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Abstract
Proton transfer is ubiquitous in many fundamental chemical and biological processes, and the ability to modulate and control the proton transfer rate would have a
major impact on numerous quantum technological advances. One possibility to modulate the reaction rate of proton transfer processes is given by exploiting the strong
light-matter coupling of chemical systems inside optical or nanoplasmonic cavities. In
this work, we investigate the proton transfer reactions in the prototype malonaldehyde
and Z-3-amino-propenal (aminopropenal) molecules using different quantum electrodynamics methods, in particular quantum electrodynamics coupled cluster theory (QEDCC) and quantum electrodynamical density functional theory (QEDFT). Depending
on the cavity mode polarization direction, we show that the optical cavity can increase
the reaction energy barrier by 10–20% or decrease the reaction barrier by ∼5%. By
using first principles methods, this work establishes strong light-matter coupling as a
viable and practical route to alter and catalyze proton transfer reactions.
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Introduction
Proton transfer reactions are essential in many chemical and biological systems due to their
key roles in energy conversion processes. 1 The ability to control the rate of proton transfer
reactions can potentially have a large impact on technological advances such as the design
of fuel cells, as well as electrochemical and solar energy harvesting devices. For instance,
strong light-matter interactions created by quantum fluctuations or external pumping in optical or nanoplasmonic cavities offer a promising route to modulate reaction rates of chemical
reactions in a non-intrusive way. Polaritonic chemistry utilizes these strong light-matter
coupling effects with chemical systems to catalyze, 2 inhibit, 3 or even modify the overall
reaction path 4 of ground-state and excited-state reactions. 5–7 Besides chemical reactions,
strong light-matter coupling with chemical systems has been explored in other context, e.g.
intermolecular vibrational energy transfer, 8 harvesting triplet excitons, 9 self-assembling of
microcavities, 10 single-molecular strong coupling, 11 or coupling to nanotips, 12,13 among others. These experimental developments have sparked various theoretical developments. 14–20
The development of predictive theoretical models from first principles is essential for the
design and fundamental understanding of chemical processes such as proton transfer inside
optical cavities.
One popular method in achieving this goal is the quantum electrodynamics densityfunctional theory (QEDFT) approach, 21–25 which is a generalization of density functional
theory (DFT) 26 where both electrons and photons are treated quantum mechanically on the
same footing. It is favored for its computational efficiency, which makes it applicable to large
system sizes, and has been successfully applied to a wide range of problems 27,28 in the regime
of strong light-matter interaction. As an extension of electronic DFT, the QEDFT method
suffers from similar problems that are inherent to the DFT method, such as challenges
associated with dispersion interactions 29,30 or strongly correlated systems. 31 In addition,
only a small number of approximations for the electron-photon exchange-correlation functional 27,32–34 are currently available for QEDFT. An alternative method to QEDFT is the
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computationally more expensive, but systematically improvable quantum electrodynamics
coupled cluster (QED-CC) method, 35,36 in which the correlation effects between quantum
particles (i.e., electrons and photons) are included via the exponentiated excitation cluster operator. The QED-CC method inherits the favorable properties of the electronic CC
method, such as the high accuracy, as demonstrated in studies of noncovalent interactions, 30
ionization energies, 37–39 and excitation energies 38 in optical cavities, and size-extensivity in
molecular systems. 35,40,41
In this work, we use the QEDFT formalism and three different QED-CC methods to study
the effect of strong-light matter coupling on two different prototypical intramolecular proton
transfer reactions in the malonaldehyde and Z-3-amino-propenal (aminopropenal) molecules.
To characterize these systems, we compute the reaction energy barrier, which is the energy
difference between the transition state and the reactant, as well as the reaction energy, which
is the energy difference between the product and the reactant for the asymmetric system.
Although hydrogen tunneling is known to play a significant role in these molecular systems,
characterizing the potential energy surface in this manner allows a direct comparison between
the different methods. Moreover, the reaction energy barrier and other characteristics of the
potential energy surface will impact the hydrogen tunneling process. To the best of our
knowledge, this work is the first demonstration of proton transfer processes described with
quantum electrodynamics ab initio methods.

Theory
In general, interactions between molecules and photons inside an optical cavity can be described by the Pauli-Fierz Hamiltonian. 21,24,42 We include the optical cavity by coupling the
electronic system to a single photon mode. We further employ the dipole approximation,
since the wavelength of the photon mode is much larger than the extent of our molecular
system and the length gauge, 25,43 where the electric displacement field is coupled to the
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dipole moment of the system. Additionally we choose the coherent state basis. 35 Under
these assumptions, the Hamiltonian reads as follows (using atomic units unless otherwise
stated)

Ĥ =

hpq aqp

1 pq rs
apq + ωcav b† b −
+ grs
2

r

ωcav
1
(λ · ∆d)(b† + b) + (λ · ∆d)2
2
2

(1)

We note that extensions to multi-mode setups, cavity losses 44 and correlation effects of nuclei 45,46 are also possible. The first two terms constitute the electronic Hamiltonian within the
Born-Oppenheimer approximation expressed in terms of the second-quantized electronic ex† †
†
n
citation operators aqp11qp22...q
...pn = aq1 aq2 ...aqn apn ...ap2 ap1 that are defined as a string of fermionic

creation and annihilation (a† and a, respectively) operators. Furthermore, hpq = hq|ĥe |pi
pq
= hrs|pqi denote a matrix element of the core electronic Hamiltonian ĥe and a
and grs

two-electron repulsion tensor element, respectively. The indices p, q, r, s, ... denote general
electronic spin orbitals, whereas indices i, j, k, l, ... and a, b, c, d, ... denote occupied and unoccupied electronic spin orbitals, respectively. The third term in this Hamiltonian denotes the
photonic Hamiltonian for a single cavity mode with fundamental frequency ωcav expressed
in terms of bosonic creation/annihilation (b† /b) operators. The fourth term describes the
dipolar coupling between the electrons and the photonic degrees of freedom. In this term, λ
is the coupling strength vector that is connected to the field strength of the photon mode 32,43
and depends, e.g., on the dielectric constant of the material inside the optical cavity and
the quantization volume. The dipole fluctuation operator ∆d = d − hdi denotes the change
of the dipole operator with respect to its expectation value. The molecular dipole operator
d = de + dnuc includes electronic and nuclear components. Finally, the last term in Eq. (1)
describes the dipole self energy arising in the length gauge. 47
In analogy to conventional electronic structure methods, there are two main ways for solving the Schrödinger equation that describes strong light-matter interaction, namely wave
function and density functional based formalisms. In the following, we discuss the QED
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Hartree-Fock and coupled cluster methods, as well as the optimized-effective potential approach (OEP) for QEDFT in more detail.
In the quantum electrodynamics Hartree-Fock (QED-HF) method, 35,48 the wave function
ansatz is given as a direct product between an electronic Slater determinant |0e i and a
photon-number state |0ph i as
|0e 0ph i = |0e i ⊗ |0ph i

(2)

where the superscripts e and ph denote electrons and photons, respectively. Although this
method treats the electrons and photons as uncorrelated particles, it is a useful starting
point for correlated methods. Among different approaches, in the QED-CC method 35 the
correlation effects between quantum particles (electrons and photons) are incorporated via
the exponentiated cluster operator

T̂ =

X

tµ,n aµ (b† )n

(3)

µ,n

that acts on the reference QED-HF wave function as

|ΨQED-CC i = eT̂ |0e 0ph i

(4)

In Eq. (3), the amplitudes tµ,n are unknown parameters that are determined by solving a set
of nonlinear equations 35,40,41

h0e 0ph |aµ (b)n e−T̂ ĤeT̂ |0e 0ph i = σµ,n

(5)

Moreover, aµ = a†µ = {aai , aab
ij , ...} is the electronic excitation operator, the index µ is the
electronic excitation rank, and n denotes the number of photons.
The truncation of the cluster operator at a certain excitation rank µ and number of
photons n establishes the QED-CC hierarchy. Truncation of the cluster operator to include
up to single and double electronic excitations along with their interactions with a single
6

photon is expressed as
1 ij,1 ab †
1 ij,0 ab
i,1 a †
a
0,1 †
T̂ = ti,0
a ai + t b + tab aij + ta ai b + tab aij b
4
4

(6)

and defines the QED-CCSD-21 method introduced in Ref. 35. Note that the -mn notation
utilized throughout this paper denotes the highest degree of interactions of m electrons with
n photons. An extension of the cluster operator defined in Eq. (6) to include up to two
photons and their interactions with up to two electrons is expressed as
1 ij,2 ab † †
1 ij,0 ab
1 ij,1 ab †
a
i,1 a †
0,2 † †
i,2 a † †
0,1 †
(7)
T̂ = ti,0
a ai + t b + tab aij + ta ai b + tab aij b + t b b + ta ai b b + tab aij b b
4
4
4
and defines the QED-CCSD-22 method introduced in Ref. 38. Lastly, truncation of the
cluster operator to include interactions between only one electron with up to two photons is
expressed as
1 ij,0 ab
i,1 a †
a
0,2 † †
i,2 a † †
0,1 †
T̂ = ti,0
a ai + t b + tab aij + ta ai b + t b b + ta ai b b
4

(8)

and defines the QED-CCSD-12 method first introduced in Ref. 49 in the context of the
description of the electron-phonon interaction. Because the computational cost of the QEDCCSD-mn methods is determined by the number of tij,n
ab amplitude equations that need
to be solved, the computational cost of the QED-CCSD-21 and QED-CCSD-22 methods
are roughly two and three times higher, respectively, than the computational cost of the
QED-CCSD-12 method.
Next, we briefly discuss the optimized-effective potential approach 27,32 to QEDFT. In
contrast to the wave function based methods, such as QED-HF and QED-CC, the QEDFT
method obtains solutions to the Schrödinger equation including quantized light-matter interactions in Eq. (1) in terms of reduced quantities (internal variables). In the length-gauge and
dipole approximations, convenient choices for these internal variables are the electron density
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n(r) and the photon displacement coordinate q =

q

~
2ωcav


b† + b . 21,42 Although QEDFT

is in principle exact, for practical calculations approximations to the so-called exchangecorrelation (xc) potential need to be specified. For QEDFT, these xc potentials must capture
not only the correlated nature of the electron-electron interaction as in regular DFT, but also
the correlated nature of the quantized electron-photon interaction. So far only a few approximations are available, either in terms of orbital functionals 27,32 or density functionals. 33,34
In this work, we choose the optimized-effective potential approximation, which was the first
xc potential introduced for QEDFT and is the most established xc potential for problems
in QEDFT. This approach is based on the following exchange-correlation energy, 27,32 which
reads for a single photon mode as follows:

(OEP )
Exc

1X
| hϕi | λ · ∆d |ϕa i |2
=−
2 i,a




ωcav
−1
a − i + ωcav

(9)

where i and a denote occupied and unoccupied Kohn-Sham orbital energies, respectively.
We note that the energy expression in Eq. (9) includes occupied and unoccupied orbitals,
but an efficient reformulation in terms of only occupied orbitals is also possible. 27 This
approximation, which is referred to as one-photon OEP, explicitly accounts for one-photon
absorption and emission effects and has been shown to be accurate in the weak and strong
light-matter coupling regimes. 27,30,32 For more details on the one-photon OEP approach, we
refer the reader to Refs. 27,30,32,50,51.

Results and Discussion
The QED-CCSD-mn methods have been implemented in an in-house developmental version
of the Psi4NumPy quantum chemistry software. 52 The implemented QED-CCSD-mn methods, along with the QEDFT method, were used to calculate the reaction energy diagrams
for proton transfer in malonaldehyde and aminopropenal. All calculations were performed
on the geometries optimized at the conventional electronic CCSD/cc-pVDZ 53 level using
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the Gaussian quantum chemistry software. 54 The geometry optimizations were performed
using the standard optimization procedures 55,56 with default parameters as implemented in
Gaussian 16. 54 The characters of the stationary structures on the potential energy surface
(i.e., reactants, transition states, and products) were confirmed by performing the harmonic
frequency analysis. We note however, that the stationary points can be different between
HF, CCSD, and DFT. The QED-HF and the QED-CCSD-mn calculations were performed
by employing the cc-pVDZ basis set. 53 The QEDFT calculations were performed using the
Octopus code 50 with the single-photon OEP implementation described in Refs. 27,50. This
formulation describes both the electron-electron interaction and the electron-photon interaction consistently within the OEP approach. If no electron-photon coupling is present, this
approach reduces to the electronic OEP framework. 57 In all calculations with the Octopus
code, we used a real-space grid with spheres of 6 Å around each atom and a grid spacing of
0.15 Å , as well as Troullier-Martins pseudopotentials 58 to describe the core electrons.
cavity polarization
along x-axis

cavity polarization
along z-axis

y

x

Figure 1: Reaction diagram for proton transfer in malonaldehyde calculated with different
levels of theory outside (solid) and inside (dashed) an optical cavity. The calculations employ
the cavity parameters ωcav = 3 eV and λ = 0.1 a.u. with the photon mode polarized
in the x (in the molecular plane and parallel to the proton transfer direction) (left), and
z (perpendicular to the molecular plane) (right) directions. The left panel contains the
images of the reactant (R), transition state (TS), and product (P) structures along with the
coordinate frame.
Figure 1 depicts the reaction energy diagram for the proton transfer process in malonaldehyde calculated with the HF, CCSD, and DFT methods (solid lines) as well as with their
QED counterparts (dashed lines). We only include QED-CCSD-21 results in this figure for
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clarity, and the effect of the cavity calculated with the QED-CCSD-12 and QED-CCSD-22
methods is given in Table 1. The QED calculations were performed in an optical cavity with
frequency ωcav = 3 eV and coupling strength λ = 0.1 a.u. with the light polarized along the
x direction (in the molecular plane and parallel to the direction of proton transfer) and z
direction (perpendicular to the molecular plane). The result with the cavity mode polarized
in the y direction is qualitatively similar to the result with the cavity mode with polarization
along the x direction and is therefore not included in the figure, but it is provided in Table 1.
The reaction barrier for this reaction strongly depends on the choice of electronic structure
method, where both the HF and DFT methods overestimate this barrier, and the CCSD
provides a barrier that is in good agreement with the barrier calculated with the coupled
cluster singles and doubles with perturbative triples (CCSD(T)) method. 59 Since we calculated the energies of the transition state with the CCSD geometry, we can note that in case
of HF the overestimation of the barrier is mainly due to the missing correlation effects since
a transition state at the HF level changes the barrier compared to the CCSD geometry by
∼1 kcal/mol. All of the employed QED methods predict the same trend: the reaction barrier
increases if the cavity mode is polarized in the molecular plane (x and y directions), and
the reaction barrier decreases if the cavity mode is polarized perpendicular to the molecular
plane (z direction).
Table 1: Change in the Reaction Energy Barrier (TS) for Proton Transfer in
Malonaldehyde inside an Optical Cavity.a
method
QED-HF
QED-CCSD-12
QED-CCSD-21
QED-CCSD-22
QEDFT (OEP)

x direction y direction z direction
1.18
0.15
-0.07
1.01
0.12
-0.24
0.89
0.05
-0.24
0.84
0.04
-0.24
0.72
0.01
-0.01

a

Relative energies are calculated as the difference between the reaction barrier obtained with the
QED method and the corresponding conventional electronic structure method. Relative energies
are given in kcal/mol.

As shown in Table 1, the greatest effect of the cavity mode (quantum fluctuations) on
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the reaction energy barrier is observed with the cavity mode polarized along the x direction, followed by the y and z directions. This observation is in agreement with previous
findings that molecules with the largest fluctuations of the dipole self energy, 21 (λ · ∆d)2 ,
will experience the greatest effect of the cavity. 37 The changes of this quantity between the
transition state structure and the reactant structure calculated with the QED-HF method
for cavity modes polarized along the x, y, and z directions are 1.06 kcal/mol, 0.11 kcal/mol,
and -0.07 kcal/mol, respectively, and therefore account for most of the overall changes seen
in Table 1. Recently, the connection between the one-photon OEP energy and the dynamical
polarizabilities has been worked out. 33 Thus, we compare the static polarizabilities and find
the calculated absolute values of the static polarizabilities within the QED-HF method are
ordered as αxx > αyy > αzz in agreement with the reasoning on the dipole self energy. In
the case of the in-plane polarized cavity mode, the inclusion of correlation effects between
the quantum particles with either the QED-CCSD-mn or QEDFT methods reduces the effect of the cavity on the reaction energy barrier. Moreover, inclusion of correlation effects
with the QED-CCSD-mn methods stabilizes the transition state for the cavity mode with
polarization along the z direction and further reduces the reaction barrier compared to the
QED-HF method.
Table 1 also shows that for the specified cavity parameters and in-plane polarized light,
the QED-CCSD-21 method performs more similarly to the QED-CCSD-22 method than to
the QED-CCSD-12 method. Deeper analysis indicates that the key to this similarity is the
tij,1
ab amplitudes that describe correlation effects between electronic double excitations and
single photon processes, which are not present in the QED-CCSD-12 method. All three of
the QED-CCSD-mn methods predict the same effect of the cavity mode with polarization
along the z direction. The QEDFT method with the OEP functional predicts the smallest
effect of the cavity among the investigated methods.
Figure 2 shows the change in the reaction barrier for malonaldehyde calculated with the
CCSD methods (upper panel) and the DFT methods (lower panel) as the cavity frequency

11

Energy (kcal/mol)

5.40

CCSD
QED-CCSD-12

5.35
5.30
5.25
5.20
5.15

4

9.05

Energy (kcal/mol)

QED-CCSD-21
QED-CCSD-22

6

8

(eV)

DFT (OEP)

10

12

QEDFT (OEP)

9.00
8.95
8.90
8.85

4

6

8

(eV)

10

12

Figure 2: Proton transfer reaction barrier for malonaldehyde as a function of cavity frequency.
Dotted lines correspond to calculations outside the cavity, whereas solid lines correspond to
calculations inside the cavity with the cavity mode polarized along the y direction and with
coupling strength 0.1 a.u. Reaction barriers calculated with the conventional CCSD and
DFT methods, along with their QED counterparts, are given in the upper and lower panels,
respectively.
is increased from 3 eV to 12 eV by 3 eV increments. The QED barriers (solid lines) were
calculated in a cavity with the mode polarized along the y direction with coupling strength
0.1 a.u. The reaction barrier energies calculated with the conventional CCSD and DFT
methods are depicted with the dotted black line and are independent of the cavity frequency.
All of the QED methods except for the QED-CCSD-12 method predict that the barrier will
change character from being higher than to being lower than the energy barrier outside the
cavity within this range of cavity frequencies. This change in character occurs at 4 eV, 6
eV, and 9 eV for QEDFT, QED-CCSD-22, and QED-CCSD-21, respectively. Therefore, the
QED-CCSD-12 model does not seem to be accurate enough to capture the subtle effects
caused by the optical cavity. We have also calculated the change in the reaction barrier
for the different QED-CCSD-mn methods and the QEDFT method as a function of the
coupling strength, with results given in Fig. S1. This figure shows that the reaction barrier
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can increase by ∼3 kcal/mol for QED-CCSD-mn and by ∼4 kcal/mol for QEDFT in the
case of very large values of coupling strength. We find a quadratic scaling with lambda
for the QEDFT-OEP results, which can be expected from Eq. (9). Moreover, we also find
that the QED-CCSD-21 method is in good agreement with the QED-CCSD-22 method for
smaller values of the coupling strength (<0.1), whereas for larger values of the coupling
strength (>0.15), the QED-CCSD-21 method approaches the less accurate QED-CCSD-12
method. Thus, the QED-CCSD-21 method should be used with caution when the lightmatter coupling is strong.

cavity polarization
along x-axis

cavity polarization
along z-axis

y

x

Figure 3: Reaction diagram for proton transfer in aminopropenal calculated with different
levels of theory outside (solid) and inside (dashed) an optical cavity. The calculations employ
the cavity parameters ωcav = 3 eV and λ = 0.1 a.u. with the photon mode polarized in
the x (in the molecular plane) (left), and z (perpendicular to the molecular plane) (right)
directions. The left panel contains the images of the reactant (R), transition state (TS), and
product (P) structures along with the coordinate frame.
As another example, we investigate the cavity effect on proton transfer in aminopropenal.
Unlike malonaldehyde, aminopropenal is asymmetric and has different reactant and product
structures, as shown in Fig. 3. Note that the optimized geometry of the reactant shown in
Fig. 3 was found to have the lowest energy of all considered stationary points. This figure
depicts the reaction energy diagram for proton transfer in aminopropenal calculated with
the HF, CCSD, and DFT methods outside (solid lines) and inside (dashed lines) the cavity
with the mode polarized along the x and z directions, and with frequency ωcav = 3 eV and
coupling strength λ = 0.1 a.u. The changes in reaction energies and barriers for the cavity
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mode polarized along the x, y, and z directions calculated with all of the QED methods
investigated are provided in Table 2. As in the case of malonaldehyde, all of these QED
methods predict the same trend for the change in the reaction barrier. In particular, the
reaction barrier increases if the cavity mode is polarized in the molecular plane (x and y
directions), and the reaction barrier decreases if the cavity mode is polarized in perpendicular
to the molecular plane (z direction). Again this trend is consistent with the change of the
1
(λ
2

· ∆d)2 term between the transition state and the reactant. For example, the changes of

this term between the transition state and the reactant calculated with the QED-HF method
are 1.88 kcal/mol, 0.60 kcal/mol, and -0.01 kcal/mol for a cavity mode with polarization
along the x, y, and z directions, respectively. Moreover, as for malonaldehyde, the HF and
DFT methods overestimate the reaction barrier, predicting it to be roughly two times larger
than the barrier computed with the CCSD method.
Table 2: Change in the Reaction Energy Barrier (TS)a and Reaction Energy
(∆E)b for Proton Transfer in Aminopropenal inside an Optical Cavity.c
method

x direction
TS ∆E
QED-HF
2.00 0.94
QED-CCSD-12 1.12 -0.07
QED-CCSD-21 1.10 0.08
QED-CCSD-22 1.07 0.13
QEDFT (OEP) 1.49 0.97

y direction z direction
TS ∆E
TS
∆E
0.59 0.37 -0.01 0.06
0.09 -0.34 -0.33 -0.19
0.06 -0.25 -0.33 -0.20
0.06 -0.22 -0.33 -0.20
0.13 -0.07 -0.04 -0.07

a

Relative energies are calculated as the difference between the reaction barrier obtained with the
QED method and the corresponding conventional electronic structure method.
b Relative energies are calculated as the difference between the reaction energy (i.e., the difference
between the energies of the product and reactant) obtained with the QED method and the
corresponding conventional electronic structure method.
c Relative energies are given in kcal/mol.

The greatest increase in the reaction barrier for the cavity mode with polarization along
the x direction is calculated with the QED-HF method. Inclusion of the single-photon
effects with the QEDFT-OEP method decreases this value by 0.51 kcal/mol, whereas the
QED-CCSD-mn methods reduce this change by ∼1 kcal/mol. Similarly, for the cavity mode
with polarization along the y direction, the QED-HF method shows the greatest increase in
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reaction barrier due to the presence of the cavity, whereas inclusion of the correlation effects
between quantum particles at the QEDFT and QED-CCSD-mn levels increases the barrier
by a smaller amount. For the cavity mode with polarization along the z direction, the QEDHF and QEDFT methods show a very small decrease of the reaction barrier, whereas this
change is more pronounced for the QED-CCSD-mn methods and remains the same within
0.01 kcal/mol for all three definitions of the cluster operator.
Next, we discuss the cavity effect on the reaction energy for the proton transfer reaction
in aminopropenal. The reaction energy is calculated as the energy difference between the
product and the reactant. Unlike in the case for the changes in the energy barriers, Fig. 3
and Table 2 indicate that the calculated change in reaction energy in the presence of the
optical cavity calculated with different QED methods do not follow the same trend. In the
case of the cavity mode with polarization along the x direction, both the QEDFT and QEDHF methods predict that the cavity significantly increases the reaction energy, whereas the
QED-CCSD-mn methods predict a much less pronounced change. Additionally, the QEDCCSD-12 method even predicts a slight decrease in the reaction energy. In the case of the
cavity mode polarized along the y and z directions, all of the correlated methods predict a
decrease of the reaction energy in the presence of the optical cavity, whereas the QED-HF
method predicts the opposite trend.
Lastly, we calculate the Rabi splitting for malonaldehyde and aminopropenal by employing the linear response QEDFT method. 28 In this calculation, we tune the cavity mode into
resonance with their respective HOMO-LUMO excitation energies and vary the electronphoton coupling strength λ. The computational details are provided in the SI. From the
results given in Fig. S2, we find that for the coupling strength of λ = 0.1 a.u., the ratio
of the Rabi splitting to the cavity frequency is ∼11%, which is within the range of experimentally observed values in the single-molecule 11 and collective strong coupling 5 limits.
Therefore, the choice of the coupling strength of λ = 0.1 a.u. that has been applied to the
ground-state calculations throughout this paper is a reasonable choice.
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Conclusion
In this work, we study the effect of an optical cavity on proton transfer in malonaldehyde and
aminopropenal with different QED ab initio methods. In particular, herein we implement
and test the QED-HF, QED-CCSD-12, QED-CCSD-21, and QED-CCSD-22 methods. We
show that the optical cavity with the mode polarized in the molecular plane can increase the
reaction energy barrier by 10–20%, whereas polarization of the cavity mode perpendicular
to the molecular plane can decrease the reaction barrier by ∼5%. All of the calculations
indicate that the QEDFT and QED-CCSD-mn methods show the same qualitative effect on
the reaction barrier and the reaction energy due to the optical cavity with the exception of the
QED-CCSD-12 method, which includes interactions of only one electron with the photon(s).
This finding indicates that the correlation effects between the quantum particles play an
important role for the accurate prediction of the changes in the presence of an optical cavity
and that a significant amount of correlation energy must be recovered for which interactions
between two electrons and the photon(s) are essential. Therefore, the QED-HF and QEDCCSD-12 methods are not recommended for these types of systems. The developed methods
also set the stage for the understanding of strong light-matter coupling in solid state systems
and materials including the effects of losses of the cavity and materials. The work presented
herein will serve as the basis for future experimental and theoretical investigations of proton
transfer reactions inside an optical cavity and as a benchmark resource for the QEDFT and
QED-CCSD methods.
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