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ABSTRACT: The photochemistry of cis-stilbene proceeds
through two pathways: cis-trans isomerization and ring closure to
4a,4b-dihydrophenanthrene (DHP). Despite serving for many
decades as a model system for photoisomerization, the photo-
dynamics of cis-stilbene is still not fully understood. We use ab
initio multiple spawning on a SA-2-CASSCF(2,2) potential energy
surface to simulate the nonadiabatic dynamics of isolated cis-
stilbene. We find the cyclization (to DHP and cis-stilbene) and
isomerization (to trans- and cis-stilbene) reaction coordinates to be
orthogonal; branching between the two pathways is determined on
the S; excited state within 150 fs of photoexcitation. Trajectory
basis functions (TBFs) undergoing cyclization decay rapidly to the
ground state in 250 fs, while TBFs moving along the isomerization
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coordinate remain on the excited state longer, with the majority decaying between 300 and 500 fs. We observe three avoided
crossing regions in the dynamics: two along the isomerization coordinate (displaying pyramidalization and migration of an ethylenic
hydrogen or phenyl group), and one DHP-like conical intersection along the cyclization coordinate. The isomeric form of the
vibrationally hot photoproducts (as determined by measurement 2 ps after photoexcitation) is determined within less than 50 fs of
decay to the ground state mediated by passage through a conical intersection. Excess vibrational energy of ground state cis- and trans-
stilbene is channelled into phenyl torsions (with mostly opposing directionality). Our simulations are validated by direct comparison
to experiment for the absorption spectrum, branching ratio of the three photoproducts (44:52:4 cis-stilbene:trans-stilbene:DHP),

and excited state lifetime (520 + 40 fs).

INTRODUCTION

Photochemistry offers a unique opportunity to manipulate
molecules at an atomistic level with precision and control.
Understanding these light-induced processes allows us to
harness the properties of photoactive molecules for practical
applications, such as creating more efficient solar cells,
predicting the UV damage of DNA, developing fluorescent
protein tags for cancer cell detection and exploring more
efficient synthetic pathways for drug molecules." Successful
design of photoactive systems would benefit from a detailed
understanding of fundamental photochemical mechanisms.
One such mechanism is photoisomerization—rotation or
inversion about a double bond upon excitation of the molecule
with light. Photoisomerization is responsible for many key
processes in both natural and synthetic devices, such as vision
in the human eye, molecular motors, and optical data storage.”
It may also contribute to fluorescence quenching in con;’u§ated
polymers such as poly(p-phenylene—vinylene) (PPV).”>”
Unsaturated hydrocarbons have long served as the subject of
cis—trans photoisomerization studies due to their apparent
mechanistic simplicity. However, over the past decades, the

conventional one-dimensional model® of photoisomerization
as torsion around the central carbon—carbon double bond has
been shown to be too simplistic. For example, in the case of
ethylene, the smallest unsaturated hydrocarbon, pyramidaliza-
tion of one of the CH, groups (and intramolecular charge
transfer) accompanies the double bond twist in the decay
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mechanism.”~"" This departure from the conventional picture

extends to photoisomerization of larger unsaturated hydro-
carbons.'>"?

Stilbene (1,2-diphenylethylene) shows remarkably similar
photochemistry to ethylene and serves as a paradigm for
photoisomerization. Stilbene exists in two isomers, cis and

trans. Photoexcited trans-stilbene lives for tens of picoseconds



in the excited state due to trapping in a near-planar trans S,
minimum. In contrast, the less stable cis isomer undergoes
ultrafast decay within hundreds of femtoseconds.'*™"”
Following photoexcitation, cis-stilbene undergoes two
competing photochemical reactions: photoisomerization to
trans-stilbene and photocyclization to 4a,4b-dihydrophenan-
threne (DHP), as illustrated in Scheme 1. The cyclization of

Scheme 1. Photochemical Pathways of cis-Stilbene
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cis-stilbene to DHP adds an interesting dimension to the
photodynamics: a simple example of a photoinduced ring-
closure reaction, with potential applications in polycyclic drug-
like molecule synthesis. Thus, the photochemistry of cis-
stilbene is simultaneously an exemplar of both photo-
isomerization and photocyclization of a relatively large
molecule.”””” We can expect that findings from the study of
this prototypical molecule will likely extend to related
molecules undergoing such fundamental photochemical
reactions.

The stability of stilbene and its strong absorbance in the
UV—visible region (corresponding to excitation to the optically
bright # — z* S, state) make it readily accessible for
experimental studies.”> The emergence of ultrafast time-
resolved experiments in the past decades has seen cis-stilbene
used as a prototype for probing femtosecond photoisomeriza-
tion and testing new theoretical and experimental techniques.
As a result, a plethora of experimental and theoretical data
probing various aspects of cis-stilbene photochemistry is
available, from early studies that determined coarse-grained
observables such as branching ratios and energy differences, to
emerging time dependent ultrafast gas phase studies. We start
with a brief summary of previous investigations into cis-stilbene
photochemistry.

Interest in cis-stilbene began when early experiments failed
to observe any fluorescence (in contrast to the highly
fluorescent trans isomer), indicating the presence of non-
radiative decay pathways.”* Moore et al. suggested that the
major photochemical pathway was isomerization to trans-
stilbene with a smaller portion undergoing cyclization to DHP,
and a large portion returning to cis-stilbene.”’ Product
branching ratios were later measured as 35% trans-stilbene,
55% cis-stilbene, and 10% DHP in hydrocarbon solvent at
room temperature.z‘

Early experiments on cis-stilbene led to the hypothesis that
decay to trans-stilbene was mediated by a “phantom state”, ?*,
twisted about the central carbon—carbon double bond.”"***
This phantom state is an S; minimum, located close to (but
not at) an Sy/S; conical intersection (CI). In contrast to the
trans-stilbene isomer, which gets trapped in a near-planar S,
minimum after photoexcitation, there is little or no barrier to
reach the phantom state on the excited state in cis-stilbene.
Because of this, the excited state lifetime is very different in
trans (~80 ps) and cis (=500 fs) isomers.'>*® Although there
has been some evidence for a shallow cis-like excited state
minimum, its existence is still debated.*”*°

Some of the first predictions of the atomistic mechanism
came from a resonance Raman study, which suggested that the
central double bond undergoes a 25° torsion in the first 20 fs.”'
However, in a study comparing many stilbene derivatives,
Petek and co-workers suggested that 30% of the wavepacket
instead followed the DHP cyclization coordinate after
photoexcitation.*”

Several early theoretical studies investigated the cis-stilbene
S, potential energy surface (PES). A DHP-like CI was
identified”® with molecular-mechanics valence bond
(MMVB) and a twisted CI along the isomerization coordinate
was located™ using state-averaged complete active space self-
consistent field (SA-CASSCF). A comparative study of
ethylene and stilbene elucidated the similarity of their
respective Cls along the isomerization coordinate and noted
that cis-stilbene isomerization was not one-dimensional but
also involved a second coordinate: pyramidalization of one of
the ethylenic carbon atoms.”

The emergence of time-resolved theoretical’”™** and
experimental’ ~** studies revealed an even more complicated
photochemical mechanism. Time-resolved absorption spec-
troscopy suggested that a mixture of central double bond
twisting, and carbon-phenyl torsion and in-plane bending
initially takes place, followed by dephasing of the nuclear
wavepacket.”” Results from time-resolved Raman studies
suggest that the isomerization is close to volume conserving.*'
There has been some controversy concerning the order of
exponential decay for cis-stilbene in time-resolved fluorescence
experiments. Tahara and co-workers interpreted their data in
terms of biexponential decay in cyclohexane solvent, with time
constants of 0.23 and 1.2 ps,”’ while Kovalenko and co-
workers interpreted their data as monoexponential decay with
a solvent dependent time constant (ranging from 0.21 to 0.7S
PS)'4S

Many theoretical studies have considered the photo-
dynamics of isolated cis-stilbene, focusing attention on the
two lowest singlet electronic states. Time-dependent density
functional theory (TDDFT),* spin—flip time-dependent
density functional theory (SE-TDDFT),” restricted active
space self-consistent field (RASSCF),*® improved virtual
orbital complete active space configuration interaction (IVO-
CASCI),"” and extended multiconﬁs%uration quasi-degenerate
perturbation theory (XMCQDPT2)™" have recently been used
to explore the PESs of isolated cis-stilbene in detail. Although
these static studies provide valuable information about relevant
stationary points on the ground and excited states, they cannot
provide observables such as lifetimes and branching ratios for
comparison to experiment or elucidation of reaction
mechanisms. Recent attempts to incorporate dynamics have
been carried out using DFT and SE-TDDFT.”"*” Unfortu-
nately, most DFT-based methods are incapable of describing
the topology of Sy/S; conical intersections correctly and
therefore are not suitable for nonadiabatic dynamics.”> In
principle, SE-TDDFT methods can treat the topology of Sy/S,
ClIs correctly, but these are often plagued with spin
contamination that distorts the PESs. Consequently, the
aforementioned SF-TDDFT dynamics studies were limited
to the excited state and could not provide information about
nonadiabatic transitions, excited state lifetimes, or photo-
products.

Despite extensive investigations, it is apparent that the
internal conversion process in cis-stilbene is far from being
understood in atomistic detail. New theoretical techniques for



modeling nonadiabatic dynamics and advances in computer
hardware have made it possible to simulate the full
nonadiabatic dynamics of a molecule of this size on the
picosecond time scale. In this study, we couple graphical
processing unit (GPU) accelerated state-averaged complete
active space self-consistent field (SA-CASSCF)**™°¢ electronic
structure with ab initio multiple spawning (AIMS)'*’ to
simulate the full photodynamics of isolated cis-stilbene. This is
the first dynamics simulation study of this molecule with a
multireference electronic structure method encompassing a
time scale that is sufficiently long to capture the complete
nonadiabatic photochemical mechanism.

Our AIMS simulations provide a detailed account of the
photochemical mechanism in cis-stilbene, including both cis-
trans photoisomerization and ring closure to form DHP. We
identify three minimum energy conical intersections (MECIs)
accessed during the dynamics and their relation to photo-
product and reaction time scale, elucidate the role of phenyl
torsion in the decay mechanism, describe the initial coherent
motion of the wavepacket followed by its dephasing, and finally
present a full mechanism for the photochemical reaction.

THEORETICAL METHODS

The accurate description of Cls involving the ground state (S;)
requires multireference electronic structure methods because
of the exact degeneracy. The SA-CASSCF method™® is able to
capture these multireference effects (“static electron correla-
tion”) very effectively and thus has been a workhorse for
studies of conical intersections in photochemistry.'"*”*"~¢"

We employ SA-2-CASSCF(2,2) with the 6-31G* basis set to
solve the electronic Schrodinger equation following 7 — 7*
excitation. Previous work has demonstrated the reliability of
SA-2-CASSCF(2,2) for stilbene through comparison to
calculations including dynamic correlation with multireference
perturbation theory (CASPT2).” However, extensive dynamics
calculations on the requisite time scales were infeasible even
with CASSCF because of computational expense. Our recent
implementation®* of SA-CASSCF on graphical processing
units (GPUs) removes this bottleneck and enables multipico-
second time scale nonadiabatic dynamics for molecules of
stilbene size (or even larger) with hundreds of initial
conditions to address statistical convergence. We are therefore
able to model cis-stilbene with a reliable description of the
potential energy surfaces, including passage of the wavepacket
through conical intersections. All SA-CASSCF and DFT
calculations were performed with the TERACHEM quantum
chemistry package.”””%* MS-CASPT2 calculations were
performed with the MOLPRO electronic structure package.”

We validate the chosen SA-CASSCF method by (1)
comparison of critical point energies and geometries (including
ground and excited state minima and conical intersections) to
MS-CASPT2/SA-3-CASSCF(2,2)/6-31G* calculations in-
cluding dynamic correlation effects and (2) direct comparison
to experimental data such as the absorption spectrum,
photoproduct branching ratio, and excited state lifetime. In
accord with previous work, we find that the qualitative features
of the PESs are in reasonable agreement between the two
methods. Further discussion and comparison of electronic
structure methods, including energy and geometry compar-
isons at critical points, are provided in the Supporting
Information.

The absorption spectrum for isolated cis-stilbene is
calculated by computing transition energies and oscillator

strengths with SA-2-CASSCF(2,2)/6-31G* at 500 geometries
sampled from the 0 K harmonic Wigner distribution, following
previous work.””*® Lorentzian broadening with FWHM of
0.25 eV was used.

The photodynamics of isolated cis-stilbene is simulated using
ab initio multiple spawning'® (AIMS) with evaluation of SA-
CASSCE potential energy surfaces, gradients, and nonadiabatic
couplings as needed. AIMS is a semiclassical method used to
model nonadiabatic nuclear dynamics that is compatible with
“on-the-fly” evaluation of the electronic wave function through
simultaneous solution of the electronic and nuclear Schro-
dinger equations. It approximates the exact molecular quantum
dynamics by expanding the nuclear wavepacket in a basis of
time-dependent frozen Gaussians, each of which propagates
classically along a single adiabatic potential energy surface
(PES). These frozen Gaussians are referred to as trajectory
basis functions (TBFs). When a TBF approaches a region of
strong nonadiabatic coupling with another electronic state, e.g.,
in regions close to a CI, a child TBF is “spawned” on the
second state. The population transfer to the child TBF is
determined through the solution of the time-dependent
Schrodinger equation in the adaptive basis of TBFs. After
the spawning event, when the TBFs have moved out of the
coupling region, the parent and child TBFs continue along
their respective adiabatic PESs until another electronic state
crossing is detected, at which point the process repeats.
Because the TBFs correspond to nuclear basis functions and
therefore the matrix elements decay with separation between
the TBFs, decoherence effects’’™”® appear automatically in
AIMS. Therefore, there is no need for ad hoc corrections,”””*
as in trajectory surface hopping.”® AIMS has been previously
applied to a number of other photoisomerization reac-
tions.'"'>”7~”? For an in-depth discussion, the interested
reader is directed to previous reviews.””*’

All AIMS dynamics simulations were carried out with the
FMS90 program package (interfaced to TERACHEM) using an
adaptive time-step scheme with an upper bound of 20 atomic
time units (~0.5 fs) and a total simulation time of 2 ps. Once
TBFs on the ground state overlap negligibly with other TBFs
in the simulation, they are terminated and restarted as
independent adiabatic molecular dynamics trajectories using
B3LYP/6-31G*. Our AIMS simulations begin with 100 TBFs
whose initial positions and momenta are drawn from a 0 K
harmonic Wigner distribution based on vibrational frequencies
calculated with B3LYP/6-31G* at the B3LYP/6-31G* S, cis-
stilbene minimum. These TBFs are promoted to the optically
bright S, excited state and propagated in the independent first
generation (IFG) approximation,”’ which assumes that phase
coherence between initial conditions is negligible. The IFG
approximation does retain interferences between TBFs that are
spawned within any of the independent initial conditions.

In AIMS, the nuclear wave function is represented as a linear
combination of TBFs that follow classical evolution on a
specific adiabatic electronic state. In general, the analysis
should therefore proceed by reconstruction of the time-
evolving nuclear density matrix. In the IFG approximation, this
implies incoherent summation over the density matrix
generated by each initial condition. The density matrix for
each initial condition is determined by coherent summation
over the initial TBF and all the TBFs spawned thereafter. We
use this analysis for the excited state population (and thus also
the excited state lifetime). It can also be convenient to analyze
the results in terms of the centroids of the TBFs—this analysis



is closer in spirit to what one would normally do in the context
of TSH (although the amplitudes of the TBFs are complex and
the different TBFs interfere with each other, so such analysis
does not preclude possible differences in the dynamics). We
use this classical analysis to succinctly describe the dynamics
and photoisomerization mechanism and also to characterize
the molecular geometries that are responsible for nonadiabatic
transitions (exemplified by the “spawning geometries” where a
parent TBF gives rise to a child TBF). This mixture of quantal
and classical analysis allows us to obtain a detailed under-
standing of the simulated wavepacket. Bootstrapping® was
used to calculate the statistical error of absolute values, such as
photoproduct branching ratio and excited state lifetime, and
the standard error was used for the error bars in the population
decay.

B RESULTS AND DISCUSSION

Experimental Comparison. We begin by validating our
choice of theoretical method, SA-2-CASSCF(2,2), through
comparison with three types of experimental data: absorption
spectrum, photoproduct branching ratio, and excited state
lifetime. Additional comparisons to benchmark multireference
perturbation theory calculations can be found in the
Supporting Information (Figure S1 and Table S1).

As seen in Figure 1, spectral shapes from SA-2-CASSCF-
(2,2) and experiment are in good qualitative agreement. The
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Figure 1. Comparison of SA-2-CASSCF(2,2) theoretical (black) and
experimental (blue) absorption spectra. Initial conditions (gray ball
and stick) are shown with height proportional to the oscillator
strength, and molecular geometries are shown on the right. The
theoretical data are red-shifted in energy by 0.96 eV to account for the
absence of dynamic electron correlation in the CASSCF electronic
structure method and convolved with a Lorentzian of width 0.25 eV.
The exyerimental data correspond to solution measurements in
hexane.”’

absorption spectrum corresponds to the electronic transition
from the Sy — S, state, a 7 — 7* transition. Figure 2 shows the
HOMO and LUMO, elucidating the transfer of electron
density from the central carbon—carbon 7 orbital to 7 bonds
on the adjacent carbon pairs. This results in the introduction of
a node between the ethylenic carbons, allowing for rotation
about the central carbon—carbon bond and hence isomer-
ization to trans-stilbene. One can also note the in-phase p-

Figure 2. HOMO (7) and LUMO (7*) of cis-stilbene at the Franck—
Condon point calculated with SA-2-CASSCF(2,2) canonical orbitals.

orbitals on the phenyl rings in the LUMO, suggesting the
possibility to form a new carbon—carbon ¢ bond between C,
and C, (labeling in Figure 3) and photocyclization to DHP.
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Figure 3. Coordinates in cis-stilbene nonadiabatic dynamics. Central
C,CyCyC, torsion angle, 8 (red); phenyl CyC,C,Cg torsion angle, ¢
(orange); DHP C,C, bond distance, R (blue).

Figure 3 shows the important coordinates in the photo-
chemistry of cis-stilbene. We use these to categorize the three
final ground state products (measured 2 ps after photo-
excitation). TBFs where the centroid corresponds to 90° < 6 <
270° are labeled as trans-stilbene. Those with R < 2 A are
labeled as DHP, and all others are labeled as cis-stilbene. We
validated this classification scheme by optimizing several of
these geometries on S, (which all led to the labeled minima).
With this classification, we obtain a branching ratio of 52.0 +
3.6% trans-stilbene, 44.5 + 3.7% cis-stilbene, and 3.5 + 1.4%
DHP. Here, we have assumed that the 7.1% of population that
remains on S; at 2 ps will be distributed evenly between cis-
and trans-stilbene since it resides close to the phantom state.
This branching ratio is in line with recent experiments using
transient absorption spectroscopy in acetonitrile with 318 nm
excitation wavelength, which yielded 5% DHP.*

The excited state lifetime of cis-stilbene obtained from our
dynamics simulations is 520 + 40 fs. A time-resolved
multiphoton ionization experiment measured a decay time of
320 fs for the ion current.”” This should be considered a lower
bound to the excited state lifetime, since the ionization
propensity may decrease significantly when the molecule
twists. Similar observations have been made for ethylene,
where the decay of ion current was measured as 21 fs.*¥"
AIMS simulations reproduced the observed ion current signal
for ethylene, but the excited state lifetime was found to be
considerably longer (89 fs).** We plan on comparing our cis-
stilbene simulation results to time-resolved photoelectron
spectroscopy experiments in future work.
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Figure 4. Summary of minimum energy conical intersection (MECI) results from AIMS dynamics. (a) Amount of population transfer
corresponding to each MECI classified by final ground state product at 2 ps, and corresponding MECI geometries. Error bars were calculated from
bootstrapping with 10 000 resamples. (b) Visualization of initial trajectories (black dots, t = 0 fs) and their final products (circles, t = 2 ps) of DHP
(blue), cis-stilbene (red), and trans-stilbene (yellow). Minimum energy conical intersections (MECIs) are indicated at the time of spawning
(marked by + (Pyr-Mig(H)-CI), V (Pyr-Mig(Ph)-CI), O (Cyc-CI), and colored by the eventual product). The opacity of lines and markers are
proportional to the population of the trajectory basis function associated with the product/MECI.

Photochemical Decay Pathways. Minimum energy
conical intersections (MECIs) are often used as “signposts”
when characterizing photochemical mechanisms, and quantify-
ing the “reach” of an MECI gives insight into the weight that
should be attributed to its importance in the mechanism.
Figure 4a shows the three S;/S, minimum energy conical
intersection (MECIs) encountered during the dynamics
simulations. Two of the MECIs exhibit pyramidalization of
one ethylenic CHPh group, accompanied by either the
migration of the pyramidalized hydrogen (Pyr-Mig(H)-CI)
or phenyl group (Pyr-Mig(Ph)-CI). The third MECI
resembles a cyclized product (Cyc-CI). Trajectories that
decay via Cyc-CI lead to cis-stilbene and DHP only, and
those that decay via Pyr-Mig(H)-CI and Pyr-Mig(Ph)-CI lead
to cis- and trans-stilbene only, indicating two orthogonal
reaction coordinates. Henceforth, we will refer to the former as
the cyclization coordinate and the latter as the isomerization
coordinate. The isomerization pathway (TBFs decaying via
Pyr-Mig(H)-CI and Pyr-Mig(Ph)-CI) accounts for 93% of the
wavepacket, leaving only 7% for the cyclization pathway (TBFs
decaying via Cyc-CI).

As shown in Figure 4a, decay via Pyr-Mig(H)-CI is much
more probable than via Pyr-Mig(Ph)-CI. This is likely due to
the greater mobility of the smaller, lighter hydrogen atom
relative to the bulky phenyl group, allowing for easier
migration. This reasoning also rationalizes the late onset of
the Pyr-Mig(Ph)-CI in comparison to the hydrogen migrated
equivalent (see Figure 4b).

Following decay to the ground state via Pyr-Mig(H)-CI or
Pyr-Mig(Ph)-CJ, the simulations suggest that the wavepacket
has a roughly equal probability of forming a trans- or cis-
stilbene photoproduct, with a slight bias to trans-stilbene.
Decay via Cyc-CI gives roughly an equal chance of forming
DHP or cis-stilbene. It has been previously cited that 30% of
the wavepacket initially follows the cyclization coordinate
before splitting in a 2:1 ratio of DHP to cis-stilbene
photoproducts.”” However, this conclusion was drawn from
the mechanistic similarity between cis-stilbene and its “locked”
derivative. Since at early times our simulated wavepacket
undergoes an ethylenic torsion for all trajectories, it is likely
that the “locked” derivative also experiences this same torsion.
As a result, the cited experimental data is not inconsistent with
our simulations. Direct simulation of the various “locked”

stilbene derivatives and comparison to cis-stilbene would be an
interesting future direction that could shed further light on
this.

Figure 4b illustrates that TBFs following the cyclization
coordinate reach the intersection seam close to 220 fs, earlier
than those that follow the isomerization coordinate, where the
majority of population transfer to the ground state occurs
between 300 and 500 fs. TBFs propagating along the
isomerization pathway that remain in the excited state after
the first 500 fs oscillate about the twisted S; minimum (the
“phantom state”), gradually siphoning off population to S
until only a small fraction remain on S; at 2 ps.

As described previously, in AIMS dynamics a TBF spawns in
a region of strong coupling between two electronic states,
usually close to a CI. As a result, spawning may occur at a
variety of energy gaps between the Sy and S; PES surfaces. We
define the population transfer efficiency for a spawning event
as the population transferred to the child TBF after the
spawning event divided by the population of the parent TBF
prior to the spawning event. This should be distinguished from
the absolute population transfer for a spawning event, which is
defined as the population of the child TBF after the spawning
event. The population of parent and child TBFs usually
stabilize very quickly (within 15 fs) after a spawning event, so
there is no practical ambiguity in these definitions. The
distribution of population transfer efficiency and absolute
population transfer at different energy gaps can give insight
into the importance of the associated MECI in the dynamics.

A histogram of wavepacket population transfer at the
spawning point at different energy gaps is plotted in Figure
Sa, categorized by MECIL The majority of TBFs that decay
close to Pyr-Mig(H)-CI are likely to have a small S;/S; energy
gap at the spawning event, with population transfer gradually
dropping off as the energy difference increases. In contrast,
Pyr-Mig(Ph)-CI and Cyc-CI appear to facilitate decay to S, at
larger energy gaps. This indicates that the MECI is more
important in the dynamics in the case of Pyr-Mig(H)-CI, and
less so for Mig(Ph)-CI and Cyc-CL. Figure Sb illustrates that
all three MECIs have a higher efficiency of population transfer
close to the MECI, as you might expect. Therefore, the limiting
factor for spawning close to the MECI is the ability to get
there. As a result, the argument follows that it is harder to get
close to the Mig(Ph)-CI and Cyc-CI and is easier to approach
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Figure 5. Absolute (top) and efficiency (bottom) population transfer
through conical intersections at trajectory spawning point with the S,/
Sy energy gap, AE. Absolute population transfer is defined as the total
population transfer of the wavepacket through the CI at a given
energy gap. Population transfer efficiency is defined as the average
percentage population transferred to the child trajectory relative to
the population of the parent at the point of spawning at a given energy
gap. The populations are classified by minimum energy conical
intersection (Cyc-Cl, blue; Pyr-Mig(H)-CI, red; Pyr-Mig(Ph)-CI,
orange).

the Pyr-Mig(H)-ClI, giving insight into the possible shape of
the PES around the MECIs.

Nonadiabatic Dynamics. The excited state population
decay of the wavepacket (Figure 6) begins after a 200 fs delay
while the wavepacket reaches the avoided crossing area. At this
point, decay of TBFs following the cyclization coordinate
occurs. Next, gradual decay of the portions of the wavepacket
following the isomerization route proceeds from 300 to 500 fs,
as seen in the MECI analysis, with the remaining 30% slowly
tapering off until the vast majority of the wavepacket resides on
the ground state at 2 ps.

An S, excited state lifetime of 520 + 40 fs was obtained by
observing the time at which the S; population has decayed to
1/e. The wavepacket decay can be fitted to a biexponential

decay, with time constants of 211 and 1026 fs for the fast and
slow processes, respectively. The slow process encompasses the
trapping of the wavepacket in the phantom state, and its
gradual decay. Comparison between the biexponential and
monoexponential decay, which gives a lifetime of 470 fs, as
shown in Figure 6 suggests that the biexponential provides a
better description of the wavepacket decay; however, the
difference is not significant. As discussed earlier, both mono-
and biexponential decay mechanisms have been suggested
from time-resolved fluorescence experiments.

Rotation about the central C—C=C—C torsion angle ()
is essential in the isomerization of cis-stilbene to trans-stilbene.
The time evolution of this angle is plotted in Figure 7a. In the
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Figure 7. Geometry vs time plots along the AIMS trajectory as it
decays from S, to S, after photoexcitation at t = 0 fs. (a) Central C—
C=C-C torsion angle, 6. (b) C—C bond distance for DHP
formation, R. (c) C==C—Ph torsion angle, ¢. The line transparency
is proportional to the trajectory amplitude and colored according to
their product (DHP, blue; cis-stilbene, orange; trans-stilbene, red).

figure, all the TBFs are classified (as cis, trans, or DHP) at 2 ps
according to the scheme discussed above and colored
accordingly. There is a large (100°) coherent ethylenic torsion
in the first S0 fs (depicted geometrically in Figure 8). Figure 7
reveals that the rapid torsion is due to the movement of only
the ethylenic carbons, with the bulky phenyl rings remaining
almost stationary during this initial twist. Following this, the

(a) — Total — Cyclization ~ — Isomerization (b) — Total Biexponential fit
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Figure 6. Decay of the S; population to S, with simulation time. (a) The average S; (thick black line) and individual trajectories (thin black lines)
population decays are shown. The average population decays of the cyclization (blue) and isomerization (red) trajectories are also shown. Error
bars are calculated using the standard error with a 95% confidence level. (b) Biexponential fit (thick blue) and monoexponentially fit (thick red) of
the average total S, wavepacket (black). Biexponential lifetimes: 211 and 1026 fs. Monoexponential lifetime: 470 fs.
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majority of trajectories in the simulation.

central torsion of TBFs propagating along the isomerization
coordinate oscillates toward 120° with a period of 100 fs,
where the majority of population transfer occurs between 300
and 500 fs. TBFs that go on to form trans-stilbene continue to
rotate to 180°, in contrast to those that form cis-stilbene, which
“rebound” to a torsion angle of ~0°. The ethylenic hydrogens
are very hot following a spawning event in the case of trans-
stilbene photoproducts, as illustrated in Figure S4, suggesting
that they are an important reaction coordinate (reminiscent of
the hydrogen out-of-plane or HOOP motion in photo-
isomerization of retinal protonated Schiff base®’~"’). TBFs
following the cyclization coordinate oscillate about 0° after the
initial cohesive torsion.

The key coordinate involved in the formation of DHP is the
carbon—carbon distance corresponding to the newly formed
bond, R. Figure 7b shows the evolution of this distance over
time. The first 100 fs of the dynamics shows little motion in
the CC bond distance, as the initial energy is almost exclusively
channelled into the large initial ethylenic torsion. The next 100
fs, however, shows a sharp decrease in distance of the excited
state wavepacket along the cyclization pathway (silver — blue),
as the phenyl rings begin to approach each other. Note that the
TBFs undergoing isomerization (silver — red), however, see a
sharp increase in the bond distance as the phenyl rings twist
away from each other. The excited state cyclizing TBFs then
transfer population to Sy, at which point the ground state TBF
can have two outcomes. A further decrease in CC distance
leads to the DHP photoproduct, with the bond distance
stabilizing around 1.5 A. Alternatively, the rings repel each
other and begin rotating, leading to the cis-stilbene photo-
product. The latter results in a rapid increase in R immediately
after the spawn and energy transfer to low frequency oscillation
phenyl torsions.

As alluded to earlier, our simulations show that excess
energy on the ground state is transferred to phenyl torsion
modes, ¢, occurring immediately after decay to the ground
state. Plotting the time evolution of this coordinate (Figure 7c)
reveals a 50° dihedral rotation of the wavepacket between 0
and 50 fs, accompanying the central phenyl torsion. Ground
state trans-stilbene products also exhibit phenyl rotations,

along with the back and forth torsion of the central ethylenic
carbons as the major relaxation mode. Interestingly, the
rotations of the cis-stilbene and trans-stilbene products are
largely unidirectional, with opposite directions adopted for
each isomer.

One bond flip (OBF) and hula twist (HT) isomerization
mechanisms have long been a topic of debate for many
unsaturated organic molecules, including cis-stilbene. "7 7%*
Our simulations suggest a mostly OBF mechanism on S; from
the increase in torsion angle with little in-plane bending of the
C=CPh angle. However, the large amount of kinetic energy
gained upon relaxation on S, leads to large amplitude motion
that could be argued to bridge both OBF and HT type
motions. Moreover, due to the phenyl rotations described
above, a mixture of HT and OBF products are observed after
decay to the ground state. This complicates the inference of
photochemical pathways from experimental observations of
product conformers. Mechanistic classification of cis-stilbene
photochemistry as exclusively OBF or HT may be an
oversimplification of a very hot molecule decaying via a
complicated photochemical mechanism.

Analysis of the outlined geometric coordinates allows us to
predict within 150 fs of photoexcitation whether a TBF will
propagate along the photoisomerization or photocyclization
pathway. As a result, we are able to do early time prediction of
the photochemical coordinate (isomerization vs cyclization)
and hence very early on distinguish TBFs that could go on to
form trans-stilbene from those that could go on to form DHP.
The final photoproduct of the TBF is formed in the spawning
region; representative examples of such spawning events are
displayed in Figure 8. Once the vibrationally hot form of the
photoproduct has been formed immediately after the spawning
event, it remains stable for the remainder of the simulation; i.e.,
we do not observe any interconversion between photoproducts
on S, within the 2 ps simulation window. Such interconversion
may of course occur on longer time scales (for example, DHP
products undergoing ring-opening to form cis-stilbene).

Tahara and co-workers measured fluorescence lifetimes of
0.23 and 1.2 ps for cis-stilbene in solution.”” Excited state SF-
TDDEFT dynamics suggested that these time scales correspond
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to the formation of trans-stilbene and DHP, respectively.’”
However, this could not be confirmed because the simulations
did not encompass the nonadiabatic transitions and ground
state dynamics. Our simulations show that the faster process
corresponds to decay of DHP and cis-stilbene along the
cyclization pathway, followed by rapid decay of trans- and cis-
stilbene along the isomerization pathway and subsequently a
slower decay of the trapped wavepacket in the phantom state
(also along the isomerization coordinate). Our simulations
predict excited state lifetime time constants of 0.21 and 1.0 ps,
in good agreement with the experimental fluorescence
lifetimes. Both the SF-TDDFT and AIMS/CASSCEF studies
agree that the early nuclear dynamics is responsible for the final
branching and that the cyclization and isomerization
coordinates compete with each other.

A summary of the overall nonadiabatic photochemical decay
mechanism as described by AIMS dynamics on a SA-
CASSCF(2,2) PES is shown in Figure 9. The lifetimes and
yields of each key process in the reaction are highlighted, along
with critical point geometries along the reaction coordinates
and their associated energies. Comparison of the photo-
chemical mechanism predicted by our AIMS dynamics largely
agrees with the conclusions laid out in previous experimental
and theoretical studies of cis-stilbene. For example, we observe
that splitting of the wavepacket between the competing
isomerization and cyclization pathways occurs very early on
in the dynamics, and as one would expect from the assumed
proximity of Cyc-CI to the FC point in comparison to the
isomerization CIs, DHP is formed faster than trans-stilbene.
The three minimum energy Cls that are encountered in the
dynamics are consistent with those suggested in the SF-
TDDFT dynamics study. We are able to confirm that the
cyclization pathway leads to exclusively DHP and cis-stilbene
and that the isomerization pathway leads exclusively to trans-
and cis-stilbene, as seen in Figures 4 and 7. It has also become
increasingly apparent that the ethylenic hydrogens play a

central role in the photochemical mechanism, which is
corroborated by our simulations: we see highly energetic
movement of the hydrogens in the spawning region of the
twisted, pyramidalized CIs when TBFs form trans-stilbene, in
comparison to much less vigorous hydrogen movement from
TBFs that form cis-stilbene, as detailed earlier and highlighted
in Figure S4.

In addition to confirming accepted aspects of the photo-
isomerization mechanism, we can also access missing details
since we are able to follow the wavepacket from the excited
state, through the conical intersections, and onto the ground
state. For example, our simulations predict that the stable
photoproduct to be formed can be deduced within 50 fs of the
nonadiabatic transition to the ground state, as illustrated in
Figure 8. This indicates that the wavepacket splits between
trans- and cis-stilbene and between DHP and cis-stilbene at the
CI. Furthermore, hot ground state cis- and trans-stilbene are
seen to channel their excess vibrational energy into primarily
phenyl torsion, evidenced in Figure 7c.

Simulation of the full wavepacket dynamics for 2 ps allows
us to also examine quantitative properties of the photo-
chemistry, such as the photochemical branching ratio and
lifetimes of mechanistic events. As discussed earlier, the excited
state lifetime and the final product branching ratios of the
AIMS trajectories are in reasonable agreement with exper-
imental values. Our AIMS simulations indicate that the
wavepacket experiences a large rapid ethylenic torsion in the
first SO fs along the isomerization pathway (Figure 8) after
which the wavepacket bifurcates, with just ~10% “rebounding”
and traveling toward the cyclization conical intersection, and
~90% toward the isomerization intersections. This large initial
torsion is consistent with Myers and Mathies interpretation of
their resonance Raman spectra,”’ in spite of the later
suggestion that the wavepacket initially follows the cyclization
coordinate.””



Lastly, our nonadiabatic dynamics simulations suggest that
the excited state isomerization pathway of isolated cis-stilbene
follows a primarily “one bond flip” (OBF) mechanism, in
contrast to recent proposals*” for a “hula-twist” (HT) pathway.
It is noted, however, that the coordinates involved in
distinguishing between OBF and HT involve the ethylenic
hydrogen atoms, which, as we have seen, are highly energetic
and therefore can make the distinction rather difficult.
Moreover, photochemical mechanisms may involve further
rearrangements on the ground state (for example, the twisting
of the phenyl rings on the ground state we observed), making
it potentially troublesome to infer the pathway from
regiochemistry of the final products.

Representative TBFs demonstrating the geometrical behav-
ior of the four major pathways in cis-stilbene photochemistry
(isomerization to trans- and cis-stilbene, and cyclization to
DHP and cis-stilbene) are presented as supplemental movies.

B CONCLUSIONS

In this study, we employed ab initio multiple spawning with
SA-CASSCEF to elucidate the photochemical reaction mecha-
nism for cis-stilbene. The simulations provide a detailed picture
of the decay of the wavepacket from S, to S;, as summarized in
Figure 9. Following a rapid initial ethylenic torsion, the
wavepacket bifurcates between the orthogonal photoisomeriza-
tion and photocyclization reaction coordinates. The appear-
ance of ground state DHP (and cis-stilbene) from the part of
the wavepacket that evolves along the cyclization coordinate
occurs in the first 300 fs after passing through Cyc-CIL The
remainder of the wavepacket, which evolves along the
isomerization coordinate, decays to ground state trans- (and
cis-) stilbene 0.3—2 ps after photoexcitation, via Pyr-Mig(H)-
CI and Pyr-Mig(Ph)-CI. A small portion of the wavepacket
experiences trapping in the S; twisted geometry, ie., the
phantom state. Phenyl rotations play an important role in the
dissipation of energy during the hot ground state dynamics of
cis- and trans-stilbene. Predicted excited state lifetimes and
photoproduct branching ratios are largely in agreement with
previous experimental findings, validating the simulation
results.

Understanding the wavepacket decay of cis-stilbene allows
for the systematic design of experiments that achieve a desired
outcome, for example, altering the photoproduct branching
ratio or changing the rate of the dynamics. The early
wavepacket bifurcation seen in this study suggests that
manipulation of the PES early in the dynamics, through the
use of substituents, environment, or electric field, is more
important than later in the dynamics if one wishes to control
the ratio of isomerization vs cyclization. Knowledge of the
dynamics of the wavepacket as it passes through the avoided
crossing regions also allows for the possibility of mechanism
manipulation that may not be evident with a static study.
Moreover, since cis-stilbene is the parent to a vast number of
derivative molecules, and arguably a prototype for all
photoisomerization reactions, understanding its photodynam-
ics and designing routes to steer its decay mechanism are likely
applicable far beyond the scope of this single molecule study.
An example of this lies in the importance of the ethylenic
hydrogens in the photoisomerization mechanism, which could
well govern the final photoproduct branching ratio. The
simulations presented in this study suggest that the energetic
movement of these atoms through the CI during the formation
of trans-stilbene may be impeded if replaced with a heavier or

bulkier alternative. This has potential to yield a greater portion
of cis-stilbene, a concept that could well extended to alternative
photoisomerizing molecules.

The results from these dynamics simulations can be directly
linked to future ultrafast time-dependent pump—probe experi-
ments, such as time-resolved photoelectron spectroscopy
(TRPES) and ultrafast electron diffraction (UED). The signals
from such experiments may then be decomposed and assigned.
UED is well suited for tracking the nuclear wavepacket,”
particularly the formation of the new carbon—carbon bond of
the DHP photoproduct. Our simulations predict a rising signal
corresponding to the new carbon—carbon bond (at 1.8 A)
from 200 fs onward. In contrast, TRPES maps the time-
resolved electronic behavior of the wavepacket, which can
provide information about the transitions between different
electronic states in addition to probing nuclear motion.'**®
The simulations presented in this paper will provide a template
for interpretation of such UED and TRPES experiments in the
future.
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