Collective Effects in Polariton Chemistry and Photophysics

Wenxiang Ying,1 M. Elious Mondal,! Eric R. Koessler,! Sebastian Montillo Vega,1 and Pengfei Huo

1,2,3,a)

1)Department of Chemistry, University of Rochester, Rochester, New York, 14627,

USA

2 The Institute of Optics, Hajim School of Engineering, University of Rochester, Rochester, NY 14627,

USA

3) Center for Coherence and Quantum Optics, University of Rochester, Rochester, New York 14627,

USA
(Dated: 1 December 2025)

Coupling molecules to the quantized radiation field inside an optical cavity creates a set of new photon-
matter hybrid states, so-called polaritons. Recent experiments have demonstrated that molecular polaritons
could lead to modifications of excited-state dynamics and spectroscopy, photochemistry, and ground-state
chemical reactivities. We review the fundamental theory of molecular polaritons under collective light-matter
coupling, where many molecules are simultaneously coupled to the cavity mode. Our discussions are based on
model systems that effectively capture the essential physics of experiments, allowing one to obtain analytic
theories and valuable insights into the microscopic mechanisms in polariton dynamics and spectroscopy,
photochemistry, and vibrational strong coupling modified chemistry.

I. INTRODUCTION

Coupling molecules to quantized radiation field in-
side an optical microcavity (Fig. 1A) creates a set of
new photon-matter hybrid states, these hybrid polari-
ton states arise from the superposition between molecu-
lar states (electronic or vibrational excitation) and the
cavity photon Fock states (photonic excitation) — so-
called polaritons!. These polariton states have delo-
calized excitations among molecules and cavity modes.
The formation of polariton states and their subsequent
dynamics are considered key to many crucial phenom-
ena, such as modifying chemical reactivities!™® and vi-
brational energy transfer® 0, inducing changes in elec-
tron transfer'' 16 and photo-induced charge transfer!”,
hot electron cooling dynamics and photoluminescence in
nanomaterials'® 2!, exciton transport??~29 and excitation
energy transfer39 32 and so on, presenting a significant
opportunity for innovation in material and energy sci-
ence, quantum information platforms. For example, it is
proposed that exciton-polaritons can be used for analog
quantum simulation®® and quantum computing>?.

There are two main regimes for polariton chemistry.
One is related to electronic (excitonic) strong coupling
(ESC) and photochemistry®:3%36  operating under an ex-
ternal laser field to initiate photochemistry. The result-
ing hybrid electronic/excitonic-photonic states are usu-
ally referred as to exciton-polaritons. The other is vibra-
tional strong coupling (VSC) and the change of ground-
state reactivities3” 4°, operating under the “dark condi-
tion” without any external laser pumping. The resulting
hybrid molecular vibrational-photonic states are usually
referred as to vibration polaritons.

Meanwhile, the light-matter hybrid states decay over
time due to exciton-phonon coupling (vibrational envi-
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ronment of each molecule) and cavity losses, causing po-
lariton relaxation and decoherence, which has interest-
ing consequences on polariton dynamics and spectra. To
take the polariton decay effects into account, a minimal
model Hamiltonian that describes polariton formation in
the single excitation subspace is expressed as!41+42

47— hwe — ik/2 h\/ﬁgc (1)
| BW/Nge Twy—il/2]’

where w, is the cavity frequency, wg is the exciton fre-
quency, g. is the single molecule light-matter coupling
strength, IV is the number of molecules coupled to the
cavity, x is the cavity loss rate, and I' is the exciton
broadening. There are also N —1 dark states (see Eq. 10)
which do not contain photonic character and are not in-
cluded in Eq. 1. Furthermore, this description of polari-
ton decay by adding an imaginary term is phenomeno-
logical and has certain limitations*3. For example, it
fails to account for polaritonic effects that arise from
the polaron decoupling effect (see Section ITE). A mi-
croscopic description of polariton decay can be reached
by using the Holstein-Tavis-Cummings Hamiltonian (see
Section ITA), being more complete and does not miss
important physics.

Under the resonant condition (w. = wp), diagonal-
izing the Hamiltonian in Eq. 1 leads to the following
complex eigenvalues*t 424 B, = h(wg + we)/2 — i(k +
I)/4 + \/Nh2g2 — (k —I)2/16, where E, and E_ are
for the upper polariton (UP) and the lower polariton
(LP), respectively, whose real part corresponds to the
energy of the polariton states, and imaginary part corre-
sponds to the broadening (or width of the spectral peak).
The energy difference between these polariton states is
the Rabi splitting, Qg = E. — E_. The strong cou-
pling condition is typically defined as AQdg > (k +T')/2,
such that one can observe the splitting of the peaks in
spectral measurements. In the presence of energy dis-
orders (molecular transitions occur at different frequen-
cies as a results of their local environments), recent the-
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FIG. 1. Schematics of collective light-matter coupling inside a Fabry-Pérot cavity. (A) Schematic of molecules collectively
coupled inside the cavity, forming upper polariton (UP), dark states (DS), and lower polariton (LP) states. (B) A simplified
model of exciton sites coupled to photonic modes with k. (C) Polariton dispersion relation, generated from the hybridization of
the photonic dispersion (pink dashed line) and excitonic dispersion (black dashed line). The polariton dispersion is color-coded
by its photonic character, with red for pure photonic character and blue for pure excitonic character. Panels (B) and (C) were

adapted with permission from Ref. 29.

oretical work?® suggests that delocalization of polari-
ton states requires the collective light-matter coupling
strength Aiv/Ng. to exceed four times the standard devi-
ation of the energy disorder linewidth, in addition to just
observe the Rabi splitting. Most experiments operate un-
der the collective light-matter coupling regime, where the
cavity mode interacts simultaneously with a large ensem-
ble of molecules (N > 1), giving rise to a sizable Rabi
splitting AQr o hv/Ng.. Typical values of N have been
estimated to be in the range of N =~ 103 ~ 106 per cav-
ity mode for ESC'®2! and N ~ 10% ~ 10'2 per cavity
mode for VSC*®. In experiments, the Rabi splitting is
often in the range of K ~ 50 ~ 420 meV for ESC!®,
and Ay ~ 38 ~ 180 cm~ 1374047 for VSC. For matter
optical transition frequency, typical values are hwy =~ 2
eV for ESC and Awg ~ 800 ~ 3600 cm ™! for VSC.

It is well understood how this collective light-matter
coupling strength h/'N. g. impacts optical properties
(such as polariton linear absorption spectra). However,
how this collective light-matter coupling would impact
polariton photochemistry® and VSC chemistry*®4° re-
mains elusive, and there are no well-accepted mecha-
nisms. Many open questions are yet to be resolved,
including (i) How can a weak coupling strength per
molecule ¢g. change chemistry and lead to collective
effects?  (ii) How can delocalized excitations among
molecules and cavity modes impact local chemical reac-
tions (i.e. the intrinsic reaction mechanism of a single
molecule in the absence of a cavity)? (iii) How does the
dense manifold of dark exciton states impact polariton
chemistry? Intuitively, one may expect that the collec-
tive quantity AQdg should manifest in the rate constant
of these reactions when coupled to the cavity.

This review provides a summary of collective effects
in polariton chemistry and photophysics due to the na-
ture of collective light-matter coupling, and address the
nature of the many controversies in this field (both ex-
perimental and theoretical). In Section II, we provide a
theoretical overview of collective light-matter interaction
Hamiltonians, with diabatic or adiabatic representations

of polariton states, and introduce the polaron decoupling
effect. In Section III, we discuss some simple rate theo-
ries for polariton relaxation dynamics, decoherence, and
linear spectra lineshape. In Section IV, we present a col-
lective mechanism for the rate enhancement of polariton-
mediated electron transfer (PMET) reactions. In Sec-
tion V, we discuss recent theoretical developments that

provide insights into the resonant rate suppression effects
in VSC.

Il. THEORETICAL MODELS

In typical experiments, molecule ensembles are collec-
tively coupled to many cavity modes (Fig. 1B) that sat-
isfy a certain dispersion relation (Fig. 1C). For Fabry-
Pérot (FP) cavities (see schematics in Fig. 1A) with re-
fractive index n., the dispersion is

,/k: +kH—thL\/1+tan20, 2)

where c is the speed of light, ik is the in-plane photonic
momentum, and £k, is the photonic momentum along
the quantized direction. The angle 6 indicates the direc-
tion of k relative to the normal direction of the cavity
mirror (see Fig. 1B). When k| = 0, the photon frequency
is hwc = hwk(k” = 0) = th‘J_/’I’LC.

A general model Hamiltonian that describes N non-
interacting identical two-level molecular excitons coupled
to many cavity modes (Eq. 2) can be expressed as!

1
00 Gy + Y e (a}tak + 2)
k

> hgm (ko e + it (3)
k

hwy (k) =

i

where we ignored the dipole self-energy! and assume the
rotating wave approximation® (ignoring terms such as
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a'ér and ag; that do not conserve energy). In Eq. 3,
o5 = len){gn| (6, = |gn){en|) is the creation (annihi-
lation) operator of the ng, exciton, whose ground and
excited states are |g,) and |e,), respectively, with an ex-
citation energy wo (for |g,) — |e,) transition). And the
position of the ng, exciton is r,. The transition dipole
operator i fi, = peg(6,5 + 6,,), assuming all excitons
have the same dipole moment. Furthermore, ayx and &L
are the photonic field annihilation and creation operators
for mode k whose frequency is wy. The anisotropic light-
matter coupling strength is g,x. A detailed derivation of
the Hamiltonian in Eq. 3 can be found in Ref. 1.

Based on Eq. 3, a simplified description can be reached
by setting r,, = 0 for all molecules n when the molecular
system size is much smaller than ¢/(27wg), known as the
long-wavelength approximation!. Further taking a sin-
gle radiation field mode as a cavity mode and assume a
uniform coupling strength g,x = g., one reaches to the
celebrated Tavis-Cummings (TC) model®®1, see Eq. 4
below, being a minimal theoretical model to describe col-
lective light-matter coupling. The TC Hamiltonian can
be analytically diagonalized in the single excitation sub-
space, leading to two polariton states and N — 1 dark
states, see Section IIB.

Next, polariton relaxation and decoherence (which
prove to be important in chemistry) are accounted for
by incorporating exciton-phonon couplings into the TC
model, leading to the Holstein-Tavis-Cummings (HTC)
model!+18:52754 gee Section IT A below. The HT'C model
has been widely used in the study of exciton-polaritons
in molecular aggregates®®°3:55 and in polariton conden-
sation and lasing®®®7, in which the exciton-phonon cou-
plings are included in the Hamiltonian using a system-
bath model®®, corresponding to a microscopic description
of molecular dissipation and in contrast to the oversim-
plified non-Hermitian effective Hamiltonian in Eq. 1. We
focus on the HTC type of Hamiltonian throughout this
review, while the details depend on the problem studied,
i.e., more complicated reaction coordinates are consid-
ered when studying polariton modified chemistry (PMET
and VSC).

A. The Holstein-Tavis-Cummings Hamiltonian

We consider the single-mode HTC Hamiltonian ex-
pressed in the form of a system-bath model®® as Hyrc =
Hs + Hg + Hsp + Hioss-

1. Molecules-Cavity Interactions

The system term Hg consists of the excitonic degree of
freedom (DOF) of the molecules and the photonic DOF

of the cavity,

Hs =Y hwoo,} 6, + hw (a*a + ;)
n=1
N
+hge > (a'o, +as)) (4)
n=1

which is the TC Hamiltonian®®:%!. The second term
in Eq. 4 describes a cavity mode of frequency we,
and the third is the light-matter (exciton-photon) in-
teraction. The light-matter coupling strength is g. =
Vwe/(2ReV) € - pegy, where € is the cavity field polariza-
tion direction, € is the permittivity inside the cavity (for
vacuum, € = €p), and V is the effective cavity quantiza-
tion volume. In Eq. 4, we assume identical excitons with
no inhomogeneous energy or orientational dipole disor-
der.

2. System-Bath Hamiltonian

The bath Hamiltonian is Hp = Za,n hwalA)LmlA)a,m

where ZA)(Ln (I;Ln) is the annihilation (creation) oper-
ator for the oy, phonon mode on ny, exciton of fre-
quency wg. Furthermore, the excitons interact with
the phonons according to the Holstein-like interaction
Hsp = 3,656, @3, calban +b,,), where ¢, is the
coupling strength of the a4, phonon with the ny, exci-
ton, sampled from a spectral density J,(w) = J(w) =
Iy o Cab(w — wq), where A = (1/7) O+OO dw J(w)/w =
>, €2 /(hwg) is the reorganization energy. For model
parameterization, atomistic simulations of real molecu-

lar systems can be used to construct J(w) and obtain
59,

3. Cavity Loss Dynamics

The lifetime of the cavity mode 7. is finite, due to its
coupling with the far-field photon modes outside the cav-
ity. This can be modeled by Hipss = ok ﬁwklAJLlA)k + (af +
a)® hgk(l;£ + by), where IA)E (by) is the raising (low-
ering) operator for kg, far-field mode. The interactions
between the cavity mode and the far-field modes can be
described by the Gardiner-Collett interaction Hamilto-
nian®®-2 where the broad range of the far-field frequen-
cies leads to short correlation time, justifying the Marko-
vian treatment of loss and giving rise to the Lindblad
master equation®® dpg/dt = —%[H&ﬁs] + %(&ﬁsfﬁ —
${a'a, ps}), where pg is the reduced density matrix as-
sociated with ffs, and r/h = 7,1 is the cavity loss rate,
which is experimentally related to the cavity quality fac-
tor, Q@ = wWeTe.
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B. Polariton States and Dark States

For the Hamiltonian in Eq. 4, the ground state is
|G,0) = |g1) ® ... ® |gn) ® |0) and the first excitation
subspace is spanned by

G, 1) = |g1) ® ... ® [gn) ® [1)
|En,0) = |g1) ® ...|len)... ® [gn) ® |0), (5)

where [0), |1) are the vacuum and one photon Fock
states, respectively. One can define a collective “bright”
excitonic state |B,0) = Tlﬁ 25:1 |E,,0), which car-
ries the optical transition dipole from the ground state,
. N

(G, 0B, 0) = 32— (fteg/V'N) = V/Njiey. Note that we
have assumed that the dipoles are all aligned to the cavity
field polarization, so that € peq = pteg. The light-matter
interactions cause the hybridization of |B,0) and |G, 1),
leading to two bright polariton eigenstates (of ﬁg),

|+) = cos© - |B,0) +sinO - |G, 1)
|-) = —sin® - |B,0) + cos O - |G, 1), (6)

where the mixing angle is © = 1tan™'[2v/Ng./(A,)]
with © € [0,7), and the light-matter detuning A, =
we — wp. At resonance, A, = 0 and © = 7/4. Note
that © can also be expressed in terms of the Hopfield
coefficients! 4464,

\C|2=sin2@:1[1+L]7

2 VA2 + 4N g2

2 __ 2 _1 _ A‘”
\X|_cos@_2[1 \/m]. (7)

The corresponding eigenfrequencies are

1 1
wi:f(wo—kwc):ti\/A?u—HlNgg, (8)

2

with a schematic illustration in Fig. 2A.

C. Rabi Splitting QR is a Collective Quantity.

The Rabi splitting is

hOR = hwy — hw_ = hn/A2 + 4N g2, (9)

At resonance (A, = 0), Eq. 9 becomes Qr = 2v/Ng.
which makes hQg a collective quantity. Experimentally,
even a small g. can result in a large Aflg due to very
large N. .
Apart from the two polariton eigenstates in Eq. 6, Hg
also has additional N — 1 degenerate eigenstates in the
first excitation manifold (Eq. 5), with eigenenergies fiwg

and are commonly expressed in the “delocalized” Fourier
:<1,50,65
basis ,

1 & nk
|Di) = \/—N;exp (—sz) |E,,0),  (10)

4

where k € {1,--- , N —1}. These are commonly referred
to as “dark states” because of their optically dark nature,
. N '

(G, 014IDk) = (fteg/VN) - 32 p_rexp(—2mi ) = 0.
Under the polariton basis, the HTC Hamilto-

nian becomes purely diagonal, Hs = hwy|+)(+| +

N-1
hw|=)(=| + hwo > j—y [Dr)(Dgl-
Fourier transform for the phonon operators, by k

Using discrete

ﬁ 25:1 exp(?wi”—]\]f)lga’n, the bath Hamiltonian is hg =
Za’k hwalA)L’klA)a,k, and the system-bath Hamiltonian be-
comesg56:67

A~ Ca 7 b
Hsp = Z é‘nk . fuk’|nk><l/k/| X Z ﬁ<ba)k7k/ + bL’kﬂ,k)?
nv,kk’ «
(11)

where the state labels n,v € {+,—} for k = 0 (bright)
while ,v = D for k # 0 (dark). Furthermore, &, is a
state-dependent coefficient that characterizes the mat-
ter fraction of the polariton state, with £, = cos©
and £, = sin® for k = 0, and &pp = 1 for k #
0. Note that |[¢4|? are just the Hopfield coefficients
in Eq. 7. From Eq. 11, one sees that transitions be-
tween eigenstates are mediated by phonons. In particu-

lar, (Dg|Hsp|+) = c0s© 3" (ca/VN)(ba,r +bl, _;) and
(Di|Hsp|—) = sin® - 3 (ca/VN)(ba, 1 + I;Lk) cause
|£) <> |Dg) transitions.

D. Diabatic vs Adiabatic Representations of Polariton
States

The polariton and dark states in Eq. 6 and Eq. 10
are defined in the absence of nuclear motion, as they
are constructed from the photonic and electronic DOF
with the nuclear configuration held fixed (i.e., indepen-
dent of {R, o} or B‘;n + ba.n). These are often referred
to as the diabatic polariton states, because they do not
account for the dependence of polaritonic eigenstates on
the nuclear coordinates. In this representation, the nu-
clear DOF act as a bath, leading to transitions between
polariton and dark states through exciton-phonon inter-
actions (see Hgp in Eq. 11).

Alternatively, one can define the adiabatic polariton
representation by treating the nuclear coordinates as pa-
rameters and diagonalizing the full electronic-photonic
Hamiltonian at each fixed nuclear geometry R = {R,, o},
i.e., ﬁpl = H-Tg (excluding nuclear kinetic energy),
and solving H,(R)|®,(R)) = Ex(R)|®x(R)). The re-
sulting eigenstates |®x(R)) then include the influence of
the nuclear environment, and the nuclear dynamics oc-
curs on the polariton potential energy surfaces (PES),
see Fig. 2B for example. In this picture, nonadiabatic
couplings (also known as the derivative couplings), i.e.,
terms such as (®;(R)|V,,o|®;(R)) that originate from
the bath nuclear momentum operator Pnya = —ihV, q,
govern the transitions between adiabatic polariton states,
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FIG. 2. Schematic of N excitons collectively coupled to a cavity mode, forming N + 1 eigenstates (UP, LP and DS), under
the (A) diabatic and (B) adiabatic representation, respectively. Panel (C) shows the ground state |g) PES (grey) and excited
state |e) PES (green) with a Frank-Condon excited wavepacket when a bare molecular exciton is presented outside the cavity.
Panel (D) shows the collective ground state |G, 0) PES (grey) and UP |+) PES (red) with a Frank-Condon excited wavepacket
when N molecules collectively couple to a cavity mode. The LP |—) PES (blue) and the DS |Dy) PES (dark-grey) are also
depicted. Panel (A) was adapted with permission from Ref. 66, copyright @ 2024 AIP Publishing. Panel (B) was adapted
with permission from Ref. 18, copyright @ 2021 American Chemical Society.

and are responsible for energy transfer, decoherence, and E.
relaxation.

Polaron Decoupling Effect

Herrera and Spano®?® demonstrated that a strong
collective resonant coupling of a cavity field with N
exciton transitions effectively decouples excitons from
phonon interactions, as also confirmed experimentally”?.
To be specific, the exciton-phonon coupling strength c,

The choice between these representations depends on
the physical situation of interest. The diabatic picture is
particularly convenient for describing transitions medi-
ated by phonon baths (e.g., using quantum master equa-
tion approaches®®67) while the adiabatic picture is use-
ful for describing nuclear wavepacket dynamics®® 0 or
semiclassical propagation®~"! with nonadiabatic transi-
tions. Importantly, these adiabatic dark states are no
longer degenerate and no longer strictly “dark”!®, as
their character depends on the local nuclear configura-
tions R = {R,, o}, see Fig. 2B. This lifting of degeneracy
is shown crucial for understanding decoherence and en-
ergy flow between bright and dark manifolds.

is re-scaled as co/v'N for both the diagonal (Holstein
coupling) and off-diagonal (Peierls coupling) terms as-
sociated with the bright states |£) (see Eq. 11). As
such, the relative displacement caused by the a;, phonon
on the |+) state with respect to |G,0) is given by®3
Rao = Ra,o/(m/ﬁ) (at resonance), where R,o =

2¢2 /(M hw3) (with reduced mass M, = 1 a.u.). Thus,
the effective reorganization energy for the |4) state be-
comes

1 21592 A
AN = 5 %:MQWQRQ)O = E, (12)
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which is 4N times smaller than outside the cavity case.
When the Rabi oscillation period is shorter than vibra-
tional time scales, excitons can exchange energy with the
cavity mode multiple times before nuclei adapt to the
excited state potential. For large N, the homogeneous
reorganization energy approaches zero, so the equilib-
rium positions of the bright and ground state potentials
align®2%3. Using the shifted harmonic oscillator model®,
Fig. 2C illustrates the PES for both the ground (|g))
and excited (|e)) states of an isolated molecular exciton.
Shown in grey, the ground state PES features a ther-
mal wavepacket at equilibrium, which, when subjected to
Franck-Condon (FC) excitation, causes the wavepacket
to shift within the excited state (depicted in green) rel-
ative to the minima of its corresponding PES. Similarly,
Fig. 2D depicts the effect of polaron decoupling. The po-
laritonic states, |[+) (red) and |—) (blue), remain largely
unshifted relative to the ground state, leading to the FC
excited state wavepacket closely resembling the ground
state thermal wavepacket. This significantly reduces the
nonadiabatic force due to excited state PES shift (as seen
for excitons) in wavepacket dynamics.

Il. EXCITON-POLARITONS RELAXATION DYNAMICS
AND SPECTRA

In this section, we review several analytic results de-
rived from the HTC Hamiltonian that shed light on the
fundamental properties of molecular polaritons under the
collective coupling regime. There has been a broad spec-
trum of experimental studies on the excited state prop-
erties of exciton-polaritons” 82, Most of these experi-
mental results have been well understood based on the
current theoretical framework.

A. Polariton Relaxation Dynamics

Previous computational studies on the HTC model
excited-state properties utilized various exact quan-
tum dynamics methods®3 86 trajectory-based mixed-
quantum-classical (MQC) methods®”88. Exploiting the
symmetry and sparsity of Hg can notably lower the scal-
ing and computational costs for (Hg + Hgsp)|U(t)), al-
lowing direct simulations for HTC model with N = 106,
as detailed in Ref. 88. Exploiting the symmetry of the
HTC Hamiltonian can bypass the need to explicitly sim-
ulate dynamics with large N. For example, by assuming
uncorrelated excitons, the dynamics can be represented
by a pair of mean-field equations of motion®”?° for one
excitonic and one photonic DOF, respectively. Another
example is the collective dynamics using truncated equa-
tions (CUT-E) approach®!, which leverages the permuta-
tional symmetry of matter states to lower computational
demands through an effective 1/N expansion®?.

On the other hand, the polariton relaxation dynamics
can be well described by Fermi’s golden rule (FGR) rate

6

constants when the phonon bath coupling Hgp can be
treated perturbatively®®. In particular, the |£) — {|Dy)}
transition rates are%6-93

N -1
kip= N (14 c0s820) - J (ws — wp) - [Rlwy —wo) + 1],
(13a)
N-—-1
k__p= T (1 -c0s20) - J(wg — w—) - I(wp — w_),
(13b)

where 72(w) = 1/(e?™ — 1) is the Bose-Einstein distribu-
tion function , 8 = 1/(kgT), and kp is the Boltzmann
constant. Starting from an arbitrary state in the dark
states manifold (or even a statistical mixture of them),
the {|Dx)} — |—) transition rate is

kpo— = hiN-(1—COS2@)~J(w0—w,)ﬂ(wo—w,). (13¢)

One sees that unlike k+_,p (Egs. 13a-b), kp_,— does not
include the N — 1 degeneracy factor. This is because
|£) — {|Dy)} involves N —1 degenerate final states, while
{|Dk)} — |-) involves only |—) as the final state and does
not acquire the N — 1 factor. Hence, {|Dg)} — |—) oc-
curs much slower compared to |+) — {|Dg)}. In real ex-
periments®”, dark excitons also decay via non-radiative
relaxation, but the time scale is much longer than the po-
lariton lifetime. Furthermore, the large NV —1 degeneracy
fold of the dark states manifold may also be interpreted
from the entropy perspective®®, because Eq. 13b can be
recasted as k__p ~ £y - [1 — cos(20)] - J(wo — w_) -
e~ Alilwo—w_)=ksTIn(N-D] " guch that one can define an
effective entropy change AS = kgIn(N — 1) associated
with the transition. Note that it differs from the thermo-
dynamics entropy since N — 1 is not the actual particle
number but the degeneracy fold of the dark states man-
ifold. When the dark states dominate the equilibrium
population, it can be explained as the dark states mani-
fold has a relatively lower free energy than the LP, with
AF = h(wp —w-) —kgTIn(N —1) = AE —-TAS < 0.

Note that the FGR expressions in Eq. 13 are based
on an equilibrium assumption and ignore any transient
non-equilibrium dynamics. A non-equilibrium version
of these FGR rates of the quantum time-correlation
function formalism can be derived®®, which are time-
dependent and upon taking the long-time limit, reduce to
the equilibrium FGR rate constants. These simple FGR
rate constants in Eq. 13 offer insight into why simulat-
ing polariton relaxation dynamics with a reduced N and
elevated g. often succeeds, provided the Rabi splitting
hQr x hiv/Nge stays constant. The key is that the relax-
ation rates in Eq. 13 are influenced by collective quanti-
ties (Qr and N) instead of individual coupling strength

Je-
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B. Polariton Coherence Decay

The polaron decoupling effect??8895:96 discussed in
Section I E can protect overall quantum coherence from
phonon coupling-induced decoherence, for both the sin-
gle molecule strong coupling®” and the collective coupling
regime®®93:98 " This has been confirmed with a prolonged
beating off-diagonal signal in two-dimensional electronic
spectroscopy (2DES) as shown in Ref. 99. Compared to
the typical electronic coherence lifetime (Ty ~15 fs), the
coherence lifetime of exciton polaritons can be extended
to ~100 fs at room temperature?3.

The polaritonic coherence can be characterized by the
amplitude of py_(t) = (+|ps(t)|—). Ref. 93 reveals that
the primary decoherence mechanism is the population
transfer from the bright to the dark states manifold as
well as the cavity loss. Increasing 2 prolongs the co-
herence lifetime due to the phonon bottleneck effect!?.
Under the N — oo condition, transitions between bright
polariton states are negligible. As such, the polariton
coherence lifetime can be approximated as®?

T, =~ %lﬂﬁD + %k,ﬁD + %7‘;1, (14)
where ki ,p is expressed in Egs. 13a-b, and 7,1 is the
cavity loss rate. For A, < 0, the rate k__,p can be ig-
nored due to the uphill |=) — {|Dg)} transition. For
A, > 0, the LP is closer to the DS manifold than the
UP, and both k4 _.p could have significant contributions.
Eq. 14 predicts the fundamental scaling relation between
T{l with respect to N, v Ng., 7e, and A,. For ex-
ample, when J(w) takes a Drude-Lorentz form, Eq. 14
suggests that T, ! oc (N — 1)/(N3/2g.), which has been
confirmed by numerical exact quantum dynamics simula-
tions using the hierarchical equations of motion (HEOM)
approach®®. Furthermore, Eq. 14 predicts that there will
be a turnover of T, as one changes the A, values®®. These
predictions can be experimentally checked with state-of-
the-art 2DES measurements®® that directly report off-
diagonal beatings between the UP and the LP states.
The prolonged polariton coherence at room temperature
could potentially be useful for quantum information sci-
ence applications33:34,

C. Polariton Linear Absorption (LA) Spectra

The LA spectra can be directly computed from the
Fourier transform of the dipole-dipole correlation func-
tion according to A(w) oc [ dt A(t)e™*, where A(t) =
Tr [1(t)1(0)pg] and pg is the ground-state reduced den-
sity matrix for the system 100, Fig. 3A presents A(t)
and A(w) for A, = 0 at different Qg by increasing N,
simulated using non-adiabatic partial linearized density
matrix (PLDM) dynamics®®. One sees that A(t) oscil-
lates with the frequency of |G,0) — |+) transitions and
an overall envelope beating related to Qg. Increasing
Qg by increasing N causes A(t) to oscillate more rapidly

and longer, due to the reduction of Ay (Eq. 12) from the
polaron decoupling effect.

On the other hand, with a phenomenological de-
scription of the molecular dissipation (c.f. Eq. 1) and
under the N — oo limit, Ref. 101 derived an ana-
lytic expression for the polariton lineshape as follows,
A(w) = kINg2/ |(w — we +igz)(w —wo + ig%) — Ng§|2
(c.f. Eq. 38b of Ref. 101), which is closely connected

with the transfer matrix method!%? and in turn gives the
polariton linewidth I'y = —2TIm A(w4 ) expressed as fol-
lows,

I_ = X[k +|C]PT; Ty = |k +|XPT,  (15)

being the sum of the cavity and exciton broadening
weighted by their Hopfield coefficients**. However,
Eq. 15 do not capture the subaverage behavior (i.e., even
narrower than Eq. 15) of the polariton linewidth, which is
also manifested as non-linear behavior of I'1 as a function
of |C|?, as observed in experiments®>®? and in HEOM
simulations of the HT'C model (Fig. 3B).

For generally detuned cases (A, # 0), to the best of
our knowledge, there is no simple closed-form theoreti-
cal expressions for I'y. A widely used expression80-82:103
suggests I'_ o< (|C[*/|X|*)T, emphasizing the nonlinear
dependence of the LP linewidth on |C|?, which is recently
justified by Rury, et al. through an Andersen super-
exchange argument®:82, By fitting the HEOM simula-
tion with up to N = 8 (Fig. 3B), we found that®?

r —|X\2n+i—|c‘4 r
T NI|X[2+|C|*/N
1 X|*
I, =[CP*k+ — X I+ hkyop,  (16)

N|CP? +|X[1/N

where the matter component linewidth is narrowed by a
factor of 1/N due to the polaron decoupling effect for
Lorentzian line shape”. In Eq. 16, the hk,_,p term
(see Eq. 13a) accounts for the |[4+) — {|Dy)} relaxation
(non-Condon effects)3%1047106 " causing additional broad-
ening of the UP linewidth® 82, As shown in Fig. 3B,
Eq. 16 (solid lines) accurately captures the non-linear de-
pendence of 'y on |C|? compared to the HEOM results
(open circles), whereas Eq. 15 (dashed lines) disagrees
with HEOM.

IV. POLARITON MEDIATED ELECTRON TRANSFER

Recent experiments by Ebbesen and co-workers have
shown that the rate of photoisomerization reaction from
merocyanine to spiropyran can be suppressed by reso-
nantly coupling the merocyanine to a cavity?, although
the interpretation of such cavity modification is still un-
der debate'07:198  For the same reaction, Delor and co-
workers®® have shown that the cavity frequency can be
tuned to funnel photoexcitations into specific reactant
isomers. Kalow, Stern, and co-workers have shown that
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of Eq. 15. Panel (A) was generated using theoretical approaches in Ref. 83. Panel (B) was adapted with permission from

Ref. 67, copyright @ 2024 AIP Publishing.

collective strong coupling to a resonant cavity can accel-
erate the photoisomerization of fulgide3®, demonstrating
that the enhancement is sensitive to the collective quan-
tity Qr. A detailed review on the progress of polariton
photochemistry can be found in Ref. 5.

Despite these experimental discoveries of cavity-
modified photochemistry, conceptual questions remain
involving how local modifications of photochemistry
emerge under collective strong coupling and the role of
dark states. To partially address these conceptual ques-
tions, we focus on simple models of a polariton-mediated
electron transfer (PMET) reaction, which is one of the
simplest photochemical reactions!”199-112,

A. Model Systems for PMET

The model describes a total of N donor-acceptor state
pairs {|D,),|A,)}, both of which are molecular excited
states. The donor and acceptor states are locally coupled
(Dn,|Hs|Am) = Vba - 0pm- The donor state |D,,) (not to
be confused by the dark states |Dy) in Eq. 10) is consid-
ered as the bright exciton state (previously denoted as
|E,,0) in Eq. 5). The donor states are photo-excitation
states that are collectively coupled to the cavity excita-
tion.

N
Hs =3 [hwooy 7 + Voa (D) (Anl + hec)] + Hat
n=1

N
a1 At Al oan
hwe(ata + 5) + hge nz::l (a'e, +as)),  (17)
where 6,7 = |D,)(G| and &, = |G)(D,|, with |D,,) as
the n¢, molecule’s electron donor state, and the accep-

tor Hamiltonian is Hy = Yo hwalAn)(Ay| with |Ay)
as the ng, molecule’s electron acceptor state. Fur-
thermore, there is one collective solvent DOF (Mar-
cus coordinate) per molecular pair, R,,, which couples
to both [D,) and |A,) states through Hp + Hsp =
Tr + 32, ymswi(Rn — Rp)*|Dn)(Da| + 5msw? (R —
RQ)?|A) (An] + 2mew? R2|G) (G|, where my is the effec-
tive solvent mass, wy is the effective frequency of the col-
lective solvent DOF, and R, and RY are the equilibrium
positions of the donor and acceptor states, respectively.
Each solvent DOF R, is further coupled to a Markovian
dissipative environment. A schematic illustration of the
model is provided in Fig. 4A-B.

B. Collective PMET Mechanism

In this model, the UP state is |+) =
sin© 33, <[Dn,0) + cosO|G,1) (cf.  Eq. 6).
The coupling between states |4+) and [A,) is
Via, (+|Hs|A,,0) = sin® - Vpa.  For an
FGR rate estimation, kA, o [Via,|? o 1/N. This
is often referred to as the 1/N “dilution” factor as the
influence of the collective polariton state on a given
molecule n is diluted by the 1/N factor!'®. However,
the collective PMET rate between the |+) state and
all possible acceptor states is ki_,o = 227:1 ki, -
Importantly, the pre-factor in k;_, o is independent of
N due to the cancellation of the 1/N factor in |Via, |?
with the sum over N acceptor states’119. Using classical
Marcus theory (FGR level of theory), ki can be
explicitly evaluated in Eq. 18 as follows.
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FIG. 4. Model schematics and results for PMET. (A) Illustration of several donor-acceptor pairs inside cavity. (B) Schematic
PESs along molecule n’s reaction coordinate R, with population transfer pathways due to laser pumping (W), cavity loss (7'{1),
and transfer from UP to dark states due to energy disorder induced by Ap. (C) Forward rate constants ky as a function of
N initiated from the |+) state (red) or donor state outside the cavity (black). (D) Rate constants as a function of detuning
A, for different donor reorganization energies Ap initiated from the |+) state. All panels are adapted with permission from

Ref. 109.

C. Analytic Theory of the PMET Rate Constant

The collective PMET rate for the process |+) —
{|Ay)} is expressed as

_1 . 9 9 s
kurﬁA—hsm S) VDA”kBT)\A

(AG = h(Ay + Qr)/2 + Aa)?
AkpT - Ap ] - (18)

where Qg is the Rabi splitting (Eq. 9), and A, = w. —wo
is the light-matter detuning (between the cavity and the
donor exciton state). The collective quantity Qg explic-
itly appears in the rate constant, through the modifica-
tion of the effective driving force for the |[+) — {|A,)}
process. As shown in Eq. 18, the only N depen-
dence in ky_, o comes from the collective Rabi splitting
Qr x 2v/Ng. which changes the ET driving force. This
collective N dependence is shown in Fig. 4C where the
log of the rate constant k;_,p has a parabolic depen-
dence on /N, with strong agreement between theory and
simulation. This rate theory suggests a possible mecha-
nism that depends on the collective coupling Qg, even
though the light-matter coupling strength per molecule
ge is small. The donor reorganization energy Ap does
not explicitly appear in k;_,o due to the polaron de-
coupling effect (Eq. 12). Under the large N limit, the
|+) state experiences an effective reorganization energy
of Ap/4N — 0. For arbitrary N, the expression for A can
be found in Eq. 20 of Ref. 109. Nevertheless, Ap governs
the rate of transition from |+) to the dark states mani-
fold (see Eq. 13a, where the coupling strength ¢2 o« Ap
in J(w)).

exp [—

D. Challenges of Cavity Loss

Without external laser pumping of the system, cav-
ity loss (Section IT A 3) can inhibit PMET by eliminat-

ing the photoexcitation inside the cavity before the ex-
citation can transfer to the acceptor states. To address
this challenge, an external CW laser can be tuned to the
|G,0) — |+) transition, such that the |4) state popula-
tion is constantly populated. X

This interaction can be described by!®19 H(t) =
Vi (ae™* + afe~"1*) | with pumping strength V] and laser
frequency w) = wy, as described in Ref. 109. This CW
laser pumping can replenish lost cavity photons back to
the UP state and re-enable PMET to the acceptor states.
The simulations of the ky_,o rate constants in Fig. 4D
use a CW laser pumping to replenish |+) state popula-
tion inside a lossy ©Q = 100 cavity.

E. Challenges of Decay to Dark States

Disorder in the energies or dipole orientations of
molecules coupled to the cavity causes population trans-
fer between bright polariton states and dark states. The
PMET model considered here does not contain explicit
static energy disorder but experiences thermal-induced
energy disorder with an effective donor linewidth of ¢ =
V2ApkgpT due to the donor reorganization energy Ap.
This disorder causes population transfer primarily from
the |[4+) and |—) states to the dark states, which can in-
hibit PMET enhancement by trapping population in the
dark states, which undergo significantly slower ET than
the |+) state.

To address this challenge, the transfer rate from the
|+) state to the dark states can be significantly reduced
by increasing both the Rabi splitting Qg and the cavity
detuning A, as described in Ref. 109. These increases
widen the energy gap between the |+) state and the dark
states, which can significantly reduce the transfer rate
to the dark states due to the phonon bottleneck effect?3,
thus allowing for faster PMET from the |+) state. The
effect of increasing A, on the simulated k4 _, o rate con-
stants is shown in Fig. 4D, where larger, positive detun-
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ings cause significantly enhanced transfer to the accep-
tor states compared to resonance (A,, = 0) for molecules
with thermal-induced disorder (Ap > 0). Additionally,
the rate constants for large detunings A, > 300 meV
become independent of A\p due to a large phonon bottle-
neck effect that diminishes the effect of the dark states.

V. VIBRATIONAL STRONG COUPLING ENABLED
POLARITON CHEMISTRY

Vibrational strong coupling (VSC) emerges from the
interaction between molecular vibrations and quantized
radiation modes in an optical cavity. Recent experi-
ments37 40471147117 have shown that VSC can modify
ground-state chemical reactivity, either by resonantly
suppressing or enhancing the reaction rates, offering
new strategies in synthetic chemistry. Key features of
VSC-modified reactivity include: (1) a resonance effect
when the cavity frequency matches that of a molecu-
lar vibration3"4; (2) maximum effect at normal inci-
dence®”; (3) enhancement in the magnitude of the mod-
1ﬁcat10n with increasing molecular density (collective ef-
fect)373%47; and (4) changes in reactivity in the absence
of optical pumplng (thermal activation)37-39,

A clear mechanistic understanding remains elusive, de-
spite exciting theoretical progress*®49118-124 Tp partic-
ular, all of the existing classic ground-state reaction rate
theories fail when used to explain the VSC effects, in-
cluding the transition state theory (TST), Grote-Hynes
theory!?1:125 " quantum TST'26, Pollak-Grabert-Hinggi
theory!?%124 or molecular dynamics simulations (such
as Langevin dynamics'?” and ring polymer molecular
dynamics'?®), with the conceptual hypothesis that the
cavity mode can be viewed and treated as regular nu-
clear vibrations'?!. Unfortunately, none of them have
successfully predicted the correct resonance condition or
the sharp resonance peak of the rate constant distri-
bution!21:122,126,127 = Note that the recently developed
quantum transition path theory by Limmer, et al.'?° can
produce a sharp resonance suppresion peak, but does
not capture the correct resonance peak position due to
anharmonicity of the reaction coordinate. More recent
studies'30134 have emphasized the importance of a full
quantum description of the vibrational DOF and/or the
photonic DOF, and have shown that strong coupling of
a reaction coordinate with a cavity mode boosts the rate
constant. An analytic theory to describe this enhance-
ment has been formulated'3%13% and extended to many
cavity modes coupling cases to showcase the resonance
condition at the normal incidence!3%137,

At the current stage, a clear understanding of the key
experimental features (1), (2), and (4) mentioned above
has been achieved; nevertheless, experimental feature (3)
— the collective effect still remains an important open
question. This is because under collective light-matter
coupling, these effects observed under the single molecule
strong coupling condition usually become minimal due

10

to the large N dilution?®!1%124 and isotropic disorder
effects'?. To address this, we developed a quantum me-
chanical rate theory for a model ground-state reaction
coupled to a cavity mode'?® that captures the above-
mentioned basic features of the VSC experiments'®7, es-
pecially the resonance and the collective behavior of the

rate constant modifications.

A. Model System for VSC

We consider a theoretical model where a cavity mode
couples to a set of solvent vibrations {R,} (spectator
modes, or rate-promoting vibrations) which in turn cou-
ple to a reaction coordinate Ry, as schematically illus-
trated in Fig. 5A. Instead of the approximated TC-type
light-matter interaction Hamiltonian, we use the Pauli-
Fierz (PF) Hamiltonian! to describe the molecular vi-
brations collectively coupled to a mode in an optical cav-
ity!25, H = HS(RO,{R b+ H, + Hyss, where Hg is
the system Hamiltonian that contains the vibrational and
photonic DOF, as well as their couplings, H,, is the dis-
sipative environmental DOF that further couple to Ry
and {R,}, and Hess is the cavity loss Hamiltonan, as
described in Section II A3. The system Hamiltonian is
expressed as

R N 1 C 2
Hs = Hy + Z + Wg (Rn - WZRO) +
n=1 0

p;+( \fnczvz> (19)

where Hy = Ty + f/(ﬁo) with Ry as the reaction coordi-
nate, V (Ro) is the ground-state PES (symmetric double-
well potential along Ro). The non-reactive spectator
modes {R,} have identical frequencies wy and are lin-
early coupled to Ry through C,. This model captures
the key features of recent VSC experiments®"? and has
been employed in previous theoretical studies on VSC-
modified reactivities'?%130, It also reflects the character-
istics observed in theoretical simulations of polaritonic
vibrational energy relaxation!3®, which demonstrate col-
lective and resonance behavior. For example, in Ref. 37,
the C-Si is the Ry reaction coordinate, and Si-(Me)s is
the non-reactive R,, mode that strongly couple to Ry (for
N =1). In Ref. 40, the spectator mode R,, could be the
N-C-O vibrational mode in the reactant (for N = 1). The
solvent vibrations could also be viewed as the spectator
mode {R,} (for N > 1), which was studied in recent
VSC theoretical investigations!25:139,

In the last term of Eq. 19, §. = 1/h/(2w.)(a" + @) and
Pe = i/hw./2(a’ —a) are the cavity field operators, with
we as the cavity frequency and n. = +/1/(2hwce0)) is
the light-matter coupling strength. Note that in Eq. 19,
we have assumed that the vibrational transition dipole
operators are linear!!®121:130 gyuch that f(R,) - & =~
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Ry - cosp, =~ R, (no orientation disorder), where &
is the field polarization direction. Under the resonance
condition, the overall Rabi splitting!46:48 is expressed as
Qr = 2V Nnewe (0](R)[1) = 2v/Nnewe (0|R,|1) (where
|0) and |1) are the ground and first excited states of R,,).
The cavity mode couples collectively to all solvent modes
{R,} through 7.. This results in delocalized interactions
that can be observed from the Rabi splitting in spec-
troscopy'3Y.

B. Reaction Mechanism and Hypothesis

Under a thermal initial condition, the reaction co-
ordinate Ry undergoes a barrier-crossing process!4%:141,
where the transition state is reached and finally relaxes to
the product configuration. Quantum mechanically, this
process is described as

) 25 ) 22 (k) 25 Jvr), (20)

where the system is first thermally excited from the vi-
brational ground state (|v)) to the excited state (|vf))
of the left side of the well (reactant). This excited
state then tunnels to a vibrational excited state (|vg))
on the right side of the well (products), which relaxes
to its ground state (Jvr)), as depicted in Fig. 5A panel
(iv). The vibrational frequency wo = (E,; — E,, )/h of
the reactant corresponds to the transition |v) — |v1]),

and is chosen to match the frequency of {R,}. Exact
quantum dynamics simulations suggests that, under the
energy-diffusion-limited regime of the reaction (before
Kramers turnover!4%141) " the initial vibrational excita-
tion (Jv,) — |v])) is rate-limiting, with k1 < kg, ks.
This leads to a steady state population of the interme-
diate states |v]) and |v;), and the overall reaction rate
is approximately given by k =~ k;. However, when the
reaction barrier is low, k; is no longer rate-limiting and
cavity coupling no longer significantly affects the overall
rate. This may explain the absence of VSC effects in
low-barrier reactions!42143,

The |vL) — |v{,) transition is mainly driven by the en-
ergy exchange between reaction coordinate Ry and the
spectator modes {R,}. When these modes are reso-
nantly coupled to the cavity, the light-matter hybrid
system has a set of polaritonic modes with frequencies
wy = wo £ Qr/2, effectively shifting the energy away
from wgy and thus suppressing the influence of {R,} on
the |v,) — |v]) transition. This suppression can also be
understood as a fast energy exchange among the strongly
coupled {R,} and . at the Rabi frequency Qr. This en-
ergy redistribution effectively decouples {R,} from the
|vL) — |v]) transition, reducing the value of k;. Since
this step remains rate-limiting for the reaction process,
the influence of the cavity on k; manifests in the entire
apparent rate constant of the reaction, as k ~ ky.

Based on this mechanism, the impact of VSC on the
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rate is solely attributed to the cavity interacting with the
spectator modes. This is further confirmed by quantum
dynamics simulations (Fig. S2 in Ref. 137), where the
steady-state population of the |vf ) state is reduced when
coupled to the cavity. To quantify the effect of the cavity
on the chemical reactivity, we express the ratio of the
rate constant inside and outside the cavity as

k/k’o :kD/k0+OZ'kVSC/k0, (21)

where kj is the rate constant outside the cavity, kp is the
rate constant for the double-well potential without cou-
pling to any spectator modes {R,} or the cavity mode
gc, and kygc is the contribution of the spectator modes
to the overall rate with a as a constant scaling param-
eter. Outside the cavity, the ratio kysc/ko peaks when
{R,} modes resonate with the transition |v,) — |v] ), en-
hancing vibration along Ry. Inside the cavity, this ratio
lessens with light-matter coupling and eventually reaches
zero as the modes no longer affect rate, with k ~ kp. This
indicates a “polaron decoupling” effect®2:53:67:120 where
cavity and spectator mode resonance inhibits energy flow
to Ry, enabling analytic rate constant theory based on
FGR, consistent with VSC findings.

C. Analytic Theory of kvsc Rate Constant

We use FGR to evaluate the |v,) — |v]) transition
rate constant, resulting in

kvse = 2|A|2/ dwA(w — wo)efﬁh‘*’o X
0

Aw? - wl'p (W)

b 22)
[wE —w? + H(w)]2 + [wl'R (w)]? (

where wy is the vibrational frequency for {R,} (with n €
{1,---,N}) as well as for reaction coordinate Ry, A is
the transition amplitude for |v,) — |1f,) associated with
Ry, and Ag(w — wp) accounts for the broadening of this
transition due to the local environmental fluctuations.
In addition, I'g characterizes the excitation decay rate
in the {R,} and cavity modes, and II(w) characterizes
the cavity effect over {R, }. These are expressed as

2N17§ ~w§TC’1 2AR
(w2 — w2)2 + w272 TR
(2 —u 779

(w? - w?)? + w2r?

I'r(w) =

i

I(w) = 2Nn?wew? -

where Az and vz are phonon bath parameters for {R,}
2)\'[{’)/730.)
w23
ingly, kysc contains collective quantities, including the
collective Rabi splitting QQR x Ng2, as well as the col-

modes with a spectral density J(w) = . Interest-

lective solvent reorganization energy A = 22;1 C2 /2w?
that accounts for the interactions between {R,} and Ry.
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D. Behavior of the Rate Theory and Connections with
Experiments

We briefly discuss the key features of the rate constant
theory in Eq. 22 and its connection with experiments.

1. Resonance Suppression

The analytic theory kysc predicts a sharp resonance
suppression of the rate constant. Fig. 5B presents the
cavity frequency dependence of k/kg with the maximum
suppression achieved at w. = wy. The FGR expression
(Eq. 22, solid lines) accurately captures the cavity fre-
quency dependence of the rate constants for a wide range
of Qg, agreeing with HEOM results (dots). This suppres-
sion can be interpreted from the effective spectral density
Joft (w) (see Fig. 5C and Eq. 22) as it accounts for the ef-
fective coupling from {R,} on Ry. Coupling the cavity
splits Jeg(w) into two peaks. The separation between
these peaks and the |v,) — |vf) transition is propor-
tional to Qr, with frequencies that are nearly identical to
the vibrational polariton frequencies. Note that the dark
modes in this model do not couple to Ry due to sym-
metry. As such, kysc in Eq. 22 quantitatively matches
the HEOM results and is capable of describing the sharp
resonance behavior observed in the experiments3”40.

2. Scaling with the collective Rabi splitting

Under the resonance condition w. = wyp, (Eq. 22) pre-
dicts that kysc o< 1/Q% o< 1/(Nn?). This implies that
suppression effects on k/ko increase with a QF scaling, as
presented in the blue curve of Fig. 5D. This trend closely
resembles the experimental observations (e.g., Fig. 3D in
Ref. 47).

These rate constant changes can be interpreted
as the change of the effective free energy barrier
A(AGY) through®®47131 A(AGY) = AGY — AG) =
—kpT In (k/ko) as presented in Fig. 5D (red). However,
this is mot an actual change in the free-energy barrier,
but rather an effective measure of a purely kinetic effect.
Here, one sees a nonlinear relation of A(AG*) with Qg
that agrees with what has been observed experimentally
(e.g. Fig. 3C in Ref. 47). Future experimental investi-
gations should focus on measuring more data points to
determine the fundamental scaling relations.

3. Temperature dependence

The temperature dependence of the rate constant is

often understood through the Eyring equation*” based
t .

on TST, In(k/T) o —SE= . 1 + 52 Fig. 5E presents

the temperature dependence of the rate constant out-

side (black) and inside (color) the cavity. Here, both
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the HEOM simulations (full circles) and the FGR the-
ory (open circles) predict the same trend for the changes
of AH* and AS* as a function of Qg, which has been
experimentally observed?”144, We emphasize that based
on our current theory, the VSC reaction mechanism is
not related to the direct modification of AH* nor AS*
(as proposed by previous theories!?!), but rather how
cavity can mediate vibrational excitations; in particu-
lar, modifying the rate constant ky associated with the
|v) — |vf,) transition (see Eq. 20). Thus, the changes of
the rate constant are purely kinetic.

4. Resonance effect at the normal incidence

According to the photon dispersion in a FP cavity
(Eq. 2), there are still a finite number of modes (with
ky # 0), such that wx = wo (oblique incidence), how-
ever, despite polaritons being formed under this condi-
tion, VSC effects are only observed at kj = 0 (normal
incidence)3748:144,

This normal incidence condition arises from the pho-
tonic mode density of states (DOS) inside the cavity,
which peaks at k) ~ 0'357137 " enhancing the VSC contri-
bution at the normal incidence. The generalization of the
kysc expression to include integration over the photonic
DOS indicates that at k = 0, the photonic mode has
no in-plane momentum and is spatially confined. This
confinement increases the photon’s lifetime, leading to
the largest magnitude of rate suppression. In contrast,
at kj # 0, the photonic modes have a finite in-plane mo-
mentum, reducing its effective lifetime in a given mode
volume!3%, thus weakening the cavity effects on the sys-
tem.

E. Limitations and Effect of Disorders

The model we considered above does not consider dis-
orders on the {R,} — Ry coupling (C,, in Eq. 19) and the
angle between the cavity field polarization and molecular
dipole moments (¢,,). In Ref. 137, we explicitly consider
these disorders, and the Jog(w) will gradually grow a
peak at the w = wq, which are the vibrational dark states.
Increasing the magnitude of disorders (either in C,, or ¢,
in the light-matter coupling term f1(R,,)-é =~ R -COS ®n)
leads to the appearance of these dark states in the effec-
tive spectral density that couple to Ry, which will influ-
ence the rate constant in the same way as outside the
cavity. As a result, cavity effects can only persist under
moderate disorders (see Fig. 5 in Ref. 137), but diminish
under an isotropic distribution of ¢,, or a broad variation
in C,.
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VI. CONCLUSIONS AND PERSPECTIVE

In this review, we highlighted the necessary theoreti-
cal ingredients for describing collective light-matter cou-
pling for many molecules and optical cavity modes. The
collective effects are exhibited in more ways than one for
various polaritonic systems. For example, the reduced re-
organization energy due to the polaron decoupling effect,
the modification of the ET driving force, and the effective
spectral density in VSC. Furthermore, a number of open
questions and controversies in this field have been ad-
dressed — including those mentioned in the Introduction.
We begun with the HTC Hamiltonian that describes col-
lective light-matter coupling and introduced the concept
of polariton and dark states. For polariton photophysics,
we discussed the well-understood polariton relaxation dy-
namics, the decoherence process, and spectral properties
— the motional narrowing effect in particular. These po-
lariton photophysical properties are closely related to the
polaron decoupling effect. For polariton photochemistry,
we considered a model for the PMET reaction, where the
collective quantity Qg explicitly appears in the rate con-
stant expression (to modify the ET driving force). For
VSC, we considered a model in which the solvent (specta-
tor vibrations) is collectively coupled to the cavity mode,
as well as a reaction coordinate, where both Qr and sol-
vent reorganization energy A (also a collective quantity)
show up in the rate constant modification. These theo-
retical investigations shed light on how collective light-
matter coupling could influence polariton dynamics, co-
herence, spectroscopy, photochemical reactions, and VSC
chemistry. Future investigations should focus on explor-
ing the validity of the proposed mechanisms with experi-
mental measurements along with testing the scaling rela-
tions predicted by the analytic expressions (e.g., Eq. 18
and Eq. 22). Ultimately, the collective strong coupling
regime represents not merely a perturbation to matter,
but a fundamentally new avenue for controlling quantum
states and designing hybrid light-matter systems. As our
understanding deepens, it holds the promise to redefine
paradigms in chemistry, physics, and materials science
alike.
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