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ABSTRACT OF THE DISSERTATION

Photophysics of Organic Molecules under the Polariton regime

by

Luis Angel Martinez Martinez
Doctor of Philosophy in Chemistry
University of California San Diego, 2021

Professor Joel Yuen-Zhou, Chair

The advent of efficient light-confining platforms marked the burgeoning of the field of
Cavity Quantum Electrodynamics (Cavity QED), which brought along the realization of exotic
phenomena that emerges under extreme light-matter interaction regimes.

On the other hand, in chemistry, the interaction between light and matter is at the core of
invaluable spectroscopic techniques and a number of photo-induced chemical processes. From a
theoretical standpoint, light-matter interaction in those scenarios can be treated perturbatively,
such that molecules and light preserve their individual identity. This picture breaks down when
we consider one photonic mode interacting with molecules such that the energy of this interaction

surpasses their respective linewidths. This so-called strong coupling (SC) regime has been
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accomplished in microsetups which can sustain confinement comparable to the wavelength of
light that promotes molecular excitations. Under the SC regime, the excitations sustained by
the device are no longer of purely material character but rather exhibit a hybrid molecular and
photonic nature, and are usually known as polaritons.

The recent observation of the slowing down of chemical reactions in the SC regime has
incentivized communities of different backgrounds to converge in order to understand the range
of possibilities the regime has to offer on the control of molecular processes.

In this dissertation, a combination of quantum optics and chemical rate theory is used
to understand the emergent dynamics of molecules embedded in an strongly confined electro-
magnetic environment. More specifically, an analysis of the tunability of chemical reactivity of
realistic polariton setups in the dark (i.e. in the absence of any driving source) is presented. Later
on, it is shown that Singlet Fission and Reverse-Intersystem Crossing, two photophysical pro-
cesses of technological relevance, represent an ideal testing ground to explore the rich dynamics
afforded under the polariton regime. In the latter phenomena, special emphasis is cast upon the
fleeting nature of the electromagnetic environment, as well as on its implications on the degree of

control on molecular processes.
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Chapter 1

Introduction

During the 1980s, the technological development of lasers and advances in our under-
standing of quantum theory introduced unprecedented theoretical perspectives on the leverage
of coherent electromagnetic (EM) fields for the manipulation of molecular and atomic pro-
cesses. The central notion behind the original proposals was to take advantage of the spatial
and temporal coherence of the fields afforded by lasers to imprint their features on a material,
that ultimately would lead, for instance, to coherently-enhanced photodissociation in molecules,
adiabatic population transfer, and molecular deposition and alignment, just to name a few [1].

However, the realization of the numerous schemes proposed for control of molecules with
coherent EM fields is hindered to a significant extent by the fact that the molecular and atomic
systems are not isolated but rather their information content spreads continuously across their
surroundings (decoherence) [1], such that the relative phase-information contained in matter and
light (essential for the success of coherent control) can be short-lived, even at room temperature.

As it is usually the case, in the history of chemistry and physics, the emergence of new
areas of research is closely related to the existence of technological platforms and/or experimental
observations that call out for a confluence of researches of different backgrounds. Similarly to the

case with lasers during the 1980s, a myriad of novel perspectives and observations for light-matter



interactions were possible during the 1990s and 2000s [2] due to the development of photonic
devices that accomplish an efficient confinement of light within a spatial nanoscale. Those
structures placed previously unattainable regimes of light-matter interaction within reach, without
the need of very large EM amplitudes. The existence of these platforms, like microresonators
that are generically denominated microcavities, has incentivized a deeper understanding of light-
matter interaction, and as a result, new areas of research have emerged aiming to the control of a
plethora of atomic and photonic phenomena.

Among the most striking phenomena that arises within these devices, we have the experi-
mentally detectable consequences of the non-vanishing variance of EM fields (so-called quantum
fluctuations) hosted in the latter, even in the absence of photons. Those manifest as an attractive
force between the conducting planes that constitute the microcavity (Casimir-Polder effect) [3],
but also can be used to generate photons out of the vacuum by means of non-adiabatic modulation
of the spacing between the microcavity [4].

Other counterintuitive picture that can be accomplished by microcavities (and other
platforms that allow strong confinement of EM fields) is the possibility to design devices where
light can interchange energy with a material inside the resonator at a higher frequency than the
one associated to the decay of the excited states of both entities. When this is the case, the
usual physical picture of separate and independent identities of the material and light degrees of
freedom breaks down, and the excitations sustained by these setups are of hybrid matter-light
character, usually called polaritons [5].

Theoretical formulations of the aforementioned hybrid states date back to the 1950s and
the experimental realization in atomic and solid-state cavity-polaritons ocurred in the 1980s
and 1990s, respectively. Surprisingly, probably due to the decoherence problem faced by the
coherent-control proponents during the 1980s, the exploration of chemical dynamics within
confined EM fields was not a subject of interest until recent reports of modification of molecular

photoisomerization rates with the aid of microcavities [6]. Further evidence of cavity-assisted
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Figure 1.1: Cartoon that illustrates the difference in the spatial extent of molecules and a
typical wavelength of the EM modes hosted in an optical microcavity.
modifications of molecular processes, such as nucleophilic substitution reactions [7], and long-
range energy transfer [8, 9], ignited the interest of experimentalists and theorist alike.

Those observations revived the efforts of coherent control of molecules with the aid of
EM fields [10], and prompted theorists to come up with models to account for the experimental
results, as well as to explore the new avenues that these devices have yet to offer on molecular
manipulation.

One of the key features of the experiments in organic polaritonic devices is that they
afford the polariton regime by confining a macroscopic number of molecules in microcavities,
which support EM modes with wavelengths that range usually from the IR to optical frequencies.
The need of a large number of molecules can be understood based on the difference in length
scales of molecules and the confined EM modes (see Fig. 1.1). This difference permit the latter to
couple to a coherently enhanced dipole moment of the molecular ensemble, thus introducing Rabi
oscillations between a (superradiant) matter state and a photonic one, whose frequency scales as
the square root of the molecular concentration inside the effective volume of the EM mode [11].
Furthermore, the reduced density of photonic states on these platforms (for the case of a planar
resonator, we can think of its supported photonic modes as a 2D boson gas) compared with a

non-confined scenario, gives room to the feasibility of relatively long-lived Rabi oscillations.



Even though Agranovich and Litinskaya [12, 13] introduced the first works exploring the
dynamics of polariton modes in organic microcavities; Galego et. al. [14, 15]and Herrera [16]
proposed the first models to understand their implications on photochemical processes. The latter
shed light on the collective nature of light-matter coupling and the role of delocalization of the
molecular excitations to modify the potential energy surfaces associated to the process of interest.

However, one important drawback on those works is the absence of decoherence mech-
anisms that must be important for polariton setups, as light confined in these devices can be
sustained for timescales as short as a few femtoseconds [17]. The latter is comparable (or even
faster) that the timescales of photophysical processes themselves. In this dissertation, the previous
facet of the polariton dynamics problem, is addressed.

Another issue that seems to preclude the tunability of cavity-assisted molecular processes
is that the vast majority of the excitations hosted by an organic polariton device are of purely
molecular character (see Fig. 5.15). Those can be understood as linear combinations of excited
molecular states with a non-symmetric spatial permutational symmetry, which turns them into
vanishing-dipole-moment states. Dark states may be populated as a result of vibrational relaxation
of polariton modes [13], and given their high density of states with respect to the latter [18, 19, 9],
the polaritonic excitations tend to be quickly depleted as dark states are entropically favored.

These issues call out for the models that specifically include the mentioned dissipative
channels and that would shed light on strategies to mitigate their detrimental effects on molecular-

processes manipulation.

1.1 Summary of contents

This dissertation is focused on the development of generic effective models to identify
the most significant time and energy scales that come into play in the photophysics and chemical

reactivity of organic molecules in highly confined EM environments. A special emphasis is



a) Wyp b)

> P
o 2y P S W
|l o B 0% ¢ Py e ® ®
S ph We wi 00 ® 0 0
@)
wrp o‘e

Figure 1.2: a) When a single photonic state interchanges amplitude with a dense manifold
of (energy-disorder free) N molecular transitions (assuming N molecules, each treated as a
two-level system) and for sufficiently large light-matter coupling strengths, we can spectrally
resolve a single lower (upper) polariton with frequency w.p (®yp). The rest N — 1 molecular
states do not interchange amplitude with the photonic state, as they feature a vanishing dipole
moment (in quantum optics literature, they are usually referred to as subradiant states). b)
Dark states can be understood as the analogous of non-bonding orbitals that result from the
formulation of symmetry-adapted linear combination of atomic orbitals in molecular orbital
theory.
deposited on the dissipative mechanisms that compete with the molecular processes of interest.
One of the main advantages of the developed models with respect to an ab initio approach is
that the former allow an explicit treatment of a macroscopic ensemble of molecules. That is a
consequence of the fact that only the most relevant degrees of freedom of realistic setups are
included such that the essential physics of the dynamics is captured. Furthermore, this allows us
to get an analytical insight of the degree of molecular control that polariton setups can offer.

Chapter 2 presents the general theoretical framework to model light-matter interaction
when molecules are spatially confined within an (also spatially constrained) EM field. The most
important approximations that permit a few-mode description of the photonic and molecular
degrees of freedom are laid out.

Chapter 3 introduces the implications of the so-called ultrastrong coupling regime on
chemical reactivity (more precisely, an isomerization processes) in the electronic ground state of
organic molecules. The motivation of this exploration relies on the observation that for sufficiently
high light-matter energy scales (comparable to that of a typical electronic molecular transition),

the global ground state of the hybrid molecular-photonic system is no longer purely material but

acquires a non-vanishing photonic character. In this chapter the implications of this dressing on



the isomerization process is discussed.

Chapter 4 elaborates on the importance of the dissipative nature of polariton modes
afforded by SC when molecules that undergo the photochemical process known as singlet-fission
(SF) [20] are employed. SF is of contemporary technological relevance as it has been shown
to significantly enhance the efficiency of organic photovoltaic devices [21]. For that end, the
toolkit of open-quantum-systems [22] was used to develop a kinetic model that reveals different
kinetic pathways that are absent in a cavity-free scenario [19]. Furthermore, the insight shed by
this approach allowed to propose ideal-candidate molecular features to boost SF under strong
light-matter coupling (SC).

Chapter 5 follows a similar approach to the previous one, to get insight on the process
known as Reverse-Intersystem-Crossing (RISC) under SC. In this photochemical process, an
exciton of electronic triplet character undergoes a transition to a singlet-exciton as a result of
spin-orbit coupling. RISC, in spite of being a very slow transition in organic materials, can
be employed to harvest (non-luminescent) triplet excitons which subsequently transition into
singlet excitons that emit light, before the former are lost as heat as a result of radiationless
decay. Thus, this chapter explores the benefits of the SC regime for RISC, and strategies to
circumvent the delocalized character of polariton modes. For that end, a generalization of a
variational approach to the dynamics of open-quantum systems, previously used to describe
multichromophoric exciton transport [23] and photoluminescence of polaritons [24], is developed
and implemented numerically.

Finally, in Chapter 6 a general perspective of the accomplished results are presented, as
well as the likely routes that can be followed to get further insight on the molecular dynamics

under SC.



Chapter 2

Theoretical Framework

This chapter describes the theoretical foundations of this dissertation. Firstly, the electro-
magnetic field sustained by dielectric structures is cast in quantized form. Even though most of the
chapters that follow rely on parameters that correspond to typical organic Fabry-Perot resonators
(see Fig. 2.1), it is instructive to describe a general framework (valid for any linear isotropic
dielectric platform) that introduces a distinction between what we denote as system photon modes
(those that exhibit certain degree of confinement under the presence of dielectrics) and the rest
of the universe (bath photon modes). The latter approach allows a few-mode approximation for
the electromagnetic (EM) field, which is one of the basis for the effective coarse-grained models
defined throughout this dissertation.

Later, the coupling of the confined electromagnetic modes with molecular degrees of
freedom (DOFs) is introduced, as well as the most important approximations that permit the

exploration of the emergent chemical dynamics in these setups.

2.1 Few mode approach to the electromagnetic field

One of the key ingredients to accomplish a strong interaction between light and matter

is confinement of EM fields. In practice, this is achieved through a variety of platforms that



Figure 2.1: Pictorial representation of a molecular ensemble embedded in a Fabry-Perot res-

onator.
include, for instance, Fabry-Perot resonators and plasmonic nanostructures. Nowadays, devices
that feature sharp resonances (i.e. with very small linewidths) in their scattering spectra are
within reach [25, 17, 26]. When this is the case the system can be modeled as a set of EM
modes supported by the device and weakly coupled to external ones. Nevertheless, for platforms
operating at optical frequencies (which are the ones usually employed in the systems considered
in this dissertation) it is usually the case that they exhibit broad resonances and/or overlapping
modes, which precludes an straightforward choice of system modes [17]. Fortunately, this issue
has been recently addressed in Ref. [27] and constitutes one of the basis (along Ref. [28]) for the
framework outlined below.

Before proceeding to the quantum-mechanical formulation of EM fields, it is worthy to

remark the salient analogies between the Maxwell and Schrédinger equations: their solutions
feature oscillations in space and time, and in lossless media, they preserve energy. As pointed out

in Ref. [29], all wave equations can be written abstractly as

o,w=Dw+s (2.1)



where w is a vector field characterizing the solutions, D is a linear operator, and s is a vector
source. The key property of D is that it is antihermitian (under a defined inner product), a trait
from which follows the oscillatory characteristics of the solutions and energy conservation. To see
this, we note that the harmonic mode solutions of Eq. (2.1) are of the form w(r,t) = W(r)e ',

such that, in the absence of a source (s = 0) we have

oW(r) = iDW

where, if D is antihermitian such that (w, Dw’) = (D"w,w') = —(Dw,w’), it follows that iD is a
hermitian operator. The latter conclusion has the consequences that the eigenvalues ® are real (i.e.
the solutions are lossless) and the harmonic solutions W constitute a complete basis.

To make the connection with electromagnetic theory, we note that the source-free

Maxwell’s equations in presence of matter (sometimes called macroscopic Maxwell equations)

V-D=0

V-B=0
0D=VxH
0:B=-VxE

and assuming for simplicity an isotropic and linear dielectric media, such that the constitutive

relations

D =¢(r)E

B=pu(r)H=H

are satisfied [e(r), u(r) are the relative permittivity and magnetic permeability of the dielectric,



respectively. Hereafter, we will use 7~ = ¢ = 1, unless stated otherwise]; can be written in the form

E 0 ivx| |E
9, = (2.2)
B “lyx 0 B
u
|E
=0 (2.3)
B

We define the inner product as an integral over space at a fixed time (w =[E  B])
/ 1 * / * !
(w,w):zfdr[E -(eE") +B*- (uB')]

and we can verify that (w, Ow') = —(Ow,w’). Thus, iO is a Hermitian operator, and the harmonic
field solutions w(r,#) are complete.
The quantization of the EM field is carried out by defining the vector potential, choosing

a gauge and later promoting the canonical coordinates to operators. We have

B=VxA

where ® is the scalar potential. Under the absence of free-charges (such that ® = 0) the gauge
can be chosen by requiring V - [e(r)A] = 0 which implies a transversality condition on D [V -

[e(r)d;A] = 0]. The equation of motion of the potential vector A is given by
OE=¢(r) 'VxB=g(r) 'VxVxA=-0A — e(r)’A+VxVxA=0 (24

From here, we can derive a Lagrangian that reproduces the equation of motion (2.4) and by

10



carrying out a Legendre transformation of the former we arrive at the Hamiltonian

ney far "

where the canonical momentum

1 (VXA (2.5)

is directly related to the displacement field, rather than to the electric one. We can carry out an

expansion of the vector potential

A(r,r) =) Or(t)fi(r) (2.6)
k
and similarly for
I(r,7) = ZPk(t)e(r)f}E(r) (2.7)
k

in terms of vectors fy(r) which satisfy

e(r)wify(r) — Vx V x fi(r) =0 (2.8)

as well as V- [e(r)fy] = 0, together with the boundary conditions required for the particular
problem.

By introducing f; (r) = &(r)~!/2g;(r), we note that the previous equation can be cast in
the form

org(r) —&(r) 2V x [V xe(r) " gi] = 0

~1/2

and in view of the Hermiticity of the operator &(r) ~'/2V x V x g(r) , {gr} are orthonormal

fields. It then follows that

(fk,fk/) = /drsii(l’)fi £y = Sk,k’- (2.9)

Next, we have that by requiring the vector field A(z,r) to be hermitian (which is due to the

11



requirement of real magnetic and electric fields) the following must be satisfied

Y ot =Y 0jf;
k x

Introducing a projection on &(r)f’, (r) on both sides of the equation and integrating over space,

we obtain, by using Eq. (2.9):

/dr%(r)zk: £,(r) - f Qm—ZQk/dr e(r)f,(r) £ (r)

=Y 0jU;, (2.10)
k

The matrix U}

km satisfies unitarity:

ZUk wUG k,_z / dr’ / dre* (r)e(r) fir o(r) r) o g () frar) fin (1)

= / 4re" (1) fealr) firolr) = Siss

where f;, o denotes the scalar ath component of f, and used the Einstein summation convention.

Furthermore, we have

Sp(nr') = ;fk,a(r)f;f, s(r")

which can be though of as a completeness property for the subspace of transverse fields, since it

satisfies

/dr'38 rr)Xg( r) = Xg(r)

/dr'3£ Oﬁﬁ nr )Xé(r’) =0

X7 (r) (X being a transverse (longitudinal) vector field, i.e V-X” (r) = 0 (V x X' = 0). We can

carry out the previous arguments developed for the vector field A and apply them to the transverse

12



electric field I1(r,7) in Eq. (2.7) to conclude that
Pl =Y PuU},. (2.11)
k/

Importantly, the reason that explains why the matrix U ,;‘  appears in this generalized quantization
approach for (linear) dielectric profiles and it is absent in the usual quantization approach in free
space, is that in the former case, the harmonic mode fieldsfy(r) are in general not orthonormal
to their time-reversal counterparts fz,(r), (in other words, harmonic mode fields with different
boundary conditions are not necessarily orthonormal.)

Substitution of Equations (2.6) and (2.7), together with the relations (2.10) and (2.11) in

the Hamiltonian (2.5) yields

1 ; ]
H = Y (P[P + {0, Q)
k

where the Maxwell equations can be recovered from the Heisenberg equations of motion assuming

that the usual commutation relations for the canonical variables P, and Q;, are satisfied:

[Ok, Ox] = [leQ}E/] = [Py, Py] = [Pk,P,j,] =0

[Ok, Prr] = ihdy p
with the important difference with respect to the free-space quantization procedure that
Ok, P})) = ihU

However, this does not preclude the definition of a diagonal Hamiltonian in terms of creation and

annihilation operators. By introducing bosonic ladder operators a, a;i that satisfy [ay, az,] = O i/,
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we have that the definitions

satisfy the relations (2.10) and (2.11):

1/2
) UI:m+ZUI:mUk,k’ak’)
k/

LoV =Y (w

m) (@ Ui+ Z Uy )
B 1/2

2—)

YUy +an)

(
(

where in the first line we made use of the crucial observation that Uy g ~ & y and therefore the
index u runs over the labels of the degenerate manifold at frequency . Therefore, the quantized

form of Eq. (2.6) is given by

no\ /2
:Z<2_0)k> laxf; +h.c.] (2.12)

k

Which in integral form is given by (2.6)

Ar =Y [ d00u(@.0f(r.0)

_ CZ / d(o( >1/2 [ (@) (1, @) + h.c.]

where we added a label m to distinguish between the degenerate modes for a given frequency .
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We also have that [am((o),a;,((o’)] = 8w 0(0— ), and (f,,(®),f,/ (') =8, (0 — ).

Similarly, from Eq. (2.7) we have

ar,) =Y / APy (0,1)e(0)E (1, )

1/2
—ie L [d0('5) (@O r.0) - au0)f(r.0)

Thus, by taking into account the continuum nature of the space of fields £, (r, ®), we rewrite the

Hamiltonian in presence of a dielectric medium as

H,yy = %;’/dw [P,L(w,t)ﬁm(mﬁ + 0?0 (0,1)Opm(®,1)

=Y / dowa (0)a,(0)+C (2.13)

What was outlined here is a formalism that quantizes the electromagnetic field in presence
of dielectrics (for instance, mirrors when considering a microcavity). However, as pointed out at
the beginning of this chapter, the models described later in this dissertation rely on a definition of
EM modes confined spatially within a dielectric structure coupled to a photonic reservoir.

Ref. [27] introduces a powerful approach to perform the aforementioned partition, based
on a Feshbach projection [27]on the harmonic modes f,,(r, ®) introduced above, by defining an
arbitrary system Ag subspace. It is not an intend of this section to provide a detailed account on
this approach, but for completeness, the main features of the procedure are summarized below,
adopting for simplicity in the notation purposes, the correspondence f,, (r,®) — |f,(r,®)) [i.e.
ignoring the vectorial character of the field, and considering a one-dimensional scenario, whose
generalization to three dimensions is straightforward]. Under this conditions, we can cast Eq.

(2.8) into a Schrodinger-equation-like form

12 fon(r, ; i
<_5$) + (1)) fn(10) = it 0) = ) (214)
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where the potential V = %’% [1 —¢(r)] is frequency dependent and it is only non-zero for regions
of space where permittivity is different from that of the vacuum. The close analogy between the
stationary Schrodinger equation and the Maxwell-wave equation (2.14) hints the application of a
Feshbach projection approach already developed for scattering problems [28] into the problem at
hand.

The aforementioned projection scheme relies on the definition of operators P and Q that
satisfy:

PP=pP (Q*=0Q P+Q=1

where Q corresponds to the projection on what we define as system subspace, and P to the bath

subspace. In other words

0=y [l

).EAQ
It is further required for the latter states to be eigenstates of the projected total Hamiltonian
HQQ = QH QZ

Hoolxn) = Exxa)- (2.15)

In analogy, the bath states as those that are the eigenstates of the Hamiltonian projected on the P

subspace:

PHPu(®)) = Hpp[Yn(®)) = E(0)[Wn(0)) (2.16)

Furthermore, since both Hpp and Hpp are hermitian [under the inner product shown in Eq. (2.9)],
their respective non-degenerate eigenstates are orthogonal. The full eigenmodes f;,(r,®) of the

Hamiltonian Hj; can therefore be written as

l:0)) = QUfn () + PUfn (1))
= ¥ (@) + ¥ [ 4Bt (0.6 i (@)

7\EAQ m
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where o, (0) = (X3 | fin(®)), B (0,0) = (Y ()| fin(r, ®)). It can be shown that the her-
miticity of Hjy; in addition to the requirements (2.15) and (2.16) are sufficient conditions to

formulate the Hamiltonian of the EM field (2.13) in terms of the system and bath modes as [27]

Hyga = %Z [P;;PK + (D%Q;;Qd + %;/d&) [P,L(O))Pm((l)) + (DZQ;(@)Q’"(@)]
1

A
5;2 / d® Wi 1n(©)050n(®) +hc (2.17)
=Y onaay + ) / dowb}, (0)by () (2.18)
A m
1 .
+;; / doz Nox [Wx,m(w)aibm(co) + Vam(@)arbp (o) +h.c.] (2.19)

where Wy, ,,,(®) = (X |Hyt [Win (0)), Vi () = (0 | Hy [ Wi (®)), and ay, [by,(w)] is the annihilation
operator for the Ath system mode (the mth bath mode with frequency w).

The matrix elements Wy ,,,(®), V3 ,,(®) can be conveniently computed by following an
orthogonalization procedure of the free-continuum to the Ap subspace as discussed by Domcke
[28]. The latter relies on the calculation of the modes |y,,(®)) as scattering eigenstate solutions

of the Hamiltonian Hpp = Kpp 4+ Vpp. The latter can be written as

[E(k) — Kpp] |Wm(k)) = Vpp|Wm(k))

and its solutions are given by the Lippmann-Schwinger equation

(Wi (k) = X)) + [E (k) — Kpp £ in] ™' Vpp |y (k)

— 1K) 4+ G5 Vpp |y (K)) (2.20)

where Kpp|k®)) = E(k)|k(*)). The calculation of |y,,(k)) is eased with the introduction of so-
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called separable expansions for the potential Vpp ~ }; ; PV|y,~>Yl.7’j1 (vjIlVP.Y; j = (yilVl]y;), where
Plyi) = |vi), Olyi) = 0, and becomes exact when the potential is of the form V = ZIJ‘-/IZI i)l
The advantage of this expansion is that the integral problem (2.20) is rendered into an algebraic

one:

(mk)

m,k
v = (V) Z (k)

Z yn’VG Vb’i>Yi,_jl] 4

= (ya|V|k®) 4 an,,-v,."’*)
J

(m.k)

where we can solve for V") = (y,|V [W,u(k)), once we compute the matrix elements (y,|V [k(+))

and G, j, which in turn can be conveniently calculated by solving for Kpp|k(*)) = E(k)|k(*)).

2.2 Molecules in a confined EM environment

Having discussed a framework to formulate an EM environment in presence of dielectrics
as a sum of a system and bath contributions, a brief account on the theoretical formulation of
molecular DOFs is useful. For that end, a short summary of the approximations for the latter,
which permit a coarse-grained formulation of the models used throughout this dissertation, is

presented. Later, the scenario of molecules interacting with confined EM fields is addressed.

2.2.1 Molecular Hamiltonians

Considering a polyatomic molecule, the Hamiltonian operator of the latter has the general

form [20]

Hmol = Tel + Vel—nuc + Vel—el + Tnuc + Vnun—nuc (221)
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where T,; (T,,,.) is the kinetic-energy operator for the electrons (nuclei). The Coulomb electron-
electron, electron-nuclei and nuclei-nuclei interaction are included in V,;_.;, Voi—nue and Viye—nucs
respectively. The specific form of each term is unimportant for the purposes of this dissertation
and can be found elsewhere [20].

On the other hand, the so-called Born-Oppenheimer approximation (BOA), which relies
on the clear separation of time-scales of motion between electrons an nuclei, is of central relevance.
Under this approximation, many-body electronic stationary solutions are changed adiabatically as

a function of the nuclear coordinates, which allows us to have

|\|fa,M(r; R)> = Xa,M<R)¢a (l‘; R) Hyo1 |\|fa,M (l‘; R)> = Ea,MMIa.,M(r; R)> (2.22)

where r(R) denotes the coordinates of all the electrons (nuclei) of the molecule. In Eq. (2.22)

X.m(R) are time-independent solutions of [20]

Ha(R)Xa 01 (R) = [T + Ua(R)] Xt (R) = EXop1(R) (2.23)

and ¢, (r;R) are solutions of the electronic Hamiltonian that features a parametric dependence on

the nuclear coordinates R:

H, (R)q)a(r; R) = [Tel + Ver—nue + Vel—el] q)a (I‘; R) =k, (R)¢a(l'; R)

In Eq. (2.23) U,(R) is the effective potential generated by the mutual Coulomb interaction of the
nuclei and the interaction of the latter with the electronic charge distribution corresponding to
configuration R. In other words, the stationary nuclear wavefunctions under the BOA correspond
to the solutions of the time-independent Schrodinger Equation where the potential energy term
is given by the Potential Energy Surfaces (PESs) U,(R). In general, it is possible to perform an

harmonic approximation and normal mode analysis on the different PESs U, (R), which consists
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on carrying out the expansion

3NnuL )

around the global minimum nuclear configuration R@, for small deviations ARSla) = Rfla) —R,.

The molecular Hamiltonian is thus given by

3Nnuc

Huot % Y, | Ua(R') - Toie 5 ) KimAR ]|¢a><¢al

m,n

1
= Ua(R(a)) + 3 Z (pig + wﬁ,gQﬁgg)] |0a) (0l
‘E

=Y Hi(qa)|9a){9a| (2.24)

where the second line is obtained after introducing a linear transformation
-1/2
AR%I) = ZMn / A’(:I)qug,
3

that renders the vibrational Hamiltonian H,(R) in terms of the normal mode vibrational coordi-

nates g, .

2.2.2 Interaction with an EM field

To account for the interaction of molecules with a confined EM environment, the coupling
of charged particles (due to the electrons and nuclei of the former) to the latter, must be considered.
The discussion that follows is based on Ref. [30].

In the discussion that follows it is worthy to point out that the quantization of the EM
field outlined above was carried out within a macroscopic approach, as the microscopic details

of the dielectric structure that permits the EM confinement is unimportant. On the other hand,
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hereby the coupling between the molecules confined within a dielectric structure and the EM field
sustained by the latter, is treated within a microscopic formalism.
Considering an ensemble of identical molecules confined within a dielectric structure like

the one depicted in Fig. 2.1, the total Hamiltonian is given by [30]

1 2 1 qiq
H=Y — |p;—qg;A(r; — H, 2.25
;2% [pl qi (rz)] +2i§'j"”i_”'|+ rad ( )
1 qm,aqm,o 1 qm,09m’ o
= —[p~—q~A( —I—H d+ = + - ——— (2.26)
; 2m; l l " ;(x;x’ ‘rm o I'm, oc’| 2 m;nz oc,Zoc’ |rm,(x - rm’,oc’|
1
= Z % [pi - (]iA(ri)]z + Hyqq + Vintra + Vinter (2.27)
l' l

where p;, gi, m; and r; denote the momentum, charge, mass and position of particle i; and H,.4
is the EM Hamiltonian, taking into account the dielectric structure [see Eq. (2.17) for the one-
dimensional version]. The material variables satisfy [ri(a),rﬁ.ﬁ)] = [pga), pﬁB ) |=0, [rl((x), pE.B)] =
i0; jOq,p; O, B = x,y,z. In the second line of Eq. (2.25) we carried out a partition of the Coulomb
interaction between the charged particles that comprise the molecular ensemble, in terms of
the individual identities of the molecules which are indexed by the m, m’ labels. When this is
introduced, an intra- and inter-molecular Coulomb interaction term can be identified.

In view of the partition of the EM modes described above, the vector potential features a

system and a bath contribution:

A(r) = Ay (r) + Aparn(7)

Asys(r) = ; \ / %M [akzk + h'C']
M) =¥ / d(o\/7 (@)Tm(r,®) +h.c]

where we conferred back the vectorial character to the partitioned EM field described in the section
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above. We can partition the Hamiltonian (2.25) in a purely material, field and field-material part.

The latter corresponds to

where we used the fact that in the Coulomb gauge, which is the one considered here,

[p-A—A-plo(r) = —ihV - (Ad(r)) +ihA - Vo(r)

— —iR(V-A)9(r) =0

and it follows that p- A = A - p. H;;; can be significantly simplified as a result of the partition of the
vector field outlined in the section above. Depending on the platform on which the confinement
of molecules and EM fields is carried out, it is possible, as an approximation, to choose a finite
number of system modes and disregard the coupling of charges to the continuum of the bath [27],

such that

1
Z 2_ 2%’[’1’ ’ Asys +4q; A?ys]

i

However, the interaction in terms of the vector potential is inconvenient given that
optical experiments are given in terms of response to electrical fields. One way to represent the
Hamiltonian in terms of the latter is accomplished by introducing a canonical transformation to

the Hamiltonian ¢ He ™S, where

S= / driP(r) - Agy(r)

P(r) being the polarization field (which in classical EM theory corresponds to the induced average

dipole moment per unit volume upon the application of an external electric field) and it is defined
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according to

r) =Y Pu(r)
m
qua5 —rma) = Po(m,r) =V -Pu(r)  po(m,r) =Y qomd(r
o
where p,,(r) is the charge-density operator for molecule m, and po(m,r) is the charge-density at
the center of charge of the molecule, which for neutral molecules is zero.

In a quantum mechanical treatment, polarization can be framed in terms of the volume-
averaged adiabatic current of a dielectric in response to a slow turning-on of an external perturba-
tion. This current admits a multipolar expansion, and given the difference in length scales of the
system EM modes 7k ) (which at optical frequencies it is of the order of 500 nm) and the size

of molecules (in the order of tens of Angstroms), it is a good approximation to to keep only the

dipole contributions to polarization:

r)= Z.Um8<r —Ry) Mm = qu,a (B0 —Ru)
m o
Under the dipolar approximation, it can be shown [30] that the following relationships hold

iS —i§ =
e Pm,a€ P = Pm,o — Qm7(xAsys(rm7(x)

.4 .4 1 R .
e’saxe_’s = a), — i\ / 2_(% /dr3Pd(r) X (r)

ST,y y0 18 = il o) [P Br) R ) T )

~11,, P

where Ily; and P, are the system electric field and the dipolar polarization field operators,
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respectively. Thus, the light-matter Hamiltonian upon this unitary transformation can be written

as

e S H S — Z

m,0( n, Qo

przn,oc + Vintra + ‘/im‘er + H){ad

where

B)

1
H;ad = E/d’ﬁ [(Hsys +P[j(r>)2+B?ys] +H( d+

ra
1
T3 XY / dw [Wx,m(@Q;Qm(m) +h.c.}
m A
! - 1
- E/dr3 [Hgys +B?ys} —i—/dr3c IHSyS-P‘i(r>+E/dr3|Pai‘2+H£f(3

3 EL [ do[pintolonto cne]

Hr(fcz being the continuum photonic bath and its coupling to the system modes were also included

[see Eq. (2.17)].
Finally, we can write the total Hamiltonian in this dipolar gauge as

H= Hipor +Hm0l—light + Hyad

where

p;%@/(x + Vinter + Vintra

1
Hyor = Z D)

m,o m,o

= ZH,EZ:; + Vinter
m

1
Hmol—light = /dr3nsys Pji_(l’) +§/dr3|Pii_|2 (2.28)
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and the field-dependent part of the Hamiltonian is given by

Hyag = /dr M2+ B?] + - ZZ/dw Wi (©)0] O (®) + hec.

i=sys, bath

Further simplifications can be incorporated when we neglect the self-dipole coupling term
1 [dr3c2P|? in Eq. (2.28), which is relevant for scenarios where retardation effects are impor-
tant [31]. Furthermore, since this dissertation is focused on polariton platforms operating at optical
frequencies (where the energy of electronic transitions of organic molecules with high oscillator
strength lie) we can formulate the dipolar field in Eq. (2.28) in the electronic basis of the molecules
that constitute the molecular ensemble [see Eq. (2.24)]: tm = Yz (y%) |0a) (O] +h.c.> , (as-

suming a vanishing permanent dipole moment) to obtain

Hypor— light szgm Z M)a ¢b’+hc)<(1x a?&)

m a#b

. 1/2 1/2
where g =i (%) / [y%) AR ] W Ra) - [dr3 K (r) ~i(5%) / ,ug ) - €, (e) being the
polarization vector of the Ath system mode), is the single light-matter coupling. The scal-

ing of the latter with V—1/2, V being the volume spanned by the system modes 7% ~ V2

results after assuming that the length scales of the system electric field is such that it can

) V12 (m)

be considered homogeneous from the molecular perspective: y%) . YA(R [T

AaR)- [P (r) = VL [dr = 1.
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Chapter 3

Ground-State chemical reactions under the

ultrastrong coupling regime

3.1 Introduction

As introduced in Chapter 1, the advent of nano- and microstructures which enable strong
confinement of electromagnetic fields in volumes as small as 1 x 107723 [32], A being a charac-
teristic optical wavelength, allows for the possibility of tuning light-matter interactions that can
“dress" molecular degrees of freedom and give rise to novel molecular functionalities. Several
recent studies have considered the effects of strong coupling (SC) between confined light and
molecular states, and its applications in exciton harvesting and transport [33, 34], charge transfer
[16] and Bose-Einstein condensation [35, 36, 37] among many others.

Organic dye molecules are good candidates to explore SC effects due to their unusually
large transition dipole moment [38, 39, 40, 41]. The underlying reason for these effects is that the
SC energy scale is comparable to that of vibrational and electronic degrees of freedom, as well as
the coupling between them [14]; this energetic interplay nontrivially alters the resulting energetic

spectrum and dynamics of the molecule-cavity system. It is important to emphasize that in these
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examples, SC is the result of a collective coupling between a single photonic mode and N > 1
molecules; single-molecule SC coupling is an important frontier of current research [42], but our
emphasis in this chapter, and most of this dissertation, will be on the N molecule case. Since the
energy scale of this collective coupling is larger than the molecular and photonic linewidths, the
resulting eigenstates of the system have a mixed photon-matter character.

While prospects of photochemical control seem promising, it is still a relatively unexplored
question whether ground-state chemical reactivity can be altered via polaritonic methods, although
recently, George and coworkers have shown a proof of concept of such feasibility using vibrational
SC[7].

Along this line, ultrastrong coupling regime (USC) seems to also provide the conditions
to tune the electronic ground-state energy landscape of molecules and in turn, modify not only
photochemistry, but ground-state chemical reactivity. Roughly speaking, this regime is reached
when Q/hwp > 0.1, Q being the (collective) SC of the emitter ensemble to the electromagnetic
field and h®y the energy gap of the molecular transition [43]. Under USC, the “nonrotating"
terms of the light-matter Hamiltonian acquire relevance and give rise to striking phenomena such
as the dynamical Casimir effect [4, 44]and Hawking radiation in condensed matter systems [44].
Furthermore, recent experimental advances have rendered the USC regime feasible in circuit QED
[45], and molecular systems [46, 47], thus prompting us to explore USC effects on ground-state
chemical reactivity.

In this chapter, we address how this reactivity can be influenced in the USC by studying
a reactive model system consisting of an ensemble of thiacyanine molecules strongly coupled
to the plasmonic field afforded by a metal, where each of the molecules can undergo cis-trans
isomerization by torsional motion. The theoretical model for the photochemistry of the single
thiacyanine molecule has been previously studied in the context of coherent control [48]. As we
will show, the prospects of controlling ground-state chemical reactivity or nonadiabatic dynamics

involving the ground state are not promising for this particular model, given that the alterations of
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the corresponding PES are negligible on a per-molecule basis. However, we notice the existence
of salient quantum-coherent features associated with concerted reactions that might be worth

considering in models featuring lower kinetic barriers.

3.2 Theoretical model

To begin with, we consider a thiacyanine derivative molecule (Fig. 3.1c) and approximate
its electronic degrees of freedom as a quantum mechanical two-level system. To keep the model
tractable, this electronic system is coupled to only one vibrational degree of freedom R, namely,
the torsion along the bridge of the molecule (Fig. 3.1c) along which cis-trans isomerization
occurs. The mathematical description of the PES of the ground and excited states (Fig. 3.1a) as
well as the transition dipole moment as a function of the reaction coordinate (Fig. 3.1b) have

been obtained from Ref. [48]. The adiabatic representation of the electronic states is given by,

|g(R)) = cos[B(R) /2] |trans) + sin [B(R) /2] |cis) 3.1

le(R)) = —sin[B(R) /2] |trans) + cos [O(R) /2] |cis)

where |e(R)) and |g(R)) are the R-dependent adiabatic excited and ground state respectively.
|trans) and |cis) are the (R-independent) crude diabatic electronic states that describe the localized
chemical character of each of the isomers. The ground-state PES has a predominant trans (cis)
character to the left (right) of the barrier (6(0) = 0, 8(n) = m) in Fig. 3.1a.

Our USC model consists of a setup where an orthorhombic ensemble of thyacyanine
molecules is placed on top of a thin spacer which, in turn, is on top of a metallic surface that hosts
surface plasmons (SPs) [49] (see Fig. 3.2). The coupling between molecular electronic transitions

and plasmons in the metal give rise to polaritons that are often called plexcitons [50, 49]. The
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Figure 3.1: a) Adiabatic potential energy surfaces (PESs) of the ground and first excited elec-
tronic states of the thyacynine-like model molecule. b) Transition dipole moment (u(R)) of the
model molecule in the adiabatic basis. c¢) Thiacynine molecule. There exist two geometrical
isomers of the molecule, a cis- and a trans-like configuration. The cis-trans isomerization of
thiacynine-like molecules occurs via a photo-induced torsion along the bridge which connects
the aromatic rings.
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Figure 3.2: Plexciton setup. The model consists of a surface-plasmon (SP) metal layer whose
width W, can be considered infinite in comparison with the relevant length scales of the struc-
ture. The thiacynine molecular ensemble is separated from the metallic surface by a spacer of
width zo; the balls and sticks represent the molecules, while the arrows denote their transition
dipole moments. The molecular layer has a height W, and is extended along the x and y planes.

ensemble is comprised of NV, single-molecule layers. The location of each molecule can be defined
by the Cartesian coordinates n+ (0,0,z,) where n = (Any,Ayny,0) and z; = zo + A.s for the
s-th layer. Here, the spacing between molecules along the i-th direction is denoted by A;, and
20 is the width of the spacer (see Fig. 3.2). The Hamiltonian of the plexciton setup is given by

P? . ..
H =H, +T,,, where T,c =Y ; 27 1 the nuclear kinetic energy operator and

H,( thkakak+2 (he(Rn,s) — hdg(Rns)) b s(Rn,s)bn,s(Rns)

n,s

+ Zzgk,s n,s (akbn,s( ,s) + akbLs (Rn,s) + akbn,s (Rn,s) + altbLs(Rms)) 3.2)

+ ) hog(Ruy),

n,s

corresponds to the Dicke Hamiltonian [51]. Here alt (ag) is the creation (annihilation) operator
for the SP mode with in-plane momentum k which satisfies [ay, aL] = Ok k> and R = {Ry,} is an
N-dimensional vector that describes the vibrational coordinates of the N = NN,N, molecules

of the ensemble, where N; is the number of molecules along each ensemble axis. 70, (Rn,s)
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accounts for the ground-state energy of the molecule whose location in the ensemble is defined
by n and s. We introduce the (adiabatic R-dependent) exciton operator b;l s(Rn,s) (bns(Rny)) to
label the creation (annihilation) of a Frenkel exciton (electronic excitation) with an energy gap
h®e(Rn,s) — hg(Rn ) on the molecule located at n+ z;Z. The coefficients hwy and gﬂ’s (Rns)
stand for the energy of a SP with in-plane momentum k and the coupling of the molecule
located at n+ z;Z with the latter, respectively. The dipolar SP-matter interaction is described
by gv*(Rn,s) = hk(Rns)fi(zs), where hx(Rns) = —pin s(Rn,s) - Ex(n) is the projection of the
molecular transition dipole i, ((Rn,s) onto the in-plane component of the SP electric field Ex(n)
and fx(z5) = e "% is the evanescent field profile along the z direction, with 1 being the decay
constant in the molecular region (z > 0). The quantized plasmonic field Ek fx(zs) has been

discussed in previous works [50, 49, 52] and reads Ek(n) fi(zs) =/ %akﬁkeik'“(nkz +h.c.

K| 4

where € is the free-space permittivity, S is the coherence area of the plexciton setup, §i = k+ in 2

is the polarization and Ly is the quantization length. This last quantity determines the plasmonic
confinement length scale in the molecular region of the plexciton setup: for |k| ~ 0 the plasmon
field is light-like and spatially spans the whole molecular slab; on the other hand it monotonically
decreases for higher |k| values and the field is effectively coupled to a smaller number of
molecules.

Note that the parametric dependence of the exciton operators on Ry ¢ yield residual non-
adiabatic processes induced by nuclear kinetic energy that may be relevant to the isomerization
in question. We also highlight the fact that Eq. ( 3.2) includes both rotating (“‘energy conserv-
ing”’) terms (altbm s and akb;, s) Where a photon creation (annihilation) involves the concomitant
annhilation (creation) of an exciton; and counterrotating (“non-energy conserving”) terms ( agbn g
andalib; s) where there is a simultaneous annhilation (creation) of photon and exciton. These
latter terms are ignored in the widely used Rotating Wave Approximation (RWA) [53], where
light-matter coupling is weak compared to the transition energy. Since we are interested in the

USC, we shall keep them throughout.
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For simplicity, we assume that all the transition dipoles are equivalent and aligned along
X, Hp s(Rns) = (R s) = 1(Rn s)X; a departure of this perfect crystal condition does not affect the
conclusions of this chapter. Furthermore, it is convenient to first restrict ourselves to the cases
where all nuclei are fixed at the same configuration (R = R, which denotes Rns =R for all n
and s), so that we can take advantage of the underlying translational symmetry to introduce a
delocalized exciton basis where the in-plane momentum k is a good quantum number. The creation
operator of this delocalized state is defined by b;(R) = WZH Yo fx (zs)hk(R)bLS (R), and
the normalization squared is given by Ag(R) = ¥ ¥ |2k (R)|?| fic(z5)|> which, in the continuum
limit, can be seen to be proportional to p, the number density of the molecular ensemble. In this

collective basis, the previously introduced H,;(R) reads

Z hA(R Z hoxagax

DWIET ( R) + kb (R) + b (R) +afb’ (R)

(3.3)
+ ZHdark,k(R) + ZHunklapp,k (R) + NFLCOg (R)
k k
- ZHk (R) + ZHdark,k (R> + ZHunklapp,k<R) +thg (R),
K k k
where A(R) = ®.(R) — 0,(R) is the exciton transition frequency.
Hgark k(R) = hA(R)Pgark k (R) (3.4)

accounts for the energy of the (N, — 1)-degenerate exciton states with in-plane momentum k that do
not couple to SPs, and are usually known as dark states. The latter are orthogonal to the bright exci-
ton bli(R)\Gm(R» that couples to the SP field, where |G,,(R)) is the bare molecular ground-state
(bx(R)|G(R)) = 0). More specifically, Pgark k (R) = Lexc k (R) — blt (R)bk(R) is a projector opera-

tor onto the k-th dark-state subspace, with Iexe(R) = Yp b;j s(R)bns(R) = Yk bli J(R)bis(R) =
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Figure 3.3: Upper: Polariton dispersion that results from the interaction of a molecular en-
semble with the plasmonic field; we chose p = 1.0 x 10°um™3. Lower: Collective SP-exciton
coupling at equilibrium geometry /Ak(0) as a function of |k|, assuming u(R = 0) and k are
parallel to the x axis. We consider a slab with W, = 120 nm and compute couplings as a func-
tion of varying molecular densities p. The range of the resulting couplings is well above the
plasmonic linewidth of the order of 10 meV [50], indicating the polaritonic onset of strong and
ultrastrong light-matter coupling.

Yk Lexc k (R) being the identity on the exciton space, and b; J(R) = \/AIIX_N\ Y e*"k'“b;ﬂ’s(R). Fi-

nally,
Huaappx(R) = ¥ N q(R) <a§ LqDk(R) +af, b (R)+ h.c.) (3.5)

_(2mgx 2ngy
q=( AXA7T);)

stands for the coupling of excitons with momentum k to SP modes with momentum beyond the
first excitonic Brillouin zone. We also note that the normalization constant v/ Ak (R) in Eq. 3.3
is precisely the collective SP-exciton coupling. As mentioned in the introduction, the condition
\/m /RA(R) > 0.1 is often used to define the onset of USC [43], and it is fulfilled with the
maximal density considered in our model (see Fig. 3.3) taking into account that the largest hA(R)
is 3 eV (See Fig. 3.1a). We note, as will be evident later, that our main results do not vary
significantly by considering ratios \/m /BA(R) below the aforementioned threshold.

A Bogoliubov transformation [54] permits the diagonalization of the Bloch Hamiltonian
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Hy in Eq. 3.3 by introducing the polariton quasiparticle operators
&l (R) ~ o ax + Blbk(R) +vja’ | +8[b"  (R), (3.6)

where j = U, L and U (L) stands for the upper (lower) Bogoliubov polariton state. Notice that
this canonical transformation is valid for a sufficiently large number of molecules N, where the
collective exciton operators bk (R), bli (R) are well approximated by bosonic operators [55]. We
also stress that Eq. (3.6) is formally an approximate definition since it does not take into account

mixing with photonic modes beyond the exciton first Brillouin zone, as described in Eq. (3.5).

Eq. (3.6) is a good approximation.

The bare molecular ground-state with no photons in the absence of light-matter coupling
|Gn(R);0), (ak|Gu(R);0) = bk (R)|Gn(R);0) = 0 for all k) has a total extensive energy with
molecular contributions only (G,,(R);0|H,;(R)|G,,(R);0) = Nhim,(R). Upon inclusion of the
counterrotating terms, the ground-state becomes the dressed Bogoliubov vacuum |G(R)) 4, charac-
terized by &/ (R)|G(R))4 = 0 for all k and j, with total energy 4(G(R)|H,(R)|G(R))4 = Eo(R),

where the zero-point energy is given by

Eo(R) = Nhay(R

l\)lH

Z( Y, hojk( )—hmk—hA(R)>, (3.7)
=\ .

J=U,L

{ho; k(R)} being the eigenvalues of the Bogoliubov polariton branches given by

(AR))2+ o £/ (o +16 2(R
o, k(R) = X \/ K (R : (3.8)

The sum in Eq. 3.7 accounts for the energy shift from the bare molecular energy Nhg(R) due to

interaction with the SP modes of the different photonic Brilloun zones of the setup. Using Eq.
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(3.8), it is illustrative to check that this shift vanishes identically when the non-RWA terms are
ignored.
In order to obtain converged quantities in our calculations of Eq. (3.7), we captured the energetic
effects due to Hyuiapp k(R) by summing over SP modes beyond the first Brillouin zone. This
approach is justified in view of the large off-resonance between the bare molecular energy and
the double excited manifold of the system compared to the \/m magnitudes, which allows
for a perturbative treatment of the light-matter interaction part of Eq. (3.3). In the Appendix we
show that Eq.(3.7) can be approximated as a second order energy correction to the molecular
vacuum, non restricted to the first Brilloun zone.
A hallmark of the SC and USC regimes is the anticrossing splitting of the polariton energies at
the k value where the bare excitations are in resonance, A(R) = wk [56] (see Fig. 3.3).

It is worth describing some of the physical aspects of the Bogoliubov ground-state |G(R)) 4.
With the numerically computed wavefunctions, we can use the inverse transformation of Eq. 3.6

to explicitly evaluate its SP and exciton populations [54],

n! = 4(G(R)|afak|G(R))a = Y W%, (3.9a)
J

n* = 4(G(R)|bibk|G(R))a = ¥ |81, (3.9b)
J

which give rise to humble 0(10_3) values per mode Kk, considering a molecular ensemble with
p =3 x 108um=> and W, =120 nm; this calculation is carried out using N = 8 x 107, although
results are largely insensitive to this parameter as long as it is sufficiently large to capture the
thermodynamic limit. The consequences of the dressing partially accounted for by Eq. (3.9)
(partially since there are also correlations of the form ;(G(R)|bxa_x|G(R)),) are manifested
as energetic effects on |G, (R);0): Eg(R) — Nhimg(R) can be interpreted as the energy stored in

|G(R)), as a result of dressing; it is an extensive quantity of the ensemble, but becomes negligible
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when considering a per-molecule stabilization. For instance, in molecular ensembles with the
aforementioned parameters we find Eo(0) — Nhw,(0) = O(10%) eV, which implies a O(1073) eV
value per molecule; our calculations show that this intensive quantity is largely insensitive to
total number of molecules. This observation raises the following questions: to what extent does
photonic dressing impact ground-state chemical reactivity? What are the relevant energy scales
that dictate this impact?

With these questions in mind, we aim to study the polaritonic effects on ground-state single-
molecule isomerization events. To do so, we map out the PES cross section where we set one
“free" molecule to undergo isomerization while fixing the rest at R, ; = 0 . This cross section,
described by Eo(Rn,.0,0,---,0) = Eo(Rn,.0, 0 ) (Rn,.0 being the coordinate of the unconstrained
molecule), should give us an approximate understanding of reactivity starting from thermal
equilibrium conditions, since the molecular configuration R = 0 still corresponds to the global
minimum of the modified ground-state PES, as will be argued later. By allowing one molecule
to move differently than the rest, we weakly break translational symmetry. Rather than numeri-
cally implementing another Bogoliubov transformation, we can, to a very good approximation,
account for this motion by treating the isomerization of the free molecule as a perturbation
on H,(0). More precisely, we write Hyj(Rng.0,0)|G(Rng.0,))a = Eo(Rng.0,)|G(Rug.0,))as
where H,;(Rn, 0, 0') is the sum of a translationally invariant piece H,;(0) plus a perturbation due
to the free molecule,

He(Rng,0,0') = Hoy(0) +V (Rng 0)- (3.10)

The perturbation is explicitly given by
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V (Rug.0) = He(Rng 0,0") — Hy (0) (3.11a)

= HA(Rny.0)b: o (Rng.0)bng.0(Rng,0) — BA(0)b], (0)bny 0(0) (3.11b)

+ Z {gEO’O(Rn(),O) bno,O(Rn(),O) + bjlm()(Rn(),O)] (31 1C)
k

— gM0() [bno,o(o) + bLO’O(O)] } ax +aj (3.11d)

+ Tig (R 0) — g (0). (3.11e)

Notice that we have chosen the free molecule to be located at an arbitrary in-plane location ng
and at the very bottom of the slab at s = 0, where light-matter coupling is strongest as a result of
the evanescent field profile along the z direction.

Before showing the details of our calculation approach, we remark that a perturbative treatment
of the terms in Eq. (3.11b) is expected to fail in view of the dramatic change in character of
the ground state with R after the avoided crossing featured in the molecular energy landscape.
Fortunately, we can take advantage of the symmetries of the system which permit a perturbative
treatment in completely different electronic-character regions as long as we change the zeroth
order Hamiltonian properly. More specifically, we compute the energetic changes perturbatively
in the region R € [0,7/2] (R € [r/2,7]) pertaining to the reactant (product) by considering H,;(0)
(H,;(%)) as the zeroth order Hamiltonian. In the Appendix, we provide a more detailed analysis

of this symmetries and the validity of our approach.

Vo(Rng.0 € [7/2,7]) = Vi(Rny, 0 € [0,7/2)), (3.12)

under the permutation |trans) <+ |cis), where Vo(Rp, 0) i8
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We write an expansion of the PES cross section as
Rno 070/ ZE Rno 070/

where g labels the O(V?) perturbation correction. The zeroth order term is the Bogoliubov vacuum
energy associated to every molecule being at the equilibrium geometry Eéo) (Rng.0,0") = Eo(0) as
in Eq. (3.7). The O(V) correction corresponds to g (Rp,0) — ho,(0), merely describing the
PES of the isomerization of the bare molecule in the absence of coupling to the SP field. The
contribution of the SP field on the PES cross-section of interest appears at O(V?), and it is given
by

E@(Ry 0,0) ~ y (K1, i;k27{|V(Rn((3;))|G(())>d|27

ki <k Eo(0) — Ey, k, i

i,j=UPLP

(3.13)

where [ki,i;Kk, j) = &i:l (O)ﬁg (0)|G(0))4 and Elgl)kz i = M0k (0) + ®;k,(0)). As shown in
the Appendix, the approximation in Eq. (3.13) consists of ignoring couplings between |G(0))4
and states with three and four Bogoliubov polariton excitations, since their associated matrix
elements become negligible in the thermodynamic limit compared to their double excitation
counterparts. The remaining matrix elements can be calculated by expressing the operators
ax, ali, bny,0(Rny,0), bjno,o (Rny,0) in Eq. (3.11) in terms of the Bogoliubov operators ﬁ{((O), lij (0)
(see Eq. (3.6)), leading to

(ki, i;k27j‘V(Rn070) |G(6)>d = Fl (Rn070)Dkl <_8i—k10(‘lj<2 + 8i—k1’Y/—k2 - Bi{lyl—kz + Bi{la’le)
+ F*! (Rn,,0)Dx, (‘5]4(20‘{(1 +8 Yk, B, Yok, + B{Qaiq) ;

(3.14)

where FX(R) = cos(G(R))gﬂo’o(R) - cos(G(O))gﬂo’O(O) depends on the mixing angle that describes
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the change of character of bLO o(R) as a function of R (see Equation (3.1)); it emerges as a

consequence of coupling molecular states at different configurations. The prefactor

" - 1 1 — e—2MKA;
Dic = (Gn(R):0} g o 00 0) G (R):0) = [ 1= e
xtVy

accounts for the weight of a localized exciton operator in a delocalized one, such as the participa-

tion of bio70(0) in bli (0). Eq. (3.14) reveals that the maximal contribution of each double-polariton

Bogoliubov state to the energetic shift of the considered PES cross section E(Ry, 0, 0') is of the
°"(0)
order of =k

/NN,

Eq. 3.13 by means of an integral approximation over the polariton modes k.

. Considering macroscopic molecular ensembles with large N = 107, we computed

3.3 Results and discussion

3.3.1 Energetic effects

We carry out our calculations with p in the range of 10° to 10° molecules um > keeping
W, = 120nm (see Fig. 3.4); to obtain results in the thermodynamic limit, our calculations take
N = 8 x 107, even though the exact value is unimportant as long as it is sufficiently large to give
converged results. The results displayed in Fig. 3.4 show that the second order energy corrections
to the isomerization PES E(?) (Rny.0, 0 ), and in particular E 2 (Rny0 = R0/ )~ —0.25meV, are
negligible in comparison with the bare activation barrier E, = htg(R*) — h4(0) = hwg(R*) ~ 1.8
eV, where R* ~ 1.64 rad corresponds to the transition state. From Fig. 3.1b, we notice that there is
a substantial difference in SP-exciton coupling between the equilibrium (Ry, o = 0) and transition
state geometries (Ry, 0 = R*). Since the perturbation in Eq. (3.11) is defined with respect to the
equilibrium geometry, |[E®?) (Rng.0,0')| maximizes at the barrier geometry.

To get some insight on the order of magnitude of the result, we note that the sum shown in Eq.
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3.13 can be very roughly approximated as

(g (Ru0) D, + [g160" (Rny 0)2 Dy,
k) <k, (hoy, + ho, ) /2 + hoe(Rn,0)

[ 1 (80 (Rnp,0))2 + [ <Rno,o>12]

E®(Ryy0,0)=0 |-

N Ny K, <k, (h('okl + hdg, ) /2 + hoe (R 0)

h(Dk + ﬁ())e( no, ())

_0 _ Z Rn, 0)]? ] (3.15)

= O (ELs(Rny0)) -

In the first line, we used the fact that
o o 0 70 )
(k1,i:k2, 1V (R 0)|G(0))a ~ [gh° (Rng.0)]* DR, + (810" (Rny.0))*DF,

and averaged the Bogoliubov polariton excitation energies. In the second line, assuming that

the k > 0 values contribute the most, we have Dk ~ . Finally, in the third line, we have

1
NNy
used the fact that the sum of terms over K,k is roughly equal to NN, times a single sum over
k of terms of the same order. The reason why we are interested in the final approximation is
because it corresponds to the Lamb shift of a single isolated molecule, which can be calculated to
be E75(0) = 0.16meV. Typically, Lamb shift calculations require a cutoff to avoid unphysical
divergences [57]; we stress that in our plexciton model, this is not necessary due to the decaying
| gno’ (Rny.0)| as a function of [K|. The fact that the corrections E(?)(Ry, 0,0’) have a similar order
of magnitude to single-molecule Lamb shifts give a pessimistic conclusion of harnessing USC to
control ground-state chemical reactions.

We have, however, from calculations in Fig. 3.4, that there is variability in £ (2) (Rno./o, 0’ )
as a function of molecular density (since density alters the character of the Bogoliubov polaritons),

although the resulting values are always close to E;s(0). The molecular density cannot increase

without bound, since there exists a minimum molecular contact distance determined by a van der
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Figure 3.4: (a) Second order energy correction E(?) (Rn0,076/ ) of PES for one molecule iso-
merizing along the torsional coordinate Ry, o; the rest of the molecules are fixed at the equi-
librium geometry. Calculations are displayed for various densities p, keeping W, = 120 nm.
Energy corrections are due to SP-exciton (see Eq. 3.13). Note also that the energy scale of
in comparison with the energy barrier of the reaction (see Fig.
3.1a). (b) Same plot as in (a), but for the 2D-ground-isomerization PES of two molecules,
keeping the configuration of the other molecules at equilibrium (E®)(Ry, R, ¥)|); the density

this correction is negligible

p = 3 x 103 molecules /um’.

Waals radius of the order of 0

p ~ 10'%molecules /um?>.

The results discussed so far describe the energy profile of the isomerization of a single
molecule keeping the rest at equilibrium geometry. It is intriguing to inquire the effects of the SP
field in a concerted isomerization of two or more molecules, while keeping the rest fixed at equi-
librium geometry. Generalizing Egs. (3.11)—(3.14) to a two-molecule perturbation V (Rp, 0,Rn, 0),
we computed the second order energetic corrections to the 2D-PES that describe the isomerization

of two neighbouring molecules at ng and at n| = ng + A,X, keeping the other molecules fixed at
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.3nm for organic molecules [58], giving a maximum density of
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Rn s = 0. The results are reported in Fig. 3.4 for p =3 x 103 molecules /um?, although outcomes of
the same order of magnitude are obtained for the other densities considered in the one-dimensional
case. The two-dimensional PES cross-section E(2) (Rny,0,Rn;0,0,---,0) = E® (Rno’O,Rnl.,o,()’)
shows the existence of an energetic enhancement for the concerted isomerization with re-
spect to two independent isomerizations, i.e. E (2) (Rny0 =R*,Rn, 0 = R*,0/ ) ~ 4E 2 (Rny0 =
R*, 0 ). This enhacement is due to a constructive interference arising at the amplitude level,
(K1, isk2, jIV (Rug.o = R*Ruy0 = RY)|G(8))a ~ 2(k1,i:Ka, jIV (Rng0 = R*)|G(8))4 for values
of ki, ky < ALX’ such that the phase difference between the isomerizing molecules is negli-
gible. Interestingly, choosing the neighbouring molecules along the x direction is important
for this argument; if instead we consider neighbours along z (molecular positions ny and
ng + A;Z), these interferences vanish and we approximately get the independent molecules
result E?)(Ryy 0 = R*,Rny.1 = R*,0') =~ 2E?)(Ry, 0 = R*,0V).

In light of the nontrivial energetic shift of the two-molecule case, it is pedagogical to
consider the SP effects on the cross-section of the concerted isomerization of the whole ensemble,
even though it is highly unlikely that this kinetic pathway will be of any relevance, especially
considering the large barrier for the isomerization of each molecule. Notice that the conservation
of translational symmetry in this scenario allows for the exact (nonperturbative) calculation of
the energetic shift Eo(R) — Nhw,(R) by means of Eq. 3.7. Our numerical calculations reveal
an energetic stabilization profile, which is displayed in Fig. 3.5 for a molecular ensemble
with p =3 x 108 molecules ,um’z’. As expected, we observe a stabilization of reactant and
product regions of the ground-state PES. This is a consequence of the transition dipole moment
being the strongest at those regions, as opposed to the transition state, see Fig. 3.1b. However,
even though these energetic effects are of the order of hundreds of eV, they are negligible in
comparison with the total ground-state PES Nhw,(R), or more specifically, to the transition
barrier NE, = Nho,(R*) for the concerted reaction.

Importantly, the change in activation energy per molecule in the concerted isomerization
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Figure 3.5: Main: profile of the energy stabilization of the concerted isomerization (Es(R) =
Eo(R) — Nha,(R), see Eq. 3.7) of the whole molecular ensemble discussed in the main text,
due to the interaction with the plasmonic field. We consider a molecular macroscopic ensemble
(N = 8 x 107) with density p = 3 x 108 molecules/um?>. Inset: molecular-density dependence
of the the energy shift of the energy barrier per molecule |AE,| (see main text) due to the

plasmonic field, in this concerted scenario.

with respect to the bare case |AE,| = ‘ <M — Ea>

N ~ 0.009 meV is more than one order

of magnitude smaller than the corresponding quantity of 0.025 meV for the single-molecule
isomerization case, see Fig. 3.4 and inset of Fig. 3.5. We believe that the reason for this trend
is that the isomerization of n molecules, n < N, translates into a perturbation which breaks the
original translational symmetry of the molecular ensemble. This symmetry breaking permits the
interaction of the molecular vacuum with the polaritonic k-state reservoir without a momentum-
conservation restriction. This is reflected in Eq. 3.13, where the sum is carried out over two not
necessarily equal momenta. In contrast, in the case of the concerted isomerization of N molecules,
the translational symmetry of the system is preserved, which in turn restricts the coupling of the
vacuum |G(0))4 to excited states with Kex. = —Kphot-

Another intriguing observation is that, for this concerted isomerization, the SP energetic
effect per molecule %ﬁ) diminishes with the width of the slab W,. This is the case given that the

SP quantization length Ly decays quickly with |k| so that only the closest layers interact strongly

with the field. When we divide the total energetic effects due to the SP modes by N = N.N,N,,
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we obtain that %ﬁ) = O(Niz) for large W..

The energetic shifts in all the scenarios discussed above are negligible with respect to
the corresponding energy barriers and the thermal energy scale at room temperature which,
unfortunately, signal the irrelevance of USC to alter ground-state chemical reactivity for this
isomerization model. Although there is an overall (extensive) stabilization of the molecular
ensemble ground state, this effect is distributed across the ensemble, giving no possibility to
alter the chemical reaction kinetics or thermodynamics considerably. However, we highlight the
intriguing interferences observed in the concerted isomerization processes. Even though they
will likely be irrelevant for this particular reaction, they might be important when dealing with

reactions with very low barriers, especially when considering that these concerted pathways are

combinatorially more likely to occur than the single-molecule events in the large N limit.

3.3.2 Effects on non-adiabatic dynamics

Finally, we discuss the importance of the nonadiabatic effects afforded by nuclear kinetic
energy. Previous works have considered the nonadiabatic effects between polariton states at
the level of SC [14, 59]. Alternatively, the consideration of nonadiabatic effects in USC for a
single molecule in a cavity was provided in Ref. [60]; here, we address these issues for the
many-molecule case and consider both polariton and dark state manifolds. One could expect
significantly modified non-adiabatic dynamics about nuclear configurations where the transition
dipole moment magnitude |un s(Rn )| is large, given a reduction in the energy gap between the
ground and the lower Bogoliubov polariton state. However, as we show below, this energetic
effect is not substantial due to the presence of dark states.

We consider the magnitude of the non-adiabatic couplings (NACs) for the isomerization

of a single molecule with reaction coordinate Ry, o. For a region about R = 0, we estimate the
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magnitude of the NAC between |G(0))4 and a state |k, i) = Q(O)|G((~))>d as:

0 ~
s (0] = |l GO (.16)

0

~ Bk (en0(0) |

8ng.0 (0)>‘

where |gn,.0(0))(|en,y,0(0))) is the ground (excited) adiabatic state of the single molecule under
consideration (see Eq. (3.1)) and we have ignored the derivatives of Bi( and Dy with respect to
Rnu, 0, assuming they are small at R = 0, where the chemical character of the Bogoliubov polariton
states does not change significantly with respect to nuclear coordinate. This is a consequence
of the slowly changing transition dipole moment of the model molecule around Ry, o = 0, see
Fig. 3.1b. Notice that we have also assumed (k, i|en, 0(0)) ~ Bi Dk, where we have used the
fact that [3{( > 'y’l'(, thus ignoring counterrotating terms, which as we have seen, give negligible
contributions. The time-evolution of a nuclear wavepacket in the ground-state will be influenced
by the Bogoliubov polariton states, each of which will contribute with a finite probability of
transition out of ‘G(())>d. From semiclassical arguments [61], we can estimate the transition

probability |Ci (0)|? for a nuclear wavepacket on the ground-state PES at R = 0 to the state [k, i),

hvnucAk,i;g (O) 2

G (0)]> = 'hw,k(o) — hoog(0)
B ' hvnucB{(Dk
| 710; (0) — hioog (0)

no,0 (0)>

(3.17)

2

2
X

I

<e“°’ o) ‘aRioo

vaue being the expectation value of the nuclear velocity. However, the Bogoliubov polariton
k-states are only a small subset of the excited states of the problem. As mentioned right after Eq.
3.3, the plexciton setup contains N; — 1 dark excitonic states for every k (eigenstates of Hark k(0),

see discussion right after Eq. 3.3); we ignore the very off-resonant couplings considered in
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Huniappk (0). The dark states also couple to ‘G(f))) 4 non-adiabatically, with the corresponding

transition probability out of the ground state being,

G () ~ % hvnu;;zlzg);g(()) ? (3.18)
~ Phare(0) (N:Ny y Dk,z) 7
Here, we have summed over all dark states Q for a given k and used
Ve | J ?
Pre0) = ||| enso ) o mol0)) a.19

to denote the probability of transition out of the ground state in the absence of coupling to the

SP field. In Eq. (3.18) we used the fact that the projection |eq, 0(0)) onto the dark k manifold

2

) . 2

of exciton states is |Pdark7k(0)|en070(0))‘ = (€ny,0(0)Texc k(0)|eny,0(0)) — |Dk|2 = leNy — |Dx
with Pgari k(0) being the corresponding projector (see Eq. (3.4)). We noticed that when |k| — 0,
the quantization length Ly of the plasmonic field spans all the molecular-ensemble volume

resulting in completely delocalized bright and dark exciton states across the different layers

2 . . : o
of the slab, ene0(0))|” = N1 “and the dark states give the major contribution to the

N

Piark k
nonadiabatic dynamics. On the other hand, when |k| — oo, the plasmonic field interacts with the

molecular layer at the bottom of the slab only and ‘Pdark7k €ny,0(0)) ’2 — 0. The dark states do

not participate, because the molecule located at ny only overlaps with the bright state which is
concentrated across the first layer of the slab (the dark states, being orthogonal to the bright one,
are distributed in the upper layers, and do not overlap with |ep, 0)). With these results, we can

compute the probability of transition out of the ground-state P,,; as

Pou(0) = X | LICLO)2 + ]G (0) 2. (3.20)
|2

1
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In view of the large off-resonant nature of most SP modes with respect to ZA(0) (see Fig. 3.3)
and Eq. (3.18), we have Y;|Ci (0)|* & Ppare(0)|Dk|?, such that Pyy (0) & Phare(0). In our model,
this is the case, since the plexciton anticrossing occurs at small |k| and the SP energy quickly
increases and reaches an asymptotic value after that point (see Fig. 3.3). Using the parameters in
Ref. [48], we obtain (e(Rn,0)| alfm |8(Rny,0)) =~ 0.01 A_l, where we have assumed an effective
radius of 1 A for the isomerization mode of the model molecule. We get an estimate of v, ~ 1A
Onie = 1Ay/5 = 91010 As " using kg = 8.62 x 109eVK", T = 298K and m = 2.5amu
A% Finally, applying A(0) = 3 eV gives Pyu.(0) ~ 1077, which is a negligible quantity. A more
pronounced polariton-effect is expected close to the PES avoided crossing. However, the rapid
decay of the transition dipole moment in this region (see Fig. 3.1a) precludes the formation
of polaritonic states that could have affected the corresponding nonadiabatic dynamics. To
summarize this part, even when the USC effects on the nonadiabatic dynamics are negligible for
our model, the previous discussion as well as Eq. (3.20) distill the design principle that controls
these processes in other polariton systems: the plexciton anticrossings should happen at large k
values to preclude the overwhelming effects of the dark states. This principle will be explored in
future work in other molecular systems.

The negligible polariton effect on the NACs, and the magnitude of the energetic effects on
the electronic energy landscape are strong evidence to argue that the chemical yields and rates of

the isomerization problem in question remain intact with respect to the bare molecular ensemble.

3.4 Conclusions

We showed in this chapter that, for the ground state landscape of a particular isomerization
model, there is no relevant collective stabilization effect by USC to SPs which can significantly
alter the kinetics or thermodynamics of the reaction, in contrast with previous calculations which

show such possibilities in the Bogoliubov polariton landscapes [15, 16]. The negligible energetic
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corrections to the ground-state PES per molecule can be approximated and interpreted as Lamb
shifts [57] experienced by the molecular states due to the interaction with off-resonant plasmonic
modes. The key dimensionless parameter which determines the USC effect on the ground-state
PES is the ratio of the individual coupling to the transition frequency ggs /hA. This finding is
similar to the conclusions of a recent work [14, 62]. In particular, it is shown in Ref. [62]that the
rotational and vibrational degrees of freedom of molecules exhibit a self-adaptation which only
depends on light-matter coupling at the single-molecule level. Therefore, more remarkable effects
are expected in the regime of USC of a single molecule interacting with an electric field. To date,
the largest single molecule interaction energy achievable experimentally is around 90 meV [42]
in an ultralow nanostructure volume. This coupling strength is almost two orders of magnitude
larger that those in our model. Also, previous works have shown [45, 63] that this regime is
achievable for systems with transition frequencies on the microwave range. Additionally, the
experimental realization of vibrational USC has been carried out recently [47]. The latter also
suggests the theoretical exploration of USC effects on chemical reactivity at the rotational or
vibrational energy scales, where the energy spacing between levels is significantly lower than
typical electronic energy gaps.

We highlighted some intriguing quantum-coherent effects where concerted reactions can feature
energetic effects that are not incoherent combinations of the bare molecular processes. These
interference effects are unlikely to play an important role in reactions exhibiting high barriers
compared to kgT. However, they might be important for low-barrier processes, where the number
of concerted reaction pathways becomes combinatorially more likely than single molecule
processes. On the other hand, we also established that, due to the large number of dark states in
these many-molecule polariton systems, nonadiabatic effects are not modified in any meaningful
way under USC, at least for the model system explored. We provided a rationale behind this
conclusion and discussed possibilities of seeing modifications in other systems where the excitonic

and the electromagnetic modes anticross at large k values. To conclude, the present work
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highlights the limitations but also possibilities of USC in the context of control of chemical
reactions using polaritonic systems.

This chapter, in full, is adapted from the material as it appears in “Can ultrastrong
coupling change ground-state chemical reactions?” Martinez-Martinez L. A., Ribeiro R. F,,
Campos-Gonzalez-Angulo J. and Yuen-Zhou J. ACS Photonics, 5, 167 (2018). The dissertation

author was the primary investigator and author of this material.
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Chapter 4

Polariton-assisted Singlet Fission in Acene

Aggregates

4.1 Introduction

Singlet fission (SF) is a spin-allowed process undergone by select materials that permits
the conversion of a singlet exciton into a triplet-triplet (TT) state with an overall singlet character,
which later decoheres and forms two triplet excitons. This process has been used to enhance
the efficiency of organic solar cells [21, 64] by allowing a single absorbed photon to produce
more than one exciton. This subsequently increases the external quantum yield, which is defined
as the number of charge carriers produced per absorbed photon. In this chapter we explore the
influence of strong light-matter coupling (SC) on the TT yield of acenes. As discussed in previous
chapters, this regime can be achieved at room-temperature, for example, in optical microcavities
enclosing densely packed organic dyes. Under these conditions, the energy of interaction between
the microcavity photonic modes and the molecular degrees of freedom of the material is larger
than their respective linewidths.

By developing a microscopic model for the relevant dynamical processes, we address the
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effects of SC on the TT yield in aggregates of acene dyes (tetracene, pentacene and hexacene)
and determine the important molecular parameters that rule this yield. Our starting point is a
kinetic model based on a Pauli master equation formalism to describe the population dynamics of
the states that take part in SF [65]. We then use this model to elucidate the circumstances under

which polaritons can enhance SF under realistic dissipative conditions.

4.2 Theoretical model

We consider a simplified one-dimensional acene aggregate comprised of N identical
molecules emdedded in a microcavity and strongly interacting with a single electromagnetic

mode supported by the latter. The Hamiltonian of the model is given by

H=Hs+Hg+Hs_p+H,+H, s+Hrr+Hrr_p+Hrr_s, 4.1)

where Hg (Hrr) is the electronic singlet (TT) molecular Hamiltonian of the aggregate given by

(h=1)

Hs =} ®c|n){n], (4.22)
n
N—1
Hrr = Y, Or7|T L) (T T, (4.2b)
n=0

where |n) is a localized singlet (Frenkel) exciton [66] at the nth site (molecule), and |7, T+ 1)
denotes a TT state delocalized over sites n and n+ 1. Here ®, = @, + Y ; (x),?»éi (07 = Oy +
2y, 0),?»%7,.) is the vertical singlet (TT) excitation frequency, where ®, (077) and As; (A7 ;) are the
0-0 excitation frequency and the square root of the Huang-Rhys factor [20] for the ith vibrational

mode coupled to the transition |G) — |n) (|G) — |T,,T,+1)), respectively, and|G) is the state
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corresponding to all molecules in the electronic ground state. Hg =}, ; (oib:l ibn,i accounts for
the vibrational degrees of freedom of the ensemble, where bj; ; (bp,;) 1s the creation (annihilation)
operator of the i-th harmonic vibrational degree of freedom with frequency ®; on site n. The

singlet (TT) vibronic couplings are encoded in Hs_p (Hr7—p), given by

Hs_ B—Z|n n|o;As i(bni+h.c.), (4.3a)
N-1
Hrr p= Y LT ) (T T
n=0
x Y A7 i (bni+ bug1,i+h.c.). (4.3b)
i

The singlet-TT electronic coupling is (assuming periodic boundary conditions |7 Tp) =

| Tn—1T0)): [67]

Vi N—1
Hrr_s = T; N Z [(\TnTnHH\Tn,lTn>)<n|+h.c. ) 4.4)
n=0

Finally the photonic degree of freedom is included in H, = mpha‘ua where a'(a) is the creation
(annihilation) operator of the cavity photonic mode. Its interaction with the singlet excitons is

described by the light-matter Hamiltonian

H, s= Zg(aT|G> (n]+h.c.)

n

— V/Ng(a'|G) (k= 0] +h.c.) (4.5)

- %(a*m (k=0]+he.)

where in the second line we have introduced a delocalized Fourier basis for the singlet excitons

k) = \/LNZH e n) k=" m=0,1,2,...,N—1. The v/Ng term in (4.5) is the collective
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Figure 4.1: a) Bare triplet-triplet (red) and singlet (blue) vibronic energies of the different
molecules considered. From left to right: tetracene, pentacene and hexacene. For clarity only
the vibrational mode with highest frequency is shown. The SF dynamics is schematically
shown for bare case (b) and the SC scenario (c). In (c) the fastest decay constant o, ~ 100 ps~!
is due to vibrational relaxation, v is the dressed SF rate, x is the cavity-photon leakage rate
and f (f-) is the exciton fraction in the upper (lower) polariton. k is the singlet fluorescence
decay rate. Continuous arrows denote radiative decay. Thicker lines indicate larger density of
states. Approximate SF and relaxation rates for pentacene interacting with a resonant photonic
mode are included. The decay timescale for the triplet-triplet state is significantly longer than
the timescales considered here.

light-matter coupling and € is the so-called Rabi splitting. Importantly, the singlet excitons are
optically bright, in contrast to the dark TT states [67]. Because of this property, our model does

not feature a TT term analogous to Eq. (4.5).

In our approach we consider the reduced population dynamics of the manifold of TT
states ({|7,T,+1)}), the two polariton states (|£)) and the so-called dark states ({|d) = |k # 0)})

that emerge from SC (see Fig. 4.1), where

[+) = gl G) @[ 1pn) +cielk = 0) @ [0p), (4.62)

=) = lG) ® L) + il = 0) @ [0,n). (4.6b)
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with (zeroth-order) eigenenergies given by

& = 2
W, + 0, — 0
"’i:Tphi\/(Tph) + (Ve @D

In Eq. (4.6), |np) is the state with n photons in the photonic space and [+) (|—)) is the upper
(lower) polariton state. Meanwhile, Cfpth and cZ. are the Hopfield coefficients for the photon and
exciton components of the polariton states [5]. The reduced dynamics is described by means
of a Pauli master equation derived using the Redfield formalism under the secular and Markov

approximations [65] (see SI). The kinetic model can be summarized by the following equations,

0 PL(t) = —f+ x(@:p) (N—1)PL+ fy “("]’\fi> pigral (4.82)
_fiY(w]T\[T7i)( N)PL+ fr V(o TT)Ptotal

— (fike(0) + fLhkphor) Ps,

o, P total() fra(oip)Py — f+ <0])\;)+)Ptoml 4.8b)
+ oo p)p. — 290 prora

N

total

—Y(or7p) Py +Y(0p 1) PI%

- kC(O‘)D)PZDoml7

w
3, Pl () = fiy(orr 4 )Py _f+w})total (4.8¢)

—Y(0p,r7) P 4 y(wrr p) PR

0_
+ fy(orr_)P- — f- WO-r7) ]V’TT)P?T’“Z ,
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Table 4.1: Summary of bare material-dependent parameters. The values for % and AG =
Or7 — ®, were taken from [64]. Based on these, we calculate the bare SF rates kgr and bare
TT yields €77. Importantly, €77 is calculated assuming that SF competes with the fast singlet
decay process (charge production) kcr = 17 ps~!, discussed in the main text.

| Molecule | Vrr_s/2 (meV) | AG (meV) | ksr (ps ") | err (%) |

Tetracene 41.5 150 0.01 0.01
Pentacene 42 -110 17 100
Hexacene 22 -630 6 48

where P, (t) (P_(t)) is the population in the |+) (|-)) state and Pi'e (Pi%%(t)) is the total
population in the dark (TT) state manifold. ff = ]c;fhlz and fi = |cE|? ; wp = @, and Oy, =
®,; — 0. In Eqs. (4.8a)-(4.8c), we phenomenologically introduce the rate constant k.(®) to
account for the contribution to the decay rate of the dressed states due to their singlet exciton
fraction. k.(®) can be for instance radiative relaxation of the singlet to the ground electronic state
via modes that are weakly-coupled to light (e.g. leaky modes or surface plasmon-polaritons in
DBR and metal cavities, respectively), non-radiative decay, or its conversion into charges at the
interface with charge acceptors, which is the case in donor-acceptor blends used for organic solar
cells. The various cases are treated in more detail below.

The o(w) transfer rates appearing in Eqs. (4.8a)-(4.8c) are calculated in terms of a
spectral density and thermal populations at frequency ®. The y(®) rates are computed by means
of a Bixon-Jortner-like [68] equation adapted to the SC regime. For sake of simplicity, in the
calculation of the latter the vibrational bath is treated by using an effective high (low) frequency
o), (1)) that satisfies @y, > 1 /B (@; < 1 /), to which we associate a so-called inner (outer) sphere
reorganization energy [69]. We refer the reader to the SI for details of the derivation and other
relevant parameters employed in the calculation of a(®) and y(®). Finally, AG = 071 — ., and
Vrr_s/2 are treated as material-dependent; they are taken from Ref. [64] and are summarized in

Table 4.1.
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4.3 Discussion of results

We first consider the population dynamics of bare (cavity-free) systems containing one of

the acene molecules,

d}:jt(t) = _(kSF +ke(wp))Ps(t) +krpPrr(t) (4.92)
dP;;(t) = kspPs(t) — krrPrr(t) 4.9b)

where Ps(t) (Prr(t)) is the population of the singlet (TT) electronic state of a given acene, kgr is
the bare SF rate, and k7F is the bare triplet fusion rate, which corresponds to the reverse process to
SE. ksr and k7F are calculated by means of the Bixon-Jortner equation [68], with the parameters
in Table (4.1). For all cases we compute Ps(¢) and Prr(t) assuming Ps(0) = 1, Prr(0) = 0 (see

Fig. 4.2). Under these conditions, we define the TT yield

err(t* > 0) = 200% x Prr(t*) (4.10)

as the relevant figure of merit for our subsequent analysis where t* was chosen to reach a stationary
Prr(t) value for pentacene and hexacene. We notice that when k.(®) = ks = O(107%#) ps~! (
fluorescence rate) pentacene an hexacene are expected to exhibit a 200% TT yield in view of
ksp > k¢ and krp = eBAGkSF < ks (detailed balance, where B is the inverse temperature). This
contrasts with tetracene, in view of its higher TT energy compared to the singlet, i.e. O77 > ®,,
so that ksr < k7r and the TT population decays to zero for long ¢). The experimental TT yield
of tetracene is well above zero [70, 71], which is in contrast with our findings (see Fig. 4.2). The
reason is that the mechanism that leads to this unexpected yield is not considered in our model
and related to entropic gain [72]. We opted to analyze the results that follow from our model,

which should be valid in a similar energetic singlet and TT arrangement and in the absence of the
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Figure 4.2: Time evolution of populations in the singlet (blue) and TT electronic states (red)
of the molecules considered in this chapter in the bare case. We consider the initial conditions
that follow from pumping the singlet state at t = 0 (Ps(t = 0) = 1Pr7(t = 0) = 0), for all the
molecules in question. Inset: time evolution of Pry(t) for tetracene.

aforementioned entropic mechanism.

In organic solar cells TT yield is typically below 200% because the processes of singlet
migration and charge separation are fast enough to compete with kgr [21]. To consider a similar
situation, we assume that the singlet state quickly decays to a charge-transfer state. In our model,
this would correspond to a scenario where there is a charge-acceptor next to each of the acene
molecules of the chain. For simplicity and for the purpose of showing the possibilities of control
of TT yield by polaritonic means, we assume k.(®) = 8¢, wkcr, (3;,; being the Kronecker delta
function) where kcr is equal to the bare pentacene rate ksr = 17 ps~!. The form introduced
for k.(®) is approximately correct as long as the spectral density describing the singlet-charge-
transfer state is peaked around ®p and decays quickly with ®. The aforementioned kcr value is
experimentally reasonable as it has been observed in solar cells with a thin slab of SF material
[21].

We use Eq. (4.10) to compute the €77 values summarized in Table 4.1 in the presence of
kct. Our definition of yield is thus different from that obtained in steady-state, but follows the
spirit of many experiments that measure SF using time-domain spectroscopy techniques.

Turning now to the polariton-assisted SF case, the non-trivial dynamics that emerge are

due to differences in the density of states (DOS) between the polariton and exciton manifolds, as
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Figure 4.3: TT yield as a function of A/®;, = (0, — ®,)/®, and Q/®;, featured by a) tetracene,

b) pentacene and c) hexacene. The upper (lower) plot considers the initial conditions of pump-

ing the upper (lower) polariton, i.e. P, (0) = 1,P,+1(0) =0 (P_(0) =1, P,._(0) =0) .
well as to the photonic character of each polariton state. These traits are encoded in the prefactors
S, fi, N and 1/N in Egs. (4.8a)-(4.8¢c). Notably, in the N > 1 limit, the transfer rates from
Pl and P4 to the polariton manifold are largely suppressed. This is a consequence of the
large DOS of the former (which act like a population sink) and the small DOS of the latter (which
is spectrally isolated). The reverse transfers are fast as they have single-molecule relaxation
scalings and correspond to going info the population sink. Similar findings are reported in Ref.
[73], in the context of the dynamics of molecular vibrations under the SC regime and in [12, 13]
for exciton polaritons. Therefore, once population reaches the dark and TT states, it is no longer
transferred to the polariton manifold, and the subsequent dynamics is determined by transfer rates
between dark and TT states. We stress, however, that the suppression of transfer rates between
pigral | piotal and the polariton manifold is approximate as we are ignoring the polariton bandwidth
that emerges from the many photonic modes hosted by the microcavity, which yields non-zero
transfer rates between the aforementioned manifolds [9].

We performed numerical simulations of the dynamics of the polariton-assisted scenario by
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assuming two different initial conditions: pump of the upper polariton (UP) (P+(O) =1,Pzq (O))
and of the lower polariton (LP) (P-(0) = 1,P,(0)) for all molecules. We denote & the
polariton-assisted TT yields. They were calculated using the same criteria as in Eq. (4.10).
From a comparison of €77 (Table 4.1) and €r7(A, Q) values (Fig. 4.3), where the detuning
A = ®,, — ®p, we notice enhancement in the TT yield for hexacene, especially for the pumping
of the lower polariton. Under these conditions and high A values, the state |—) is almost
purely excitonic (f— ~ 1), and the rate of the channel associated to photon leakage is supressed.
Moreover, ®_ becomes closer to resonance with the third vibrational state of the TT manifold
(with frequency @) for a given range of Q. Thus population transfer |—) — {|7;,T;,+1) } is faster
than the bare SF, as the energetic barrier is lower in the former. Finally, there is no competition
between the previous transfer process and the decay channel associated to k., as k.(®w_) =0,
under the assumptions of our model. The enhancement considering pumping of the UP for the
same molecule is weaker since the fast rate of the transfer |[+) — {|d)} competes with the rate of
[+) = {|TaTs1) }-

Pentacene shows a similar behavior: when pumping the UP and if A ~ —@y, then |+)
is mainly excitonic and population of the TT states is mainly determined by transfer from the
dark state manifold, since f,o(wyp) > Y(o0r7 +) i.e. the population from the upper polariton is
quickly transferred to dark states before transfer to TT states is carried out. Hence, noting that
y((x)TT, p) = ksp, we recover (the bare) pentacene €77. Notice however that for large detunings
&rr(A ~ —3m;,,Q ~ 1.6m,) > e€rr because a phonon blockade prevents fast decay into dark
states and also the charge-transfer decay channel is suppressed (k.(®;) = 0). On the other hand,
for the pump of the LP &7 values are higher as a consequence of a slower transfer rate (0(®_p))
to the dark statesrates in such a way that the predominant transfer process is from |—) to TT
states.

Tetracene shows a distinct behavior in view of the bare energetic arrangements of its singlet

and TT states (see Fig. 4.1). More concretely we have f_y(orr—), f+Y(0Or7+),Y(0Or7p) K
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Figure 4.4: TT yield as a function of A/®;, = (®,, — 0,)/®; and Q/®;, featured by a molecule

with Vs_rr = 44 meV , AG = —630 meV, and an outer reorganization energy of 5 meV. We

consider the initial conditions of pumping the lower polariton (P_(0) = 1, P,._(0) = 0). In

this case is that the only competing decay channel with SF is fluorescence.
Y(wp,r7) for most of the explored (A, Q) values. This translates into a rapid depletion of the
population of the TT manifold during the considered timescale; which is a consequence of
the energy of the TT states lying above the dark state energy, in such a way that the rate of
population depletion of TT states towards the dark states outcompetes the rate of the inverse
process (in view of detailed balance) as well as rates from the polariton manifold to the TT states.
The largest €77 values are reached when pumping the UP and parameters (A,£2) which yield a
predominant excitonic character to |+) and a sufficiently high rate for |[+) — {|7,,T,+1)} process,
such that it can better compete with the rates associated to |[+) — {|d)} and {|T,,T,+1)} — {|d)}.
Considering the pumping of the LP, the maximal €77 values are lower in view of W77 —®_ > 0,
which greatly diminishes the rate for the transfer |—) — {|7,,7,+1) }.

So far, we have predicted results on SF materials that feature high TT yields by default

in the absence of fast quenching mechanisms. We wonder if anything interesting remains if the
latter mechanisms are absent, i.e., if we set k.(®) = ky = 2.5 10~*ps~! as an approximate

fluorescence slow decay rate. To address this, we consider a poor SF material with an outer sphere
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reorganization energy of 5 meV, keeping the rest of the parameters as for hexacene. This situation
could correspond to hexacene in a solvent that significantly increases the outer sphere SF energy
barrier, in which case we find €77 = 18%. For this case and the initial conditions that derive
from pumping the LP, we observe €77 > €7 for values (A, Q) (see Fig. 4.4) which correspond
to a transfer process |—) — {|T,,T,,+-1) } whose rate competes with the rate of |—) — {|d)}. This
occurs when ®_ is close to resonance with one of the high-frequency vibronic states of the TT
states and |—) is predominantly excitonic. This system would give a straightforward verification

of polariton assisted SF in the absence of a fast quenching process.

4.4 Conclusions

To summarize, in this chapter, we have shown that when SF materials are subjected to
SC with a microcavity mode, the photonic leakage of the resulting polariton states constitutes an
important decay channel that can decrease TT production compared to the bare case. However,
the rates associated with this competing decay channel can be tuned by modifying the ratio A/Q
(see Fig. 4.3), in such a way that the dynamics are dictated by the energy differences and the DOS
of the dressed states involved in SF. Given the large DOS of the dark state manifold and TT states,
the TT state must lie lower in energy with respect to the singlet so as to avoid population leakage
towards the dark state manifold. Remarkably, while hexacene is a poor SF candidate in the bare
case (and in presence of quenchers), it is the material which features the highest enhancement by
means of the proposed polaritonic approach and can even outcompete the bare pentacene TT yield
under the conditions considered in this work. Similarly, we notice the introduction of TT yield
enhancement for pentacene, although the improvements are modest in comparison with those
obtained for hexacene. Finally, we have also considered the putative scenario of a SF material
with low TT yield, where the SF rate competes with fluorescence. In this case, our model predicts

(for acene-like molecules) that AG < 0 is required to introduce enhancement in TT yields by
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polariton methods.

This chapter, in full, is adapted from the material as it appears in ‘“Polariton-Assisted
Singlet Fission in Acene Aggregates” Martinez-Martinez L. A., Du M., Ribeiro R. F. and Yuen-
Zhou J., J. Phys. Chem. Lett., 9, 1951 (2018). The dissertation author was the primary investigator

and author of this material.
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Chapter 5

Triplet harvesting in the polaritonic

regime: a variational polaron approach

5.1 Introduction

In addition to the applications discussed in the previous chapters, polariton setups have
also emerged as promising candidates to boost the efficiency and versatility of light-emitting
diodes (LEDs) [74] and organic photodiodes (OPDs) [75]. As a proof of concept, electrical
injection of carriers into inorganic polariton architectures has been shown to modulate light-
matter coupling [76], thus opening new avenues towards polariton-based optoelectronic switches.
Similarly, organic LEDs have been demonstrated utilizing molecular dyes in the ultrastrong
coupling regime [77, 78, 79] and it has been recently shown that materials operating in the
latter can feature a complete inversion of molecular dark and light-emissive states [80]. These
exciting applications prompt the development of theoretical models to account for experimental
observations of the molecular SC regime [73, 15, 16, 81], as well as to rationally design new
polaritonic setups that could enhance chemical processes of contemporary interest [19].

In this chapter, we explore the triplet electroluminescence efficiency of a microcavity
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containing molecules which feature a range of electronic parameters and couplings to the con-
densed phase vibrational bath. The developed model aims to describe polaritonic OLEDs like
those reported in [38, 79], so we consider that (optically dark) triplet excitons are generated
upon electrical injection and the latter can transition into fluorescent singlet states that emit light.
Our approach relies on a master equation operating in a variationally optimized polaron frame,
originally introduced by Silbey and Harris [82, 83] with generalizations due to Pollock [23], Wu
[24], and their respective coworkers. The foundation of this method lies on the application of a
unitary transformation to the total Hamiltonian which yields renormalized system and system-bath
interactions that are weak enough to be perturbatively treated.

The outline of this chapter is summarized as follows. In section 5.2, we introduce our
quantum mechanical model and the variational approach to address its dynamics. Next, in section
5.3, we give a formal definition of the triplet electroluminescence efficiency and describe our
approach to calculate the time-evolution of populations in the relevant chemical states of the
system. Then, in section 5.4, we apply our approach to systems in two regimes of coupling
to vibrational degrees of freedom. In section 5.5, we identify the main limitation that must be
overcome to reach a polariton-enhanced triplet-harvesting regime and propose an approach to
circumvent this drawback. Finally, in section 5.6 we summarize this study and conclude with an

outlook of how polaritons could enhance the optoelectronic properties of molecular materials.

5.2 Theory

We consider an ensemble of N identical molecules embedded in an optical microcavity
and interacting with the electromagnetic modes supported by the latter; for simplicity, we describe
a single photonic mode interacting with the molecular ensemble, a coarse-graining approximation
which is based on the much larger density of states (DOS) of the molecular degrees of freedom

compared to the photonic ones [73, 84]. Thus, N should not be interpreted as the total number
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of molecules in the cavity, but rather as the average number of molecules that couple to a single
photon mode.

The Hamiltonian of our model can be written as

H =Hg+Hp+ Hs g+ Hp,

+Hs_pp+Hr +Hr g+ Hs 1. (5.1)

Each molecule is modeled as a three-level electronic system, namely a singlet electronic ground
state and two excited states with singlet and triplet spin characters, respectively. The energetics of
the latter are correspondingly described by Hg and Hr. Assuming electrical pumping in the linear

regime, we can restrict the Hamiltonian to the single excitation manifold such that,

N—1

Hs =Y esln)(n|, (5.2a)
n=0
N—1

Hr =Y e7|T,)(T,|. (5.2b)
n=0

Here, |n) (|T,,)) denotes a localized singlet (triplet) exciton at the nth molecular site and €g (€7) is

the vertical singlet (triplet) electronic excitation energy, while (2 = 1)

N-1
Hg=Y Y ob],b, (5.3)
v n=0

accounts for the vibrational degrees of freedom in the condensed phase environment, where b,
(by,n) 1s the creation (annihilation) operator for an excitation in the v-th harmonic mode with
frequency , on site n. The mode-dependent singlet (triplet) vibronic couplings gév) (g(Tv )) are

included in Hy_p (Hy_p):
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Hs 5 =Y Y |n)(nlg\ (byn+h.c.), (5.4)

Hr-5 =Y Y |T)(Tlg) (byn+hec.). (5.4b)

The singlet-triplet intersystem crossing electronic coupling is given by
Hs 7 :VST;(|n><Tn| +hec.). (5.5)
Finally, the photonic microcavity degree of freedom is encoded in
Hpp = 0pp|G, 1,1) (G, 1], (5.6)

where |G, 1,,) accounts for the state of all molecules in the electronic ground state and one
excitation in the photonic mode and its interaction with singlet excitons (in the rotating wave

approximation, RWA) is described by

Hs—pn =) g (|G, 1) (n| +hec.), (5.7)

g being a single-molecule dipolar coupling. To describe the emergent dynamics upon electrical
pumping of the optically dark triplet states, we employ a variational polaron transformed master
equation. The latter has proven to reproduce reliable quantum dynamics in a wide range of
coupling strengths between electronic degrees of freedom and phononic reservoirs [85], while
being computationally inexpensive compared to more accurate approaches such as path integral
[86, 87], multi-configuration time-dependent Hartree [88, 89], hierarchical equations of motion
[90], linearized density matrix evolution [91], surface-hopping [92, 93, 94] and exact factorization

[95] formulations. In particular, we consider a similar multi-site approach to the one developed
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by Pollock and coworkers [23], who considered a variational polaron transformation to compute
population dynamics in exciton networks with local phonon reservoirs. Furthermore, we adapt
a generalization introduced by Wu and coworkers [24] who treated the photon-exciton and
exciton-vibration on equal footing to describe the photoluminiscence and vibrational dressing in
polaritonic setups. As a first step towards the development of a master equation, the Hamiltonian
in Eq. (5.1) is transformed to the so-called polaron frame, for which we introduce the unitary

transformation e’, where

(v)

i Z [Z v,n+1 bv,n—H)]zo ] (58)
=0 v
N

v

)
Z |G, 1) (G, 1] ( —byn)

@y

(v)
Z (b — bun) L
y ()]

14

N—-1
-1 [ DS+ 1G, 1) (G Ll Do+ T (T D

1s partially based on previous works [24, 96]. According to the ansatz in Eq. (5.8), the electronic
and photonic degrees of freedom are dressed with vibrational bath excitations to an extent
quantified by the set of parameters { fl , fT h } which are variationally determined, as will be
explained below. The summation over / in Eq. (5.8) assumes that the vibrational deformation can
be extended over all sites in the singlet excited manifold (large polaron limit) as a result of the
interaction of all optically bright singlet excitons to the same photon mode. Since the electronic
triplet states do not directly interact with the photonic mode, the vibrational deformation of the
triplet excited manifold is expected to be more localized (small polaron limit). In the polaron

frame we have
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e’He P = Hy+ H; + Hp, (5.9)

where
Hy =) &sn) (n] + }_&r|Tu) (Tl + ®pn|G, 1pn) (G, 1
n n
+gns—ph; (In){(G, 1pnl +hoc.)
+Vernsr Y (|n)(Tn| +h.c.).
n
=Hy—o+ ) Hox (5.10)
k#0
and

Hy j—o =€s|k = 0) (k = 0| + &7 | Tr—o0) {Tr—o
+ ®pn| G, 1p1) (G, 1|
+ %ns_ph (Jk = 0)(G, 14| +h.c.)
+ Vsrnsr (k= 0)(Ti—o| +h.c.), (5.11a)

H07k¢0 :§S|k> <k| +éT|Tk><Tk| +Vsrnsr (|k> <Tk| —|—h.C.) . (5.11b)

In Egs. (5.10-5.11) we introduced a delocalized Fourier basis for the singlet k) = \LW Y, ¢~ n)

and triplet excitons |T) = LNZ,I e | T, with k = %“, m=0,1,2,...,N — 1. In this basis, the

state |k = 0) couples to the photonic mode with a superradiantly enhanced strength given by

V/Ng = Q/2. The renormalized on-site energies in (5.10) are given by
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< 12w é”)
Eg=eg+ —2g¢ (5.12a)
LT

(v)2 (v)
s T _5,0J0
gr =¢r +; ( o 21 o ) (5.12b)
()2
Wpp = Oph +) N (5.120)
v @y

and the renormalization constant g7 (Ns— ) is the thermal average of the relative displacement

operator between the singlet and triplet (photonic) harmonic potential energy surfaces,

Ns—ph = <3D§n)e_ﬁph>
(v) _n(v))2
1 (7 —nv)
= exp [_EZ <IT> COth(BOJv/Z)] ;
Ly v
NsT = <e[)§")e_i)(;l>>

TrB {Ae

p
where (A) = 7, ") , Trg{-} denoting a trace over the vibrational degrees of freedom, 3 being

the inverse temperature, and Zy, = Trp{e PH5} being the vibrational partition function. Notice
that by taking fl(v) = ggv) ;0 in Eq. (5.12a), we recover the full-polaron transformation for the
singlet excitation, and Rg = —Ag = —Y, (gév))2 /®,, where Ag is the reorganization energy of the
singlet excited state. In Eqgs. (5.10)—(5.11), we also introduced a partition of the Hamiltonian

into the molecular contribution that is totally symmetric under site permutations I:IO’k:() and the

non-totally-symmetric one } ;o Flo,k. Since [1:107;{:0, Y k40 I:IOJC] = 0, the eigenstates of F can be
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found by independent diagonalization of each contribution:
Hy x—o = &up|UP) (UP| + &y MP) (MP| + &_p|LP)(LP|, (5.14)

where we define the upper (UP), middle (MP) and lower (LP) polariton states |j) = c§|k =
0) + ¢}/ Ti—0) +c},|G. 1), j = UP, MP, LP. On the other hand,

Y A=Y [e+\k y+é,\k(—>><k<—>y] (5.15)

k540 k

describes mixed singlet-triplet eigenstates [k(*)) = cslk) +cF =|T}) with no photonic component,

whose eigenenergies are given by £ = @ + Q\/ (Es —&r)? +4VST1’] sr- These states are
commonly known as dark or exciton reservoirs [12, 13]. For clarity, we refer to the highest
(lowest) energy eigenstates in Eq. (5.15) as the upper (lower) dark states. Notice that since we are
ignoring inter-site couplings, we neglect the dispersive character of the exciton in the calculation
of the eigenenergies (5.15), a valid assumption in view of the flat exciton dispersion relation
compared to the photonic one in the k range of interest. The residual interaction Hamiltonian in

Eq. (5.9) is
]:IIZVS—FVT—FVP;Z-FVS*T—I—VS_M, (5.16)

which has been written as a sum of different contributions defined as follows,
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s =YY n) (o [<g§” )b+ )

-) 7 (bl +bv,n+z)} ; (5.17a)
10
7 =Y LT[ 68) = £7) bl + b (5.17b)
Vph - Zh(V)lG’ 1Ph><G7 lph| Z <bz,n +bv,n> ) (5.17¢)
Vs_r =) Vsr [eb(;)ﬁ?) —nm} n)(T,,| +h.c., (5.17d)
~ A1) _ ()
Vs pn =38 {eDS Orn _nS—ph} n)(G, 15| +h.c.. (5.17e)

The calculation of the parameters { fl(v), f}v),h(v)} is carried out by taking advantage of the
Feynman-Bogoliubov inequality F < Fj+ (Hy) i), [82, 83], where F (Fp) is the free energy of
the system governed by H (Hy = Ho+ Hp) and (A) g = Tr{Ae PH} [Tr{e PH0}]~! where Tr{-}
denotes the trace over the eigenstates of A, . Notice that by construction (Hj) = 0, and the
leading correction to the exact equilibrium reduced density matrix is O(H 12) [85], which justifies
the (second order) perturbative treatment in H;. It follows that the parameters { fl(v), f;v) , h(V)}
can be found by minimizing Fj = —B_lTr{e_BﬁO}, which amounts to solving :f_l?é) = :h—fé) =

In our calculations, we consider a continuum vibrational bath limit, which is desclribed in terms
of the spectral densities J;(®) = ¥, |/ [>8(0 — 0,) = aig—;e*‘”/“’c, i=S,T, where o, is a cutoff
frequency, and q; is the dimensionless parameter that encodes the strength of coupling between
the excited electronic state with character i to the vibrational bath. In the discussion that follows,

we focus on the calculation of the population dynamics of the chemically relevant species as well

as of the electroluminescence efficiencies.
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5.3 Dynamics in the polaron frame and definition of triplet
electroluminescence efficiency

The open-quantum system dynamics associated with the Hamiltonian in Eq. (5.1) can be
described in terms of the time evolution of the reduced density matrix (RDM) p(¢) = Trp{pror (?) },

(Pror (1) is the total density matrix), governed by the Liouville equation in the Schrdinger picture

dp(t)

7 — Lp(l‘) — {and-l-rphyp(t)h

where Lp(t) = —iTrg{[H,pior(t)]}, and {p(¢), I} = p(t)Ii +Tip(¢); Traa> Tnraa> Tpn phe-
nomenologically account for the dissipative processes associated with the radiative and non-
radiative decay of excitons [97], and photonic leakage, respectively. We define the triplet

electroluminescence efficiency

e= 2/0°°Tr{rphp(r)}dr, (5.18)

where the trace is taken over all the degrees of freedom, namely, the electronic, vibrational, and
photonic. Eq. (5.18) is analogous to the integrated probability used to define the efficiency of
energy trapping in chromophoric complexes [97], but in the present context, acquires the meaning
of the efficiency of emission of a photon. Here, we define I, = k’f%d Y. |n)(n|+ k’{%" Y. T (T

and T, = 51G, 1,1)(G, 1), k!

" raq DEINg the nonradiative decay rate of electronic state i = S, T,

and k being the cavity photon leakage rate. Since

Tr{TpnPror (1)} =Tr{Tpne ™" Pror (1)}

—Tr{T pnfror (1)}, (5.19)
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€ is an invariant quantity under the polaron transformation. This last condition permits the com-
putation of Eq. (5.18) in the polaron frame, where the time evolution of the polaron transformed
RDM p(t) = Trp{psor} can be described in terms of second-order perturbation theory on Hj
within the secular Born-Markov approximation. This procedure guarantees that the long-time
evolution of the polaritonic system properly thermalizes into the reduced equilibrium state due
to Hy which, due to the optimization of the variational parameters according to the Feynman-
Bogoliubov bound (see Sec. 5.2), provides a good description of the equilibrium state of the full
system involving electronic states, vibrations, and photon.

For the calculation of €, we assume that the initial RDM corresponds to an incoher-
ent mixture of localized excitations in the triplet electronic manifold, i.e., }.,(7,|p(0)|T,) = 1,
Eu(TalB(0)ln) = Eo(Talp(0)[G. 1,m) = £, (nlP(0) n) = (G.1,4[(0)]G. 1) = 0. Under these

assumptions, the initial RDM in the polaron frame can be written as

(UP[p(0)|UP) 0
(MP|p(0)|MP) 0
plO)~ | (wPpO)ILP) |~ | 0 |. (5.20)
Yo (kT |P(0)[KT) et |?
| Yizolk [POIK) | [lerl?]

where the approximation is the result of considering a localized initial state, which in the
delocalized polaron picture translates into the population distributed uniformly among the dark
and polariton states. Since the former feature a larger DOS than the latter, the population is

predominantly concentrated in the dark states. We can rewrite Eq. (5.18) as

e= | Py p(t)dr, (5.21)
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where the vector

Pon = ||cUP[2 [P [l 0 0

accounts for the photonic character of the different chemical species that take part in the population
dynamics. The time evolution of B(T) is described in terms of a Pauli master equation in the

secular Markovian approximation, where

ol

d (I) - 2
at —Mp(l‘). (5.22)

For simplicity in the calculations and interpretation, we consider the evolution of the total popu-
lation in the dark state manifolds Y .o (k*|p(¢)|k=) rather than dissected among the individual

populations { (k*|p(¢)|k*)}. The matrix M is given by

;

Kicj i ]
Mij = — ¥ 2ikiei — Kphot| (|G, L) > i=j (5.23)

nrad

\—k,{md(i|lr|i>—k5 (i| Is|i)

where kj.; is the rate of transfer from the state/manifold |i) to |j), and Iy = ¥, |T,)(Tn|, Is =

Y. |n)(n|. Using Eq. (5.22) together with Eq. (5.21), we have that
£ = —KkP,;, M 'p(0). (5.24)

To get further insight into the contributions of the different pathways of population transfer to €,

we consider a Green’s function partition approach [97], under which

M= M MM (5.25)

npol — 7" npol
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where we let M = M,,; + My p01, Mpor being the rate matrix that accounts for the feed and
depletion of polariton states only, which amounts to considering the rates k;. ; where either i or

Jj € {|UP),|MP),|LP)} while setting the other entries of M to 0. Using Eqgs. (5.24) and (5.25),
€ = &qir + Eindir

~1 1= 1z .
where €4;, = KPphﬂ\/[npol Myt M 15(0), €inair = —KPpthnpolp(O), and € can be written as a sum
of a contribution due to polariton-participating processes and another one where they do not play

arole.

5.4 Results and discussion

Based on the approach above, we are particularly interested in the dependence of € with
Rabi energy Q and detuning between the cavity photon and the vertical singlet energy transition
(A = w,, — €5), considering molecular emitters which feature different regimes of interaction
with the vibrational bath degrees of freedom (DOFs). For that purpose, we introduce two cases
based on parameters chosen to represent a wide range of organic molecular emitters.

First, we consider (large) strengths of coupling to the vibrational environment ag = 10,
ar = 15, and a frequency cutoff ®. = 0.01 eV. The corresponding reorganization energy of the

oo J5(®)

singlet electronic state is given by Ag = [, =~d® = 0.2 eV and the analogous quantity for the

triplet is Ay = [~ JTLO;D)d(o = 0.3 eV. The assumption of a single vibrational reservoir coupled to

both the singlet and triplet states allows for the calculation of the reorganization energy of the
singlet-triplet transition Agr , which for this specific case amounts to 0.01 eV. For simplicity, we
do not consider high frequency vibrational bath modes (those which feature frequencies o > p~!)
in our calculations. Furthermore, we assume an energy gap between the equilibrium vibrational
configurations of the triplet and singlet AG = (€7 — Ar) — (€5 —As) = —0.1 eV and a weak

intersystem crossing coupling amplitude Vg7 = 2 x 107> eV. These parameters are typical for
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organic molecules that undergo thermally activated delayed fluorescence (TADF) [98, 99, 100],
where the population in the dark triplet states transfers to the bright singlets, with a R-ISC rate
that depends on a thermal energy barrier between the latter. We also consider a relatively slow
nonradiative decay of the triplet k,{m g =2X 10~7 ps~! [99]. Since the characteristic timescale
of relaxation of the vibrational environment o, ! < /1/|Vsr|, we expect a fast relaxation of the
latter into its equilibrium configuration before R-ISC ensues, a scenario termed ’fast bath’ in the
literature [85]. This is the behaviour expected in the limit  — 0 (small polaron formation before
electronic transition) which was confirmed in our numerical calculations.

The second case we considered is the opposite to the previous one, in which the vibrational
DOFs of the environment are sluggish in comparison to the R-ISC transition time scale (Vs > ®,),
a scenario identified as ’slow bath’ [85], which corresponds to molecular emitters with sizable
singlet-triplet mixing via spin-orbit coupling or hyperfine interaction. For this case, we also
chose large strengths of coupling to the vibrational environment ag = 10, ar = 30, while setting
a small cutoff frequency ®. = 5 x 1073 eV (which translate into Ag = 0.01 eV, A7 = 0.03 eV
and Agr = 0.1 eV). Furtheremore, we set Vsr = 0.05 eV and AG = —0.01 eV, parameters that
are qualitatively aligned with molecules that exhibit fast singlet-fission [64], which exhibit large
electronic couplings, comparable to the energy gaps between the singlet and the (two-body) triplet
state. For this case, if k,{r .q 18 small as above, the cavity-free triplet electroluminescence efficiency
€ ~ 1 and placing it in the cavity is not productive; hence, we assume that the molecule is such
that it features a fast nonradiative triplet decay k,fr ad = 2 X 1073 ps~!, such that we explore the
possibility to outcompete it by cavity-assisted processes. The temperature 7 = 300 K is assumed
for both cases.

For reference, we computed electroluminescence efficiencies in the cavity-free (bare
molecules) case which are € = 0.027 for the fast bath case, and € = 0.062 for the slow one. The

S
latter are calculated using Eq. (5.18), substituting I',, with ', = k’g" Is , where kfa q= 1072

ps~!, a typical fluorescence rate for organic molecules.
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Upon coupling to a cavity photon mode, the emergent dynamics are changed as a result of
the modification of the bare molecular energy landscape and the reorganization energies between
the polariton states. In the polaron frame, the former contribution is encoded in the energy
spectrum introduced in Eqs. (5.14-5.15), whereas the latter is accounted for in the reorganization
energies A;_j, i # j, i, j € UP,MP,LP,+, where the subindices + denote |k*) states (in our model,
the reorganization energies A;_ () are independent of the momentum of the dark states). The
polaron frame picture of the dynamics in both the slow and the fast bath case is schematically
illustrated in Fig. 5.1 and the variation of the electroluminescence efficiency with A and Q for the
two different molecular emitter cases is shown in Fig. 5.2.

For the discussion in this section, we limit ourselves to the N = 10? case, postponing the
important analysis of larger N values for the next paragraphs.

Fast bath scenario.- For the fast bath molecule, we find that for weak light-matter cou-
plings (Rabi splittings Q < Ag), €(A, Q) is below the cavity-free scenario (for the resonant case
A =0, see inset in Fig. 5.3a). In the polaron frame, this observation can be explained in terms
of thermally-activated transfer of population from the triplets to the photonic potential energy
surface (PES) via the singlets (see Fig. 5.1a-I). Since this process involves passage through
two thermal energy barriers, the time needed to reach the photonic PES is longer that the triplet
lifetime and therefore € < 1. On the other hand, when Q/2Ag ~ 2/3, our calculations predict
an abrupt increase in € (compare inset and main plot in Fig 5.3a). This is a manifestation of
polaron decoupling [81, 96] that is expected for sufficiently large Rabi splittings [16, 96], under
which the polariton PESs are essentially undisplaced with respect to the electronic ground PES.
The intuition behind this decoupling is that the exchange of energy between photon and singlet
excitons is much faster than that between vibrations and singlet excitons. Importantly, while this
regime was previously predicted for Q > Ag [101] for a single high-frequency mode, we hereby
numerically demonstrate that this stringent condition can be relaxed to smaller Rabi splittings

in the case of a continuum of low-frequency modes. In this polaron decoupling regime, our
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Figure 5.1: Scheme of polaron frame population dynamics which emerge upon injection of
optically dark triplet excitons into molecules confined in an optical microcavity. For simplicity,
we depict only one vibrational mode and represent its harmonic potential energy E as a function
of its coordinate Q, in the photonic state (molecular ground state with one photon, yellow
thin curve), and corresponding harmonic potential manifolds for singlet (blue thick curve) and
triplet (red thick curve) excited states due to N molecules. We consider molecules which
feature (a) fast and (b) slow vibrational environment (see main text), compared to the R-ISC
timescale defined by the singlet-triplet coupling //Vsr. For each case, we find qualitatively
different mechanisms of population transfer among states for (I) weak and (II) strong light-
matter coupling. The most significant mechanisms are depicted: multiphonon or Marcus-like
processes with straight arrows, and single-phonon or Redfield-like processes with jagged ones.
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Figure 5.2: Triplet electroluminescence efficiency € as a function of cavity detuning A =
®,, — €5 and Rabi splitting € for (a) the fast bath case, where vibrational equilibration occurs
before a slow R-ISC and b) the slow bath case, where the opposite is true (where the emitters
feature strong singlet-triplet mixing, see main text). The yields outside of the cavity are (a)
€ = 0.027 for the fast bath and (b) € = 0.062 for the slow one. The effective number of
molecules per photon mode is: (i) N = 102, (ii) N = 10* and (iii) N = 10°.
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Figure 5.3: Partition of triplet electroluminescence efficiencies as a function of Rabi splitting
€ at light-matter resonance ®,;, = €s (for A = 0) for a) a fast bath and b) a slow bath molecule;
we show the case for N = 100. The triplet electroluminescence efficiency € (labeled as po-
laritonic) can be partitioned into a fraction that accounts for the direct and indirect population
transfer from dark triplets into polaritons, where indirect means that population passes through
other dark states before it reaches the polaritons. In b), we do not explicitly show the indi-
rect contribution since it is negligible for featured Rabi splitting ranges. Inset in (a) zooms into
smaller Rabi splitting ranges. For comparison, the yields outside of the cavity are (a) € =0.027

for the fast bath and (b) € = 0.062 for the slow one.
calculations predict that A_)_yp = A_)_yp = M—)—zp = M4)—(—) > Asr [Where the equality

among the previous quantities is a result of the ansatz in Eq. (5.8), which for Q/2Ag > 2/3,
()
), for all I. In other words, the singlet exciton PESs are

corresponds to fl(v) = f) o(%-
negligibly displaced with respect to the ground state PES when N is large]. As a consequence,

the R-ISC energy barrier can either decrease or increase with respect to the bare molecules by

tuning the Rabi splitting. In fact, we notice that as € increases (see Figs. 5.2a-1 and 5.1a-1I), €
increases and then decreases with respect to the cavity-free value, given that the smallest R-ISC
to polariton energy barrier decreases and then increases as this rate goes from normal to inverted

Marcus regimes. Notice that Fig. 5.3a only shows an increasing behavior in € because the plotted

range of Rabi splittings is small.
Slow bath scenario.- For the slow bath case, we observe a significantly different €(A, Q)

In Fig. [5.2b-1], we show that there is no need to invoke Rabi splittings beyond the reorganization

energy to observe an enhancement in electroluminescence efficiency.
Similarly to the previous fast bath scenario, our calculations reveal two qualitatively
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different pictures of the population dynamics in the polaron frame depending on the magnitude of
Q. For sufficiently weak light-matter coupling, the initial state is comprised of approximately
equally populated lower and upper dark state manifolds since |c{|* &~ |c5|? [see Eq. (5.20)
and Fig. 5.1b-I], a consequence of the prevalence of the electronic coupling Vsr over the weak
coupling of the R-ISC transition to the phonon environment. In this regime, € can be explained in
terms of a Marcus picture where the photonic PES receives population from the upper and lower
dark-state manifolds with a rate proportional to a diabatic coupling of order |g|?, corresponding
to single-molecule light-matter coupling [see Eq. (5.17e) and Fig. 5.1b-1]. High and small
R-ISC energy barriers can be obtained by scanning across A, thus decreasing and increasing €,
respectively; for the computed range of A values, the dominant R-ISC pathway is the one starting
from the upper dark states (they are closer in energy to the photonic PES, see Fig. 5.1b-I). In fact,
for sufficiently small increase in Q, the triplet electroluminescence efficiency € also rises because
|g|? increases; see Fig. 5.3b, which shows a cut of € at light-matter resonance A = 0. In this
plot, this mechanism is operative up to a first maximum in € at Q ~ A, upon which light-matter
coupling changes from weak to moderate and € decreases. This effect can be understood as
follows: as € increases, it can compete with Vg7, thus reducing the magnitude of the dressed Vsr,
and concomitantly reducing the mixing between singlets and triplets. The result is that the lower
and upper dark states become more triplet and singlet-like, respectively. Therefore, the initial
triplet population has more probability of residing in the lower dark states, but these feature a
much larger energy barrier to the photonic mode, thus leading to slower R-ISC and lower €.
Keeping our discussion around Fig. 5.3b, our model predicts a sharp change in the
dynamics under strong light-matter coupling starting at Q &~ 4Ag, with € increasing with Q,
featuring a second maximum in € at Q ~ 6Ag, and then decreasing for larger Q. An intriguing
feature of this regime is that, for the chosen parameters, the upper and lower dark states have
largely triplet and singlet characters, respectively; that is, the configuration of minimal energy

of the vibrational DOFs coupled to the singlet and triplet states in the polaron frame is such
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that their energy ordering is inverted with respect to that in the original frame (Fig. 5.1b-1I)
where €5 — Ag > €7 — A7. This effect is due to the slow relaxation of the bath that renders the
vibrational dressing of the states at nonequilibrium nuclear configurations close to those accessed
by vertical transitions from the ground state. Under these circumstances, population is primarily
initialized in the upper dark states and transfers to the MP (Fig. 5.1b-II) which is closer in
energy than the other polaritons or dark states. Notice that in contrast to the weak light-matter
coupling case, MP has significant singlet, triplet, and photonic characters and the population
transfer mechanism can be essentially dissected into sizable contributions from multiphonon (a
Marcus-like contribution due to displacement between the upper dark states and MP harmonic
potentials) and one-phonon (Redfield-like) processes. In our example, a steady boost in € is given
by the Redfield processes which dominate over the Marcus-like ones, given the large activation
energy barriers to be surmounted in the latter. These Redfield processes are primarily due to
the triplet character in both upper dark states and MP. After the second maximum in €, further
increase of Q leads to a phonon blockade and a concomitant decrease in €: the MP energy keeps
lowering but no one-phonon process is available to mediate the transfer from the upper dark states
(the vibrational DOS decreases exponentially as a function of frequency in our chosen spectral

density).

5.5 The large N issue

So far, we have addressed the N = 100 case in detail. In fact, strong light-matter coupling
with such small number of molecular emitters has been reported using plasmonic nanoparticle
environments [102, 103]. However, most microcavity systems have much larger N values. We
thus proceed to comment on the € behavior for increasing values of N, while keeping Rabi
splittings € fixed (and hence energy barriers and energy differences between states, see Fig. 5.2).

For weak light-matter coupling, both fast (a) and slow (b) baths yield insensitive changes of €
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Figure 5.4: Relative R-ISC rates from triplet manifold to polariton states (at light-matter reso-
nance ®,, = &) in the polaron frame with respect to the cavity-free case, for (a) the fast bath
scenario and (b) the slow bath case, as a function of Rabi splitting, considering N = 10%. The
profile observed in (a) (where the bare R-ISC rate is kg7 = 5.4 X 107° ps*l), can be explained
in terms of a multiphonon Marcus theory process from triplets to singlets (see Fig. 5.1a-1I),
where the lowest activation barrier between triplets and polaritons decreases (normal regime)
and then increases (inverted regime). In (b) (where the bare R-ISC rate is kg, 7 = 4.6 X 10°¢
ps~1), the trend is different since the dominant R-ISC channel is a one-phonon process from
triplets to the MP state (see Fig. 5.1b-1I) and significantly depends on the triplet character of
the latter. The asymptotic behavior of the rate reflects the increase in triplet character of the
(MP) polariton state with Rabi splitting and the suppression of the energy gap between the
latter and the triplet states. However, in this asymptotic limit, the photonic component of the
MP vanishes and this channel does not longer contribute to the cavity electroluminescence ef-
ficiency. Finally, since the kp,. 7 rates shown here scale as 1/N, the rates expected at different
N can be calculated by scaling the values displayed accordingly.
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to increase of N. This is due to the fact that changing N does not alter the energy barriers to be
surmounted in the R-ISC process.

For strong light-matter coupling, the overall electroluminescence efficiency is damped
as a result of the ratio of triplet to polariton states increasing. For the fast bath case (a), since
both dark and polariton states feature the same reorganization energies in the polaron frame, € is
determined by the competition between the nonradiative triplet decay and transfer to the polariton
state closer in energy, that is because the latter channel features a lower activation energy barrier
compared to the dark states [see Fig. 5.1a-1I)]. However, at light-matter resonance, the R-ISC rate
to the final polariton state scales as zlv’ given that the polariton is delocalized across N singlets
and only one of them can undergo coupling to a given triplet. Importantly, for N > 10* the rate
of transfer to the polaritons falls below the cavity-free R-ISC rate for the entire (A, ®) range
displayed (see Fig. 5.2 top panels and 5.4a). The conclusion is similar for the slow bath case
(b). While for small N values, high efficiencies are obtained (see Fig. 5.2b-1 and 5.2b-ii), the
assistance of polariton modes decreases with increasing N. This is because the ratio of rates (dark
states — polariton)/(polariton— dark states) scales as ]l\, given the delocalization of the polariton
state; this implies that the backward process polariton— dark states becomes more relevant as N
increases, an effect which is detrimental to €. Finally, the decrease of photon character in the MP
for A < 0 [see Fig. 5.1b-1I)] together with a fast back transfer to the denser manifold of upper
dark states for larger N, explains the drop of € at A < 0, specially for N > 10* (see Fig. 5.2 lower
panels and 5.4b).

Based on the discussion above, a pressing question is the characterization of an optimal
scenario that overcomes the deleterious effects of cavity R-ISC rates as N increases, the latter
being as large as 107 [84]. Here, we propose a case where the energy tunability of the polaritons
introduces an increase of many orders of magnitude relative to the cavity-free R-ISC rate, and
this enhancement can outcompete the suppression due to the low polariton DOS. The scenario

is built upon the fast bath case studied above, but assuming a sufficiently large singlet-triplet
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energy gap and weak couplings of the electronic states to the bath (small ag and ar parameters).
Under these conditions, the reduced dynamics of transfer in the polaron frame in the cavity-free
scenario corresponds to the inverted-Marcus regime (for the singlet to triplet transition), where
the population of the triplet manifold needs to overcome an enormous energy barrier to reach
the singlet state (see Fig. 5.5). Upon confinement to a microcavity, the emergent lower polariton
could introduce a much smaller energy barrier from the triplet states. Our results and the precise
parameters used in our calculations are shown in Fig. 5.5, which show that polariton-assistance
introduces four orders of magnitude enhancement relative to the bare R-ISC rate.

On the other hand, we note that the polariton-assisted R-ISC rate is upper-bounded by

‘%, / Mn_ioz , which must be higher than kgr .4 0 lead to harvesting of triplets. If we take N = 106
, and use the parameters above for the fast bath scenario (k¢ = 2 X 1077 ps_l), we need a
very small Ar_ o = 10~17 eV. Therefore, in order to obtain a sizable €, emitters with negligible
couplings to a vibrational environment are required (small reorganization energies Agy and Ag);
that is, poor R-ISC molecules (i.e., the opposite of TADF materials) will obtain most benefit from
polaritonic effects.

For the slow bath case, there is no possibility to enhance electroluminescence for large N
because the associated R-ISC processes via polaritons happen via one-phonon vibrational relax-
ation (Redfield) processes, rather than multiphonon (Marcus) processes that exhibit exponential
sensitivity on energy barriers. Hence, the only option for enhancement of electroluminescence

for that case is to use samples with small N values.

5.6 Conclusions

In this chapter, we have developed a variational model for the prediction of electrolumi-
nescence efficiency of molecular emitters interacting with a photonic mode of a microcavity. The

latter can describe the emergent dynamics on a range of Rabi splittings that extend from the weak
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Figure 5.5: Ideal case to maximize the rate of transfer from the triplet state manifold (blue
thick curve) to polariton states, with respect to the cavity free triplet-to-singlet (R-ISC) transfer
rate. (I) Energy diagrams in the polaron frame. Left: a molecular emitter in which the singlet
(blue) and triplet (red) states have similar equilibrium nuclear configurations and the dynamics
between them falls within the Marcus inverted regime. (I) Right: upon strong coupling to
a photon mode and in the polaron frame, the energy barrier between the triplet states and
the lower polariton (in this case, the lower polariton) quickly decreases with Rabi splitting,
giving rise to orders of magnitude increase in the kr_,; p rate, thus avoiding the wash-out effect
of delocalization of the singlet of interest among N molecules. (II) Cavity mediated R-ISC
enhancement k7, p/kr_,s. Note that the cavity provides a realization of the various regimes of
Marcus theory, from normal to inverted, as a function of Rabi splitting. The specific parameters
for the vibrational bath are ag = 0.5, ar = 1 and ®. = 0.01 eV (see section 5.2), which accounts
for a singlet reorganization energy As = 0.01 eV and A7 = 0.02 eV. We also assumed that the
number of molecules per photon mode is N = 10°, AG = (g5 —As) — (e7 —Ar) = 0.2 eV, where
we recall that € (€7) is the vertical singlet (triplet) transition energy; and the singlet-triplet
electronic coupling Vyg =1 x 1075 eV.
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to the the strong coupling regime.

Our calculations indicate that the main limitation to polariton-assist the electrolumines-
cence process 1s the delocalized character of polaritons: the probability of a triplet state to R-ISC
into the latter is strongly suppressed by a % factor, similarly to results discussed in previous
works [19, 9, 80]. There are two approaches that could overcome the detrimental delocalization
effect and therefore introduce a polariton-enhanced electroluminescence with respect to the
cavity-free scenario: 1) for fast and slow bath cases (i.e. for chromophores with weak and strong
singlet-triplet mixing), as Figs. 5.2a-1 and 5.2b-i show, strong coupling with a small number of
molecules per photonic mode N introduces significant electroluminescence yield enhancements
with respect to the bare molecular case. This regime should be feasible in the context of plasmonic
nanoparticles coated with organic dyes, where N can be more than 3 orders of magnitude smaller
than those needed in a microcavity to attain the strong coupling regime [102, 103, 104]. 2) The
second approach only works for the fast bath case and consists on tuning of polariton energies
and taking advantage of the exponential sensitivity of R-ISC rates with respect to energy barriers.
Therefore, a high thermal energy barrier for the R-ISC transition in the bare molecular case trans-
lates into the possibility of its partial or total reduction via a triplet to polariton R-ISC transition,
thus potentially outcompeting the delocalization effect, and introducing a net electroluminescence
enhancement. For a molecular emitter the previous requirement is equivalent to an inverted
Marcus regime for the singlet—triplet ISC transition. This mechanism is also reminiscent to a
recently proposed catalysis of thermally-activated reactions under vibrational strong coupling,
where a sufficient decrease in activation energy can outcompete the large activation entropy of
the dark states [105]. An inverted Marcus regime being the ideal scenario to introduce polariton
assistance has also been found in [19] for singlet fission and in [106], the latter in the context of a
single-molecule charge transfer process assisted by a photon mode.

On the other hand, for the scenario of a slow vibrational bath, the efficiencies are largely

determined by the energetic proximity of the polariton and dark state resonances. The increase
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of Rabi splitting in this case diminishes the rate of transition of the triplet to the polariton state
closer in energy, because the vibrational DOS that can assist the transition decreases exponentially
with the energy gap betwen them. Therefore, for the slow phonon bath scenario considered in
this work, approach 1) is the only alternative to minimize the polariton-delocalization effect on
efficiencies.

This chapter, in full, is adapted from the material as it appears in “Triplet harvesting in
the polaritonic regime: A variational polaron approach” Martinez-Martinez L. A., Eizner E.,
Kéna-Cohen S. and Joel Yuen-Zhou, J. Chem. Phys., 151, 054106 (2019). The dissertation author

was the primary investigator and author of this material.
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Figure 5.6: Scheme that illustrates the delocalization of a singlet electronic excitation (de-
noted as a faint blue on N molecules) in a polariton mode under strong coupling to a confined
electromagnetic environment (denoted as yellow). The localized nature of a triplet state (red)
precludes a fast transfer to the polariton modes, in view of the local character of R-ISC and the
dilution of probability of the R-ISC transition among N molecules. As elaborated in section
5.5 of this chapter, this rate suppression can be overcome by 1) coupling fewer molecular emit-
ters to each photon mode while preserving strong light-matter coupling (using e.g. plasmon
nanoparticle systems); and/or ii) harnessing strong coupling of molecules with singlet—triplet
transition in the Marcus inverted regime, which feature very large R-ISC energy barriers, such
that introduction of a polariton channel may decrease this barrier and possibly compete effec-
tively against the many dark-state channels.
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Chapter 6

Conclusions

This dissertation presents effective coarse-grained models that provide insight on the
dynamical nuclear and electronic processes of molecules when confined in a spatially localized
electromagnetic environment.

One of the first works to explore chemical reactivity in the dark under the ultrastrong
light-matter coupling (USC) regime reached in plasmonic setups, is presented in Chapter 3. It is
shown that for the adiabatic ground state nuclear energy landscape of a particular isomerization
model, there is no significant modification that could alter the kinetics or thermodynamics of
the reaction. As was highlighted in Chapter 1 of this dissertation, vacuum fluctuations of the
electromagnetic field induce (small) renormalization of molecular transition energies, known
as Lamb shifts. It is therefore shown that the changes of the isomerization potential energy
landscape experienced by the nuclei upon confinement in a plasmonic field can be understood as
(nuclear-position dependent) Lamb shifts [57].

Furthermore, it is shown that the adiabatic nuclear energy barrier for isomerization, albeit
slightly changed, decrease rather than the opposite. An increase of the barrier would be the
more intuitive conjecture based on the fact that reactants feature a non-vanishing dipole moment

in contrast with the transition geometry (see Fig. 3.1). This observation can be understood as
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follows: the potential energy corresponding to a single molecule (i.e. local) isomerization process
at its transition geometry corresponds to N — 1 molecules coupled to the plasmonic EM field (N
being the total number of molecules in the ensemble) and one molecule uncoupled to the former.
This leads to a slight energy increase of the global plasmonic-molecular system (compared to that
of all molecules in their reactant geometry) that translates into a reduction of the energy barrier.
In spite of the negligible tunability of this type of reactions in the ultrastrong coupling regime, it
is highlighted the existence of quantum-coherent effects where concerted reactions occur. These
interference effects are unlikely to play an important role in reactions exhibiting high energy
barriers compared to kgT. However, they might be important for low-barrier processes, where
the number of concerted reaction pathways becomes combinatorially more likely than single
molecule processes.

This dissertation was also focused on two photophysical processes of technological
importance. On one hand it is shown that when singlet-fission (SF) materials are subjected to a
strong coupling with a microcavity mode, the photonic leakage of the resulting polariton states
constitutes an important decay channel that can decrease the production of triplets when compared
to the bare case. In order to counteract this deleterious dissipation channel, it is proposed that
the the competition between SF and the photon leakage rate could be tuned by modifying the
ratio between the detuning (frequency difference of the singlet molecular transition and the cavity
photon mode) and the collective light-matter coupling. When this approach is implemented, it is
shown the possibility to favor the material character of the polariton modes and the subsequent
suppression of photonic leakage. Remarkably, it is shown that hexacene is a poor SF candidate
in a cavity-free scenario (and in presence of quenchers), but it is the material (among the ones
considered in this dissertation, see Chapter 4) which features the highest enhancement by means
of the proposed polaritonic approach and can even outcompete the bare pentacene TT yield under
the conditions considered in this work. One question of significance is: what are the ideal features

a molecule must posses in order to boost the efficiency of SF transitions when confined in a
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microcavity? Based on the findings explained in Chapter 4, it is shown that the ideal material
would feature a highly exergonic SF process together with a low reorganization energy associated
to the low-frequency mode of the SF transition.

On the the other hand, similar queries were addressed for the related photophysical
process known as Reverse Intersystem Crossing (R-ISC), which is the main ingredient for
electroluminescence of organic materials. More specifically, the degree of tunability of the
electroluminescence by means of microcavity devices is considered. In order to treat the problem
with the same footing from the weak through the strong light-matter interaction regime, a
variational model for the dynamics of transitions between the singlet and triplet electronic states
was developed.

The calculations suggest that the main limitation to polariton-assist the electrolumines-
cence process is the delocalized character of polaritons: the probability of a triplet state to R-ISC
into the latter is strongly suppressed by a le factor, similarly to results discussed in previous works
[19, 9, 80].

To overcome the detrimental delocalization effect and therefore introduce a polariton-
enhanced electroluminescence with respect to the cavity-free scenario and for typical organic
molecules it is proven the need of the R-ISC transition to be in the so-called inverted Marcus
regime, where it is shown that when this is the case, there is a possibility for the direct triplet-lower
polariton kinetic channel to outcompete the rate transfer to the dense density-of-states manifold
of the dark states.

To conclude, even though the presence of dark states and short cavity photon lifetimes
render the control of molecular processes inside microcavities difficult, there is still room to
cavity-assist the funneling of energy from molecular processes, as it was shown recently in Ref.
[107].

To further advance our understanding of molecular polariton dynamics, the development

of theoretical tools to aid the interpretation of nonlinear spectroscopy of polariton setups is of
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high relevance. Molecular cavity-induced phase-transition possibilities, as well as theoretical
perspectives on molecular dynamics in extreme regimes of light-matter intraction are also fertile

ground for exploration of novel phenomena that microcavities and other platforms could offer.
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