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ABSTRACT: Storing solar energy is a vital component of using
renewable energy sources to meet the growing demands of the
global energy economy. Molecular solar thermal (MOST) energy
storage is a promising means to store solar energy with on-demand
energy release. The light-induced isomerization reaction of
norbornadiene (NBD) to quadricyclane (QC) is of great interest
because of the generally high energy storage density (0.97 MJ kg™")
and long thermal reversion lifetime (f;/,300x = 8346 years). Thermal reversion | AEctorage

However, the mechanistic details of the ultrafast excited-state [2 + ;

2]-cycloaddition are largely unknown due to the limitations of %—)[ﬁx]—nﬂ—)%

experimental techniques in resolving accurate excited-state

molecular structures. We now present a full computational study

on the excited-state deactivation mechanism of NBD and its dimethyl dicyano derivative (DMDCNBD) in the gas phase. Our
multiconfigurational calculations and nonadiabatic molecular dynamics simulations have enumerated the possible pathways with 557
S, trajectories of NBD for 500 fs and 492 S, trajectories of DMDCNBD for 800 fs. The simulations predicted the S, and S, lifetimes
of NBD (62 and 221 fs, respectively) and the S, lifetime of DMDCNBD (190 fs). The predicted quantum yields of QC and DCQC
are 10 and 43%, respectively. Our simulations also show the mechanisms of forming other possible reaction products and their

Energy
\.

NBD

quantum yields.

1. INTRODUCTION

Sunlight is an essentially renewable and sustainable energy
resource. The utilization of solar energy requires effective
technologies to convert intermittent sunlight into steady
electricity or fuel for regular usage. Efforts have been made
to develop, for instance, solar cells,' ¢ CO, reductions,” ™"’
water splitting,'"'” energy-dense fuels,">'* photoswitches,"> ™"
and solar thermal energy storage.'® Among various prominent
technologies, molecular solar thermal (MOST) energy storage
provides a promising tool to store solar energy and release it
on demand.'””*' MOST devices are developed based on
photoswitchable molecules. MOST materials isomerize from a
thermodynamically stable structure to a metastable structure,
storing the absorbed energy in strained chemical bonds. Many
organic molecules have been investigated for MOST
applications, such as azobenzene,lé’zz_ + anthracene,zs’26
tetracarbonyl-fulvalene-diruthenium,””~*° dihydroazulene,/vi-
nylheptafulvene (DHA/VHF),”'~** bicyclooctadiene/tetracy-
clooctane (BOD/TCO),***® and norbornadiene/quadricy-
clane (NBD/QC).>”~* The NBD/QC system is one of the
top candidates, where the NBD undergoes a [2 + 2]-
photocycloaddition to the photoisomer QC (Figure 1).*#*°
The thermal reversion of QC to NBD releases a storage
energy of 88 kJ mol™!, corresponding to a storage density of
0.97 MJ kg™'.%> The back reaction barrier of QC is about 138
kJ mol™.,*® which leads to a halflife of 14 h at 140 °C (ie.,
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Figure 1. Ilustration of solar thermal energy storage based on NBD
and QC isomerization.
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t1/2,300x = 8346 years).*” Such a lifetime allows the NBD/QC
system to store the accumulated solar energy effectively.
However, the high energy of absorption maximum (200—230
nm****) and the modest quantum yield (QY) of QC (5%)
could limit its efficiency for solar energy conversion,”%*"#°°
Many studies have shown that the functionalization of the 7
bonds of NBD can red-shift the absorption and increase the
QY.>739405175% Byt the increased molecular weight of
substituents reduces the energy storage density to 0.10—0.56
MJ kg™.*" A high-throughput virtual screening studies on
3239 NBDs’® and machine-learning-assisted screening of over
10% substituted NBDs discovered only 15 candidates with
absorption longer than 350 nm, storage density larger than 0.4
MJ kg™', and back reaction barriers exceeding 150 k] mol™*
(t1/2300x = 4359 824 years).”

Literature reports on the photophysical properties and
reaction energies provide important design features, but
considerably less is known about the excited-state reaction
mechanisms of NBD and its derivatives. The ultrafast
photochemical NBD — QC interconversion has been the
primary focus of computational and experimental elucidation
of the low-lying absorption at 212 nm (5.85 €V) corresponding
to an excitation to the 3s-Rydberg state.*””® The
mechanistic studies are limited to the exploration of the
excited-state potential energy surface (PES) and character-
ization of the S;/S, minimum energy conical intersection
(MECI).*” The S,/S; MECI shows a bond-forming geometry
indicating an important role in the [2 + 2]-cycloaddition
reactions. A grid-based quantum dynamics study of NBD
observed S; — S, transition through the S,/S; MECI, while
the simulations were carried out considering 3 degrees of
freedom.”” Other reports described the substituent effects on
the excitation energy, excited-state minimum energy path
(MEP), and the energy storage of the functionalized NBD.""**
However, the excited-state dynamics of NBD that fully traverse
the reaction coordinate from the initially excited NBD
(Franck—Condon region) to product(s) have not been
explored yet. In this work, we use nonadiabatic dynamics
coupled with CASSCF calculations to study the deactivation
pathways of photoexcited NBD and its dimethyl dicyano
derivative DMDCNBD (Scheme 1). DMDCNBD was selected

Scheme 1. Chemical Structures of NBD and DMDCNBD
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as a model system of the related compound TMDCNBD
(Figure 9) to learn how substituents affects the photodynamics
of NBD. TMDCNBD has a red-shifted absorption spectrum
due to the presence of the cyano groups, and it shows higher
photoisomerization QYs to QC (57—96%),°°* suggesting that
substituents might block cycloreversions and side reactions.
We analyze the deactivation mechanism after photoexcitation.
We also offer a mechanistic map showing other possible
reaction products and their predicted quantum yields.

2. COMPUTATIONAL METHODS

We selected the CASSCF method for the gas-phase excitations and
prepared a suitable active space. Previous experimental and theoretical
studies on NBD found a low-lying absorption at 212 nm (5.85 eV)
corresponding to an excitation to the 3s-Rydberg state.*”*”** Antol
proposed a (4,5) active space of four 7-electrons and four 7z-orbitals
with restricted single excitations to an auxiliary 3s-orbital to compute
the excited-state potential energy surface (PES) of NBD.” Recently,
Remacle and co-workers included another 3p-orbital forming an (8,8)
space to model the quantum dynamics of NBD over the eight
electronic states.”” Since we are interested in the photochemical
reactions of NBD occurring in the low-lying states, we considered a
(4,7) active space with 3s-, 3p,-, and 3p -orbitals. The selection of
these Rydberg orbitals was based on the lowest four excitations. We
note a recent work by Marazzi and Pastore that used the same active
space studying the excited-state PES of NBD.*> We further
benchmarked the excitations of NBD with time-dependent density
functional theory (TDDFT) using the range-separated functional,
®@B97XD® and equation of motion coupled cluster with singles and
doubles (EOM-CCSD)®” and the aug-cc-pVDZ basis sets.5® Figure 2
illustrates the (4,7) active space computed with the six-state-averaged
(SA6) CASSCE(4,7)/ANO-S-VDZP method. The ANO-S-VDZP
basis set®””> has a quality generally comparable to aug-cc-pVDZ.”

The active space for DMDCNBD contains the four 7-electrons and
four z-orbitals involved in bond formations and additional four z-
electrons and two 7-orbitals of the cyano groups, forming an (8,6)
active space. The selection of 7-orbitals (Figure 3) was based on the
TDDEFT results at the @B97XD/aug-cc-pVDZ level of theory.

The geometries of NBD and DMDCNBD were optimized with
SA6-CASSCF(4,7)/ANO-S-VDZP and SA6-CASSCE(8,6)/ANO-S-
VDZP, respectively. Hessian calculations confirmed the local minima
with no imaginary frequencies. We assessed the quality of CASSCF
excitation energies with the extended multistate complete active space
second-order perturbation (XMS-CASPT2) method. We used
OpenMolcas 19.11 in the CASSCF and XMS-CASPT? calculations.”
The TDDFT and EOM-CCSD calculations were performed with
ORCA 4.2.0.”°

The gas-phase photodynamics simulations used Tully’s surface
hopping method based on the product of the time-independent
nonadiabatic couplings (NACs) and velocities.”*”” We applied phase
corrections at every timestep based on the NAC overlaps between two
consecutive time steps.”® To accelerate the simulations, we only
considered the NACs between adjacent states and assumed zero
coupling between nonadjacent states (e.g., states 1 and 3). The
simulations ran in the microcanonical ensemble (NVE) and the
simulation times are 500 and 800 fs for NBD and DMDCNBD with a
timestep of 0.5 fs, respectively. The surface hopping calculations
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Figure 2. Illustration of the (4,7) space of NBD with the occupations averaged over six electronic states, computed with SA6-CASSCF(4,7)/ANO-

S-VDZP. The isovalue is 0.03.
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Figure 3. Ilustration of the (8,6) space of DMDCNBD with the occupations averaged over six electronic states, computed with SA6-

CASSCF(8,6)/ANO-S-VDZP. The isovalue is 0.03.

Table 1. Vertical Excitation Energies with the Principal Electronic Configurations of NBD Computed with the Relaxed

Geometry in the Ground State

Sy
TD-wB97XD/aug-cc-pVDZ 545 my = ¥
EOM-CCSD/aug-cc-pVDZ 5.62 7, = m3*
SA6-CASSCF(4,7)/ANO-S-VDZP 6.99 T = 1y
XMS(6)-CASPT2(4,7)/ANO-S-VDZP 5.50 T = m*
XMS(10)-CASPT2(4,7)/aug-cc-pVDZ 4.70 T, = ¥
exp” 525 my, = m*

S, S

6.20 7y, = 3s* 6.22 m = ¥
Ty, = ¥

5.99 m = 3s 6.44 7 = 3p,*

7.58 (7, - m3*)* 7.61 7, — 3s

6.68 7w = n¥ 7.39 m, = 3s

5.93 = 3s 6.40 my, = 3p,*

5.85 m, = 3s 6.00 7w = ¥

“Experimental data and configurations are obtained from ref 57. Energies are in €V. For convenience, the 7, — m3*, 7; — 3%, and (1, — 73*)?
configurations are termed zz*, 77,*, and doubly excited (DE), respectively.

integrated the nuclear amplitude with a step size of 0.02 fs (ie., 25
substeps). We applied an energy-based decoherence correction of 0.1
hartree to the nuclear amplitude.”” At surface hopping event, the
momenta were rescaled isotropically to ensure energy conservation.
The NBD trajectories started from the S,-state, whereas the
DMDCNBD trajectories started from the S;-state.

800 initial conditions of NBD and DMDCNBD were sampled for
gas-phase photodynamics simulations using the Wigner sampling at
the zero-point energy level.®® *' The trajectories that failed to
converge the CASSCF calculations were removed from the analysis.
The final number of trajectories was determined by ensuring (1) a
converged QY prediction, and (2) the QY values were higher than the
margin of error at the 95% confidence level (Figure S4). We also
computed the vertical excitation energies of the Wigner-sampled
initial conditions of NBD and DMDCNBD to simulate the gas-phase
absorption spectra. The computed wavelengths were expanded with
narrow Gaussian functions (i.e., full width at half-maximum of 8 nm)
and scaled with the oscillator strengths.

3. RESULTS AND DISCUSSION

Table 1 summarizes the computed vertical excitations of NBD
and the reported experimental results.

The TD-wB97XD/aug-cc-pVDZ and EOM-CCSD/aug-cc-
pVDZ calculations agree that the S; and S, are z7z* and 3s-
Rydberg states, respectively. The TD-wB97XD/aug-cc-pVDZ
calculation predicts a mixture of zz* and z7m,* states in S,
whereas the EOM-CCSD/aug-cc-pVDZ calculation indicates a
3p,-Rydberg state. This difference suggests a competing
contribution of the valence and Rydberg excitations above 6
eV. The SA6-CASSCF(4,7)/ANO-S-VDZP calculations over-
estimate the excitation energies, as expected. They agree with
the XMS(6)-CASPT2(4,7)/ANO-S-VDZP calculation and
experimental results that S; is a 77" state and also suggest
that the S, is a doubly excited (DE) zz* state, 0.03 eV lower
than the S, the 3s-Rydberg state. The XMS(6)-CASPT2(4,7)/
ANO-S-VDZP results confirm that the doubly excited (DE)
state is a higher state (S,). However, XMS(6)-CASPT2(4,7)
predicts the S, to be a second zz* state (zz,*), which
overestimates the energy of the 3s-Rydberg state (7.39 eV)
compared to the experimental results (5.85 eV). The
overestimation is caused by an insufficient diffuseness of the
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ANO-S-VDZP basis set. For instance, the XMS(10)-CASPT2-
(4,7) calculations with aug-cc-pVDZ predict that the S; and S,
are 77r* (4.70 eV) and 3s-Ryberg states (5.93 eV), respectively,
in line with the experiments. Similar results are reported by
Marazzi and Pastore using a large ANO-L basis set.> However,
these methods lead to a considerably higher computational
cost for the dynamics simulations. Therefore, we used SA6-
CASSCF(4,7)/ANO-S-VDZP for the spectrum and dynamics
simulations as a compromise between computational cost and
quality.

We computed the gas-phase vertical excitation energies of
800 Wigner-sampled NBD structures to explore the nature of
electronic excitations to the Franck—Condon (FC) regions.
Figure 4 illustrates a convoluted spectrum with contributions
from various excited-state electronic configurations.

The SA6-CASSCF(4,7)/ANO-S-VDZP calculations predict
a broad S, absorption peak in 160—200 nm, centered at 180
nm, in line with the experimental report by Fuf et al.*’ S, is
dominated by a zz* state (94%) mixed with a minor doubly
excited (DE) state (6%). The computed intensity of

1.0
S, total
—_— S 1
208 ---- S,DE
[ S, total
§ —_— Sz nn
€06 ---- S, DE
E ........ §2 35 ‘
s 0.4 ~ :f‘.j
£
(o]
Z0.2 / )
00170 760 180 200

Wavelength (nm)

Figure 4. Simulated absorption spectrum for the first three bands of
NBD. 800 structures were used to compute vertical excitation
energies with SA6-CASSCF(4,7)/ANO-S-VDZP. The absorption
bands are decomposed according to their excited-state electronic
configurations (DE indicates a doubly excited zz* configuration).
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Figure S. Minimum energy paths of NBD optimized with the SA6-CASSCF(4,7)/ANO-S-VDZP (a) and corrected with the XMS(6)-
CASPT2(4,7)/ANO-S-VDZP (b). The minimization path follows the S, toward the S,/Sy MECL The gray curves highlight possible S, relaxation
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Figure 6. (a) State population, (b) average z-distance, (c) rhomboidal angle, and (d) surface hopping distributions of 557 NBD trajectories in
the gas phase. In panels (b) and (c), the shaded regions render a half standard deviation to the average values to show the diversity of the
trajectories. In panel (d), the “X” denotes the positions of the S,/S, and S,/Sy MECIs. The colors from blue to red represent the accumulation of
the surface hopping points from low to high, evaluated by Gaussian kernel density estimation. (e) Overlays of the 200 randomly selected S,/S, and
S,/S, surface hopping structures. The gray circle highlights the pyramidalization of the zcc bond in the S;/S, surface hopping structures. (f)
Distributions of the torsion angle § among the S,/S, and S,/S, surface hopping structures. The € values in the S,/S,; and S,/S,-MECI are 0 and

32°, respectively.

absorption to S is nonzero, suggesting that the zz* state is
accessible from the nonequilibrium NBD geometries. The S,
and S; peaks overlap from 150—180 nm. They show strong
absorption intensities corresponding to the 3s-Rydberg state.
The 3s-Rydberg state in S, is 40%, and the competing DE and
7m* states are 46 and 14%, respectively. However, the DE and
zm* intensities are considerably lower than the 3s-Rydberg
state (Figure 4). S; is composed of the 3s-Rydberg state
(60%), DE state (27%), and 3p,-Rydberg state (12%). The
3p,-Rydberg state leads to a shoulder at 150 nm. The
simulated spectrum for S, qualitatively agrees with the
experiments by Fufl and co-workers, where the irradiation
populates both the 3s-Rydberg and the z7z* states.*’

5314

The minimum energy path (MEP) in Figure 5 displays the
steepest descent pathways from the FC point of NBD,
indicating a pseudo-dominant path toward mechanistic critical
points (e.g., minimum energy conical intersection). Following
the S; and S, states, the MEPs quickly converged on an
excited-state local minimum (Figures S1 and S2). In contrast,
the MEP from the S;-FC point provides an informative
description of the nonradiative [2 + 2]-cycloaddition pathway
from NBD to QC. Figure Sab compares the S, MEP
optimized with the SA6-CASSCF(4,7)/ANO-S-VDZP method
and those corrected with XMS(6)-CASPT2(4,7)/ANO-S-
VDZP.
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We identified two parameters to quantify the structural
changes along the reaction coordinate: a rhomboidal angle
among the bond-forming carbon, @, and a distance between
the ¢ bonds, d (Figure S3). In the S;-FC region, d and a are
247 A and 90°, respectively. Figure Sa shows that the MEP
along the S, slightly decreases the 7c-distance (Ad = 0.03 A)
at step 1, which switches the state order between the zz* and
the DE states. In the following steps, the DE state dominates
the S, state. The geometrical parameters resemble a
thomboidal shape (a = 74° and d = 2.04 A), consistent with
the previously reported S;/S,-MECI structures by Antol.”” The
XMS(6)-CASPT2(4,7)/ANO-S-VDZP MEP suggests the zz*
and DE states are separated by the 3s-Rydberg and 7z, * states
at the S,-FC geometry (Figure Sb). The DE state appears in S,
at the first step as the energy decreases with the 7cc-distance.
The DE state then leads to an S,/S; crossing point at step 7
with d = 2.23 A (Figure Sb). This indicates that the SA6-
CASSCF(4,7)/ANO-S-VDZP overestimates the mcc-distance
at the S,/S; crossing point. Nevertheless, the SA6-CASSCEF-
(4,7)/ANO-S-VDZP and XMS(6)-CASPT2(4,7)/ANO-S-
VDZP results agree that the DE state in S, drives the
excited-state PES to the S,/S, crossing point for the [2 + 2]-
cycloaddition of NBD.

The excitation energies to the S, and S; states are nearly
degenerate (Table 1), and their electronic excitations are
mixtures of 3s-Rydberg and DE states (Figure 4). We,
therefore, expect that the NBD trajectories starting from S;
would undergo rapid internal conversion to S, with negligible
structural changes. Hence, we started 500 fs gas-phase
photodynamics simulations from S,. We collected 557
trajectories to obtain statistically converged results (Figures 6
and S4).

After 500 fs, 97% of the trajectories were in the S, state and
2 and 1% remained in S, and S,, respectively. Figure 6a
illustrates an exponential decay of the S, population with a
time constant 7 = 27 fs. The trajectories excited to the 3s-
Rydberg state show 7 = 28 fs (Figure S4a). The S; (zz* state)
population increases to a local maximum of 0.71 at 32 fs (= 7
fs). It rises to the second maximum of 0.49 at 88 fs due to the
time-discontinuous S, — S, decay as explained below. The
overall S, — S, decay leads to 7 = 146 fs. The previous
experiment by Fufl and co-workers measured a longer time
constant of the 3s-Rydberg state (z = 420 fs) than the zz*
state (7 = 55 fs).*” However, our results suggest that the
lifetime of the 3s-Rydberg state (7 = 27 fs) is shorter than that
of the zz* state (7 = 146 fs). The numerical difference in the
lifetime may result from a local overestimation of the S,-PES
energy near the FC region with SA6-CASSCF(4,7)/ANO-S-
VDZP (compare Figure Sa,b). Such energy overestimation
decreases the S,—S, energy gap, thus accelerating the S, — S,
decay and causing a slower S; — S, decay.

Figure 6b,c illustrates substantial structural changes of NBD
during the 500 fs simulations. Structural parameters d and a
have average values of 2.47 A and 90° at the start of the
trajectories, respectively. In all trajectories, the 7c-distance is
instantaneously reduced below 2 A within the first SO fs
(Figure 6b). At the same time, the rhomboidal angles undergo
notable oscillations between 80 and 100° (Figure 6¢). The
trajectories then split into three pathways: (1) reversion to
NBD (61%), (2) formation of the QC product (10%), and (3)
formation of a singlet biradical (BR) intermediate (6%). The
predicted QY of QC (10%) is in reasonable agreement with
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the experimental QY (5%).>”*"*>** A C/NBD formation ratio
of 1:6 is also predicted.

The structural changes of NBD originated from the
nonradiative decay through the S,/S,, and subsequent S,/S,
crossing seams are depicted in Figure 6d where a scatter plot of
the three-dimensional (3D) geometries of the hopping points
projected onto two reaction coordinates (d and «) is shown.
The majority of the S,/S, hopping points (centered at d = 2.4S
A) are structurally related to those in the S,-FC region
(centered at d = 2.47 A). In contrast, a minority of those
trajectories passing through the S,/S; surface hopping points
access the S,/S;-MECI (d = 2.20 A and a = 90°) region. We
interpret that the rapid S, — S; decay (Figure 6a) arises from
the geometric proximity of the structures in the S,-FC region
and S,/S; crossing seam. The §,/S, surface hopping is
concentrated near d = 2.06 A with a symmetric angular
distribution at a = 74 and 105° (Figure 6d). The symmetric
angular distribution indicates two equivalent S,/S, crossing
seams around the S,/S;-MECI at d = 2.02 A and a = 72°
(108°). The distinct structural differences between the S,/S,
surface hopping points and the S,-FC points explain the time-
discontinuous S; = S, decay. The S; = S, decay depends on
the mcc distances and the rhomboidal angle. During the
dynamics, the S, — S, decay stops when the S, trajectories
return to the FC regions with long 7¢c distances and 90° of
rhomboidal angle, e.g,, at 90 fs. However, the S, — S, decay
requires almost no geometrical changes. It constantly populates
the S, state, which leads to the second maximum of the S,
population. Figure 6e shows an overlay of the S,/S, and S,/S,
hopping points. The S,/S,-SH structures resemble a midpoint
of the linear interpolated structures between NBD and QC.
However, most S;/Sy-SH structures feature a pyramidalized
7cc bond. We quantify the extent of the pyramidalization with
an HCCH torsion angle, 6. Figure 6f illustrates a histogram of
0 in the trajectories to describe the mcc-pyramidalization
distribution at the S,/S, crossing seam. The 6 ranges from 3 to
137° at the S,/S; hopping points, but the average value is 23°.
In the S,/S,-SH structures, @ ranges from 1 to 137° and the
average value increases to 49°. These results agree with prior
assertions that 7 pyramidalization affords easier access to S,/
So conical intersections. Similar phenomena have been
reported in the conical intersection and surface hopping
structures of photoexcited conjugated molecules.®*™**

The ultrafast dynamics and substantial structural changes
predicted in our NAMD trajectories are in very good
agreement with the experimental observations*’ and can be
interpreted in terms of an impulsive photoactivated mecha-
5% Upon photon excitation, those vibrational modes
that are most coupled to the electronic excitation, i.e., showing
high vibronic couplings, will take a bigger fraction of the
electronic energy and therefore be activated. A Huang—Rhys
factor analysis (Figure 7a) shows that, for the S, — S,
transition, the highest vibronic coupling is predicted for the
wing-flapping vibration (the two ethylenic halves moving
apart). The Huang—Rhys factors were computed at the SA6-
CASSCF(4,7)/ANO-S-VDZP level and using FCclasses3
software.”” The photoactivation of the wing-flapping vibration
suggests a substantial change in d and a coordinates as
observed during the first S0 fs of our NAMD trajectories
(Figure 6b,c) and also in experiments.”” An electron density
difference map, computed at the same level of theory for the S
— S, transition, shows that the sudden or impulsive
photoactivation of the wing-flapping mode is triggered by a
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Figure 7. (a) Huang—Rhys factors and (b) electronic density
difference map computed for the S; — S, transition of NBD at the
SA6-CASSCEF(4,7)/ANO-S-VDZP level of theory. In panel (b), two
views of the electronic density difference map are shown. The green
and blue colors represent electronic density depletion and
accumulation, respectively.

density depletion between the ethylenic bonds and density
accumulation between the 7 bonds (Figure 7b). The change
of the bonding energy between the atoms launches nuclear
motions in which the distance between the ethylenic halves d
decreases and the distance between the ethylenic bonds
increases. From Figure 7a, it is also noted that the stretching
mode between the ethylenic C atoms is significantly coupled to
the electronic transition.

The wing-flapping mode represents a good approximation to
the barrierless coordinate driving the deactivation from FC-S,
NBD to the S,/S, and S,/S; MECIs. Experiments have also
shown that this mode plays an important role in NBD
deactivation.*” The wing-flapping vibrational period, computed
with SA6-CASSCF(4,7)/ANO-S-VDZP, is 75 fs, in very good
agreement with the experiments (80 fs).>® Thus, deactivation
from S, occurs within the first vibrational period supporting
the conclusion that the wing-flapping mode must be
impulsively activated upon photon absorption.

Besides the major products, our photodynamics simulations
also identified several side reaction rearrangement pathways
(Figure 8). These reactions feature breaking occ-bonds;
CASSCEF rotates the occ-orbitals into the (4,7) active space
as the occ-bonds stretch beyond their equilibrium geometries
during the trajectories. The QYs for the ring-opening and
rearrangement pathways are relatively minor (2—6%)
compared to the reversion to NBD (61%) and the [2 + 2]-
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The retro-Diels-Alders reaction of NBD

& Q -

NBD

61% 6% 1%
The ring-opening of QC

Qc 3 4

10% 1% 1%

The bridge bond rearrangement of BR

D—Ah—a—n

2%

6% 5% 2%

Figure 8. Side reactions observed in the gas-phase NBD trajectories
with the ratios of products or intermediates. The methylene bridge
and the newly formed occ-bonds in QC are highlighted in blue and
red, respectively.

cycloaddition pathways (10%). The predicted side reactions
suggest a qualitative agreement with the photodegradation of
substituted NBDs observed in experiments when the excitation
localized on the NBD unit is probed.*®

We continue to explore the substituent effects on NBD that
might change the photophysical properties and block the
competing cycloreversions and rearrangements. The literature
reports that the cyano groups can red-shift the absorption
wavelength of NBD to 334—366 nm with enhanced QC yields
of 57—96% (Figure 9).9%%* A recent work also investig;ated the
spectroscopic properties of cyano-substituted NBD."

hy
ﬂb'CN > CN
CN A=313 nm CN
DCNBD DCQC
Ref2 46%
Ref? 59%
CH
e N oN hv HaC SCN
7 >
HyC CN HaC CN
TMDCNBD TMDCQC
Refa A=313 nm 57%
Reft A=366 nm 96%

Figure 9. Literature reported [2 + 2]-cycloaddition of the cyano-
substituted NBD systems at different wavelengths. “Ref 63. "Ref 64.

For simplicity, we generated the structure of DMDCNBD
by replacing the methyl group with H on the bridge-head
carbon based on the analogous TMDCNBD in Figure 9. The
dimethyl and dicyano groups on each side provide donor—
acceptor-type electronic inductions. Table 2 collects the
computed vertical excitation energies and electronic transitions
for DMDCNBD.

The TD-wB97XD/aug-cc-pVDZ calculation shows the S,
energy of 4.03 eV, which is comparable to the experimental
value reported for its analogue TMDCNBD (3.71 eV).*® The
S, and S, are described by 7—7z* excitations between the 7oc-
bonds; the S; excites one electron from the 7y to the mec*-
orbital. The SA6-CASSCF(8,6)/ANO-S-VDZP calculations
overestimate the excitation energies compared to the XMS(6)-
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Table 2. Vertical Excitation Energies with the Principal Electronic Configurations of DMDCNBD Calculated with the Relaxed

Geometry in the Ground State

S S, S,
wB97XD/aug-cc-pVDZ 4.03 Iy = 75 S.16 w3 = 7g* 5.88 Ty, = 75
SA6-CASSCF(8,6)/ANO-S-VDZP 5.68 Ty = 1t 7.30 T o It 7.40 T — gk
= 7sF
XMS(6)-CASPT2(8,6)/ANO-S-VDZP 4.33 7y = Ts* 5.70 7y — 7s* 6.70 T, = w5
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Figure 10. (a) State population, (b) average 7cc-distance, and (c) surface hopping distributions of 492 DMDCNBD trajectories in the gas phase.
In panel (b), the shaded regions render a half standard deviation to the average values to show the diversity of the trajectories. In panel (c), the “X”
denotes the positions of the S;/Sy MECIs. The colors from blue to red represent the accumulation of the surface hopping points from low to high,
evaluated by Gaussian kernel density estimation. Overlays of the 200 randomly selected S,/S, surface hopping structures are shown inside panel

(c). The gray circle highlights the pyramidalization of the 7z bond.

CASPT2(8,6)/ANO-S-VDZP results. Both methods predict
the same 7—n* excitation for S;. However, the mqy excitation
is underestimated to S, by SA6-CASSCF(8,6)/ANO-S-VDZP
and S; becomes a doubly excited state. The S, and S,
description by XMS(6)-CASPT2(8,6)/ANO-S-VDZP results
agree with TD-wB97XD/aug-cc-pVDZ. Together, the vertical
excitation calculations show that the substitution with cyano
groups substantially lowers the excitation energy and
eliminates the contribution of Rydberg excitations. Consider-
ing the large S,/S, state energy gap, the SA6-CASSCF(8,6)/
ANO-S-VDZP method is reasonable for studying the S; — S,
decay and subsequent photochemical reaction pathways.

The vertical excitations to the FC regions of DMDCNBD
present two separate absorptions without Rydberg character
(Figure SS). The first peak corresponds to the S, excitation,
and the second peak covers the excitation to S,—S,. As such,
our photodynamics simulations for DMDCNBD start at S;
assuming initial excitations via a feasible light source (e.g., 254
nm, 4.8 eV). The simulation time is 800 fs. We collected 492
trajectories to obtain statistically converged results (Figures 10
and S6).

In 800 fs, 98% of the trajectories finished in the S state and
2% in S;. Figure 9a plots the S; population dynamics with a
time constant 7 = 190 fs. This time constant is longer than the
values for NBD, suggesting that the substituent effects slow the
S, = S, decay. This finding agrees with a recent study on the
ultrafast dynamics of substituted NBDs that shows that the
excited-state lifetimes are notably increased.”” Figure 9b
illustrates the trajectories toward DMDCQC and back to
DMDCNBD. The bifurcation takes place when the mqc-
distances are longer than 2 A, where the rhomboidal angle
distribute within 85—95° (Figure S6a). The DMDCQC forms
immediately as the zcc-bond length reduces. The predicted
yields DMDCNBD and DMDCQC are 49 and 43%,
respectively, resulting in a 1:1 ratio of QC/NBD. The
DMDCQC yield is comparable to the reported one for its
analogue TMDCQC, 57% at 366 nm (Figure 9). These
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findings indicate the substituent groups facilitate the [2 + 2]-
cycloaddition. Moreover, the singlet biradical intermediate
observed in NBD decreases to 1% and the overall side
products decrease to 9% (Figure S7). These results support
our argument that the substituent groups block the cyclo-
reversions and rearrangements.

Figure 9c shows a scatter plot for the geometrical
distributions of the S;/S, hopping point structures. The S,/
So surface hopping display symmetric angular distribution at a
= 80 and 102° with d = 2.00 A. The average 7 distance at the
S1/So hopping points is shorter than that at the trajectory
bifurcation (>2 A). This result suggests the substituent effects
favor the [2 + 2]-cycloaddition, where the trajectories tend to
form DMDCQC even before approaching the S,/S, crossing
seam around the S;/S;-MECI at d = 1.99 A and a = 75°
(105°). The overlay of the S,/S, hopping points highlights the
pyramidalized 7 bond that we observed in the unsubstituted
NBD. Collectively, our photodynamics simulations of NBD
show the substituent effects that considerably increase the
chemoselectivity of [2 + 2]-cycloaddition raising the QY of
QC.

4. CONCLUSIONS

We have performed photodynamics simulations with CASSCF
calculations to elucidate the deactivation mechanisms of
photoexcited NBD. The vertical excitation energies reveal
the significant role of Rydberg states in the absorption of
unsubstituted NBD, in line with previous experimental and
computational studies. Substitution with methyl and cyano
groups eliminate the Rydberg excitation resulting in dominant
zm* configurations. We propagated 577 trajectories of NBD
from the bright S, state in 500 fs, effectively connecting the FC
region to the product region, which identified products beyond
QC. Besides forming the rhomboidal structures at the S,/S,
surface hopping points, we also observed the pyramidalization
of the mcc bonds, promoting the nonradiative decay. The
predicted QYs of NBD, QC, and BR are 61, 10, and 6%,
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respectively. We performed photodynamics simulations for
another 492 trajectories for DMDCNBD to reveal the
substituent effects on the photochemical reaction mechanisms
of NBD. The trajectories show that DMDCNBD undergoes
the same mechanism as NBD, forming a rhomboidal structure
with pyramidalized zcc bonds at the S,/S; crossing seam.
However, the trajectories of DMDCNBD bifurcate faster than
those of the unsubstituted NBD, showing strong preference for
[2 + 2]-cycloaddition reactions. The predicted QYs of
DMDCNBD and DMDCQC are 49 and 43%, respectively,
indicating that the substituent effects increase the QY of QC.
Moreover, the overall yields of the side products are
considerably reduced, supporting our conclusion that the
substituent effects can block competing pathways.
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