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Abstract

A theoretical framework is presented for the computation of rovibrational polaritonic states of a

molecule in a lossless infrared (IR) microcavity. In the proposed approach the quantum treatment

of the rotational and vibrational motion of the molecule can be formulated using arbitrary ap-

proximations. The cavity-induced changes in electronic structure are treated perturbatively, which

allows using the existing polished tools of standard quantum chemistry for determining electronic

molecular properties. As a case study, the rovibrational polaritons and related thermodynamic

properties of H2O in an IR microcavity are computed for varying cavity parameters and applying

various approximations to describe the molecular degrees of freedom. The self-dipole interaction is

found to be significant for nearly all light-matter coupling strengths investigated, and the molecular

polarizability proved to be important for the correct qualitative behavior of the energy level shifts

induced by the cavity. On the other hand, the magnitude of polarization remains small, justifying

the perturbative approach for the cavity-induced changes in electronic structure. Comparing re-

sults obtained using a high-accuracy variational molecular model with those obtained utilizing the

rigid rotor and harmonic oscillator approximations revealed that as long as the rovibrational model

is appropriate for describing the field-free molecule, the computed rovibropolaritonic properties can

be expected to be accurate as well. Strong light-matter coupling between the radiation mode of

an IR cavity and the rovibrational states of H2O lead to minor changes in the thermodynamic

properties of the system, and these changes seem to be dominated by non-resonant interactions

between the quantum light and matter.

I. INTRODUCTION

As an alternative to interactions of molecules with intense laser fields, strong light-matter

coupling can also be achieved by the confinement of molecules in microscale optical or

plasmonic cavities. When the light-matter coupling is stronger than the loss of the cavity

mode and the decay rates in the matter, the strong coupling regime is reached, leading to

the formation of hybrid light-matter states, called polaritons [1–8]. The confined photonic

modes of the cavity can efficiently couple with either electronic or vibrational molecular
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states, depending on the cavity mode wavelength. The formation of vibrational polaritons

in infrared (IR) microcavities has received a great deal of attention [9–15], owing to the

possibility of modifying thermal chemical reactions with vibrational polaritons. Despite

promising progress [16, 17], the full understanding of the effects of vibrational strong coupling

and the formation of vibrational polaritons on chemical reactivity is a challenge yet to be

tackled, as detailed in the reviews cited above.

In addition, closely related to chemical reactivity, the spectroscopy of vibrational po-

laritons have also been studied both by means of experiments [18–27] and theory [28–37].

For examples, a detailed investigation of the vibrational polaritons of single anharmonic

vibrational modes was carried out in Refs. [31, 32], while Ref. [33] showed the presence of

unique optical nonlinearities of N anharmonic oscillators interacting with an IR cavity mode.

Using a one-dimensional description Ref. [34] simulated various properties of anharmonic

oscillators (OH, LiH, NH3), with coordinate dependent dipole functions, coupled to an IR

photonic mode, from the weak to ultrastrong coupling regimes. Refs. [29, 30] provide em-

pirically adjustable anharmonic approaches, which allow incorporating decay mechanisms.

The method of vibrational configuration interaction (VCI) has also been implemented in

the context of vibrational polaritons [35], and the vibropolaritonic energies and IR spectra

of H2O molecules were computed.

Despite the cavity radiation being resonant with (ro)vibrational transitions, the radiation-

induced changes in the electronic structure might also become important [36]. For IR cavi-

ties, in which the photon energy and respective frequency is comparable to those in rovibra-

tional transitions, the molecule can be assumed to have an electronic structure adiabatically

transformed by the radiation field, known as the cavity Born-Oppenheimer approximation

(CBO) [38, 39]. To describe nuclear dynamics, CBO combines naturally with the QEDFT

[40–43] and QEDCC [44, 45] methods, whereby the effect of the cavity radiation is explic-

itly included in the electronic structure calculation, and the nuclear and photonic modes are

governed by the resulting CBO potential energy surfaces. Using QEDFT and linear response

theory, the vibrational polaritons of CO2 and Fe(CO)5 molecules could be computed from

first principles [36].

In this work we present an alternative theoretical framework to compute the (ro)vibrational

polaritons of molecules in lossless IR microcavities. The proposed approach is applicable as

long as the molecule can be accurately described with a single electronic state, i.e., the Born-
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Oppenheimer (BO) approximation holds, the radiation field is not resonant with electronic

transitions and the ultrastrong coupling regime is not reached. The presented framework

extends existing computational tools in three main ways: (1) the exact quantum treatment

of molecular rotation is incorporated, which can be important considering that the coupling

strength between the transition dipole and the radiation field, having laboratory-fixed po-

larization, depends on molecular orientation; (2) the cavity-induced changes in electronic

structure are treated perturbatively, which allows using the existing efficient tools of stan-

dard quantum chemistry and theoretical molecular spectroscopy to determine electronic

molecular properties; and (3) various approximations and levels of theory regarding the

description of the molecular degrees of freedom and light-matter interaction can be made.

The flexibility of the proposed framework can be useful to arrange the appropriate balance

between accuracy and computational effort, allowing it to be used for a wide range of

molecules of various complexity.

II. THEORETICAL FOUNDATIONS

A. Rovibrational polaritons

The Hamiltonian of a molecule interacting with a single lossless cavity mode can be writ-

ten in the dipole approximation as a sum of the field-free molecular rovibronic Hamiltonian

(Ĥtot
m ), the radiation mode Hamiltonian (Ĥc), the interaction term between the molecular

dipole and the electric field of the radiation mode (−Êcµ̂
tot), and the self-dipole energy term

(Ĥsd) [46–48]

Ĥ = Ĥtot
m + Ĥc − Êcµ̂

tot + Ĥsd

= Ĥtot
m + ℏωcâ

†
câc −

√

ℏωc

2ε0V
eµ̂tot(â†c + âc) +

1

2ε0V
(eµ̂tot)2

= Ĥtot
m + ℏωcâ

†
câc −

g

ea0
eµ̂tot(â†c + âc) +

( g

ea0

)2 1

ℏωc

(eµ̂tot)2

(1)

where â†c and âc are photon creation and annihilation operators, respectively, ωc is the

frequency of the cavity mode, ℏ is Planck’s constant divided by 2π, ε0 is the electric constant,

V is the volume of the electromagnetic mode, e is the polarization vector of the cavity mode,

µ̂
tot is the total dipole moment operator of the molecule, e is the elementary charge, and

a0 is the Bohr radius. In the last line of Eq. (1) the quantity g = ea0
√

ℏωc/(2ε0V ) was
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introduced, which represents the coupling strength between a single photon electric field and

the atomic unit of the dipole moment.

As already mentioned in the introduction, for IR cavities, in which the photon energy is

comparable to those in rovibrational transitions, the cavity-induced changes in the electronic

structure can be incorporated into the CBO potential energy surfaces, which govern the nu-

clear and photonic degrees of freedom. In this work the effects of the cavity radiation on

the electronic structure is accounted for perturbatively, using the electronic polarizability.

Such a perturbative approach was also applied in Ref. [49], and is a common practice for

electronically non-resonant laser fields of moderate intensity [50–54]. Therefore, for IR cav-

ity radiations, being off resonant with the electronic transitions, and for coupling strengths

tipically realized in experiments [23, 27], the perturbative treatment of electronic excitation

seems to be a reasonable approach. Note that additional care should be taken if the simula-

tions involve nuclear configurations where the energy separation of potential energy surfaces

(PES) are small. Such situations can lead to significant nonadiabatic couplings [55] or

electronic resonance with the IR radiation, giving rise to light-induced conical intersections

[56, 57], both of which require approaches beyond the one presented here [55, 58, 59].

Taking the expectation value of the Hamiltonian in Eq.(1) with the cavity-modified elec-

tronic wave function, and utilizing the standard approach [60] of expressing the modified

dipole with the field-free permanent dipole µ̂0 and the first-order static polarizability α̂,

both nuclear coordinate-dependent, one obtains the following rovibrophotonic Hamiltonian.

Ĥ = Ĥrovib + ℏωcâ
†
câc −

g

ea0
eµ̂0(â

†
c + âc)

− (g/ea0)
2

2
eα̂e(â†c + âc)(â

†
c + âc) +

(g/ea0)
2

ℏωc

(eµ̂0)
2

+
(g/ea0)

3

2ℏωc

[

(eµ̂0)(eα̂e) + (eα̂e)(eµ̂0)
]

(â†c + âc) +
(g/ea0)

4

4ℏωc

(eα̂e)2(â†c + âc)
2,

(2)

where Ĥrovib is the field-free rovibrational Hamiltonian utilizing the unperturbed electronic

PES. For the sake of simplicity, from now on we omit the terms with g3 and g4 (for the

H2O molecule and cavity parameters investigated in this work, it was numerically tested

that these terms are in fact negligible). The cavity mode is assumed to be the one with the

lowest photon energy, including additional overtones is expected not to affect the numerical

results presented below. Extending the presented approach with further cavity modes is in

principle straightforward, and could become important, for example if different modes are
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resonant with different (ro)vibrational excitations, but this is beyond the scope of this proof-

of-concept work. To describe the rovibropolaritonic system, the |N⟩|ΨnJM⟩ direct-product
functions provide a complete basis, where the |ΨnJM⟩ field-free rovibrational eigenstates

satisfy

Ĥrovib|ΨnJM⟩ = EnJ |ΨnJM⟩, (3)

J and M are the rotational angular momentum and its projection onto the space-fixed z-

axis, respectively, n is all other quantum numbers uniquely defining the rovibrational states,

and |N⟩ is a photon number state of the cavity radiation. The matrix representation of Eq.

(2) using the field-free rovibrational eigenstates |ΨnJM⟩ as molecular basis functions can be

expressed conveniently by using the spherical basis representation of the molecular dipole

and polarizability, which are obtained from the Cartesian representation as [61] µ(1,0) = µ3,

µ(1,±1) = 1√
2
(∓µ1 − iµ2), α

(0) = − 1√
3
(α11 + α22 + α33), α

(2,±2) = 1
2
[α11 − α22 ± i(α12 + α21)],

α(2,±1) = 1
2
[∓(α13 + α31) − i(α23 + α32)], and α(2,0) = 1√

6
(2α33 − α22 − α11). Assuming

the cavity electric field to be polarized along the lab-fixed z-axis, e = (0, 0, 1), one obtains

matrix elements of the following form

⟨N |⟨ΨJMn|Ĥ|ΨJ ′M ′n′⟩|N ′⟩ = EJnδJJ ′δnn′δMM ′δNN ′

− g

ea0

(√
N ′ + 1δNN ′+1 +

√
N ′δNN ′−1

)

1
∑

k=−1

⟨ΨJMn|D1
0k

∗
µBF,(1,k)|ΨJ ′M ′n′⟩

− (g/ea0)
2

√
6

(

√

(N ′ + 1)(N ′ + 2)δN,N ′+2 + (2N ′ + 1)δN,N ′ +
√

N ′(N ′ − 1)δN,N ′−2

)

×
[

2
∑

k=−2

⟨ΨJMn|D2
0k

∗
αBF,(2,k)|ΨJ ′M ′n′⟩ − 1√

2
⟨ΨJMn|αBF,(0)|ΨJ ′M ′n′⟩

]

+ δNN ′δMM ′

(g/ea0)
2

ℏωc

1
∑

k,k′=−1

∑

J ′′,n′′

⟨ΨJMn|D1
0k

∗
µBF,(1,k)|ΨJ ′′Mn′′⟩⟨ΨJ ′′Mn′′ |D1

0k′
∗
µBF,(1,k′)|ΨJ ′M ′n′⟩,

(4)

where the relation
∑

J ′′,M ′′,n′′ |ΨJ ′′M ′′n′′⟩⟨ΨJ ′′M ′′n′′ | = Î for the molecular state space was

used. In the above equation the superscript BF stands for body-fixed components, i.e.,

those directly obtained from quantum chemistry computations, and Dj
km are the Wigner-

D matrices [61] responsible for transforming the body-fixed spherical basis components of

the molecular properties into their lab-fixed components (which are used to express the

interaction with the cavity electric field in Eq.(2)). Using the general variational expansion

|ΨJMn⟩ =
∑

K,v C
Jn
Kv|v⟩|JKM⟩ for the field-free rovibrational eigenstates, where |v⟩ are

6
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vibrational basis functions and |JKM⟩ are the symmetric top rotational eigenstates [61],

the terms containing the Wigner-D matrices in Eq. (4) can be evaluated as

1
∑

k=−1

⟨ΨJMn|D1
0k

∗
µBF,(1,k)|ΨJ ′M ′n′⟩ =

1
∑

k=−1

(

∑

v,v′

⟨v|µBF,(1,k)|v′⟩
∑

K,K′

CJn
Kv

∗
CJ ′n′

K′v′⟨JKM |D1
0k

∗|J ′K ′M ′⟩
)

,

(5)

and

2
∑

k=−2

⟨ΨJMn|D2
0k

∗
αBF,(2,k)|ΨJ ′M ′n′⟩ − 1√

2
⟨ΨJMn|αBF,(0)|ΨJ ′M ′n′⟩ =

2
∑

k=−2

(

∑

v,v′

⟨v|αBF,(2,k)|v′⟩
∑

K,K′

CJn
Kv

∗
CJ ′n′

K′v′⟨JKM |D2
0k

∗|J ′K ′M ′⟩
)

−δJJ ′δMM ′

1√
2

∑

v,v′

⟨v|αBF,(0)|v′⟩
∑

K

CJn
Kv

∗
CJn′

Kv′ ,

(6)

where ⟨JKM |Dj
0k

∗|J ′K ′M ′⟩ = (2J+1)1/2(2J ′+1)1/2(−1)−k+M ′−K′

(

J j J ′

M 0 −M ′

)(

J j J ′

K −k −K ′

)

,

which implies that M = M ′ for all non-zero matrix elements, as expected for a system with

cylindrical symmetry. The kth rovibrational polaritonic |Ψk,M
pol ⟩ eigenstate and Ek,M

pol energy

are computed as the kth eigenvector and eigenvalue, respectively, of the Hamiltonian defined

by Eq. (4).

The rovibrational polaritons of an H2O molecule in an IR microcavity are simulated using

two different molecular models and various approximations within each model. In the first

molecular model, results of a high-accuracy variational rovibrational simulation are used

for constructing the matrix elements in Eq. (4). This approach can be regarded as the

theoretical benchmark within the framework utilized. The second molecular model is based

on the harmonic oscillator and rigid-rotor (HORR) approximations [60], with all parameters

taken from black-box quantum chemistry calculations. The second model aims to reveal the

robustness and flexibility of the approach presented in this work, important for considering

applications to larger systems.
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III. COMPUTATIONAL DETAILS

All results presented in this work are converged with respect to the size of the basis em-

ployed to construct the Hamiltonian in Eq. (4). The largest basis used includes a maximum

photon number of two, and all rovibrational states with J ≤ 10 and an energy no more than

5500 cm−1 above the zero point vibrational enegry (ZPVE). Such parameters ensure that all

vibrational fundamentals and the bending overtone of H2O, including rotationally excited

states, are included in the basis. The two methods for obtaining the field-free molecular

rovibrational eigenstates, to be used in the direct product basis employed in Eq. (4), are

detailed below.

A. Molecular model I.

In the high-accuracy variational approach, the field-free, bound rovibrational eigenstates

of H2O were computed using the D2FOPI protocol and program suite [62], with the PES of

Ref. [63]. In these computations the C2v(M) molecular symmetry [60] was kept as described

in Ref. [64]. In the D2FOPI program, the time-independent rovibrational Schrödinger equa-

tion for a triatomic molecule is solved by an iterative eigensolver using symmetry adopted

Wigner matrices [61] as rotational basis functions and a mixed discrete variable representa-

tion (DVR) [65] and finite basis representation [65] along the vibrational degrees of freedom

expressed in the orthogonal Jacobi coordinate system.

For each irreducible representation of the C2v(M) molecular symmetry group, the calcu-

lations included (1) a complete set of rotational basis functions, whose size varies depending

on the given value of the J rotational quantum number, (2) 45 potential optimized (PO)

spherical DVR basis functions [62] along the R1 ≡ R(H-H) coordinate, (3) 55 PO spherical

DVR basis functions along the R2 ≡ R(O-H2) coordinate, connecting the O atom with the

center of mass of the H2 moiety, and (4) 25 associated Legendre functions along the θ an-

gle coordinate defined by the directions of the two stretching coordinates. The coordinate

ranges used in the calculations were R(H-H)/bohr∈(0,10) and R(O-H2)/bohr∈(0,6), and the

nuclear masses mH=1.00727647 u and mO=15.990526 u were employed.

With these parameters the D2FOPI computations provide the CJn
Kv rovibrational eigen-

vector coefficients (see Eqs. (5) and (6)) and the EJn rovibrational energies (used in Eq.

8
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(4)), all values used in this work converged to within 0.01 cm−1. The obtained vibrational

fundamentals are ν̃1 =3657.05 cm−1, ν̃2 =1594.73 cm−1, and ν̃3 =3796.99 cm−1. The dipole

moment surfaces µBF,(1,k)(R1, R2, θ) and the polarizability surfaces αBF,(0)(R1, R2, θ) and

αBF,(2,k)(R1, R2, θ) were generated using the results of Refs. [66] and [67], respectively. The

matrix elements ⟨v|µBF,k|v′⟩ of Eq. (5) and ⟨v|αBF,(2,k)|v′⟩ and ⟨v|αBF,(0)|v′⟩ of Eq. (6) can

be efficiently computed with the DVR basis employed in D2FOPI [52].

B. Molecular model II.

The second molecular model employed in this work uses the HORR approximation, with

molecular parameters obtained from black-box quantum chemistry computations, carried

out with MOLPRO [68] on the gold standard CCSD(T)/aug-cc-pVQZ level [69, 70]. The

obtained harmonic frequencies and rotational constants are ν̃1 = 3830.84 cm−1, ν̃2 = 1649.72

cm−1, ν̃3 = 3940.43 cm−1, Bz = 14.5720 cm−1, By = 9.4934 cm−1 and Bx = 27.2393 cm−1,

where the molecule is in the body-fixed xz plane, with the z-axis pointing towards the

oxygen. The body-fixed µBF
i (Q1, Q2, Q3) dipole and αBF

i,j (Q1, Q2, Q3) polarizability functions

were expanded along the normal coordinates to second order, using finite differences to

compute their derivatives with respect to the normal coordinates, then transformed to the

spherical representation for Eqs. (5-6). Due to this expansion along the normal coordinates,

the matrix elements ⟨v|µBF,k|v′⟩ of Eq. (5) and ⟨v|αBF,(2,k)|v′⟩ and ⟨v|αBF,(0)|v′⟩ of Eq. (6)

can be determined with analytical formulae in the HO vibrational basis. In the HORR

approximation the CJn
Kv expansion coefficients of Eqs. (5-6) simplify to CJn

K , and can be

obtained by solving the RR problem in the |JKM⟩ rotational basis.
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IV. RESULTS AND DISCUSSION

A. Rovibrational polaritonic energies

Figure 1 shows the computed eigenvalues of the Hamiltonian in Eq. (4) as a function

of the g coupling strength, using the variational molecular eigenstates in the basis and a

photon energy of 1630 cm−1, nearly resonant with the HOH bending fundamental, i.e., the

(010)[111] ← (000)[000] rovibrational transition at 1635.0 cm−1 (note that the ∆J = 0

purely vibrational transition is forbidden). The middle panels of Figure 1 were obtained by

neglecting the self-dipole term from the Hamiltonian, while the right panels were generated

by dropping the polarizablity. As seen in Figure 1, for the smallest g values both the

molecular polarizability and the self-dipole interactions are negligible, as expected, although

the effects of both start to become significant already around g = 200 cm−1. The magnitude

of the self-dipole energy proves to be larger than the energy shifts due to polarizability,

although the latter is also important to obtain the qualitatively correct negative energy

shifts with increasing coupling strength (compare left and right panels of Figure 1). At

the largest coupling strength, the energy shifts due to polarizability reach only around

a few tens of cm−1, which indicates that higher-order polarizabilities are not needed for

the coupling strengths investigated here, and that the perturbative inclusion of the cavity-

induced changes in the electronic structure of the molecule is appropriate. Note that in

principle the negative energy shifts due to polarizability could be positive due to the self-

polarization (see last line of Eq. (2)) [48]. However, the overall energy shift is not only caused

by an isotropic polarization of the electronic wave function, but also by the alignment of

the different molecule-fixed axes with respect to the polarization vector of the cavity electric

field. For zero light-matter coupling the wave function shows an isotropic distribution, but

with increasing coupling strength the different rotational states become coupled, and the

different polarizability along the different molecular axes induces alignment [50]. This is

an important aspect of the employed molecular model, which fully accounts for molecular

rotations.

The first row of Figure 1 shows that on the energy scale of moderate rotational excitation

there is no polariton formation, as expected, because the IR cavity photon is far from reso-

nance. Only minor energy shifts are seen at large g coupling strengths. These observations
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also indicate that it is safe to neglect further cavity modes (overtones of the ν̃ = 1630 cm−1

mode) if the investigated energy range is limited to the bending fundamental and below. The

middle and bottom rows of Figure 1 also demonstrate that molecular energy shifts due to

the light-matter interaction have a strong effect on polariton formation, as these level shifts

can create or destroy the resonance condition between photon-excited or rovibrationally ex-

cited states. Depending on the relative polarizability of the molecule in the photon-excited

state with respect to the rovibrationally excited state, the efficient generation of polaritons

at low coupling strengths could require the photon energy to be either red- or blue-shifted

with respect to the field-free molecular transition. It can also be seen in Figure 1 that

polariton formation (the plotted lines becoming yellow) does not occur for many resonant

crossings between the one-photon (green) and zero-photon (red) curves, demonstrating that

the transitions between the molecular components of most eigenstates are optically forbid-

den. On the other hand, comparing the bottom and middle rows of Figure 1 shows that the

g parameter range of polariton formation is greatly enhanced if two-photon states are also

included in the basis. This can be explained by considering that including two-photon states

introduces their one-photon coupling with the one-photon-excited manifold, as well as their

two-photon coupling with the zero-photon manifold through polarizability. Such additional

couplings lead to the mixing of the uncoupled states, easing optical selection rules through

intensity borrowing [71], thus enhancing polariton formation.

Figure 2 presents the energy landscape for g = 400 cm−1 and g = 800 cm−1 coupling

strengths and varying photon energy near the HOH bending fundamental. In accordance

with Figure 1, for g = 400 cm−1 neglecting the polarizability interaction is an accurate

approximation, however, for the larger coupling strength of g = 800 cm−1, this interaction

also becomes important. Figure 2 also demonstrates how different polaritonic states can

be formed by a single vibrational fundamental, depending on which rotational excitation

the cavity photon is tuned to. For example, in the upper left panel of Figure 2 two black

arrows point out the polariton formation involving the (010)[111] ← (000)[202] transition

near Eph = 1570 cm−1 and the polariton formation involving the (010)[111] ← (000)[000]

transition near Eph = 1630 cm−1.
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FIG. 1: Left panels: converged eigenvalues of the rovibrophotonic Hamiltonian of Eq. (4)

as a function of the g coupling strength, obtained using the numerically exact variational

molecular eigenstate basis and a photon wave number of ν̃ = 1630 cm−1. Middle panels:

same as in left panels, but with the self-dipole interaction neglected. Right panels: same as

left panels, but with the induced dipole (polarizability) interaction neglected. Upper and

middle rows were obtained with a maximum photonnumber of two, while the bottom row

was obtained with a maximum photon number of one. The colors of the lines represent

their character: red indicates zero expectation value for the photon number, while green

represents one photon expectation value. Yellow indicates a mixture of photonic and

material excitations.

.
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FIG. 2: Same as middle row of Figure 1, but the polaritonic energies are now expressed as

a function of the Eph cavity photon energy, at the coupling strengths of g = 400 cm−1

(upper row) and g = 800 cm−1 (bottom row).

.

Now we turn to the issue of the model used to represent the molecular rovibrational

motion. Figure (3) compares the rovibropolaritonic energies obtained using the variational

or HORR molecular models. As seen in the upper and middle rows, for the semi-rigid H2O

molecule, the HO approximation works remarkably well for describing the coupling strength-

dependence of the polaritonic eigenstates correlating with the vibrational fundamentals.

There is a shift in energy between the variational and HO vibrational fundamentals (51

cm−1 in the upper row and 174 cm−1 in the middle row), which can be easily taken care

of by scaling the HO force constants [72], a common procedure in theoretical molecular

spectroscopy. In addition, several red lines can be seen, which are located differently with

respect to the vibrational fundamentals in the two columns. These lines correspond to

rotationally highly excited states, indicating that the tens of cm−1 differences observed

are a consequence of the RR approximation breaking down for rotationally highly excited

states, as expected. For low rotational excitations the two columns show nearly identical

results, as presented by the lower row of Figure 3. Overall, Figure 3 implies that if the

HORR approach is suitable for a specific system under field-free conditions, then it should

be suitable to describe the light contaminated states in the IR microcavity as well. Caution,

however, is needed to make sure that the HORR approach is appropriate for the full energy
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range and degree of excitations considered.

FIG. 3: Left column: converged eigenvalues of the rovibrophotonic Hamiltonian of Eq. (4)

as a function of the g coupling strength, obtained using the numerically exact variational

molecular eigenstate basis and photon wave numbers of ν̃ = 1630 cm−1 (upper and lower

panels) and ν̃ = 3700 cm−1 (middle panel). Right column: same as in left column, but

obtained using the HORR approximation for the molecular eigenstates and photon wave

numbers of ν̃ = 1681 cm−1 (upper and lower panels) and ν̃ = 3874 cm−1 (middle panel).

.

B. Thermochemistry of H2O in IR microcavities

With the rovibropolaritonic energy levels computed and available, one can construct the

partition function and derive other thermochemical quantities of the “rovibrating H2O + IR

cavity mode” system at different temperatures [73, 74]. Note that using direct summation
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with the energy levels computed in this work yields results that do not include any effects of

collective coupling, therefore, the computed values should not be regarded as quantitative,

but rather as values that can be used to test how various approximation affect thermochem-

istry. The issue of how the results presented here are related to the realistic mesoscopic

systems with many water molecules collectively interacting with the radiation mode is left

for future work. In the following, results computed for ortho water are presented. Figure 4

shows various thermodynamic quantities presented as a function of temperature at different

g coupling strengths for ν̃ = 1630 cm−1 photon wave number. To highlight the changes

induced by the light-matter coupling, Figure 4 also shows the changes in the various ther-

modynamic quantities with respect to the g = 0 scenario. It can be seen in Figure 4 that

light-matter interaction changes the thermodynamic properties only to a very small extent,

and the temperature dependence of these changes is not trivial. In most cases the effect

is negligible, the largest change of about one percent is seen for the heat capacity at low

temperatures.

As expected from Figure 1 and shown in Figure 5, including molecular polarizability and

the self-dipole interaction is also necessary for thermochemistry, the permanent dipole-only

model significantly overestimates the light-matter coupling-induced changes (compare right

column of Fig. 4 with left column of Fig. 5). This is probably due to the large negative

shift in the energy levels when the self-dipole term is negleted, see middle panels of Figures

1. The right column of Figure 5 shows that for the summation of energy levels at ambient

temperatures, the HORR approach performs with good accuracy, the cavity-induced changes

in thermochemistry are nearly identical to those obtained with the variational molecular

model. Finally, Figure 6 shows how various thermodynamic quantities change with respect to

the g = 0 scenario, using a fixed g = 800 cm−1 value, presented as a function of temperature

and for different ν̃ photon wave numbers near the HOH bending fundamental. Figure 6

demonstrates systematic changes with respect to the photon wave number, however, no

resonance effect is apparent. This indicates that the efficient formation of rovibrational

polaritons for specific vibrational modes does not dominate the thermochemistry derived

from states localized near the PES minimum. It is noted that while the absence of resonance

effects in related works on reaction kinetics [49, 75] is a consequence of the model limitations,

it is not necessarily an artifact of the theoretical approach in this work.
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FIG. 4: Various thermodynamic quantities presented as a function of temperature using

ν̃ = 1630 cm−1 and different g coupling strengths (left column), and the changes in the

various thermodynamic quantities with respect to the g = 0 scenario.

.
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FIG. 5: Changes in the various thermodynamic quantities with respect to the g = 0 sce-

nario. Left column: ν̃ = 1630 cm−1, using the variational molecular basis, self dipole and

polarizability interaction terms neglected. Right column: ν̃ = 1681 cm−1, using the HORR

molecular basis and the full Hamiltonian of Eq. (4).
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FIG. 6: Changes in the thermodynamic quantities with respect to the ν̃ = 1500 cm−1

scenario using the full Hamiltonian of Eq. (4) with a fixed g = 800 cm−1 value, presented

as a function of temperature for different ν̃ photon wave numbers near the HOH bending

fundamental (exact resonance for (010)[111]← (000)[000] is at 1635.0 cm−1).

.

V. SUMMARY

(1) A new theoretical framework was presented for the computation of molecular rovi-

brational polaritons in a lossless infrared (IR) cavity, in which the quantum description of

molecular rotation and vibration can be formulated using arbitrary approximations. The

molecular parameters required by the proposed approach can be obtained from standard

quantum chemistry tools, circumventing the need to rely on theoretical methods which

explicitly incorporate the cavity radiation for determining molecular electronic properties.

The validity of the presented framework is justified as long as the molecule can be described

within the Born-Oppenheimer (BO) approximation, and the light-induced changes in the

electronic structure can be treated perturbatively through molecular polarizabilities, i.e.,

the radiation field is not resonant with electronic transitions and the ultrastrong coupling

regime is not reached. (2) The rovibrational polaritons of H2O were computed using differ-

ent molecular models and considering the impact of different terms in the Hamiltonian of
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Eq. (4). (2.1) Due to the light-induced energy shift of the molecular energy levels, resonance

condition and the formation of polaritons is determined by the coupling strength and the

photon energy simultaneously. The energy shifts are dominantly negative, and depending

on the relative polarizability of the molecule in the photon-excited state with respect to the

rovibrationally excited state, the efficient generation of polaritons at low coupling strengths

could require the photon energy to be either red- or blue-shifted with respect to the field-free

molecular transition. (2.2) With increasing coupling strength g, the effects of the self-dipole

interaction and the molecular polarizability increase, and need to be accounted for to ob-

tain accurate rovibropolaritonic energy levels. (2.3) For H2O and in the investigated energy

range the HORR approximation performs well in describing rovibropolaritonic properties,

indicating that as long as the rovibrational model is appropriate for describing the field-

free molecule, the computed rovibropolaritonic properties can be expected to be accurate

as well. (3) Thermochemical quantities were computed from the rovibropolaritonic energy

levels of H2O, neglecting collective effects. It was found that strong light-matter coupling

between the radiation mode of an IR cavity and the rovibrational states of H2O lead to very

small changes in the thermodynamic properties of the system, and these changes seems to

be dominated by non-resonant interactions between light and matter. Including molecular

polarizability and the self-dipole interaction is very important, as the permanent dipole-only

model significantly overestimates the light-matter coupling-induced changes in thermochem-

istry.
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optical cavities: from success to breakdown, Chemical Science 12, 1251 (2021).

[57] T. Szidarovszky, G. J. Halász, A. G. Császár, L. S. Cederbaum, and Á. Vibók, Conical in-
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