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Interactions between light and matter are a fundamental part of chemical sciences responsible

for basic photophysical processes such as phosphorescence and fluorescence. However,

these photophysical phenomena occur in the «weak» limit of interaction between light

and matter in which the photon and molecule interact with each other without the former

fundamentally changing the physical properties of the latter. By constructing a Fabry-

Perot cavity, which traps light of a certain frequency, then placing a molecule in a cavity

that undergoes a molecular electron transition at the frequency of the trapped light, scientists

can force strong light-matter interaction. This interaction occurs if the exchange between

the light of the cavity mode and the molecule’s excited state is faster than the decay rate

of either state, forming a hybrid light-matter state known as a polariton. The photophysical

properties of these polariton states have been of interest to scientists due to the possibility

that they can allow for the modification of the reactivity of molecules without the addition

of functional groups or modification of the surrounding environment. Of particular interest

is the ability of polaritons to influence the potential energy surface of molecules, with

polaritons showing the ability to both, suppress the photochemical reaction in molecules

such as spiropyran and stilbene, while also enhancing the nonradiative relaxation rate of

porphyrins. Due to their photonic nature, polaritons have also shown the ability to facilitate

long range energy transfer processes in organic dye molecules. This review focuses on

discussing these recent advances in a chemistry context as well as the optical design of

cavities required to sustain polaritons.
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Introduction
The hybridization of light and matter can be

difficult to visualize for chemists. However, the basics
of polariton formation can largely be thought of in
terms of the familiar molecular orbital theory in which
two atomic orbitals interact to form an equal number
of molecular orbitals, a bonding and an antibonding
orbital, at different energy levels. Likewise, a molecule
can interact with a resonant cavity photon to form
two polariton energy levels, as visualized in Fig. 1.
Moreover, from the analogy in Fig. 1, it is evident
that hybridization can happen at any energy level as
long as it matches the cavity resonance. A polariton
is a hybrid light-matter state that must be described
by referencing both, the photon mode, and the
molecular resonance mode, as seen in Eqs. (1) and

(2) [1–4]:

e c e c

1
UP e 0 g 1 ,

2
       (1)

e c e c

1
LP e 0 g 1 .

2
       (2)

In Eqs. (1) and (2), eg describes the excited

state of the molecular exciton being coupled while

eg  is the ground state. Based on these definitions,

it is clear that the hybridized light-matter state
consists of an excited state lacking a cavity photon
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and a ground state with one cavity photon. In Fig. 1,
the energy difference between the upper and lower
polaritons is labeled as Ω. . This energy difference
is referred to as the Rabi splitting. If dissipation is
ignored, the Rabi splitting can be estimated by
Eq. (3) [2,5].
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In the above equation h is the cavity photon
resonance energy, which is typically tuned to be near
the near the excitation energy of the molecule to
maximize the interaction between the two states,
0 is the vacuum permittivity,  is the volume of the
electromagnetic mode, and nphoton is the number of
photons in the cavity. Based on Eq. (3), the polariton
is sustained even in the absence of photons.
Moreover, Eq. (3) also states that the Rabi splitting
will be proportional to the square of the excitation
energy. Typically, the volume of the electromagnetic
mode is much larger than the volume of the molecule
that is coupling to the cavity photon. Therefore, many
molecules are expected to couple to a single cavity
photon, increasing the Rabi splitting. Thus, the Rabi
splitting will be proportional to the square root of
the number of molecules (N) divided by the
electromagnetic volume, or simply put, the square

of the concentration: 
N

Ω C
ν

   
 

  [2,5]. It is

noticeable in Fig. 1 that the upper polariton has a
larger full width half maximum (FWHM) than the

lower polariton. Indeed, the lifetime of the polariton
states is not equal, with the upper polariton typically
having a shorter lifetime than the lower polariton
[6,7].

Absorption occurs most efficiently when the
dipole moment of a molecule and the polarization
of the incident electric field are parallel [1]. Because
the orientation of molecular dipoles is often
randomized, there will be a large number of molecules
that will form uncoupled states. These uncoupled
states do not participate in polariton formation.
Beside the uncoupled states, the formation of so-
called «dark states» within our polariton system must
also be accounted for. To visualize these «dark states»
imagine that the number of molecules coupled to a
cavity photon as some arbitrarily large number N.
These N numbers of molecules interact with a single
cavity photon, leading to the creation of a total of
N+1 collective states. Out of all of the collective
states, two polariton states will be formed, one UP
state and one LP state, leaving a total of N–2 dark
states. In simple terms, these dark states can be
thought of as a superposition of molecular excitations
with a very small photonic contribution. Despite not
being spectroscopically observable, these states play
an important role in polariton dynamics and will be
discussed in further detail later in this paper.

Polariton states inherit some of the dispersive
characteristics of the photon to which they are
coupled to. The energy of a purely photonic state

can be described as  
1 2

2

ph cutoff

eff

sin θ
E θ E 1
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Fig. 1. The formation of a polariton can be compared to molecular orbital theory. The two atomic orbitals of a hydrogen atom

can interact to form a molecule with two molecular orbitals. Similarly, a molecular excitation can interact with a cavity resonance

to form an upper and a lower polariton
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[7,8]. In the aforementioned formula, Ecutoff is the
cavity cutoff energy, or the lowest energy photon
that a cavity structure can trap, defined as:

cutoff

eff

hc
E

2n L
  [6,7,9]. In summary, the energy of

a photon changes along with a change in the
wavevector of an incident wave, since it is
cumbersome to experimentally measure wavevectors,
relating the energy to the incidence angle of the
cavity is often carried out. The energy is also related
to the refractive index (neff) as well as the thickness
of the cavity (L), for example, a thick cavity will be
able to trap low energy photons. The dispersivity of
a hybrid light-matter state formed by coupling a single
exciton to a single cavity photon must be described
by the two level interaction Hamiltonian shown in
Eq. (4) [10]:

ph ph

ex ex

E iσ Ω/2 α α
.

Ω/2 E iσ β β

     
          




  (4)

In Eq. (4), the cross diagonal matrix terms Ω/2

represents the coupling strength between the
molecular exciton and the cavity photon. By
examining Eq. (4), it is clear that there will be two
for the eigenvalue, representing the UP and LP
energies. Moreover, solving for the eigenvectors of
this matrix would result in the calculation of the
Hopfield coefficients, representing the photonic and
excitonic contribution to the polariton states [11–
13]. The imaginary part of the equation accounts for
the FWHM of the cavity photon and exciton. Using
this equation, it is possible to model the dispersion
of a polariton system as seen in Fig. 2. This model
assumes a Ω/2  value of 150 meV and an molecular
resonance excitation of 3 eV coupling to a cavity
photon. It should be noted that this model assumes
that a single exciton is coupling to a single cavity
photon. However, cavities in which multiple excitons
couple to a single cavity photon are also possible, in
which case the matrix in Eq. (4) would be expanded
to include the additional exciton and the interaction
terms [7–14]. Moreover, the number of the final
polariton states created should equal the number of
starting states. Therefore, a system in which three
components are involved, two excitons and one
photon, would result in the formation of three
polaritons, an upper, middle, and lower state. By
modeling the imaginary part of Eq. (4) the FWHM
of the polariton system is estimated, as seen in
Fig. 3. Note that the lower polariton FWHM closely
resembles the photon at low angles, and above the

resonance angle, it closely matches the exciton. The
upper polariton FWHM trend is reversed, this can
be easily defined by the Hopfield coefficient seen in
the insert of Fig. 2. As seen from the Hopfield
coefficient, the lower polariton is almost fully «light-
like» at low angles, as it is tuned closer to the energy
of the exciton it inherits more «exciton-like»
characteristics, and at high angles the lower polariton
has lost most of its «light-like» character becoming
almost fully excitonic. Note that there exists a

Fig. 3. The FWHM of a polariton system modeled using the

imaginary part of Eq. (4)

Fig. 2. Dispersion curve of a polariton formed by coupling a

3 eV excitation to a cavity photon modeled using Eq. (4).

The thickness of the cavity is set such that the resonance angle

is 45 degrees
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resonance angle where both polariton states have an
equal weight of photonic and excitonic character.

So far, dissipation of energy within the cavity
system has not been addressed. Polaritons are
sustained by energy exchange between resonant
molecular and photon modes. Molecules in the
excited state will naturally decay to the lowest energy
state, be it by the emission of a photon or through
nonradiative decay pathways. A free space molecule
will have a propensity to move along the excited
state potential energy surface (PES) to the lower
energy ground state [15]. Just as the lifetime of the
molecular excited state is finite so is the lifetime of
a cavity photon. The cavity photon lifetime is limited
to several femtoseconds, depending on the size and
reflectivity of the cavity [16]. Because the nature of
the cavity controls the characteristics of the photon
mode, proper cavity design is essential in creating
hybrid light-matter states.

Cavity design
Building a cavity that entraps the proper photon

to exchange energy with a molecular excitation is
perhaps the most important step to polariton
formation. While the FWHM of the molecule is
dependent on the local environment and is difficult
to manipulate, it is possible to deterministically
control the photon mode by manipulating the
parameters of the Fabry-Perot cavity [16]. A Fabry-
Perot cavity consists of two parallel mirrors separated
by some distance. Light entering the structure will
be repeatedly reflected by the two mirrors. Most of
the light waves will be attenuated as they interfere
with each other while reflecting between the two
mirrors. However, there will exist a wavelength whose

l/2 is equal to the distance separating the two mirrors.
The transmittance of this mode and its harmonics
will be greatly amplified. The spacing between the
fundamental frequency and its subsequent harmonic
is referred to as the Free Spectral Range (FSR).
Expressed in frequency terms it is defined as

c
FSR

2nL
  where L is the distance between the

mirrors and n is the refractive index of the spacer
layer between the mirrors [16,17]. The finesse of a
Fabry-Perot cavity is the relation of the Free Spectral

Range to the FWHM, 
FSR

F .
FWHM

  The finesse is a

measure of how narrow each resonance peak is. The
higher the finesse, the narrower the resonance peaks.
Moreover, the finesse connects the reflectance of
the mirrors, an easily obtainable and intuitive
measurement, to the FWHM and the FSR via Eq. (5):

1 2

2π
F .

1
ln

R R


 
 
 

  (5)

A photon mode whose FWHM was matches
that of the molecular mode would result in the largest
number of excited state molecules interacting with
the cavity photon. Because the FSR and FWHM
are calculated based on the properties of the
chromophore absorption peak when designing cavity
polariton structures, all that is needed is to calculate
the finesse and the reflectance of the mirrors using
Eq. (5). The basic structure of a cavity can be seen

Fig. 4. The basic overview of a cavity structure in which two mirrors trap a photon (h). The spacer layer contains a chromophore

that can interact with the photon to form a polariton. The strongest coupling occurs when the FSR of the photon matches the

excitation energy of the chromophore as well as when the FWHM of the photon matches the FWHM of the chromophore
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in Fig. 4. One simple way to construct a cavity that
could sustain a polariton would be to use two metallic
mirrors and control their thicknesses.

Another important metric in cavity design is
the structure’s round trip attenuation coefficient. This
component measures how the intensity of a photon
decreases during a single round trip inside the cavity
structure and is expressed by Eq. (6), in which R1

and R2 is the reflectively of the two mirrors forming
the cavity and a is the loss coefficient

 
1 2

1
α 1/2nd ln .

R R

 
  

 
 By using the information

from Eqs. (5) and (6), the intensity of the photons
in the cavity can be modeled using Eqs. (7) and (8).

 1 2r R R exp -2 nd ,    (6)

  
0

max 2

I
I ,

1 r


   (7)
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I .

πν2F
1 sin

π ν


   
 

  (8)

Mirror design
Once the required reflectance of the mirrors

has been calculated, it is necessary to properly design
them. One method that has been mentioned would
be to use two metallic mirrors separated by a polymer
spacer layer. While this is a method that has been
shown to form hybrid light-matter states, it possesses
certain limitations [18]. First, metallic mirrors are
thin and easily damaged. Second, common metallic
mirrors such as aluminum have well known
absorbance disruptions around 800 nm. Third,
metallic mirrors would reflect light across a wide
range of frequencies, effectively attenuating an
incoming pump signal that was set to excite an off-
resonance transition [19]. Perhaps most importantly,
metallic films are more susceptible to damage and,
as is the case for silver, which will react with oxygen
to form silver oxide, resulting in the change in its
reflective properties. Studies found that in a normal
laboratory setting a 0.1 nm tarnished layer appeared
as soon as 1 hour after deposition of a silver film,
growing to 6 nm in one month [20]. By using
distributed Bragg reflectors (DBRs), it is possible to
more precisely manipulate the reflectance of the
mirrors. DBRs are also more robust, allowing the
mirror to be stored in a laboratory setting for an
extended period without the mirror losing its optical

properties as well as being more resistant to
mechanical damage.

To understand how reflectance and transmission
is manipulated by DBRs, recall that a light wave is a
periodic structure, that is, the time between two
successive peaks in a light wave will be consistent.
Coincidentally, when light passes through periodic
medium wavelengths whose size matches the
periodicity of the medium and its intensity will be
attenuated [16,21]. To achieve periodicity, a DBR
is typically constructed as a layered material of
alternating refractive indices. A common practice is
to use SiO2 and Si3N4 as the periodic materials in a
DBR structure due to their well-known optical
properties, transparence in the visible and near IR
regions, and sufficiently different refractive indices.
To determine the transmission of a wave through a
DBR structure, it is first necessary to understand
the behavior of light at a single interface. This is
achieved by utilizing the established Fresnel equations
for reflectance and transmission, defined in Eqs. (9)
and (10) [21]. At normal incidence, these equations
simplify to Eqs. (11) and (12).

   
   

1 i 2 t

tm

1 i 2 t

n cos θ n cos θ
r ,

n cos θ n cos θ




   (9)

 
   

1 i

tm

1 i 2 t

2n cos θ
t ,

n cos θ n cos θ


   (10)

1 2

1 2
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r ,
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   (11)

1

1 2

2n
t .

n n


   (12)

Note that dielectric materials such as SiO2 and
Si3N4 are chosen due to their negligible absorbance
in the visible and near infrared wavelengths. These
materials have a trivial contribution from the
imaginary part of the refractive index in the visible
region, allowing their indexes to be estimated using
the Sellmeier equations, which are listed as Eq. (13)
for SiO2 and Eq. (14) for Si3N4. For SiO2, the index
of refraction will vary between approximately 1.47–
1.45 in the 400 nm to 800 nm region, while for
Si3N4, the index will vary between 2.1 to 2.0 over
the same wavelength region [22,23]. Using the
Sellmeir equations to estimate the index accounts
for its variation over different wavelengths. It should
be noted that metallic mirrors can also be used to
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construct the cavity structure, however, metals posses
an abundance of conducting electrons and Maxwell’s
equations must be used to simulate the optical
properties of a conductive medium:

2
2

2 2

2 2

2 2 2 2

0.6961663λ
n 1

λ 0.0684043

0.4079426λ 0.8974794λ
;

λ 0.1162414 λ 9.896161

  


 
 

  (13)

2 2
2

2 2 2 2

3.0249λ 40314λ
n 1 .

λ 0.1353406 λ 1239.842
  

 
  (14)

To obtain the final reflectance and transmission
of a DBR structure, the Fresnel equations must be
calculated at each layer of the DBR structure. To
keep track of the transmission and reflectance
coefficients the scatter matrix is used [16,21,24]:

1 2 1

1 2 1 212 21

12 21 1 2 2

1 2 1 2

2n n n

n n n nt r
S .

r t n n 2n

n n n n

 
          
   

  (15)

The t12 coefficient in Eq. (15) represents
transmission from medium 1 to medium 2, while t21

represents transmission of the light back from
medium 2 to medium 1. Similarly, r12 represents
reflection from medium 1 to medium 2, while r21

represents reflection from medium 2 to medium 1.
A single 22 scatter matrix represents light interaction
at a single boundary of a DBR. The scatter matrix
only accounts for the behavior of light through a
single interface. To calculate the transmittance
through the entire DBR, it is necessary to convert
the scatter matrix into a wave-transfer matrix using
the relationship described in Eq. (16) [16].

12 21 12 21 21

12 12

12

12 12

t t r r r

t t
M .

r 1

t t

 
 
 
 
 
 

  (16)

By substituting the Fresnel equations into the
wave transfer matrix in Eq. (12), it is possible to
solve for the transmittance of an entire DBR structure
by multiplying the transfer matrices created at each
boundary of the DBR. The relationship between the

transmittance power and transmittance, Tf=|t2|, can
be used to simplify the calculation, with the final Tf

of the DBR being defined by Eq. (17), in which Ti

is the single segment transmission based on Fresnel
equations and  is a factor accounting for interference

inside the DBR structure defined as 
sinN

Ψ
sin





[16]. N is the number of DBR segments.  is a
factor that represents single segment transmittance
inside the DBR and is calculated by Eq. (18) [16].
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In Eq. (18), 
1 2

b

πν
Φ Φ

ν
   and

1 1 2 2
1 2

b 1 1 2 2

n L n Lπν
Φ Φ ,

ν n L n L

 
    

 where b is the Bragg

frequency:  b

1 1 2 2

c
ν .

2 n L n L



 Finally, some

conclusions of how the transmission of an incidence
wave will depend on the incidence frequency, ,
can be made. First, wavelengths that are near the
size of /4navg will be maximally transmitted. This
area of maximal transmittance is referred to as the
stop band. Second, as the number of segments N
increases the final transmission will decrease. This
can be understood by examining the wave transfer
matrix. After each successive layer, the transmission
power will be reduced. Lastly, increasing the
difference between n1 and n2 will cause an increase
in the FWHM of the stop band. It should be noted
that in the absence of absorption, the reflected power
can be related to the transmitted power through the
relationship R=1–T. However, chemists must be
careful when utilizing this assumption because the
creation of polaritons often requires highly absorbent
materials, therefore, absorbance often must be
accounted for, and the relationship  Abs=1–T–R
must be used [6].
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History and application of strong light-matter
coupling

Early studies of strong-light matter interaction
involved forming hybrid light-matter states by
coupling the excitons of a quantum well
semiconductor to a cavity photon. The small exciton
binding energy of most quantum well materials caused
these structures to be highly sensitive to temperature
changes [25–27]. Lidzey et al. [28] were the first to
form polaritons using an organometallic molecule.
The ability to strongly couple molecular excitations
to resonant cavity photons presented the question of
how polariton formation would impact the
photochemistry and photophysics of a molecule?

Schwartz et al. [6] showed that the reaction
rate of photoisomerization of a spiropyran molecule
were considerably slower under strong light-matter
coupling conditions. Because a molecule’s reactivity
is dominated by the shape of its potential energy
surface (PES) it is necessary to understand how the
formation of polaritons impacts its PES. If we
imagine a model molecule without strong-light matter
coupling, then we can assign three PESs, the ground
state, Vg, the excited state Ve, and the photo-excited
cavity state Vc. The Vc PES will simply be a mirror
image of the ground state PES shifted by the energy
of the photon: Vg+ph [29,30]. When light-matter
coupling becomes sufficient, and if Ve and Vc are
close in energy, then the two states can hybridize,
forming a polariton PES. During hybridization, the
Vc PES will inherit exciton properties from Ve, while
Ve will inherit some light-like properties from Vc, as
previously described by Eq. (4). This hybridization
is believed to result in the polariton PES possessing
a shape unique to that of either the Ve or Vc states
[29,30]. In particular, because the polariton states
are separated by the Rabi splitting energy, the lower
polariton state is pushed down in energy in the area
where the coupling is the strongest, effectively
changing the energy barrier for photochemical
processes. Kowalewski et al. [29] developed a
formalism to describe the impact of polarton
formation on the PES of excited states, allowing for
scientists to carryout wave packet simulations. Galego
et al. [30] and Feist et al. [31] calculated that these
effects, which re-shape the polariton PES, could be
used to suppress the photoisomerization reaction of
a stilbene molecule.

While the aforementioned studies showed that
polariton formation could be used to impact the
photochemistry of molecules, they did not address
what relaxation mechanisms are involved when a
molecule is in the strong coupling regime and near
the resonance point. Houdre et al. [32] considered

how inhomogeneous (Gaussian) broadening would
impact the linewidth of a polariton system. It was
determined that polariton linewidths will inherit the
average homogeneous lineshape (c+ex)/2 of the
photon and exciton respectively when the Rabi
splitting is large. However, as the interaction between
the photon and molecular modes decreases the
lineshape inherits a more inhomogeneous ()
characteristic; (c+ex)/2. Whittaker et al. [33]
observed that lineshapes of a InGaAs cavity’s lower
polariton are below the predicted (c+ex)/2 value,
attributing this to a motional narrowing effect.
Moreover, the model described by Houdre et al.
[32] predicted identical lineshapes for the upper and
lower polaritons. However, it was observed on
multiple occasions that the lifetime of the lower
polariton was longer than that of the upper polariton
[3,33–36]. Agranovich et al. [37] invoked Fermi’s
golden rule to explain this discrepancy in
semiconductor microcavities. In summary, the rate
of a quantum transition is faster to a state with higher
density of final states than to a state with a lower
density of final states, provided they are mediated
by the same perturbation. In a polariton system, the
density of dark states is large compared to that of
the polariton states, allowing for a fast transition
between the upper polariton and dark states. The
authors also described the dark states as a broad
collection of incoherent states, with the dark states
assuming a «dark band» configuration. This model
was further expanded by Virgili et al. [38] by
additionally accounting for the changes in photon
fraction with cavity detuning and the optical decay
of the photons from the cavity. Based on these
studies, the molecular dynamics of hybrid light-
matter states are expected to be heavily impacted by
the formation of the dark states. Indeed, while
studying the impact of strong light-matter coupling
on reverse intersystem crossing, Eizner et al. [39]
reported that the rate was unchanged when the
molecule was under strong light-matter coupling
conditions. This was despite the energy of the lower
polariton being inverted relative to that of the triplet
states. The authors attributed this to the large density
of states of the dark states as compared to the lower
polariton. While these models provide a good
approximation for the dynamics of cavity polaritons,
there exists ambiguity of how these results can be
applied to the photophysics and photochemistry
fields. Polaritons are hybrid states, which partially
inherit the nature of a molecule. However, each
molecule has unique properties with a unique
potential energy surface. It remains an open question
how properties such as vibronic coupling between
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the B and Q states in porphyrin molecules or internal
conversion is impacted by polariton formation.

Wang et al. [35] showed that while fluorescence
is present in the lower polariton, the nonradiative
decay pathway is the dominant mechanism for the
polariton state in the TDBC dye (5,6-dichloro-2-
[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)benzimidazol-
2-ylidene]propenyl]-1-ethyl-3-(4-sulfobutyl)-
benzimidazolium hydroxide). The rate of nonradiative
relaxation, such as internal conversion, is dependent
on the gap law, which generally states that that the
rate is proportional to the energy gap between the
higher and lower lying states [40]. Despite the gap
law being defined over fifty years ago, chemists still
lack a deterministic way to control internal
conversion through traditional synthesis methods.
Avramenko and Rury [4] observed that the rates of
internal conversion of a zinc (II) tetraphenyl
porphyrin (ZnTPP) molecule are directly impacted
by polariton formation. More specifically, the rate
of internal conversion between the S2 state of a
porphyrin molecule and the S1 states (sometimes
referred to as the B and Q bands by spectroscopists)
increased as the Rabi splitting was made larger. While
the study demonstrated that polariton formation
could exhibit rational control over internal
conversion, the rates of internal conversion measured
also did not match the established gap law. The
reasons behind this disagreement also provide further
explanation between the differences in the FWHM
of the upper and lower polariton. In their work,
Rury et al. report that at the appropriate Rabi splitting
the ground vibrational energy level of the upper
polariton overlaps with the first vibrational level of
the lower polariton, allowing for maximum Frank-
Condon overlap of the wavefunctions on the two
energy levels, and therefore, greatly decreasing the
lifetime of the upper polariton. Rury et al. also
showed evidence that under strong light-matter
coupling conditions the vibronic coupling between
B and Q states of copper tetraphenylporphyrin
(CuTPP) leads to the formation of a «Herzberg-
Teller» polariton below the S1 energy of the CuTPP
molecule. The observation of a polariton energy level
hundreds of millielectron volts away from that of
the cavity resonance shows their potential to
manipulate the energy levels of a molecule [41].

Polaritons are a hybridization of light and matter
and inherit properties of both states. However, as
long as the excitons meet a certain criteria such as
having a matching energy with the photon and having
sufficient oscillator strength, there is no set limit to
how many exciton states can couple to a cavity
photon. Naturally, it is easy to assume that such a

structure would have some hybrid characteristic of
the three or more starting states. Research on studying
such multi-layer cavities has been ongoing. Lidzey
et al. [14] created a multi-layer cavity system
consisting of two J-aggregates whose absorption peaks
were separated by 0.064 eV and were spaced apart
by a 100 nm polystyrene layer. The authors observed
that the photoluminescence from the lower polariton
and middle polariton states varies with angle.
Schwartz et al. [6] observed a similar phenomenon
in that fluorescence from the lower polariton was
dominant when forming polaritons using J-aggregates.
However, they did not use a multi-layer cavity,
coupling only one type of molecule to a cavity
photon. Schwartz et al. [6] attributed their results to
Kasha’s rule, in which emission from the lowest lying
state is expected to dominate [3]. Agranovich et al.
[37] described the emission from a two level
J-aggregate system that assumes the upper polariton
can quickly decay into the lower branch when
E=Eup–E1p=h [42]. If the Rabi splitting is close
to h, then energy transfer from the upper to the
lower branch can rapidly occur. Lidzey et al. [14]
modified this model to describe the emission of their
three level system, where energy transfer was allowed
not just between the upper and lower polariton, but
between the upper and middle, and middle and lower
polaritons. The model produced good fits at angles
below cavity resonance, however, the fit above
resonance was less satisfying. Lidzey et al. [14] also
demonstrated the hybridization between organic and
inorganic excitons by forming cavity polaritons using
J-aggregates and InGaP quantum wells.
Hybridization using multiple excitons opened the
possibility to creating structures, which possess
chemical properties of both species. Slootsky et al.
[7] expanded on this work by hybridizing two nearly
degenerate exciton states of an napthalene
tetracarboxylic dianhydride (NTCDA) molecule and
zinc oxide (ZnO) nanoparticles. The authors
concluded that the excitonic portion of the upper
polariton was a mixture of the NTCDA/ZnO
excitons. While the lower polariton’s dominant,
exciton component was the NTCDA exciton.
Moreover, the authors observed an increase in the
Rabi splitting of 1.44 times in the hybrid cavity over
the pure NTCDA cavity, which they attributed to as
evidence that both excitons couple to the cavity
simultaneously [7]. Moreover, Wang et al. [43]
reported coupling the Bragg modes of a DBR to the
exciton of a (PEA)2PbI4 perovskite. These «Bragg
polaritons» are possible in high finesse cavities and
allow for the simultaneous formation of multiple
polariton energy levels with unique optical properties
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as each Bragg mode possesses as each Brag mode
can be tuned to have a different Hopfield coefficient
[43].

The impact of polariton formation on energy
transfer processes such as the Forster mechanism
are another area which has attracted scientific
interest. The Forster resonance energy transfer
(FRET) is nonradiative and relies on dipole-dipole
interactions between the donor and acceptor
molecules [1]. The rate of FRET is also highly
sensitive to distance between the donor and acceptor
molecules as well as the spectral overlap between
the donor emission and acceptor absorption spectra.
Recently, scientists have attempted to overcome this
limitation by using hybrid light-matter states [18,44].
Zhong et al. [18] studied the energy transfer of
between two dye molecules, using TDBC as a donor
and a triethylammonium salt (BRK 5714) acceptor.
The donor molecule had a strong absorption peak in
the 590 nm region, while the acceptor molecule had
a strong emission peak in the 659 nm region. The
authors varied the spacer layer thickness between
10–75 nm. The authors reported that when excited
outside the cavity only emission from the TDBC
donor is observed. However, under strong light-
matter coupling emission from both, TDBC, and
BRK are observed, suggesting an energy transfer
process between the two molecules is occurring [18].
Moreover, the authors reported this process occurred
independent of distance. Most recently, DelPo et
al. [44] concluded that the delocalized nature of
polaritons can serve as an advantage in improving
change transfer along a donor-acceptor interface.
The authors created a bi-layer cavity using a P3HT
donor and a PCBM acceptor. When excited near
the dark state resonance they find the presence of a
new decay pathway in their excited state absorption
spectra. The new decay pathway is not present in a
P3HT neat cavity, suggesting the presence of acceptor
molecules is required for the observation of this
pathway, and therefore, that this decay channel plays
a role in charge transfer. The authors conclude that
the delocalized nature of the polariton states allows
for efficient donor-acceptor interaction. However,
as a trade-off the charge transfer reaction is slowed.
This is because while the polariton is delocalized
the acceptor molecule is not. Each acceptor
molecule, therefore, interacts with only a small
portion of the polariton. Thus, creating a structure
in which both, the donor, and acceptor, are
simultaneously coupled to a cavity photon should
result in efficient donor-acceptor interaction and an
efficient reaction.

So far, only singlet states have been discussed

while discussing the photophysics of polaritons.
However, it is important to remember that triplet
states also play an important role in molecular
photophysics. In light emitting diodes, attempts are
often made to mitigate emission due to triplet states.
Researchers have attempted to use strong light-matter
coupling to alter the emission of organic light emitting
diodes. The Rivas group observed enhanced delayed
fluorescence in tetracence crystals under strong light-
matter coupling conditions [45]. However, studies
by Eizner et al. [39] and Stranius et al. [11] both
showed conflicting results. After creating a hybrid
light-matter state by using an Erythrosine B molecule,
Stranius et al. [11] reported an increase in the rate
of reverse intersystem crossing (RISC) from the triplet
state. On the other hand, Eizner et al. [39] measured
the thermally activated delayed fluorescence and the
RISC of a 3DPA3CN molecule strongly coupled to
a cavity photon and reported no change in either
parameter, suggesting that the photophysics of the
molecule are dominated by the dark states [38].
Indeed, the polariton dark states have also been
suggested to play a role in reorganizing the entropy
of a polariton. For example, Scholes et al. [46]
suggested that the high coherence of a polariton
energy level imparted unto it by the photonic
component results in a reorganization of the free
energy of the system in which the polariton energy
levels are higher than the dark states [38,39]. This
would suggest that not only does polariton formation
manipulate the spectroscopic properties of a material,
but its thermodynamic properties as well. The
disagreement in results also suggests that polaritons
formed from coupling different molecules should not
be expected to act in exactly the same manner. The
light-like nature of polaritons has also been proposed
by Avramenko and Spiehs [47] as a means to use
visible light to destroy aquatic antibiotic
contaminants, which typically require UV irradiation.
This is because the UP can be tuned well above the
resonance of its constituent molecule into the UV
region, allowing its spectra to overlap with the
contaminating molecule, initiat ing its
photodegradation [47]. Finally, polaritons have
shown promise in their ability to function as
transistors [48,49]. The transistor functionally of
polaritons stems from the fact that the two polariton
states, UP and LP, can be well resolved, can be well
separated from each other, and are optically coupled
via the cavity photon, allowing the properties of one
polariton to be modified by the other.

Conclusions
The goal of this paper was to introduce the

reader to the basics of light-matter coupling by (1)
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providing a suitable background on how a cavity
photon is formed, (2) providing background on the
basics of polariton photophysics, and (3) providing
background on the history and current status of the
field as to strong light-matter coupling is related to
chemistry. The ability to manipulate the chemical
landscape of a molecule with light alone provides
for great possibilities in advances in such fields as
optics, in which the refractive indices of a material
can be manipulated by light-matter coupling.
Likewise, the ability to manipulate potential energy
surfaces deterministically has been a long thought-
after goal in the photochemistry community as
unlocking such ability would allow for the creation
of novel energy storage materials. However, obstacles
such as the presence of dark states and the number
of uncoupled molecules remain. Moreover, it remains
unclear how the nuclear, electronic, and vibrational
degrees of freedom of a molecule are impacted by
polariton formation. Finally, currently studies of
polaritons focus on understanding their light-like
properties inherited from the cavity photon. However,
chemists must remember that polariton states are a
hybridization of both, light and matter, and with
the constituent molecular component having a major
impact on the formation of the polariton state.
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Õ²Ì²×Í² ÇÀÑÒÎÑÓÂÀÍÍß Ã²ÁÐÈÄÈÇÎÂÀÍÈÕ ÑÒÀÍ²Â
ÎÑÂ²ÒËÅÍÎ¯ ÐÅ×ÎÂÈÍÈ (ÎÃËßÄ)

 À.Ã. Àâðàìåíêî

Âçàºìîä³ÿ ì³æ ñâ³òëîì ³ ðå÷îâèíîþ º ôóíäàìåíòàëü-
íîþ ÷àñòèíîþ õ³ì³÷íèõ íàóê, ùî â³äïîâ³äàº çà îñíîâí³ ôî-
òîô³çè÷í³ ïðîöåñè, òàê³ ÿê ôîñôîðåñöåíö³ÿ òà ôëóîðåñöåí-
ö³ÿ. Îäíàê ö³ ôîòîô³çè÷í³ ÿâèùà â³äáóâàþòüñÿ íà «ñëàáê³é»
ìåæ³ âçàºìîä³¿ ì³æ ñâ³òëîì ³ ðå÷îâèíîþ, â ÿê³é ôîòîí ³ ìî-
ëåêóëà âçàºìîä³þòü îäèí ç îäíèì, íå çì³íþþ÷è ôóíäàìåí-
òàëüíî ô³çè÷íèõ âëàñòèâîñòåé îñòàííüî¿. Ñêîíñòðóþâàâøè
ïîðîæíèíó Ôàáð³-Ïåðî, ÿêà çàòðèìóº ñâ³òëî ïåâíî¿ ÷àñòî-
òè, à ïîò³ì ïîì³ñòèâøè ìîëåêóëó â ïîðîæíèíó, ÿêà çàçíàº
ìîëåêóëÿðíîãî åëåêòðîííîãî ïåðåõîäó íà ÷àñòîò³ çàõîïëå-
íîãî ñâ³òëà, â÷åí³ ìîæóòü ³í³ö³þâàòè ñèëüíó âçàºìîä³þ
ñâ³òëî–ìàòåð³ÿ. Öÿ âçàºìîä³ÿ â³äáóâàºòüñÿ, ÿêùî îáì³í ì³æ
ñâ³òëîì ðåæèìó ðåçîíàòîðà òà çáóäæåíèì ñòàíîì ìîëåêóëè
º øâèäøèì, í³æ øâèäê³ñòü ðîçïàäó áóäü-ÿêîãî ñòàíó, óòâî-
ðþþ÷è ã³áðèäíèé ñòàí ñâ³òëî-ìàòåð³ÿ, â³äîìèé ÿê ïîëÿðè-
òîí. Ôîòîô³çè÷í³ âëàñòèâîñò³ öèõ ïîëÿðèòîííèõ ñòàí³â çà-
ö³êàâèëè â÷åíèõ ÷åðåç ìîæëèâ³ñòü òîãî, ùî âîíè ìîæóòü
äîçâîëèòè ìîäèô³êóâàòè ðåàêö³éíó çäàòí³ñòü ìîëåêóë áåç äî-
äàâàííÿ ôóíêö³îíàëüíèõ ãðóï àáî ìîäèô³êàö³¿ íàâêîëèø-
íüîãî ñåðåäîâèùà. Îñîáëèâèé ³íòåðåñ ïðåäñòàâëÿº çäàòí³ñòü
ïîëÿðèòîí³â âïëèâàòè íà ïîâåðõíþ ïîòåíö³éíî¿ åíåðã³¿ ìî-
ëåêóë, ïðè÷îìó ïîëÿðèòîíè âèÿâëÿþòü çäàòí³ñòü ïðèãí³÷ó-
âàòè ôîòîõ³ì³÷íó ðåàêö³þ â òàêèõ ìîëåêóëàõ, ÿê ñï³ðîï³ðàí
³ ñòèëüáåí, îäíî÷àñíî çá³ëüøóþ÷è øâèäê³ñòü áåçâèïðîì³-
íþâàëüíî¿ ðåëàêñàö³¿ ïîðô³ðèí³â. Çàâäÿêè ñâî¿é ôîòîíí³é
ïðèðîä³ ïîëÿðèòîíè òàêîæ ïðîäåìîíñòðóâàëè çäàòí³ñòü ñïðè-
ÿòè ïðîöåñàì ïåðåäà÷³ åíåðã³¿ íà âåëèê³ â³äñòàí³ â ìîëåêó-
ëàõ îðãàí³÷íèõ áàðâíèê³â. Öåé îãëÿä çîñåðåäæåíèé íà îáãî-
âîðåíí³ öèõ îñòàíí³õ äîñÿãíåíü ó êîíòåêñò³ õ³ì³÷íî¿ íàóêè,
à òàêîæ îïòè÷íèé äèçàéí ïîðîæíèí, íåîáõ³äíèõ äëÿ ï³äòðèì-
êè ïîëÿðèòîí³â.

Êëþ÷îâ³ ñëîâà: ïîðîæíèíà; ïîëÿðèòîí; Ôàáð³-Ïåðî;
ïîâåðõíÿ ïîòåíö³éíî¿ åíåðã³¿; ðîçïîä³ëåíèé ðåôëåêòîð
Áðåããà; åêñèòîí.
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Interactions between light and matter are a fundamental
part of chemical sciences responsible for basic photophysical
processes such as phosphorescence and fluorescence. However,
these photophysical phenomena occur in the «weak» limit of
interaction between light and matter in which the photon and
molecule interact with each other without the former
fundamentally changing the physical properties of the latter. By
constructing a Fabry-Perot cavity, which traps light of a certain
frequency, then placing a molecule in a cavity that undergoes a
molecular electron transition at the frequency of the trapped light,
scientists can force strong light-matter interaction. This interaction

occurs if the exchange between the light of the cavity mode and
the molecule’s excited state is faster than the decay rate of either
state, forming a hybrid light-matter state known as a polariton.
The photophysical properties of these polariton states have been
of interest to scientists due to the possibility that they can allow
for the modification of the reactivity of molecules without the
addition of functional groups or modification of the surrounding
environment. Of particular interest is the ability of polaritons to
influence the potential energy surface of molecules, with polaritons
showing the ability to both, suppress the photochemical reaction
in molecules such as spiropyran and stilbene, while also enhancing
the nonradiative relaxation rate of porphyrins. Due to their
photonic nature, polaritons have also shown the ability to facilitate
long range energy transfer processes in organic dye molecules.
This review focuses on discussing these recent advances in a
chemistry context as well as the optical design of cavities required
to sustain polaritons.
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