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Experiments have suggested that strong interactions between molecular
ensembles and infrared microcavities can be employed to control chemical

equilibria. Nevertheless, the primary mechanism and key features of the effect
remain largely unexplored. In this work, we develop a theory of chemical
equilibrium in optical microcavities, which allows us to relate the equilibrium
composition of a mixture in different electromagnetic environments. Our
theory shows that in planar microcavities under strong coupling with polya-
tomic molecules, hybrid modes formed between all dipole-active vibrations
and cavity resonances contribute to polariton-assisted chemical equilibrium
shifts. To illustrate key aspects of our formalism, we explore a model S\2
reaction within a single-mode infrared resonator. Our findings reveal that
chemical equilibria can be shifted towards either direction of a chemical
reaction, depending on the oscillator strength and frequencies of reactant and
product normal modes. Polariton-induced zero-point energy changes provide
the dominant contributions, though the effects in idealized single-mode cav-
ities tend to diminish quickly as the temperature and number of molecules
increase. Our approach is valid in generic electromagnetic environments and

paves the way for understanding and controlling chemical equilibria with

microcavities.

Light-matter interactions are often irrelevant in equilibrium
thermodynamics”. However, recent experiments have suggested
otherwise, that the chemical equilibrium of aromatic-halogen charge-
transfer complexes may be significantly changed via strong
light-matter coupling’.

The signature of strong light-matter interactions is the formation
of hybrid states referred to as polaritons, consisting of a superposition
of electromagnetic (EM) and matter excitations*®. Devices that con-
fine the EM field to the scale of relevant wavelengths [e.g., for infrared
(IR) strong coupling, planar cavities are generally constructed with
moderate quality mirrors separated by a distance of O (um)]”™ are
generally conducive to polariton formation in the presence of a reso-
nant material (Fig. 1). A simple paradigmatic model of this

phenomenon includes an isolated cavity mode under strong interac-
tion with the collective polarization of a molecular system containing N
identical molecules. This system has two hybrid light-matter modes
denoted lower and upper polaritons (LP and UP, respectively), and
N -1 molecular reservoir modes with zero photonic content.

Recent experimental reports have provided evidence that chemical
reactions can be substantially affected by strong interactions between IR
microcavities and near-resonant molecular vibrational normal modes
(vibrational strong coupling)>™. Charge conductivity”* and energy
transport modulation”? have also been reported.

While theoretical investigations have proposed hypothetical
mechanisms for microcavity effects on reaction rates via none-
quilibrium effects® ™, less attention has been paid to polariton
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Fig. 1| Schematic representation of a reactive mixture in an infrared micro-
cavity supporting confined electromagnetic field modes and strong
light-matter interactions. This setup implies the formation of hybrid polariton
normal modes with distinct spectra relative to the molecular system in free space
and the empty microcavity.

effects on thermodynamic quantities of molecular systems. Scholes
et al** showed the free energy of dark modes is lower than the
polaritonic, and Li et al.>* employed classical statistical mechanics to
argue that collective strong light-matter coupling is unlikely to
affect molecular potentials of mean force. However, recent quantum
approaches have shown that polariton effects on thermodynamic
quantities could be significant, especially under ultrastrong coupling
conditions®**.

In this work, we present a quantum theoretical investigation of
chemical equilibrium under vibrational strong coupling (VSC). We
provide a theory of nonperturbative light-matter interaction effects
on chemical equilibrium and obtain a mathematical relationship
between the composition of equilibrium reactive mixtures inside and
outside microcavities. As an example, we apply our theory to a multi-
component reactive mixture in a single-mode IR cavity resonant with a
bright normal mode of reactants or products. We examine the tem-
perature, normal mode frequency, oscillator strength, and size
dependence of the polariton effect on the reactive mixture composi-
tion at equilibrium. At the end, we summarize our main results and
explain how the provided formalism informs future work.

Results

In this section, we present a general formalism for the investigation of
nonperturbative light-matter interaction effects on the composition
of reactive mixtures. Let A, B, C, and E denote reactive chemical species
in equilibrium (in the gas phase for simplicity) according to

vaA+vgB=v.C+1gE. 1)

The total molecular quantum electrodynamic Hamiltonian®® for this
system in the Coulomb gauge is given by

H=Hy+H, +Hy, @)

where H, is the transverse EM field Hamiltonian that generates the free
field dynamics. Without loss of generality, we assume the bare field
dynamics conserves momentum along the x, y and z directions, so H, is
given by

k<ky +
Ho=S ho, (amak,1 + %) 3)
kA

where k= (ky, k;, k) is the wave vector with components &, k;, and k;
fulfilling boundary conditions associated with the electromagnetic

environment®, k= |k|,A=1, 2 denotes the field polarization, and ky is a
high-energy cutoff for photon modes. Specifically, in the treatment
detailed below, only photon modes with k < ky; are assumed to form
polaritons. In any particular application ky; would depend on the
molecular system considered and the strength of the collective
light-matter interaction*’. Note other photonic structures could also
be treated with Eq. (3) by employing modes defined in terms of
suitable quantum numbers according to symmetry and boundary
conditions satisfied by the EM field.

The pure matter part of the Hamiltonian is denoted by Hy and
given by

Hyy=hy + Vyy, @)

where Vy corresponds to the (longitudinal) intermolecular electro-
static interactions (between electronic and nuclear charges of different
molecules), and hy, is the Hamiltonian for a noninteracting mixture of
A, B, C, and E molecules

hy=hy+hg+he+he. ®)

The noninteracting subsystem Hamiltonian hg corresponds to the
nonrelativistic electrostatic Hamiltonian describing a pure ensemble
of Ng noninteracting molecules of type Fe{AB,CE}, ie.,
hg= Zf.vjl h;:, where

2

hip= Y g + VM, ©6)
a

Pi« is the canonical momentum of the a charge of the ith molecule, m;,
is the corresponding rest mass, and V,-CF°”' containsthe intramolecular
longitudinal electrostatic interactions of electrons and nuclei of
molecule i in the noninteracting subensemble of type F. From now on,
we consider all molecules involved are nonlinear and polyatomic for
the sake of simplicity. Restrictions to the cases where any of the
reactants or products are monoatomic, diatomic, or linear molecules
can be straightforwardly performed as needed for any application
based on the treatment below.

We approximate the light-matter interaction Hamiltonian Hyy, in
the Coulomb gauge as follows:

NM

Hun= 3 [l A + AP0, @)
where Ny =N+ Ng+Nc+Ng, each molecule is labeled by ¢, X; cor-
responds to the center of mass of molecule {, e, is the charge of
particle a (nucleus or electron), jr= Y se.Po/m, is the charge current
operator in the lab (space) frame (with fixed axes) and
é§=zae§/(2ma). This Hamiltonian employs a long-wavelength limit
approximation that neglects inhomogeneities of the EM field on the
spatial scale of the charge density of each molecule. This poses no
concern because the infrared field modes of relevance to us have
wavelength that is orders of magnitude larger than typical
molecular sizes.

A numerical investigation of the partition function associated
with the many-body Hamiltonian (Eq. (2)) in terms of its electronic-
nuclear-photonic stationary states would require a computationally
unfeasible treatment of the intriguing mixed boson-fermion wave
functions and the statistics of the light-matter system**2. Therefore,
while our description has been general to this point, in what follows
we specialize to the case where nonperturbative light-matter inter-
actions occur exclusively between high-frequency vibrational normal
modes of the molecular ensemble and the electromagnetic modes
here considered. We will only be concerned with VSC effects on
chemical equilibria at temperatures T that are (a) much greater than
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the rotational temperatures T, of all involved molecules, (b) much
lower than the lowest-lying electronic transition of each considered
chemical species (at their equilibrium geometry), and (c) much lower
than the vibrational temperatures T, =hv/kg of the bright (dipole-
active) normal modes of each molecule (here labeled by the fre-
quency v). These conditions are generally satisfied by polyatomic
molecules at standard conditions of temperature and pressure?,
including those employed in VSC experiments that reported polar-
iton generation by the interaction of infrared cavity modes with high-
frequency molecular vibrations of polyatomic molecules satisfying
T,>» T> To.

Several important implications follow from the conditions (a), (b)
and (c) given above. From (a) (T> T,,), it follows that a classical sta-
tistical mechanical treatment of the molecular rotational degrees of
freedom provides a reliable approximation to the rotational con-
tribution to the thermodynamic observables of the considered
system'”. Therefore, hereafter we consider the rotational degrees of
freedom of Ay, to be classical phase space variables*®. Similar con-
siderations can be made for the molecular translational degrees of
freedom, for we only examine systems where intermolecular distances
are much larger than the thermal de Broglie wavelength of each che-
mical species. This allows us to treat molecular translational degrees of
freedom as classical variables. It follows, in the limit where the
light-matter coupling goes to zero, we recover the standard predic-
tions of the statistical mechanics of polyatomic systems, where
vibrational modes are treated quantum mechanically and rotations,
translations, librations, etc are treated classically"”. As we explain in
more detail below, we expect this partitioning of molecular degrees of
freedom to be reasonable based on the notion that rotations and
translations occur on timescales that are much slower than the vibra-
tional dynamics involved in VSC. Nevertheless, the interaction
between fast polaritonic and slow matter degrees of freedom remains
an intriguing issue for future work to unravel.

Condition (b) (kg7 is much less than the lowest-lying electronic
transition energy of each molecule), implies then that the relevant
eigenstates of the noninteracting molecular Hamiltonian h; are
products of the F electronic ground-state and vibrational wave
functions. Further simplification arises from condition (c) that T« T,
for the molecular normal modes under strong interaction with the
EM field. In particular, this condition guarantees negligible thermal
populations for states of dipole-active vibrational modes with more
than a single quantum (only ground and first excited states are
occupied with any significance) at experimentally probed tempera-
tures, so the anharmonicity of modes under VSC is inconsequential
for thermal properties of the molecular system, and we can accu-
rately treat the molecular high-frequency modes under VSC as har-
monic oscillators without loss of any significant accuracy. Notably,
this same argument allows one to treat anharmonic high-frequency
modes of molecules as harmonic oscillators and still obtain great
agreement with experimental thermodynamic data under standard
conditions™.

The fact that vibrational modes with significant oscillator strength
satisfy T, > T allows significant simplification of their thermodynamic
treatment. In particular, the assumed absence of large-amplitude
anharmonic motion implies that the approximate separation of
vibrational and rotational motions in the Eckart frame**™ is reliable
and independent normal-coordinates may be assigned to high-
frequency vibrational modes executing small-amplitude motions
determined by the lowest vibrational states (for T<T,, only the
ground and first-excited state associated to each bright normal mode
have significant thermal occupation'?). In this case, the molecular
infrared polarization operator P(x)=3YPAx) can be accurately
approximated by retaining only the constant and linear terms in its
expansion in powers of the relevant normal-mode displacements
(those associated with transitions with significant oscillator strength)

(Yig, Yo, Yy o), where each of the normal displacements is written
in the molecular frame (i.e., that rotates with the molecular system), n;
is the number of { normal modes with significant oscillator strength (n;
< 3Ny - 6 for each molecule { with 3N,; atoms and 3N,— 6 normal
modes in its electronic ground-state, as we have for simplicity assumed
all involved molecules are nonlinear). Using the electrical dipole
approximation to the molecular polarization operator?, it follows that
P/(x) can be written as

P;(X)=R7(8;) [do; + Ad(Y)]6(x — Xp), 8)
n

Ady(Y)= Z(Yz‘( “Vy)d:Wly-o, 9)
i=1

where 0; denotes the Euler angles specifying the orientation of mole-
cule ¢, R}(G() is the SO(3) rotation that maps the { frame into the
lab frame*®, do is the molecular dipole moment operator at its equi-
librium geometry (Y=0) in the molecular frame, and Y- Vy is the
corresponding nuclear gradient along the normal-mode displace-
ment Y.

The transition-matrix elements associated to the molecular
current operators j; can be related to the matter polarization con-
tribution from each molecule using the identity j-=2.e4Pz/
Mo =~ Y sealXz hZl/A. In the basis of vibrational eigenstates of h;
with corresponding eigenvalues Ez, Equations (8) and (9) imply
j?b =R}(0()[iw§”d?b (Yo)l, where w?” =(E;zq — Ezp)/h. The contribution
of each molecule to the diamagnetic term of H,y (Eq. (7)), namely
é%AZ(XZ) must also be reconsidered in light of the restriction of our
nonperturbative treatment to infrared molecular transitions, e.g., the
Thomas-Reiche-Kuhn sum rule®™* can be employed to obtain in the
restricted molecular Hilbert space a diamagnetic term consistent
with the approximations here employed to model VSC.

The described approach, where high-frequency vibrations and EM
modes are treated quantum mechanically, electronic degrees of free-
dom are frozen in the ground-state, and translations and rotations
are treated classically leads to a family of positive-definite quadratic
Hamiltonians h=hy(), Pc) + H. + H (0, X) parametrized by the set
of center of mass position and momentum of each molecule
(XI,Pcl,...,XNM,PCNM)=(X, Pc) and their corresponding (classical)
orientations and angular momenta (6,,);,..., 8y,,,Jy,)=(0,)). Each set
of classical molecular variables leads to a Hamiltonian A with two
classes of eigenmodes: (i) polaritons with frequency w,(8, X) > O (these
could include modes with negligible fraction of EM or molecular
excitation) and (ii) dipole-inactive vibrations described by the Hamil-
tonian Hp which we define such that it also includes the ground-state
electronic energy and classical translational and rotational kinetic
energy of each molecule. We infer (under the separability conditions
and classical correspondence previously delineated), the thermo-
dynamic properties of the total light-matter Hamiltonian (Eq. (2)) can
be obtained from the statistical mechanical treatment of the effective
Hamiltonian (here written on the basis of eigenmodes of
hm(J, Po) + Hy + Hiw(6, X)),

H({J,0,Pc,X)=Hpy(0,X)+Hp(J,Pc) + Vi (0,X), (10)
where Hpo(0,X) represents the (in general, multimode) vibrational
polariton Hamiltonian in the normal-mode representation, Hp is the sum
of (classical) molecular translational and rotational kinetic energies and
dipole-inactive (normal-mode quantum) vibrational Hamiltonians, and
m(@, X) describes intermolecular interactions. Note the exclusion of
nonadiabatic terms in Eq. (10) is consistent with the assumed
separability of fast and slow molecular degrees of freedom. While
nonadiabatic interactions drive relaxation and are potentially key
ingredients in dynamics, we leave for future work to precisely discern
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their relevance for the equilibrium statistical mechanics of polaritonic
materials.

The polaritonic part of the Hamiltonian can be expressed in terms
of polariton creation and annihilation operators as follows:

Hrol8,X)= S h0p(8,X)(chep + ), ()

where ¢}, (cp) is the bosonic creation (annihilation) operator asso-
ciated with polariton mode P. Note that Hpol,c;,cp, and w, are all
dependent on the molecular orientations 8;, center of mass positions
X and number of molecules of each chemical species contributing to
the formation of the polariton modes P. These eigenmodes may be
more or less localized depending on their energy and the typical size of
fluctuations of the molecular ensemble (disorder)** 5,

Intermolecular interactions represented by Vy; include non-
linear couplings between degrees of freedom with free dynamics
generated by both Hp and Hpy. These interactions induce
polariton decay and contribute to their linewidths*°. For the
sake of simplicity, we will proceed with the assumption that the
intermolecular interactions modeled by V,, can be ignored for the
purpose of computing the thermodynamic equilibrium properties
of the molecular system. This assumption can and will be lifted
later. Therefore, we employ

h(J),0,X,P.) = Hpy (8,X) +Hp(J, Pe) 12)

to compute the canonical ensemble partition function of the
light-matter system and its corresponding thermal properties.

The partition function of the light-matter system at fixed volume
V, temperature T, and Nu, N, Nc, Ne molecules can be written as

QN,V,T)= / dJd6dXdPc [epra-oxpo] (13)

Qmhy 2w

where N = (Nu, Ng, N¢, Ng), dJd@dXdP¢ is a compact notation for the
12N-symplectic form of the translational-rotational molecu-
lar phase space, and Tr denotes the trace over quantum states of
all light and matter (vibrational) degrees of freedom. The
integration over J and P is trivial, for the Hamiltonian is quadratic
in these variables. Further, we make the approximation that the
molecular orientational and positional distributions are isotropic
and uniform, respectively and unaffected by the interaction with
the considered EM modes. These considerations imply that under
the collective light-matter interaction regime, the molecular
rotational and translational partition functions are unaffected by
VSC, and the total partition function of the light-matter system
can be approximated as

QN V,T)=Qp(N,V, T)Qpo (N, V, T), (14)
where Qp(N, V, T) denotes the partition function for the electronic-
translational-rotational and non-dipole active vibrational degrees of
freedom

- Np
T D sV, D (DT (]
QD(Nr V, T) — H [ el trans - ,rol vi
Fe{AB.CE) v

as)

where Z]Cib(T) is the partition function associated with the dipole-
inactive normal modes of a single F molecule.

The polariton partition function Qpo (N, V,T) is given by the
macroscopic average of Qp(8,X)=Tr[exp(—SHp,[0,X])] over the
space of molecular positions X and orientations 6. Assuming the

molecular system is isotropic and uniformly distributed (over long
distances), it follows that

X
Q. v, 1= [ (d”—dapw. X)

2mh)®Nm

(16)
dedx
= [ ———Tr exp|—BHp,(0,X)].
/ G | P80
The Helmholtz free energy of the light-matter system can now be
directly obtained from Q(N, V, T) as

ANV, T)= —kgT In[QN, V, T)], -

=Apo(N, V, T)+Ap(N, V,T), 17

where Apo (N, V,T)= — kgT In[Qpy (N, V, T)] (with Qpoi(N, V, T) cor-

responding to the macroscopically averaged polariton contribu-

tion to Q(N,V,T) as given by Eq. (16)). Likewise applies for

Ap(N, V, T), which is the free energy of the modes with dynamics
generated by Hp.

The chemical equilibrium condition at fixed V and T is'?

0A
Dp == DAy + Dl + Dclc * Vgl
EFaNF AFA BMB CHC EME (18)
=0,
where 7 = v if F is a product species and 7y = — v} is a reactant, and
the chemical potentials ug(N, V, T) = 0A/ONE are given by
He NV, D)= g poy(N, V, T) + g o (N, V, T), 19)

with ﬂF,POl(NI v, T) = aAp0|/aNF and ”F,D(NFl v, T) = 8AD/6NF Note
that pgpoi(N, V, T) corresponds to the change in the chemical
potential of species F induced by the strong light-matter inter-
action and is unrelated to the polaritonic chemical potential. This
quantity vanishes at thermal equilibrium as follows for any non-
conserved quasiparticles*®'.

We can rewrite Eq. (19) in terms of a bare contribution and a
polariton-induced change by adding and subtracting the con-
tribution to the chemical potential from the bright vibrational
part of Ar which we write as pr vip brigh«(T). Given that Ue vib,bright(T)
is the contribution of bright vibrational modes to the bare che-
mical potential for a system of noninteracting Nf molecules of
type F, and the remaining additive contribution to the F chemical
potential is pgp, we define the reference chemical potential of
species F by

K (Ne, V, T)=Hg, pWNe, V, T+ e i, brighe(T)- (20)
Note that {”(Ng, V, T) is employed as a standard-state relative to
which the molecular chemical potential is obtained under conditions
where interaction of the molecular system with the electromagnetic
field may be significant. Equivalently, p\” follows from the same
separability conditions employed to obtain Eq. (14) in the limit where
the light-matter interaction approaches zero. It follows that the
chemical potential of species F under the influence of the EM field is
given by
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The bare F chemical potential can be obtained directly from Egs. (20)
and (15) as

:
EO(Ng, V,T)= — kBr%ln {W}
F F* (23)
= _kgTIn {M} N>l
Ne

where ge(V, T)=G5(T)GEans (V. Dl (Tgh(T) s the single-molecule
partition function of the bare isolated species F, and to obtain the
second line we employed Stirling’s approximation. By applying Egs.
(23) and (21) into Eq. (18), we obtain

—keTY i {Z—j + Y A po =0. 24)
F F

A simple rearrangement leads to our expression for the equilibrium
reaction quotient (Eq. (25)) under the influence of nonperturbative
light-matter interactions

N;ENEC qEEch ~
Va NIVB = Vn AVB exp 7132 VFAI’IF, POI(NA'NB'NC'NE' Vv T) . (25)
NiNg' 4)' gy F

By solving Eq. (25) for the number of molecules of each species under
constraints set by the experimental situation (e.g., the system is initi-
ally prepared with an equal number of A and B molecules, etc), we
obtain the polariton effect on the equilibrium composition of the
reactive mixture.

Qualitative analysis of VSC effects on chemical equilibria
Generic properties of vibrational polariton effects on chemical equi-
libria arising as a consequence of Eq. (25) are summarized here. First,
Eq. (25) shows a proper description of polariton effects on chemical
equilibria requires a multimode description of the EM field, as both on
and off-resonant modes contribute to the VSC-induced changes in the
reaction quotient. Explicitly, in a system with Np eigenmodes (Eq. (11)),
we can take advantage of the assumed condition that 7, > T (for modes
strongly coupled to light) and the consequent quadratic nature of the
strong light-matter system to obtain Qp, = H;V:”I qp,» Where g, is the
harmonic oscillator partition function associated to the Ith polariton
mode. It follows the polariton contribution to the free energy is
additive, with Ap, = Z',VjIAP,, where Ap = — kg TIn(gp ). Hence, the
polariton-induced change in the matter chemical potential Ay po; has
contributions from all Np polariton modes with participation of che-
mical species F. In fact, using Ayt py = Zf’:l Hr,p, = HF,vib, bright» Where
Hr,p, = Oy, Ap,, we find directly that the r.h.s of Eq. (25) depends on all Np
polariton modes formed via hybridization with any of the molecular
species. Clearly, no a priori special role is played by field fluctuations
corresponding to incidence angles near zero, and devices with greater
density of polariton modes will allow greater control of chemical
equilibria. Additionally, it is seen that polaritons originating from all
bands of a microcavity in resonance or sufficiently close to resonance
with dipole-active molecular vibrations will contribute to Eq. (25).
Second, Eq. (25) demonstrates that in a polyatomic system with
multiple bright vibrations, the chemical equilibrium shift induced by
an IR microcavity depends on the density of EM modes at the various
bright IR resonances of both reactants and products and their corre-
sponding oscillator strengths. For instance, if the chemical species F
has ng bright normal modes in resonance or near-resonance with EM
modes corresponding to any incidence angle, then U yib brighe has
additive contributions from all bright normal modes m=1,2,..., ng,
i€, K vib, bright = SomHy, Where p™ is the chemical potential asso-
ciated with the mth vibrational mode of each molecule, and Apg po; will

be impacted by all such polaritons formed between the F chemical
species and the confined EM field.

Equation (25) also indicates that VSC may shift the equilibrium
towards products or reactants depending only on their oscillator
strength density, vibrational resonance frequencies, and the spectrum
of the confined EM field. These quantities control the polariton con-
tributions to the chemical potential Ay p via its dependence on the
polariton energies, as these are determined by the collective interac-
tion strengths of the various bright vibrational modes involved in a
typical equilibrium. In fact, VSC will lead to a greater fraction of pro-
duct species, when the polariton-induced change in the chemical
potential of the products Aptp poi = VcAlic poi + VoAUp por IS less than the
corresponding quantity for the reactants Asig poi = VaAlA pol + VBAUE pol,
for in this case exp[—B(Aup po — Alig pop)] is greater than one, so it
follows from Eq. (25) that the reaction quotient under VSC as expres-
sed by NN /NN is greater than the reaction quotient in free
space [q g/ /(g qs)]. In the next section, we quantitatively investi-
gate Alr po) in an elementary model of strong light-matter coupling to
confirm the validity of these statements.

Our results relied primarily on conditions accessed by the
vast majority of VSC experiments (moderate temperatures that
are much smaller than all electronic transition energies and
vibrational temperatures of high-frequency modes contributing
to polaritons, but also much greater than rotational temperatures
and isotropic molecular orientation distribution negligibly per-
turbed by interaction with both polarizations of the EM field). We
ignored the intermolecular term Vj, and anharmonicity even in
low-frequency vibrational modes (assumed to be weakly coupled
to the radiation field) to obtain Eq. (25), but these approximations
can be easily made much less extreme without almost any change
in our formalism. For instance, we can add intramolecular
anharmonicity to the low-frequency modes without any change to
Eq. (25) by employing an anharmonic vibrational partition for
G,iv(T). This could include nonlinear couplings between modes
that are not involved in polariton formation, or anharmonic
interactions that only significantly perturb highly-excited polar-
iton modes (with at least v > 2) with negligible thermal occupa-
tion at the considered temperatures T<T,. Likewise, we can
reintroduce without any additional complexity, the effects of the
intermolecular longitudinal electrostatic interactions Vy, on the
rotational, translational and vibrational modes with weak or
vanishing oscillator strength. This procedure would lead to a new
standard state for the reaction quotient outside a microcavity,
i.e., giql/ (g} qy*) would be converted into the expression of the
equilibrium reaction quotient in free space accounting for the
considered longitudinal interactions between all present chemi-
cal species.

Changes in the longitudinal EM interactions induced by any
nontrivial boundary conditions satisfied by the EM field* could be
accounted for by writing Vy, =V + AV),, where VY, is the free-space
electrostatic potential and AV, accounts for the renormalization of the
free-space Coulomb potential”’. Explicit inclusion of this term would
lead to another contribution to the field-matter change in the chemical
potential of each species in the reactive mixture. Note that our main
result makes no simplification nor assumption about the existence of
energetic disorder which may weakly perturb normal-mode fre-
quencies and change the equilibrium reaction quotient (Eq. (25)) via
the disorder-induced variation of Apgp,. In the simplest case where
molecular interactions with an inert background lead to static disorder
corresponding to small fluctuations in normal-mode frequencies,
renormalized thermal observables could be obtained from the parti-
tion function resulting from the disorder-average of Qpo (N, V, T; &)
obtained at a particular disorder realization §. The same procedures
that led to Eq. (25) would apply with (disorder-averaged) renormalized
quantities.
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To conclude this discussion of our formalism, we note that,
under collective vibrational strong coupling, polariton fre-
quencies w, depend on the orientation and center of mass
coordinates of a large number of molecules, and therefore, we
expect negligible fluctuations in the spectrum of Hpy (0, X) from
its macroscopic average. This feature suggests a simple approx-
imation to the light-matter partition function

Qpoi(N,V, T)= [ ap(T)
P

H e*ﬁhwr’/z
b1 — ePhor

(26)

where g, and the corresponding frequencies @, are harmonic parti-
tion functions and frequencies obtained from the (uniform and iso-
tropic) translational-orientational average of the normal-mode
spectrum of the quadratic polariton Hamiltonian (Eq. (11)). Several
methods can be employed to estimate the mean frequencies @,° .
For example, in their study of polariton scattering and localization,
refs. 62, ©> obtained macroscopically averaged polariton frequencies in
the rotating-wave-approximation and the same methods can be
applied to generate mean-field normal-mode frequencies of any
positive-definite quadratic light-matter Hamiltonian.

Application to single-mode cavity strongly coupled to reactant
subensemble

In the next section, we apply our theory to a reactive mixture where a
single subensemble of a molecular system strongly interacts with a
microcavity represented by a single boson mode. This is a highly idea-
lized scenario relative to most experiments for the reasons that we
indicated above, e.g., polyatomic molecules have multiple bright vibra-
tional modes and a continuous set of on and off-resonant EM modes
contribute to polariton effects on chemical equilibria in planar micro-
cavities. We also ignore disorder effects by assuming a OD microcavity
geometry and a perfectly oriented molecular ensemble. This limit is
equivalent to assuming trivial probability distributions (Dirac delta
functions) for Xz, 8; and the matter normal-mode frequencies.

As we demonstrate below, while we invoke idealized conditions,
our analysis of polaritonic effects on equilibria in single-mode EM
resonators already indicates several important qualitative trends that
are expected to persist in any complete treatment including a mac-
roscopic number of molecular and EM degrees of freedom.

In the case where only reactant species A strongly interacts with a
single EM mode and the number of molecules of type A (obtained from
solving Eq. (25)) is N,, the nonperturbative light-matter Hamiltonian
contains N, +1 eigenmodes corresponding to the Ny —1 purely mole-
cular modes that have the same spectrum as the bright vibrations of A
and the hybrid LP and UP. The contribution of the N, -1 reservoir
normal modes tO prpy cancels out the term i bright(T) in
Apia poi(N, V, T) (EqQ. (22)). As expected, the effect of nonperturbative
light-matter interactions on the composition of the reactive mixture at
equilibrium in this example is entirely due to the isolated LP and UP
modes. Let the polariton effect on chemical equilibrium Fpy(V, T) be
defined as the ratio of the equilibrium reaction quotient inside the
microcavity R(V, T)=NgENE/NANE® to the standard-state reaction
quotient (equilibrium constant) K°/(T)=(gy*q)/(q}*q*) (assuming
ideal-gas conditions for simplicity). It follows from Eq. (25) that at
equilibrium the polariton effect on the reaction quotient is given by

RV, T
Fpq(V,T)= ((0) )
K™(T) 27)
= Bl W V. T+ Ny V. D]
where N, is obtained by solving the equation R(V,T)=

KO(T)ebralti Wa. V. D+ i Ny, V. D] and the changes in the chemical

Table 1| Selected IR-active vibrational modes of C,HsCL (P
modes) and C,HsBr (R modes) with w obtained from ref. 80
and vibrational temperatures T, = hv/kg, where v is the fre-
quency of each mode

P mode w(cm*') T.(K) R mode w(cm*‘) T.K)
CC Str 974 1402 CC Str 964 1388
CClL Str 677 974 CBr Str 583 839
Lo % CHsBr CC Str Strong Coupling
’ . ., V¥V CoHsBr CBr Str Strong Coupling
1L001| e
s "'"'"'"ox:x:""'""v"""n
(' 1.000 .
0.999| = _
- Bl CHsClCC Str Strong Coupling
0.998 C,H5C1 CCl Str Strong Coupling
50 150 250 350 450

Temperature (K)

Fig. 2 | Temperature dependence of (single-mode) polariton effect on the
examined Sy2 equilibrium. Computed (single-mode) strong light-matter inter-
action effect on the examined reactive equilibrium (F§,, in the case of reactant
vibrational strong coupling (VSC) and Fb; for product VSC as obtained from Eqs.
(40) and (41), respectively) as a function of temperature T (K). Each curve corre-
sponds to a scenario with exclusive VSC between the denoted normal mode and a
corresponding resonant EM mode. The single-molecule light-matter coupling
strength is g=10 cm™ and the maximum number of strongly coupled modes is
N=100. These results show polariton formation shifts the equilibrium towards
reactants in the case where products are strongly coupled and vice-versa. The
magnitude of the effect is seen to be inversely correlated to the natural frequencies
of the strongly coupled molecular modes (Table 1), i.e., assuming equal light-matter
coupling strength, modes with lower frequencies lead to greater polariton-induced
changes in equilibrium reaction quotient as measured by |Fp, — 1|

potential of the A subensemble due to LP and UP are given by

KNy, V, T)= 2eae oD (28)

where Ajp= —kgTIngp(N,, V, T), and identical definitions exist for
UP. Equation 27 forms the basis for the qualitative and quantitative
analysis of a model gas-phase bimolecular nucleophilic substitution
reaction that we discuss in the next section.

Note that, as is well known>**%’ the degeneracy of the Ny —1dark
modes is easily broken as they become weakly coupled to light in the
presence of molecular permutational-symmetry breaking perturba-
tions. This does not change Eq. (27) in any appreciable way, since the
difference between the weakly coupled reservoir density of states and
that of the molecular system in free space is negligible in the collective
strong light-matter interaction regime of interest to us**“®, Therefore,
the same cancellation between the free space bright vibrational con-
tribution to the chemical potential of the A subensemble and the
molecular dark reservoir inside an optical cavity occurs to a large
extent when the number of molecules is sufficiently large, i.e., when
N - o, and thus the results obtained in the presence of permutational
symmetry Api, po =piF + ¢k remain a very good approximation for a
molecular ensemble interacting with a single boson mode.

Bimolecular nucleophilic substitution equilibrium model in a
single-mode cavity

To illustrate the theory described above, we consider a lossless single-
mode cavity interacting with a gas-phase reactive mixture where
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Fig. 3 | Polariton-induced changes in thermodynamic observables of the
light-matter system. Temperature (7) dependence of changes promoted by
vibrational strong coupling (VSC) on the free energy (Aq, Eq. (31)), internal energy
(Ae, Eq. (30)) and entropic contribution to the free energy per unit interacting
degree of freedom (TAs, Eq. (32)) of the light-matter system. The left figure shows
results obtained for the case where the CC Str mode of C,H;sBr is strongly coupled
to the single resonant EM mode, with (single-molecule) light-matter coupling
strength g=10 cm™ and total number of reactants and product molecules N =100.
The right figure shows analogous results when the reactant CBr Str vibration is
strongly coupled to the single-mode electromagnetic field. These results reveal that
polariton-induced changes in the system’s zero-point energy provide the dominant
contribution to the temperature-dependent single-mode VSC effect on chemical
equilibrium reported in Fig. 2, and that entropic changes become relevant as T
grows from ultracold (7<100K) to the vibrational temperature hv/kg of the
strongly coupled mode with frequency v. The change in internal energy per
molecule is an increasing function of the temperature at low T because the lower
polariton (LP) mode frequency is lower than the bare molecular, and thus LP has
greater likelihood to thermally occupy the state with a single quantum than the
bare molecular vibration at 7« T,. This same variation of occupation number
explains the observed polariton-induced increase in the total entropy at low T. The
computed effects are seen to be small, but the quantitative details apply strictly
only to the case where a single cavity mode interacts with a single normal mode of
the reactant or product ensemble.

equilibrium is established via the SN2 reaction

C,HsBr+Cl™ = C,HCl+Br . (29)

This reaction has been thoroughly studied in the gas phase®®’°. We
construct its chemical equilibrium constant in free space from the gas-
phase partition function of each chemical species assuming separ-
ability between the internal degrees of freedom and ideal gas
conditions.

In order to probe polariton effects on the chemical equilibrium
associated with Eq. (29), we suppose the system is embedded in an
optical cavity with a single high-quality mode in resonance with a
particular vibrational mode of reactants or products. To examine the
distinct effects of reactant and product strong light-matter coupling,
we chose two strongly absorbing IR modes of reactants and products’.
The frequencies and vibrational temperatures of the selected dipole-
active normal modes are given in Table 1.

Temperature, coupling strength and system-size dependence of
single-mode polariton effects on a model equilibrium

We have investigated the effect of single-mode strong light-matter
coupling on the equilibrium composition of the reactive molecular
mixture described by Eq. (29) at various temperatures, system sizes,
and light-matter interaction strengths assuming that strong coupling
occurs between the cavity and a single set of normal vibrational modes
of reactant or product.

The bare cavity frequency wc is set to be in resonance with
the strongly coupled vibrational mode. Note renormalization (see
Methods) of the cavity frequency in the presence of the molecular
system leads to a nonzero detuning that is insignificant relative to the

light-matter interaction strength under the conditions analyzed in
this work.

The temperature dependence of the ratio between the reaction
quotient of the selected Sn2 reaction inside and outside a microcavity
is provided in Fig. 2. This figure shows four notable features: a.
polariton effects are strongest at low temperatures and vanish at the
high-temperature limit, b. the equilibrium is shifted towards the pro-
ducts (C;HsCl + Br7) when reactants are strongly coupled to light and
vice-versa, c. the computed effects are especially negligible consider-
ing the large single-molecule light-matter coupling strength employed
(for the purposes of illustrating our theory), and d. polaritons formed
between molecular modes with lower frequency have a stronger
impact on the chemical equilibrium. Below, we discuss each of these
trends.

Low- and high-temperature behavior. Figure 2 shows the single-
mode cavity effect on the composition of the equilibrium reactive
mixture is largest at low temperatures, whereas strong coupling has
no effect in the high-temperature limit. To understand this, note that
at low temperatures, the polaritons and bare modes are essentially in
their ground-state, and therefore any polariton-induced change in
free energy responsible for modifying chemical equilibrium is gen-
erated by the difference between polariton and bare molecule zero-
point energies. At high temperatures, the classical limit of the
light-matter partition function can be employed to show that the
free energy of the reactive mixture is unaffected by polariton
formation®-°,

In Fig. 3, we examine the polariton-induced variation with tem-
perature of the change per strongly coupled degree of freedom
(molecular and photonic) in the internal energy Ae=AE/(Ng +1), free
energy Aa=AA/(Ng+1) and TAs=TAS/(Ng +1) of the system at equili-
brium

_EwptEp—Er—Ec

Ae N1 , (30)
Ap+tAp —A—A

R 31)

TAs= SiptSup — Sk — Sc (32)

Np+1 ’

where F is either R or P and N is the number of strongly coupled
molecules at equilibrium. We limit our discussion to strong coupling
with the reactant ensemble (C,HsBr) since the conclusions we derive
here are straightforwardly generalizable to the case where strong
coupling occurs with products.

Figure 3 shows the observed polariton effect in the reactive mix-
ture composition (Fig. 2) at low T is essentially due to the cavity-
induced change in reactant or product zero-point energies. This fol-
lows from the fact that at the low-T limit, Ae is entirely determined by
the zero-point energy of the degrees of freedom involved in strong
light-matter coupling

; _ h(@p + wyp — 0 — w¢)
lim Ae= 20N, +1)

(33)

Conversely, the entropy contribution of all modes vanish as 7- 0.
Therefore, it follows, given that @ p + wup — Wr — wc # 0, the change in
system free energy induced by the optical cavity at low temperatures
relative to the vibrational temperature of the strongly coupled modes
is dominated by the ground-state energy difference between the
polariton normal modes and the microcavity and molecular vibrational
modes.
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Fig. 4 | Schematic representation of single-mode VSC effect on chemical
equilibria. The proposed theory indicates polariton-assisted chemical equili-
brium modifications are induced by the change in reaction free energy due to the
different light-matter interaction of reactants and products. Formally, for a sys-
tem with fixed volume V (for simplicity), AA°** is the reaction free energy in free
space and AA™ is the reaction free energy inside a microcavity, so AAAgyy, is
change in the reaction free energy induced by vibrational strong coupling. The
figure illustrates the case where reactants are strongly coupled to the considered
cavity mode. The reactant free energy is effectively raised leading to an increase
in the reaction free energy, and a field-induced shift of the chemical equilibrium
towards the products.

At higher temperatures, the polariton effect on the composition
of the molecular mixture at thermodynamic equilibrium becomes
negligible (Fpoi>1) regardless of the vibrational frequency and
light-matter coupling strength. The absence of any effect on the
internal energy may be seen from the equipartition theorem (this
implies that each normal mode has kg7 mean internal energy)-?,
whereas entropy variations induced by strong light-matter coupling
may be seen to vanish from the classical limit of the harmonic oscil-
lator partition functions which give

; 1 a9
lim As= In <&)
T—o00 NF +1 quC

1 w2 34
= In C =0.
2(Ng+1) (a)g +0f - Q§>

It follows that TAs goes to O at low and high T but is an increasing
function of T at intermediate temperatures, therefore showing a
maximum at moderate T (Fig. 3).

Note the quantum treatment of field and molecular vibrational
modes is essential, as the polariton-induced change in molecular free
energy at the experimentally relevant temperatures 7 < T, is dictated
by the Bose-Einstein distribution. Quantum statistics is relevant here,
for the contribution of excited states to vibrational free energies is
small for high-frequency normal modes with T, > T, and exactly
under such conditions, the Bose-Einstein distribution is significantly
different from the classical Maxwell-Boltzmann. This explains the
distinct polariton effects on thermodynamic properties of molecular
systems observed here relative to those examined in the classical
limit by Li et al.”.

Direction of chemical equilibrium shift. Figure 3 also explains why
single-mode strong coupling with a chemical species tends to bias the
equilibrium towards the uncoupled species. This occurs because the
sum of polariton zero-point energies E;p + Eyp is greater than the sum
of the bare molecule normal-mode and bare photon zero-point ener-
gies. This feature increases the free energy of the light-matter system
inside the microcavity relative to the bare system (Fig. 4).

a b
0.3 @ 0.3 ()
***** CC Str Strong Coupling
& —— CBr Str Strong Coupling
|
o -
S0z S e
~—" S0 T
— 02y T ]
I
o —E 0.1
[ —— CBr Str Strong Coupling
R N CC str Strong Coupling
= 0.1
0 5 10 10 20

g (ecm™) Number of molecules (10%)

Fig. 5| System size and light-matter interaction strength dependence of single-
mode vibrational strong coupling on a chemical equilibrium model. a Polariton
effect on reaction quotient (as measured by F, ',§0| — 1in units of 107, see Eq. (40)) vs
single-molecule light-matter coupling strength (g) for a system with a maximum
number of 100 reactant molecules at 7=300 K. Each curve corresponds to vibra-
tional strong coupling (VSC) between a particular molecular normal mode (CC Str
in dashed blue and CBr Str in red) and a single cavity photon mode with the same
frequency. b Polariton effect on equilibrium mixture composition (measured by
FR , — 1in units of 10, since here we restricted our attention to reactant VSC, see
Eg. (40)) at T=300 K and g=10 cm™ vs total number of reactant and product
molecules (C,HsBr and C,HsCl respectively). Each curve corresponds to VSC
between a particular reactant normal mode (CC Str in dashed blue and CBr Str in
red) and a single cavity mode.

Magnitude of polariton effect on chemical equilibrium. The single-
mode strong coupling effect on chemical equilibrium as measured by
the ratio of the reaction quotient in the microcavity to the standard-
state (bare) equilibrium constant is observed to be less than 1.003 even
at low temperatures such as 50 K. The effect becomes even weaker at
higher temperatures, and may be understood from Fig. 3, which shows
that the (single-cavity mode) polariton effect on the free energy per
degree of freedom is tiny. We revisit this point when discussing the
system-size dependence of our results later. Note the quantitative
results present in this section do not rule out a polaritonic effect on
chemical equilibria in complex EM environments where multiple
vibrational modes of the reactive species strongly interact with a
continuous set of on and off-resonance cavity modes as in a planar
microcavity.

Strong coupling with lower frequency normal modes have greater
impact on equilibrium reaction quotients. Figure 2 shows that
strong light-matter coupling is most effective (among the sce-
narios we considered) when the matter part of polaritons corre-
sponds to the CCI (product normal mode) or CBr (reactant normal
mode) stretch modes. These motions have lower frequency than
the CC stretch of either reactants or products by about 300 and
400 cm™, respectively. The greater impact of VSC occurring with
lower frequency vibrations may be understood mathematically
from an analysis of the polariton contribution to the zero-point
energy difference between the polaritonic system and the com-
posite (light-matter) bare system per (strongly coupled) degree of
freedom. Under the conditions examined here where @ =w)y and
g/wv < 1, the polariton effect at the zero-point energy difference is
given by

lim Ae= £, g/oy<l 35)
This result clearly demonstrates that at low temperatures, where
single-mode cavity effects on equilibrium are largest, light-matter
interactions will have more significant impact when they involve
vibrational modes with lower frequency and greater oscillator
strength®. Similar results are valid at higher temperatures where
thermal excitations play a greater role but ultimately lead to no
polariton effect at chemical equilibrium in the T e limit*.

Nature Communications | (2024)15:2405



Article

https://doi.org/10.1038/s41467-024-46442-1

Size and oscillator strength dependence of polariton effects on
chemical equilibrium. In the examined model reaction, all strongly
coupled modes have nearly equal oscillator strength. However, this is
not a generic feature of polyatomic molecules, which will generally
have vibrational excitations with variable absorption intensity. In
order to assess the dependence of Fp, on the single-molecule
light-matter coupling strength, we present in Fig. 5(a) the behavior
of Fpo; at T=300K as a function of the single-molecule light-matter
coupling constant. As expected (based on Eq. 35, see also Ref. 36),
the polariton effect on the composition of the reactive mixture is
enhanced with increasing single-molecule light-matter coupling
strength.

We end our analysis of single-mode microcavity effects on che-
mical equilibrium by quantitatively investigating the behavior of the
polariton effect under changes in the maximum number of strongly
coupled molecules N (with fixed cavity volume). We find that while Qg
increases, the overall VSC effect on the reactive mixture composition
decreases substantially as the number of molecules increases at
T=300K [Fig. 5(b)].

The weakening of VSC-induced changes on chemical equili-
brium with increasing molecular density is an expected feature of
single-cavity mode theories®’*”* which have systematically shown
that polariton effects on local molecular observables decrease
with increasing molecular density. Figure 5 shows a substantial
deviation of the scaling with system size of the polariton effect on
equilibrium reaction quotients relative to 1/N. Still, the implica-
tion of various earlier studies®’>’*7° remains valid that at thermal
equilibrium single-mode cavity effects on local molecular obser-
vables are insignificant in the collective light-matter interaction
regime.

In conclusion, we provided a theory of chemical equilibrium
under nonperturbative light-matter interactions. Using separability
conditions motivated from the disparate timescales of slow and fast
molecular degrees of freedom, we obtained a nonlinear relation
between equilibrium reaction quotients inside and outside a micro-
cavity (Eq. 25) based on the polariton effect on the chemical potential
of each component of the reactive mixture.

We applied our theory to an SN2 reaction in a single-mode
cavity and found that polaritons can shift chemical equilibrium
constants towards either direction of a reaction depending on the
species (reactant or product) strongly coupled to the EM field,
light-matter interaction effects are most impactful at lower tem-
peratures, and the change induced by VSC on the internal energy
of the light-matter system provide the dominant contribution to
the VSC effect on chemical equilibria. We also showed that strong
light-matter coupling is more effective at shifting chemical equi-
libria when polaritons are formed between IR cavity modes and
molecular vibrations with significant oscillator strength and lower
frequency. These trends were obtained in an idealized scenario
where VSC mode occurs between a single EM mode of an IR
resonator and particular normal modes of a particular component
of the reactive mixture (reactant or product ensemble) but are
based on fundamental features of our theory that are expected to
hold more generally. Future work, based on Eq. (25) and discussed
generalizations accounting for intermolecular interactions while
including strong coupling of multiple IR modes of reactants and
products with multimode Fabry-Perot cavities will allow direct
quantitative comparison with experiments’.

Methods

Numerical analysis of single-mode VSC effects on a model che-
mical equilibrium

When a single normal mode (of N reactant or product molecules)
interacts nonperturbatively with the optical microcavity, the polari-
tonic part of the Coulomb gauge®® light-matter Hamiltonian can be

written in the uncoupled basis as’

NF NF
H= hopala;+hoch'b —ig\[2£3 (@ —a)(d' +b),  (36)
h Cj:l

i=1
where wr is the frequency of the strongly coupled molecular normal
mode (of type F), aj’ and g; are the creation and annihilation operators

of F excitations in the ith molecule, and b' and b are the creation and
annihilation operators of the cavity mode with renormalized fre-

quency @¢ = /w2 +0Q2, where wc is the bare photon frequency and

Qg =2g+/N¢ is the collective light-matter interaction strength. We
assume that the bare cavity mode is in resonance with a reactant or
product normal mode (Table 1) and from now on set wc = wg. When @
is near-resonant with the molecular normal mode, the effective
collective light-matter interaction strength for the strongly coupled
species is g+/Npwg /& =g/N;. Note that the reactant and product
modes in Table 1 have similar oscillator strength”, and, therefore we
employ the same value of g when analyzing the effects on chemical
equilibrium induced by exclusive strong light-matter coupling with
each mode.

The light-matter system described by the Hamiltonian given by
Eq. (36) has Ng +1 eigenmodes. The frequencies of the hybrid excita-
tions (polaritons) are

2
g+ 0} — \/ (02 - 0}) +40}0? (37)
C()Lp = P y
2
~2 ~2
@k vape /(0 - op) + 40307 G8)
Wyp = -

2

The remaining Ng -1 normal modes form a degenerate purely mole-
cular reservoir with the same frequency wr as the bare molecules.

Using basic statistical mechanics?, we can obtain the polariton
and reservoir mode partition functions and compute the polariton
effect on the chemical potential Aug po; (Eq. (22)) required to set up the
nonlinear Eq. (25). Its solution consists of the equilibrium number of
molecules of each species inside the optical cavity, and allows us to
establish the polariton effect on the chemical equilibrium as measured
by Feai(V, T) via Eq. (27).

The numerical problem is set up by assuming that the mixture
initially contains an equal number of ethyl bromide and chloride ions
N=N .5, =N¢- that react according to Eq. (29) to establish equili-
brium with ethyl chloride and bromine ions. The number of reactant
and product molecules at equilibrium is denoted Nz and Np respec-
tively. It follows that at equilibrium Np=Nc,p =Ng- and
Np=Nc,u,ci =Np- =N — Ng. The standard-state equilibrium constant
Ko(T) (outside the microcavity) is computed as a function of tem-
perature using the ratio of product and reactant partition functions. To
find the equilibrium composition of the mixture at thermal equili-
brium, we solve the equation

(N;V/ng = K o(T)e Boslit We, V. D+ Ve, V. 1] (39)
for Ng, where 7 is the signed stoichiometric coefficient of the strongly
coupled species, and Nr = Ny or Np when strong coupling occurs with a
reactant or product normal mode, respectively. We solve Eq. (39) for a
given T, initial number of molecules N, and single-molecule
light-matter interaction strength g. The standard-state equilibrium
composition of the reactive mixture is employed as an initial guess for
the solution, and the polariton contributions to the chemical potential
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are obtained from automatic differentiation of the polariton free
energies with respect to the number of strongly coupled molecules as
implemented in the python AutoGrad package”.

When a single reactant or product vibrational mode strongly
interacts with the microcavity, the ratios of the reaction quotient
under reactant and product strong coupling to the bare equilibrium
constant are given respectively by

F3o1= exp [Biig poi (NR)], (40)

Frot = €XP[—BHp, po (V)] (41)

where i poi(Ng) = K (V) + py¥ (N) and a similar expression holds for
the polaritonic contribution to the chemical potential of the product P.

Molecular partition functions
Our results examine scenarios where T is much smaller than the
electronic excitation energies of all molecules involved. Therefore,
only the electronic ground state of each chemical species is
assumed to be occupied. Vibrational partition functions were
constructed using the quantum harmonic oscillator model,
whereas classical rotational and translational partition functions
were employed for other degrees of freedom. Vibrational fre-
quencies and moments of inertia were extracted from the Chem-
istry WebBook”, while ground-state electronic energies were
obtained from CCSD/aug-cc-pVTZ as given in the Computational
Chemistry Comparison and Benchmark Database’®. The following
expressions for the translational, rotational, vibrational, and
electronic partition functions of an asymmetric top molecule with
n normal modes were employed:

3/2
%) "y 42)

Gerans(V, T)= < 2

12
T2 3 (82l kT
M==1[—5%—] . (43)
qrot T) o it h2
n e—ﬂhwa/z _
Gyin(T)= Hm' Gei(T) =€ Pz, (44)
a=1

where m is the molecular mass, V is the volume occupied by the sys-
tem, /;, 1, and /5 denote principal moments of inertia, o is the molecular
symmetry number, w, is the ath normal-mode frequency, and Eg ¢ is
the electronic ground-state energy.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are provided in the Source Data
file. Source data are provided with this paper.

Code availability

The code used to generate all the numerical data presented here is
available at https://github.com/RibeiroGroup/Chemical-Equilibria-in-
Single-Mode-Cavity”.
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