.

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

MINIREVIEW

View Journal | View Issue

Polariton chemistry: controlling molecular

i") Check for updates‘
dynamics with optical cavities

Cite this: Chem. Sci., 2018, 9, 6325

Raphael F. Ribeiro, © Luis A. Martinez-Martinez, & Matthew Du,
Jorge Campos—Gonzalez—Angulo@ and Joel Yuen-Zhou™

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry
Molecular polaritons are the optical excitations which emerge when molecular transitions interact strongly
with confined electromagnetic fields. Increasing interest in the hybrid molecular-photonic materials that
host these excitations stems from recent observations of their novel and tunable chemistry. Some of the
remarkable functionalities exhibited by polaritons include the ability to induce long-range excitation

energy transfer, enhance charge conductivity, and inhibit or accelerate chemical reactions. In this review,
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1 Introduction

Light plays a fundamental role in chemistry. It is an essential
ingredient in many biological and synthetic chemical reactions
and a basic tool for the investigation of molecular properties.™*
However, in most cases where photons participate in a chemical
event, the interaction of light and matter is weak enough that it
may be treated as a small perturbation. In this weak coupling
regime, radiation provides only a gateway for a molecular
system to change its quantum state. This paradigm is the basis
of spectroscopy and photochemical dynamics, but fails entirely
when the interaction of a single photon with many molecules is
intense enough to overcome their dissipative processes. In this
case, just as strongly interacting atoms form molecules, hybrid
states (molecular polaritons) with mixed molecular and photonic
character result from the strong coupling of the electromagnetic
(EM) field with molecules.> In this regime, both photons and
molecular excited-states lose their individuality, just as atoms
do when they form molecules.

The generic setup of a device with polaritonic excitations
consists of a nanostructure that confines EM fields to the
microscale and a condensed-phase molecular ensemble with
one or more bright (optical) transitions nearly resonant with the
EM modes of the nanomaterial. Typically, this corresponds to
an optical microcavity®” or to a metal layer supporting (surface)
plasmons.*® Their main differences are that surface plasmons
are more lossy, and their EM field is generally confined to much
lower volumes than microcavity photons.® The former property
is a disadvantage for the achievement of strong coupling with
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phenomena of fundamental importance to future technologies.

surface plasmons, but their low mode volumes imply their
electric field is generally stronger in comparison to microcavity
electric fields. Hereafter, we will consider the EM confinement
medium to be an optical microcavity unless otherwise
mentioned, but all of the discussed chemical phenomena are
insensitive to the choice of EM environment. The molecular
transitions can be well approximated to have no wave vector
dependence (since optical wavelengths are much larger than
molecular length scales) with linewidth dominated by the
coupling to intra- and intermolecular degrees of freedom.
Conversely, the microcavity spectra shows a well-defined wave
vector dependence (Fig. 1) and homogeneous broadening due
to the weak interaction with the external EM fields.® The strong
coupling regime is achieved when the rate of energy exchange
between microcavity photons and the molecular system is larger
than the rate of cavity-photon leakage and molecular dephas-
ing. In this case, the elementary optical excitations
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Fig. 1 (a) Representation of microcavity modes excited by radiation

(purple) incident at angle ¢. The electric field polarization of the TE
modes (red) lies along Ag while that of TM has &4 (blue) and &, (green,
magnitude only) components. (b) Dispersion (energy as a function of
mirror-plane wave vector q) of the photonic mode of index m in
microcavity with transverse length L.
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(quasiparticles) of the heterostructure consist of superpositions
of delocalized (coherent) molecular states and photonic degrees
of freedom, with energies and lifetimes which can significantly
differ from those of the bare excitations. The capacity to tune
the energies and photon/molecular content of polariton states
is a main attraction of the strong coupling regime (Section 2).
Nevertheless, the hybrid cavity also contains a large number of
incoherent (also called dark) molecular states. These belong to
a dense nearly-degenerate manifold of states which interact
weakly with the cavity photons, and thus are much more
sensitive to disorder than polaritons. In particular, while
polaritons have microscopic coherence lengths, dark states may
be more or less localized depending on the imperfections'®*
and geometry' of the hybrid system. Despite their weak
contribution to the optical response, the dark states are
fundamentally important for a description of the novel chem-
ical dynamics emergent at the strong coupling regime.

While theoretical studies of hybrid states of light and matter
date back to the 1950s,*>* and observations of atomic and solid-
state cavity-polaritons first happened in the 1980s'' and
1990s,'>'® respectively, it is only recently that experimental'’~*
and theoretical®**® activity have flourished in the field of
strongly coupled chemistry. This attention can be attributed in
part to the experimental observations of polariton effects on
chemical dynamics, which thus offer novel pathways for the
control of molecular processes.®

In this review we provide a theoretical perspective on the recent
advances in molecular polaritons arising from electronic (organic
exciton-polaritons) or vibrational (vibrational polaritons) degrees of
freedom. Our discussions are primarily based on quantum-
mechanical effective models, which are general enough to be
applied in regimes where a classical description is inaccurate.”
Furthermore, the models discussed here describe only the rele-
vant low-energy degrees of freedom probed by experiments. This
allows a consistent and predictive description of the behavior of
strongly coupled ensembles including a macroscopic number of
molecules. First-principles approaches are explored in ref. 50, 51
and 60. Finally, it is not our intent to provide a complete review of
the fast-growing molecular polariton literature. We have decided
to present the basic theory and illustrate it with examples, that we
believe, show general principles which might be useful for future
investigations of polariton chemistry. For reviews on other aspects
of molecular polaritons not emphasized here, see ref. 5, 8, 9 and
61-66.

This review is organized as follows. In Section 2 we present
the general concepts that form the basis for molecular polari-
tonics. Section 3 provides an overview of the theory of organic
exciton-polaritons. This is illustrated with applications to
polariton-mediated chemical reactivity (Section 3.3), energy
transfer (Section 3.4) and singlet fission (Section 3.5). In Section
4 we discuss the theory and phenomenology of vibrational
polaritons. We focus on the effects of vibrational anharmonicity
on their nonlinear response, and revisit exciting experimental
results probing the thermodynamics and kinetics under vibra-
tional strong coupling in Sections 4.2 and 4.3, respectively. The
ultrastrong regime of light-matter interaction is briefly intro-
duced in Section 5. This review is concluded in Section 6.
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2 Polariton basics

We introduce the basic notions of polariton behavior in this
section by examining the simplest models displaying strong
coupling between light and matter. The bare microcavity modes
are reviewed in Section 2.1, and the spectrum resulting from the
strong coupling of two-level systems with a single cavity mode is
discussed in Section 2.2. The intuition given by the results
discussed in this section will guide all later developments.

2.1 Optical microcavity spectra

The optical cavities employed for molecular strong coupling
studies generally consist of two highly reflective (at the
frequencies of interest) parallel metallic or dielectric mirrors
separated by a distance L on the order of pm.® The length of the
cavity is typically chosen to be resonant with a molecular tran-
sition. The EM modes of these devices are classified by the in-
plane wave vector q, the integer band number m (where g, =
mmt/L) associated with the transverse confinement direction,
and the electric field polarization [transverse magnetic (TM) or
transverse electric (TE)]*®” (see Fig. 1a). The TE polarization is
perpendicular to the incidence plane, while the TM belongs to
it. The former vanishes at the mirrors, in contrast to the latter.
However, in lossless planar microcavities, the TM and TE
modes are degenerate, and when |q| — 0 their spatial distri-
butions become identical. The microcavity is typically engi-
neered to have a single band (Fig. 1b) containing a resonance
with the material (though there exist exceptions**®®). The
remaining bands are highly off-resonant, and thus, may be
neglected in a low-energy theory of polaritons. It is also some-
times useful to perform a long-wavelength approximation
which disregards the spatial variation of the electric field, and
includes explicitly only a single microcavity mode which inter-
acts with a macroscopic collection of optically-active molecular
transitions. This is appropriate whenever the density of acces-
sible molecular states is much larger than the photonic [total
internal reflection of incident radiation with ¢ > ¢. (Fig. 1a)
establishes a natural cut-off frequency for the cavity modes
which can be accessed by excitation with external radiation;
alternatively, a cutoff can be imposed on cavity photons which
are highly detuned from the molecular transition*"*’]. Such
condition is fulfilled in most observations of molecular polar-
itons in condensed-phase media.

2.2 Jaynes-Cummings and Tavis-Cummings models

When we introduce a bright two-level system to a single-mode
microcavity we obtain the Jaynes-Cummings (JC) model.” In
particular, it consists of a lossless cavity mode of frequency w,
interacting with a two-level system of transition energy Aws.
Thus, the effective Hamiltonian of the JC model is given by

Hyc = hwd'a + howro_ — hgs(aTa, + aosy), (1)

where a(a’) is the cavity photon annihilation (creation) oper-
ator, o.(o_) creates (annihilates) a material excitation, and

hgs = u X E\/hw./2¢V, is the strength of the radiation-matter

n
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interaction, where ¢ is the dielectric constant of the intracavity
medium, V. is the effective mode volume of the (cavity)
photon,”™ E is the photon electric field amplitude at the emitter
position, and u is the transition dipole moment of the latter.
Notably, this Hamiltonian implicitly assumes that the coupling
between light and matter is strong relative to the damping of
each degree of freedom, yet weak compared to both w. and wy.
Thus, only states with equal total number of excitations

Nee=dla+ oi0_ 2)

are coupled by the radiation-matter interaction. As a result, the
ground-state of the hybrid system is equivalent to that of the
decoupled. The same is clearly not true for the excited-states.
For any Nexe = N > 0, Hjc has two hybrid photon-matter eigen-
states. For example, the lowest-lying excited-states of the system
have N, = 1. They are given by (Fig. 2a)

ILP) = sin(fc)lg, 1) + cos(fic)le, 0),

[UP) = cos(fic)lg, 1) — sin(fc)le, 0), 3)

where |g, N)(|e, N)) denotes a state where the material is in the
ground(excited)-state and the cavity has N photons, and

1
bic = Etan’l[ng/(wc—ws)] is the polariton mixing-angle,

which determines the probability amplitude for a photon or
emitter to be observed when the state of the system is either
|LP) or |UP). The state |LP) is called lower polariton, while |UP)
is the wupper polariton. Their energy difference is
RQ =2k\/A*/4 + g2, where A = w, — wg is the detuning
between the photon and emitter frequencies. At resonance
(we = wg), the LP and UP become a maximally entangled
superposition of emitter and cavity photon, with vacuum Rabi
splitting hQgr = 2hgs [the terminology refers to the process by
which introduction of an emitter to the cavity vacuum (initial-
state |e, 0)) leads to coherent (Rabi) oscillations with
frequency Qg/2 in the probability to detect a photon or

(a) JC (b) TC
1 up I,’Iljgs_\y;

4

— 2hg, L--g
emitter photon N emitters s | N-tdark / photon
\
LP \\hgg\/ﬁ
N
LP
ground ground

state state

Fig.2 (a) Jaynes—Cummings (JC) model: emitter and photon strongly
couple to form hybridized states termed lower and upper polaritons
(LP and UP, respectively) separated in energy by 2hgs. (b) Tavis—
Cummings (TC) model: N emitters interact strongly with a photon to
yield polariton (LP, UP) and N — 1 dark states. The latter do not couple
to light and thus maintain the original emitter energy.
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a material excited-state inside the cavity’>”®]. For positive
detunings, the UP (LP) has a higher photon (material) character,
while the opposite is true when w. < ws. The JC model shows
other interesting features, such as photon blockade.” However,
because it contains no more than a single structureless [i.e., the
internal (vibronic, vibro-rotational, etc.) structure of molecular
excitations is not considered] emitter, the JC model is only of
pedagogical significance for chemistry, although conditions in
which a single-molecule is strongly coupled to a microcavity
have recently been achieved in few studies.’*”>’® In fact, for
reasons we will discuss next, most experiments which probe the
strong coupling regime employ a molecular ensemble including
a macroscopic number of emitters.

The generalization of the JC model for the case where N
identical two-level emitters interact strongly with a lossless
cavity mode is denoted the Tavis-Cummings (TC)”””® or Dicke
model.” It is described with the Hamiltonian

N

N
Hrc = hod'a + i,y o Vo O — g >~ (a*a,(") + aaﬂ”),
P

7 ()

where the superscript 7 labels each of the N emitters. Note that
while N can be very large, the emitters are assumed to occupy
a region of space where the variation of the electric field
amplitude can be neglected. The spectrum of Hyc differs
markedly from that of Hjc. However, the total number of exci-
tations of the system N =afa+ % o,Dg_(  remains
i=1
a constant of motion. Thus, similar to Hjc, the TC model only
allows hybrid states in which all components share the same
Nexe- Specifically, there exists N + 1 basis states with Ny = 1:
a single state with all emitters in the ground-state and a cavity
photon, |g, 1) =]0, 0, 0..., 0;1), and N states where a single
emitter is excited and the cavity EM field is in its ground-state,
|e(i), 0) =0, 0, ..., ed . o,0, ;0),i € {1,..., N}. The stationary
states with Nex. = 1 (Fig. 2b) not only include the polaritons, but
also a degenerate manifold of dark states |D,,), u € {1,..., N — 1},
for which an orthogonal basis may be given by delocalized non-
totally-symmetric (under any permutation of the emitters)
excited-states orthogonal to the permutationally-invariant bright
state.®®®! This can be easily seen by rewriting Hryc in terms of

1 L,
bright and dark state operators, ¢® = —— Za<’> and ¢\®¥,
=

respectively, where ¢ denotes operators acting on the total
Hilbert space of the two-level system ensemble, and the
normalization is chosen so that the commutation relations of
the ¢ matrices are preserved. In this basis, Hrc is given by

Hrc = hwea'a + thJ&B)UEB) — h\/]Vgs <a+o(73> + aa@) + Hp,
(5)

N-1
where Hp = /i wg ZO’SPM)O{D“) is the dark Hamiltonian. From
pn=1

eqn (5) and its similarity with eqn (1), it is clear that the hybrid
eigenstates of Hyc with Ney. = 1 are given by

[LP) = sin(frc)lg, 1) + cos(frc)lB, 0),

Chem. Sci,, 2018, 9, 6325-6339 | 6327
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[UP) = cos(frc)lg, 1) — sin(f1c)|B, 0), (6)

where |B, 0) is the totally-symmetric bright emitter state
N -
B,0) = N2 ", 0), 7)
-1

and fyc = ltan’1 [2v/N gs/(we — ws)]. Notably, these states are
simple genéralizations of the JC polaritons provided in eqn (3).
However, the vacuum Rabi splitting given by eqn (5) is signifi-
cantly enhanced compared to that of JC, as a result of the
collective light-matter coupling gsv/N which couples a cavity
photon to a delocalized bright emitter. In fact, at resonance, the
(collective) vacuum Rabi splitting in the TC model is given by
hQg = 2+/Nhgs. Since gy« V{l/z, it follows that 7Qy scales with
the square root of the density of emitters in the optical mode
volume. Thus, it is much easier to reach strong coupling
between light and matter with a large concentration of optically
active material.

Introduction of emitter disorder and cavity losses to the JC
and TC models does not change the essential conclusions of the
above discussion as long as hQy remains larger than the
broadening due to the photonic and emitter damping. For
instance, while inhomogeneous broadening breaks the degen-
eracy of the dark manifold and leads to photonic transfer
(intensity borrowing) from the LP and UP to these states, the
fraction of transferred photon is proportional to |n/AQg|?,
where 7 is the energetic width of the inhomogeneous disorder.
In the strong coupling regime ZQr >> 7, so the photonic
contribution to the TC dark states is very small and may be
neglected in most cases (although it can be significant for
a complete description of absorption and photo-
luminescence*®). It follows from the same argument that
molecular inhomogeneous broadening is suppressed in polar-
iton spectra. Specifically, perturbation theory gives energy
fluctuations for polaritons which are smaller than those of the
bare molecular system by a factor of 7/AQx. This suppression
has been observed in atomic and inorganic semiconductor
quantum well cavity-polaritons where the emitters are approx-
imately structureless (see, e.g., ref. 83).

We emphasize the above discussion disregards any depen-
dence of the hybrid cavity Hamiltonian on real-space position or
wave vector. In reality, the emitters are spatially distributed
within the cavity volume and interact differently with the cavity
mode continuum (Fig. 1) according to their positions (in the
case of molecular systems there is also a dependence on the
orientation of the transition dipole moment). Thus, the LP and
UP define bands with dispersion given by wipq) and wyp(q),
respectively (Fig. 3). The effects of disorder are more complex in
this case, since they may lead to strong polariton localization
and scattering."-*** Nevertheless, if the emitter density of
states (DOS) is much larger than that of the cavity EM field, then
the dark molecular modes still constitute the majority of the
states of the hybrid microcavity. This observation is crucial for
the investigation of relaxation dynamics in molecular polar-
itons, and we devote more attention to it in Section 3.2.

6328 | Chem. Sci., 2018, 9, 6325-6339
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Fig. 3 (a) Pictorial representation of a set of molecular emitters
embedded in a resonant planar microcavity. (b) Cavity, emitter and
polariton dispersions [energy in terms of wave vector (q)] according to
the multimode generalization of the TC model.

The aspects of the strong coupling regime discussed in this
section are essential for a description of molecular polaritons.
Nonetheless, the TC model is still too primitive for most
chemistry purposes since the two-level systems mimicking
electronic states carry no internal (for example, vibronic)
structure which is fundamental for the description of molecular
dynamics.

3 Organic exciton-polaritons

Organic semiconductors are suitable materials for strong
coupling due to their large transition dipole moments and
sufficiently narrow linewidths.*” In fact, the observations of
molecular cavity-polaritons originated first from the coupling of
an optical microcavity with the organic excitons of a Zn-
porphyrin dye,”” and later with J-aggregate films.*® Recent
years have seen many remarkable developments including
demonstrations of reversible optical switching,** suppression of
photochemical reactivity,”® room-temperature polariton lasing*
and Bose-Einstein condensation,** enhanced charge conduc-
tivity,”® and long-range excitation energy transfer.’>**> We
introduce the effective Hamiltonian of organic polaritons in
Section 3.1, review their relaxation dynamics in Section 3.2, and
discuss some of their applications in light of the presented
theoretical framework in Sections 3.3, 3.4, and 3.5.

3.1 Effective descriptions

The main novelty introduced by organic (Frenkel) exciton-
polaritons®*** is the significant local vibronic coupling of the
molecular excited-states with inter- and intramolecular vibra-
tional modes. This gives rise to inhomogeneously broadened
linewidths, vibronic progressions, and Stokes shifts in the
optical spectra of organic systems.*”'* It also gives rise to
photochemical reactivity. Thus, it is unsurprising that vibronic
coupling—absent from the JC and TC models—is a source of
novel organic exciton-polariton behavior. The simplest way
exciton-phonon coupling affects polariton behavior is by
introducing an efficient channel for nonradiative polariton
decay (Table 1). This happens because observed organic
microcavity Rabi splittings are of the order of a few hundred
meVs (Table 1). In this energy interval, it is common for the

This journal is © The Royal Society of Chemistry 2018
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molecular environment to have significant phonon DOS, which
therefore plays an important role in assisting polariton relaxa-
tion. Agranovich et al. first recognized, in a seminal work," the
effects of inhomogeneities on the organic polariton spectrum,
and similarly, the role of resonant phonon emission and
absorption on polariton relaxation dynamics. In particular, in ref.
11, the authors employed a macroscopic electrodynamics model
to show that, when the main source of disorder is inhomoge-
neous broadening of the molecular system (typically the case for
organic microcavities), only the LP and UP states within a specific
region of wave vector space (near the photon-exciton resonance)
achieve large coherence lengths (typically a few pm).*>** The
remaining states with significant molecular character may be
considered for practical purposes to form an incoherent reservoir
[containing both the dark states described in Section 2.2 (Fig. 2)
and also polaritons localized due to inhomogeneities] which is
weakly coupled to the cavity. Given that the reservoir states are
much more numerous than molecular polaritons, they form
energy traps fundamentally important in relaxation dynamics, as
we discuss in Sections. 3.2, 3.4, and 3.5. Here we note that while
the treatment in ref. 11 is phenomenological, its fundamental
conclusions were later confirmed by various numerical simula-
tions and experimental data.?*#°%'%1% We discuss the relaxation
dynamics of organic microcavities according to this picture in
more detail in Section 3.2.

An alternative approach to the investigation of organic
cavity-polaritons was introduced by Cwik et al.,*® who investi-
gated their properties with a generalization of the Holstein
Hamiltonian'® appropriate for the study of strongly coupled
systems. In this Holstein-Tavis-Cummings (HTC) model, the
TC emitters (eqn (5)) are assigned one or more independent
vibrational degrees of freedom; these are linearly coupled to
each organic exciton in accordance with the displaced oscillator
model of vibronic coupling'®®

N Nph
Haow =3 Yoo 0o (b ).
1 =1

i=

where the exciton operators follow the notation of the previous
section, b;(w;) is the annihilation operator (natural frequency)
of a harmonic phonon mode coupled to the ith-exciton, and 4; is
the dimensionless vibronic coupling constant.'® Thus, in the
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absence of disorder, the (single-cavity-mode) HTC Hamiltonian
is given by

Hyrc = Hrc + Hpnh + Hexe-phs 9)
N Nph

where Hpp, = Z Z h wjbgb,j generates the free dynamics of Ny,
i=1 j=1

phonon modes per exciton. The single-photon/single-exciton
eigenstates of eqn (9) (with N, = 1) were systematically inves-
tigated by Herrera and Spano in ref. 42, 47, 65 and 107 (see also
ref. 52 and 108). These authors reported qualitatively distinct
stationary states for Hyrc depending on the ratio of Rabi
splitting and phonon frequency Qg/w,. An important limit (with
consequences discussed in Sections 3.3 and 3.5) occurs when
the light-matter interaction is much stronger than the local
vibronic coupling, ie., Qg/Aw, > 1. In this case, the
phenomenon of polaron decoupling is manifested.*>'* This
refers to a significant suppression of the vibronic coupling in
the polariton states of a molecular ensemble strongly coupled to
a microcavity (as discussed in Section 2.2). It occurs as
a consequence of the delocalized character of the polariton
states (inherited from the photonic coherence volume and
forced by the strong light-matter interaction); when the Rabi
splitting is a few times larger than the considered vibronic
couplings, the polaritons become (to a large extent) immune to
the local (vibronic) perturbations acting on the excitonic states.
This intuitive effect was studied long ago, as it is also the reason
that delocalized excitations of organic J-aggregates have nar-
rower lineshapes and weaker Stokes shift than the corre-
sponding monomers."* Further discussion of the different
regimes of the HTC model is given in ref. 52 and 65. It was also
applied to the study of polariton effects on electron transfer®
(Section 3.3), Raman spectrum,"** and organic polariton pho-
toluminescence.'” Notably, when vibrational relaxation and
cavity leakage happen at comparable rates to the Rabi
frequency,® the behavior of the HTC eigenstates is essentially
similar to that given by the theory first introduced by Agrano-
vich et al.™ In this case, a simpler kinetic approach'* where
vibronic coupling acts as a weak perturbation inducing inco-
herent scattering (see next sections.) is well-suited to the
description of organic polariton relaxation dynamics and pho-
toluminescence. In particular, simulations of both phenomena

Table 1 Timescales relevant for the description of organic (J-aggregate) microcavity relaxation dynamics at room temperature®

Process Initial state(s) Final state(s) Timescale Ref.
Rabi oscillations — — 15-50 fs (80-300 meV) 93
Cavity leakage Cavity photon — 35-100 fs 94-96
UP Dark states ~ 50 fs 11
Vibrational relaxation Dark states LP ~ 10 fs 99
UP — ~ 100 fs 95
Photoluminescence LP — ~1fs 100
Bare exciton — ~ 1-10 ps 27,94, 100 and 101

“ In typical organic dyes, vibrational relaxation following electronic excitation occurs on the order of 10-1000 fs.”®

This journal is © The Royal Society of Chemistry 2018
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are consistent with the LP being the main source of photo-
luminescence in microcavity experiments (though it was
recently shown that, with surface plasmons as the EM compo-
nent, van Hove singularities arise and enable ultrafast photo-
luminescence from the UP*?). Given the timescales presented in
Table 1, the incoherent treatment of polariton-phonon
dynamics is well-justified in many cases. Our further consider-
ations will be based on it unless otherwise mentioned.

3.2 Relaxation dynamics

Given the lossy character of the microcavities and plasmonic
layers routinely employed in strong coupling experiments,® any
practical use of organic polariton devices must account for the
dissipative processes which may affect their performance.
Typically, the damping of both bare cavity-photons and organic
excitons can be reasonably approximated with a Markovian
Master equation treatment.">*** Said approach assumes these
degrees of freedom interact weakly with a macroscopic bath
characterized by a system-dependent spectral density."> A
choice needs to be made of whether each molecule has an
independent bath, or a single set of environment modes inter-
acts with all excitons. Both situations were explored in the work
of del Pino et al.** (see also ref. 114). Our discussion will assume
the independent-baths scenario, which is the more realistic
description for the study of disordered organic aggregates.

The main dissipation channel for molecular polaritons
involves the coupling of their photonic part to the external EM
field modes via transmission through the cavity mirrors.****
This happens because most experiments employ optical reso-
nators with low quality factor Q (=w./k, where « is the cavity
leakage rate and also the full-width at half-maximum of the
cavity mode of interest), thus leading to cavity-photon escape
rates which are faster than exciton decay (Table 1).

As mentioned, organic exciton-polaritons may also decay
nonradiatively due to vibronic coupling (Table 1). Such relaxa-
tion occurs between polariton and dark states and is well
described with Fermi's golden rule (FGR)."® According to this
framework, a quantum transition with higher density of final
states exhibits a faster rate compared to that with lower DOS if
both processes are mediated by the same perturbations. The
prominence of this DOS dependence in organic polariton
relaxation dynamics was first characterized in ref. 11, which
showed that via local phonon emission (eqn (8)), the UP decays
to the dark manifold much faster than the latter decays to the
LP (Fig. 4). Agranovich et al."* considered a single Raman-active
phonon mode™” with frequency nearly matching the Rabi
splitting in eqn (8) and inhomogeneously broadened spectral
distribution of incoherent excitons for the dark band. The
resulting vibrational-relaxation time to these “dark” states (with
one phonon) from the UP (with zero phonons and formed from
exciton-resonant cavity mode) was determined to be ~50 fs
(Table 1). This timescale is in good agreement with the low UP
photoluminescence observed experimentally, given that the
typical resolution of these measurements is on the order of 100
fs.** In contrast, a timescale of ~10 ps (Table 1) for the transi-
tion from the dark states to the LP band was obtained in ref. 99.
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