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ABSTRACT: Optical cavities provide a versatile platform for Cavity-molecule s
manipulating the excited-state dynamics of molecules via strong
light—matter coupling. We employ optical absorption and two-
multidimensional electronic spectroscopy simulations to investigate
the effect of optical cavity coupling in the nonadiabatic dynamics of
photoexcited pyrazine. We observe the emergence of a novel
polaritonic conical intersection (PCI) between the electronic dark
state and photonic surfaces as the cavity frequency is tuned. The PCI
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could significantly change the nonadiabatic dynamics of pyrazine by

doubling the decay rate constant of the S, state population. Moreover, the absorption spectrum and excited-state dynamics could be
systematically manipulated by tuning the strong light—matter interaction, e.g., the cavity frequency and cavity coupling strength. We
propose that a tunable optical cavity—molecule system may provide promising approaches for manipulating the photophysical

properties of molecules.

B INTRODUCTION

Optical cavities provide a novel means for controlling the
photochemistry and photophysics of molecules by making use
of strong light—matter coupling without chemical modifica-
tions or strong external laser pulses.' >' Optical cavities are
standing-wave light resonators that can be made of high-
reflectivity mirrors (Fabry—Perot type), photonic crystals,
nanomaterials, or microcircuits.”” The coupling can be created
between electronic transitions of embedded molecules and the
confined cavity photon mode with the strength
g=u \/ﬁ hao,

2Ve,

where u is the transition dipole, €, is the

electric permittivity of a vacuum, N is the number of molecules
in the cavity mode, which is in the vacuum state, V is volume,
and . is the cavity frequency. The effective coupling strength
can be enhanced by increasing the molecular concentration N/
V. The electronic and optical properties of molecules™'” are
affected by vacuum fluctuations of the cavity mode. The
Purcell effect, which increases the spontaneous emission rates
of atoms when placed in a resonant cavity, is a notable result.””
When the coupling strength is greater than the loss rate of the
cavity mode and the decoherence rate of the molecule, the
strong light—matter coupling regime is realized. The electronic
or vibrational molecular degrees of freedom then combine with
the cavity photon to form polaritons, which are of hybrid
light—matter states. The ultrastrong coupling regime can be
reached in the collective strong coupling regime with many
molecules,””*>**>” where the coupling strength is compara-
ble to the cavity frequency g/w. ~ 0.1-0.2.">*" Single-
molecule strong coupling has been reported in plasmonic
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nanocavities where g ~ 100 meV and o, ~ 1.88 eV.”” In the
single-excitation space, one major difference between many-
molecule and single-molecule strong coupling is that there is a
manifold of collective dark states for N >> 1, which may affect
the cavity-controlled chemical reactions.”” The splitting of a
single molecular resonance into a doublet of polariton states in
the absorption and cavity transmission spectra’ is a signature
of strong coupling. However, for a dense electronic state
manifold, it is possible to observe only a single polariton
state.”’ Cavity polaritons have been shown to strongly affect
the electronic, optical, and chemical properties of molecules
and materials, such as increasing the conductivity of organic
semiconductors,” reversing the selectivity of a ground-state
chemical reaction,” improving optical nonlinearity,’ and
enabling long-range electronic and vibrational energy trans-
fer.””** These findings triggered intense theoretical stud-
feg, 121193539

Herein, we investigate cavity effects on molecules under-
going conical intersections. Conical intersections (ClIs) in bare
molecules play an important role in many chemical and
biophysical processes, including the primary event of vision
and photostability of DNA molecules,”” by providing an
ultrafast nonradiative electronic decay channel for excited
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Figure 1. (a) Pulse configuration and time delays for four-wave mixing of a pyrazine molecule in a cavity, (b) 1D adiabatic electronic PES S, of the
bright (S,) and the dark (S,) excited states of a bare molecule along the Q. vibrational coordinate while Q, is fixed at —3.5 where the conical
intersection occurs (the electronic ground state (S;) is not shown). The black dark circle denotes the CI between the two excited states (S;—S, CI)
is marked by a black circle. (c) Example of 1D PPESs ¢, of a molecule in a cavity with cavity frequency @.,, = 4.0 eV and cavity coupling strength g

= 2000 cm™'. The red circle denotes the novel PCI (¢, — ¢, PCI).

molecules due to the strong electron—nuclear coupling at the
crossing region. The detection and control of nonadiabatic
dynamics around Cls have been extensively studied.*'™*
Various nonlinear spectroscopic techniques have been used to
investigate photochemical dynamics around Cls, including
monitoring state population dynamics,ém’49 transient vibra-
tional/visible spectra,so*53 transient absorption, photoioniza-
tion spectra,”* and (off-)resonant stimulated X-ray Raman
techniques.”> Nonadiabatic molecular dynamics occur in an
optical cavity on polaritonic potential energy surfaces (PPESs),
with hybrid electron—photon polaritonic states replacing the
bare adiabatic potential energy surfaces. The PPESs have more
features than their bare adiabatic counterparts, such as light-
induced crossings and polaritonic conical intersections,””> >
which can be modulated by cavity frequencies and the cavity—
molecule coupling. Cavities could significantly alter the
photochemistry of molecules and can be used to control
photochemical reactions by molecular polaritons. Time-
resolved nonlinear spectroscopic techniques are required for
the real-time monitoring of ultrafast polaritonic dynamics.”*>’
Experiments in two-dimensional (2D) infrared spectroscopy
have been carried out to study the relaxation dynamics of
vibrational polaritons.**°

We use multidimensional electronic spectroscopy to
investigate the polaritonic dynamics of a pyrazine molecule
coupled to a single cavity mode in this study. 2D electronic
spectroscopy (2DES) provides a time-resolved ultrafast probe
for dynamics in a wide variety of materials, including molecular
aggregates and photosynthetic complexes.”’ We previously
simulated the polaritonic dynamics and pump—probe transient
absorption spectra of a single and a pair of pyrazine molecules
in an optical cavity’>”' and demonstrated that the cavity mode
could split the pristine S;/S, CI into two polaritonic ClIs,
significantly altering the internal conversion dynamics. The
competition between wavepacket dynamics on the bright
PPESs and dark-state surfaces determines the polaritonic
dynamics of a pair of pyrazines. To monitor polaritonic
dynamics in real time, multidimensional electronic spectros-
copy of the polaritonic conical intersection should be useful.”!

To simulate the 2DES of molecules in an optical cavity, we
use a phase-cycling protocol in conjunction with a non-
adiabatic wavepacket dynamics method. This method avoids
diagonalizing the full photon—electron—nuclear Hamiltonian,
which is required in perturbative simulations, and also
accounts for the pulse shape without employing the impulsive
limit. It entails explicitly propagating the polaritonic dynamics
including the external probing laser pulses and scanning the
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interpulse temporal delays, i.e., coherence time T}, population
time T, and detection time T, (see Figure 1). Polaritonic
dynamics is simulated by numerically exact nonadiabatic
wavepacket dynamics with two vibrational modes. The
phase-cycling protocol dissects the desired third-order
response functions, each represented by a Liouville space
pathway.”> We investigate the optical signatures of strong
coupling in the nonadiabatic polariton dynamics of photo-
excited pyrazine by examining the population dynamics,
PPESs, linear absorption, and photon echo spectroscopy.
Our simulations demonstrate how the couplings between
molecular degrees of freedom (vibrational or electronic) can
be extracted from multidimensional spectroscopy by exploiting
multiple electric fields.

B THEORY AND COMPUTATIONAL DETAILS

Nonadiabatic Dynamics in an Optical Cavity. The
Hamiltonian of a molecule in the optical cavity is given by the
sum of the molecular Hamiltonian Hy;, the cavity photon
Hamiltonian H, the cavity—matter interaction Hy;, and the
classical light—matter interaction Hy(t)

H = Hy + Hc + Hey + Hyy(t) (1)
Pyrazine is modeled by a linear—vibronic coupling effective
Hamiltonian developed in ref 63, which includes three
electronic states (S;, S;, and S,) and two vibrational modes
that are strongly coupled to the electronic system. The ultrafast
nonradiative decay is caused by a CI between S, and S,. This
model has been widely used to study the nonadiabatic
dynamics via the CL**®* The molecular Hamiltonian in the
diabatic basis reads

Hy= Y Iyl + 2Q () ysl + He)
k=0,1,2

)

where b, = Y, led(aZa” +1/2) + E, + KQ, and H.c.

denotes the Hermitian conjugate. Here, , and Q, denote the
frequency and dimensionless coordinate of the oth vibrational
mode (o = ¢ for the coupling mode and ¢ = t for the tuning
mode), respectively, ly;) are the diabatic electronic states, Ey is
its vertical excitation energy at the Franck—Condon point, ki
are the intrastate electron—vibrational coupling constants, and
A denotes the interstate coupling strength. The parameters
used for Hy are Aiw. = 118 meV, hw, = 74 meV, E, = 3.94 eV,
E, =484 eV, K, = —105 meV, k, = 149 meV, and 1 = 261.6
meV. The cavity Hamiltonian is given by

o=t,c
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Figure 2. Nonadiabatic polaritonic dynamics for pyrazine coupled to
a cavity mode with cavity photon coupling strength g = 2000 cm™.
Population dynamics of electronic states (a) y, (S,), (b) y; (S;), and
(c) v, (S,) as functions of the time delay T and the cavity frequency
@, The initial decay of P, and the initial preparation of P, are not
shown for better visibility.

He = hoy,,(alya,, + 1/2) 3)

where w,,, denotes the resonance frequency of the single cavity

cav

mode and a_, (al,) denotes the annihilation (creation)

operator of the cavity photon.

The cavity—molecule dipole interaction is
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Hey = D 8,(R)(al, + a,) () (wl + He)

i<j (4)
where g; is the coupling strength and R = (Q, Q.) denotes
nuclear coordinates. We use the Condon approximation
because the transition dipole moment matrix elements
between diabatic states have a negligible dependence on the
nuclear coordinates.

The nonadiabatic dynamics of pyrazine in the optical cavity
are precisely simulated by numerically solving the time-
dependent Schrodinger equation with a complete basis set of
the full polaritonic space. A polaritonic basis function is a
direct product of the diabatic electronic state ly), the cavity
mode Fock state In,,), and the Fock states for the two
vibrational modes In.) ® In,), i.e., lknnn) = ly) & Ing,) ®
In.) & In.) The basis set used in all simulations is n, = 3, n.,, =
2, and n, = n_ = 20, resulting in a total of 2400 basis functions
in the polaritonic space. The Runge—Kutta fourth-order
method was used to integrate the time-dependent Schrodinger
equation for the joint light—molecule system with a time step
of 6t = 0.04 fs. The resulting states were used to calculate the
time-dependent polarization (u(t)), and the phase-cycling
protocol was used to obtain the 2DES signal.

Phase-Cycling Protocol for Four-Wave Mixing Sig-
nals. Nonlinear optical signals are given by sums over Liouville
pathways, representing different orders in the fields. To isolate
the desired nonlinear signal, direct time-domain simulation of
multidimensional signals of molecules driven by external fields
requires a phase-cycling protocol.”~% While phase-matching
is a common method for distinguishing different nonlinear
pathways in experiments using noncollinear pulse configu-
rations, phase cycling is a convenient experimental and
computational alternative. We employed a nine-step phase-
cycling protocol to separate the third-order photon echo
contribution from the total nonadiabatic dynamics driven by
three external UV pulses (refer to Supporting Information for
details).

In third-order nonlinear four-wave mixing (FWM) spectros-
copy, the system interacts with three electric pulses E,, E,, and
E; and is finally detected by the local oscillator field E,, which
interferes with the emitted signal to generate the heterodyne
signal.

5= [aun)Ew

(%)
The third-order signal is given by
SOty 1, 1) = f dtdt,dt,dtRV(E, 1y, 1)
X E,()Ey(t — t)Ey(t — t; — t))B(t —t; — t, — tl)( :
6

The third-order response function R(3)(t3, t, t;) can be
expanded in Liouville pathways (see Supporting Information
Figure S1 for diagrams).

6
ROty 1, 1) = D R (15, 1y, 1) + cc.

n=1

)

The 2D photon echo signal S(Q,, T,, Q;) is displayed by a
double Fourier transform of the third-order photon echo
polarization P(T,, T,, T;) with respect to the pulse delays T,
and Tj as follows:

https://doi.org/10.1021/jacs.2c00921
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S(Q T, Q) = [dn; [ane® (T, 1, ) (o
To generate the 2DES spectra shown in Figure 7, we used
1000 sets of wavepacket dynamics with different time delays T
and T, each consisting of a simulation time of 2200 fs and a
time step At = 0.1 au. The 2D FWM signals were generated by
scanning the delays T and T}, with T, = 10 and 500 fs. T was
varied from 9.0 fs to 501.0 fs in 0.4 fs increments, and T; was
scanned from 9.0 fs to 1001.0 fs in 0.4 fs increments. We
assumed the Gaussian electric field envelopes as follows:

E(t) = Asin((t — t) + Bexpl—(t — £)*/2aD)]  (9)

with an electric field strength of A = 0.01 au (3.51 X 10" W/
cm?) for all incoming fields, central time f, central frequency
®, pulse duration ¢, and phase ¢, Time delays between pulses
are given by T, = t,,; — t.. The pulse central frequencies were
set to @, = 4.7 eV and w, = w; = w, = 4.0 eV with pulse
durations of 10 fs at full-width at half-maximum (fwhm).

B RESULTS AND DISCUSSION

Dynamics and the Absorption Spectrum. The
population dynamics of adiabatic electronic states and the
absorption spectra of pyrazine driven by a single electric field

Table 1. Fitting Parameters for the Early Population

Dynamics to an Exponential of the Form y = a;e™ + y,
e P bare Bhyew Phew Py oy

k 0.045 0.045 0.097 0.034 0.080

a —0.241 0.243 —0.322 —0.050 0.333
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E, with a central frequency w, = 4.7 eV are first discussed.
Previously, the nonadiabatic dynamics of a pyrazine molecule
in a cavity, as well as its transient absorption spectroscopy,
were investigated.”” We begin by scanning the cavity frequency
¢,y at various coupling strengths (g) to investigate the effect
of the light—matter interaction. The electronic states yq (S,),
v (S1), and , (S,) populations are plotted against the cavity
frequency @, = [0, 8] eV at the cavity—photon coupling
strength ¢ = 2000 cm ™" in Figure 2. In the bare molecule (g =0
cm™'), the S, electronic population (P,) grows within 10 fs of
initial excitation and further decays to S, via the S;—S, CIL The
initial decay of the bright excited state population P, is fast
(~60 fs). At long times, P, and P, remain around 0.1 with
several recurrences. The limited number of vibrational modes
in the model Hamiltonian does not account for the further
decay of the S, population to the S; surface, and the longer-
time decay is accentuated by including the additional modes.
Because there is no decay channel from S,/S, to S, the
electronic population of S, does not change during the
nonadiabatic dynamics.

The coupling to the cavity photon mode significantly affects
the population dynamics. Most importantly, at @, & 4 €V,
which can couple S and S, states via the cavity mode, the S,
population increases significantly during nonadiabatic dynam-
ics, as shown in Figure 2a, indicating a population transfer from
S, and S, states. The cavity—molecule coupling generates a
new polaritonic conical intersection (PCI) that serves as a
nonadiabatic transition channel from S; to S,. The PCI
depicted in Figure S will be discussed further below. The
decrease in the S, and S, populations for the cavity frequency
®ey = 4 eV (Figure 2b and c) indicates that a significant S;
population is transferred to S, during the nonadiabatic

https://doi.org/10.1021/jacs.2c00921
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Figure 4. Absorption spectra of pyrazine (eq 5). (a) Bare molecule. A
molecule in a cavity with different cavity frequencies @, = [2, 5.5]
with 0.5 eV increments at cavity photon coupling strengths (b) g =
2000 cm™ and (c) g = 4000 cm™". S}, S,, and the PCI bands are
marked as 1, 2, and 3, respectively. A blue-shift and a disappearance of
the S; band are marked as 4. The appearance of a new S; band is
marked as S. The S; band splits into upper (UP) and lower polariton
(LP) modes.

dynamics. Off-resonant cavity modes with the Sy—S; gap still
produce a noticeable change in the S, and S, populations. This
will be discussed in greater detail in the later text.

The early population dynamics are fitted to provide a
quantitative analysis of the polaritonic effects. 1D cuts of S, S,
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and S, populations of a bare molecule and a molecule coupled
to a cavity with ., = 4 eV are fitted to an exponential
function of the form y = a;e™ + y, as shown in Figure 3.
P, pare(cay) denotes a population at the S, surface of a bare
molecule (a molecule coupled to a cavity). Table 1 collects the
fitting parameters k and a. Population transfer from S, to S, in
a bare molecule was found from the similar k values for Py,
(0.045) and P, .. (0.045) and opposite sign of a (—0.241 and
0.243) as shown in panels a and b. In a molecule coupled to a
cavity (panels c and d), P, ,, decays faster and to greater extent
than in a bare molecule with k = 0.080 and a = 0.333, while
P, .., increases slower and to smaller extent with k = 0.034 and
a = —0.050. Importantly, it was found that a molecule—cavity
coupling with w,, = 4 eV doubled the rate constant of an early
decay of the P, population. The P, population rapidly
increases with k = 0.097 and a = —0.322 as P, ,, decreases.

Figure 4 shows the simulated absorption spectra of a bare
molecule and a molecule coupled to a cavity mode with cavity
frequency @, = [2, 5.5] eV at g = 2000 and 4000 cm™". Cavity
modes with @, < 2 eV and w_,, > 5.5 eV (not shown) do not
change the absorption spectra significantly. In panel b, strong
peaks originating from the Sy — S, transition appear in the
4.7—5.1 eV regime in a bare molecule (denoted as an S, band
marked as 2). The S; band denotes weaker 3.8—4.2 eV peaks
originating from the S, — S, transition (marked as 1). Peak 2
is much stronger than peak 1 because the S, state is a bright
state. Nonadiabatic effects result in a fine structure that reveals
the propagation of the wavepacket and the vibrational
progression on top of the electronic transitions. The fine
structure in the S, band is more complex, whereas the fine
structure in the S; band is simpler, indicating vibrational
wavepackets along a single mode on the S; surface. When a
pyrazine molecule is coupled to a cavity mode with g = 2000
cm™" (panel b), we see interesting new features as the cavity
frequency w,,, increases: the S, absorption gradually blue-shifts
as the cavity frequency increases from 3.0 to 4.5 eV and
eventually merges with the S, band. At the S; absorption,
another set of peaks appears (marked 3). When a cavity
frequency @,y = 4 €V is resonant to the y, — y; energy gap, a
splitting (A) of the S, band into two polaritonic modes, upper
(UP) and lower (LP) polaritons, is observed. We observe a
larger splitting (A’) when the cavity—molecule coupling
strength is increased to g = 4000 cm™' (panel c). Besides
that, we clearly see the peak shifts induced by the off-resonant
(when w,, # 4 eV) optical cavities.

The PPESs were then used to analyze the spectral features
seen in Figure 4. The effect of the cavity—molecule coupling in
PPESs is depicted in Figure S. Figure 5I depicts a 3D plot of
PPESs, while Figure SII and III depict 1D cuts of PPESs along
Q. at Q; = 0 and —3.5, respectively. The S;—S, CI in a bare
molecule is located at (Q,, Q,) = (0.0, —3.5). The wavepacket
that was initially promoted to the S, state at (Q, Q) = (0.0,
0.0) travels to the S,—S, CI to relax to the S, surface. The
ground () and the first excited (¢,) polaritonic surfaces for
the low cavity frequency @, = 2 eV shown in Figure Sb are
primarily caused by the coupling between a cavity mode and
the electronic ground state. The states ¢, and ¢; have
electronic and photonic characters, respectively. The electronic
S, and S, characters dominate the second (¢,) and the third
(¢3) excited polaritonic surfaces, respectively. However, there
is no conical intersection between the ¢, and ¢,. Only the S,—
S, CI, which can also be called ¢,—¢; CI, but its character is

https://doi.org/10.1021/jacs.2c00921
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2to S eV (at g =2000 cm™") (left panel, I) 3D plot of the PESs. 1D cuts of the PPES along Q. at (middle panel, IT) Q, = 0 and (right panel, III) Q,
= —3.5. A $;=S, CI and a ¢;—@, polaritonic CI (PCI) are marked by black and red circles, respectively. In panel e, the S;—S, CI becomes also a
polaritonic CI. Higher lying polaritonic surfaces that originated from the light—matter interaction between the cavity photon mode and S, and S,

surfaces are shown in (bII) and (bIII).

the conical intersections between S; and S,, can be found at
(Q, Q) = (0.0, =3.6).

When @, is increased, the ¢, surface blue-shifts along with
the @, and @5 surfaces. This results in a blue-shift in the S;
band, which is labeled 1 in Figure 4. At w,, = 3 eV, a new PCI
is formed between the ¢, and @, surfaces at (Q, Q,) = (5.1,
—3.5), while keeping the location of $,—S, CI at (Q, Q,) =
(—0.6, —3.5). As the PCI is formed, a nonadiabatic electronic
transition from @, to ¢, occurs, resulting in the new PCI band
at @ = 3.8 eV when 4.0 eV > @_,,, as shown in Figure 4 marked
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as 3. The PCI band is only visible at @_,, = 3 eV because the
wavepacket on the ¢, surface cannot reach the ¢,—¢, PCI,
which is located at a higher energy than the relaxed minimum
of the ¢, surface. The blue-shift of the PCI band at 4.0 eV <
Wy < 5.5 €V indicates that as w,,, increases, the ¢, surface
shifts to higher energy. The observation of these features
experimentally may provide direct evidence for the formation
of a PCI via molecule—cavity coupling. As the cavity frequency
W, increases to S eV, the ¢, —@, PCI shifts to Q. = 0 and the
S,—S, CI shifts to (Q, Q,) = (—4.5, —3.5). As shown in

cav

https://doi.org/10.1021/jacs.2c00921
J. Am. Chem. Soc. 2022, 144, 7758-7767


https://pubs.acs.org/doi/10.1021/jacs.2c00921?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00921?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00921?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c00921?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c00921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

5.50

5.25

\ S1-52 CI

X

eV)

5.00

~—

b
9
ul

X

Energy

P
U
S}

2

2
Qc

Figure 6. Change in the location of the CI (PCI) as @, varies from
3.0 eV (light color) to 4.5 eV (deep color) at 0.5 eV increments (at g
=2000 cm™). §,—S, CIs and @,—@, PCI are colored in red and blue,
respectively. Lines represent the shapes of the PPES in the vicinity of
the ClIs. Black arrows indicate the increase of w

g01-g0? PCI
4

—2 6

cav*

Supporting Information Figure S2, the locations of the S,-S,
CI and ¢,—¢, PCI do not change in the Q, coordinate.

Figure 6 depicts the shift in the location of the S;—S, CI and
@,—@, PCI as the w, increases from 3.0 to 4.5 eV. The CI
and PCI shift along the diabatic B,,(77*) state as the other
diabatic polaritonic surfaces shift to blue because of the
cavity—molecule coupling, while the B, (zz*) surface remains
unchanged.

2D Photon Echo Signal of Pyrazine in a Cavity. The
2D photon echo spectra of the bare molecule are compared to
those of a molecule coupled to a cavity mode with @, = 4 eV
at g = 2000 cm™ in Figure 7. 2D signals of bare pyrazine were
calculated earlier for similar models.””~”" This figure also
shows the population transfer during the T, delay, which is
varied between T, = 10 and 500 fs. The spectra were obtained
by using the phase cycling protocol described in the section
Computational Details in the Supporting Information. The
wavepacket detected during the T; (T;) time delays causes
absorption along the Q, () axis in the 2D spectra. The 2D
spectrum of the bare pyrazine molecule is shown in panel (ai).
Key signatures are denoted as S, and S, bands. The diagonal
peaks at (Q,, Q;) = (—4.8, 4.8) eV and (—3.7, 3.7) eV are
signatures of the wavepacket created by the initial excitation
from S, to S, and S, respectively, which remained on the same
surface during T, and T;. Because the transition dipole of the
Sy =8, transition is smaller than that of the S, —S, transition,
the (Q,, Q;) = (—3.7, 3.7) eV peak is much weaker than that
of the (—4.8, 4.8) eV peak. The cross-peaks at (Q,, Q,) =
(—4.8, 3.7) eV correspond to a wavepacket that is initially
promoted from S; to S, and then decays to S;. As a result, it
provides a signature of the nonadiabatic transition via the
conical intersection between S; and S,. The (Q,, Q) = (—4.8,
3.0) cross-peaks result from the wavepacket initially created at
S, and transferred to the S; surface at (Q, Q.) = (=3.5, +2.4)
through the S;—S, CI (see Figure Salll for the PES). This peak
reveals the wavepacket traveling from the S,—S, CI to the
bottom of the S, surface at (Q, Q.) = (0.0, +2.2) (see Figure
Sall), which is critical information to determine the population
transfer during the dynamics. As the wavepacket fully relaxes to
the bottom of the S; surface, the peak at (Q;, Q;) = (—4.8,
3.0) diminishes and the peak at (Q; Q;) = (—4.8, 3.7)
intensifies as shown in panel (bi).
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When a molecule is coupled to a cavity mode, a splitting of
the S; band into UP and LP in the 2D spectra is observed in
panel (bi). Two slightly different splittings can be observed
from the 2D spectra, A, and A,, which are the splittings along
the ©, and Q; coordinates, respectively. As shown in Figure
Sdii, the A} and A, gaps are manifestations of the ¢,—¢, gap
at the initial absorption occurring at (Q, Q.) = (0.0, 0.0) and
relaxed wavepackets at the bottom of the ¢, surface (Q, Q.) =
(0.0, —1.0), respectively.

The population transfer during the nonadiabatic dynamics is
reveled by the time delay T, dependence of the 2D photon
echo signal S(Q,, T,, Q). When the two signals S(Q,, T, = 10
fs, ©;) and S(Q, T, = 500 fs, Q,) are compared, it is
discovered that the S; band at (Q;, Q;) = (—4.8, 3.8) is
significantly enhanced as the population transfers from the S,
to S; surface. Simultaneously, the band at (Q,;, Q,) = (—4.8,
3.2) diminishes as the population transfer nears completion at
T, = 500 fs (panels bi and di).

The zoomed-in, black boxed region in Figure 7 highlights
the time evolution of the wavepacket that was initially prepared
on the S, surface. Wavepackets transferring from S, to S, (1),
wavepackets on S, (2")), and wavepackets transferring from ¢,
to ¢, (3(') ) are marked as key features. As the population time
T, is increased, region 2 grows as 1 diminishes in a bare
molecule (panels aii and bii), whereas region 2’ grows as 3’
diminishes in a molecule in a cavity (panels cii and dii). The
fine structure created by the vibrational progression at region
21 intensifies as T, increases. As T, changes from 10 to 500 fs,
the 2D signal intensity of the peaks 20 and 3" decreased by
40% as the electronic coherences are lost.

We observed valuable extra information from the 2D spectra
as compared to the 1D spectra such as population transfer
during the dynamics, relaxation of the excited wavepacket on
the PPESs, a splitting between polaritonic states, and how a
molecule—cavity coupling manipulates the nonadiabatic
dynamics. These insights can be used to design and analyze
a cavity-modified photochemistry of a system.

B CONCLUSIONS

We used the phase-cycling protocol in conjunction with
quantum wavepacket dynamics to investigate the effect of
optical cavity coupling in the nonadiabatic dynamics of
photoexcited pyrazine by computing population dynamics,
PPESs, the absorption spectrum, and photon echo signals at
different cavity—molecule coupling parameter regimes. We
observe the emergence of a novel PCI between the electronic
and photonic surfaces as the cavity frequency is tuned. The
absorption spectra and third-order photon echo signals capture
the formation of a novel PCI and its signatures in the
polaritonic dynamics. An experimental observation of these
spectral features should provide direct evidence of the
formation of the PCIL. Other spectroscopic signals including
photonic decay, vibrational relaxation, and electronic decoher-
ence can be simulated using our computational protocol. For
many molecules, the PCIs also occur in the collective
polaritonic surfaces, as illustrated for the case of two
molecules.”’ Nevertheless, there are complications due to the
collective dark states. The collective dynamics will be
determined by the competition between nuclear dynamics on
the polaritonic surfaces and relaxation to the dark states.”
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Figure 7. (ai—di) Simulated 2D photon echo spectra S(Q,, T, ;) (eq 8) of (left) a bare molecule and (right) a molecule in a cavity mode with
@y = 4 eV and coupling strength g = 2000 cm™". The spectra are simulated at (top) T, = 10 fs and (bottom) T, = 500 fs. S; and S, bands are
marked. The S, band splits into upper (UP) and lower polariton (LP) modes. Separations due to the molecule—cavity coupling (A; and A,) are
clearly visible when compared to the bare molecule case. (aii—dii) Zoomed-in view of the black-boxed region, which amplifies the time evolution of
the wavepacket initially prepared on the S, surface. Key regions are marked as 11, 2("), and 3.
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The Phase Cycling Protocol for Four-wave Mixing Signals

Nonlinear signals are given by sums over Liouville pathways, each of which represents a
different sequence of interactions with the fields. Phase matching is a conventional approach
to distinguish different nonlinear pathways by employing a noncollinear pulse configuration,
and phase cycling is a convenient experimental and computational alternative. Phase cycling
protocol employs combinations of collinear pulses with different phases to separate the
various pathways. The measurements are repeated for a finite set of phase differences
between the incoming pulses ¢, = +¢1 + ¢ £ ¢3, where ¢1, ¢, and ¢3 are the incoming field
phases. Specific combinations of signals with different polarization configurations can isolate
the contributions of different groups of pathways from the total polarization. It requires a
phase cycling protocol to sort out the desired nonlinear signal, when the direct time-domain
simulation of multidimensional signals of molecules are used to solve the Schrodinger equation
nonperturbatively in the external fields. We have employed a 9-step phase cycling protocol
to single out the third-order photon echo contribution of pyrazine from the nonadiabatic
dynamics driven by three external UV pulses.

In nonlinear FWM spectroscopy, the system interacts with three electric pulses E;(?),
where ¢ € {1,2,3} indicates the order of arrival of the pulses, and is finally detected by
the local oscillator field E4(t), which interferes with the emitted signal to generate the
heterodyne signal. Because the incoming fields are included non-perturbatively in the
simulation, nonlinear effects induced by intense external fields can be described.

The heterodyne-detected signal is given by

S=9 / at{pu(t)) - B (). (51)

Further, we show how the third-order contribution and desired pathways can be singled

out from the total third-order signal.
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5(3)(153,252,751) :/dtdt3dt2dt1R(3)(t3>t27t1) (52)

X E4(t)E3(t — tg)Eg(t — t3 — tg)El(t — t3 — tg — tl)

The third-order response function R®) (t3,t2,t1) can be expanded in Liouville pathways (see

Figure [S1] for diagrams)

6

R(3) (tg, tQ, t1> = Z Rn(t3, tQ, tl) + c.c. (83)

n=1

Pathways 1, 2, and 3 represent the photon echo signal (k; = —k; + ko + k3) with phase ¢; =
— P14 P2+ 3 — ¢y, while 4, 5, and 6 represent non-rephasing signals (k;; = k; —ko+kj3) with
phase ¢r;7 = ¢1 — ¢2 + ¢3 — ¢4. The double quantum coherence signals (k;;; = ki + ko —k3),
which involve doubly excited states, with phase ¢;;7 = ¢1 + @2 — P35 — ¢4 are not considered
in this article.

The entire third-order response can be recast as

6
SO (1, b2, ¢3, 64) = Zei(i%i@i%*m) /dtdtSdththn(t?n ta, 11)

n=1

X Ba(t) Byt — t3)Ea(t — t3 — to)Er(t —ts — s —t1) = > cal(P1, 0, 03, 64)Sn (S4)

n=1

where n represents the different Liouville pathways contributing to the following third-order

response
Sp=9 / dtdtsdtedts R, (t3, to, t1)Ey(t)Es(t — t3)Eo(t — t3 — to)Eq(t —t3 —ta — t1)  (SH)

and

Cl(¢1, ba, b3, ¢4) _ ei(*¢1+¢2+¢3*¢4)7 C4(¢1, b, P3. ¢4) — oi(d1—P2+d3—¢4) (86)
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The photon echo diagrams, R;, R, and Rj3, are defined by their common overall phase
O1 = —¢1 + g+ ¢3 — ¢4 and ¢; = ¢ = c3, whereas the non-rephasing diagrams, R4, R5, and
Rg, have the phase ¢ = +¢1 — ¢ + ¢p3 — ¢4 and ¢4 = ¢5 = ¢g. The photon echo R; and

non-rephasing R;; response functions are given by

Rr=Ri+ Ry + R3, Ry = Ry + Rs + Re. (S7)

We used a 9-step phase cycling protocol with ¢1 = X, ¢o € {X,Y, Z}, ¢35 € {X,Y, Z},
and ¢, = X. Moreover, we can isolate the photon echo k; and non-rephasing k;; signals from
lower order signals by solving a set of linear equations of the signals listed in Supporting
Information Table with a set of phase combinations ¢, = X, ¢y € {X,Y,Z}, ¢35 €
{X,Y,Z}, and ¢4 = X (where X =0, Y = 7/2, Z = =), .By relating the phase cycling
coefficients matrix to the total signal with a different set of phase combinations Sy, 4, ¢,, the
real and imaginary parts of photon echo R; and non-rephasing R;; response functions can
be obtained (See Supporting Information eq. . It should be noted that the phase cycling
protocol used here will not eliminate entries 24-29 in Table . Photon echo and non-
rephasing components, however, can be distinguished from those entries by the frequency
at which they appear. The photon echo and non-rephasing components appear at 2} = w;
and —wy, respectively, whereas entries 24-29 appear at €; = 0 (since there is no coherence

during the ¢; delay).
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Figure S1: Liouville pathway diagrams for photon echo and non-rephasing pathways.)
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Figure S2: The energy gap between electronic (polaritonic) surfaces along the two vibrational
coordinates. (a) the S1-Sy gap (AE)2) of a bare molecule. (b-e) (top) the po-p3 gap (AFEss)
and (bottom) -2 gap (AE)2) at weay from 2 to 5 eV (the cavity coupling strength g = 2000
cm™!)
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Table S1: Phase cycling coefficients for possible signal expressions up to third-
order.

index j ks ¢ P2 ®3
1 k; = —k; +ky+ks | e | e el
2 kir = ki —ky + k3 e e~i92 i3
3 k, = £k, etion 1 1
4 k, = tk, 1 etit2 1
5 k, = tk; 1 1 etios
6 k, = +2k; et 1 1
7 k, = +2k, 1 et2i¢2 1
8 k, = +2k; 1 1 e*2i%s
9 k, = +3k; et3itn 1 1
10 k, = +3k, 1 ex3i¢2 1
11 k, = +3k; 1 1 et3ies
12 ks = :l:kl + k2 €ii¢1 e:Fi¢2 1
13 ks == :l:kl + kg €ii¢1 eﬂ@ 1
14 ks = :i:kl + k3 Gii(pl 1 eﬂ‘z’S
15 k, = +k; F ks et 1 eTios
16 k, = +2k; + ky | e | eFio2 1
17 k, = £2k; F ks et2ior | oFie2 1
18 ks == :|:2k1 + k3 €i2i¢1 1 €ii¢3
19 ks = :|:2k1 + k3 et2ior 1 eTies
20 k, = +k; + 2k, etion 1 et2i¢2
21 k, = +k; F 2k, etion 1 eT2i2
22 k, = +k; £ 2k; etin 1 et2is
23 ks = :l:kl + 2k3 etior 1 eF2ios
24 k, = +ko + k; 1 etid2 | otios
25 ks = j:kQ + k3 1 etio2 eTies
26 k, = +2k, + ks 1 etz | oFies
27 k, = +2k, T k; 1 et2id2 | oFies
28 k, = +k, F 2k; 1 etiv2 | oT2i0s
29 k, = +k, F 2ks 1 etiv2 | oF2i¢s
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