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Abstract

Coupling molecules to a quantized radiation field
inside an optical cavity has shown great promise
to modify chemical reactivity. While most ongo-
ing work is leveraging resonance effects between
the molecular transitions and the frequency of
the cavity, the ground state can also be modified
through non-resonant effects dominated by dipole
self-energy contributions. In this work, we predict
that the ground state selectivity of the bromina-
tion of nitrobenzene can be fundamentally changed
by strongly coupling to the cavity, generating the
ortho- or para-substituted products. These are
products that one does not obtain from the same
reaction outside the cavity. We use the recently
developed ab initio polariton chemistry approach
and theoretically compute the relative energies
of the cationic Wheland intermediates, which in-
dicates the kinetically preferred bromination site.
We have further provided an analysis of the ground
state electron density difference between inside and
outside cavity, and we demonstrate how coupling
to the cavity can change the charge distribution
which leads to different bromination sites.

1

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 shown great promise to change
chemical reaction kinetics. In one direction, collec-
tive couplings between the electronic excited state
with the photonic states inside an optical cavity
have been shown to enhance! or suppress? pho-
tochemical isomerization reactions. In another di-
rection where collectively coupled vibrational exci-
tations with the photonic excitations in microcav-
ities, commonly referred to as vibrational strong
coupling (VSC), has demonstrated that chemical
kinetics can be enhanced®* or suppressed.?” In
these two collective coupling regimes, the kinetics
of the reactions are changed, but there is no new
type of product generated compared to the same
reactions outside the cavity.

In a new direction, recent theoretical investiga-
tions have suggested that the ground state of a
molecular system can be significantly modified by
coupling to a cavity photon mode with a photon
frequency in the electronic excitation range.®1° In
particular, it has been shown that the cavity can
modify the endo/exo selectivity of Diels-Alder re-
actions, ' modify the ground state proton transfer
reactions barriers and driving forces, %16
lectively control the product regiochemistry in a
model Huisgen cycloaddition.!” Note that the cav-
ity frequency in these studies is chosen to be in
the range of electronic excitation (in terms of en-
ergy, on the order of eV), thus different than the re-
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cently explored vibrational strong coupling (VSC)
regime.®” This new type of the cavity-modified
chemistry does not require the usual resonance ef-
fects of light-matter interactions (i.e., frequency
matching between light and matter excitations),
and the cavity can directly modify the ground
state of the hybrid system, hence referred to as
the quantum vacuum fluctuation modified chem-
istry 1314 This direction offers the potential to fun-
damentally change reaction mechanisms and gen-
erate new products that are otherwise not avail-
able. Such a single molecule-cavity strong coupling
regime is also within the reach of recent experi-
ments using a plasmonic nano-cavity.'®

To conceptually understand these recently pro-
posed ground state modifications due to cavity vac-
uum fluctuations, 131419 let us consider the quan-
tum mechanical description of the molecule-cavity
hybrid system using the Pauli-Fierz Hamiltonian
in the dipole gauge!? 2!

Hpp = Ho+ Hyp +weAofr-6(a" +a) +w.A2(j1-€)%,

) (1)
where H, is the electronic Hamiltonian under the
Born-Oppenheimer approximation (i.e., without
the nuclear kinetic energy operator), ﬁph = weala
is the Hamiltonian of the cavity field, a' and &
are the raising and lowering operators of the cavity
field, € is a unit vector indicating the field polar-
ization direction, and g is the dipole operator of
the molecule. The light-matter coupling strength

is expressed as
1
Ao =/,
2weeY

where V is the effective mode volume of the cav-
ity, and ¢ is the permittivity inside the cav-
ity. Through light-matter coupling terms, vari-
ous photon-dressed electronic states will be coupled
to each other. For example, |1)4,1) = |1pg) ® |1)
(the ground electronic state with 1 photon) and
[the,0) = |tbe) ® |0) (an excited electronic state
with 0 photons) will couple through (1, 1|f-&(a’+
a)le,0) = pge(1|(a’ + @)|0), where pg e is the tran-
sition dipole between the ground state and excited
state projected along the € direction. When the
energy of these two basis states become close, the
|thg, 1) and |9, 0) states hybridize, leading to the
formation of excited polariton states. This is the
typical resonant light-matter coupling induced hy-
bridization and generating new eigenstates, and
polaritons.

(2)

2

The direct modifications to the polariton ground
states, on the other hand, are caused by two types
of couplings!®?%2? in the Hamiltonian: (i) off-
resonance light-matter couplings (third term in
Eq. 1) through the ground state permanent dipole
and transition dipoles between the ground and ex-
cited states, and (ii) the dipole self-energy (final
term in Eq. 1). For example, in (i), |14, 0) will cou-
ple to |1y, 1) state through (1bg, 0]f(a’ +a)[y, 1) =
1g4(0](a" + @)[1), and |tby, 1) will couple to [t 0)
through (v, 0]ju(a" + @) 1y, 1) = j1ye (0] (a! + )] 1.
Note that there may be many such electronic ex-
cited states 1. that contribute to the ground state
through this term. In (ii), the dipole self-energy
term allows for extensive coupling through the
square of the electronic dipole matrix (fi-&)? = 2
where we denote [ as the projection of fu along
the cavity polarization direction €. The matrix
elements between the ground state |¢,) and any
electronic state |1,) due to the DSE coupling can
be expressed as (¥y|0%[ta) = >y Hgyfiya, Where
a and ~ include the ground and excited electronic
states. The direct coupling (i) is responsible for the
accumulation of photons in the ground state® while
the dipole self-energy (ii) is largely responsible for
the modifications to the ground state energy.23
Through these non-resonance type of light-matter
interactions, the cavity can directly modify the
ground state of the hybrid system (which is beyond
the prediction of the simple Jaynes-Cummings
model?*) and is thus referred to as quantum vac-
uum fluctuation modified chemistry 1314

In this work, we aim to demonstrate that the
strong coupling between molecule and cavity can
fundamentally change the reaction outcome of the
bromination of nitrobenzene in its ground state.
This is a textbook reaction,?” where the only ob-
served product is the meta-substitution product;
the ortho-substituted or para-substituted products
can not be observed experimentally. This has been
well-explained due to the relative stability of the
catatonic active complex PhNQOy-Br™, for exam-
ple, using the resonance structure analysis. We
apply the recently developed ab initio polariton
chemistry approach,'® and theoretically demon-
strate that one can fundamentally change the selec-
tivity of this reaction, making possible the ortho-
or para-substituted products by coupling this re-
action inside an optical cavity. We have further
provided an analysis of how coupling to the cavity
can change the charge distribution of the catatonic
active complex which causes the change of the pre-
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Scheme 1: (a, top) The nitrobenzene molecule, a reactant in the bromination reaction, with X and Y direction
in the plane of benzene ring and the Z axis perpendicular to the benzene ring. (b,top) and (c,top) indicates the
inside the cavity in the (b) X-orientation and (c) Y-orientation with respect to the cavity polarization (red arrow).
(a-c,bottom) A schematic representations of the potential energy surfaces for the bromination of nitrobenzene,
where the intermediate species’ energies (assumed to be the energy of the local minimum of the positively charged
species outside the cavity) are tunable inside the cavity depending on the orientation of the molecule with respect
to the cavity polarization. (a,bottom) Outside the cavity, only the meta intermediate (black) is formed. The cavity
allows selective bromination of the (b,bottom) ortho intermediate (blue) in the X-polarized case and (c,bottom)
para intermediate (green) in the Y-polarized case. In the absence of cavity, the (a) meta position is experimentally
and theoretically predicted. The right column presents the optimized intermediate geometries of the three possible
[C6H5NO2Br| ™ species.

ferred bromination site. As such, strong couplings sible resonance structures for intermediates with
between molecules inside the cavity offer a promis- different substitution sites, see Fig. S1 in the Sup-
ing tool'? to fundamentally change the outcome of porting Information).
a known chemical reactions, making an otherwise Scheme 1 presents the nitrobenzene reactant
impossible product possible. molecule (a) outside the cavity as well as cou-
pled inside the cavity with the cavity polariza-
Results and Discussions. tion vector € along the (b) X-direction or (c) Y-
direction of the molecule, where these directions
The change of the selectivity of a bromination reac- are defined in panel (a). Our ab initio calculations
tion can be achieved by coupling the nitrobenzene of the reactive intermediates suggest that outside
molecule to an optical cavity (see Scheme 1). In the cavity (Scheme 1d), the meta-substituted in-
this work, we focus on the cavity modification of termediate (black line) is energetically more sta-
the energies of positively charged reaction inter- ble than the ortho-substituted (green line) and the
mediates PhNOy-Brt. This intermediate is well para-substituted (blue line), leading to the meta-
accepted as the quasi-stable intermediate species substituted product outside the cavity. The rela-
in the kinetics of the bromination of nitroben- tive energies of different intermediates are changed
zene, and the site selectivity of halogenations of by coupling the molecule to the cavity. A more
aryl species is largely dictated by this intermedi- stable ortho-substituted intermediate is formed if
ate.?® Outside the cavity, the meta-intermediate is the cavity polarization is along the X-direction
the most stable (see Scheme 1la,d) for nitrobenzene of the molecule (Scheme le) while the para sub-
and provides nearly perfect regioselectivity due to stituent becomes stabilized if the cavity polariza-
a favorable resonance structure and the para- and tion is along the Y-direction (Scheme 1f).
ortho-substituted products can not be observed Fig. 1 presents the relative stability of the three
due to high-energy resonant structures. (For pos- positively charged intermediate species when cav-
3
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Figure 1: (a) Relative energy EQ™°(R) — E}'®'3(R) of the polaritonic ground states between the ortho-
PhNOo-Br™ and the meta-PhNQOs-Br" cationic intermediate species, as a function of the light-matter
coupling strength Ay and the cavity frequency we. The cavity polarization is & = X (see Scheme. 1).
(b) The same plot for Ef*#*(R) — E}!®*®a(R), the relative energy between the para-PhNOo-Brt and the
meta-PhNO,-Br cationic intermediate species where the cavity polarization is & = Y. The color scales
indicate the relative energy with red showing thermodynamic favorability for the meta-substituted cation
and blue for the other. The structures for the meta, ortho, and para intermediate species are shown above

the figures.
ity (a) polarized along the € = X direction (pri- the meta and ortho cationic intermediate species
mary axis of the molecule) or (b) polarized along  as EP™°(R) — E)**3(R) inside the cavity with
the € = Y direction. The relative energy differ- the cavity polarization along the X-direction. For
ence is reported as (a) the polaritonic ground states we > 2.5 eV and coupling strength Ag > 0.2 a.u.,
between the ortho-PhNO2-Brt and the meta- the relative stability of the meta- and the ortho-
PhNO3-Br™ cationic intermediate species, denoted substituted intermediates changes. Thus, inside
as EQ™MO(R) — E)**®(R) and (b) EJ**(R) — the cavity, the ortho-substituted intermediate has a
E}et3(R), computed using Pauli-Fierz (PF) quan- more stable energy, up to ~4 kcal/mol at the cavity
tum electrodynamic (QED) Hamiltonian, with the frequency w, = 20.0 eV and light-matter coupling
linear-response time-dependent density functional strength Ap = 0.4 a.u.
(TD-DFT) approach as the input for the elec- Fig.1b presents the relative energetics of the
tronic excited state energies and dipole matrix el- meta- and para-substituted intermediate species
ements. ' The theoretical details are provided in when the cavity polarization is along the Y-
the Theoretical Methods section. direction (in the plane of the benzene ring).
For outside the cavity case, which corresponds Here, the cavity induces stabilization of the para
to the A4g = 0 and w, = 0 case (bottom left species in comparison to the meta by roughly ~15
corner of Fig. la and Fig. 1b), one can see that kcal/mol at the largest values of cavity frequency
the meta-substituted intermediate species is ther- we = 20.0 eV and light-matter coupling strength Ag
modynamically stable compared to the ortho- and = 0.4 a.u. For comparison, room temperature ther-
para-species by roughly 2 and 5 kcal/mol, respec- mal energy is kg7 = 0.58 kcal/mol. For both cav-
tively. Coupling this intermediate inside the cavity, ity polarizations, when the cavity frequencies w. >
we find that the energy of the ortho- and para- 2.5 eV and the coupling strength Ag > 0.25 a.u.,
substituted intermediate can have lower energy the meta-substituted species is no longer the ener-
than the meta-substituted species under a range getically favorable species and one can achieve the
of coupling strength Ay and cavity frequency we. non-standard outcome (ortho- or para-substituted
Fig.1a presents the relative energetic stability of species). The experimental realizations of these
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Figure 2: Ground state density difference Apgo(z,y)
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cationic intermediate and the ortho-cationic intermediate with a light-matter coupling strength Ag = 0.20

a.u.

and cavity frequency w. = 10.0 eV. The cavity polarization is along the X-axis.

The color bar

indicates the magnitude and sign of the difference density Apgo(x,y), where positive (green) indicates
electron charge accumulation and negative (purple) indicates electron charge depletion upon coupling the
molecule with the cavity. Note that the color bar scales in panel (a) and panel (b) are different.

coupling conditions are possible using state-of-the-
art plasmonic nano-cavity designs, with detailed
discussions provided at the end of the paper in the
Experimental Relevance section.

Overall, these results suggest that by coupling
the nitrobenzene molecule to an optical cavity,
the preferred bromination sites can be tuned
to either ortho-substituted or para-substituted,
whereas outside the cavity, only meta-substituted
products are observed.?® As such, coupling to the
cavity allows obtaining the “impossible products”
(para- and ortho-substituted PhNOy-Br) outside
the cavity.

To further understand these cavity-induced
changes, we compute the ground state polari-
tonic density difference between the molecules
coupled inside and outside the cavity (see Ad-
ditional Methodology in the Supporting Infor-
mation), which allows direct visualization of the
cavity-mediated changes of the electron density of
and interpret the relative stability of the various
substituted reaction intermediates. The difference
density function of the ground state is defined as,
Ap(X,Y,Z) = poo(X,Y,Z) — &o(X,Y, Z), where
poo 1s the polaritonic ground state electronic den-
sity (photonic DOFs have been traced out) and
&oo is the bare electronic ground state density.
Theoretical details for computing poo(X,Y, Z),

5

¢0(X,Y,Z), and visualizations of Ap(X,Y,Z7)
are provided in the Supporting Information. To
help visualize the density difference, we fur-
ther integrate out the Z-direction (perpendicu-
lar to the Benzene ring) and present the presents
the two-dimensional density difference surfaces
Ap(X,Y) = [dZAp(X,Y, Z).

Fig. 2 present this density difference projected on
the plane of the benzene ring when the cavity polar-
ization is along & = X (Scheme 1b, Fig. 1a) when
Ap = 0.2 a.u. and we. = 10 eV. Under this coupling
condition, the ortho cationic Wheland intermedi-
ate becomes more stable compared to the meta in-
termediate. Fig. 2a presents the two-dimensional
density difference for the meta intermediate, and
Fig. 2a presents for the ortho-substituted reaction
intermediates. The color scheme of this plot is that
the green color (positive values) indicates electronic
charge accumulation and purple (negative values)
indicates electronic charge depletion.

In Fig. 2a, one can see that the meta species ex-
hibits both strongly atom-centered electron deple-
tion and accumulation of electronic density. Upon
coupling to the cavity, the electronic density mi-
grates from both the oxygen atoms (purple color in-
dicating a decrease in electron density) and the two
ortho-carbons to the nitrogen atom (green color
indicating an increase in electron density), its con-
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Figure 3: Ground state density difference Apgo(z,y) = [ dz[poo(z,y,z) — &oo(z,y,2)] of (a) the meta-
cationic Wheland intermediate and the para-cationic Wheland intermediate with a light-matter coupling
strength Ag = 0.20 a.u. and cavity frequency w, = 10.0 eV. The cavity polarization is along the Y-
axis. The color bar indicates the magnitude and sign of the difference density Apgo(x,y), where positive
(green) indicates electron charge accumulation and negative (purple) indicates electron charge depletion
upon coupling the molecule with the cavity. Note that the color bar scales in panel (a) and panel (b) are

different.

necting carbon (i.e., the nitrogen-connected car-
bon), and to both meta-carbons. It is interest-
ing to note that the bromine itself shows charge
rearrangement on its d,» orbital (see the three-
dimensional isosurfaces for Ap(X,Y,Z) in Fig. S4
and Fig. S5 in the Supporting Information),
which may modify the bromine’s effectiveness to
bond with its meta-carbon.

Fig. 2b presents the same plot for the ortho-
substituted intermediate. Contrary to the largely
atom-centered accumulation of charge in the meta
species, the ortho species demonstrates a more de-
localized charge accumulation (green color) across
many carbon atoms (with lower intensity com-
pared to the meta-substituted intermediate, see the
scale of the color bar), where now the nitrogen-
connected carbon as well as both ortho-carbons
accumulate the majority of the charge. The nitro-
gen and the para-carbon accumulate some charge,
but the delocalization across the three adjacent
carbons, relative to the nitro group, allow for a
lower-energy charge configuration compared to the
charge-localized and largely repulsive electrostatic
interaction (between the nitrogen-connected car-
bon and nitrogen atom), which was seen in the
meta intermediate (Fig. 2a). We hypothesize that

6

the strong atom-centered accumulation of negative
charge on the nitrogen-connected carbon and on
the nitrogen atom is mainly responsible for destabi-
lizing the meta-substituted intermediate inside the
cavity, and the delocalized charge accumulation is
the main reason for a more stable ortho-substituted
species. These observations are similar at various
other choices of coupling strength Ay and cavity
frequency w. (see Figs. S2 and Fig. S3 in the Sup-
porting Information).

Fig. 3 presents the density difference map when
cavity polarization is along the € = Y direction,
with Ag = 0.3 a.u. and w. = 10 eV. For this
case, the para-substituted intermediate (Fig. 3b) is
more stable than the meta-substituted intermedi-
ate (Fig. 3a), as shown in Fig. 1b). The correspond-
ing isosurfaces as well as difference density maps for
various coupling strengths are shown in Figs. S6-
S9 in the Supporting Information). In this case,
the meta species (Fig. 3a) exhibits charge accumu-
lation at most of the atoms in the molecule, ex-
cept for a significant charge depletion at the para-
carbon and weakly depletion at the ortho-carbon
on the bromine-side. Most importantly, the bond
between the carbon and nitrogen accumulates elec-
tronic charge, which is in contrast to the previous
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cases presented in Fig. 1. This charge accumu-
lation between C-N destabilizes this intermediate
due to the increased Coulomb repulsion between
these atoms.

The para intermediate species presented in
Fig. 3b exhibits a strongly localized charge deple-
tion at the nitrogen-connected carbon as opposed
to the charge accumulation in the meta species
(Fig. 3a), enabling the most stable structure of all
the intermediate species observed when couple the
cavity with € = Y. We hypothesize that this lo-
calized charge depletion is the main cause for a
substantial energy reduction in terms of the rel-
ative energy compared to the meta position (see
Fig. 1) due to the strongly delocalizing nature of
charge distributions.

In addition, the symmetry of the density dif-
ference map for the para case is more appar-
ent than in all of the previous cases (Fig. 2 and
Fig. 3a), because the bromine attachment to or-
tho or meta positions induces a bias toward one
side of the benzene ring. The para substitution
provides additional symmetry, allowing for maxi-
mal charge separation between accumulated charge
density (green color). The charge depletion, in the
para case (Fig. 3b), is almost completely localized
to the nitrogen-connected carbon, while in all other
cases, the charge depletion is delocalized across the
molecule. This delocalization of charge accumula-
tion leads to further energetic stabilization of the
para species.

Experimental Relevance.

The coupling strength required to observe such in-
teresting changes to the ground state (Agp ~ 0.3
a.u.) is much larger than the typical field strength
in a Fabry—Pérot cavity. For a cavity frequency
of w. = 1.8 eV, this coupling strength converts
into A = /1/eV =~ 0.1 a.u., consistent with the
light-matter coupling strength used in the recent
theoretical studies on cavity-enabled endo/exo se-
lectivities of Diels-Alder reactions. 4 Despite seem-
ing to be large, recent experimental evidence sug-
gests that these coupling strengths are achievable
with state-of-the-art plasmonic nano-cavities. In
these systems, 2627 the cavity mode volume is sub-
stantially reduced to the order of A% compared to
the Fabry-Perot-type cavities whose volumes are on
the order of um3. The nano-cavity structure can
achieve a record low mode volume?® of V = 0.15
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Figure 4: (a) Relative energy of the polari-

tonic ground states between the ortho-intermediate
and the meta-intermediate (EQ™°(R)—E)*®*(R))
when the cavity polarization € = X. (b) Rela-
tive energy for the para-intermediate and the meta-
intermediate (EQ™°(R) — E}***(R)), for & = X.
These relative energies are reported as functions
of the cavity mode volume V and cavity frequency
we. The color scales indicate the relative energy,
with red showing thermodynamic favorability for
the meta-substituted cation and blue for the other.
The black circles correspond to a cavity volume of
VY = 0.15 nm? and a cavity frequency of w. = 1.8
eV. This volume corresponds to Ag = 0.31 a.u. and
A = 2w.Ag = 0.11 a.u.

nm?3. Further, the state-of-the-art NanoParticle on
Mirror (NPoM) cavity structure?® can achieve a
field intensity £ = w.Ag ~ 2 V/nm.

To assess the experimental feasibility of the
bromination reaction, Fig. 4a presents the relative
energetics of the ortho- and meta-substituted in-
termediate E§™*h°(R) — E)*(R) when the cav-
ity polarization € = X (same data as presented
in Fig. 1a) as a function of cavity frequency w,. as
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well as the cavity mode volume V (in the unit of
nm?3. Fig. 4b presents the data the relative energet-
ics of the para- and meta-substituted intermediate
EF™(R) — E)**(R) when € = Y (same data as
presented in Fig. 1b). Here, we focus on the range
of frequency w. &~ 1 ~ 4 which is within the typi-
cal range of nano-cavity. The cavity frequency of
the NPoM cavity depends on the materials of the
nanoparticle, the size of the nanoparticle, and the
gap size between the particle and the mirror sur-
face. The typical value is for gold nano-particle
about we ~ 2 eV (600 nm), silver nano-particle
about we ~ 2.5 eV (500 nm) and aluminum nano-
particle about w. &~ 3 eV (400 nm).!® In particular,
for the recent experiment526’27 on a single emit-
ter strongly coupled to the plasmonic nano-cavity,
with gold nano-particle the cavity has a frequency
of w, = 1.8 eV. With the currently possible mode
volume V = 0.15 nm?, the equivalent coupling
strength is Agp = 0.3 a.u. (or A = 0.1 a.u.) and field
intensity is £ = 10.9 V/nm. With these parame-
ters, one can lower the energy of ortho-intermediate
by 0.49 kcal/mol compared to the meta interme-
diate (for é = X) and lower the energy of para-
intermediate by 0.45 kcal/mol compared to the
meta intermediate (for é =Y). Although the non-
meta complexes only have a slightly lower energies,
these realistic coupling strengths already start to
favor the ortho or para products and one should
expect to obtain the mixtures of these products
together with the meta-substituted product.

For the single molecule strong coupling case, one
often has to control the molecular orientation with
respect to the cavity field polarization direction.
For example, recent theoretical work suggests that
when coupling the cavity to particular directions,
one can selectively obtain the endo- or the exo-
products of a Diels-Alder reaction,'® whereas an
isotropic random orientation of the molecule will
likely end up giving an equal mixture of both con-
figurations, a situation similar to outside the cavity
case. Experimentally, one can control the molec-
ular orientations to align the cavity field for sin-
gle molecule-NPoM cavity using super-molecular
chemistry. 26 Nevertheless, perfectly controlling the
molecular orientation might be 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-
strate the cavity-controlled reaction and generate
a new product. This is because when the cavity
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Figure 5: Relative energy of the polaritonic
ground states between (a) ortho-PhNO-Br' and
meta-PhNOo-Brt and (b) para-PhNO2-Br and
meta-PhNO,-Brt, as a function of the azimuthal
0 € [0,27) and polar ¢ € [0,7) angles of the cav-
ity polarization vector with respect to the molec-
ular cartesian axes (defined in Scheme la and fur-
ther in the inset of panel (b) of Fig. 5). The cav-
ity frequency and coupling strength are fixed at
we = 1.8 eV and Ay = 0.3 a.u. (cavity volume
V = 0.15 nm?®). The minimum Values of the rel-
ative energies in each case are (a) -1.97 kcal/mol
and (b) -6.43 kcal/mol, which are denoted by the
black circles.

polarizes along X direction, the ortho product is
preferred, and when the cavity polarizes along Y
direction, the para product is preferred. When
the cavity polarizes along Z direction because the
dipole along the direction perpendicular to the ben-
zene ring is nearly zero (f1-Z ~ 0), the cavity does
not couple to the molecule, and we expect the prod-
uct to be meta-substituted (same as outside the
cavity). As such, randomly orientated molecules
strongly coupled to the nano-cavity will gener-
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ate new products (ortho- and para-substituted ni-
trobenzene) that are completely different compared
to the reaction outside the cavity (which only yields
the meta-substituted nitrobenzene). On the other
hand, if the objective is to only obtain either ortho-
or para-substituted species, then one would either
need to control molecular orientation along the cav-
ity field polarization, which, as stated above, has
been accomplished in recent experimental works, 2%
or separate the mixture of products post-reaction.

To theoretically confirm this hypothesis, we also
performed a full scan of all possible spacial orien-
tations of the molecule with respect to the cavity
polarization direction, with the results presented in
Fig. 5. Here, we focus on a gold nanoparticle plas-
monic cavity with w = 1.8 eV, and mode volume
V = 0.15 nm? (field strength & = 10.8 V/nm.!8
The cavity polarization direction € with respect to
the X, Y, and Z directions of the molecule can
be characterized by the polar angle 6 and the az-
imuthal angle ¢ (see inset of Fig. 5b).

Fig. 5a presents the results of E{™°(R) —
EMe®(R) and Fig. 5b presents the results of
Efaa(R) — Ey®®(R). When 6 = 90° and ¢ = 0°,
é = X (corresponding to Fig. la with w, = 1.8 eV
and Ap = 0.3 a.u.) and when § = 90° and ¢ = 90°,
é =Y (corresponding to Fig. la with w. = 1.8 eV
and Ay = 0.3 a.u.). On one hand, when 6§ = 0°
for € = Z or 6 = 180° for € = —Z, the cavity po-
larization is along Z direction where the molecular
dipole is nearly zero, and the cavity modification
diminishes, as we expected. On the other hand,
the most stable energy for the ortho-substituted
complex is achieved when 6 ~ 75° and ¢ ~ 40°,
which is ~6.4 kcal/mol more stable compared to
meta-substituted complex. The most stable en-
ergy for the para-substituted complex is achieved
when 6 = 80° and ¢ = 70°, which is ~2.0 kcal/mol
more stable compared to meta-substituted com-
plex. From this figure, we can see the region of
f and ¢ where ortho- or para-substituted interme-
diate is more stable than meta-substituted config-
uration. So long as the molecule can access these
spacial region, one should expect that coupling to
cavity can generate non-meta product.

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

9

on the previously developed parametrized QED
(pQED) method, which uses the QED Pauli-Fierz
Hamiltonian to describe light and matter interac-
tions and uses adiabatic electronic states and all
dipole matrix elements between them as input to
compute the polariton eigenenergies.'6

The bromination of nitrobenzene outside of a
cavity exhibits only one possible product, which
is the meta-substituted 1-bromo-3-nitrobenzene.
Upon coupling to the cavity, we calculate the
relative energies of the meta-, ortho-, and para-
substituted catatonic active complexes PhNOs-
Br", which are the well-known 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
ortho-substituted intermediate, in agreement with
the well-known experimental results that the only
observed product is the meta-substituted nitroben-
zene.

Upon coupling to the cavity and aligning the
cavity polarization direction along the X-axis
(see Scheme. la), the ortho-substituted interme-
diate is energetically more stable than the meta-
substituted intermediate by up to 4 kcal/mol with
the cavity frequency and the coupling strength we
scanned. When the cavity polarization direction
is along the Y-axis (see Scheme. 1b), the para-
substituted intermediate is energetically more sta-
ble than the meta-substituted intermediate, with
up to -15 kcal/mol. These changes in the favora-
bility of the various substituted intermediates are
due to the quantum light-matter interactions be-
tween the molecules and cavity, which mixes the
character of electronic excited states into the po-
lariton ground state. These changes are character-
ized using the electronic density difference of the
system inside and outside the cavity. We thus have
theoretically shown that one can obtain ortho- or
para-substituted nitrobenzene when coupling the
reaction to an optical cavity, generating new prod-
ucts that otherwise would not appear in the same
reaction outside the cavity.

To further probe the possibility of experimen-
tal realization of our theoretical prediction, we
focus on the currently available plasmonic nano-
cavity parameters for the cavity frequency and
field strength. In particular, we choose w, = 1.8
eV and the coupling strength Ag = 0.3 a.u. (or
A = 0.1 a.u.) which corresponding to a mode vol-
ume V = and field intensity of £ = 10.8 V/nm.
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We further scanned all possible polarization direc-
tions. Interestingly, we can find finite region in the
configuration space of polar angle and azimuthal
angle which make the ortho- or para-substituted
species more stable than the para-substituted ac-
tive complex, with the largest stabilization energy
of 6.43 kcal/mol for ortho and 1.97 kcal/mol for
para. This implies that with the nano-cavity, and
fully isotropic orientations of the molecule inside,
one should expect to generate a non-meta substi-
tuted product, and demonstrating that coupling to
cavity can make the non-standard product which
can not be easily obtained otherwise. This work
demonstrates the possibility of polariton-mediated
changes to local chemistry. The theoretical predic-
tion can, in principle, be experimentally verified us-
ing state-of-the-art plasmonic nano-cavity designs.

Theoretical Methods.

We use the ab initio polariton approach we devel-
oped in the previous work, which we refer to as
the parametrized-QED (pQED) approach.'6 The
pQED approach uses Pauli-Fierz Hamiltonian in
the Born-Oppenheimer approximation (see Eq. 1)
to describe light and matter interactions and use
adiabatic electronic states as the basis for the elec-
tronic degrees of freedom, and Fock states as the
basis for the photonic DOF.
The polariton eigenstates and eigenenergies are
obtained by solving the following equation
Hpp|®;(R)) = E;(R)[®;(R)), (3)
where Hpp is given in Eq. 1, E;(R) is the Born-
Oppenheimer polaritonic potential energy surfaces
(which parametrically depend on the nuclear coor-
dinates R), and |E;(R)) is the polariton state. We
directly diagonalize the polaritonic Hamiltonian
I;TPF matrix and obtain the eigenvalues. The ba-
sis is constructed using the tensor product of elec-
tronic adiabatic states |9, (R)) (i.e., eigenstates of
the electronic Hamiltonian ﬁel) and the Fock states
In) (i.e., eigenstates of the photonic Hamiltonian
H,p), expressed as [¢o(R)) @ [n) = |¥a(R),n).
This basis is used to evaluate the matrix elements
of Hpp, and diagonalizing it provides F;(R) and
the corresponding polariton states

Nel NF

‘(I)j(R» = chin‘wa(R%n)? (4)
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where CJ,, = (Ya(R),n|®;(R)). Here, the num-
ber of included electronic states, N, and photonic
Fock/number states, N, are treated as conver-
gence parameters. A convergence test is provided
in the Supporting Information, and the typi-
cal numbers of states are Ng = 5 and N = 50.
Further details regarding the pQED approach are
provided in the Supporting Information. The
accuracy of the above-described pQED approach
has been benchmarked!® with the more accurate
coupled-cluster QED (CC-QED) approach, where
the pQED method generates nearly quantitative
agreement with the CC-QED approach.

All electronic structure calculations were per-
formed using the QCHEM software package?’ us-
ing linear response time-dependent density func-
tional theory (LR-TD-DFT) using the wB97XD
hybrid exchange-correlation functional with the 6-
311+G* basis set. The geometries of the PhNOo-
Br" intermediate with various substitution posi-
tions are optimized in its electronic ground states.
When the cavity polarization direction € is aligned
with a particular axis (e.g., € = X or € = Y in
Fig. 1), the matrix elements ()o@ - X)) and
(Yalfr - Y|1p,) are used as the input for the light-
matter interaction term [ - € as well as for the
DSE term. For the cavity polarization direction
€ with respect to the X, Y, and Z directions of
the molecule (see inset of Fig. 5b), the interaction
termis é- 1 =sinfcos¢p X-f1+sinfsing Y- 1+
cosf Z - 1. The electronic excited state energies
and the molecular transition dipole matrix were
computed using the QCHEM package.°
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Supporting Information Avail-

able

Additional figures that support the discussion
in the main text are provided, namely three-
dimensional isosurfaces of the difference density as
well as figures that showcase the expansion of the
photonic ground state density in the basis of elec-
tronic excited state densities and transition densi-
ties. Further methodological details are also pro-
vided.
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