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Interaction between light and molecular vibrations leads to hybrid light-matter states called vibrational
polaritons. Even though many intriguing phenomena have been predicted for single-molecule vibrational
strong coupling (VSC), several studies suggest that these effects tend to be diminished in the many-
molecule regime due to the presence of dark states. Achieving single or few-molecule vibrational
polaritons has been constrained by the need for fabricating extremely small mode volume infrared

cavities. In this theoretical work, we propose an alternative strategy to achieve single-molecule VSC in
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Accepted 3lst May 2023 a cavity-enhanced Raman spectroscopy setup, based on the physics of cavity optomechanics.

We then present a scheme harnessing few-molecule VSC to thermodynamically couple two reactions,

DOI: 10.1039/d3sc01411h such that a spontaneous electron transfer can now fuel a thermodynamically uphill reaction that was
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Introduction

Strong coupling (SC) ensues when the rate of coherent energy
exchange between the matter degrees of freedom (DOF) and
a confined electromagnetic field exceeds the losses from either
of them.'* This interplay leads to the emergence of hybrid light-
matter states called polaritons,*” which inherit properties from
both the photonic and the matter constituents. For molecular
systems, due to the small magnitude of the transition dipole
moment of most individual molecules, SC is typically achieved
by having an ensemble of N > 1 molecules interact with
a cavity mode.>® In this collective case, in addition to two
polariton states, SC leads to (N — 1) dark states which are
predominantly molecular in character.” In both the electronic
and vibrational regimes, harnessing these hybrid light-matter
states has led to the emergence of a plethora of polariton-
based devices' such as amplifiers,">** tunneling diodes,"
routers,** and ultrafast switches;'>*® and novel phenomena like
enhanced energy and charge transport,"””** modification and
control of a chemical reaction without external pumping,****
and remote catalysis.?

Theoretical models of polaritons often use a single molecule
with a collective super radiant coupling to the cavity to explain
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non-spontaneous outside the cavity.

the experimentally observed effects of collective SC on physical
and chemical phenomena.”®*?*®* However, several theoretical
studies, that account for the large number of molecules coupled
to the cavity, suggest that SC could be rendered less effective in
the collective regime owing to the entropic penalty from the
dark states.**”*® For enhanced polaritonic effects, the state-of-
the-art is either to use polariton condensates**° or to achieve
single-molecule SC.** In the electronic regime, both polariton
condensation®~** and single-molecule SC****® have been ach-
ieved. There have been theoretical proposals of ways to achieve
avibrational polariton condensate.*® However, to the best of our
knowledge, in the vibrational regime, neither condensation nor
single-molecule SC has yet been experimentally demonstrated.
The bottleneck for single molecule SC in the vibrational case is
the fabrication of low-mode volume cavities in the infrared (IR)
regime.* This calls for alternate strategies to attain vibrational
SC with a single or few molecules.

In this work, we propose using optomechanics as a way to
achieve SC for molecular vibrations. Over the last decade,
optomechanics has emerged as a powerful tool in quantum
technologies with applications** such as backaction cooling of
a mechanical oscillator,*>** parametric amplification,****® opto-
mechanically induced transparency,*”** and generation of non-
classical quantum states.*>* Aspelmeyer and co-workers have
demonstrated SC in an optomechanical architecture, for
a micromechanical resonator coupled to an optical cavity
setup.®* It has been shown recently that surface-enhanced and
cavity-enhanced Raman spectroscopy (SERS/CERS) can be
understood through the theoretical framework of cavity
optomechanics.>> Here we exploit this observation to
demonstrate that a single molecule in a CERS setup, under
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strong illumination of a red-detuned laser can be a viable
platform to achieve the long-standing goal of single and few-
molecule vibrational polaritons. Few-molecule polaritons do
not suffer from the deleterious effects of a macroscopic number
of dark states, and hence are better candidates for harnessing
the properties of polaritons.®

As a proof-of-concept application of few-molecule vibrational
polaritons, we will introduce the intriguing concept of coupling
chemical reactions via the latter. Biological systems use coupled
chemical reactions and thermodynamics to their advantage by
driving energetically uphill processes, such as active transport,
using spontaneous reactions, like the dissociation of ATP.*®
Humans have looked towards nature for inspiration and
translated biological knowledge into innovative products and
processes.”*® We shall show how the delocalization of the
polariton modes inside the cavity can be exploited to design
a biomimetic of ATP-driven molecular machines.

Results and discussion
Model

Our theoretical model considers a single molecule in
condensed phase placed inside a UV-vis cavity, such that the
cavity frequency is off-resonant and lower than any optically
allowed transitions of the molecule. In this regime, the coupling
between the cavity and the molecule is purely parametric
through the molecule's polarizability, with the vibration of the
molecule causing a dispersive shift in the cavity resonance.>
Due to better spatial overlap between the mode profile of the
cavity and the molecule, we consider using a dielectric Fabry-
Pero6t cavity. However, the formalism presented here is valid for
other cavity types.®~*> We show that the cavity-molecule system,
when pumped with a laser, off-resonant to electronic transition
of the molecule, and red-detuned from the cavity, with the
detuning in the order of the molecule's vibrational frequency
(Fig. 1b), yields an effective Hamiltonian resembling the vibra-
tional polaritonic Hamiltonian. Importantly, the light-matter
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coupling can be tuned by varying the laser power. By deploy-
ing efficient off-resonant light-matter interactions, this scheme
represents an attractive opportunity to explore strong light-
matter coupling phenomena without worrying about resonant
interactions that could induce deleterious photodamage of
molecules.

In this setup, an anti-Stokes Raman process creates
a composite photon mode by absorption of a red-detuned laser
photon and subsequent emission of a cavity photon. When the
laser-cavity detuning is parked at the vibrational frequency of
the molecule, the composite photon is in resonance with the
molecular vibration and couples to it (Fig. 1b), with an effective
light-matter coupling strength that can be tuned by changing
the laser intensity. When the coupling strength exceeds the
decay rates of the system, we see polariton peaks in the spectra.
Importantly, and contrary to the perturbative description of
anti-Stokes Raman scattering, the presently studied effect
occurs even at T'= 0, in the absence of initial populations in the
vibrational excited states of the molecules.

We model the photon mode and the vibration of the mole-
cule as harmonic oscillators with frequencies w.,, and @, and
annihilation operators a and b, respectively. The cavity has
a decay rate of k and the vibrational mode has a decay rate of 7.
In this work, the losses will be modeled using Lindblad master
equations.® Since the polarizability, «, of the molecule, to the
leading order, depends on its vibrational displacement,* x, =
xzpf,v(b* + b), the Hamiltonian for the cavity-molecule system is*

HC-M = h[wcav + gO(bT + b)]aTa + hQVbTb’ (1)

da

x, eVe
coupling, with V, and ¢, as the mode volume of the cavity and
vacuum permittivity, respectively. This Hamiltonian formally
resembles an optomechanical setup,®* where the displacement
of a mechanical oscillator modulates the frequency of the cavity.
The cavity then acts back on the oscillator through radiation

where gy = Xzpry (wcav ) is the vacuum cavity-molecule
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Fig. 1 Experimental setup for achieving few-molecule vibrational SC in a cavity-enhanced Raman spectroscopy (CERS) setup. (a) A single
molecule with a vibrational mode at frequency Q, is placed inside a UV-vis cavity (wc,,) and the cavity is illuminated with a laser red-detuned from
the cavity (weay — Qy). The cavity mode and the laser detuned to any electronic transition of the molecule. The laser and the cavity together
constitute a composite photon mode that strongly couples to the vibrational mode of the molecule. (b) Schematic depicting the coupling of the
composite photon mode denoted by annihilation operatorTré with the molecular vibration denoted with annihilation operator b. Here [ denotes
the ‘laser-like’ and & denotes the ‘cavity-like’ normal mode of the laser-cavity subsystem. The composite photon mode and the molecular
vibration strongly couple with effective coupling ge¢r, to give the polaritons.
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pressure force, which is a function of the cavity's photon
occupation.

We drive the cavity with a laser red-detuned (wy, = weay — 4, 4
> 0) from the cavity resonance. The full Hamiltonian for a laser
mode with annihilation operator [ coupled to the cavity-
molecule subsystem is given as

Hia = Heom + hol 1T+ B + D' + a), (2)

. . . [K .
with the cavity-laser coupling J = , /—. Here, 1, _is related to
Trty,

nLth

the laser power P = with n;, = (I'l) being the mean

Trty,
photon number in the laser mode.**

We make the rotating wave approximation (RWA) in the
laser-cavity coupling and diagonalize the laser-cavity subsystem.
The operators land d represent the new ‘laser-like’ and ‘cavity-
like’ normal modes of the laser-cavity subsystem with
frequencies @y, and @y, respectively. The Hamiltonian after
making the approximation and change of basis is

HEWA = 5QbTb + head' @ + Roog 1T + higo(cos @@ + sin ¢+ 1) (cos
@-d+sing-Hb + b), (3)

1 2 . . ..
where ¢ = —tan? _d is the laser-cavity mixing angle.®
2 Weay — WL

Considering the red-detuned case for the cavity-laser
detuning, 4, in the order of O(Q,), we drop the off-resonant
contributions in the cavity-molecule interaction term, simpli-
fying Hgyp to

Hy = hQub'b + hivend'd + hionl 1+ %sm(zq;) Tabt +1'a'b.
(4)

We will later set the laser-cavity detuning 4 = Q,.
We define a composite laser-cavity photon mode with anni-

.

T~

la
V(i — 1)
and i, = (') are the mean photon occupations in the ‘laser-
like’ and ‘cavity-like’ normal modes, respectively. The Heisen-
berg equations of motion for the operators .«,, and b in the
mean-field approximation,®

d

hilation operator .«Zp, = (Fig. 1b), where 71, = (I'])

. _ igo . ——
d—t,;dph = —(@cav — OL)AZph — %sm(Z(p)\/nL — 7y b, (5a)
d . igo . = =
ab = —iQ,b — 751n(2¢) AL — Ay el pn, (5b)

yield the effective Hamiltonian
v J ,
Her = hwpned el o + hQb'D + higo (Z) VL <=’¢;hb + ﬂphbT)

(6)

when ny, > 7, and J] < 4 (see ESI note-1f). Here we have
suggestively defined w,, = A. For an input laser drive with
power P, the interaction strength between the composite

© 2023 The Author(s). Published by the Royal Society of Chemistry
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photon and the molecular vibration transforms to
& [Pk . . .
et = NS consistent with the results obtained from the
L

classical treatments of the laser mode.*»*>>7%

When wp, = Q,, He resembles a vibrational polaritonic
Hamiltonian, where the composite photon mode is resonant
with the vibrational DOF (Fig. 1b).® Here the coupling strength
is tunable by changing the pumping power of the laser. This
can, in principle, foster the SC regime when the coupling
strength supersedes the decay processes in the system. To look
at parameter sets yielding this regime and to compute spectra,
we simulate the dynamics of the density matrix (p) of the system
using Lindblad master equations®*® given as

dp . K n, ™ + 1)y, n, My,
90 i[Har,p) + S alp) + B g ) T )
ot 2 2
+ nvth’Ypd gjb*b[ﬂ]- [7)

The last four terms on the right-hand side are the Lind-
blad-Kossakowski terms defined as
Lolp) =20p0" — {070, p}. Here, %, models the incoherent
decay from the composite photon mode. The incoherent
decay, thermal pumping, and pure dephasing of the vibra-
tional mode by the environment at temperature T are
modeled by the %;, %, and %, terms, respectively, where
nP=(e"*/¥T_1)"1 is the Bose-Einstein distribution function
at transition energy 7Q,. Additionally, in the limit of large
photon number in the laser (n;, >> 1), assuming the photon
occupation to be constant, and thus the laser mode to be
non-lossy, the decay rate of the composite photon equals the
cavity decay rate « (see ESI note-27).

The simulations have been performed using the QuTip
package®®® and the results are presented in Fig. 2 for the
molecule Rhodamine 6G,* where 1Q, = 0.17 eV, wpn, = Q, (0.17
eV), ¥ = 74/2 + Ypa = 0.012, (1.7 x 10> V), k = 0.02Q, (3.4 x
1077 eV), go = 1.5 x 10°Q, (2.6 x 10 * eV). Here, v, = 10 *Q,
(1.7 x 107 eV) and v,q are the rates for vibrational relaxation
and pure dephasing, respectively.® The temperature chosen for
the simulations is T'= 298 K. The fluence of the lasers is chosen
to be below ~10 MW cm 2 (ref. 52 and 69) with a beam area of A
= 5 um”. Fig. 2a shows the effective light-matter coupling, g,
as a function of laser fluence, P/A, and single photon coupling
strength, go. In Fig. 2b, the vibrational spectrum of the molecule
Sp(w) = Re[ ;" e (x,(¢)x,(0))4,dt], splits, demonstrating SC.
We see the Rabi-splitting increases with laser power, thus giving
us additional control over the light-matter coupling strength.
Fig. 2c shows the spectra with one, two, and four molecules for
constant laser power. Fig. 2d is the vibrational spectrum of the
molecule as a function of the cavity-laser detuning. The avoided
crossing at the detuning (4) equal to the vibrational frequency
(2,) demonstrates maximal hybridization between the photonic
and matter DOF. Finally, Fig. 2e and f show the emission
spectra  from the cavity at steady state (ss),

S4(w) = w*-Re[; e*’”(,/l;h(t),/lph(0))Ssdt],5"'7°*71 also revealing
the polariton peaks.

Chem. Sci., 2023, 14, 7753-7761 | 7755


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc01411h

Open Access Article. Published on 29 June 2023. Downloaded on 3/15/2026 6:37:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Edge Article

geff IQv
a 005 b
g : 0.04 >
:& : 0.03 g
S —4 0.02 =
S £
O 4. 0.01
0.
5% 26 51 10.1 0.00 (9.16 0.17 0.18 0.16 0.17 0.18
Laser fluence MW/cm Energy (eV) Energy (eV)
—— Uncoupled —— Uncoupled
----- 0.19 MW/cm? - N=1
---=- 0.76 MW/cM? . N=2
i 1.18 MW/cm? N=4
d Intensity e f
,é 1.04 1.0 0.19 MW/cm 2”‘. :x\‘
M I"\
S0 0.8 > ke '\‘\‘
; 0.6 B 'II,‘ \\Il |““
$'1.00 5 7 N
[ 0.4 1= /I” \\\\
S = i W
g 0.98 0.2 “",,, N
" 0.96 0.0 0.16 0.17 0.1 0.16 0.17 0.18

o
)

0.8 1.0 1.2
Detuning (A/Q,)

1.4

Raman shift (eV)

Raman shift (eV)

Fig. 2 Spectroscopic signatures of few-molecule vibrational strong coupling in CERS setup. (a) The effective light-matter coupling (ger) as
a function of the single-photon coupling (go) and laser fluence. Vibrational spectra of the molecule as a function of (b) laser fluence, (c) the

number of molecules (N), (d) cavity-laser detuning (wcay — W =

4). Emission spectra from the cavity as a function of (e) laser fluence, (f) the

number of molecules. Here AQ, = 0.17 eV, weay = 1.7 €V, wop = i, go = 1.5 x 1073Q,, k = 0.02Q,, v = v,/2 + vpa = 0.01Q,, v,/2 =1077Q,, T =298

K, and A = 5 um? unless otherwise mentioned.

Polariton-assisted thermodynamic driving

The matter component of the polariton modes is delocalized
over many molecules under collective SC.>”> This delocaliza-
tion can be exploited more effectively with few-molecule
polaritons, owing to reduced involvement of dark modes,***
which remain parked essentially at the same energy as the
original molecular transitions. In this work, we consider the
molecular species undergoing electron-transfer reactions,”7*
modeled using Marcus-Levich-Jortner (ML]) theory.”>”” Our
system consists of two reactive molecules A and B of different
species placed inside an optomechanical cavity. Here mole-
cule A features a spontaneous reaction (with negative free
energy change, AG, < 0), while molecule B features an
endergonic reaction (AGg > 0, with AGg > kgT). We demon-
strate thermodynamic coupling between the two molecular
species via the composite photon mode, such that the spon-
taneous electron transfer in A can drive B to react. Schemat-
ically, electron transfer in A creates a vibrationally hot
product (Fig. 3a), which, outside the cavity, just decays to the
product ground state. However, inside the cavity, in the
timescale of the Rabi frequency, this excitation can be
captured by the photon mode, which then can excite the
reactant in B to its vibrational excited state. The electron
transfer in B can then proceed spontaneously from the reac-
tant's excited state (Fig. 3b). Notably, this scheme can also be
generalized to other types of reactions. We emphasize that
throughout this process there is no direct photoexcitation
(preparation of vibrationally excited state population) of the
molecules by light. This feature arises from the off-resonant

7756 | Chem. Sci, 2023, 14, 7753-7761

nature of the parametrically induced strong light-matter
coupling, and represents an opportunity to avoid undesired
photochemical processes in molecules due to resonant
multiphoton excitations.

Within the framework of MLJ theory, the molecules can
exist in either of the two diabatic electronic states: |R;) cor-
responding to the reactant and |P;) corresponding to the
product for molecule i € {A, B} (Fig. 3a). For molecule B, in
this case the switching between |Rg) and |Pg) through electron
transfer contributes to useful mechanical work, manifested in
changes of nuclear configuration.”®* The electronic states for
each molecule are dressed with a local high-frequency intra-
molecular vibrational coordinate represented by annihilation
operator a,; for x € {R,P}, and coupled to a low-frequency
effective solvent mode treated classically with rescaled
momentum and position as ps; and gs; respectively. We
assume that the high-frequency modes of both species, being
resonant, are the only ones that couple to the composite
photon.®* Upon reaction, the high-frequency mode undergoes
a change in its equilibrium configuration according to, ag ; =

api)V/Si| is the displacement
operator, and S; is the Huang-Rhys factor.** The Hamiltonian
describing the system is given as H = Hy + Vyeact, Where

Djap,D;, where D; = exp|(a},; —

= Hpy, + Z Z (Hyi+ Vii)|x:) (3, (8a)
Vieaw = Y Ji(|R)(Pil + |P;) (Ri]). (8b)

i=A,B

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic PES for molecules A and B, outside and inside the cavity. Both A and B undergo electron transfer reactions with negative and

positive AG, respectively. The dashed arrows show the main reaction pathways for each molecule. The direction (upward or downward) of the
arrow indicates whether the reaction is uphill or downhill and the steepness indicates the transition energy. The reaction takes molecule A from
[Ra) to |Pa), and molecule B from |Rg) to |Pg). The PES are labeled as |E,vg), where E labels the electronic state, R; or P; for i € {A,B}. Outside the
cavity, |vg) represents the vibrational state of the high-frequency mode corresponding to the electronic state |E). The coupling of this high-
frequency vibrational mode to the composite photon mode leads to the two polariton states, |1.), and one dark state, |1p). (b) One cycle of the
coupled reactions. Step-1: we start from the reactant electronic states and vibrational ground states in both molecules (|Rx;0), |Rg;0)). Step-2: as
molecule A reacts spontaneously (|Ra;0) = |Pa;1)), the polariton modes, |Pa,Rg;1.), being delocalized also promote vibrational excitation in B
from |Rg;0) to |Rg;1). Step-3: this allows B to react from its excited state (|Rg;1) —|Pg;0)). Step-4: finally, both A and B relax to |Pa;0) and |Rg;0),
respectively, after which the molecule A needs to be replaced for the next cycle (PES have been drawn not to scale, to emphasize the

mechanism.).

i 1\ . o
Here Hpn = hwpn <¢¢phaﬁ//ph + 5) is the bare Hamiltonian cor-
responding to the composite photon mode consisting of the
laser and the cavity, H,; represents the high-frequency mode
and the solvent mode associated with molecule x;,

1 1
Hpy; =hQpg; (a;iaR,i + —) + - hQs; <|PS.1'}2 + “Is1f|2>7 (9a)

2 2

Hp; =hQp; (a;[ap_,- + %) + %EQSJ (’Ps.i’2 + |gsi + dS,i‘2> +AG;,

(9b)

with ds; and Qg ; being the displacement and frequency along the
solvent coordinate, respectively, and AG;, the free energy difference
for the molecular species i Additionally,
Vyi = hng,'(axjad;h + a;fﬂph) is the effective coupling between the
photonic and molecular DOF. For simplicity, we assume that the
reaction involves a vibrational mode with nearly identical frequency
and light-matter coupling strength for species A and B in both the
reactant and product electronic states (Q,; = Q,; =Q, and g,; = g,,;
= g). Finally, the diabatic couplings between the electronic states
|R;) and |P;) are given by Vieaer, Where J; is the coupling strength.
We can solve H, parametrically as a function of the solvent
coordinates to construct the potential energy surfaces(PES)
(Fig. 4a and b). Considering these diabatic couplings V;eat to be
perturbative, H, can be diagonalized to obtain the two polariton

modes, ay, JB&), with frequencies
1
we = (wph + Qy £ 1/ (wph + Qy)* + 8g2 ), and one dark mode,

ay,y,”, with frequency Q,, given as

© 2023 The Author(s). Published by the Royal Society of Chemistry

) . 1
a,(\,f)vm = COS Bty & sin §- 7 (ava+ays), (10a)
D
Axpyy = CX,Aax,A+Cy,BCy,B (10b)
such that, cea + ¢, = 0 and [exal® + [¢p]° = 1. Here,
1 242 . .. :
0= Etan’1 (%) is the mixing angle, where ¢ = (wpn — Q,) is

the detuning between the composite photon mode and the
molecule. Here we have chosen the composite photon mode to
be resonant with the intramolecular vibration, i.e., 6 = 0.

We now define multi-particle states |¢;v,) that span the
Hilbert space of the system, where |¢) = |xa, &), X, ¥ € {R,P}
corresponds to the electronic DOF, and [|v,) =
|V;A’yB,V;A ,yBnyA y8) to the cavity-vibrational mode of each elec-
tronic state |¢).® To describe the reaction, we look at the pop-
ulation dynamics in the electronic states. The kinetic master
equations governing the time evolution of the system are given

——=- > k(¢/§ v | "4’) P(gws)
<¢’;u’¢,> #(a&:%)

k(¢; S V',;,/) P (d:r/ ,> ;
¢

(11)

+ X
(¢’;u’¢,> *(gwy)

Chem. Sci., 2023, 14, 7753-7761 | 7757


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc01411h

Open Access Article. Published on 29 June 2023. Downloaded on 3/15/2026 6:37:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article

a 1.00 b 1.00115( V -7-
0.75 R, 0.75 Re
P ClPs
2
8 0.50 0.50
3 Ra
g 025 P, 0.25 ZRA P,
0.00 —— L —
o 25 50 75 100 000, 20.0 400  60.0
Time(ns) Time(ns)
C d
£0.16
£
g
€015
©
=
0.14
08 24 40 56 7.2

Pump fluence (MW/cm—2)

Fig. 4 Simulations showing polariton-assisted thermodynamic driving. Population dynamics of molecule A and B in (a) short times and (b) long
times, with molecule A being replenished through the flow apparatus depicted in (c). Molecule B switches from |Rg) to |Pg) in a cycle, thus
producing mechanical work. (c) Proposed experimental setup for continuous mechanical work from molecule B by the circulation of molecule A.
Using a flow chemistry apparatus, molecule A in state |Ra;0) state (glowing) is transported from the ‘source’ bath to the cavity, where it transforms
to |Pa;0) (no glow), drives molecule B from |Rg;0) to |Pg;0), and subsequently flow to the ‘sink’ bath. (d) Maximum population reached in Pg as
a function of the fluence of the laser drive. Here hQg; = hQp,; = 0.22 eV (call iQ,), go = 2 x 1073Q,, PIA=11MW cm 2 A=5um? yo =y =1 x
107°Q,, weay = 2.2 €V, k = 0.015Q,, 28 = 0.04hQ,, A = 0.1hQ,, AGp = —hQ,, AGg = 0.7hQ,, hQc = 0.1hQ,, T = 298 K, and n = 0.0001 unless

otherwise specified.

where p(4.,,)(t) represents the population in |¢;v,) state, and
k(¢ v & |¢; v4) is the rate constant for population transfer from
|p;vy) to |¢’;v”¢) due to processes like reactive transitions
between the electronic states accompanied by solvent reorga-
nization and decay through the cavity and vibrational DOF. The
rate constant for the reactive transition at a temperature T
within the framework of MLJ theory is given as®

2
T s 2
k(¢’;vl |piv ) = —|(Vely
¢| ¢ A(SM,)/{BT h |< ¢| ¢>|
"2 (12)
(E¢:u¢ — Egu, + A2 >)
Xexp ;
a8k T
Here,
Lo 1
Epy, = Evy + Eyy +h |0y | vy, + 3 to_ (v, + 3
Q. (P !
+& Viars +§
is the energy of the state |¢;v,) = |xa,y8) ® v v VD ),

and 2*#)g and J,4 are the solvent reorganization energy and
diabatic coupling, respectively, corresponding to the reacting
species. Additionally, (v'¢/ vy) represent the Franck-Condon
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factors for the hybrid photon-vibration states v/d,/)and |vg)
corresponding to the electronic states |¢') and |¢), respectively.
For the simulations in this work, the Franck-Condon factors
have been computed numerically from eigenstates obtained
using the standard discrete-variable representation (DVR) of
Colbert and Miller.*

The reactive transitions transfer populations across different
electronic states, while the cavity and vibrational decays lead to
dynamics within the same electronic state. In these simula-
tions, since kgT < h€Q,, we restrict ourselves to the first excita-
tion manifold in the photon-vibration DOF. With the bare
vibrational decay rate for the intramolecular vibrations for
molecule A and B as vy, and vg, respectively, and bare cavity
decay rate as «, we have

k($.14,4/0.0) = |cgol’k + |cqalva + lcgs*v, (13)
where 1, 4 represents a single excitation in the polaritons (g =
%) or the dark (g = D) mode, and the c,'s correspond to the
expansion coefficients of the excited eigenmode in terms of the
cavity and vibrational modes.*

Finally, the anharmonic couplings between the vibrational
mode of interest and an other bath of low frequency modes
leads to transitions between the polaritons and the dark
mode,*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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k<¢’ 1q~¢’¢’ 14/«#) = 2W<i |cq/,~|2{cq[|2>

i=1

x{0(—Q)- [n"(-2) + 1]7(-Q) + 6(Q)n"™(2)7 ()},

(14)

where @(Q) is the heavyside step function, () is the Bose-Ein-
stein distribution function at the transition energy 1Q = 4(Q, — Q,),
and 7 (Q) is the spectral density of the low frequency modes.
Assuming the spectral density to be ohmic,* we have
J(Q) = nQ exp[—(2/Qex)’], where 7 is a dimensionless param-
eter modeling the anharmonic system-bath interactions and Q.. is
the cut-off frequency for the low-frequency modes.

The results of the simulations are presented in Fig. 4. Here, iQx ;
=hQp,; = 0.22 eV (call #Q,), go =2 x 107°Q, (4.4 x 10~" V), PIA =
11MWem 2 A=5pum% va=vp=1x 107°Q, (22 x 10 % eV),°
Weay = 2.2 €V, k = 0.015Q, (3.3 x 10% eV), 1§ = 0.047Q, (8.8 x 1073
V), 1§ = 0.14Q, (2.2 x 107> eV), AG, = —hQ, (—0.22 eV), AGg =
0.7hQ, (0.15 €V), hiQcy = 0.14Q, (2.2 x 107> V), and 1 = 0.0001.°
The decay rates have been chosen to be similar to those typically
found in VSC experiments.®**>* The diabatic couplings are chosen
to be /iJy = hifs = 0.0054Q, =(1.1 x 10~ eV) and T = 298 K. We start
from the initial electronic state |R,,Rg;0). Independently, the reac-
tion of molecule A is spontaneous due to its negative free energy
change, AG, < 0, while molecule B remains in its thermodynami-
cally stable conformer |Rp;0) (Fig. 4a and b). This reflects the
dynamics of the species outside of the cavity. Placing both the
molecules inside the cavity couples the two reactions via the
photonic mode enabling the spontaneity of the reaction of mole-
cule A to thermodynamically ‘lift’ B to its unstable configuration
|Pg;0) producing mechanical work. However, after molecule A has
fully reacted (change in nuclear configuration), inevitably B has to
relax again to its stable configuration |Rg;0), completing one cycle of
the mechanical motion of B (Fig. 3b). The maximum population
obtained in |Pg) before molecule B relaxes back to |Rg) increases
with the light-matter coupling strength (g.¢), tunable with the flu-
ence of the driving laser (Fig. 4d). For the cycle to be repeated,
molecule A needs to be ‘recharged’ or ‘replaced’. To achieve this, we
envision a flow setup, as schematically depicted in Fig. 4c, that can
circulate molecule A inside and out of the cavity. Continued circu-
lation of the A molecules is essential for the molecular machine of B
to be oscillating between reactant and product and producing
mechanical work (Fig. 4a and b). This phenomenon realizes a heat
engine producing mechanical work in molecule B, using the
(chemical) energy flow from a ‘source’ to a ‘sink’ bath in the form of
molecule A.¥

Conclusion

We have shown that the physics of cavity optomechanics can be
harnessed in CERS to achieve single to few-molecule vibrational
SC using laser-driven UV-vis cavities. We show that the coupling
strength and hence the Rabi splitting is tunable with the laser
intensity, and it is achievable with realistic pump powers and
cavity-molecule couplings. SC in the few molecules regime can
avail enhanced polaritonic effects owing to the reduced entropic
penalty from the dark states. By using the ML] theory for elec-
tron transfer, we show that the photon-mediated coupling
between two reactions, one spontaneous and one non-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spontaneous, can be exploited to thermodynamically drive the
non-spontaneous process using the spontaneous one. This
effect is analogous to harnessing ATP to drive uphill biological
processes like the active transport of ions across a membrane
against their concentration gradient and can be used to design
bio-inspired molecular machines.*® Moving forward, an exper-
imental realization of the scheme for vibrational SC presented
here would be a significant step towards utilizing polaritons for
chemistry.
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