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Elucidating the mechanism of aggregation-induced emission (AIE) is a prerequisite for designing more
AlE-gens. The diphenylethylene (DPE) featured molecules are one of the most important AlE-gens due
to their propeller structure. Three representative DPE-featured AIE-gens, triphenylethylene, cis-stilbene,
and trans-stilbene, are explored via ultrafast ultraviolet/infrared (UV/IR) spectroscopy and theoretical
calculations. Both experimental and computational results suggest that readily crossing conical
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can compete with spontaneous emission in solids. The mechanism also well explains the different
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|. Introduction

Organic light-emitting materials are of great significance for
both practical applications and fundamental research."™ Most
luminescent materials that have been widely reported are either
aggregation-caused quenching (ACQ) or aggregation-induced
emission (AIE) fluorophores. For ACQ molecules, although
their emission is strong in dilute solutions, they often suffer
from quenching when their concentrations are increased.” In
contrast, materials with the aggregation-induced emission
(AIE) feature emit weakly in solution, but strongly in the
aggregated state,®® which has been well documented in the
literature for more than 100 years."'™® Nevertheless, AIE was
first named in 2001° and received widespread attention after-
ward. Most AIE fluorophores have a propeller structure, among
which the diphenylethylene (DPE) fragments often appear,
such as in hexaphenylsilole (HPS), tetraphenylethene (TPE)
and their derivatives.>"*"°

Many AIE-gens have been discovered and synthesized in the
past two decades, but the mechanism of AIE has not been fully
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understood. In the early days, it was generally accepted that
the restriction of intramolecular vibration and rotation
(RIV and RIR) was the reason for the recovery of fluorescence in
solids."*'772° This mechanism is intuitively reasonable and
widely cited, but it does not provide detailed information about
how electronic excitation is nonradiatively converted into ther-
mal energy. In recent years, mechanistic studies have revealed
more quantitative details about AIE. As for AIE-gens with the
DPE fragment, computational results suggest that the excited
fluorophores in solution pass through a conical intersec-
tion (CI),>"** either via photocyclization®*>® or E/Z isomeriz-
ation®*° (Scheme 1) and dissipate the electronically excited
energy via nonradiative decay at the CI configuration.
However, crossing CIs is mainly concluded as the major
reason for the weak luminescence of AIE solutions based on
theoretical calculations but it lacks experimental evidence.?*%*
In previous work, we reported the direct observation of cyclic
intermediates of photoexcited TPE and its derivatives in solutions
via ultraviolet/infrared (UV/IR) mixed frequency ultrafast
spectroscopy.”>** The work provides experimental evidence to
support that photocyclization by crossing CIs in solutions results
in an efficient nonradiative decay to suppress fluorescence,
whereas the inaccessibility of CIs besides the considerable separa-
tion of chromophores in solids helps retain the spontaneous
emission. The mechanism works well for the studied AIE
molecules,®>*® but whether it is general for other AIE systems
remains to be answered. Herein, three molecules with the DPE
segment, triphenylethylene, cis-stilbene, and trans-stilbene, are
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Scheme 1 Photochemical processes of DPE-featured AIE-gens (top panel) and the structures with quantum yields of triphenylethylene, cis-stilbene,
and trans-stilbene (excited with 300 nm, bottom panel). Note that the quantum yield of cis-stilbene in the solid state is obtained at 77 K because it is liquid

at room temperature.

chosen to explore their AIE mechanism using ultrafast UV/IR
spectroscopy and simulations. Among the choices, trans-stilbene
and cis-stilbene are typical molecules for studying photochemical
processes experimentally**>® and theoretically,”’”* and tripheny-
lethylene and its derivatives have also attracted attention because
of their photochemical properties in recent years.”**° The mole-
cular structures and photophysical properties in the solution and
those in the solid state are shown in Fig. S1 (ESIt) and Scheme 1.
All of them emit much more strongly in solids than in dilute
solutions, demonstrating the AIE characteristics. Because the
dielectric constant and viscosity of the solvent (DCM or THF)
are small, it is reasonable to use gas phase calculations to help
study triphenylethylene, cis-stilbene, and trans-stilbene in the
solution.

Il. Results and discussion
II.1 Photocyclization of triphenylethylene in solution

The FTIR spectrum of triphenylethylene is displayed in the
upper panel of Fig. 1a. From 1250 cm ™" to 1650 cm ™', there are
three strong vibration absorption peaks, 1446 cm™*, 1493 cm ™"
and 1599 cm ™', corresponding to the vibrations of the benzene
rings. The calculated FTIR spectra of triphenylethylene and
its photo-cyclization intermediate 9-phenyl-4a,4bh-dihydrophen-
anthrene (phenyl-DHP) are displayed in the bottom panel of
Fig. 1a. The vibrational frequencies of phenyl-DHP in this range
are distinctly different from those of triphenylethylene,
which will serve as an indication of cyclization in solutions
after photoexcitation in the experiment. Fig. 1b displays the
ultrafast transient IR absorption spectra of dilute triphenylethy-
lene solutions after excitation with 300 nm photons at
different waiting times. In the solution, after photoexcitation,
new absorption peaks appear at 1287 cm ', 1317 cm ?,
1364 cm™', 1449 cm™', 1464 cm ', 1474 cm ' and
1578 cm™ ', which are marked with red arrows in the top panel
of Fig. 1b. These peaks closely resemble the calculated peaks of
phenyl-DHP, and are distinctly different from those observed in
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the solid sample in the bottom panel of Fig. 1b. In the solid
sample, there are two strong excited-state absorption peaks
located at 1437 cm™ ' and 1484 cm ™', respectively, and a very
small peak at 1593 cm™ ", which are attributed to the benzene
skeleton vibration modes based on their frequency similarity to
the corresponding absorption peaks in FTIR (a vibrational
absorption peak at an electronically excited state typically has
a lower frequency than its counterpart at the electronically
ground state). These excited-state absorption peaks belonging
to triphenylethylene disappear in the solution. Instead, vibra-
tional absorption peaks attributed to phenyl-DHP appear,
indicating the formation of phenyl-DHP in the solution. The
spectra in DCM (middle panel of Fig. 1b) are similar to those in
THF, consistent with the calculated IR absorption of the cyclic
intermediate, phenyl-DHP. All the above results suggest that
photocyclization occurs after excitation with 300 nm light in the
triphenylethylene solutions.*>*?

The evolutions of vibrational spectra after photoexcitation in
the solid state of triphenylethylene and those in dilute triphe-
nylethylene solutions are compared. As shown in Fig. 2a and b,
the partially magnified data in the insets show that in the THF
solution, peaks reach maxima at around 3 ps, except for the
peak at 1474 cm™" which is affected by the IR absorption of
THF.>* The maxima appear at 1-2 ps in the DCM solution,
earlier than that in the THF solution. The results imply that the
growth of phenyl-DHP occurs within a few ps. It is known that
phenyl-DHP is not stable at room temperature and can reopen
the ring and return to the ground state of triphenylethylene,
resulting in the decay of signals. A very small portion of phenyl-
DHP can be oxidized by oxygen in the solution to form a stable
product, which can be detected with GC-MS (Fig. S3, ESIt). The
dynamics of the main excited-state absorption peaks in the
triphenylethylene solid is different, as shown in Fig. 2c. The
peak intensities reach maxima instantaneously after excitation,
and then decay rapidly, implying that the signals are not from
new structures that require time to grow. The results suggest
that no cyclization occurs in the solid state. In addition, the
signal of anisotropy peaks remains unchanged within dozens of
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Fig. 1 (a) FTIR spectrum of triphenylethylene and simulated IR spectra of
triphenylethylene and phenyl-DHP. (b) Ultrafast UV/IR spectra of triphe-
nylethylene in dilute (100 mM) THF and DCM solutions and in the solid
state after excitation with 300 nm.

ps (Fig. S2, ESIT), indicating that the energy/charge transfer
between molecules is very slow,**®" which is probably one of
the reasons accounting for the strong fluorescence (no quench-
ing) of triphenylethylene in the solid state.

In Fig. 3 and 4, we present the computational results of
ground(S0)/excited(S1) state potential energy curves for photo-
excitation of triphenylethylene. The structures along the 1-
dimensional path in both Fig. 3a and Fig. 4a are generated by
linear interpolation of internal coordinates either from a
ground state (SO) minimum to another flipped SO minimum
through a twist-CI point. Because of the chiral conformation,
the isomerization of triphenylethylene has two distinctly asym-
metric directions, and the barriers are different on the two
sides of the twist-CI along the path. As shown in Fig. 3b or
Fig. 4b, the structures along the path are produced by linear
interpolation of internal coordinates from the triphenylethy-
lene SO minimum to phenyl-DHP passing a cyclic-CI point. Two
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Fig. 2 The evolution of vibrational signals after photo-excitation of tri-
phenylethylene in (a) THF and (b) DCM solutions and (c) in the solid state.

multi-reference electronic structure methods are employed for
describing electronically ground/excited states. One is the OM2/
MRCI method,**® which efficiently combines the semi-
empirical OM2 Hamiltonian® with multi-reference configu-
ration interaction.®® The other is the ab initio extended
multi-state complete active space second-order perturbation theory
(XMS-CASPT2),%® which involves the complete active space self-
consistent field (CASSCF)*” with dynamic electronic correlation by
second-order perturbation theory. Both methods are reasonable for
describing electronically excited and ground states as well as
conical intersections of organic molecules.®*®>%%° They are
applied in optimizations/calculations of the SO minimum of tri-
phenylethylene, that of phenyl-DHP, and the cyclic-CI and twist-CI
structures in the work. Fig. 3 and 4 demonstrate the S0/S1 potential
energy curves produced using OM2/MRCI and XMS-CASPT2,
respectively. As shown in Fig. 9, the comparison between CASSCF
and XMS-CASPT2 on the S0/S1 potential energy data of the same
system indicates that it is important to include dynamic correlation
effects for the electronic structure description of the conical inter-
section regimes.
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Fig. 3 Potential energy curves of the triphenylethylene system. The
molecular structures of triphenylethylene phenyl-DHP and two Cls
(twist-Cl and cyclic-Cl) are optimized using OM2/MRCI. The paths of
panel (a) are generated by linear interpolation of internal coordinates from
triphenylethylene to twist-Cl (left side axis parameterized by nel0,1]) and
from twist-Cl to triphenylethylene in another direction (right side axis
parameterized by me[0,1]), while those of panel (b) are generated from
triphenylethylene to cyclic-Cl (left side axis parameterized by ne[0,1]) and
from cyclic-Cl to phenyl-DHP (right side axis parameterized by me|[0,1]).
The potential energy curves of the ground state (SO) and first excited state
(S1) calculated using OM2/MRCI are demonstrated as black and orange
solid lines, respectively, where the zero value is set to the SO minimum of
triphenylethylene. Note that, in panel (a), Zyiphenylethytene (for n = 0) and

!
eriphenylethylene
different internal coordinates because the labeling order of the atoms is
different before and after the isomerization. Several molecular geometries
along the paths are selected for demonstration.

(for m = 0) share the same chemical structure but have

Upon being vertically excited, triphenylethylene has two
relaxation pathways through two CIs, the cyclic-CI and the
twist-CI, where the electronically excited and ground states
have the same potential energy. In the CI region, the electro-
nically excited energy can be rapidly converted to vibrational/
rotational energy in the form of non-radiative transitions back
to the ground electronic state of triphenylethylene or that of the
photocyclized or isomerized product. The electronically excited
state dynamics of the entire process depends on the barrier
encountered before approaching the CI region. As shown in
Fig. 3a or Fig. 4a, the barrier before approaching the cyclic-CI
region is expected to be relatively small, which implies that
crossing the cyclic-CI is fast,”"°* within several ps as observed
experimentally, two to three orders of magnitude faster than
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Fig. 4 Same as Fig. 3, but produced using the XMS-CASPT2(2,2)/cc-pVDZ
method.

the typical radiative transition time scale of ~ns. Therefore,
most of the excited energy has been dissipated in the form of
non-radiative transitions via crossing CI before emission
occurs, leading to a very low quantum yield in the tripheny-
lethylene solution (less than 1%). It is likely for triphenylethy-
lene to cross both CIs, but since there is no change in the
molecular structure at the ground electronic state before and
after isomerization (twist-CI), the experimental results pre-
sented here can only verify the process of crossing the cyclic-
CIL In the solid state, the triphenylethylene system also has
both CIs. However, the structural evolution from the vertically
excited structure to either CI requires twisting and rotation of
the benzene rings. The close and rigid molecular packing in the
solid imposes extra energy costs for these motions to proceed,
compared to those in the liquids where nearby molecules are
mobile. Therefore, it is much slower for the excited tripheny-
lethylene system to reach CIs in the solid state, which can be
even slower than the spontaneous emission (fluorescence), and
thereby the emission quantum yield is not significantly
affected.

II.2 Isomerization of stilbene in solution

cis-Stilbene and trans-stilbene are two other DPE-featured AIE-
gens. Their FTIR (top panel) and calculated IR spectra (bottom
panel) in the range of 1300-1700 cm ™" are displayed in Fig. 5a,

Phys. Chem. Chem. Phys., 2023, 25, 12342-12351 | 12345
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Fig. 5 (a) FTIR spectra of cis-stilbene and trans-stilbene, and calculated IR
spectra of cis-stilbene, trans-stilbene and DHP. (b) Ultrafast UV/IR spectra
after excitation with 300 nm light of cis-stilbene and trans-stilbene in
dilute THF solutions (100 mM).

along with the calculated IR spectrum (bottom panel) of the
cyclic intermediate of cis-stilbene, 4a,4b-dihydrophenanthrene
(DHP). As for cis-stilbene and trans-stilbene, both calculated
and experimental infrared spectra are similar. Because DHP is
not stable, the experimental infrared spectrum is not available
in this work. The simulation results suggest that DHP does not
have absorption peaks between 1400 cm™ " and 1500 cm™ " as
stilbene has. Instead, the peaks of DHP appear below
1400 cm™ ' and above 1500 cm ™.

The ultrafast UV/IR spectra at different delay times were
collected with 300 nm excitation of cis-stilbene or ¢rans-stilbene
in THF (100 mM) (Fig. 5b). Both systems have two excited-state
absorption peaks at around 1464 cm ' and 1503 cm ™, and a
small bleaching peak at 1600 cm ™", corresponding to the three
main peaks in FTIR. The intensities of peaks at 1360 cm ',
1420 cm ™', and 1540-1550 cm™ ' (marked with blue and black
arrows) are significantly stronger in cis-stilbene than in trans-
stilbene. According to the FTIR spectra and computational
results mentioned above, a small amount of cyclic intermediate
DHP (1360 cm ™ and 1550 cm ™) is generated after irradiation.
The absorption peaks (around 1420 cm™ ') after photo-
excitation in the trans-stilbene solution can be assigned to cis-
stilbene, which undoubtedly indicates the photo-isomerization
from trans-stilbene to cis-stilbene. In principle, cis-stilbene can
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Fig. 6 H NMR spectra of cis-stilbene and trans-stilbene (a and b) before
and (c and d) after irradiation with 300 nm light in CDClz for 12 h.

also isomerize to trans-stilbene, but it is not easy to identify via
UV/IR spectroscopy due to peak overlapping.

Furthermore, '"H NMR spectra are used to analyze the
isomerization of stilbene. The "H NMR spectra of cis-stilbene
and trans-stilbene solutions in CDCIl; are collected before and
after irradiation with 300 nm light (Fig. 6). The resonance peaks
at 6.6 ppm and 7.1 ppm (shaded in light green and blue)
associated with the two H atoms connected to the central
C=C of cis-stilbene and trans-stilbene, respectively, are used
to represent the compositional change after irradiation. The
peak at 7.75 ppm (shaded in light purple) belongs to the
oxidation product (phenanthrene) of the cyclic intermediate
product, DHP. The percentage of each component is calculated
from the proportional relationship of these singlet peak areas.
Specifically, after 12 h of irradiation with 300 nm light, trans-
stilbene and phenanthrene are produced in the cis-stilbene
solution, and the ratio of cis-stilbene/trans-stilbene/phenan-
threne is 60/27/13. The ratio in the trans-stilbene solution is
48/48/4. The above results are also verified by GC-MS (Fig. S4,
ESIt). The results imply that it is relatively easier for trans-
stilbene to convert into cis-stilbene during isomerization.

Similarly, we optimized the ground-state (SO) minimum of
trans/cis-stilbene, DHP, and two CI structures (the twist-CI in
isomerization and the cyclic-CI in cyclization). The S0/S1 energy
curves and selected molecular geometries along the linearly
interpolated paths are shown in Fig. 7 and 8, produced using
OM2/MRCI and XMS-CASPT2, respectively. This shows that
after excitation the ¢rans-stilbene system can reach the twist-
CI, and then either return to its ground state or isomerize to cis-
stilbene. In comparison, after photo-excitation, the cis-stilbene
system has not only the isomerization path (through the twist-
CI region) to yield trans-stilbene, but also the cyclization path
(the cyclic-CI region) to produce DHP. After cyclization, the

This journal is © the Owner Societies 2023
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paths in panel (a) are generated by linear interpolation of internal coordi-
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by mel[0,1]), while those in panel (b) are generated from cis-stilbene to
cyclic-Cl (left side axis parameterized by nel0,1]) and from cyclic-Cl to
DHP (right side axis parameterized by ne[0,1]). The potential energy curves
of the ground state (S0) and first excited state (S1) calculated using OM2/
MRCI are demonstrated as black and orange solid lines in each panel,
respectively, where the zero value is set to the SO minimum of trans-
stilbene. Several molecular geometries along the paths are selected for
demonstration.

resulting intermediate DHP may gradually reopen the ring
structure to form cis-stilbene,”® and such a process is con-
firmed in previous nonadiabatic dynamics simulations, which
show a considerable ratio of the intermediate DHP returning to
cis-stilbene.”” In addition, the computational results (by either
OM2/MRCI or XMS-CASPT2) suggest that the energy barriers for
reaching both CIs in the cis-stilbene system are lower than that
for approaching the twist-CI in the trans-stilbene, implying that
it is much easier and faster for cis-stilbene to cross the CI
regions than trans-stilbene, resulting in a much lower fluores-
cence quantum yield of cis-stilbene as experimentally observed.
The quantitative ratios of interconversion processes after long-
time irradiation may be explored with nonadiabatic dynamics
on a long-time scale, for which computational methods (such
as phase space mapping approaches®* ) could be considered
in future studies.
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Fig. 8 Same as Fig. 7, but produced by the XMS-CASPT2(2,2)/cc-pVDZ method.

Concluding remarks

In summary, both experimental and computational results
suggest that three DPE-featured AIE-gens, triphenylethylene,
cis-stilbene, and t¢rans-stilbene can rapidly reach CIs and non-
radiatively dissipate electronic energy in dilute solutions on the
time scale of ps, resulting in very low fluorescence quantum
yields. In the solid state, however, the structural evolution is
limited by the closely packed surrounding molecules. The
molecule can hardly approach CIs after photoexcitation. With-
out such a fast energy dissipation pathway by crossing CIs, and
with the aid of the non-planar structure and the long inter-
molecular distances which prevent electron or energy transfers
between adjacent molecules, AIE molecules in solids can avoid
quenching and emit strongly. The mechanism of crossing CIs
also well explains the differences in fluorescence quantum
yields of cis-stilbene and trans-stilbene.

IV. Experimental methods
Sample preparation

Triphenylethylene (>98%), cis-stilbene (>96%), and trans-
stilbene (>98%) were purchased from Aladdin, Bidepharm
(Shanghai, China), and Konoscience (Beijing, China), respec-
tively. All the solvents were of HPLC grade purchased from
Concord Technology (Tianjin, China).
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Optical experiments

The UV-vis spectra were collected with a UV-3600Plus UV-vIS-NIR
spectrometer (Shimadzu Inc). The fluorescence spectra and abso-
lute quantum yields were measured with an FLS980 spectrometer
with an integrating sphere (Edingburgh Instruments Inc).

The ultraviolet/infrared (UV/IR) mixed frequency ultrafast
spectra were collected using a method similar to that in
our reported work.*> The UV excitation power 300 nm was
~100 pW with a spot diameter of 245.3 pm and a sample cell
thickness of 50 um for solutions.

View Article Online
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GC-MS characterization

Gas chromatography-mass (GC-MS) analyses were carried out
on a gas chromatography system coupled to an electrostatic
orbitrap mass spectrometer (ThermoFisher, Q Exactive GC)
equipped with an electrospray ionization (EI) source by using
a TG-5HT column (30 m, 0.25 mm, 0.25 pm). The analytes were
eluted with He gas at a flow rate of 1.0 mL min™".

Theoretical calculation

In the simulation of the vibrational spectrum of the ground
electronic state, the geometry optimizations and corresponding
vibrational frequencies estimations were carried out with the
M06-2X density functional®” and def2-TZVP basis set.’® All the

XMS-CASPT2
CASSCF
OM2/MRCI

Potential Energy Curves:

Z,=(1-MZ, yy rore™ M Z,7MZ, 0 o+ (1-M)Z e

n=0
(trans-stilbene)

n=0.32

n=0.64

n=m=1
(twist-Cl)

m=0.64

m=0.32 m=0
(cis-stilbene)

B Ty 3, 8, e e

—— XMS-CASPT2,50
=== CASSCF,S0
= =1 OM2/MRCI,S0

~—— XMS-CASPT2,S1
CASSCF,S1
OM2/MRCI,S1

relative energy (eV)

n m (a)
(1 n)zc\« stiibene nzqa: el Zm=mzc'ydlc—m+(1 'm)zaw
n=0 n=0.32 n=0.64 n=m=1 m=0.64 m=0.32 m=0

(cis-stiloene)

B S R RE R

(cyclic-Cl) (DHP)

Potential Energy Curves: { CASSCF
'3 N
Zn=(1 -nZ 'mnhcny\mhylcnn+nzlwlsl~Cl Zm= mZst(-C\+(1 'm)zmuncnylcmymnu
n=0 n=0.32 n=0.64 n=m=1 m=0.64 m=0.32 m=0
(triphenylethylene) (twist-Cl) (triphenylethylene)
— XMS- CASPTZ S0  —— XMS-CASPT2,S1
=== CASSCF,S0 ~== CASSCF,S1
S 8 = = 1 OM2/MRCI,SO + OM2/MRCI,S1
o
>
2
v
=
9}
[
=
=
<
\
~
ZH=(1-n)ZIviphonylolhy\unn+anyc\i{»Cl Z,=mZ cycl\c;C\+(1 m)znhuny\-DHP
n=0 n=0.32 n=0.64 n=m=1 m=0.64 m=0.32 m=0
(triphenylethylene) (cyclic-Cl) (phenyl-DHP)
10 :
—— XMS-CASPT2,50  —— XMS-CASPT2,S1
=== CASSCF,S0 ~== CASSCF,S1
s 8 = =\ OM2/MRCI,50 OM2/MRCI,51
)
>
2
[
c
[
[
2
b=}
L
S
0
(b))

R

Fig. 9 Same as Fig. 4. The molecular structures produced using XMS-
CASPT2(2,2)/cc-pVDZ are used to show the differences among the three
electronic structure methods. The CASSCF(2,2)/cc-pVDZ potential energy
curves of the ground and excited state are shown as black and orange
dashed lines, respectively. In addition, the OM2/MRCI potential energy
curves of the ground and excited state are demonstrated as black and
orange dotted lines, respectively.
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Fig. 10 Same as Fig. 8. The molecular structures produced by XMS-
CASPT2(2,2)/cc-pVDZ are used to show the differences among the three
electronic structure methods. The CASSCF(2,2)/cc-pVDZ potential energy
curves of the ground and excited state are demonstrated as black and orange
dashed lines, respectively. The OM2/MRCI potential energy curves of the ground
and excited state are depicted as black and orange dotted lines, respectively.
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DFT calculations for triphenylethylene and phenyl-DHP in
Fig. 1(a), and for cis-stilbene, trans-stilbene, and DHP in
Fig. 5(a) were performed with the Gaussian 16 software.”® A
scaling factor of 0.946 was used to produce these vibrational
spectra.'?071%?

All OM2/MRCI®*™®* calculations were carried out with the
MNDO program.'® The restricted open-shell Hartree-Fock
(ROHEF) formalism was used in the self-consistent field treatment.
Molecular orbitals were obtained using the OM2 semiempirical
Hamiltonian. The active space included 6 occupied orbitals and 4
virtual orbitals. During OM2/MRCI geometry optimizations, all
required energies, gradients, and nonadiabatic coupling elements
were computed by the multireference configuration interaction
using the graphical unitary group approach (GUGA).** The path
between optimized structures was obtained by the linear inter-
polation of internal coordinates.

The XMS-CASPT2 calculations were carried out with the
BAGEL program.'®*'% The active space was chosen as (2,2)
for describing the n — n* excitation.”” The electronic basis set
was chosen as cc-pVDZ'® and the corresponding density fitting
basis set is available in BAGEL. The paths used for demonstra-
tion in Fig. 4 and 8 were obtained by linear interpolation of
internal coordinates of optimized structures from XMS-CASPT2
calculations. The corresponding CASSCF potential energy
curves and OM2/MRCI potential energy curves of the same
path of Fig. 4 (or Fig. 8) are also demonstrated in Fig. 9 (or
Fig. 10). In comparison, the CASSCF excited state potential
energy curves differ significantly from those of XMS-CASPT2,
particularly around the CIs, which indicates that dynamic
electronic correlation effects are essential for describing the
excited states of stilbene and triphenylethylene around CIs. The
OM2/MRCI method is more appropriate for describing CIs of
stilbene and triphenylethylene than CASSCF, yielding similar
results to the XMS-CASPT2 data.
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