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Abstract

Coupling molecules to a quantized radiation field

inside an optical cavity has shown great promise

to modify chemical reactivity. In this work, we

show that the ground state selectivity of the elec-

trophilic bromination of nitrobenzene can be fun-

damentally changed by strongly coupling the reac-

tion to the cavity, generating the ortho- or para-

substituted products instead of the meta product.

Importantly, these are products that are not ob-

tained from the same reaction outside the cavity.

A recently developed ab initio approach was used

to theoretically compute the relative energies of

the cationic Wheland intermediates, which indi-

cate the kinetically preferred bromination site for

all products. Performing an analysis of the ground

state electron density for the Wheland interme-

diates inside and outside the cavity, we demon-

strate how strong coupling induces reorganization

of the molecular charge distribution, which in turn

leads to different bromination sites directly depen-

dent on the cavity conditions. Overall, the results

presented here can be used to understand cavity-

induced changes to ground state chemical reactiv-

ity, from a mechanistic perspective, as well as to

directly connect frontier theoretical simulation to

state-of-the-art, but realistic, experimental cavity

conditions.

Introduction

Coupling molecules to a quantized radiation field
inside an optical cavity creates a set of photon-
matter hybrid states, called polaritons. These po-
lariton states have a great promise to change chem-
ical reactivity in a general and facile way by tun-
ing the properties of matter as well as properties
of photons. Despite the theoretical predictions of
using polaritons for novel chemistry broadly,1 ex-
perimentally what has been demonstrated largely
relates to polariton modified reaction kinetics. For
example, collective couplings between the elec-
tronic excited states of fulgide or similar molecules
and quantized photonic modes inside an optical
cavity were shown to both enhance or suppress
photochemical isomerization reactions.2,3 In an-
other example, vibrational excitations collectively
coupled to the photonic excitations of a microcav-
ity, commonly referred to as vibrational strong cou-
pling (VSC), resulted in chemical kinetics that can
be enhanced4,5 or suppressed.6–8 In these two col-
lective coupling regimes, the kinetics of the reac-
tions are changed, but importantly there is no new
type of product generated compared to the same
reactions outside the cavity.
Recent theoretical investigations1,9 have sug-

gested that the ground state of a molecular sys-
tem can be significantly modified by coupling the
electronic states of a molecule to a cavity pho-
ton mode..10–19 In particular, it has been shown
that the cavity can modify the endo/exo selectiv-
ity of Diels-Alder reactions,20,21 modify the ground
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state proton transfer reactions barriers and driving
forces,15,16 and selectively control the product of a
click reaction.22 Note that the cavity frequency in
these studies is chosen to be in the range of elec-
tronic excitations in molecules (in terms of energy,
on the order of eV), and thus the resulting polari-
tonic effects are expected to be different than the
more commonly explored VSC regime.6,8 In addi-
tion, for this case cavity-modified chemistry does
not require the usual resonance effects of light-
matter interactions (i.e., frequency matching be-
tween light and matter excitations), since the cav-
ity can directly modify the ground state of the hy-
brid system, referred to as quantum vacuum fluctu-
ation modified chemistry.15,20 Importantly, predic-
tions based on single molecules coupled to a cavity
are also within the reach of the magnitude of strong
coupling shown in recent experiments using a plas-
monic nano-cavity.23 A conceptually understand
these recently proposed ground state modifications
due to the cavity vacuum fluctuations9,15,17,20,24–26

are provided in the Theoretical Methods sec-
tion.
The molecule-cavity hybrid system can be de-

scribed by the Hamiltonian1,9,27 in Eq. 2. The
light-matter coupling strength is expressed as

A0 =

√
1

2ωcεV
, (1)

where V is the effective mode volume of the cavity,
ε is the permittivity inside the cavity, and ωc is
the cavity frequency. Through the light-matter in-
teractions, various photon-dressed electronic states
will be coupled to each other. For example, the
ground electronic state with 1 photon in the cav-
ity and an excited electronic state with 0 photons
in the cavity will couple through the light-matter
interaction. When the energy of these two basis
states become close, they interact (mathematically
similar to the interaction of atomic orbitals to form
molecular orbitals), leading to the formation of ex-
cited polariton states. These (and all similar) in-
teractions represent the result of resonant, strong
light-matter coupling, causing the formation of new
eigenstates, i,e, polaritons.
Through non-resonant light-matter interactions,

the cavity can directly modify the ground state
of a molecule coupled to the cavity. In order to
understand this effect, which is important for un-
derstanding how cavities can modify ground state
chemical reactivity, one has to go beyond the pre-
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Scheme 1: Bromination reaction of nitrobenzene
molecule generally leads to the meta-substituted ni-
trobenzene. The reaction occurs through a well-known
cationic intermediate. Coupling this reaction to the cav-
ity allows selective bromination of the para (orange) or
the ortho (red) site of the benzene ring and leads to
para- and ortho-substituted products.

dictions of the simple Jaynes-Cummings model for
light-matter interactions.28 Direct modification of
polariton ground states can be caused by two phys-
ical processes:1,9,29 (i) off-resonance light-matter
interactions (third term in Eq. 2) through the
ground state permanent dipole and optical transi-
tion dipoles between the ground and excited states,
and (ii) a dipole self-energy term. The detailed
theoretical arguments are provided in the Theo-
retical Methods section below Eq. 2.
In this work, we demonstrate that the strong

coupling between molecule and cavity can dra-
matically change the reaction outcome of the
bromination of nitrobenzene in its ground state.
The bromination of nitrobenzene is a textbook
electrophilic aromatic substitution (EAS) reac-
tion,30,31 where, meta-bromination is the pre-
dominant product under many standard condi-
tions.32–37 The observation of exclusively meta-
bromination has been well-explained by the rela-
tive stability of the three possible cationic inter-
mediates of PhNO2-Br

+ (see Scheme 1) using res-
onance structure analysis.31,38,39 These and simi-
lar reactions have also been explored with density
functional theory; although in some cases alter-
native mechanisms have been proposed,40–44 the
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Wheland intermediate explains the regiochemistry
for nitrobenzene bromination in polar solvents well.
We apply a recently developed ab initio polariton

chemistry approach,16 and theoretically demon-
strate that coupling nitrobenzene to an optical
cavity can fundamentally change the selectivity
of the electrophilic bromination reaction of ni-
trobenzene, making possible the ortho- or para-
substituted products. We have further provided an
analysis of how coupling to the cavity will change
the charge distribution of the cationic intermedi-
ate, which therefore causes a modification to the
preferred bromination site. As such, strong cou-
plings between molecules inside the cavity offer a
promising tool14 to fundamentally change the out-
come of a known chemical reactions.

Results and Discussion.

Scheme 1 presents the classic reaction mechanism
of the electrophilic bromination of nitrobenzene,
which first proceeds through a cationic intermedi-
ate (the so-called Wheland intermediate) PhNO2-
Br+, that undergoes subsequent deprotonation to
afford the product. In this work, we focus on the
cavity modification of the energies of these posi-
tively charged reaction intermediates PhNO2-Br

+.
This molecule is accepted as the quasi-stable in-
termediate species in the kinetics of the bromi-
nation of nitrobenzene, and the site selectivity of
halogenations of aryl species is largely dictated by
this intermediate.30,38,39,45 However, recent exper-
imental and theoretical explorations have demon-
strated that other pathways, such as an addition-
elimination route, maybe more favored under cer-
tain conditions.40,46,47

Outside the cavity, the meta-intermediate is the
most stable for nitrobenzene and provides nearly
100% selectivity due to a favorable set of possible
resonance structures. On the other hand, the para-
and ortho-substituted products are not observed
due to the presence of high-energy resonance struc-
tures. In the case of bromination outside of the
cavity, which corresponds to the A0 = 0.0 a.u. and
ωc = 0.0 eV case in Eq. 2, the meta-substituted in-
termediate species is more thermodynamically sta-
ble compared to the ortho- and para-species by
roughly 2 and 5 kcal/mol, respectively, confirming
this classic reaction mechanism.
Coupling this intermediate with the optical cav-

ity, we find that the energy of the ortho- and
para-substituted intermediate can have lower en-

ergy than the meta-substituted species under a
range of coupling strengths A0 and cavity frequen-
cies ωc. The relative energies of different intermedi-
ates depend on the orientation of the intermediate
relative to the electric field of the cavity. A more
stable ortho-substituted intermediate is formed if
the cavity polarization is along one direction of the
molecule (blue regions Fig. 1a, cartesian directions
defined in Scheme 1a(ii)) while the para substituent
becomes stabilized for a different polarization di-
rection (blue regions in Fig. 1b).
To observe a significant change in the polaritonic

ground state (due to the non-resonant light-matter
coupling terms in the Hamiltonian), it gener-
ally requires a very strong light-matter interaction
strength between a single molecule and the cav-
ity mode.9,15,20 This light-matter coupling regime
can be realized by using state-of-the-art plasmonic
nano-cavities, which provide realistic experimental
parameters that were used for these simulations.
In these systems,48,49 the cavity mode volume is
extremely small, on the order of Å3. For example,
a recent nano-cavity achieved a mode volume50 of
V = 0.15 nm3. The coupling strength typically
required20 to observe any interesting changes to
the ground state is λ =

√
1/εV ≈ 0.1 a.u. cor-

responding to A0 ≈ 0.3 a.u. or field strength
E = 10.8 V/nm that can be experimentally ac-
complished23 Experimentally, the NanoParticle on
Mirror (NPoM) cavity structure51 can achieve such
coupling strengths with electric field intensities E =
ωcA0 ≈ 2−10 V/nm. For the specific case of a gold
plasmonic nano-cavity,48,49 the cavity frequency is
ωc = 1.8 eV.These coupling strengths from NPoM
cavities are also consistent with a mode volume of
V = 0.15 nm3.
Fig. 1a presents the relative energetic stability of

the meta- and ortho-cationic intermediate species,
computed as Eortho

0 (R)−Emeta
0 (R) inside the cav-

ity, as a function of θ and ϕ. Fig. 1b presents the re-
sults of Epara

0 (R)−Emeta
0 (R). The cavity polariza-

tion direction ê with respect to theX, Y, and Z di-
rections of the molecule is defined by the polar an-
gle θ and the azimuthal angle ϕ (see Scheme 1a(ii)
and the inset of Fig. 1b). In Fig. 1 all possible spa-
tial orientations of the cavity polarization direction
ê with respect to the molecule are presented. When
θ = 90◦ and ϕ = 0◦ (or equivalently ϕ = 360◦),
ê = X̂ and when θ = 90◦ and ϕ = 90◦, ê = Ŷ .
From Fig. 1, we can see the regions (blue) of θ

and ϕ where ortho- or para-substituted interme-
diates are more stable than the meta-substituted
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Figure 1: Relative energy of the polaritonic ground states between (a) ortho-PhNO2-Br
+ and meta-

PhNO2-Br
+ and (b) para-PhNO2-Br

+ and meta-PhNO2-Br
+, as a function of the azimuthal ϕ ∈ [0, 2π)

and polar θ ∈ [0, π) angles of the cavity polarization vector with respect to the molecular cartesian axes
in the inset of panel (b) of this figure. The cavity frequency and coupling strength are fixed at ωc = 1.8
eV and A0 = 0.3 a.u. (corresponding to a cavity volume of V = 0.15 nm3 or a field strength of E = 10.8
V/nm). The minimum values of the relative energies in each case are (a) -6.43 kcal/mol and (b) -1.97
kcal/mol, which are denoted by the white open circles.

isomer. For example, the most stable energy for
the ortho-substituted complex is achieved when
θ ≈ 75◦ and ϕ ≈ 35◦, which is 6.4 kcal/mol lower
in energy than the meta-substituted complex. The
most stable energy for the para-substituted com-
plex is achieved when θ ≈ 70◦ and ϕ ≈ 80◦, which
is 2.0 kcal/mol more stable compared to meta-
substituted complex. When θ = 0◦ for ê = Z
or θ = 180◦ for ê = −Z, the cavity polarization
is along Z-direction, where the molecular dipole is
nearly zero and the cavity modification diminishes,
as expected. Room temperature thermal energy is
kBT ≈ 0.58 kcal/mol, and for the case of bromina-
tion outside the cavity, the meta-substituted inter-
mediate species is thermodynamically stable com-
pared to the ortho- and para-species by roughly 2
and 5 kcal/mol, respectively (see Fig. 4). Thus,
these results suggest that by coupling the ni-
trobenzene molecule to an optical cavity, the pre-
ferred bromination sites can be tuned to either or-
tho-substituted or para-substituted, whereas out-
side the cavity, meta-substituted products domi-
nate under standard conditions.30,31 As such, cou-
pling to the cavity allows obtaining the “impossible

products” (para- and ortho-substituted PhNO2-
Br) outside the cavity.
For the single molecule strong coupling case, one

often has to control the molecular orientation with
respect to the cavity field polarization direction in
order to see polaritonic effects on chemistry. For
example, recent theoretical work suggests that only
when coupling to the cavity along particular elec-
tric field directions, one can selectively obtain the
endo- or the exo-products of a Diels-Alder reac-
tion,20 whereas an isotropic random orientation of
the molecule will likely end up giving an equal mix-
ture of both isomers, a situation similar to that
obtained outside the cavity. Experimentally, it
has been shown for a single molecule-NPoM cav-
ity system that controlling the molecular orienta-
tion to align the molecule with the cavity field is
possible.48 Nevertheless, perfectly controlling the
molecular orientation in all cases is exceptionally
challenging.
The currently proposed bromination reaction, on

the other hand, does not require precise control of
the orientation of molecules, if the goal is to obtain
non-meta-substituted products in order to demon-
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Figure 2: Ground state density difference ∆ρ00(x, y) =
∫
dz[ρM00(x, y, z) − ξ00(x, y, z)] of (a) the meta-

cationic intermediate and the ortho-cationic intermediate with a light-matter coupling strength A0 = 0.3
a.u. and cavity frequency ωc = 1.8 eV. The cavity polarization is along ê = (θ1, ϕ1) defined in Fig. 1 with
inset to panel (b) showing the projection of the polarization onto the XY-plane. The color bar indicates
the magnitude and sign of the difference density ∆ρ00(x, y), where positive (red) indicates electron charge
accumulation and negative (blue) indicates electron charge depletion upon coupling the molecule with the
cavity.

strate the use of a cavity to enable novel bromina-
tion selectivity under standard reaction conditions.
As such, randomly orientated molecules strongly
coupled to the nano-cavity will bias the selectiv-
ity to favor ortho- and para-substituted nitroben-
zene products. On the other hand, if the objective
is to only obtain either ortho- or para-substituted
pure species, then one would either need to control
molecular orientation along the cavity field polar-
ization, or separate the mixture of products post-
reaction, as is common for bromination of activated
arenes.
To further understand the role of the optical cav-

ity in inducing these chemical changes, we com-
pute the ground state electron density difference
between molecules placed inside the cavity and
outside the cavity. This comparison allows a di-
rect visualization of the cavity-mediated changes
to the electron density and facilitates chemical
insights into the relative stability of the various
substituted reaction intermediates. The difference
density function of the ground state is defined as
∆ρ(X,Y, Z) = ρM00(X,Y, Z) − ξ00(X,Y, Z), where
ρM00 is the polaritonic ground state electronic den-
sity (with the photonic degrees of freedom inte-
grated out) and ξ00 is the bare electronic ground
state density. Theoretical details for computing

ρM00(X,Y, Z) and ξ00(X,Y, Z) are provided in the
Supporting Information. Further, a discus-
sion regarding the contributions to the polaritonic
ground state density matrix with respect to the
calculated the electronic densities can be found in
the Supporting Information. To help visualize
the density difference, we further integrate out the
Z-direction (perpendicular to the plane of the ben-
zene ring) and present the two-dimensional density
differences, ∆ρ(X,Y ) =

∫
dZ∆ρ(X,Y, Z).

Fig. 2 shows the electron density difference when
the cavity polarization is along ê = (θ1, ϕ1) (see
Fig. 1a and inset to Fig. 2b for the polariza-
tion direction projected onto the XY-plane). The
rest of the parameters are the same as in Fig. 1,
with A0 = 0.3 a.u. and ωc = 1.8 eV. Under
these conditions, the ortho-substituted Wheland
intermediate becomes more stable than the meta-
substituted intermediate (see Fig. 1a) by ∼ 6.4
kcal/mol. Fig. 2a shows the density difference for
the meta-substituted reaction intermediate while
Fig. 2b presents the density difference for the or-
tho-substituted reaction intermediate. The color
scheme of this plot is: red (positive values) in-
dicates the accumulation of electron density and
blue (negative values) indicates depletion of elec-
tron density upon coupling of the molecule into
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the cavity. Fig. S3 in the Supporting Informa-
tion shows data for the meta (Fig. S3a) and para-
substituted (Fig. S3b) intermediate species.
Fig. 2 presents the electron density difference

contour maps for the meta-substituted and the
ortho-substituted intermediate species, depicting
the cavity-induced localization of the electron
density accumulation (red) and depletion (blue).
For the meta-substituted intermediate species, the
bromine-connected carbon accumulates a large
amount of electron density when coupling to the
cavity, while the adjacent carbons (ortho and para
carbons relative to the nitro group) exhibit strong
electron density depletion. On the other hand,
the ortho intermediate species in Fig. 2b shows
a delocalized electron density accumulation on
the bromine-connected carbon and the two car-
bons in the meta position relative to the bromine-
connected carbon. However, the electron density
becomes depleted only at the para carbon relative
to the bromine-connected carbon (i.e., the carbon
opposite the bromine-connected carbon). This re-
organization of the electron density allows for the
cavity-mediated selectivity of the three cationic in-
termediate species. In fact, for the ortho interme-
diate species, one can make a direct connection to a
resonance structure for the Wheland intermediate
which contains a partial positive charge on the car-
bon opposite the bromine-connected carbon. Thus,
the cavity is stabilizing the ortho Wheland inter-
mediate by shifting the electronic density to a sta-
ble resonance structure depicted in scheme. 1d(ii),
in contrast to the destabilizing resonance structure
which occurs outside the cavity with a partial pos-
itive charge in the nitrogen-connected carbon de-
picted in Fig. 1d(i).
Fig. 3a presents the relative energetics of

the ortho- and meta-substituted intermediate
Eortho

0 (R) − Emeta
0 (R) when the cavity polariza-

tion ê = (θ1, ϕ1) (see Fig. 1a) as a function of
cavity frequency ωc and the cavity mode volume
V (in units of nm3). Fig. 3b presents the relative
energetics of the para- and meta-substituted inter-
mediate Epara

0 (R) − Emeta
0 (R) when ê = (θ2, ϕ2)

(see Fig. 1b). Here, we focus on the range of fre-
quency ωc ≈ 1 − 4 eV which is within the typical
range possible of nano-cavity designs. The cavity
frequency of the NPoM cavity depends on the ma-
terials of the nanoparticle, the size of the nanopar-
ticle, and the gap size between the particle and
the mirror surface. The typical value is for gold
nano-particle about ωc ≈ 2 eV (600 nm), silver
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Figure 3: (a) Relative energy of the polari-
tonic ground states between the ortho-intermediate
and the meta-intermediate (Eortho

0 (R)−Emeta
0 (R))

when the cavity polarization ê = (θ1, ϕ1). (b)
Relative energy for the para-intermediate and the
meta-intermediate (Epara

0 (R)−Emeta
0 (R)), for ê =

(θ2, ϕ2). These relative energies are reported as
functions of the cavity mode volume V and cavity
frequency ωc. The color scales indicate the relative
energy, with red showing thermodynamic favora-
bility for the meta-substituted cation and blue for
the other. The black open circles correspond to a
cavity volume of V = 0.15 nm3 and a cavity fre-
quency of ωc = 1.8 eV. This volume corresponds
to A0 = 0.3 a.u. and λ =

√
2ωcA0 ∼ 0.1 a.u.

nano-particle about ωc ≈ 2.5 eV (500 nm) and alu-
minum nano-particle about ωc ≈ 3 eV (400 nm).23

In particular, for the recent experiments48,49 on a
single emitter strongly coupled to the plasmonic
nano-cavity, with gold nano-particle the cavity
has a frequency of ωc = 1.8 eV. Assuming mode
volumes eqivalent to those previously reported (
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V = 0.15 nm3), the equivalent coupling strength
is A0 = 0.3 a.u. (or λ = 0.1 a.u.) and field in-
tensity is E = 10.9 V/nm. With these parameters,
one can lower the energy of ortho-complex by 6.74
kcal/mol compared to the meta-substituted inter-
mediate and lower the energy of para-substituted
intermediate by 2.24 kcal/mol compared to the
meta-substituted intermediate. Although coupling
to the cavity does not dramatically lower the en-
ergy of the ortho/para-substituted intermediates,
these computed coupling strengths indicate favor-
ability for the ortho or para products, and thus
one should expect to obtain the mixtures of these
products together with the meta-substituted prod-
uct.

Fig. 4 presents the relative stability of the three

positively charged intermediate species when cav-

ity (a) polarized along the ê = (θ1, ϕ1) direc-

tion (primary axis of the molecule) or (b) polar-

ized along the ê = (θ2, ϕ2) direction. The rel-

ative energy difference is reported as (a) the po-

laritonic ground states between the ortho-PhNO2-

Br+ and the meta-PhNO2-Br
+ cationic intermedi-

ate species, denoted as Eortho
0 (R) − Emeta

0 (R) and

(b) Epara
0 (R)−Emeta

0 (R). The cavity induces a sta-

bilization of the ortho (para) species in comparison

to the meta by up to ∼8 kcal/mol (6 kcal/mol)

with cavity frequency ωc = 4.0 eV (2.5 eV) and

cavity volume V = 0.1 nm3 (0.1 nm3). The white

region indicates the turning point of the cavity-

mediated selectivity for each polarization. For the

ortho/meta selectivity, the cavity is required to

have a mode volume V are required to be (for

ωc ∼2.5 eV) V ∼0.7 nm3 in order to favor the or-

tho selectivity. For para to be the favored product

over the meta, the cavity is required to have (for

ωc ∼1.5 eV ) a mode volume ofV ∼0.25 nm3. For

reference, the volume of a single molecule (roughly

the size of benzene) is ∼0.1 nm3. In both panels,

the open circles indicate currently accessible cavity

parameters based on state-of-the-art NPoM plas-

monic cavities23 and correspond to a cavity volume

of V = 0.15 nm3 and cavity frequency ωc = 1.8 eV.

At these parameters, and in both polarizations, we

predict that the cavity is already able to provide

the selectivity of this bromination reaction away

from the expected meta product. Thus, our theo-

retical predictions should be experimentally realiz-

able with current experimental cavity designs.

(a)

(b)

Figure 4: (a) Relative energy of the polari-
tonic ground states between the ortho-intermediate
and the meta-intermediate (Eortho

0 (R)−Emeta
0 (R))

when the cavity polarization ê = (θ1, ϕ1). (b)
Relative energy for the para-intermediate and the
meta-intermediate (Epara

0 (R)−Emeta
0 (R)), for ê =

(θ2, ϕ2). These relative energies are reported as
functions of the light-matter coupling strength A0

and cavity frequency ωc. The color scales indicate
the relative energy, with red showing thermody-
namic favorability for the meta-substituted cation
and blue for the other. The black open circles cor-
respond to a cavity volume of V = 0.15 nm3 and a
cavity frequency of ωc = 1.8 eV. This volume cor-
responds to A0 = 0.3 a.u. and λ =

√
2ωcA0 = 0.11

a.u.

Conclusions.

In this work, we use the ab initio cavity Quantum
Electrodynamics approach to investigate a chemi-
cal reaction, the bromination of nitrobenzene, cou-
pled to an optical cavity. Our approach is based
on the previously developed parametrized QED
(pQED) method, which uses the QED Pauli-Fierz
Hamiltonian to describe light and matter interac-
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tions and uses adiabatic electronic states and all
dipole matrix elements between them as inputs to
compute the polariton eigenenergies.16

The bromination of nitrobenzene exhibits near
100% selectivity, favoring the meta-substituted iso-
mer. Upon coupling to the cavity, we theoreti-
cally calculate the relative energies of the meta-
, ortho-, and para-substituted cationic interme-
diates PhNO2-Br

+, which are key intermediates
that dictate the outcome of the reaction. Out-
side the cavity, the meta-substituted intermediate
is 2 kcal/mol lower than the ortho-substituted in-
termediate and about 5 kcal/mol lower than the
para-substituted intermediate, in agreement with
reported experimental results. Upon coupling to
the cavity and aligning the cavity polarization di-
rection along the ê = (θ1, ϕ1) (see Fig. 1a), the or-
tho-substituted intermediate is energetically more
stable than the meta-substituted intermediate by
up to 6 kcal/mol for a cavity frequency ωc and cav-
ity volume V chosen to match state-of-the-art plas-
monic cavity designs.23 When the cavity polariza-
tion direction is along the ê = (θ2, ϕ2) (see Fig. 1b),
the para-substituted intermediate is energetically
more stable than the meta-substituted intermedi-
ate, with up to -2 kcal/mol. These changes in the
selectivity of the various substituted intermediates
are due to the quantum light-matter interactions
between the molecules and cavity, which mixes the
character of electronic excited states into the po-
lariton ground state. These changes are charac-
terized using the electronic density difference of
the system inside and outside the cavity. We thus
have theoretically shown that one can obtain or-
tho- or para-substituted bromonitrobenzene when
coupling the reaction to an optical cavity, flipping
the selectivity compared to outside the cavity.
To probe the possibility of experimental realiza-

tion of our theoretical prediction, we focus on the
currently available plasmonic nano-cavity param-
eters for the cavity frequency and field strength.
We further scanned all possible polarization direc-
tions. Interestingly, we can find finite regions in the
configuration space of polar angle and azimuthal
angle which make the ortho- or para-substituted
species more stable than the meta-substituted in-
termediate, with the largest stabilization energy
of 6.43 kcal/mol (11.24 kBT at room tempera-
ture) for ortho and 1.97 kcal/mol (3.42 kBT ) for
para. The relative probability of forming the or-
tho- and para-substituted species is Portho/Pmeta =
exp[−(Eortho − Emeta)/kBT ] = ∼7×105 for ortho

and Ppara/Pmeta = 30 for para. This implies
that with the nano-cavity, and fully isotropic ori-
entations of the molecule inside, one should ex-
pect to generate a non-meta substituted product,
demonstrating that coupling to cavity can make
the non-standard product which can not be eas-
ily obtained otherwise. More importantly, we have
explicitly shown that coupling to a photonic cavity
will will dramatically change the selectivity. Fur-
thermore, from an experimental perspective, de-
tection of these anomalous products will provide
conclusive evidence of the cavity-mediated effects
in the ground state.
From a synthetic perspective, coupling to the

cavity flips the selectivity expected for electrophilic
aromatic substitution in two important and use-
ful ways. First, it flips the normal selectivity of
the nitrogroup to make it an ortho-/para-director.
Second, this approach appears to stabilize or-
tho-substitution over para-substitution. As noted
above, this is also a rare selectivity that would com-
plement existing approaches well.52

Overall, this work demonstrates the possibility
of polariton-mediated changes to the selectivity
of well-known chemical reactions. The theoretical
prediction can, in principle, be experimentally ver-
ified using state-of-the-art plasmonic nano-cavity
designs.

Theoretical Methods.

We use the ab initio polariton approach we de-
veloped in a previous work, which we refer to as
the parametrized-QED (pQED) approach.16 The
pQED approach uses the Pauli-Fierz Hamilto-
nian in the Born-Oppenheimer approximation (see
Eq. 2) to describe light and matter interactions and
use adiabatic electronic states as the basis for the
electronic degrees of freedom and Fock states as
the basis for the photonic degree of freedom.
The light-matter interaction Hamiltonian under

the dipole gauge1,9,27 is expressed as

ĤPF = Ĥel+Ĥph+ωcA0µ̂ · ê(â†+ â)+ωcA
2
0(µ̂ · ê)2,

(2)
where Ĥel is the electronic Hamiltonian under the
Born-Oppenheimer approximation (i.e., without
the nuclear kinetic energy operator), Ĥph = ωcâ

†â
is the Hamiltonian of the cavity field, â† and â
are the raising and lowering operators of the cavity
field, ê is a unit vector indicating the field polar-
ization direction, and µ̂ is the dipole operator of

8
https://doi.org/10.26434/chemrxiv-2023-l0lwk-v2 ORCID: https://orcid.org/0000-0002-8639-9299 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-l0lwk-v2
https://orcid.org/0000-0002-8639-9299
https://creativecommons.org/licenses/by/4.0/


the molecule. Through the light-matter coupling
terms in Eq. 2, various photon-dressed electronic
states will be coupled to each other. For example,
|ψg, 1⟩ ≡ |ψg⟩⊗|1⟩ (the ground electronic state with
1 photon) and |ψe, 0⟩ ≡ |ψe⟩ ⊗ |0⟩ (an excited elec-
tronic state with 0 photons) will couple through
⟨ψg, 1|µ̂ · ê(â† + â)|e, 0⟩ = µge⟨1|(â† + â)|0⟩, where
µge is the transition dipole between the ground
state and excited state projected along the ê direc-
tion. When the energy of these two basis states be-
come close, the |ψg, 1⟩ and |ψe, 0⟩ states hybridize,
leading to the formation of excited polariton states.
This is the typical resonant light-matter coupling
induced hybridization and generating new eigen-
states, and polaritons.
Direct modification of polariton ground states,

can be caused by two other physical processes:1,9,29

(i) off-resonance light-matter interactions (third
term in Eq. 2) through the ground state perma-
nent dipole and optical transition dipoles between
the ground and excited states, and (ii) a dipole self-
energy (DSE) term (final term in Eq. 2). For exam-
ple, in (i), |ψg, 0⟩ will couple to |ψg, 1⟩ state through
a term proportional to ⟨ψg, 0|µ̂(â† + â)|ψg, 1⟩ =
µgg⟨0|(â† + â)|1⟩ = µgg, and |ψg, 1⟩ will couple to
|ψe, 0⟩ through ⟨ψe, 0|µ̂(â†+ â)|ψg, 1⟩ = µge⟨0|(â†+
â)|1⟩ = µge. Note that there may be many such
electronic excited states ψe that contribute to the
ground state through these off-resonant interac-
tions (See Supporting Information for details
on specific interaction terms depicted through an
analysis of the ground state density matrix). In
(ii), the DSE term allows for extensive coupling
through the square of the electronic dipole matrix
(µ̂ · ê)2 ≡ µ̂2 where we denote µ̂ as the projec-
tion of µ̂ along the cavity polarization direction ê.
The matrix elements between the ground state |ψg⟩
and any electronic state |ψα⟩ due to the DSE cou-
pling can be expressed as ⟨ψg|µ̂2|ψα⟩ =

∑
γ µgγµγα,

where α and γ include the ground and excited elec-
tronic states. The direct coupling (i) is responsi-
ble for the accumulation of photons in the ground
state10 while DSE (ii) is largely responsible for the
modifications to the ground state energy.53

The polariton eigenstates and eigenenergies are
obtained by solving the following equation

ĤPF|Φj(R)⟩ = Ej(R)|Φj(R)⟩, (3)

where ĤPF is given in Eq. 2, Ej(R) is the Born-
Oppenheimer polaritonic potential energy surfaces
(which parametrically depend on the nuclear coor-

dinates R), and |Ej(R)⟩ is the polariton state. We
directly diagonalize the polaritonic Hamiltonian
ĤPF matrix and obtain the eigenvalues. The ba-
sis is constructed using the tensor product of elec-
tronic adiabatic states |ψα(R)⟩ (i.e., eigenstates of
the electronic Hamiltonian Ĥel) and the Fock states
|n⟩ (i.e., eigenstates of the photonic Hamiltonian
Ĥph), expressed as |ψα(R)⟩ ⊗ |n⟩ ≡ |ψα(R), n⟩.
This basis is used to evaluate the matrix elements
of ĤPF, and diagonalizing it provides Ej(R) and
the corresponding polariton states

|Φj(R)⟩ =
Nel∑
α

NF∑
n

Cj
αn|ψα(R), n⟩, (4)

where Cj
αn = ⟨ψα(R), n|Φj(R)⟩. Here, the num-

ber of included electronic states, Nel, and photonic
Fock/number states, NF, are treated as conver-
gence parameters. A convergence test is provided
in the Supporting Information, and the typical
numbers of states are NF = 5 and Nel = 50. Fur-
ther details regarding the pQED approach are pro-
vided in the Supporting Information. The ac-
curacy of the above-described pQED approach has
been benchmarked16 with the more accurate self-
consistent QED coupled-cluster (scQED-CC) ap-
proach, where the pQED method generates nearly
quantitative agreement with the scQED-CC ap-
proach.
All electronic structure calculations were per-

formed using the QCHEM software package54 us-
ing linear response time-dependent density func-
tional theory (LR-TD-DFT) and the ωB97XD hy-
brid exchange-correlation functional with the 6-
311+G* basis set. The geometries of the PhNO2-
Br+ intermediate with various substitution posi-
tions are optimized in its electronic ground states.
For cavity polarization ê along a particular direc-
tion with (θ, ϕ) angles, the µ̂ · ê term in Eq. 2 is
evaluated as follows

µ̂·ê = sin θ cosϕ µ̂·X+sin θ sinϕ µ̂·Y+cos θ µ̂·Z,
(5)

where µ̂ · X, µ̂ · Y, µ̂ · Z are the dipole operator

projected along X, Y, and Z directions. The ma-

trix elements of these projected dipole operators,

⟨ψα|µ̂ ·X|ψγ⟩, ⟨ψα|µ̂ ·Y|ψγ⟩, and ⟨ψα|µ̂ ·Z|ψγ⟩ are
obtained from electronic structure calculations and

are used to evaluate the ê · µ̂ term in Eq. 2. The

electronic excited state energies and the molecular

transition dipole matrix were computed using the
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QCHEM package.54
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