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Recent theoretical studies have explored how ultra-strong light–matter coupling can be used as a handle to control
chemical transformations. Ab initio cavity quantum electrodynamics (QED) calculations demonstrate that large changes
to reaction energies or barrier heights can be realized by coupling electronic degrees of freedom to vacuum fluctuations
associated with an optical cavity mode, provided that large enough coupling strengths can be achieved. In many cases,
the cavity effects display a pronounced orientational dependence. In this Perspective, we highlight the critical role that
geometry relaxation can play in such studies. As an example, we consider recent work [Nat. Commun. 14, 2766 (2023)]
that explored the influence of an optical cavity on Diels-Alder cycloaddition reactions and reported large changes to
reaction enthalpies and barrier heights, as well as the observation that changes in orientation can inhibit the reaction or
select for one reaction product or another. Those calculations used fixed molecular geometries optimized in the absence
of the cavity and fixed relative orientations of the molecules and the cavity mode polarization axis. Here, we show
that, when given a chance to relax in the presence of the cavity, the molecular species reorient in a way that eliminates
the orientational dependence. Moreover, in this case, we find that qualitatively different conclusions regarding the
impact of the cavity on the thermodynamics of the reaction can be drawn from calculations that consider relaxed versus
unrelaxed molecular structures.

I. INTRODUCTION

Strong interactions between light and matter can induce
nontrivial changes in molecular properties and chemical re-
activity. Such interactions have been leveraged experimen-
tally as a means of augmenting material properties1–5 and
controlling chemical transformations carried out within op-
tical cavities.6–11 Given these exciting prospects, substan-
tial computational and theoretical effort has been undertaken
to develop both effective theories12 for simulating collective
strong coupling effects and quantum electrodynamics gener-
alizations of familiar ab initio quantum chemistry methods13

for modeling cavity-induced changes to electronic structure
in the single-molecule strong coupling limit. In the latter cat-
egory, the last decade has seen the development and appli-
cation of QED generalizations of many quantum chemistry
methods, including density functional theory (QEDFT14–23

or QED-DFT24–28) configuration interaction (QED-CI),29–32

coupled-cluster theory (QED-CC),25,26,29,33–46 and more.47–49

Many ab initio QED studies have focused on ground-state
effects, exploring how vacuum fluctuations modify ground-
state electronic structure and how these changes can be lever-
aged for useful purposes in chemistry applications. Within
these studies, a common theme emerges: ground-state cavity
effects have a pronounced orientational dependence. Specific
examples using various ab initio QED approaches include the
following. Vu, McLeod, Hanson, and DePrince24 applied
time-dependent QED-DFT to model cavity-embedded BI-
NOL ([1,1’-binaphthalene]-2,2’-diol) derivatives in the con-
text of the enantiopurification of BINOL via chiral-group di-
rected photoisomerization.50 This work found that the di-
estereometric excess predicted in the absence of the cavity
could be enhanced, suppressed, or even inverted, depending
on the relative orientation of the molecule and the cavity-
mode polarization axis. Pavošević, Hammes-Schiffer, Rubio,

a)Electronic mail: adeprince@fsu.edu

and Flick39 used QED-CC to study cavity effects on proton
transfer reactions in malonaldehyde and aminopropenal. This
work found that the reaction barrier height can increase or
decrease depending on the molecule’s orientation in the cav-
ity. Pavošević, Smith, and Rubio demonstrated using QED-
CC that similar enhancement / inhibition could be achieved in
Diels-Alder reactions of cyclopentadiene and acrylonitrile42

and azide-alkyne cycloaddition reactions.43 These studies also
showed that orientational control could be used to selectively
steer the system toward a specific reaction product. Severi and
Zerbetto51 used a QED generalization of Hartree-Fock theory
to show that the barrier to isomerization in butadiene can be
enhanced or suppressed depending on the relative orientations
of the molecule and cavity mode polarization axis. Haug-
land, Schäfer, Ronca, Rubio, and Koch29 have also shown
using QED-CC and QED full CI that intermolecular interac-
tions can be modulated in a way that stabilizes or destabilizes
non-covalently bound complexes, depending on how they are
oriented in the cavity.

These studies all suggest that subtle quantum electrody-
namical effects can be used to dictate chemical outcomes,
assuming sufficiently strong electron-photon coupling can be
achieved. Equally exciting is the level of control over selec-
tivity, etc., that these studies imply can be achieved, given ab-
solute control over molecular orientation. For gas or solution-
phase reactions, however, such control is not necessarily pos-
sible, and, yet, essentially all ab initio QED studies assume
(i) fixed orientations relative to the cavity mode polarization
axis and (ii) fixed molecular geometries that are not optimized
to account for any cavity interactions. Relatively little effort
has gone into understanding how molecular geometries can be
perturbed by cavity forces and whether claims of orientation-
based selectivity are robust to such geometry relaxation ef-
fects. As a result, the literature may overstate the prospects
cavity-based control over ground-state chemistry arising from
electronic strong coupling.

In this work, we consider the importance of cavity-
induced geometry relaxation effects in computational studies
of cavity-modified chemistry. As a model system, we choose

ar
X

iv
:2

40
5.

01
67

6v
1 

 [
ph

ys
ic

s.
ch

em
-p

h]
  2

 M
ay

 2
02

4

mailto:adeprince@fsu.edu


2

to revisit the Diels-Alder cycloaddition of cavity-embedded
cyclopentadiene and acrylonitrile that was studied by Pavoše-
vić, Smith, and Rubio in Ref. 42 (see Fig. 1). We develop
analytic energy gradients for the QED-DFT approach, which
we use to optimize structures of the relevant cavity-embedded
species in order to provide a side-by-side comparison of ther-
modynamic properties inferred from unperturbed geometries
and perturbed geometries obtained at various initial relative
orientations of the molecular species and cavity mode polar-
ization axis. In short, without some physical mechanism to fix
the molecular orientation, the system will reorient in a way
that eliminates the orientational dependence of the reaction
barrier heights and enthalpies for this cycloaddition reaction.

FIG. 1. The Diels-Alder cycloaddition of cyclopentadiene and acry-
lonitrile, forming either the endo or exo diastereomer.

II. THEORY

The physics of a strongly-coupled light–matter system is
captured by the Pauli-Fierz (PF) Hamiltonian,52,53 which can
be derived from a minimal coupling or “p ·A” Hamiltonian.54

The PF Hamiltonian is obtained via a transformation of the
p ·A Hamiltonian to the length gauge (i.e., using the Power-
Zienau-Woole transformation), followed by a phase transfor-
mation and the use of the dipole approximation. Following
some straightforward but tedious manipulations, one eventu-
ally arrives at

ĤPF = Ĥe +ωcavb̂†b̂−
√

ωcav

2
λ · µ̂

(
b̂† + b̂

)
+

1
2
(λ · µ̂)2 (1)

Here, the first two terms (Ĥe and ωcavb̂†b̂) represent the elec-
tronic and photon Hamiltonians, respectively, and ωcav is the
cavity mode frequency. The symbols b̂† and b̂ represent pho-
ton creation and annihilation operators, respectively. The third
and fourth terms are the bilinear coupling and dipole self-
energy terms, respectively. In these terms, we find the molec-
ular dipole operator, µ̂, and the coupling strength vector, λ,
which is related to the effective cavity mode volume (Veff) and
is oriented along the transverse polarization vector, ê:

λ= λ ê=

√
4π

Veff
ê (2)

The Hamiltonian in Eq. 1 describes coupling between elec-
tronic degrees of freedom and a single cavity mode, but it can
easily be generalized to account for multiple modes.

A. QED-DFT Ground-State Energy

To model the ground-state of ĤPF, we use a quantum-
electrodynamics generalization of density functional theory
(DFT) that resembles conventional Kohn-Sham DFT,55 aug-
mented by a mean-field description of electron-photon inter-
actions. We begin by considering a mean-field solution to the
entire polaritonic problem (i.e., QED Hartree-Fock, or QED-
HF), in which case the wave function for the system has the
form

|Φ0⟩= |0e⟩⊗ |0p⟩ (3)

Here, |0e⟩ is a Slater determinant of electronic orbitals and
|0p⟩ is a zero-photon state. As described in Ref. 33, it is con-
venient to define the photon part of |Φ0⟩ as

|0p⟩= ÛCS |0⟩ (4)

where |0⟩ is the photon vacuum state, and ÛCS is a unitary
coherent-state transformation operator

ÛCS = exp
(
z(b̂† − b̂)

)
(5)

with

z =
−λ · ⟨µ̂⟩√

2ωcav
(6)

The expectation value of ĤPF with respect to |Φ0⟩ is

EQED−HF = ⟨Φ0| ĤPF |Φ0⟩=⟨0e|⊗ ⟨0p| ĤPF |0p⟩⊗ |0e⟩
=⟨0e|⊗ ⟨0|Û†

CSĤPFÛCS |0⟩⊗ |0e⟩
=⟨0e|⊗ ⟨0| ĤCS |0⟩⊗ |0e⟩ (7)

where the coherent-state transformed Hamiltonian, ĤCS, is

ĤCS = Ĥe +ωcavb̂†b̂−
√

ωcav

2
λ · [µ̂−⟨µ̂⟩]

(
b̂† + b̂

)
+

1
2
(λ · [µ̂−⟨µ̂⟩])2 (8)

We can see now that the mean-field energy is simply

EQED−HF = ⟨0e| Ĥe |0e⟩+ 1
2
⟨0e|(λ · [µ̂e −⟨µ̂e⟩])2 |0e⟩ (9)

because all of the terms involving the photon creation / anni-
hilation operators vanish once we take the expectation value
and integrate out the photon degrees of freedom. Note also
that the dipole self-energy term, in the Born-Oppenheimer ap-
proximation, only depends on the electronic part of the dipole
operator, µ̂e, because the nuclear part cancels once we take
the expectation value.

From this point, one can easily adapt this polaritonic mean-
field theory to obtain a QED generalization of Kohn-Sham
DFT, or QED-DFT.24–26 The QED-DFT ground-state is mod-
eled by a non-interacting state of the form given above (Eq. 3),
with |0e⟩ now referring to a determinant of Kohn-Sham or-
bitals. The electronic part of the energy, ⟨0e| Ĥe |0e⟩, is han-
dled as in standard Kohn-Sham DFT, i.e., it replaced by the
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Kohn-Sham energy EKS, which is a sum of core Hamilto-
nian (h) and classical Coulomb (J) contributions, plus an
exchange-correlation functional of the electronic density (ρ),
the gradient of the density (∇ρ), etc.:

EKS = ∑
µν

(hµν +
1
2

Jµν)γµν + fxc(ρ,∇ρ, ...) (10)

with

Jµν = ∑
λσ

(µν |λσ)γλσ (11)

Here, the Greek labels represent atomic basis functions, γµν

is the one-particle density matrix, and (µν |λσ) is a two-
electron repulsion integral in chemists’ notation.

The λ-dependent part of the energy (the dipole-self energy)
is handled the same way as it is treated in QED-HF, so the total
QED-DFT energy is simply

EQED−DFT = EKS +
1
2
⟨0e|(λ · [µ̂e −⟨µ̂e⟩])2 |0e⟩ (12)

More explicitly, the dipole self-energy term can be evaluated
as

1
2
⟨0e| [λ · (µ̂e −⟨µ̂e⟩)]2 |0e⟩= 1

2
(λ · ⟨µ̂e⟩)2

+∑
µν

(
1
2

JDSE
µν − 1

2
KDSE

µν +ODSE
µν )γµν (13)

with

JDSE
µν = dµν ∑

λσ

dλσ γλσ = (λ · ⟨µ̂e⟩)dµν (14)

KDSE
µν = ∑

λσ

dµσ dλν γλσ (15)

ODSE
µν =−(λ · ⟨µ̂e⟩)dµν −

1
2

qµν (16)

Here, ⟨µ̂e⟩ represents the expectation value of the electronic
dipole operator evaluated with respect to the Kohn-Sham
state, and, following Ref. 24 , we have introduced

dµν = ∑
a∈{x,y,z}

λa

∫
φ
∗
µ [−ra]φν dτ, (17)

and

qµν = ∑
ab∈{x,y,z}

λaλb

∫
φ
∗
µ [−rarb]φν dτ. (18)

which are λ-weighted dipole and quadrupole integrals, re-
spectively. The symbol φµ represents an atomic basis func-
tion, λa is a cartesian component of the coupling vector, λ,
and rx = x, etc. Several terms in Eq. 13 cancel, so Eq. 12
simplifies to

EQED−DFT = EKS −
1
2 ∑

µν

(qµν +KDSE
µν )γµν (19)

B. Analytic Energy Gradients for QED-DFT

When the QED-DFT problem is represented within the
coherent-state basis, the gradient of the energy (Eq. 19) with
respect to a perturbation, χ , is

∂EQED−DFT

∂ χ
=

∂EKS

∂ χ
− 1

2
∂

∂ χ
∑
µν

(qµν +KDSE
µν )γµν (20)

Here, ∂EKS
∂ χ

equivalent to the gradient of the energy in stan-
dard (non-QED) Kohn-Sham DFT, so we focus on the the λ-
dependent term. We introduce λ-weighted derivative dipole
and quandrupole integrals, defined as

dχ

µν =
∂

∂ χ
∑

a∈{x,y,z}
λa

∫
φ
∗
µ [−ra]φν dτ, (21)

and

qχ

µν =
∂

∂ χ
∑

ab∈{x,y,z}
λaλb

∫
φ
∗
µ [−rarb]φν dτ. (22)

respectively, and the final gradient expression is

∂EQED−DFT

∂ χ
=

∂EKS

∂ χ
− 1

2 ∑
µν

qχ

µν γµν −∑
µν

γµν ∑
λσ

γλσ dχ

µσ dλν

(23)

III. COMPUTATIONAL DETAILS

We have implemented the QED-DFT approach, together
with QED-DFT analytic energy gradients in hilbert,56

which is a plugin to the PSI457 electronic structure pack-
age. All cavity-free DFT calculations were performed us-
ing the aug-cc-pVDZ basis set and the dispersion-corrected
B3LYP-D3BJ functional. QED-DFT calculations initially use
the STO-3G basis-set to obtain an initial guess for the reori-
ented / relaxed molecular geometry; final geometries were re-
fined using the same basis set and functional from the cavity-
free DFT calculations. Following Ref. 42, all calculations use
a cavity frequency (ωcav) and coupling strength (λ ) equal to
1.5 eV and 0.1 a.u, respectively.

Optimal geometries for the reactant (educt) and product
species relevant to the Diels-Alder reactions we consider were
performed using the Pysisyphus58 software suite, which we
interfaced with hilbert to provide access to QED-DFT gra-
dients. The calculations of cavity-free and cavity-embedded
species were performed using DFT and QED-DFT, respec-
tively. Initial estimates of transition state geometries were
determined from the nudged elastic band (NEB) method59–61

and further refined using the improved dimer method62 within
Pysisyphus.

The QED-DFT energy depends on the relative orientation
of the molecular species and the cavity-mode polarization
axis. For this reason, a traditional internal coordinate system
is a poor choice in that it overlooks both the spatial orientation
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and the system’s center of mass; procedures for transition-
ing back to cartesian coordinates can be ambiguous. As such,
all geometry optimizations in this work were performed using
translation-rotation internal coordinates63 (TRIC), which ac-
count for the energy contributions from rotations. Pysisyphus
supports the TRIC system.

IV. RESULTS AND DISCUSSION

In gas- or solution-phase small-molecule reactions, it is rea-
sonable to expect that the molecular species are free to rotate
with respect to a fixed coordinate frame. Without an explicit
mechanism to fix the molecular orientation with respect to the
cavity-mode polarization, it is important to understand the ro-
tational energy landscape and its impact on the optimal reac-
tion pathway and any inferred properties. We emphasize this
importance by revisiting the study from Ref. 42 that explored
the thermodynamics of a Diels-Alder cycloaddition involving
cyclopentadiene and acrylonitrile in an optical cavity.

A. Rotational energy landscape

Figure 2 illustrates the energy of the endo Diels-Alder prod-
uct of cyclopentadiene and acrylonitrile (see Fig. 1) as a func-
tion of the relative orientation of the molecular dipole moment
and the cavity mode polarization axis, which is aligned along
the z-direction. In this example, the internal coordinates of
the molecule are frozen at the optimal values from a geometry
optimization performed in the absence of the cavity.

The surface on the left-hand side of Fig. 2 represents the
energy of the system as a function of the direction of the to-
tal dipole moment, which is characterized by the inclination
(φ ) and azimuthal (θ ) angles relative to the cavity mode po-
larization axis (the z-axis.) The radius of the surface (ρ) is
proportional to the difference between the energy at φ and θ

and the energy at the minimum energy orientation (MEO) at
φ = φ ′ and θ = θ ′, i.e.,

ρ (φ ,θ) = E (φ ,θ |R)−E
(
φ
′,θ ′|R

)
+ρ0 (24)

where R represents the fixed internal coordinates of the
cavity-free endo Diels-Alder product. The radial function is
given an arbitrary minimum length (ρ0 = 0.10 kcal mol−1) so
that energy changes appear as deformations to a small sphere.
The color of the surface also reflects the difference in energies
evaluated at a given orientation and at the MEO. The color
gradient is defined on the right-hand side of the figure, where
the energy landscape is also presented as a heat map.

The MEO corresponds to φ ′ = −44.0◦ and θ ′ = 75.1◦,
where the molecular dipole is oriented along the xy-plane. The
energy increases rapidly as the dipole orientation approaches
the z-axis (φ → 0◦ or 180◦) for any value of θ . To understand
this behavior, consider the form of the QED-DFT energy,
when the Hamiltonian is represented within the coherent-state
basis. Equation 12 suggests that the system will be most stable
when the molecule is oriented such that the dipole self-energy

is minimized. If the cavity mode is polarized along the z di-
rection [i.e., λ= (0,0,λ )], the dipole self-energy, EDSE, is

EDSE =
1
2
⟨0e|(λ · [µ̂−⟨µ̂⟩])2 |0e⟩

=
1
2

λ
2 ⟨0e|(µ̂z

e −⟨µ̂z
e⟩)

2 |0e⟩
(25)

Hence, the key quantity for understanding the rotational en-
ergy landscape of the cavity-bound species is the variance in
the dipole moment along the z direction. Indeed, the dipole
variance along z is minimized at the MEO, and maximized
when φ =−5.8◦ and θ =−18.9◦ at the highest energy orien-
tation (HEO) of the molecule.

The HEO lies 14.5 kcal/mol higher in energy than the
MEO. This gap is substantial and is greater in magnitude to
the cavity-free activation energy for the Diels-Alder reaction
that produces this product (13.5 kcal/mol). These results have
significant implications for the thermodynamics and kinetics
of chemical reactions carried out in optical cavities. In the
absence of a mechanism to restrict the rotational degrees of
freedom, a cavity-embedded molecule should reorient to min-
imize the dipole self-energy. Conclusions derived from ener-
getic analyses carried out at fixed molecular orientations miss
this important detail.

B. Challenges when optimizing non-bonded complexes

As mentioned in Sec. III, ab initio QED geometry optimiza-
tions should be performed using a coordinate system that cap-
tures the orientation dependence of the energy; we use the
TRIC system. This choice alone does not completely elim-
inate the numerical difficulties in optimizing geometries of
cavity-embedded species, particularly for non-bonded com-
plexes. For example, in the Diels-Alder educt structure, acry-
lonitrile has a larger dipole variance than cyclopentadiene, so
the former fragment may experience larger forces due to the
dipole self-energy contribution to the gradient. As a result, sit-
uations arise where the system moves away from the desired
geometry in the course of an optimization. Figure 3 illustrates
the educt structures for the endo and exo pathways (left and
right panels, respectively) that were optimized with the sys-
tem interacting with a cavity mode polarized along different
cartesian axes. The axes are chosen to be the same as those in
Ref. 42, where the x-axis is along the forming carbon-carbon
bond, and the yz plane is along the plane of the cyclopentadi-
ene such that the xy-plane intersects its sp3 hybridized carbon
and the xz plane intersects the adjacent carbons. For these
illustrative calculations, we used a minimal (STO-3G) basis
set, and the cavity coupling strength, λ , was 0.1 a.u. Panels
(a) and (e) show the structures in the absence of the cavity,
which were taken from Ref. 42 (and optimized at the MP2/cc-
pVDZ level of theory). In the other panels, we observe cases
where the optimization leads to stationary points that are not
relevant for the cyclization reaction in question. Depending
on the cavity mode polarization, the fragments may align side
by side [panels (c), (g), and (h)] or the plane of the acryloni-
trile can rotate so that it is no longer parallel to the plane of
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FIG. 2. The energy profile of the endo Diels-Alder product of cyclopentadiene and acrylonitrile as a function of the spatial orientation of
the molecular dipole moment for the cavity-free geometry with respect to a z-polarized cavity. The endo product is visualized in (a), with the
dipole oriented along the z-axis. The energy profile is represented in two ways: (a) as a deformed sphere where the radius and color at each
point represent the relative energy difference from the minimum energy orientation, and (b) as a Mollweide projection where the energy gap
(color), latitude, and longitude coordinates are related to the spherical coordinates ρ , φ , and θ , respectively. The minimum energy orientation
(MEO) and highest energy orientation (HEO) are denoted by green and red arrows and crosses, respectively.

the cyclopentadiene [panel (d)].

The lowest energy educt configurations for the endo and
exo pathways are associated with structures optimized starting
from the x-polarized cavity mode [panels (b) and (f), respec-
tively]; notably, these are the structures that most closely re-
semble the relevant educt geometries for the cavity-free Diels-
Alder cycloaddition reaction. Structures optimized starting
from the y-polarized cavity mode [panels (c) and (g)] are not
too much higher in energy [0.1 and 0.2 kcal mol−1, relative to
the structures in panels (b) and (f), respectively]. On the other
hand, optimized structures starting from the z-polarized cavity
mode [panels (d) and (h)] lie a bit higher in energy [5.0 and
1.0 kcal mol−1, relative to the structures in panels (b) and (e),
respectively].

The large variations in optimized structures depicted in
Fig. 3, some of which are qualitatively different than the educt
structures relevant to the cyclization reaction, are problematic
and motivate the need for a robust protocol for geometry op-
timizations in the presence of an optical cavity. As such, we
have developed and applied the following procedure. An ini-
tial constrained optimization is performed such that the en-
tire complex can rotate into its optimal orientation relative to
the cavity mode polarization axis. For the educt structures
relevant to the Diels-Alder reactions considered in this work,
the relative orientations of the fragments are partially fixed
by constraining the distance between the bond-forming car-
bon atoms, as well as the dihedral angles between fragment
planes. Once the optimal orientation of the constrained educt
structure has been identified, a full geometry optimization can
be performed. With this procedure, the fully optimized educt
structures associated with the endo path differ in energy by

only ≈ 0.01 kcal mol−1, while those for the exo path differ by
≈ 0.03–0.04 kcal mol−1, regardless of the initial relative ori-
entation of the complex and the cavity mode polarization axis.
While we have focused this discussion on the optimization of
non-bonded educt reactant structures, we note that this opti-
mization procedure provides similarly robust results for the
endo/exo product structures; when starting from different ori-
entations relative to the cavity mode polarization axis, the re-
sulting structures differ in energy by at most 0.03 kcal mol−1.

C. Enthalpies and barrier heights the Diels-Alder reaction

We now turn our attention to the the cavity-induced changes
to the thermodynamics of the Diels-Alder reactions depicted
in Fig. 1. For calculations on relaxed structures that account
for cavity interactions, endo/exo reactant and product geome-
tries are identified initially within a minimal basis, using the
procedure outlined in Sec. IV B. These initial structures are
further refined using the aug-cc-pVDZ basis set. Given op-
timized educt and product geometries, we locate transition
states using the NEB implementation in Pysisyphus, which
can capture the cavity-induced rotation of the molecule as the
cycloaddition progresses. This rotation is necessary to ac-
count for the different orientation preferences of the optimized
educt and product structures. The transition state structures
are further refined using the improved dimer method62 within
Pysisyphus.

Table I contains reaction enthalpies (H), forward activation
energies (E f

a ), and backward activation energies (Eb
a ) for the

endo and exo pathways of the Diels-Alder reaction in the ab-
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FIG. 3. Educt structures for the endo/exo pathways optimized under different cavity mode polarizations. The left (a)-(d) and right (e)-(h)
columns correspond to the endo and exo geometries. The rows correspond to the reference geometry (a), (e), the converged geometries for the
initial x-, y-, and z- polarizations [panels (b),(f); (c),(g); (d),(h), respectively].
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path structures H E f
a Eb

a

λ = 0.0

endo — -22.6 13.5 36.1
exo — -22.3 13.7 35.9

λ = 0.1

endo

optimized -9.4 34.6 44.0
fixed (x) -10.3 34.1 44.4
fixed (y) -32.4 12.7 45.1
fixed (z) -28.3 14.3 42.6

exo

optimized -11.7 30.8 42.6
fixed (x) -9.9 33.2 43.2
fixed (y) -32.4 14.2 46.6
fixed (z) -27.8 15.7 43.5

TABLE I. Reaction enthalpies and forward/backward activation en-
ergies (kcal mol−1) for the endo and exo pathways for the different
structures and cavity mode polarizations.

sence of the cavity (λ = 0.0 a.u.) and at λ = 0.1 a.u. For the
cavity-free case, the structures were optimized at the B3LYP-
D3BJ/aug-cc-pVDZ level of theory. We consider four sets of
calculations on cavity-embedded species, one set where the
structures are fully optimized at the QED-B3LYP-D3BJ/aug-
cc-pVDZ level of theory, and three sets where we use fixed
structures optimized in the absence of the cavity and fixed ori-
entations relative to different cavity mode polarization axes.

In the cavity-free case, the endo pathway is slightly fa-
vored both thermodynamically and kinetically, by less than
1 kcal mol−1. The question so-often posed in ab initio cav-
ity QED studies is then, can ultra-strong light-matter coupling
induce meaningful changes to the enthalpy or barrier height
for these reactions? The answer to this question is, of course,
yes, but wildly different conclusions can be drawn depending
on whether the structures are relaxed in the presence of the
cavity or, with fixed structures, how the molecule is oriented
with respect to the cavity mode polarization axis. Focusing
on the fully optimized structures first, we observe the follow-
ing: First, the enthalpy of the reaction is reduced in magni-
tude by a factory of two, for both pathways. Second, the
thermodynamic favorability of the reaction is reversed, with
the enthalpy for the exo path being about 2 kcal mol−1 more
negative than that for the endo path. Third, the barrier to the
forward reaction increases by more than a factor of two for
both paths, with the barrier height being higher in the case of
the endo path by nearly 4 kcal mol−1. These results suggest
that ultrastrong light-matter coupling could be used to slightly
alter the preferred cycloaddition product, with the caveat that
the forward reaction would be much less favorable for the cav-
ity embeded system, relative to the original cavity-free sys-
tem.

The story is quite different when considering unrelaxed ge-
ometries with fixed orientations relative to the cavity mode po-
larization axis. For both the endo and exo pathways, we find
that an x-polarized cavity mode leads to similar results as with
fully relaxed structures; the magnitudes of the enthalpies are

reduced by more than a factor of two, and the barrier heights
more than double. On the other hand, y- and z-polarized cav-
ity modes lead to significantly more negative enthalpies, while
changing the forward reaction barrier heights by only 1–2 kcal
mol−1. For all polarizations, the endo product is thermody-
namically preferred, but never by more than 0.6 kcal mol−1.
We stress that this is the opposite result obtained from calcula-
tions on fully-optimized structures, which predict that the exo
product is thermodynamically preferred by 2.3 kcal mol−1.

V. CONCLUSIONS

A number of recent theoretical studies have focused on
the application of ab initio cavity QED methodologies to the
ground-state electronic structure of cavity embedded species,
in an effort to identify cases where ultra-strong light-matter
coupling leads to useful or interesting changes to chemistry.
The common theme in these studies is that non-trivial changes
(e.g., to reaction enthalpies, barrier heights, etc.) can be real-
ized, given large enough light-matter coupling strengths, but
these changes tend to display a pronounced orientational de-
pendence. None of the studies cited in Sec. I consider geom-
etry relaxation or rotational effects that should be induced by
the very large coupling strengths employed in those works.

In this study, we have shown that geometry relaxation ef-
fects can lead one to draw qualitatively different conclusions
regarding the impact of an optical cavity on ground-state
chemistry, as compared to calculations involving fixed struc-
tures and orientations relative to the cavity mode axis. We
have demonstrated this point by revisiting the Diels-Alder cy-
cloaddition reactions considered in Ref. 42. Without a phys-
ical mechanism to constrain the orientation of the molecule
in the cavity, the reactant / transition state / product species
reorient in a way that eliminates the dependence on the ini-
tial relative orientations of the molecular components and
the cavity mode polarization axis. Our calculations involv-
ing fully-relaxed structures suggest that the exo cycloaddition
product is the thermodynamically favored one at large cou-
pling strengths, while calculations on fixed structures lead to
the opposite interpretation, regardless of the chosen polariza-
tion axis. As such, conclusions drawn from energetic analyses
based on ab initio QED calculations that use fixed molecular
structures should be viewed with caution.

Supporting Information Relaxed and unrelaxed geome-
tries for the endo and exo Diel-Alder reactions within a z-
polarized cavity at the B3LYP-D3BJ/aug-cc-pVDZ level of
theory.
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