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Abstract

Recently, it is experimentally observed that the kinetics of charge trans-
fer reactions in organic molecules can be modified by placing them inside
an optical cavity and achieving the vibrational strong coupling (VSC). We
review a theoretical study of the effect of matter-light coupling on the charge
transfer reaction in organic molecules. We consider a disordered ensemble of
N molecules coupled strongly to a resonant cavity and show how the opti-
cally vibrational dark states can alter the rate of charge transfer reactions.
It is observed that a considerable increment is achieved when the electrons
transfer reaction is carried under vibrational strong coupling.



Contents

DECLARATION i

RESEARCH COMPLETION CERTIFICATE ii

DEDICATION iii

Acknowledgments iv

List of Figures 3

1 Introduction 5
1.1 Organic Molecular Vibrations . . . . . . . . . . . . . . . . . . 7
1.2 Matter Light Interaction . . . . . . . . . . . . . . . . . . . . . 9
1.3 Weak and Strong Coupling . . . . . . . . . . . . . . . . . . . 9
1.4 Electron Phonon Coupling . . . . . . . . . . . . . . . . . . . . 10
1.5 Jaynes - Cummings Model . . . . . . . . . . . . . . . . . . . . 10

2 Electron Transfer In Infrared Organic Microcavities : Effect
of Dark States 12
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Tavis-Cummings Model . . . . . . . . . . . . . . . . . . . . . 13
2.3 Eigenmodes of Tavis-Cummings Model . . . . . . . . . . . . . 15

2.3.1 Participation Ratio . . . . . . . . . . . . . . . . . . . 16
2.4 Electron Transfer Reaction . . . . . . . . . . . . . . . . . . . . 17

2.4.1 Hamiltonian . . . . . . . . . . . . . . . . . . . . . . . . 17
2.4.2 Kinetic Model . . . . . . . . . . . . . . . . . . . . . . . 18

1



2.4.3 Reaction Parameters . . . . . . . . . . . . . . . . . . . 21
2.5 Approximate Kinetic Models for Electron Transfer Reactions 23

2.5.1 Bare Reaction and its Analytical Rate: . . . . . . . . 23
2.5.2 Reaction Under VSC and its Analytical Reaction Rate 25

2.6 Numerical Results . . . . . . . . . . . . . . . . . . . . . . . . 28

3 Conclusion 33

A 34
A.1 Matrix Representation of T-C Model . . . . . . . . . . . . . . 34
A.2 Properties of Displacement Operator . . . . . . . . . . . . . . 34
A.3 Franck-Condon Factor for VSC and Bare Reactions . . . . . . 35

B 37
B.1 Numerical Simulation and Rate Calculations . . . . . . . . . . 37

Bibliography 39

2



List of Figures

1.1 Possible Molecular vibrations . . . . . . . . . . . . . . . . . . 8

2.1 Symbolic of model setup. . . . . . . . . . . . . . . . . . . . . 13
2.2 Probability distribution of Eigenmodes of Tavis-Cummings

Model. The central peak of the graph shows dark modes,
while the left and right small peaks ploraitons. . . . . . . . . . 14

2.3 Photon Fraction of Eigenmodes of H . . . . . . . . . . . . . . 15
2.4 Participation ratio as function of N, for various N . . . . . . . 16
2.5 Inside an optical cavity the vibrational modes are coupled to

cavity and reactive mode is coupled to electronic states i.e (|R⟩
and |P ⟩) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.6 Graphical representation of Equation (2.11) for J (ω) of Eqn.(2.12) 22
2.7 Schematic of bare (a) and VSC (b) reaction kinetics. Potential

energy surfaces (PES) are represented parabolas.The forward
and backward reactions are represented by straight arrows,
while the curly arrows shows non reactive transitions and cav-
ity losses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.8 Evolution of reactant population for various N under VSC . . 28
2.9 Evolution of reactant population for various N in the absence

of coupling g = 0 . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.10 Reaction rate ratios KV SC/Kbare for various N and fixed cou-

pling strength. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.11 KV SC/Kbare as function of cavity detuning for fixed N = 32

and various coupling strength. . . . . . . . . . . . . . . . . . . 31

3



2.12 vr delocalization as function of cavity detuning or various cou-
pling strengths and fixed N = 32. . . . . . . . . . . . . . . . . 32

2.13 KV SC/Kbare as function of cavity detuning for different N and
constant coupling g

√
N = 8σv. . . . . . . . . . . . . . . . . . 32

4



Chapter 1

Introduction

Microcavities are tiny optical structures that are used to confine and control
light at the micro- or nanoscale. They are formed by a a small, empty space,
that is surrounded by two highly reflecting mirrors or material with a high
refractive index. The size of the cavity is on the order of the wavelength
of light, and it can trap the light inside, allowing it to interact with the
surrounding material in unique ways. This interaction can result in the
enhancement or suppression of certain optical properties.
When an organic material is placed inside in such a structure, it becomes
organic microcavity. When the given transitions are in resonant with cavity
mode, this can enhance the interaction of light with the organic material.
This can lead to various changes in the physio-chemical properties of organic
materials, electrons transfer rate is one of them.

A series of recent experiments has shown that chemical reactivity can be
changed when a chemical mixture is placed inside an optical cavity [1]. An
optical micro cavity is comprise of two mirrors which are highly reflective
and the mirrors are adjusted to be parallel and are separated by a length
of microscopic order, that ranges in between hundreds of nanometer to tens
of micrometer. An analogous to the standing wave of sound in flute the
standing wave of light can be supported by the cavity. Similar to the musical
instruments, the standing waves formed in the cavity modes has a frequency
that varies inversely proportional to the length of cavity.
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The length of cavity can be adjusted in such a way that mod of cavity and
vibrational or electronic transitions of molecules can be in resonant with
each other. A favourable condition for the interaction of cavity and molecule
is achieved by such kind of resonance. If the concentration of molecules is
increased the interaction becomes enough stronger, the cavity mode will in-
teract with the bright superposition of molecular transition, this results in the
formation of particles or matter light states called the polaritons [2, 3].This
kind of phenomenon is termed as strong matter light coupling ( or strong
coupling simply).
In experiments [1, 2, 4, 5] collective coupling between cavity mod and N >> 1

molecular transition is seen, where each transition inhabits in an individual
molecule. As a result of such coupling two polaritons and N − 1 optically
dark superposition’s are formed.
the polaritons have partial photonic nature,so they have different energies
than that of bare molecular states. These polariton states can also can be
used a tool for the modification in chemical reactions. In fact polariton
chemistry has emerged as a new field in the chemistry under strong matter
light coupling in the recent past decades [1, 2, 6, 7]. Particularly the strong
coupling of molecular vibrations or vibrational strong coupling has been con-
sidered as an attractive way to alter the kinetics of chemical reactions in in
a wide range[1], that ranges from organic [8–10], inorganic [11] to enzymatic
[12] chemical reactions.
Transition State Theory [13] have been applied on multiple studies to inves-
tigate the experimental changes in reaction rates because of the vibrational
strong coupling (VSC), as transitional state theory is considered to be one of
the most elementary and usually used theories of reaction rates, in the case
of systems inside the micro cavities. However a negligible change in the re-
action rate is shown by theoretical efforts when a system of many molecules
collective experiences VSC with a cavity mod, as also in the experiments.
This discrepancy is due to the fact that when VSC is achieved only 2 po-
laritons are formed as compared to that of N − 1>>1 dark states, and the
energy of dark sates is same as that of bare vibrational states.
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1.1 Organic Molecular Vibrations

A molecular vibration is a relative motion of atoms of molecules, which is
assumed to be periodic in nature. In the molecular vibrational motion the
center of mass remains unchanged. Typically the frequencies of vibrations
are in the range less than 1013 Hz to almost 1014 Hz, this range correspond
to the wavelength 30 to 3µm and corresponding wavenumbers between 300

cm−1 and 3000cm−1.
Usually, normal modes are used to describe the molecular vibrations of poly-
atomic molecules, the normal modes are independent of each other. Gener-
ally, non-linear and linear molecules have 3N − 6 and 3N − 5 normal modes
respectively. In linear molecules the rotation about the molecular axis can-
not be observed, so that why they have one less normal mode than that of
non-linear molecule’s. Since the diatomic molecules either stretches or com-
presses, so that’s why they posses only one normal mode.
When an energy ∆E , corresponding to the molecular vibrational frequency
ωv is absorbed by molecule, the molecular vibration is excited, according to
the well known relation ∆E = h̄ωv. Excited states are higher energy levels.
Energy gape between vibrational states correspond to infrared region of the
light spectrum. So, therefore infrared spectroscopy allows us to examine the
energy gape between ground state and excited sate and other higher states
too. Transition from the vibrational ground state to first excited state de-
noted as (E0 −→ ∣E1)is termed as fundamental transition, while transition to
higher excited states for instance (E0 −→ E2) is known as overtones.
For a diatomic molecule, the molecular vibrations can be modeled as sim-
ple harmonic oscillator (SHO) or mass spring system, where atoms of the
molecule act as mass, strength of the bonds corresponds to the spring con-
stant and relative change in bond length corresponds to the position in mass
spring system in SHO.
Beyond the diatomic molecules, the molecular vibrations becomes complex,
as more atoms are added to the molecule, so more elementary bands are seen.
The molecule may undergo any of the following vibrational motion depend-
ing upon nature of bonding and molecule,
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Figure 1.1: Possible Molecular vibrations

Symmetrical Stretching
Symmetrical stretching is simultaneous vibration of two bonds, in which
bonds relaxes and contracts together.

Asymmetrical Stretching
In this kind of vibration one bond compresses while the other bond stretches
at the same time.

Bending
In this kind of vibration the bond angle between two bonds changes.
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1.2 Matter Light Interaction

A quantum electrodynamical or quantum transition by electrons that is ac-
companied by the absorption, emission or scattering of quanta of the electro-
magnetic field in vacuum i.e the photon is termed as matter light interaction
or matter light coupling. To study the phenomenon of matter light coupling,
micro-cavities are used, where a quantized light field interacts with matter
in a small space that is confined. A microcavity [14] is a structure that is
shaped to create resonant modes of electromagnetic field. The simplest toy
model of this design is pair of highly reflective mirrors which are separated
at small distance.
The matter light coupling strength is given as g = µ.E0

√
ωc

2ϵV
, here E0

is amplitude of radiation field, V is effective volume, µ is transition dipole
moment and ϵ being the dielectric constant of cavity medium.

1.3 Weak and Strong Coupling

Consider an atom and cavity field interaction, there exist a dissipation i.e
losses (ζc) and dephasing of atom (ζat), if the coupling strength (g) between
cavity and atom is smaller as compared to the dissipation (i.e g < ζc, ζat) it
turns out to be weak coupling. In this case there is small exchange of energy
between cavity and atom takes place and they can be dealed as individual
entities.
While if the coupling strength is greater than dissipation ( i.e g > ζc, ζat

) this in known strong coupling regime. Here atom and cavity field cannot
be described as separate entities. Rapid energy exchange between atom and
cavity takes place, that leads to the formation hybrid atom-cavity sates po-
laritons.
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1.4 Electron Phonon Coupling

Phonons are quanta of vibrational energy that propagate as waves in solids,
liquids, and other materials. They are similar to photons, which are quanta
of electromagnetic energy that propagate as waves in vacuum. Phonons play
a key role in determining the physical properties of materials, such as thermal
conductivity, elasticity, and electrical conductivity.
In a quantized system electron-phonon coupling is described by

H = He +Hp +Hep, (1.1)

electronic energy is represented by He while that of phononic is by Hp, Hep

represents the coupling between the electronic and phononic degrees of free-
dom.

He =
∑
k

h̄ωkc
†
kck,

Hp =
∑
j

h̄ωjb
†
kbj

Hep = h̄
∑
k,j

gj(c
†
kbj + h.c),

c†k(ck) and b†j(bj) are creation (annihilation) operators of electrons and phonons
respectively where as their corresponding are represented as ωk and ωk, as g
represents the coupling strength.
The electron-phonon interaction is an important factor in determining the
electronic and thermal properties of materials, particularly in superconduc-
tors, where the interaction leads to the pairing of electrons and the formation
of Cooper pairs. The study of the electron-phonon interaction is a crucial
aspect of condensed matter physics and materials science.

1.5 Jaynes - Cummings Model

This is a quantum mechanical model used to which describes interaction
between quantized light and two level system of atom. The model was first
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introduced by American physicist Edwin T. Jaynes and British physicist
Francis W. Cummings in 1963. To describe this model its Hamiltonian is
written as

HJC = ωcb
†b+ ωxσ

†σ + g(b†σ + σ†b), (1.2)

where b†(b) and σ†(σ) are raising (lowering) operators of cavity and two level
system respectively. Transition frequency between two level is ωx, cavity
frequency is ωc and g is matter light coupling strength.
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Chapter 2

Electron Transfer In Infrared
Organic Microcavities : Effect of
Dark States

2.1 Introduction

Control of charge transfer phenomena through strong coupling of matter and
light has been a point of interest in the recent past decades [2, 3, 15]. Vi-
bropolaritonic chemistry is one of an exciting and inspiring prospect in this
regard, that is nothing but the use of vibrational strong coupling to alter the
reactivity of thermally activated charge transfer reactions in the absence of
external source (i.e laser pumping). A large number of molecules involve in
VSC, a sizeable change in the chemical kinetics of cycloaddition [10], organic
substitution [16] , enzyme catalysis[17], hydrolysis [11] and crystallization[18]
has been witnessed.
However, such kind of reactivity modification is not completely understood
yet. Studies [19, 20] reveal that most commonly used configuration transi-
tion state theory (TST) cannot explain such kind of reaction kinetics well.
Breakdown of TST counting, recrossing the activation barrier [21] , nonadia-
batic/quantum phenomenon[22–24] and deviation from thermal equilibrium
[25] have also been under consideration. These mentioned phenomenons de-
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Figure 2.1: Symbolic of model setup.

mands all the N vibrations interacting or coupled to cavity mode needs to
be identical. This assumption leads to the formation of two polaritons and
N − 1 dark vibrational modes.

Figure (2.1) shows a symbolic of model setup. A number of molecules are
placed inside a cavity, where a cavity mode collectively couple to the molec-
ular vibrations. The cavity coupled vibrational mode a molecule is slightly
displaced, when the molecule under goes intermolecular electron transfer re-
action. such kind of processes are studies in this work.
Here in this work it is shown that when disordered ensemble of molecules
goes under vibrational strong coupling, a considerable change in the kinetics
of thermally activated electron transfer reactions occurs.

2.2 Tavis-Cummings Model

Consider ensemble of N disordered molecular vibrations, inside an optical as
shown in Figure (2.1). The system is described by the Hamiltonian

H = h̄ωca
†
0a0 + h̄

N∑
i=1

ωia
†
iai + h̄

N∑
i=1

gi(a
†
ia0 + h.c) (2.1)
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Figure 2.2: Probability distribution of Eigenmodes of Tavis-Cummings
Model. The central peak of the graph shows dark modes, while the left
and right small peaks ploraitons.

.
The ith vibrational mode has frequency ωi = ω̄v + δωv , where the mean

vibrational frequency is represented by ω̄v. Reflecting inhomogeneous broad-
ening (static diagonal disorder), δωi is a random variable, that is normally
with zero mean and σv standard deviation. The creation and annihilation
operators of vibrational mode are represented by a†i and ai and that of cavity
mode are are given by a†0 and a0 respectively. The cavity mode has frequency
ωc , and couples to the ith vibrational mode with a coupling strength of gi.
For the simplicity we cab take assume all gi to be the same i.e gi = g.

Using the Hamiltonian H for a system of disordered molecules that are
under VSC, we tried to study the physio-chemical properties. In the all the
calculations that are carried out it is assume that the cavity is in resonant
with the mean vibrational frequency i.e ωc = ω̄v and the collective coupling
strength between vibration is g

√
N = 8 σv for all N .
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Figure 2.3: Photon Fraction of Eigenmodes of H

2.3 Eigenmodes of Tavis-Cummings Model

We first study the eigenmodes of H. The operator αq =
∑N

i=0 cqi represents
the mode q = 1, ..., N + 1, and the eigenmode q has frequency ωq. Pho-
ton fraction |cq0|2 and probability distribution of eigenmodes are w.r.t eigen
frequencies are shown in Figure (2.2 and 2.3)

Most of the modes are dark optically, an their frequencies forms a broad
distribution around the mean vibrational frequency i.e ω̄v. Few of the modes
are bright i.e polaritons, and they have frequency which is differ from that
of dark modes, this frequency lies in the range of ω̄v ± 8σv. As the number
of molecules N is increased the number of dark modes also increases, i.e the
probability of dark modes is higher for a large ensemble.
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Figure 2.4: Participation ratio as function of N, for various N

2.3.1 Participation Ratio

To investigate the dark mode delocalization we study the phenomenon of
participation ratio (PR). This is given as

PR =
N∑N

i=1|cqi|
4
, (2.2)

where N =

∣∣∣∣√∑N
i=1|cqi|

2

∣∣∣∣4.
The participation ratio (PR) of an eigenstate is a measure of the number
of basis states that contribute to the given eigenstate. A high PR value
indicates that a large number of basis sates contribute to the given eigenstate,
while a low PR value indicates that only a few basis states contribute to
the eigenstate. In other words, the PR provides information on the spatial
localization of the state and is often used as a measure of disorder in a system.
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Figure 2.5: Inside an optical cavity the vibrational modes are coupled to
cavity and reactive mode is coupled to electronic states i.e (|R⟩ and |P ⟩)

2.4 Electron Transfer Reaction

When a charge particle i.e electron migrates from one specie to another this
mechanism is electron transfer reaction. Such kind of mechanism leads to
oxidation reduction processes. Here in this section we are going to study the
influence of VSC on the kinetics of charge transfer reactions. As shown in
Figure (2.1 and 2.5) a molecular ensemble is placed inside the cavity where
a reactive molecule goes under Vibrational strong coupling. A non-adiabatic
intramolecular electron transfer takes place.

2.4.1 Hamiltonian

In the ensemble, the reaction of one molecule can be modeled by using the
Hamiltonian Hrxn , where

(2.3)
Hrxn = h̄ωca

†
0a0 + h̄

N∑
i=1

ωia
†
iai + h̄

N∑
i=1

gi(a
†
ia0 + h.c)

+
∑

X=R,P

|X⟩⟨X|{EX + h̄ωr[λX(ar + a†r)]}+∆S.

Here,|X⟩ refers to the electronic states reactant and product denoted as
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|R⟩ and |P ⟩ respectively. The bare vibrational mode index (i = 1) involved
in the reaction is represented as vr or we can write as (a1 −→ ∣ar ω1−→ ωr ).
EX is energy of electronic state |X⟩ that interacts with the reactive mode
vr with a coupling strength λX , which is a dimensional less quantity.The
Vibronic coupling compels reactive mode vr to displace from its equilibrium
position when the electron transfer takes place.
∆s in Equation (2.3) represents reorganization energy that arise due to the
small frequency vibrations and small perturbations. In this electron transfer
system under VSC, we have considered no direct coupling between cavity
and electronic state i.e |R⟩ ⇀↽ |P ⟩ is dipole forbidden.

2.4.2 Kinetic Model

In our model the reactant and product are connected through a small pertur-
bation so the entire charge transfer carried out is nonadiabatic. We calculate
the reactive transition rates using the Hamiltonian Hrxn. The eigenstates of
Hamiltonian Hrxn can be written as |X,χ⟩ = |X⟩⊗ |χ⟩. Where, |X⟩ and |χ⟩
represents electronic and vibrational-cavity states.
A displacement operator Dq(λ) = exp(λα†

q − λ∗αq) when is applied to an
undisplaced Fock state |χ⟩, the state is displaced and a new state is formed
i.e |χ̄⟩ = (ΠN+1

q=1 D
†
q(λXq)|χ), which has m(χ)

q excitation’s in q eigenmode of H.
Equilibrium position of mode q in the |X⟩ electronic state is given as

λXq = λXcqr(ωr/ωq).

The energy associated with vibrational-cavity-electronic state |X,χ⟩ is is
given by

E(X,χ) = EX +
N+1∑
q=1

m(χ)
q h̄ωq +∆X . (2.4)
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The last term in Equation (2.4) is reorganization energy difference that arises
because of the vibronic interaction between vr and |X⟩, and that is

∆X = λ2
Xωr − h̄

N+1∑
q=1

|λXq|2ωq.

These electron transfer reactions can be understand as population transfer
from one state to another. Evolution of population is described by the master
equation

dP(X,χ)

dt
= −

∑
(X,χ)̸=(X̄,χ̄)

K(X,χ)↪→(X̄,χ̄)P(X,χ) +
∑

(X,χ)̸=(X̄,χ̄)

K(X̄,χ̄)↪→(X,χ)P(X̄,χ̄)

(2.5)

The K in Equation (2.5) shows the rate of population transfer. Modeling
this to the electrons transfer reactions, the state to state population transfer
can either be reactive, which includes forward and backward reactions or it
may be non reactive. Transfers are said to be reactive if X ̸= X̄ and when
X = X̄ it will be called as non-reactive transfer.
Keeping the above evolution in mind and following the Marcus- Levich-
Jortner theory [26, 27] which is most suitable for our model, the reactive
transition rate of electron transfer under vibrational strong coupling is given
as

K(R,χ)↪→(P,χ̄) = AFχ,χ̄ exp(−βEχ,χ̄
a ), (2.6)

here A =
√

πβ
λs

|JPR|2/h̄, where λs and JPR are associated with reorganiza-
tions energy corresponds to low frequency vibrations and small perturbation
respectively and β is inverse of temperature for this reaction. The activation
energy is given as

Eχ,χ̄ = (E(P,χ) − E(R,χ̄) + λs)
2/4λs.

The component Fχ,χ̄ = |⟨χ|χ̄⟩|2 is known as Franck-Condon (FC) factor,
which is nothing but an overlap between initial and final sates of vibrational
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cavity space. The reactive transitions mainly depends on the FC, using the
standard identity [28] we can calculate the Fχ,χ̄ for our use we can write

⟨n|D(λ)|n̄⟩ =
√

n̄!

n!
exp (−λ/2) λn−n̄ L

(n−n̄)
n̄ (|λ|2) n ≥ n̄, (2.7)

where D(λ) is displacement operator as explained earlier in this section, |n⟩
is a number state and Lm

l (k) is an associated Laguerre polynomial. Using
Equation (2.7) different combinations of Fχ,χ̄ can be calculated, some of them
in our use are

F(0,0) = e(−S),

F(0,1q),(1q ,0)
= e(−S) Sq,

F(1q ,1q)
= e(−S) (1− Sq)

2,

F
(1

′
q ,1q)

q ̸=q
′
= e−(S) Sq S

′

q,

(2.8)

here S =
∑N+1

q=1 Sq where Sq = |λPq − λRq|2.
The non reactive transitions in the models are of two types, vibrational-cavity
decay, and exchange of energy among polariton and dark states [29]. The
second process arises due to vibrational dephasing. The cavity decay is given
as

K(X,1q)↪→(X,0) = |cq0|2κ + γ

N∑
i=1

|cqi|2, (2.9)

here κ and γ represents cavity and bare vibrational decay respectively. The
The reverse process of Equation(2.9) is given as

K(X,0)↪→(X,1q)
= K(X,1q)↪→(X,0) exp (−βh̄ωq).

Relaxation among dark and polariton states, as suggested by [30, 31] is given
as

K(X,1q)↪→(X,1
′
q)
= R(ωq − ωq

′)
N∑
i=1

|cqi|2|cq′i|
2, (2.10)
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q ̸= q′ and

R(ω) = 2π[ϕ(−ω)(m(−ω) + 1)J (−ω) + ϕ(ω)m(ω)J (ω)]. (2.11)

Here ϕ(ω) represents Heaviside step function, J (ω) spectral density and
m(ω) = [exp(−βω)− 1]−1 is Bose-Einstein Distribution function.

2.4.3 Reaction Parameters

The parameter used throughout to calculate the kinetics of the reaction are
described in this section.
As, the molecular ensemble goes under VSC, and the frequency of molecular
vibrations lies infrared region, so the mean vibrational frequency is taken as
ω̄v = 2000cm−1 which are evident from experimental studies [9, 10, 32]. The
phenomena of inharmonious broadening is not studied in these studies, so
we take a standard deviation of σv = 10 in mean vibrational frequency, this
lead to the spectral line width of around ≈ 24cm−1 which is in tune with
the line shape that is studied and cited in work [9, 10, 33]. We have chosen
the cavity frequency in such a way that it is in resonant with the the mean
vibrational frequency i.e ωc = ω̄v the coupling strength between cavity and
vibrational modes is taken as g

√
N = 8σv for all N . The other parameters

that are involved in the simulations of reactions [25] are as
ER = 0, EP = −0.6ω̄v, λR = 0, λP = 1.5, JPR = 0.01ω̄v, λs = 0.08ω̄v.
There are some other parameters as well which governs the relaxation of cav-
ity and vibrational modes. The reaction process is carried out at temperature
T = 298K. We choose the bare cavity decay κ = 1ps−1 and bare vibrational
decay rate γ = 0.01ps−1 [34] (for all bare vibrational modes).
Super Ohmic spectral density is used to model the relaxation among dark
and polariton states that is

J (ω) = ηω−1
0 ω2 exp[−(

ω

ωcut

)2]. (2.12)

here η = 1 × 10−3 is coupling strength between each bare vibrational mode
and local chemical environment, environmental modes have cutoff frequency
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ωcut = 50cm−1 and ω0 = ωcut.

Condensed-phase system[35] and liquid molecular system [36] resembles
to the spectral density and cutoff frequency respectively.

The motivation behind the choice of spectral density is, firstly it allows the
relaxation between dark and polaritons on the time scale 20− 25ps around.
Secondly, the relaxation rate between dark states decreases as the frequency
difference between dark states approaches to zero, as shown in the figure in
this section where it is can be seen that for (J (ω)−→ ∣0 as ω −→ 0).

Figure 2.6: Graphical representation of Equation (2.11) for J (ω) of
Eqn.(2.12)
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2.5 Approximate Kinetic Models for Electron

Transfer Reactions

To obtain the numerical values of reaction rates we run the full numerical
simulations.Here in this section we introduce the models that will help in the
conceptual understanding of the reaction kinetics.

2.5.1 Bare Reaction and its Analytical Rate:

A symbolic representation of bare and VSC reactions is shown the Figure
(3.7). The process begins as follow;
Assuming the system is in vibrational ground state, the reactions takes place
i.e the reactant is converted into product mainly by the vibronic transition
that’s 0 −→ 1 . This excites the reactive mode, as a result the reaction starts
to occur, the rate at which the forward reaction takes place is denoted as
Kf ≡ K(R,0)−→(P,1r)

, using Equation (2.6) the rate of forward reaction (bare
) is given as

Kf = AF0,1r
exp(−βEa) (2.13)

the activation energy Ea ≡ E0,1r . Once the product is formed, it starts to
revert into the reactants with a backward reaction rate denoted as Kb ≡
K(P,1r)−→(R,0) and Kb >> Kf , where the rate is given as

Kb = Kf exp[β(Ep + ωr − ER)] (2.14)

the vibrational hot product may also decays with decay rate γ ≈ Kb to its
vibrational ground state. When the product is in its vibrational ground state
it do not take part in further reaction process because its reverse activation
energy which is very high indeed.
To calculate the total reaction rate consider the simplified version of kinetic
model, the population evolves with time as follow ;

dP(R,0)

dt
= −KfP(R,0) +KbP(P,1r)

(2.15)
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and the evolution of product population is gen as;

dP(P,1r)

dt
= KfP(R,0) − (Kb + γ)P(P,1r)

(2.16)

The above both equations shows how the population of reactants and prod-
ucts changes with time. Consider the steady state approximation (SSA) to
the product state P(P,1r)

, where we assume all the state variable of system to
be constant. So we can write it as

dP(P,1r)

dt
≈ 0 using the approximation the

equation 2.16 can be written as

0 = KfP(R,0) − (Kb + γ)P(P,1r)
(2.17)

and we can write it as

(Kb + γ)P(P,1r)
= KfP(R,0) (2.18)

P(P,1r)
=

Kf

(Kb + γ)
P(R,0) (2.19)

Plugging the above equation 2.18 into 2.15 it can be written as

dP(R,0)

dt
= −KfP(R,0) + Kb

Kf

(Kb + γ)
P(R,0) (2.20)

further more simplifying this can be written as

dP(R,0)

dt
= −Kf

(
1− Kb

Kb + γ

)
P(R,0) (2.21)

further we can write it as

dP(R,0)

dt
= −Kf

(
γ

Kb + γ

)
P(R,0) (2.22)

Comparing 2.22 to dP(R,0)

dt
= −Kanalytical

bare P(R,0) we can write

Kanalytical
bare = Kf

(
γ

Kb + γ

)
(2.23)
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Figure 2.7: Schematic of bare (a) and VSC (b) reaction kinetics. Potential
energy surfaces (PES) are represented parabolas.The forward and backward
reactions are represented by straight arrows, while the curly arrows shows
non reactive transitions and cavity losses.

is the net rate bare reaction rate.

2.5.2 Reaction Under VSC and its Analytical Reaction

Rate

Under the influence of VSC the path followed splits into multiples of path,
that is due to excitation and de-excitation of eigen modes i.e polariton and
dark modes. Following the Equation (2.6), forward and backward reaction
rates in the case of VSC are given as

K
(q)
f = AF0,1q

exp(−βE(q)
a ) (2.24)

and
K

(q)
b = K

(q)
f exp β(Ep − ER +∆P −∆R + ωq) (2.25)

respectively, the forward and backward reactions are described as K
(q)
f ≡

K(R,0)−→(P,1q)
and K

(q)
b ≡ K(P,1q)−→(R,0) respectively, and the activation energy

E(q)
a ≡ E

(0,1q)
a . As the size of ensemble N increases the the number of dark

modes also increases, and they start to localize on bare mode. The overlap
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of average bare with polariton modes diminishes i.e (cqr ∝ 1√
N

−→ 0 for he
polariton modes mainly represented by q = 1, N + 1). This shows that the
quantity cqr ̸≈ 0 for for those mode q which are dark. This mean that the
activation energy for bare and dark mode is the same i.e

E(q)
a |cqr ̸≈0≈ Ea.

This shows that the only factor that has different value in both cases is the
Franck-Condon (F-C) Fa,b. To compare the F-C see section (A.3), and for
single mode under consideration we are now able to write

F0,1q
≈ |cqr|2F0,1r

,

using this relation to forward and backward reaction rates of both VSC and
bare we can relate the rates as

Kq
f/b ≈ |cqr|2K

(bare)
f/b . (2.26)

In the model, when the system goes under VSC, during the electron transfer
process the polaritons are disassociated from reaction. The reaction goes on
only due to the set of those modes which are dark. Let us define set dark
modes D and q ∈ D . Consider the population of reactant state |R, 0⟩ which
evolves as

dP(R,0)

dt
= −

∑
q∈D

K
(q)
f P(R,0) +

∑
q∈D

K
(q)
b P(P,1q) (2.27)

and the product sate |P, 1q⟩ whose population changes as

dP(P,1q)

dt
= −(K

(q)
b + γ)P(P,1q) + K

(q)
f P(R,0) (2.28)

To calculate the net reaction rate likewise bare reaction, here we can also
use the SSA to the product population P(P,1q) i.e dP(P,1q)

dt
≈ 0. Using the
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approximation, Equation (2.28) can be written as

(K
(q)
b + γ)P(P,1q) = K

(q)
f P(R,0)

P(P,1q) =
K

(q)
f

K
(q)
b + γ

P(R,0) (2.29)

by putting Equation (2.29) into Equation(2.27) we get

dP(R,0)

dt
= −

∑
q∈D

K
(q)
f P(R,0) +

∑
q∈D

(
K

(q)
f

K
(q)
b + γ

)
K

(q)
b P(R,0) (2.30)

Further more simplification of Equation (2.30) leads to

dP(R,0)

dt
= −

∑
q∈D

K
(q)
f

(
γ

K
(q)
b + γ

)
P(R,0). (2.31)

Using Equation (2.26) we can write the rate equation for VSC as

dP(R,0)

dt
= −

∑
q∈D

Kf |cqr|2
(

γ

|cqr|2Kb + γ

)
P(R,0).

Comparing above equation to dP(R,0)

dt
= −Kanalytical

V SC P(R,0), we get

Kanalytical
V SC =

∑
q∈D

Kf |cqr|2
(

γ

|cqr|2Kb + γ

)

further it can be written as

Kanalytical
V SC = Kf

〈
γ

γ + |cqr|2 Kb

〉
, (2.32)

this is effective transition rate of system under vibrational strong coupling.
Equation (2.32) clearly shows that its a weighted mean over all modes q that
are dark (i.e q ∈ D) and |cqr|2 is weight of each dark mode. Since, for all
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modes q the weighted factor |cqr|2 < 1, that’s

Kanalytical
V SC > Kanalytical

bare .

The above relation shows that under vibrational strong the charge transfer
reaction has a higher rate then that of the same system in the absence of
coupling i.e ( bare g=0).

2.6 Numerical Results

Figure 2.8: Evolution of reactant population for various N under VSC

Here in this section we will discuss the numerical results obtained in this
work. Population transfer dynamic is studied while considering that vibra-
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tional cavity mode has one or zero excitation , denoted as χ = 1q and χ = 0

respectively, here q represents the eigenmode of vibrational-cavity subspace.
In the process we have assumed that the initially the population is dis-

Figure 2.9: Evolution of reactant population for various N in the absence of
coupling g = 0

tributed in reactant states |R,χ⟩. Using the method discussed in section
(B.1) we obtained the numerical results for both VSC and bare (g = 0) case,
which are shown in this section.
Figures (2.8, 2.9) are population vs time graphs, that shows how the popula-
tion of reactants changes with time. Both of the figures shows at time t0 =

the reactant populations RR,χ(0) = 1, show that initially the population is
distributed in reactant state.
We than calculated net rates of reaction for both of the cases i.e VSC and
bare. Ratios of reaction rate denoted as KV SC/Kbare shows the ratio of rate
of reaction under vibrational strong coupling to that of bare. Rate ratios for
various ensemble (i.e number of molecules N) are shown in this section. The

29



graph of reaction rate ratio is shown in Figure (2.10), that shows reaction
rate ratio of VSC to the bare is greater than one for all all the size of ensem-
ble taken under consideration.

We also look into the effect of cavity detuning on kinetics of our system

Figure 2.10: Reaction rate ratios KV SC/Kbare for various N and fixed cou-
pling strength.

under consideration. Cavity detuning refers to a change in the frequency of
the light in a microcavity from its resonance frequency δ = ωc − ω̄v. Also
delocalization of reactive mode, defined as vr = 1/

∑N+1
q=1 |cqr|

4, for various
coupling strength is studied in this work. Figure (2.11, 2.12) shows graphical
representation of KV SC/Kbare and reactive mode delocalization as function
of cavity detuning for various coupling strengths by keeping the size of en-
semble N = 32 fixed.
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The obtained numerical values and their corresponding graphs shows that
the reactive mode delocalization is maximum at resonance and decreases with
detuning. Also by keeping the coupling strength constant we investigated the
effect of cavity detuning in reaction rates of various size of ensemble, which
are also shown in Figure (2.13).

Figure 2.11: KV SC/Kbare as function of cavity detuning for fixed N = 32 and
various coupling strength.
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Figure 2.12: vr delocalization as function of cavity detuning or various cou-
pling strengths and fixed N = 32.

Figure 2.13: KV SC/Kbare as function of cavity detuning for different N and
constant coupling g

√
N = 8σv.
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Chapter 3

Conclusion

We studied the effect vibrational strong coupling on electron transfer reac-
tion and compared it with that of bare. Finally we reached at the result
that by semi-localizing dark modes the disordered molecular ensemble under
VSC can alter the kinetics of thermally activated reaction. We noticed that
a significant change in the kinetics of thermally activated reaction can occur
when reaction is carried out under vibrational strong. In our entire calcu-
lations we noticed that productivity rate can be increased by around 50%

when VSC mechanism is taken under consideration.
We also investigated the desired results under various coupling strengths and
found that the ratio KV SC/Kbare always great than one (KV SC/Kbare > 1).
Moreover we studied the effect of cavity detuning on reaction rates and
found the similar behaviour for various values of detuning. By repeating
the same procedure under various coupling strengths we found that the ratio
(KV SC/Kbare > 1). This show that under vibrational strong coupling a con-
siderable increment in the rate of electron transfer reaction can be achieved.
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Appendix A

A.1 Matrix Representation of T-C Model

P χ1 χ2 χ3 χ4 . . . χn

P ωc g1 g2 g3 g4 . . . gn
χ1 g1 ω1 0 0 0 0 0 0 0
χ2 g2 0 ω2 0 0 0 0 0 0 0
χ3 g3 0 0 ω3 0 0 0 0 0
χ4 g4 0 0 0 ω4 0 0 0 0

. . 0 0 0 0 . 0 0 0

. . 0 0 0 0 0 . 0 0

. . 0 0 0 0 0 0 . 0
χn gn 0 0 0 0 0 0 0 ωn

A.2 Properties of Displacement Operator

Dq(λ) = exp(λα†
q − λ∗αq)

D−1(λ) = D†(λ)D(−λ) (A.1)

D†(λ)G(a, a†)D(λ) = G(a+ λ, a† + λ∗) (A.2)

D(λ)D(β) = D(λ+ β) exp[
1

2
(λβ∗ − λ∗β)], [D(λ), D(β)] ̸= 0 (A.3)

TrD(λ) = πδ(2)(λ) = πδ(Re(λ))δ(Im(λ)) (A.4)
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Tr[D(λ)D†(β)] = πδ(2)(λ− β) (A.5)

D(λ)|β⟩ = |λ+ β⟩ exp[−1

2
(λβ∗ − λ∗β)] (A.6)

⟨α|D(λ)|β⟩ = ⟨α|β⟩ exp[λα∗ − λ∗β − 1/2|λ|2] (A.7)

⟨n|D(λ)|n̄⟩ =
√

n̄!

n!
exp (−λ/2) λn−n̄ L

(n−n̄)
n̄ (|λ|2) n ≥ n̄ (A.8)

⟨n|D(λ)|n̄⟩ =
√

n!

n̄!
exp (−λ/2) λn̄−n L(n̄−n)

n (|λ|2) n̄ ≥ n (A.9)

where L(k)(x)
m is is associated Laguerre polynomial.

L(k)
m (x) =

m∑
n=0

(−1)n
(
m+ k

n+ k

)
xn

n!

A.3 Franck-Condon Factor for VSC and Bare

Reactions

Franck-Condon factor for various combinations is given in Equation (2.8),
here we will show the comparison of F-C for the VSC and bare case. As F-C
for (0,1) is given as

Fχ,χ̄ = e(−S) Sq, (χ, χ̄) = (1q, 0), (0, 1q), (A.10)

lets begin with VSC
F0,1q

= e(−S) Sq

S =
∑N+1

q=1 Sq and Sq = |λPq − λRq|2, where

λRq = λRcqrωr/ωq

and
λPq = λP cqrωr/ωq,
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so we can write

|λPq − λRq|2= |λP cqr ωr/ωq − λRcqrωr/ωq|2= |λP − λR|2 |cqr|2 |ωr/ωq|2

as ωr ≈ ωq so
|λPq − λRq|2= |λP − λR|2 |cqr|2,

for any single mode q

F0,1q
= exp(S) |λP − λR|2 |cqr|2. (A.11)

In the case of bare i.e (0, 1r), Sq −→ Sr and |cqr|2−→ |c1r|2. Using these relation
we can write

F0,1r = exp(S) |λP − λR|2 |c1r|2,

as |c1r|2≈ 1 so
F0,1r ≈ exp(S) |λP − λR|2. (A.12)

Comparing Equation(A.11) and (A.12) we can write

Fo,1q ≈ |cqr|2 F0,1r
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Appendix B

B.1 Numerical Simulation and Rate Calcula-

tions

Reaction rates are obtained by solving master equation numerically that
aims to determine the population of reactants in for various time. The rate
of change of population is given as dP

dt
= AP, where A is transition ma-

trix and P is population vector. Population at ant time (t) is given as
P (t) = exp(At)P (0). To determine the rate all of these parameters are
converted into matrix form. We defined a matrix B = MAM−1, M be-
ing a diagonal matrix having diagonal elements M(X,χ),(X,χ) = f

−1/2
(X,χ), where

f(X,χ) = exp(−βE(X,χ))/
∑

(X,χ) exp(−βE(X,χ)). After numerical diagonaliza-
tion of B, at any time t population is given as

P (t) = M−1Q exp(−Dt)QTMP (0), (B.1)

here eigenvectors of B are columns of matrix Q and eigenvalues are diagonal
elements of diagonal matrix D. As we have assumed initial population is in
reactant eigenstates so

P(R,χ)(0) =
exp(−βE(R,χ))∑
χ exp(−βER,χ)

(B.2)

P(P,χ)(0) = 0 (B.3)
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we than evaluate P (t) at any time t = J∆t, keeping ∆t = 0.2ns and
J = 0, 1, ...., 100. To obtained reaction rate we determined the reactant
population

PR =
∑
χ

P(R,χ),

and modeled it as
PR = exp(−Zt)[]. (B.4)

The fitting parameter Z is reaction rate.
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