
over the strong-coupling regime using the linear fits shown in
Figure 2c,d.
Upon 630 nm irradiation, resonant with the LP of cavity 1

but not of cavity 2, we find that MC photoisomerization over
the first minute of irradiation in cavity 1 is on average ∼5 times
faster than that of cavity 2 or in the control (Figure 2c).
Analogous behavior is observed upon 670 nm irradiation,
resonant with the LP of cavity 2 but not of cavity 1, which
shows an ∼4-fold enhancement of the photoisomerization rate
in cavity 2 compared to cavity 1 or the control (Figure 2d).
This symmetry between cavity 1 and cavity 2 suggests that the
rate enhancement upon LP excitation is present over a large
range of exciton-cavity detuning. Both the gold (Figure 2) and
silver (Figure S6) cavities show equivalent behavior.
In contrast to these sizable rate modifications, the cavity

appears to have little macroscopic effect on photoisomerization
upon irradiation away from the LP branch, particularly when
irradiating at energies lower than the LP (Figure 2d, compare
black and blue data points). Furthermore, upon resonant
excitation, the rate is drastically different only at early times,
prior to substantial Rabi contraction; the latter shifts the LP
branch energy away from the excitation energy, at which point
the rate approximately recovers that of the control sample
outside the cavity. Thus, our results indicate that it is mainly
upon the resonant excitation of a polariton branch that we
substantially enhance photoisomerization rates. These findings
are summarized in Figure 2e, where we plot the irradiation
fluence-normalized reaction rate constants for the control and
two cavities for different excitation wavelengths extracted using
linear fits over the strong-coupling regime. The figure
emphasizes that the most significant effect is rate enhancement
compared to the control when the excitation is resonant with
the LP. Fluence-dependent measurements provide confidence
that the observed effects are not due to thermally induced
photoisomerization arising from light-induced heating (Figures

S7 and S8).87 Instead, this overall rate enhancement effect can
be understood as arising from a cavity-induced renormalization
of the photonic density of states, as was recently inferred for
different reactions.56,88 This effect does not require strong
light-matter coupling. Nevertheless, our results indicate that
enhanced absorption at the LP branch followed by conversion
of LPs into dark states does enable more efficient use of
photons resonant with the LP branch compared to that outside
the cavity. Thus, the cavity allows the use of lower-energy light
to drive photoisomerization, in essence red-shifting the onset
of photochemistry.41 We return below to absorption-
normalized measurements to more sensitively tease out
polaritonic effects.
To test the effect of strong versus weak coupling as well as

generalize our result to a different photoswitch, we carry out
identical measurements using DAE in an intermediate-to-
weakly coupled cavity (Figure S9). We show the fluence-
normalized reaction rates for DAE in Figure 2f, comparing
rates outside the cavity versus inside the cavity at different
wavelengths. Given the steep cavity dispersion, we add an
additional control parameter where we selectively pump on or
off a cavity mode by changing the angle (or momentum) of
irradiation (Figure S3), enabling a more thorough character-
ization of the effect of the cavity at all wavelengths. At energies
below the absorption peak of bare DAE (Figure S1), resonant
irradiation of the cavity causes a rate enhancement effect
similar to that of the MC data (compare Figure 2e,f). In
addition, in DAE microcavities, we observe rate suppression
when pumping off of the cavity mode for any given wavelength
(Figures 2e and S9); this rate suppression is simply a result of
lower system absorbance at these wavelengths due to the
cavity. Overall, our results show that the most evident
macroscopic changes to photoisomerization kinetics observed
when embedding molecules within microcavities primarily
stem from a renormalized density of photonic states, present in
both weak- and strong-coupling regimes.

Kinetic Competition between Polariton Localization
and Cavity Losses Leads to Yield Suppression. To
remove the effect of renormalized system absorbance due to
the cavity, we now account for time-dependent changes in σ
(eq 1) in the cavities to calculate the yield enhancement or

suppression factor SC
cavity

control
= for each excitation condition

in MC, where the brackets indicate averaging over data
collected only within the strong-coupling regime (details and
normalization method comparison in Supporting Information,
Section 2.4 and Figure S10). The values of γ are tabulated in
Figure 3a for two different cavities, color-coded to the
excitation conditions shown in Figure 3b,c. We also tabulate

absolute rate enhancements RE
k

k
cavity

control
= for comparison, using

the rates from Figure 2e. We observe photoisomerization yield
suppression (γ < 1) in all cases. We find that the highest
photoisomerization yield occurs when the cavity samples are
excited at 550 nm, near the resonance peak of the uncoupled
molecular transition. Figure 3d overlaps the extracted γ values
for the two cavities at each excitation wavelength with the bare
MC absorbance. The plot shows that although the absolute
isomerization rate increases when pumping polariton reso-
nances (Figure 2e), γ decreases monotonically as we detune
the excitation away from the bare molecular resonance (Figure
3d).
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Multiple studies have shown that relaxation dynamics in
molecular polaritons are dominated by dark states.62,89,90

Indeed, excitation into any state (UP, LP, or dark states) tends
to localize both spatially and energetically into the dark state

manifold because of the latter’s large density of states.49,59,63,91

This aspect is particularly relevant in molecular polaritons with
large disorder, since the latter ensures energetic overlap
between polariton branches and molecular states over a large
range of detunings.89,90 The trend we observe in γ (Figure 3d)
can be rationalized within this context and suggests that
photochemistry in our systems is principally driven by
(relatively) localized dark states: as the detuning between the
excitation and bare exciton resonance increases, we expect a
smaller LP → dark state transfer rate.41,62,88 The other decay
pathway for LPs is to the ground state, typically on sub-100 fs
time scales, dictated primarily by cavity losses. Given this
kinetic competition between polariton localization into dark
states and polariton decay to the ground state, large detuning
(small LP → dark state rate) results in a lower dark state yield
and thus lower photochemical yields (Figure 3d). Therefore,
cavity coupling, particularly under conditions where the LP is
significantly detuned from dark states through ultrastrong
coupling or large detuning, can yield photoisomerization
suppression even without fundamentally modifying molecular
potential surfaces.41,88 We emphasize, however, that the
absolute photoisomerization rate enhancement (per irradiation
photon rather than absorbed photon, RE in Figure 3a) can be
large in microcavities since it allows low-energy light below the
molecular resonance to be efficiently absorbed by the system
and transferred into reactive dark states.

Polariton Funneling to Target Reactants Allows
Steering Chemical Reactivity in Isomer Mixtures. Finally,
we turn to a sought-after polaritonic effect: control over
reaction selectivity through strong light-matter coupling. It is
well understood that cavity coupling facilitates long-range wave

Figure 3. Cavity-induced photoisomerization yield suppression in
MC. (a) Absorption-normalized yield enhancement (γ, see text for
calculation details). The absolute rate enhancements (RE, which are
normalized for fluence but not absorbance) from Figure 2e are also
tabulated for comparison. (b,c) Angle-resolved reflection spectra of
cavities 1 and 2, respectively. Each dot represents a different excitation
condition in energy and momentum, color-coded to panel (a). (d)
Plot of γ vs excitation wavelength, showing that γ approximately
follows molecular absorbance as a function of wavelength.

Figure 4. Polaritonic funneling to target MC isomers. (a) Diagram depicting initially delocalized polaritons localizing onto specific MC isomers
upon decoherence. The isomer into which polaritons localize depends on exciton-cavity detuning. (b) Photoluminescence excitation spectrum of
MC in PMMA outside the cavity. The spectrum reveals four different isomers, which we model with Gaussian functions with dominant
contributions from TTC, CTC, and TTT isomers. The bare photonic dispersions of cavity 1 (blue) and cavity 2 (red) are overlaid with the
excitation spectrum, displaying preferential spectral overlap of cavity 1 with TTC isomers and of cavity 2 with TTT isomers. (c) Schematic of the
rate equations used to model the isomerization kinetics of our system between different MC isomers and SP. (d,e) Photoisomerization kinetics of
MC in PMMA outside the cavity following 550 nm (d, mostly TTC) and 630 nm (e, mostly TTT) excitation. (f,g) Instantaneous rate of reaction
over time plotted for 550 nm excitation (f) and 630 nm excitation (g) for the control, gold cavity 1, and gold cavity 2. Solid curves depict
experimental data; dashed curves depict the best fit using the kinetic model depicted in panel (c), with extracted rate constants shown in Table S1.
TTC-dominated kinetics exhibits a characteristic rise-and-fall feature in the instantaneous rate, indicating nonexponential behavior. TTT-
dominated kinetics is nearly monoexponential. Panel (f) indicates switching from TTC- to TTT-dominated kinetics by increasing exciton-cavity
detuning. Raw data for both gold and silver cavities are shown in Figure S11. Note that these data sets are collected with 10-fold lower fluence than
Figure 2 data to allow finer temporal sampling of the kinetic evolution.
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function delocalization and transport.9−15 When the cavity
couples to multiple partially overlapping optical transitions, the
polariton delocalizes across different species and facilitates
energy transfer between them.54,68,70,92 In the context of
chemical reactions, we posit that this delocalization can help
funnel energy68 to target reactants and thus steer chemical
reactivity in reaction mixtures (Figure 4a). Related mecha-
nisms of cavity-mediated intramolecular energy redistribution
of thermal excitations have recently been postulated to account
for modified ground-state chemical reactions under vibrational
strong coupling.93

There are four stable isomers of MC. The two isomers
known to dominate absorption are trans−trans−cis (TTC)
and trans−trans−trans (TTT) (Figure 4a), which adopt
different photoisomerization pathways.94−97 These isomers
have partially overlapping absorption spectra that can be
distinguished through photoluminescence excitation spectros-
copy94,96 (PLE, Figure 4b). PLE of our control sample (MC in
a PMMA matrix outside the cavity) distinguishes up to four
isomers, modeled with four Gaussian functions in Figure 4b.
Isomer assignment is debated in the literature,94,96,98−100 but
given the known dominating contributions of TTC and TTT
to PLE spectra, we assign the main peaks at 570 and 618 nm to
TTC and TTT, respectively, in agreement with assignments
for MC in solution.96,101 TTC is the most stable isomer and is
expected to be in the largest concentration, but TTT has a
much higher photoluminescence quantum yield, explaining the
large TTT peak in PLE spectra.96 The other peaks are likely
CTC and CTT, with CTC known to be involved in the
excited-state isomerization pathway.94 We call the middle
isomer CTC from hereon for simplicity, but note that isomer
assignment is irrelevant to the discussion that follows. The bare
cavity photon dispersions of cavity 1 and cavity 2 are overlaid
on the PLE spectrum in Figure 4b. Both cavities spectrally
overlap with multiple isomers but display preferential overlap
of cavity 1 with TTC and of cavity 2 with TTT. Our central
question is whether, upon decoherence, polaritons localize into
a specific isomer selected by the cavity resonance, despite
initially exciting the whole mixture (Figure 4a). This process
would allow steering photoexcitations toward a particular
reaction pathway irrespective of excitation condition, thus
offering the possibility to harvest photons efficiently through
the whole mixture and direct them toward a particular product
state�an approach to enhancing chemical rates while
controlling selectivity in reaction mixtures.
Prior studies in solution have demonstrated excited-state

photoisomerization among ring-open isomers, specifically TTC
→ TTT, TTC → CTC, and CTC → TTT,94,96 in addition to
the ring-closing reactions to SP (Figure 4c). Indeed, we find
that in our control samples (outside the cavity), exciting
mainly TTC isomers at 550 nm results in nonexponential
behavior (Figure 4d), whereas exciting TTT isomers at 630
nm results in quasi-monoexponential isomerization kinetics
(Figure 4e), as indicated by the linear fit (dashed line) over the
first 10 min. These data support the notion that TTT isomers
excited with 630 nm light convert only to SP, resulting in first-
order kinetics, whereas 550 nm excitation results in branching
to multiple isomers that also absorb light and undergo ring-
closing at different rates. We develop a model according to
Figure 4c (Supporting Information, Section 3), and we confirm
that a minimum of three ring-open MC isomers are required to
reproduce the observed kinetics for 550 nm excitation. The fit
from the model is shown as a dashed line in Figure 4d

(extracted parameters are given in Table S1) and captures all
essential features of the data.
The photoisomerization kinetics for all systems is

summarized in Figure 4f,g, which plots the instantaneous

photoisomerization rate, defined as ( )k ln
tinst

MC
MC

t

0
= [ ]

[ ] .

Plotting this derivative emphasizes subtle deviations from
first-order kinetics (the raw data are shown in Figure S11).
Outside the cavity, excitation at 550 nm results in a
characteristic rise-and-fall profile in kinst, whereas excitation at
630 nm results in an almost constant kinst, the latter indicating
quasi-first-order kinetics. We use this clear distinction in the
isomerization kinetics as an indicator of the dominant
photoisomerization pathway in the cavities.
Our key results are shown in Figure 4f. Upon 550 nm

excitation (resonant primarily with TTC), cavity 1 shows a
rise-and-fall profile in kinst, consistent with that of the outside-
cavity sample. We therefore assign this behavior to TTC-
dominated isomerization in cavity 1 upon 550 nm excitation.
The small difference between cavity 1 and control kinetics is
captured by our model primarily through a reduction in the
rate of TTC → TTT in cavity 1, suggesting that cavity 1 favors
localization of the excitation onto TTC isomers (Table S1). In
contrast, our most important result is that for identical 550 nm
excitation conditions, cavity 2 exhibits simple dynamics
approaching monoexponential behavior, characteristic of
TTT isomer dynamics (the red trace in Figure 4f is similar
to the black trace in Figure 4g). This observation indicates
that, remarkably, the polariton that is presumably initially
delocalized across multiple isomers localizes specifically into
TTT isomers upon decoherence, selectively triggering ring-
closing from TTT. Our model captures this switch to TTT-
dominated dynamics in cavity 2 upon 550 nm excitation by
either: (i) Massively increasing the TTC → TTT and CTC →
TTT rates (Table S2, fits shown in Figure S12), implying a
cavity modification of photoisomerization rate; or (ii) Shifting
the initial population from TTC to CTC and TTT (Table S1,
fits shown in Figure 4f), implying a modification of system
eigenstates resulting in a different initial condition upon 550
nm excitation. In both cases, these results show that tuning the
cavity to be resonant with one subpopulation of isomers allows
efficient funneling of photoexcitations into those isomers.
Complementary angle-resolved photoluminescence (PL)

measurements (Figure S13) support our interpretation.
Upon 550 nm excitation, the PL intensity in cavity 1 is ∼2
times lower than outside the cavity, but the PL spectrum is
almost identical, suggesting that cavity 1 has little effect on the
relative isomer fractions upon 550 nm excitation. In cavity 2,
however, the PL intensity is ∼6 times larger than that in cavity
1 for identical excitation conditions. The PL is also red-shifted,
with light emitted primarily through the LP of cavity 2. Given
the larger PL quantum yield of TTT compared to TTC,96

these results support the notion that photoexcitations are
selectively funneled to TTT in cavity 2. Nevertheless, we note
that the interpretation of PL intensity and spectrum is
complicated by effects such as radiative pumping of the LP
by relaxed molecular states and Purcell enhancement, which
may account for the features observed in the PL. We therefore
posit that monitoring chemical kinetics, which is independent
of light outcoupling, is a superior approach to identifying
polariton-mediated energy funneling and localization dynamics
in our system.
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Finally, upon 630 nm excitation (resonant primarily with
TTT isomers and with the LP of cavity 1 at k = 0), cavity 2
continues to exhibit TTT kinetics (Figure 4g), matching the
kinetics of the outside-cavity sample, as expected. Cavity 1
displays an initially large isomerization rate due to resonant
excitation of the LP at 630 nm (Figures 4g and 2e); however,
following Rabi contraction, the excitation wavelength is
subresonant with the LP, resulting in primarily TTT excitation
and monoexponential kinetics, consistent with cavity 2 and the
control.
Overall, these results show that polaritons in cavity 2

systematically localize into the TTT isomer, even upon
excitation at wavelengths normally resonant with TTC
isomers, resulting in TTT-dominated isomerization kinetics.
Thus, appropriate tuning of the cavity resonance steers excited-
state reaction pathways in chemical mixtures by funneling the
absorbed energy toward a target reactant state, similar to light-
harvesting schemes, though the overall photon efficiency limits
of this process in cavities remains to be investigated. These
results suggest that strong light-matter coupling in chemical
mixtures allows steering chemical dynamics in a potentially
more profound way than by acting as an optical filter, which
was recently suggested to be the case for chemical systems with
single-component reactants.56,88,102 This approach will be
particularly valuable to adopt in mixtures of reactants that have
drastically different photochemical pathways and product
states. Electronic strong-coupling in this context would provide
a compelling platform to achieve precise reaction specificity,
product selectivity, including suppression of undesired
products, and reconfigurable photoswitching.

■ CONCLUSIONS
Overall, we have disentangled three effects that contribute to
the cavity-modified photoisomerization kinetics of a photo-
switch when the reactant’s electronic excitation is strongly
coupled to the photonic cavity mode. Our results indicate that
cavity coupling can influence the efficiency, rate, and selectivity
of chemical reactions through kinetic competition and
polariton-assisted energy transfer in reaction mixtures. First,
the most obvious macroscopic effect of the cavity is a Purcell-
like renormalization of the photonic density of states that leads
to enhanced absorption at wavelengths resonant with the
polariton or cavity modes. This effect is not polaritonic in
nature but does lead to an absolute rate enhancement per
irradiation photon at some wavelengths, notably allowing red-
shifting of the onset of photoisomerization. Second, when
normalized for the number of absorbed photons, our results
indicate that cavity strong coupling decreases the photo-
isomerization yields. The yield suppression becomes more
dramatic as the excitation wavelength is detuned from the bare
molecular absorbance. We assign the observed behavior to a
smaller polariton → dark state population transfer upon larger
excitation detuning; combined with cavity losses, this effect
results in overall yield suppression. Finally, and most excitingly,
we observe polariton-assisted selectivity over the reaction
paths. This behavior is observed in a reaction mixture
containing multiple isomers with partially overlapping but
distinct electronic transitions. When the cavity is tuned into
resonance with a target reactant isomer, our results show that
polaritons that are initially delocalized across the reaction
mixture localize into the target state, irrespective of initial
excitation conditions. These results suggest that the energy
absorbed by the reaction mixture can be funneled to a target

reactant. Such polariton funneling provides an enticing
prospect for steering photochemical reactions in complex
mixtures toward desired chemical products with high
efficiency.
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Á.; Leventis, A.; Fallon, K. J.; Coulthard, H.; Bossanyi, D. G.;
Georgiou, K.; Petty II, A. J.; Anthony, J.; Bronstein, H.; Yuen-Zhou,
J.; Tartakovskii, A. I.; Clark, J.; Musser, A. J. Manipulating Molecules
with Strong Coupling: Harvesting Triplet Excitons in Organic Exciton
Microcavities. Chem. Sci. 2020, 11, 343−354.
(54) Dovzhenko, D.; Lednev, M.; Mochalov, K.; Vaskan, I.;
Rakovich, Y.; Karaulov, A.; Nabiev, I. Polariton-Assisted Manipulation
of Energy Relaxation Pathways: Donor-Acceptor Role Reversal in a
Tuneable Microcavity. Chem. Sci. 2021, 12, 12794−12805.
(55) Zeng, H.; Pérez-Sánchez, J. B.; Eckdahl, C. T.; Liu, P.; Chang,
W. J.; Weiss, E. A.; Kalow, J. A.; Yuen-Zhou, J.; Stern, N. P. Control of
Photoswitching Kinetics with Strong Light-Matter Coupling in a
Cavity. J. Am. Chem. Soc. 2023, 145, 19655−19661.
(56) Thomas, P. A.; Tan, W. J.; Kravets, V. G.; Grigorenko, A. N.;
Barnes, W. L. Non-Polaritonic Effects in Cavity-Modified Photo-
chemistry. Adv. Mater. 2023, 36, 2309393.
(57) Canaguier-Durand, A.; Devaux, E.; George, J.; Pang, Y.;
Hutchison, J. A.; Schwartz, T.; Genet, C.; Wilhelms, N.; Lehn, J.-M.;
Ebbesen, T. W. Thermodynamics of Molecules Strongly Coupled to
the Vacuum Field. Angew. Chem., Int. Ed. 2013, 52, 10533−10536.
(58) Schwartz, T.; Hutchison, J. A.; Léonard, J.; Genet, C.; Haacke,
S.; Ebbesen, T. W. Polariton Dynamics under Strong Light-Molecule
Coupling. ChemPhysChem 2013, 14, 125−131.
(59) Tichauer, R. H.; Feist, J.; Groenhof, G. Multi-Scale Dynamics
Simulations of Molecular Polaritons: The Effect of Multiple Cavity
Modes on Polariton Relaxation. J. Chem. Phys. 2021, 154, 104112.
(60) Virgili, T.; Coles, D.; Adawi, A. M.; Clark, C.; Michetti, P.;
Rajendran, S. K.; Brida, D.; Polli, D.; Cerullo, G.; Lidzey, D. G.
Ultrafast Polariton Relaxation Dynamics in an Organic Semi-
conductor Microcavity. Phys. Rev. B 2011, 83, 245309.
(61) Coles, D. M.; Grant, R. T.; Lidzey, D. G.; Clark, C.;
Lagoudakis, P. G. Imaging the Polariton Relaxation Bottleneck in
Strongly Coupled Organic Semiconductor Microcavities. Phys. Rev. B
2013, 88, 121303.
(62) Groenhof, G.; Climent, C.; Feist, J.; Morozov, D.; Toppari, J. J.
Tracking Polariton Relaxation with Multiscale Molecular Dynamics
Simulations. J. Phys. Chem. Lett. 2019, 10, 5476−5483.
(63) Renken, S.; Pandya, R.; Georgiou, K.; Jayaprakash, R.; Gai, L.;
Shen, Z.; Lidzey, D. G.; Rao, A.; Musser, A. J. Untargeted Effects in
Organic Exciton-Polariton Transient Spectroscopy: A Cautionary
Tale. J. Chem. Phys. 2021, 155, 154701.

(64) Botzung, T.; Hagenmüller, D.; Schütz, S.; Dubail, J.; Pupillo,
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