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Abstract

Recent experiments have demonstrated remarkable
mode-selective reactivities by coupling molecular vibra-
tions with vacuum fluctuations inside an optical cavity.
The fundamental mechanism behind such effects, on the
other hand, remains elusive. In this work, we theoreti-
cally demonstrate the basic principle of how cavity pho-
ton frequency can be tuned to achieve mode-selective re-
activities. We find that the non-Markovian nature of the
radiation mode leads to a cavity frequency-dependent
dynamical caging effect of a reaction coordinate, re-
sulting in a suppression of the rate constant. In the
presence of multiple competitive reactions, it is possi-
ble to preferentially cage a reaction coordinate when
the barrier frequencies for competing reaction paths are
different. Our theoretical results illustrate the cavity-
induced mode-selective chemistry through polaritonic
vibrational-strong couplings, revealing the fundamental
mechanism for changing chemical selectivities through

cavity quantum electrodynamics.

Introduction. Polariton Chemistry is an
emerging field'® that provides opportunities for
new chemical reactivities or selectivities by cou-
pling molecular systems to quantized radiation
fields inside an optical cavity. By hybridizing vi-
brational excitations of the molecule with the pho-
tonic excitation of the radiation inside the cavity,
new light-matter entangled states, so-called the po-
lariton states are generated. Recently, it has been
demonstrated that it is possible to suppress®19
or enhance'"!2 ground state chemical reactivities
by placing an ensemble of molecules in an opti-
cal micro-cavity through the resonant coupling be-
tween the cavity and vibrational degrees of freedom
(DOF) of the molecules. This so-called vibrational
strong coupling (VSC) regime® operates in the ab-
sence of any light source,”® and was hypothesized
to utilize the hybridization of a vibrational transi-
tion of a molecule and the zero-point energy fluc-
tuations of a cavity mode.”®

In a recent ground-breaking experiment, Ebbe-
sen and co-workers” have demonstrated that the
cavity can selectively slow down a particular re-
action among competing reaction pathways, and
revert the reactive selectivities. This new strategy
of VSC, if feasible, will allow one to bypass some
intrinsic difficulties (such as intramolecular vibra-
tional energy transfer) encountered in the mode-
selective chemistry that uses IR excitation to tune
chemical reactivities, offering a paradigm-shift of
synthetic chemistry through cavity enabled bond-
selective chemical transformations.”®

Unfortunately, a clear theoretical understanding
of such remarkable VSC ground state reactivities
remains missing, including the explanation of res-
onant effect where the suppression of the rate is
achieved with a particular cavity photon frequency
as well as collective coupling effects. In addition,



the reported branching ratios tilt toward the same
product regardless of whether the Si-C, Si-O, or
Si-CH3z mode is resonant with the cavity.” A rea-
sonable theoretical explanation for this observed
kinetics modification remains elusive.

In response to this theoretical challenge, we have
recently conjectured that the non-Markovian na-
ture of a cavity radiation mode could lead to a sig-
nificant suppression of the chemical reaction rate
constant at a particular photon frequency that is
related to the reaction barrier frequency.'? At a
particular frequency, the cavity radiation mode in-
duces the dynamical-caging effect,!3® such that
the molecular reaction coordinate becomes trapped
in a narrow “photonic solvent cage” near to the top
of the barrier region, leading to a suppression of the
chemical kinetics. Such effects are dynamical and
are not captured within a simple transition state
theory. 16

In this work, we use the dynamical caging conjec-
ture of VSC polariton chemistry!? to explore the
possibility of cavity enabled mode selective chem-
istry.” We consider a model molecular system that
has two competing reaction pathways, with an al-
most identical potential energy barrier height (with
the difference less than 0.2 kcal/mol), but differ-
ent imaginary barrier frequencies. We demonstrate
that by tuning the cavity frequency, one can se-
lectively cage one reaction channel over the other,
hence changing the ratio of the rate constants of
two reactions as well as the preference of compet-
ing reactions.

Theoretical Model. For a molecule system Hy
coupled to a quantized photon mode inside an op-
tical cavity, the Pauli-Fierz (PF) QED Hamilto-
17220 5 expressed as follows
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where Hy, is the molecular Hamiltonian and u(R)
is the total dipole operator associated with the
molecule. Further, §. = +/h/2wc(a! + @) and
Pe = iy/hwe/2(at —a) are the photon mode coordi-
nate and momentum operator, respectively, where
a' and @ are the photon mode creation and an-
nihilation operators. Under the dipole gauge, the
matter interacts with the quantized radiation mode
of the cavity by displacing the photonic coordinate

nian

with the amount of , /% x - (R), where x charac-

terizes the coupling strength between the molecule

and the cavity. Note that the correct QED de-
scription in Eq. 3 includes the dipole self-energy
(DSE) (x - #(R))?/hwe. A detailed derivation of
this Hamiltonian is provided in the Supporting In-
formation.

We further define a reduced coupling strength

~ X

= e (2)
which is used to characterize the coupling strength
in the system regardless w.. At the resonant condi-
tion to observe Rabi splitting in absorption spectra,
which is w. = wy, the photon-vibration interaction
couples photon-dressed vibronic-Fock states |vg, 1)
(photonic excitation) and |v1,0) (vibrational exci-
tation), inducing a Rabi splitting in the absorption
Bo

spectra as h{lp = 2\/%)(-% = QW hwe - 7.

Here, uf, = du(R)/dR|p=pr, is the slope of the
dipole around the minima Rj.

In this study, we consider a molecule that can un-
dergo two competing reaction pathways, depicted
in Fig. 1a. We model these two competing reac-
tions with two independent Shin-Metiu models. 2!
We assume the directions of the two reaction are
completely parallel, such that both can be aligned
with the cavity polarization direction. This is simi-
lar to the model molecular systems investigated by
Ebbesen and co-workers.” The molecular Hamilto-
nian is
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where E(R1, R2) = E1(R1) + E2(Rz2) is the ground
electronic state potential energy surface for two un-
coupled Shin-Metiu model, which are depicted in
Fig. 1b. The total dipole is modeled as u(R) =
w1 (R1) + pe(R2), of the iy, reaction coordinate de-
picted in the top panels of Fig. 1b, u;(R;) is the
ground state permanent dipole moment of the i-th
reaction coordinate depicted in the bottom panels
of Fig. 1b. In addition, ﬁvib (see details in the
Supporting Information) is the vibrational system-
bath Hamiltonian that describes the interactions
between reaction coordinates R; and Ro and other
vibrational phonon modes x in the molecule.

The VSC polariton chemical kinetics can be
viewed as a barrier crossing process on the cavity



Born-Oppenheimer surface (CBO), 172223
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In the VSC regime, the cavity mode has a simi-
lar range of frequency as the molecular vibrations,
meaning that g. evolve at a similar time scale as
R.. Following previous works, 2325 here we treat all
nuclear and photonic DOF classically.
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Figure 1: (a) A model molecular system with two
competing reactions pathways, labeled as Reac-
tion 1 (red) and Reaction 2 (blue), respectively.
(b) The potential energy surface of the electronic
ground state Shin-Metiu models used to simulate
the PCET reactions. The ground state potential
energy surfaces (PES) E(R) are shown in the top
panels, and the permanent dipole moment u( R) are
shown in the bottom panels. All plots are in the
same color coding as panel (a). The reaction bar-
rier of Reaction 2 (wé = 839 cm™1) is much broader

than that of Reaction 1 (w% = 1307 cm™!).

Reaction Rate Constant. Formally, the rate
constant can be rigorously expressed in terms of
the TST rate krst and the transmission coefficient
K as follows

— 1 )

k tgg) k(t) - ks, (5)
where ¢, refers to the plateau time of the flux-side
correlation function, and k(t) is the transmission
coefficient that captures the dynamical recrossing

effects, which measures the ratio between the ac-
tual reaction rate and the TST rate. We will also
refer to the plateau value of the flux-side correla-
tion function as k(t,). The TST rate is expressed
as
L - wf() —BEy, (6)
TST = 27r€ )

where B}, = F(RY) — E(R) is the potential energy
barrier height measured from the bottom of the
well R to the top of the barrier R¥, and w® is the
vibrational frequency of the reactant at R = RO,
and 8 = (kgT)~'. When the DSE is explicitly
considered, Fj}, remains invariant as changing the
light-matter coupling strength or the photon fre-
quency, explaining why one can not observe any
effects from a simple TST analysis. 2426

Since kgt does not change under the VSC con-
dition, we have conjectured'® that VSC chemical
reactivities is purely originated from the transmis-
sion coefficient k. We can compute s through cal-
culating the flux-side correlation function numeri-
cally,?” 2 which is defined as

(F(0) - h[R(t) — RY)
(F(0) - h[RH0)])

K(t) = : (7)

where h[R — R*] is the Heaviside function of the re-
action coordinate R, with the dividing surface R
that separate the reactant and the product regions
(for the model system studied here, R* = 0), the
flux function F(t) = h(t) = 6[R(t) — RY]- R(t) mea-
sures the reactive flux across the dividing surface
(with 0(R) as the Dirac delta function), and (...)
represents the canonical ensemble average (subject
to the constraint on the dividing surface which is
enforced by J[R(t) — R;| inside F(t)). Further,
R(0) represents the initial velocity of the nuclei
on the dividing surface. The above flux-side for-
malism of the reaction rate can be derived from
Onsager’s regression hypothesis, with derivations
presented in standard text books (e.g., Ref. 29).
The numerical simulation details of k is provided
in the Supporting Information.

Further, the total rate constant of the model
system can be estimated from the Grote-Hynes
Rate Theory. 41539 The GH rate constant is given

a530_33 N .
1 IL=a Y s,
2 L

where {Q%} are normal mode frequencies of the

Hamiltonian in the reactant well, and for v > 2,
{Qli,} is the stable normal mode frequency at the

(8)
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barrier, such that Qli,z > 0. Forv =1, Qli,z <0
is the imaginary frequency of the transition state.
Treating R and ¢, as the “coordinates” of the hy-
brid system, we directly diagonalize the Hessian
Matrix of the model Hamiltonian (Eq. 4) to com-
pute these frequencies to obtain the GH rate. The
details of these calculations are provided in the
Supporting Information.
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Figure 2: (a) The chemical reaction rate constants
of the two competing pathways 1 (red) and 2 (blue)
at various cavity frequency w. obtained from numerical
simulations (dots) based on Eq. 5 as well as the ana-
lytical rate expression (solid curve) in Eq. 8. (b) The
yield (%) ¢i (Eq. 9) of reaction i as a function of w..
The preference of the product is reversed in the region
of we € [49 em™1, 565 cm 1.

The yield of the reaction i is estimated as”

k;

oy

(9)
for two competing pathways i € {1,2}, where the
reaction rate constants ki = ki(tp) - krer (i), £(tp)
can be computed based on Eq. 6 and Eq. 7, or using
the GH analytical rate theory in Eq. 8.

Results and Discussions. Fig. 2a presents the

reaction rate constants k; of two competing path-
ways i € {1,2} as a function of cavity frequency w,
under the normalized coupling strength (see Eq. 2)
7 = 0.047 a.u.. One can clearly see that the two
reaction rate constants ki and ks are suppressed
with the present of the cavity, agreeing with re-
cently observed rate constant suppression of the
VSC chemistry. We emphasize that this suppres-
sion is completely originated from the reduction of
the transmission coefficient £ (Eq. 7), not from the
TST rate constant (Eq. 6) as the classical barrier
height does not change with the presence of cav-
ity. Interestingly, the maximum suppression of k;
occur at two different cavity frequency. This cav-
ity frequency-dependent reduction of rate constant
has been explained from our earlier work:'3 when
the cavity frequency reaches to a frequency related
to the top of the barrier frequency wy, the dynami-
cal cadging effect reaches to its largest magnitude.
More specifically, for a simplified model with one
only reaction coordinate and without the phonon
bath Hyq, (in Eq. 3), the maximum suppression
frequency is

h_ 1 _
Wy = —5772/1/? + 5\/712774//% + 4w, (10)

where 7 = ﬁ and py = 8’5(]?)] pt- The pres-

ence of Hyy, does not significantly change this fre-
quency. The detailed derivation and discussions
are provided in the Supporting Information. When
7 is small such that 7%y’ i‘ < 4w?, the the maxi-
mum suppression frequency is close to the barrier
frequency, such that ws =~ wp. As the coupling
strength 7 increases, the minimum will be shifted
to the low-frequency region, as the scenario demon-
strated in Fig. 2a. Nevertheless, the difference in
wp, associated within two competing reactions man-
ifest into the difference of the maximum suppres-
sion frequencies associated with two reactions.
Fig. 2b presents the yield of the product” ¢;
(defined in Eq. 9) for reaction i as a function of
we. As one can see, the changing preference of
the yield is rooted in the frequency-dependent sup-
pression of the rate constant k; shown in Fig. 2b.
In particular, the reverted preference occurs at a
range of different cavity frequencies, in the region
of we € [49 em™!,565 cm™!], and the maximum
reverted preference occurs at we. = 201.6 cm™!,
where the ratio k2 /k; has been changed in the most
significantly by coupling to the cavity (because
¢1 = 1/(1 + ka/k1). Even though that our model



(a) 300
100 3
S -100 2
5
-300 1
-500 Reaction 2 0

(c)
0.8
0.6 r
N4
0.4 r r
No cavity
0.2 w,=80.7 cm? r
0 Reaction 1 ) Reaction 2 )
0 50 100 150 0 50 100 150
Time (fs) Time (fs)

Figure 3: (a) The Cavity Born-Oppenheimer (CBO)
surface and a representative trajectory for Reaction 1 at
we = 201.6 cm™!. The reaction coordinate Rs is fixed
at its equilibrium position for plotting the surface. (b)
CBO surface for Reaction 2 at w. = 201.6 cm ™', which
exhibit the “dynamical caging” effect from the photon
field (recrossing in the barrier region). The transmis-
sion coefficient x(t) at various cavity frequency w. are
presented for (c) reaction 1 and (d) reaction 2.

system is different than the molecular system ex-
plored by Ebbesen and co-workers,” our results
show some interesting basic features of that exper-
iment. In particular, we find that using a high-
frequency off-resonant cavity (w. is larger than all
vibrational frequencies, such as w. > 1600 cm™!
in the current model), the selectivity is the same
as the original selectivity without the cavity (effec-
tively we. = 0). Further, we find that the reverted
preference occurs during a range of cavity frequen-
cies, even though the maximum reduction of the
rate constants for two competing reactions occur
at two specific cavity frequencies. Our theoretical
results provide a new perspective to understand the
recent VSC enhanced selectivities of competing re-
actions, such as the results presented in Ref. 7 (in
particular, Fig. 3b in that work) which demon-
strate a similar trend of change of preference at
three different cavity frequencies. To further un-
derstand the reverted selectivities of reactions, we
further explore representative reactive trajectories
on the cavity BO surfaces for both reactions.

Fig. 3a presents the CBO surface along the pho-
tonic coordinate g. as well as reactive coordinate
Ry, whereas R is fixed at the equilibrium posi-

tion RY. The molecule is coupled to a cavity with
we = 201.6 cm~! through the coupling strength
7 = 0.047 a.u. A representative trajectory for the
molecule undergoes reaction 1 (black solid line) is
also presented on top of the CBO surface. Because
we is detuned from the maximum suppression fre-
quency ws (Eq. 10), the friction from the photonic
coordinate ¢. does not severely impede the tran-
sitions of R;. The majority of the trajectories of
reaction 1 directly pass through the transition state
region so that the transmission coefficient x is not
significantly reduced compared to the value in the
no-coupling case.

Fig. 3b presents the CBO surface along ¢, and
Ry, as well as a representative reactive trajectory
along for reaction 2 under the same cavity fre-
quency and coupling strength as used in Fig. 3a.
For reaction 2, the cavity frequency equals to the
maximum suppression frequency w. = ws, and the
reaction coordinate Ry becomes trapped in a nar-
row “solvent cage” on the barrier top, hence signif-
icantly slows down ko through multiple recrossing
dynamics (as shown in Fig. 3b). Together with
Fig. 3a, we find that the fundamental mechanism
of the cavity enhanced selectivities is originated
from a selective “solvent caging effect” (i.e., en-
hancement of the recrossing dynamics) among two
competing reactions, when the cavity frequency is
selectively tuned to match the maximum suppres-
sion frequency ws of one reaction, but not the other.

Fig. 3c-d presents the time-dependent transmis-
sion coefficient (t) (see Eq. 7) for (c) reaction 1
and (d) reaction 2 at five different cavity frequen-
cies. Note that as w. increases, k(t) for both re-
actions becomes more oscillatory. The long time
plateau values of k(t) keep decreasing when in-
creasing the cavity frequency, after reaching to a
minimum (when w. equals to the wg for a given re-
action), k(t) starts increase again. This can be
clearly see from the rate constant presented in
Fig. 2. This cavity-frequency dependent suppres-
sion of rate constant has been extensively discussed
in our previous work: '3 when w close to the ws, the
dynamical caging effects reaches to its maximum
magnitude, and when w. deviate from wg the reac-
tive channel on CBO surface is either very broad
or very narrow, such that the reactive trajectory
is not severely caged compared to the condition of
We = W.

Fig. 4a presents the reaction rate constants k; of
two competing pathways at a fixed photon mode
frequency w. = 201.6 cm™! while changing the
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Figure 4: Selectivity with respect to changing cou-
pling strength. (a) Reaction rate constants of re-
action 1 (red) and reaction 2 (blue) versus the re-
duced coupling strength 7 = x/(vV/Mw.). (b) The
percentage yield. (c) & (d) The time-dependent
transmission coefficient x(t) at different coupling
strength for reaction 1 (left) and 2 (right).

normalized coupling strength 77 (Eq. 2). The rate
constants of both pathways decrease monotoni-
cally as 7] increases, due to the transition from the
non-equilibrium solvation regime to the dynamical
caging regime as discussed in our previous work. 3

Fig. 4b presents the yield ¢; associated with both
pathways, with an interesting switch over of the
reaction preference also occur at an intermediate
coupling strength. To the best of our knowledge,
this effect has not been experimentally explored.
This theoretical prediction suggests that tuning the
light-matter coupling strength can also reverse the
preference of the reaction. For our case, the max-
imum selection is achieved at 77 = 0.058 a.u. As
the coupling strength enters into the ultra strong
coupling regime, the yield for both products goes
back to the value of the cavity free scenario, as both
reactions are severely caged.!3

Fig. 4c-d presents the transmission coefficient
k(t) at various 7. Similar to the k(t) plots in
Fig. 3c-d, here, k(t) becomes more oscillatory as
the coupling strength 7 increases. However, there is
no turnover in the plateau value () in this case,
in contrast to the scenario presented in Fig. 3c-d.
On the other hand, the Rabi splitting (from the IR
spectrum) of the current work is within the range

of the recent VSC experiments.”® This is because
in these VSC experiments, the collective coupling
strength is scaled up by v/ N. In this study, we
have also explicitly assumed that the dipole mo-
ment is always aligned with the cavity polarization
direction.

Conclusions. In this work, we demonstrate the
possibility of cavity enabled mode-selective chem-
istry originated from the “dynamical caging” effect
from the photon field, causing a maximum suppres-
sion on a reaction rate constant at a frequency re-
lated to the original imaginary barrier frequency of
the reaction pathway. We show that the ratio of
the two rate constants, hence, the selectivity of two
competing reaction pathways can be reverted when
the two pathways have different barrier frequen-
cies. This is because that under a specific cavity
frequency, one reaction is not as caged as the other
one due to difference for their top of the barrier fre-
quencies. Under the strong light-matter coupling
strengths, the preferred products can be reverted
at a range of cavity frequencies. The reactive pref-
erence when the cavity frequency is much higher
than all vibrational frequencies (off-resonant con-
dition) remains the same as the original preference
outside the cavity. These findings reproduces the
basic features observed in the recent

In addition, we also predict that at a fixed cav-
ity frequency, the selectivity can also be tuned by
changing the coupling strength of the light-matter
interaction. Similar to the cavity frequency tuning,
the maximum selectivity can be achieved at an in-
termediate coupling strength. Further increasing
the coupling strength will result in the same se-
lectivity as the no-cavity case. To the best of our
knowledge, this effect has not been observed ex-
perimentally. We encourage future experimental
works to explore this theoretical prediction.

Admittedly, the cavity frequencies where the
maximum suppression occurs show a strong red
shift with respect to the original barrier frequen-
cies of both pathways, due to a large coupling
strength we chose. As we explained in our previous
work, '3 the experiments are in the collective cou-
pling regime,” whereas our work is limited to the
case where a few molecule is strongly coupled to
a single radiation mode. Future theoretical work
is needed to be done to investigate the collective
effects in VSC..2425 On the other hand, the exper-
imental set up of the single molecule-polasmonic
cavity?* should allow the direct verification of the
theoretical conjectures presented in this work.



To summarize, our work provides a plausible the-
oretical explanation on the mode-selective chem-
istry through polaritonic vibrational strong cou-
pling. The rate constants of two competing reac-
tions are unevenly suppressed from the dynamical
caging effect originated from the molecule-cavity
interactions. Further investigation will focus on
understanding the collective VSC reactivities by

coupling many molecules with the cavity.242>
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