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The demonstration of strong and ultrastrong coupling regimes of cavity QED with polyatomic
molecules has opened new routes to control chemical dynamics at the nanoscale. We show that strong
resonant coupling of a cavity field with an electronic transition can effectively decouple collective
electronic and nuclear degrees of freedom in a disordered molecular ensemble, even for molecules
with high-frequency quantum vibrational modes having strong electron-vibration interactions. This
type of polaron decoupling can be used to control chemical reactions. We show that the rate of
electron transfer reactions in a cavity can be orders of magnitude larger than in free space, for a

wide class of organic molecular species.

PACS numbers: 71.36.4c, 78.66.Qn, 82.20.Kh, 73.20.Mf

The experimental realization of the strong [1-9] and
ultrastrong [10-15] coupling regimes of cavity quantum
electrodynamics (QED) with organic matter in optical
cavities has stimulated interest in the development of
hybrid quantum devices with enhanced energy and elec-
tron transport properties [16—19], tunable nonlinear op-
tical response [20], and novel optomechanics [21]. The
strong resonant coupling between a cavity mode and elec-
tronic [22, 23] or vibrational [24-27] molecular transitions
is well-known to result in polariton formation [23, 28-32].

Recent experiments have shown the potential of cav-
ity fields to alter chemical reactivity by manipulation of
the reaction energy landscape [33], although the role of
the coupling between nuclear and electronic degrees of
freedom in an optical cavity is still not well understood.
This topic has only recently been addressed for molecular
aggregates [34] and single molecules [35]. Understanding
the role that a cavity field can play in altering electron-
vibration dynamics would help in developing tools for
controlling a broad range of chemical reactions using cav-
ity QED.

In this work, we show that the strong collective in-
teraction of a molecular ensemble with the vacuum field
of an optical cavity can in fact modify the nuclear dy-
namics of individual molecules in the ensemble. In free
space, when an electron is optically excited, the nuclei
in a molecule rearrange to a configuration that minim-
izes the electronic energy in the excited state. The ex-
cited nuclear configuration is typically different from the
ground state equilibrium configuration. We find that in
an optical cavity that can exchange energy with a col-
lective electronic state faster than the timescales associ-
ated with nuclear motions, reorganization of the nuclei
upon excitation is strongly suppressed. This effect is a
type of polaron decoupling involving collective electronic
degrees of freedom that are symmetric with respect to
molecular permutations. Polaron decoupling can be un-
derstood as an extension of the concept of cavity-induced
motional narrowing [36] to vibronic interactions, and re-
sembles phenomena found in the nuclear dynamics of mo-
lecular junctions [37-40]. We show that the decoupling

mechanism is robust with respect to energetic disorder in
molecular ensembles.

The effective manipulation of intramolecular nuclear
dynamics can be used to control chemical reactivity, for
example, by controlling the reorganization energy in Mar-
cus electron transfer reactions [41]. In order to illustrate
this possibility, we show that strong cavity-matter coup-
ling can significantly enhance the rate of intramolecular
electron transfer (ET) reactions within individual mo-
lecules in the ensemble.

Polyatomic molecules with z atoms have 3z — 6 nor-
mal modes of vibration, each mode involving the coupled
motion of multiple atoms within a molecule. Often only
a few of these modes are needed to describe a chemical
reaction [42]. These are known as the reaction coordin-
ates (RC), associated with a mass-weighted superposi-
tion of the form ¢ = Zi aik+/M;T;, where k is a mode
index and x; is the displacement of the i-th atom from
the potential minimum. Each atomic displacement has
a mass-weighted momentum p;/\/m;. For a single re-
action coordinate ¢ in the harmonic approximation for
the potential, we can represent the ground state energy
as Hy(q) = (p* + w2q?®)/2, where wy is the frequency of
the intramolecular vibration and p is the normal mode
momentum. The nuclei have a reference equilibrium con-
figuration go = 0 in the ground state |g). The equilib-
rium nuclear configuration in an excited electronic state
is however different from the ground state configuration.
This difference is a manifestation of electron-vibration
coupling, or vibronic coupling. In the harmonic approx-
imation, the nuclear potential in an excited state |e) is
given by
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where w, is the electronic energy and q(()e) is a state-
dependent shift that quantifies the degree of vibronic
coupling. We set h = 1 throughout and assume that the
vibrational frequency is the same in all electronic states.
In Fig. la, we show the nuclear potentials for a molecule
with a ground state |g) centered at gy = 0, as well as
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Figure 1: Panel (a): Nuclear potentials for a single molecule
along the reaction coordinate gq. Excited states |e) and |f) are
shifted with respect to the ground state by qée) and q(()f ) in
free space. A cavity field G couples to the transition |g) > |e)
with a detuning A. and Rabi frequency Q.. For large enough
Q., the cavity effectively shifts the potential minimum in state
le) to coincide with |g) (right grey arrow). State |f) does not
couple to the cavity. Panel (b): Cavity-dressed spectrum for
an ensemble of N molecules with vibronic coupling, showing
the splitting of the permutation-symmetric collective dressed
states |+, m) from the cavity-free polaron eigenstates Q |¥ n).
wy is the vibrational frequency.

excited states |e) and |f), centered on opposite sides of
the ground state minimum. This nuclear arrangement is
relevant to describe electron transfer in substituted bi-
phenyls [43, 44], where the RC represents a torsional
angle between the electron donor and acceptor groups.
In Fig. la, we also represent a quantized cavity mode a
that induces Rabi oscillations between states |g) and |e)
at frequency €, with detuning |A.| < Q..

Shifted harmonic oscillator modes b for state |e) can be
obtained from the unshifted ground state oscillator mode
b by a displacement along the RC, so that b = b+ A, [45].
A similar definition holds for state |f). The dimension-

less Huang-Rhys factor A2 = (wy/2) [q(()e)]2 characterizes
the strength of vibronic coupling. The vibrational eigen-
states of the shifted harmonic potential are denoted by
Ime) = DT () |m), where D()\.) = exp[Ao(bf — b)] is the
nuclear displacement operator and |m) is a vibrational
eigenstate for the reference mode b.

We are interested in the dynamics of an ensemble of
N identical molecules interacting with a single quantized
electromagnetic mode of an optical cavity, having anni-
hilation operator a. The many-body Hamiltonian for the
ensemble can be written in the interaction picture as

Hy = wy Y blby+ > [6apA +gls (by +b])] o) (8]
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where |G) = [g192...gn) is the ensemble ground state,
la) = 3", uaile;) are one-excitation states and bf, =

> i Cui lA)I creates a phonon in mode v. The detuning
from the cavity frequency weay is A = A, + wy A2, with
A¢ = We — Weay being the detuning from the zero-phonon
line (0-0) transition and €2 is the single-molecule Rabi
frequency. We assume that |A.|/Q < 1. Other excited
states (for example |f) in Fig. la) are far detuned or
weakly coupled to the cavity field and cannot exchange
energy with the confined mode over the timescales of in-
terest.

The electron-vibration coupling constant in eq. (2)
Is given by gn5 = Aewy > Uk Cuiugi. By defining the
v = 0 phonon mode to be totally-symmetric with re-
spect to particle permutations, i.e., co; = N~1/2, we have
gggo = Sa.p\ewy/VN. In other words, the permutation-
symmetric phonon mode does not couple different col-
lective electronic states.

We refer to Hamiltonian Hy in eq. (2) as a Holstein-
Jaynes-Cummings (HJC) model. It extends the model
used in Ref. [35] to treat many particles with quant-
ized molecular vibrations. In free space, we can set
Q. — 0 and A, — w, to recover a standard Holstein
model with optical phonons [46], which is used to de-
scribe small polaron dynamics [45-47]. It is straightfor-
ward to generalize eq. (2) to include direct long-range in-
teractions between molecules and energetic disorder. For
an ensemble with translational symmetry in a lattice,
we identify the mode indices « and v with the quasi-
momenta k and q of electronic and phonon excitations,
respectively. We use this (k, q) lattice representation be-
low for numerical diagonalization of eq. (2).

The cavity field profile is assumed to be constant over
the volume occupied by the molecular ensemble. There-
fore, the cavity mode can exchange energy efficiently
only with the permutation-symmetric electronic state
lap) = 3, lei) /VN (second line eq. (2)), with a size-
enhanced Rabi frequency v NQ.. We show in the Supple-
mentary Material (SM) that we can exploit the selection
of permutation-symmetric electronic states by the cavity
to partition the electronic Hilbert space into a symmet-
ric subspace P = |G) (G|+|ap) {ao| and a non-symmetric
manifold @ = 1y — P, where 1y is the many-body iden-
tity. Equation (2) can be projected into these orthogonal
manifolds to give

Hy = PIHNP + Q' HNQ + PTHNQ +Hee..  (3)

The specific forms for each term in eq. (3) are given in
the SM.

Electron-vibration coupling in the P manifold involves
only the symmetric phonon (¥ = 0) with coupling con-
stant gZO:O?O = Aewy/ V/N. Vibronic coupling in the sym-
metric mode is suppressed by a factor of 1/v/N with re-
spect to single-molecule vibronic coupling, leading to an
effective shift of the potential minima in excited state
le) in Fig. la towards the ground state minimum [34].
A similar idea could be used to interpret the single mo-
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Panel (a):
Probability Py for the lowest many-body dressed state to
be decoupled from molecular vibrations, as a function of the

Figure 2: Cavity-induced polaron decoupling.

number of molecules N in a linear lattice. Several values
of the Rabi frequency are shown: Q./w, = 4 (curve a) and
Qc/wy = 2 (curve b). wy is the vibrational frequency. Panel
(b): P as a function of 2. /o for a linear array of size N = 10
and disorder width o. 2500 disorder realizations are included
in the shaded area. Dashed lines in both panels correspond
to Py = exp[—A2/4N], with \2 = 1.

lecule absorption spectra computed in Ref. [35]. In the
SM we provide an equivalent derivation of the cavity-
induced reduction of the Huang-Rhys factor for lattice
vibrations using phonon modes in the site basis b;. We
choose the collective phonon basis b, here to make a clear
connection with lattice systems that are relevant to de-
scribe molecular aggregates [20, 34].

The permutation-symmetric electronic partition
PIH NP can be diagonalized to obtain dressed vibronic
states of the form

|53 {m}) = [p2)@ DT (A /2VN) [m)@[{m},) , (4)

where 1) = {|G) [ncay =1) £ |ao) [ncav = 0)}/V2 is
the dressed state in the absence of vibrations. We have
assumed that A, = 0 and VNQ. > wy. [Pcay) 1S a
Fock state of the cavity mode, which we restrict here
t0 Neay < 1 to study cavity-vacuum effects only. State
|m) is a vibrational eigenstate of the symmetric phonon
mode b,—g and [{m},/) = |m,=1,...,m,—n—_1) describes
the vibrational state in non-symmetric phonon modes.
Dressed states in eq. (4) have energies given by

Wt mi{m},, = :I:\/]VQS/2 + wym + wy Z my,  (5)
v'#0

where Stokes shifts of order 1/N have been ignored. We
illustrate the spectrum of the many-body Hamiltonian
Hy in Fig. 1b. We show in the SM that as long as
VNQ. > wy, the coupling between the P and Q man-
ifolds through phonon absorption or emission becomes
strongly suppressed. In this regime, the many-body
states given in eq. (4) become eigenstates of the HJC
model with energies given by eq. (5). We show below
that polaron decoupling can have a significant impact on
the chemical reactivity of molecular ensembles in optical
cavities.

We illustrate the phenomenon of polaron decoupling
in Fig. 2. We quantify the degree of vibronic decoup-
ling in the eigenstates of the HJC model by the squared-
overlap Py = [(®g |¢p_;m = 0) [{0},/))|?, where |®g) is
the lowest polariton eigenstate of H for a resonant cav-
ity (A. = 0), and |[¢_)|m = 0) |{0},/) is defined in eq.
(4) for A, = 0. As we mentioned above, periodic bound-
ary conditions are used to represent collective electronic
and vibrational states, including up to six vibrational
quanta in the symmetric mode by and up to two in the
non-symmetric modes b,-o. We find that the squared-
overlap satisfies Py < exp[—\2/4N] (see SM for a deriva-
tion). The upper bound corresponds an effective Franck-
Condon overlap with Huang-Rhys factor A2/4N between
the collective nuclear states in state |ag) and those in
state |G). This overlap becomes exponentially close to
unity in the limit N > A2, The nuclear configuration
of the collective excited electronic state |ag) is thus the
same as the ground state equilibrium configuration, for
all phonon modes v. In other words, when the collect-
ive Rabi oscillation period is shorter than the timescales
for vibrational motion, the electron can exchange energy
with the cavity mode many times before the nuclei have
time to reorganize their configuration to the excited state
potential. In practice, it may be challenging to reach this
regime [48], although Rabi oscillation periods as fast as
5.9 fs (vVNQ, = 700 meV) have been reported [10].

We now go beyond the restriction of identical molecules
and consider an excited state energy we(r;) that depends
on the position of the molecule r; in the ensemble. This
type of static disorder in organic systems is typically
taken into account by assuming that w.(r;) has a Gaus-
sian distribution with standard deviation o [34, 49]. For
a linear array with N = 10 molecules, we show in Fig. 2b
that the lowest eigenstate |®¢) of the HJC Hamiltonian
‘Hy with random detunings A.(r;) is accurately given by
|—;0;{0},/) as the collective Rabi frequency exceeds the
disorder strength (v/ N, > o). In this limit, the upper
bound for Py becomes tight for all disorder realizations,
as observed by the narrowing of the distribution in Fig.
2b.

Having described polaron decoupling by energetic isol-
ation of the permutation-symmetric P-manifold, we now
consider its effect on non-adiabatic unimolecular electron
transfer (ET) reactions. In ET reactions, an excess elec-
tron is transferred from a donor (D) to an acceptor (A)
group within a molecule. The coherent transfer rate V' is
proportional to the orbital overlap between the D and A
groups [41, 45]. For non-adiabatic ET reactions we have
V/h < wy.

The relative energy between donor and acceptor vi-
bronic levels AE = wpa + (mp —ma)wy is known as the
driving force of an ET reaction [45]. wpa = wp —wy4 is
the electronic transition frequency and (mp —ma)w, the
vibrational transition frequency for the D-A pair. The re-
action rate can be written using linear response theory



as [45] (h=1)

ker(AE) =21V?> "> "0, (T)D(AE),  (6)

mp MA

where 1, (T) is the Boltzmann distribution of nuclear
states in the donor manifold |mp) at temperature T
and D(AF) is a Franck-Condon weighted lineshape func-
tion, whose specific form depends on the model assumed
for the system-environment interaction and the relative
donor-acceptor shift Apa = Ap — Aa. For a closed sys-
tem, we have D(AE) = |(mp|ma)|?§(AE), which gives
Fermi Golden Rule. We are interested in high-frequency
internal vibrations for which kg7T/hw, < 1 at room tem-
perature. In this case, ET reactions occurs through nuc-
lear tunneling and the rate is strongly suppressed away
from the resonance condition AE = 0 [45].

We consider a cavity-driven ET reaction in an en-
semble of N donor-acceptor complexes. The state |e)
from Fig. 1 takes the role of the donor and state |f)
becomes the acceptor. Outside the cavity, the ET reac-
tion channel |e) — |f) is strongly suppressed when AE
is away from a vibrational resonance between the donor
and acceptor potentials. Inside the cavity, a confined
photon can exchange energy resonantly with the trans-
ition |g) <> |e) at frequency ., which delocalizes the
donor state over the ensemble. On the other hand, the
acceptor state |f) is assumed to have a weak transition
dipole with |g) and is far detuned to the blue of the cav-
ity frequency. The acceptor wavefunction thus remains
localized in each molecule. For vV NQ, > wy, the donor
states undergo polaron decoupling and can be represen-
ted by eq. (4). For a vibrational frequency wy & 0.1 eV
along the reaction coordinate, significant polaron decoup-
ling can be expected for experimentally accessible Rabi
frequencies of 0.2 — 0.6 eV. For a cavity with at most one
confined photon, the polariton energies involved are far
below typical molecular ionization thresholds [50].

We can open the ET reaction channel |e) — |f), by
Rabi splitting the energy of the upper dressed donor state
|4 0; {0},/) above the acceptor level. wp = VNQ,/2 is
the donor electronic energy in a frame rotating at the
cavity frequency weay. An electron placed in the dressed
donor state |+;0;{0},/) by an electron beam or a weak
laser probe far-detuned from the cavity mode frequency,
is thus transferred via resonant tunneling to an acceptor
state | f) at the rate kg (AE), where AF is smaller than
the vibrational linewidth A7,. In an optical cavity, the
rate expression in eq. (6) is still valid for this process, but
the lineshape function is not the same as in free space. In
the SM, we derive the lineshape function for ET reactions
in a cavity.

In general, the cavity-donor coupling has two main ef-
fects on the ET reaction rate kgr. The first effect is the
Rabi splitting of the dressed donor energy wp relative
to the acceptor levels. This energy shift can change the
driving force of the reaction AFE relative to its free-space
value AEy. The cavity can thus resonantly enhance nuc-
lear tunneling for ET reactions involving high-frequency

100 1000 10000
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Figure 3: Electron transfer (ET) rate kgt in an optical cavity.
Panel (a): Ratio kgr/ko as a function of N. ko is the ET
rate in free space. Curves are shown for AE = 0 (curve
a), AE = 2v, (curve b) and AE = 5v, (curve c¢). We set
Ap = —Xa = V2. Panel (b): ker/ko as a function of Ap/Aa
for N = 10* molecules with A4 = v/2 and AE = 0 (circles).
The solid line is the analytical bound in eq. (7). In both
panels the vibrational linewidth is Ay, = 0.01 fAw,,, where ws
the vibrational frequency, and kT = 0.1hwy. AF < wy is
the donor-acceptor electronic transition frequency, taken to
be the same in the cavity and in free space.

modes.

The second effect of cavity-donor coupling on ET reac-
tions is related to polaron decoupling of the donor elec-
tronic state. As we discussed above, the collective coup-
ling of donor groups to the same cavity mode effectively
preserves the nuclear configuration of the ground elec-
tronic state along the collective reaction coordinate. For
donor and acceptor excited states that in free space have
equilibrium nuclear configurations with shifts of oppos-
ite signs (ApAa < 0) relative to the |g), as in Fig. la,
polaron decoupling at low temperatures (or high vibra-
tional frequencies) can increase the ET rate by orders of
magnitude compared to the free space rate kg. This is
illustrated in Fig. 3a, where we show the ratio kgr/ko
as a function of N for fixed AE. We assume that AFE is
the same in the cavity and in free space, which can be
achieved by tuning the acceptor energy w4 through chem-
ical substitution [51] or by changing the solvent polarity
[52]. For low vibrational temperature, only mp = 0 and
m = 0 contribute to the rate for AE < w,. In this case,
the cavity rate kg for resonant tunneling (AE = 0) can
be approximated by

kgt = (ko/2) exp[A%, — 2ApAal, (7)

where kg is the resonant tunneling rate in free space.
This expression is valid for N > A\%. The ratio kgr/ko
therefore exceeds unity whenever the exponent exceeds
In(2). This is illustrated in Fig. 3b. Equation (7) also
predicts a region of suppressed reaction rates when A4
is near A\p. The equation further shows that the cavity
rate has the same size scaling of V as in free space (see
SM for details).

In summary, we discuss a mechanism for cavity-
assisted decoupling of the nuclear and the electronic mo-
lecular degrees of freedom in a molecular ensemble. This



type of polaron decoupling can enhance or suppress the
rate of intramolecular electron transfer by orders of mag-
nitude in comparison with free space. Since we only
assume conditions of strong coupling of a single cav-
ity mode with an electronic transition, our results are
valid for organic systems in microcavities [5] and plas-
monic nanocavities [9, 53]. The predicted enhancements
should be observable for a wide class of electron trans-
fer reactions that involve large nuclear rearrangements in
excited electronic states [44]. In addition to intramolecu-
lar electron transfer, cavity-induced polaron decoupling
can also be used to modify the photophysical response of
molecular aggregates [54, 55|, and to control bimolecular

electron or energy transfer processes that involve nuc-
lear rearrangements in excited electronic states, includ-
ing Forster resonance energy transfer [16].
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