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Abstract

Coupling molecules to a quantized radiation field inside
an optical cavity has shown great promise in modify-
ing chemical reactivity. It was recently proposed that
strong light-matter interactions are able to differentiate
endo/exo products of a Diels-Alder reaction at the tran-
sition state. Using the recently developed parameter-
ized quantum electrodynamic ab initio polariton chem-
istry approach along with time-dependent density func-
tional theory, we theoretically confirm that the ground
state selectivity of a Diels-Alder reaction can be fun-
damentally changed by strongly coupling to the cav-
ity, generating preferential endo or exo isomers which
are formed with equal probability for the same reac-
tion outside the cavity. This provides an important and
necessary benchmark with the high-level self-consistent
QED coupled cluster approach. In addition, by comput-
ing the ground state difference density, we show that
the cavity induces a redistribution of electron density
from intramolecular w-bonding orbitals to intermolecu-
lar bonding orbitals, thus providing chemically relavent
description of the cavity-induced changes to the ground
state chemistry and thus changes to the molecular or-
bital theory inside the cavity. We extend this explo-
ration to an arbitrary cavity polarization vector which
leads to critical polarization angles that maximize the
endo-/exo selectivity of the reaction. Finally, we de-
compose the energy contributions from the Hamiltonian
and provide discussion relating to the dominant dipole

self-energy effects on the ground state.

1

Introduction.

The Diels-Alder (DA) reaction, first elucidated
in the previous century, stands as a cornerstone
of organic synthesis. This cycloaddition reaction
involves the formation of a conjugated diene and
a dienophile, typically an alkene, culminating in
a substituted cyclohexene system. DA reactions
are one of most useful techniques for creating
carbon-carbon bonds.? Furthermore, such reac-
tions were fundamental in the creation of famous
the Woodward-Hoffmann rules,? a set of principles
governing the stereochemistry of organic reactions.
Of particular note for common DA reactions are
their capacity to result in either an “endo” or “exo”
isomer during the formation of the transition state.
This results in two distinct products. More specifi-
cally, if we consider the reaction between cyclopen-
tadiene and acrylonitrile (see Fig. 1a), the result-
ing products under ambient conditions are known
provide endo and exo in equal proportion (i.e., no
selectivity).

It was recently proposed that strong light-matter
interactions are able to differentiate these products
at the transition state via coupling the molecular
system to the quantized photon field inside an opti-
cal cavity.* While other techngiues have been pro-
posed to selectively form the endo or exo products,
this novel pathway opens new directions for organic
and inorganic synthesis which may pave the way for
chemistry beyond what is currently acessible.

We use the quantum mechanical description of
the molecule-cavity hybrid system using the Pauli-
Fierz Hamiltonian in the dipole gauge,® "
in the following Eq. 1, to investiagte how cavity
vacuum fluctuations induce modifications to the

as shown
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Scheme 1: (a) Schematic representation of the Diels-Alder reaction between cyclopentadiene and acry-
lonitrile. The percent distribution of products are shown for outside (black) and inside (red) the cavity.*
(b) Transition state (TS) geometries for both Endo (top) and Exo (bottom) pathways at two different
orientations. (c) The TS barrier energy inside (dashed) and outside (solid) for the Endo (orange) and
Exo (blue) reaction pathways. The cavity polarization is aligned with the Y-direction with light-matter
coupling strength Ay = 0.3 a.u. and w, = 1.5 eV. (d) Schematic illustration showing the cavity-induced
redistribution of electron density from intramolecular orbitals to intermolecular ones, thus facilitating an
intermolecular bond and lowering the T'S barrier energy.

ground state, 457 11,11-21

Hpp = Ho+ Hyp +weAofe-e(a6 +a) +we A2 (fu-&)?
A (1)
H, is the electronic Hamiltonian under the Born-
Oppenheimer approximation, which is without the
nuclear kinetic energy operator, ﬁph = wealda 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 po-
larization direction, and fi is the dipole operator
of the molecule. The last two terms are the di-
rect light-matter coupling erl_ph and the dipole-
self energy (DSE) Hpsg, respectively. Moreover,
the light-matter coupling strength is expressed as

1
Ao = V 2w.eV’

where € is the permittivity inside the cavity, and
V is the effective mode volume. Alternatively, the
electric field strength ¢ = w.Ag can be used as
a measure of coupling strength, which is common
in experiment. In state-of-the-art cavity designs,
such as those from gold or silver NPoM cavities, the
local electric field can vary from 1 to 10 V/nm,??

(2)

2

which is well within the cavity parameters used in
the present work (to be discussed in more detail
later).

In other words, the following two couplings in
the Hamiltonian®" shown in Eq. 1 cause the po-
lariton ground states modifications. First, the
off-resonance light-matter term (flel_ph) couples
through the ground state permanent dipole and
transition dipoles between the ground and excited
states. Omne simple example for the first case is
the coupling between |1)4,0) and |14, 1), which is
proportional to (1, 0]fi(a!+)[thy. 1) = 14 (0](af +
a)|l) = pgg, and |1)g, 1) will further couple to |1, 0)
through (v, 0|(a" + @)lehg, 1) = pge(0l(al + a)[1),
where 159 and pge are the permenant and transi-
tion dipoles among the ground and excited states,
each projected along the cavity polariation direc-
tion €. Excited polariton states ®. are formed
when the |14, 1) and [¢),,0) states become close in
energy and hybridize. !

The second contribution is from dipole self-
energy (fIDSE), which does not couple states of
varying photon number but which does provide
non-trivial electronic couplings between ground
and excited states. The DSE terms that cou-
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ple to the ground state are proportional to
(Yl @2 [tha) = > HgyHrya, where a and v include
the ground and all excited electronic states. Over-
all, the direct coupling term ﬁel_ph and Hpgg
both contribute to modifications to the ground
state. 10712:23-26 Through these non-resonant light-
matter couplings, the cavity induces modifications
to the reactions that are beyond the prediction of
the simple Jaynes-Cummings model. %7

In this work, we demonstrate that the strong
coupling between molecule and cavity can funda-
mentally change a grudn state DA reaction. 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 from non-selective endo/exo
products to highly selective endo/exo products by
coupling this reaction inside an optical cavity. We
chose w. = 1.5 eV and the coupling strength
Ap = 0.3 a.u. that is equivalent to a mode vol-
ume V ~ 0.19 nm? and field intensity of & ~
8.50 V/nm, which the cavity frequency and field
strength are experimentally achievable for plas-
monic nano-cavity parameters.?? We provide a di-
rect comparison to an alternative formulation of
ab initio QED* for the same reaction. We also
provide additional chemical insight, beyond that
which was provided in Ref. 4, into the cavity-
induced changes to the ground state electron den-
sity? and relate the changes in density to the in-
terplay between inter- and intra-molecular bonding
orbitals (see Fig. 1d), which are commonly used in
the description of bond formation.?! Furthermore,
we extend the previous results by computing all
possible orientations of the molecule with respect
to the cavity field polarization directions and show
that the maximum selectivity is not along the pre-
viously explored polarization directions. Hence, we
show that strong couplings between molecules in-
side the cavity offer a promising tool?! that comes
with direct chemical intuition via cavity-induced
ground state electron density changes to fundamen-
tally modify the outcome of a known chemical re-
actions, making otherwise non-selective reactions
selective.

Theoretical Methods.

We use the ab initio polariton approach, called
parametrized-QED (pQED) ! to perform the cal-

3

culations. The pQED approach uses Pauli-Fierz
Hamiltonian in the Born-Oppenheimer approxima-
tion (see Eq. 1) to describe light and matter inter-
actions and use adiabatic electronic states as the
basis for the electronic 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

Hpr|®;(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 co-
ordinates R), and |E;(R)) is the polariton state.
We directly diagonalize the polaritonic Hamilto-
nian ﬁpF matrix and obtain the eigenvalues. The
basis is constructed using the tensor product of
electronic adiabatic states |Yo(R)) (i.e., eigen-
states of the electronic Hamiltonian Hy|ia (R)) =
Ea(R) 1o (R))) and the Fock states |n) (i.e., eigen-
states of the photonic Hamiltonian flph|n> =
nwe|n)), expressed as [1o(R)) @ [n) = |[¢a(R), n).
This basis is used to evaluate the matrix elements
of Hpp, and diagonalizing it provides E;(R) and
the corresponding polariton states

Nel NF
|(I)j(R)> = ZZO&M@Z@(R),TL% (4)
(0% n
where CY,, = (Ya(R),n|®;(R)). Here, the num-
ber of included electronic states, N, and photonic
Fock/number states, Np, are treated as conver-
gence parameters.

In this Diels-Alder reaction, the numbers of
states we used to solve the Eq. 3 are Ny = 10
and Ny = 50. We use the light-matter coupling
strength Ag = 0.3 a.u. and coupling frequency wc
= 1.5 €V to perform the reaction. Further details
regarding the pQED approach and higher coupling
frequency results are provided in the Supporting
Information.

All electronic structure computations were exe-
cuted using the QCHEM software package.?® We
employed the parametrized quantum electrody-
namics time-dependent density functional theory
(pQED-TD-DFT) approach with the wB97XD hy-
brid exchange-correlation functional and the 6-
311+G** basis set. The cavity polarization direc-
tion €’s alignment with a specific molecular axis,
either é = X or € =Y, or € = Z; the example ori-
entation is illustrated in Fig. 1. Accordingly, the
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matrix elements (o |ft - X|10y) and (Yo |ft - Y1)y)
are input for the interaction term fi - & and for the
DSE term. For the cavity polarization direction
€ with respect to the X, Y, and Z directions of
the molecule (see Fig. 4), the interaction term fol-
lows the relationship € - 1 = sinfcos¢ X - i +
sinfsing Y - 1+ cosf Z - fi. Both ground state
energies and electron density differences were de-
termined using the QCHEM package. 28

Results and Discussions.

We investigate the DA reaction between cy-
clopentadiene and acrylonitrile (Scheme la).
This reaction produces two distinct endo/exo
isomers as products. Outside the cavity and
under standard reaction conditions, the DA re-
action is kinetically controlled and shows a non-
selective result with 54% endo to 46% exo prod-
ucts. It has been recently proposed? that this
intrisically non-selective reaction can be made
selective by coupling the ground state of the re-
acting molecules to an optical cavity with fre-
quency in the range of electronic excitations
(i.e., w. ~1-3 €V) in contrast to the recently ex-
plored vibrational polaritons (i.e., w. ~ 0.1 eV)
To explore this effect, we apply the recently de-
veloped 119 @b initio cavity quantum electrody-
namics to further investigate this reaction and
its properties under strong coupling.

Scheme 1b shows the transition states (TS)
of this reaction that lead to the endo (top)
and exo (bottom) products. The red dashed
lines between the molecules show the bonds
that will form upon the creation of the prod-
uct for clarity. Furthermore, we indicate that
the endo pathway becomes preferred inside the
cavity under experimentally feasible cavity con-
ditions and under and orientational average of
electric field polarization directions. As sug-
gested in Ref. 4 (and reproduced in the current
work), the selectivity shifts to 99.9% for the
endo product and only 0.1% for the exo. As
an example of the modifications to the poten-
tial energy surface, we show the ground state
potential energy surface in Scheme 1lc, where
the reactant (R) and T'S geometries of the endo
(blue) and exo (orange) isomers are placed in-
side the cavity with the cavity polarization
along the Y-direction of the molecule. In tihs

4

case, there is a significant shift in selectivity to-
ward the endo species through a reduction of
the TS barrier height by ~5 kcal/mol for the
endo and ~1 kcal/mol for the exo compared
to outside the cavity. This shifts the expected
yields of the reaction to 99.9% and 0.1% for
the endo and exo isomers, respectively, consis-
tent with those data reported in Ref. 4. In this
case, our QED-time-dependent density func-
tional theory (QED-TD-DFT) calculations for
the align closely with the QED-coupled cluster
singles and doubles (QED-CCSD) approach,?
with more details and comparisons to be dis-
cussed in Fig. 2. This shift in selectivity can
be understood as cavity-induced electronic re-
distribution under the influence of the cavity
(Scheme 1d). More specificallty, coupling to the
cavity induces electron density to be taken from
populated /occupied intramolecular 7-bonding
orbitals (i.e., single-particle orbitals) to vir-
tual /unoccupied intermolecular orbitals, thus
facilitating a reduction in energy of the TS bar-
rier height.

To further provide a benchmark of our QED-
TDDFT approach against that of the high-level
QED-CCSD provided in Ref. 4, Fig. 1 and
Fig. 2 explore the X-, Y-, and Z-directions of
cavity field polarization using the TS geome-
tries provided in Ref. 4. Fig. 1 shows the TS
barrier height E* = Ej(Rrs) — Fo(Ryeac) in
the ground polaritonic state |®o(R)) as a func-
tion of the light-matter coupling strength Ag
for the three primary cavity field polarization
directions, (blue) X, (orange) Y, and (green)
Z, for the (a) endo and (b) exo isomers. In
both the endo and exo pathways (Fig. 1), the
TS barrier increases for the X-polarized cavity
(blue curve) by 7.2 kcal/mol and 6.7 kcal/mol
at Ag = 0.3 a.u., respectively, compared to out-
side the cavity (4p = 0.0 a.u.). The X-polarized
cavity is not expected to offer selectivity for this
reaction due to the simultaneous and unfavor-
able increase in TS barrier energy for the two
isomers. In contrast, the Y-direction shows a
decreases in both the endo (5.3 kcal/mol) and
exo (1.3 keal/mol) pathways. The endo isomer
exhibits an additional 3.0 kcal /mol reduction in
the TS barrier compared to the exo isomer, thus
offering a significant selectivity toward the endo
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Figure 1: The polaritonic ground state activation
energy, defined as the energy difference between
the transition state and the reactant geometries,
E* = Ey(Rrs) — Eo(Ryeac), for the two reaction
pathways, (a) Endo and (b) Exo. Here, FEy(R)
is the polaritonic ground state energy defined in
Eq. 3 at nuclear geometry R. The colors corre-
spond to cavity polarizations along the X- (blue),
Y- (orange) and Z-directions (green). The cavity
frequency is w, = 1.5 eV. The horizontal dashed
line indicates the uncoupled barrier height (i.e.,
Ap=0.0 a.u.).

isomer. The Z-direction also offers a cavity-
mediated selectivity, now favoring the exo iso-
mer. In this case, the endo isomer’s TS barrier
is increased by 1.5 kcal/mol while the exo bar-
rier height is decreased by 1.8 kcal/mol, gen-
erating a 3.3 kcal/mol difference in TS bar-
rier height between isomers. In the Y- and
Z-polarization cases, we expect the endo prod-
uct yields to be Pengo = exp[—Egndo JksT)/ 2
= 99.9% and 0.4%, respectively, where Z =
exp[—E! . /kT] + exp[—EL_/ksT]. Thus, we

have demonstrated that the cavity can offer a
novel approach toward the selective isomeriza-
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Figure 2: Potential energy surfaces, Ey(R), as
functions of the reaction progress from the reactant
(R) to the transition state (TS) and to the product
(P), inside (red) and outside (black) the cavity for
both reaction pathways (a-c) Endo and (d-f) Exo.
The (a,d) X-, (b,e) Y-, and (c,f) Z-polarizations
of the cavity are shown. The (dashed) pQED-
TDDFT approach of the current work is directly
compared to the (solid) scQED-CCSD method of
Ref. 4. The curves were interpolated between the
R, TS, and P data points using a spline approach
to improve the visual clarity. The light-matter cou-
pling strength is Ag = 0.3 a.u. with cavity fre-
quency w, = 1.5 eV.

tion of this DA reaction and that our pQED-
TDDFT approach is in agreement with Ref. 4
at the QED-CCSD level.

Fig. 2 presents a more direct comparison be-
tween the pQED-TDDEFT of the current work
using pQED-TDDFT and that of the high-level
scQED-CCSD of Ref. 4 by showing the exact
QED-TDDFT and QED-CCSD TS barrier en-
ergies as well as the product energies with an in-
terpolated spline grid portraying the rest of the
potential energy surface as a schematic. In gen-
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eral, we find only minor quantitative differences
between the two approaches that can be ratio-
nalized by the known deviations between stan-
dard CCSD and DFT methodologies, which are
expected to reach 1-5 kecal/mol. Here, such de-
viations reach up to 3.0 kcal/mol for the Endo
pathway and 2.6 kcal/mol for the Exo path-
way, signifying that our pQED-TDDEFT is well
within the expected error of the bare many-
body approach itself.'* More importantly, our
pQED-TDDFT results portray the same qual-
itative behavior of the endo and exo potential
energy surfaces as the scQED-CCSD for all data
points except two: the X- and Z-polarization
directions for the endo product energies. In
the X-polarization direction, the scQED-CCSD
approach predicts an increase in energy for
the endo product, while our pQED-TDDFT
method indicates a slight decrease. In the Z-
polarization direction, the scQED-CCSD re-
sults show a minor decrease in product energy,
whereas the pQED-TDDFT approach shows an
increase. A more detailed analysis of these sub-
tle differences is available in the Supporting
Information. Furthermore, the differences in
the QED-CCSD and pQED-TDDFT energies
are less than 2 kcal/mol and well within the
error expected between the standard TDDFT
and CCSD methodologies and thus acceptable
for our qualitative exploration of this DA reac-
tion which, for the rest of the work, only focuses
on the correctly reproduced TS barrier geome-
tries/energies.

In order to rationalize the observations seen
in Fig. 1 and Fig. 2, we extend the work of Ref.
4 to include a chemical rationale for the cavity-
induced changes to the ground state reaction
barrier. Fig. 3 shows the density difference
isosurfaces for the TS geometries for the endo
(top) and exo (bottom) isomers for all three
principle cavity polariation directions: x (left),
Y (middle), and Z (right). The difference den-
sity function is defined as Apgo(r) = pi(r) —
Soo(r), where Pg/({) = Trpu[poo] = Trpn[|Po) (Pol]
is the total ground state polaritonic density
with the photon DOFs traced out. &o(r) =
¥i(r)o(r) is the bare electronic ground state
density. The difference of these two densities
portrays the effects of cavity-induced electronic

6

redistribution around the molecule. The re-
gions in which Apgy(r) > 0 (red colored) in-
dicates that a gain of electron density has oc-
cured, and depletion when Apgo(r) < 0 (blue
colored). Additional visualization angles are
shown in Fig. S4 in the Supporting Infor-
mation. This effect can be rationalized chemi-
cally by considering that the cavity can induce
redistribution (exchange of character) between
bare occupied and unoccupied single-particle
orbitals (e.g., HOMO <« LUMO), which allows
for changes to the standard molecular orbital
theory inside the cavity.?!

The X-polarization direction showcased a si-
multaneous increase in T'S barrier energy for the
endo and exo isomers (see Fig. 1), thus we ex-
pect that the potential chemical bond between
the two reactant molecules is weakened by the
presence of the cavity for both isomer config-
urations. Fig. 3a,d show the ground state dif-
ference density isosurface for the (Fig. 3a) endo
and (Fig. 3d) exo isomers with the cavity po-
larized along the X-direction of the molecule
(see cartesian axes above Fig. 3a). The region
between the reactant molecules is blue, which
indicates that this region has been depleted of
electron density. This region is also respon-
sible for the formation of the intermolecular
bond during the reaction. Since this region has
lost these intermolecular bonding electrons, the
TS geometry has been destabilized compared to
outside the cavity. Contrary to this result, the
Y-polarization of the cavity induced a stabiliza-
tion of the T'S barrier energy (Fig. 1). Fig. 3b,e
show the difference density in this case, and,
opposite to Fig. 3a,d, we find an increase in
electron density in the region between the reac-
tant species, this strengthening the intermolec-
ular bond at the TS geometry and reducing the
TS barrier energy.

The regions of not localized between the re-
actant species in Fig. 3 are considered as in-
tramolecular density redistributions and are
mostly shaped as intramolecular m-bonding
orbitals.  This is especially evident on the
lower molecule (cyclopentadiene).  For the
X-polarization, these orbitals exhibit electron
density accumulation from the intermolecu-
lar bonding orbitals. However, for the Y-
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Figure 3: Difference density isosurfaces at the transition state geometries for the (a-c) Endo and (d-
f) Exo pathways for cavity polarizations along the (a, d) X-, (b, e) Y-, and (c, f) Z-directions. The
isosurfaces in each panel correspond to the difference density, Apoo(w,y,2) = phs(2,y,2) — Eoolw, y, 2),
at the transition state geometry using the pQED-TDDFT approach of the current work. Each panel
corresponds to potential energy surface diagrams in Fig. 2 (pQED-TDDFT method part). The color
indicates the accumulation (red) or depletion (blue) of electron density upon insertion into the cavity. The
arrows indicate the intermolecular bonding orbitals. In all cases, the light-matter coupling strength Ag =
0.2 a.u. with cavity frequency we = 1.5 V. The isovalue chosen for the X-direction is 1.0 m|e|/A? and 0.2
mle|/A? for the Y- and Z-polariations, where m|e| = |e|x1000 and |e| is the charge of an electromn.

polarization, these intramolecular m-bonding
orbitals donate their electrons to the inter-
molecular bond. Thus, the effects of the cavity
are to induce changes to the bonding structure
of the reactant species, thus either facilitating
or disallowing the bond formation depending on
the cavity polarization direction.

The Z-polarization direction is weakly chang-
ing the TS barrier energy (Fig. 1) and op-
positely between the endo and exo isomers.
Notably, the difference density in this case
(Fig. 3c,f) exhibits weaker and asymetric
changes to the intermolecular region. Note that
the molecule is rotated by 90 degrees about the
X-axis in Fig. 3c,f compared to Fig. 3a,b,d,e
for visual clarity. Additionally, the intramolec-
ular density, especially on the bottom molecule
(cyclopentadiene) shows a different symmetry
compared to those shown in Fig. 3a,b,d,e where
the under side of the intramolecular 7-bonds

7

are accumulating electron density while the top
side are being depleted. Overall, the redistribu-
tion of electron density does not facilitate the
formation of the two covalent bonds and thus
showcases a weaker change to the TS barrier
height compared to the X- and Y-polarization
directions.

Overall, we have used the differnece den-
sity function to develop a chemically appeal-
ing interpretation of the DA reaction be-
tween cyclopentadiene and acrylonitrile. While
this reaction was previously explored with
the high-level scQED-CCSD approach, we
have extended this work to incorporate a
relavent chemical explanation in terms of the
cavity-mediated redistribution of inter- and
intramolecular bonding orbitals by examing
the polaritonic ground state density. These
orbitals are explicitly modified by the cavity
to facilitate the formation (or destruction) of
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Figure 4: (a) A schematic of the spherical coordinate system with an arbitrary cavity polarization vector
é(¢, 0) and two orientations of the molecule with respect to the primary cartesian axes. (b,c) The difference
between the polaritonic transition state barrier, E* = Ey(Rrs) — Eo(Ryeac), and the barrier of the bare
molecular system, £ = y(Rrs) — E(Rereac), for the (b) Endo and (c) Exo reaction pathways as functions
of the azimuthal ¢ and polar 6 angles. The colorbar indicates the sign and magnitude of the difference of
the energy barrier height, E* — £%. The blue regions indicate where the transition state barrier is lowered
compared to outside the cavity. The white symbols indicate the maxima and minima values, with only
two non-degenerate points on each pathway and are related to the other set by symmetry. We found
the maximum and minimum critical points for the Endo pathway to be (¢1,61) = (¢EhR0, 0EN30) =
(3.3°,111.2°) and (¢, 62) = (pFRRO, 9ENDO) = (91.7°,80.2°); for Exo pathway, the points are (¢s3,03) =
(R, 0E8L) = (11.5°,103.1°) and (d4,04) = (PEFQ, 054) = (114.6°,126.1°), respectively. The black
square symbols indicate the ground state dipole moment unit vectors, figg, for the endo and exo pathways,
which are (b) (125.6°,60.8°) and (c) (235.7°,56.9°), respectively. For both panels, the light-matter coupling

strength Ap = 0.3 a.u. and cavity frequency w. = 1.5 eV.

the intermolecular bond by donating electron and exo isomer, respectively, with light-matter
density from intramolecular m-orbitals (largely coupling strength Ay = 0.3 a.u. and cavity fre-
localized on the cyclopentadiene species) to the quency w, = 1.5 eV. Here, E*(¢, 0) is the polari-
forming intermolecular bond. tonic ground state TS barrier energy and & is
The cavity polarization directions along the the bare electronic ground state TS barrier en-
principle cartesian axes (X, Y, and Z) were ergy (equivalent to E* with Ay = 0.0 a.u. and
taken as a benchmark from the previous work we = 0.0 eV). The negative regions indicate a
of Ref. 4; however, we point out that the use of reduction in the TS barrier height inside the
these cartesian directions as “important” field cavity, while the red regions show an increase
polarization directions is a choice. In reality, to the T'S barrier height.
choosing a useful, chemically relavent coordi- The endo isomer (Fig. 4b) exhibits clear
nate system is very difficult in general, and points at which the TS barrier energy is maxi-
the effects of the cavity may not straightfor- mized (white circle in the red region) and min-
wardly connect to our understanding of the imized (white circle in the blue region) for this
chemistry of a certain molecule or reaction be- choice of cavity parmeters. We define these
tween molecules. With this in mind, we ex-  critical points as (¢1,6,) = (3.3°,111.2°) and
tend our exploration to an arbitrary cavity field (2,62) = (91.7°,80.2°), respectively. Con-
polarization vector é = é(¢,0), where ¢ and necting to the previous figures, the X- and Y-
0 are the azimuthal and polar angles, respec- directions are equivalent to (¢, ) = (0°,90°) =

tively, defined schematically in Fig. 4a. Fig. 4b (360°,90°) and (¢, #) = (90°,90°) = (270°,90°),
and Fig. 4c show the change in TS barrier en- respectively. In the endo case (Fig. 4b), the
ergy AEH¢,0) = E*(¢,0) — E* for the endo  X- and Y-polarization directions are near to
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Figure 5: The polaritonic ground state activation
energy, defined as the energy difference between
the transition state and the reactant geometries,
E* = Ey(Rrs) — Eo(Ryeac), for the two reaction
pathways, (a) Endo and (b) Exo. The cavity po-
larizations are shown at the critical points for each
pathway: (¢1,61) and (¢3,63) (MAX in orange);
(¢2,62) and (¢4,604) (MIN in blue). The cavity
frequency is w, = 1.5 eV. The horizontal dashed
line indicates the uncoupled barrier height (i.e.,
Ap=0.0 a.u.).

the critical points (¢1,01) and (¢, 0z). How-
ever, for the exo isomer (Fig. 4c), the critical
points are located at (¢3,03) = (11.5°,103.1°)
and (¢4,04) = (114.6°,126.1°). Hence, the Y-
axis direction is far from either of the extrema
for the exo case. In fact, the Y-direction lies
on the border between the stabilizing region
(blue) and the destabilizing region (red). In
both cases, the Z-direction is far from any crit-
ical point, implying that this direction of cav-
ity polarization is not optimal in either isomer.
Later, in Fig. 7 that the Z-polarization can still
be valuable in cavity-induced selectivity even
though both isomers experience a mediocre cav-
ity effect individualy.

Similarly to Fig. 1, Fig. 5 shows the TS bar-
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QED Intermolecular Intermolecular
Effect Depletion Accumulation

Figure 6: Difference density isosurfaces at the
transition state geometries for the (top) Endo
and (bottom) Exo pathways. The cavity po-
larizations are shown at the critical points
for each pathway: (a) MAX, Endo pathway
(¢1,61); (b) MAX, Exo pathway (¢3,03); (c)
MIN, Endo pathway (¢s,65); (d) MIN, Exo
pathway (¢4,64). The color indicates the ac-
cumulation (red) or depletion (blue) of electron
density upon insertion into the cavity. The ar-
rows indicate the intermolecular bonding or-
bitals. In all cases, the light-matter coupling
strength Ag = 0.2 a.u. with cavity frequency
we = 1.5 eV. The isovalue chosen for both max-
ima is 1.0 mle|/A? and 0.2 m|e|/A? for the
minima, where mle| = |e/x1000 and |e| is the
charge of an electron.

rier energy E* as a function of the light-matter
coupling strength Ay for the above-mentioned
critical angles for the cavity polarization vec-
tor (¢;,0;) for both isomers. The cavity fre-
quency is w. = 1.5 eV. It is evident that the
(¢1,61) and (¢3,03) maximize the individual
isomer T'S barrier energies while the (¢2, 65) and
(¢4,64) minimize this energy for all values of
coupling strength Ay. In turn, we can inspect
the ground state difference density isosurfaces
for these critical points, as shown in Fig. 6.
As expected, the polarization angles that maxi-
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mize the T'S barrier energy contain intermolecu-
lar electron density depletion, destabilizing the
forming bond, as well as electron accumulation
in the intramolecular bonding m-orbitals of each
reactant molecule. The opposite is again true
for the angles that minimize the TS barrier en-
ergy, showing electron density accumulation in
the intermolecular bonding region. Notably,
the intramolecular m-bonding orbitals showcase
asymetric accumulation/depletion, similar to
the Z-polarization in Fig. 3c,f. We hypothesize
that these critical angles of the field induce a
complicated redistribution of electron density,
not only from the reactant species to the form-
ing intermolecular bond, but also among them-
selves in a way that further decreases the en-
ergy of the TS geometry. Hence, examining
only the principle directions X, Y, and Z as
defined by chemical intuition will mostly likely
not showcase the maximal effects of the compli-
cated electron-photon correlation (as the black
square symbols shown in Fig. 4) since the di-
rection of the many coupled permenant and
transition dipole matrix elements in the adia-
batic electronic basis is not straightforward and
likely does not relate to a simple and meaning-
ful chemical property.

To fully control the chemical reaction, the rel-
ative T'S barrier energies between the endo and
exo isomers must be controlled. Fig. 7a presents
the TS barrier energy difference, FL . — Fp..,
as a function of the cavity polarization direc-
tion (¢, 0) for a fixed cavity frequency w. = 1.5
eV and light-matter coupling strength Ay = 0.3
a.u. This presentation of the data is different
than that of Fig. 4, which depicted only the
Endo or Exo barrier height change with respect
to outside the cavity, e.g., EPi]ndo — Eéndo, but
not the energy difference between the barrier
heights of the two isomers, Eéndo — EL . Thus,
Fig. 7 is related to the probability of forming ei-
ther Endo or Exo species at a given orientation
with respect to the cavity field direction. Neg-
ative values of this quantity (blue regions) indi-
cate parameter regimes where the endo path-
way is lower in energy compared to the exo
pathway. Contrary to this, positive values in-
dicate regions where the exo pathway is lower
in energy. The cavity polarization angles at
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Figure 7: (a) TS barrier energy difference be-

tween the Endo and Exo isomers, E]{;:n do — E]%:XO,
as a function of the cavity polarization direction,
(¢,0). The blue region (E']iénd0 < Eéxo) indicates
that the Endo pathway has a lower TS barrier en-
ergy and is preferable compared to the Exo path-
way; the red region, in contrast, indicates that the
Exo pathway is preferable. The light-matter cou-
pling strength Ay = 0.3 a.u. and the cavity fre-
quency w. = 1.5 eV. The white circle-dot symbols
indicate the critical points at which Eén do — EEXO
is maximized, (Pgxo,fEx0) = (137.5°,160.4°), or
minimized, (¢Endo, 9Endo) = (68.8°,80.2°), offering
the maximum amount of selectiveity for the Exo
and Endo isomers, respectively. (b) TS barrier
energy difference between the Endo and Exo iso-
mers, E]{:n do —E%XO as a function of the light-matter
coupling strength at the critical angles which pro-
duce the maximal selectivity of endo (blue) and exo
(red) isomers.

which the highest amount of selectivity toward
the endo, (¢End079Endo) = (68.80,80.20) at 5.88
kgT, and exo, (Pgxo, Orxo) = (137.5°,160.4°) at
-10.73 kgT, pathways are the critical points of
the function Eﬁ:mdo — Eéxo. These angles are
shown as white circle-dots in Fig. 7a.
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In experiment, control over the light-matter
coupling strength Ag is difficult and is of-
ten susceptible to many environmental factors.
While our calculations predict strong selectiv-
ity at these critical angles of cavity polariza-
tion direction, the selectivity at weaker light-
matter coupling strengths Ay may provide a
deeper insight into experimental observations.
Fig. 7b presents the TS barrier energy differ-
ence, B, . — B, as a function of the light-
matter coupling strength A, for both of the crit-
ical angles shown in Fig. 7a. At small values of
light-matter coupling (4p < 0.05 a.u.), negli-
gible selectivity is predicted. Our calculations
predict that, at these critical angles, prominent
endo selectivity can be achieved at or above
Ao = 0.10 a.u. at which the TS barrier energy
difference is greater than 2 kgT at room tem-
perature. For the exo isomer, the selectivity is
weaker and requires at least Ay = 0.20 a.u. for
the same degree of selectivity induced by the
TS barrier energy difference. Hence, in the ex-
periment, strong selectivity in thie reaction is
already achievable with current plasmonic cav-
ity designs.??

Furthermore, while possible,? it is often dif-
ficult to control the orientation of the molecules
with respect to the cavity’s electric field polar-
ization (¢, 0). In experiment, we expect random
orientation of the molecules during the reaction,
so we calculate the angular average of the en-
ergy differences shown in Fig. 7a,

JJ A 8 (B, — i) sin(0)
[ d¢ d sin(6)
(5)

Here, (E% . — EL.) =-0.9212 kgT, which im-
plies that, on average, the Endo pathway is
preferred by nearly kgT at room temperature.
Hence, we have theoretically shown that this
DA reaction will provide appreciable selectivity
inside the cavity, even if the orientation of the
molecules cannot be controlled.

In our final discussion, we seek to further
understand the fundamental contributions to
the cavity-induced selectivity of this DA reac-
tion. Fig. 8 presents the contributions of each
Hamiltonian component to the TS barrier en-
ergies at the critical cavity polarization angles

<Eéndo_Eéxo> -
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for the endo (Fig. 8a,c) and exo (Fig. 8b,d)
isomers. The energy contributions are cal-
culated as Et (®0(Rops)|Ha| o (Rryg)) —
<(I)AO (RreAac) ’]E[a ’ (I)Q(Rreac)) ) where [:[a €
{HPF7 Hel, th, Hel—ph, HDSE}‘ ‘(I)()(R» is the
ground state polaritonic wavefunction, al-
ways defined by the total PF Hamiltonian
Hpp|®Po(R)) = Eo(R)|Po(R)) (Eq. 3). These
contributions are shown for each of the four
cavity polarization directions defined in Fig. 4:
(Fig. 8a) (¢1,61), (Fig. 8b) (¢3,05), (Fig. 8c)
(¢2,62), and (Fig. 8d) (¢4,6s). These angles
represent the largest (Fig. 8a,b) increase and
(Fig. 8c,d) decrease in the transition state
barrier height for the (Fig. 8a,c) endo and
(Fig. 8b,d) exo isomers. The cavity frequency
We 1.5 eV. In the Supporting Informa-
tion, Fig. S5 and Fig. S6 present the same
data but for the reactant and TS geometries
individually.

By construction, the total energy Hpp (solid
black) for (¢1,60;) and (¢3,05) increases as a
function of the light-matter coupling strength
and decreases for (¢o,02) and (¢4, 0,). Of most
importance and interest are the two interac-
tion terms I:Iel_ph (solid red) and Hpsg (solid
gold), which are responsible for the modifica-
tions to the TS barrier energy E* inside the
cavity. For both critical angles at which the
TS barrier energy is maximized (Fig. 8a,b), the
DSE contributes positively to the energy while
the direct electron-photon interaction provides
a negative contribution. Note that the energy
of the DSE for a single-molecule coupled to a
cavity is a positive contribution while the di-
rect interaction term is negative. Here we are
showing the energy difference between two nu-
clear geometries, E* = Epg — Eyeac, for which
the contribution of either term can be posi-
tive or negative (see Fig. S5 and Fig. S6 in
the Supporting Information for the abso-
lute energies of each term). For the critical an-
gles which the TS barrier energy is minimized
(Fig. 8c,d), the opposite trends are observed,
where the DSE contributes negatively while the
direct interaction term is positive. Addition-
ally, the magnitudes of all terms are reduced
since the cavity-induces TS barrier decreases
(negative values/blue in Fig. 4) are less in mag-
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Figure 8: Energy Contributions to the ground state energy barrier height. It shows different energy
contributions towards the total Hamiltonian ﬁpp, which is in black solid curved line. Components are
I;Tel in red, I:[el,ph in blue, I:Iph in green and Hpgp in yellow. The horizontal dashed line indicates the
uncoupled barrier height (i.e., Ag = 0.0 a.u.). Note that I:Iel starts at the same barrier height as I:IpF since
we treated the molecular Hamitonian at that zero-point level. Overall, fIDSE contributes the most to the
total energy. The cavity frequency is w. = 1.5 eV. Absolute barrier energies for reactant and transition
state are provided in the Supporting Information.

nitude than the cavity-induced increases (posi-
tive values/red in Fig. 4).

The energy contributions from H, (solid red
curve) and Hyy, (solid green curve) terms are
activated indirectly by the coupling terms and
are more difficult to attribute to simple physics,
except that as the absolute energy of H, and
I:Iph increases in a given nuclear configuration
(see Fig. S5 and Fig. S6 in the Supporting In-
formation for the absolute energies of the re-
actant and TS geometries), increasing the con-
tribution from higher-lying electronic excited
states and higher photon number states to the
polaritonic ground state. In all four cases of
critical angles (in Fig. S5 and Fig. S6 as well
as their differences shown in Fig. 8), the cavity-
induced changes to these terms is smaller than
the ther direct electron-photon interaction and
DSE terms (see Fig. 4).

At the mean-field level, and in the coherent
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state representation,®’ it is commonly under-
stood that the DSE is the leading contribution
to the cavity-induced changes to the ground
state.?131%1624 Tp this representation, the di-
rect electron-photon term is shifted away, leav-
ing only a modified DSE term proportional
to the dipole fluctuations ((Af1)?)gs in the
ground state (GS) rather than the square of
the dipole itself ({i*)gs. In this work, we do
not employ the coherent state representation,
but we still expect the DSE to contain the
physics of the ground state problem, to lead-
ing order. Though, our approach goes well-
beyond the mean-field approach, incorporating,
in principle, the exact electron-photon correla-
tion by direct diagonalization in the adiabatic-
Fock representation. In this case (Fig. 8), it
is clear that the DSE is directly related to
the chemically relevant modifications to the
ground state energies (to a first approxima-
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tion), since the DSE contribution nearly quan-
titatively reproduces the changes to the TS
barrier energy in all cases (i.e., other contribu-
tions largely cancel among each other). This
also provides confirmation of the various mean-
field QED-HF calculations®!3:1%:16:20.2131 5 wre]]
as high-level approaches®891314.17,18,32°37 jp)
the community exploring ground state cavity-
modifications. 10:1%23726

Conclusions

We have shown that coupling a textbook ground
state DA reaction to an quantized cavity photon
allows for strong isomer selectivity, which is not
observed outside the cavity under standard reac-
tion conditions. Our results show that the cavity
induces selectivity toward the endo isomer, even
for moderate coupling strength as well as for ran-
dom molecular orientations. In addition, we have
shown that pQED-TDDFT method qualitatively
agree with the high-level scQED-CCSD approach
and with errors between the two approaches less
than 3 kcal/mol, in agreement with reported er-
rors between DFT and CCSD methodologies out-
side the cavity. This work, thus, provides an im-
portant and necessary benchmark with the high-
level self-consistent QED coupled cluster approach
which is commonly used to explore ab initio molec-
ular polaritons.

By computing the ground state difference den-
sity, we show that the cavity induces a redistribu-
tion of electron density to stabilize or destabilize
the TS geometry depending on the cavity polariza-
tion direction. Cavity-induced stabilization occurs
by shifting electron density from intramolecular
m-bonding orbitals to intermolecular bonding or-
bitals. Destabilization occurs through the opposite
mechanism where the intermolecular bonding or-
bitals donate their electron density to intramolec-
ular 7m-bonding orbitals. Thus, our results have
provided a chemically relavent description of the
cavity-induced changes to the ground state chem-
istry and thus changes to the molecular orbital the-
ory inside the cavity.?!

We extended this exploration to an arbitrary
cavity polarization vector which leads to critical
polarization angles that maximize the endo-/exo-
selectivity of the reaction. Here, we show that
the optimal selectivity for the ground state reac-
tion, in terms of the cavity polarization direction,
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does not well-correspond to a simple chemically
relavent direction but rather involves complicated
interplay between the many permanent and transi-
tion dipole orientations of the reacting molecules.
Overall, we show that maximum selectivity for the
endo and exo isomers can be achieved with relative
barrier energies approaching ~5 and ~10 kgT, re-
spectively. In the absense of orientational ordering,
we find that the endo isomer is preferred by ~kgT
even in a collection of randomly oriented molecules
coupled to the cavity.

Finally, we decompose the energy contributions
from the Hamiltonian and provide a discussion on
the effects of the dipole self-energy on the polari-
tonic ground state. The DSE contribution to the
TS barrier energy has identical trends with the
energy of the total Hamiltonian. Thus, we con-
clude that the DSE is the leading order physics
to the cavity-mediated ground state modifications,
which is in agreement with many other works at the
mean-field QED-HF level and beyond. We hope
this work enables further study of ground state
chemistry inside the cavity that includes (i) iden-
tification of the optimal cavity polarization direc-
tion for each reaction (ii) a quantitative benchmark
against other approaches, and (iii) a detailed com-
parison of the cavity parameters with state-of-the-
art experimental cavity designs.
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Additional figures that support the discussion in
the main text are provided, namely, light-matter
coupling strength scans, pQED-TDDFT /scQED-
CCSD benchmark comparisons, three-dimensional
isosurfaces of the difference density, and energy
contributions of reactant and transition state ge-
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