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Sensitizer molecules affect not only the quantum yield but also the selectivity of photochemical
DOI:00.0000/000000000x reactions. For an appropriate design of sensitized photochemical processes, we need to elucidate the
reaction mechanism in detail. Here we investigated the mechanism of photoisomerization of stilbene
via triplet state with para-benzoquinone sensitizer using the density functional theory. In general,
the isomerization of stilbene via triplet state exhibits (Z)-selectivity (cis-selectivity); however, para-
benzoquinone sensitizer changes it to (E)-selectivity (trans-selectivity). The calculations showed
that stilbene and para-benzoquinone form stable exciplexes having a preoxetane structure. The
E/Z isomerization occurred via this exciplex, in which para-benzoquinone acted as a photocatalyst
rather than a sensitizer only providing excitation energy. The spin-density distribution of the exciplex
differed from the isolated stilbene in the triplet state. Therefore, the stilbene moiety could take (E)-
conformation in the exciplex. The intermolecular charge-transfer drove the exciplex formation. This
specific reaction mechanism was originated from the electron-accepting ability of para-benzoquinone

in the triplet state.

1 Introduction

Photochemistry directly utilizes the photon energy in a chem-
ical reaction. The photochemical processes commonly involve
changes in the electronic state; therefore, photochemical reac-
tions may realize molecular conversions that are difficult in the
ground state. However, the quantum yield of photochemical re-
actions is frequently low because most molecules do not contain
an efficient light-harvesting group. Moreover, the reaction yield
further diminishes if the process involves a forbidden transition of
electronic states such as intersystem crossing between the singlet
and triplet states. In order to overcome such difficulty, a photo-
sensitizer is widely used.” It is known that the sensitizer affects
not only the reaction yield but also the selectivity. Therefore, the
optimization of photosensitizer is important for designing photo-
chemical processes.

The photo E/Z isomerization (trans/cis isomerization) of
olefins is a typical system%® where the reaction proceeds via the
triplet excited state. Many studies have examined the reaction
mechanisms and the effect of photosensitizers.”8 In particular,
Hammond and coworkers studied the [Z]/[E] ratio of the prod-
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uct for the photoisomerization of stilbene using various sensitizer
molecules.? They revealed the general reaction mechanisms by
applying the kinetic model and assuming the Dexter mechanism
to explain the observed Z/E selectivity.? Based on these works,
we can control the Z/E selectivity of the photoisomerization of
stilbene by adjusting the triplet energy of the sensitizer. In short,
we need high triplet energy to decrease the [Z]/[E] ratio because
to excite (Z)-stilbene (cis-stilbene) requires higher energy than
(E)-stilbene (trans-stilbene). However, some exceptions exist. For
example, some sensitizers yield specifically low [Z]/[E] ratio even
though their triplet energies are low. Particularly, Hammond and
coworkers reported that using para-benzoquinone (PBQ) as the
sensitizer yields an unexpectedly low [Z]/[E] ratio in the photoi-
somerization of stilbene in comparison with other sensitizers that
have the similar excitation energy to PBQ.2 That means a specific
Z to E conversion pathway may exist despite the required higher
energy for (Z)-stilbene to excite than for (E)-stilbene. However,
such a reaction pathway cannot be found by the reaction kinetics,
and the mechanism remains unclear.

Aside from the common photochemical isomerization, the re-
action via cation radical exhibits one-way isomerization of (Z)-
stilbene to (E)-stilbene.19 In the cation radical reaction, stil-
bene is photochemically oxidized to yield the cation radical using
electron-accepting sensitizers such as 9,10-dicianoanthoracene
(DCA) T Using polar solvent and adding salt improve the conver-
sion efficiency. 1% Duroquinone sensitizer in the micellar environ-
ment also exhibits a similar isomerization reaction of stilbene.’2
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Those studies implied that the shape of potential energy surface
in the cation radical state differs from that in the triplet state.1013
The formation of ion pairs affects the detail of the reaction kinet-
ics and spectroscopic behaviors; 1415 however, the effect of the
ion pair on the [Z]/[E] ratio in the steady-state has not been con-
sidered as important. Particularly, it is not common to use unsub-
stituted PBQ as a photoredox catalyst of olefin; therefore, previ-
ous studies did not consider specific intermolecular interaction or
charge transfer between PBQ and stilbene.

In the excited state, an olefin and carboxyl group may form an
adduct as a side product or an intermediate. Paterno-Biichi re-
action, [2+2] photocycloaddition of a carbonyl and an alkene,
is a well-known one.’® To the best of our knowledge, a stable
product has not been known for Paterno-Biichi reaction with un-
substituted PBQ and stilbene; 1072l however, there is a possibility
to form an intermediate exciplex of PBQ and stilbene.22"20 Addi-
tionally, the experimental study showed that the [Z]/[E] ratio in
the steady-state depended on the concentration of PBQ sensitizer,
although such concentration dependence was not found in the re-
action which proceeds in the Dexter mechanism.? Those findings
suggest that a specific intermolecular interaction plays an essen-
tial role in the isomerization of stilbene with PBQ sensitizer.2Z
However, a reaction pathway that involves ion pair or exciplex in-
termediatell#15:27 is ynknown and has not been investigated. To
establish such reaction pathway and mechanism will provide new
insight into the sensitized photoisomerization reactions, organic
photocatalytic reactions, and the chemistry in triplet states.8

In this paper, we examined the possible reaction pathways for
the photoisomerization of stilbene sensitized by PBQ using quan-
tum chemical methods and provided the reason why PBQ sen-
sitizer specifically yields excess (E)-stilbene. We considered the
reaction pathways in the lowest triplet and cation doublet states
and the possibility of forming an adduct of stilbene and PBQ in
the triplet state as an exciplex. We propose the catalyzed mecha-
nism in which a triplet sensitizer adds to an unsaturated bond of
an olefin as proposed by Turro.?2 The electronic structure of PBQ
plays an essential role in the specific selectivity of photoreaction.

2 Methodology

2.1 Models and reaction schemes for sensitized photoiso-
merization of stilbene

In general, the sensitized photoisomerization reaction proceeds
in the Dexter energy-transfer mechanism.” We illustrate the ener-
getics of the Dexter mechanism in Figure 1. In the Dexter mech-
anism the excited sensitizer in the singlet state first converts to
triplet states via an intersystem crossing. Thus, an efficient inter-
system crossing is desired on a suitable sensitizer. Heteroatoms
play an essential role in leading the intersystem crossing effi-
ciently. Then, the excitation energy transfer occurs to generate
triplet stilbene, and the sensitizer goes to the ground state. The
equilibrium geometry in the lowest triplet (T;) state significantly
differs from that on the singlet ground (S;) state. Thus, we need
to consider the overlap of the electronic wavefunction and the
overlap of the vibrational wavefunction to discuss the rate of the
energy-transfer reaction.223% After the energy transfer, the iso-
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merization occurs on the potential energy surface of the T, state.
Finally, the excited stilbene is quenched to yield the ground-state
product.
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Fig. 1 The Dexter energy transfer mechanism of triplet sensitized (de-
noted by sen) isomerization of stilbene.

The E/Z selectivity of the isomerization reaction depends on
the triplet excitation energy of the sensitizer (AE (sen)). Through-
out the study, we will discuss the selectivity by the ratio of con-
centration, [Z]/[E], in the photo-stationary state: the ratio ob-
served after photoirradiation in enough long time. The correla-
tion between AE (sen) and the [Z]/[E] ratio is shown in Figure 2,
based on the experimental observations.% By assuming the Dexter
mechanism, we may categorize the sensitizers into three groups
by their triplet excitation energies and [Z]/[E] ratio as follows:
Group 1: For AE(sen) > 60 kcal mol L, the [Z]/[E] ratio is almost
constant, [Z]/[E] ~ 1.5.

Group 2: For AE(sen) < 60 kcal moll, the [Z]/[E] ratio approxi-
mately increases with decreasing AE (sen), although there are sev-
eral exceptions. Sensitizers in this group exhibit (Z)-selectivity of
[Z]1/[E] > 1.5.

Group 3: Using some sensitizers (e.g. PBQ, eosin, and 9,10-
dibromoanthracene), we obtain the reaction product of [Z]/[E]
< 1.0. Namely, (E)-selectivity is observed with these sensitizers.

The behavior of sensitizers in groups 1 and 2 may be under-
stood in terms of classical reaction dynamics by using a simple
two-state model for the energy transfer, which is illustrated in
Figure 3. We considered two states: excited sensitizer (sen*)
with ground-state stilbene and ground-state sensitizer with ex-
cited stilbene (stilbene*). Their potential energy curve were ap-
proximated by identical parabolas. The horizontal axis denotes
the reaction coordinate of energy transfer. Because group 1 sen-
sitizer has enough high energy, the system smoothly moves from
the initial state (broken-line curve) to the final state (solid-line
curve) without a significant barrier. For group 2 sensitizer, the in-
tersection of potential energy curves results in an energy barrier
denoted as AG3t. The barrier height can be written as

(A +AGY)°

AG&C{ —
42

€3]

where AG? and A denote the reaction energy and reorganization
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energy, respectively. We expect the barrier for (Z)-stilbene to be
higher than (E)-stilbene due to the larger reaction and reorga-
nization energies. The quantum mechanical model can describe
the behavior of group 1 or group 2 sensitizers also to predict the

transition rates in terms of the Golden rule.’2230
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Fig. 2 The [Z]/[E] ratio (extrapolated values at infinite dilution) of
stilbene at photo-stationary states with respect to the triplet excitation
energies of various triplet sensitizers. The figure was created based on
the data in Ref.2,
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Fig. 3 The energy diagram for the excitation energy transfer between
sensitizer (sen) and stilbene.

For group 1, the [Z]/[E] ratio is ruled by the quenching process
of the T, state toward (E)- or (Z)-conformations branching from
the T, equilibrium geometry. The branching ratio is an intrinsic
property of stilbene molecule; therefore, the [Z]/[E] ratio is al-
most constant. For group 2, the [Z]/[E] ratio is determined by the
rate of the energy transfer that depends on AE(sen). With using
a group 3 sensitizer, the reaction probably proceeds in another
mechanism. According to its triplet energy, PBQ molecule be-
longs to group 2; however, it yields unexpected (E)-excess prod-
uct, [Z]/[E] = 0.71 at the extrapolation to the infinite dilution
of PBQ. The photoisomerization to yield (E)-excess products is
a very limited case, although the (E)-isomer is thermally more
stable than the (Z)-isomer. The reaction sensitized with PBQ un-

doubtedly proceeds in a pathway other than the Dexter mecha-
nism. Thus, we aimed to find the isomerization mechanism by
considering the potential energy surface using quantum chemical
computations.

2.2 Computational details

To obtain the potential energy surfaces relevant to the isomeriza-
tion reaction, we performed the geometry optimization for PBQ,
(E) and (Z)-stilbene, and their complexes (exciplexes) in the S,
and the T, states. Additionally, we calculated the cation dou-
blet state of stilbene and anion doublet state of PBQ. We used
the B3LYP functional®1"33 and 6-311+G(d,p) basis sets.2435 The
electronic structure of PBQ in the lowest triplet state of PBQ is
somewhat complicated due to the near degeneracy of nw” and
nn” states. We have confirmed that the unrestricted (U) B3LYP
works well for this system in the previous study.2® The expec-
tation values of §? in the triplet states were 2.025 < (§%) <
2.053 before the annihilation of the first spin contamination and
were (§%) = 2.000 after the annihilation. The atomic charges
were evaluated by the natural bond orbital (NBO) analysis. 37 The
molecular geometry optimizations and vibrational frequency cal-
culations were performed for isolated systems. The solvent ef-
fect (benzene) was considered for the total energy at the single-
point calculation level with the polarizable continuum model.*®
We used the Gaussian 16 program®? for the computations.

We also performed geometry optimization for some potential
energy crossing points for elucidating the deactivation process
(T, —S,) of the exciplexes. In these calculations, we optimized
the molecular coordinates, R, to minimize the squared energy dif-
ference between the ground and excited states,

[AE(R)] = [Ey (R) — Eg(R)]? )

using its gradient with L-BFGS algorithm4%41

2
IAEP _ IE, aEO) -

R 2Ei—E) (ﬁ*ﬁ

Here, E1 and Eq are the T; and S, energies, respectively. We
developed the program for optimizing the crossing points using
the energy gradient calculated by the Gaussian 16 program. The
geometry obtained by this procedure is not the minimum energy
crossing point (MECP)42 but one of the energy crossing points
close to the initial geometry. We tried to search the several cross-
ing points near the equilibrium geometry of the exciplexes and
adopted the lowest energy one. In other words, the presented
energy value toward the crossing point means an upper bound;
the existence of lower-energy crossing points never affects our
conclusions.

3 Results and Discussion

3.1 Overall energetics and optimized geometries

The overall energy diagrams for the reaction,

(E)-stilbene + PBQ = (Z)-stilbene + PBQ,

are summarized in Figure 4 and Figure 5. The relative energies
include the zero-point energy and solvation energy corrections.
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We set the energy of (E)-stilbene plus PBQ in the S state to zero
and considered the relative stability of (E)- and (2)-stilbene, E/Z
isomerization in the Sy, T, and cation states. Furthermore, we
investigated the complex formation of stilbene and PBQ and their
1,4-radical exciplex (XP). Additionally, we examined the oxetane
(0X) formation via [2+42] cycloaddition reaction known as the
Paterno-Biichi reaction. The absolute energy values of all the
considered systems are given in Table S1 of the Supporting In-
formation.

We summarized selected structural parameters (bond lengths
and dihedral angles) of relevant reactants, intermediates, and
products in Table S2 of the Supporting Information. In the S
state, PBQ takes D, point group symmetry, and the structure
varies to Cyy in the T, state, having inequivalent C=0O bonds.
(E)-stilbene has Cy;, point group symmetry; (Z)-stilbene and the
twisted conformation, (tw)- stilbene, belong to C, point group.
We found the bond-length alternation around the central CC bond
of stilbene between the S, and T, states. The three-dimensional
structures are given in Figure S2.

3.2 Isomerization of stilbene in the lowest triplet state

In the ground state (S;), (E)-stilbene exhibited lower energy
than (Z)-stilbene by 5.1 kcal mol! in benzene (4.8 kcal mol! in
vacuo). The calculated energy difference agreed with the experi-
mental value® (4.59 kcal mol! in vacuo). The relevant energies
are shown in Figure 4. The highest-energy structure along the
central CC bond (C1C2 bond in Figure S1) torsion was calcu-
lated at 33.4 kcal mol! above the (E)-conformer. However, this
structure did not have any imaginary frequency; therefore, this is
not the transition state (TS). We need to consider non-dynamical
electron correlation properly for evaluating the accurate TS. We
did not try to find the TS furthermore because we did not aim to
find the reaction pathway in the ground state. 44

The most stable structure in the T; state was the twisted (tw)
form existing at 43.5 kcal mol! above the (E)-conformer in the
ground state. This calculated energy was a little lower than the
experimental estiamation®® of 46.5 kcal moll. The T; state
did not have the minimal structure that corresponds to the (Z)-
conformer. Therefore, the exited (Z)-stilbene is directly relaxed
toward the (tw)-form. The 0-0 transition of (Z)-stilbene is rep-
resented by the transition from (Z)-conformer (S;) to (tw)-form
(T;). The calculated 0-0 transition energy was 38.4 kcal mol L.
We also calculated the T, energy by fixing the torsion angle to that
in the (Z)-conformer of the S state and relaxing other parame-
ters. The energy of this structure was 10.4 kcal mol'! higher than
the lowest structure (twisted) of the T, state. The torsion of the
central CC bond involves significant relaxation energy. The pre-
vious studies guessed the existence of the local minimum struc-
ture that corresponds to the (E)-conformer in the T state, 243145
The (E)-conformer in the T; state had one imaginary frequency
mode (18.2i cm™!) by the present computational method. Con-
sequently, the (E)-conformer was calculated to be a TS between
(2)- and (tw)-forms with very flat upward-convex. The calculated
0-0 transition energy of (E)-stilbene was 46.2 kcal molL.

The calculated 0-0 transition energy of PBQ was 44.0 kcal mol!

4| Journal Name, [year], [vol.], 1

in the T, state. This finding seems significantly lower than the ex-
perimental values®47 of 52.5 to 53.4 kcal mol™l. Because of the
quasi-degeneracy of several low-lying states, a quantitative agree-
ment is still challenging by the DFT calculations for this state. In
the Dexter mechanism, the excitation energy transfer from triplet
PBQ generates triplet stilbene.

The rate of the excitation energy transfer can be represented by
the electronic coupling, overlap of the vibrational wavefunctions,
reorganization energies, and the free energy change of the energy
transfer reaction using the Golden rule and Born-Oppenheimer
approximation.2? Orlandi et al. calculated the rate constant
for the triplet energy transfer between a sensitizer and (E)/(2)-
stilbene with respect to the free-energy change.2% They reported
that the rate constant decreases with decreasing the excess energy
of sensitizer that corresponds to the free-energy change in the to-
tal system. For (E)-stilbene, the rate constant decreases when the
excess energy lowers than 2 kcal moll, while for (Z)-stilbene,
the rate constant decreases when excess energy lowers than 10
kecal mol!l. This difference between (E)- and (Z)-stilbene mainly
arises from the reorganization energy via the CC bond torsion.
The model by Orlandi et al. successfully described the [Z]/[E]
ratio of isomerization reaction for many sensitizers.

3.3 Isomerization of stilbene in the cation state

In the cation state, the E/Z isomerization becomes easier because
of the decrease in the n-bonding character. In the cation state,
we could not find the TS along the CC bond torsion. The high-
est energy structure along the bond torsion was found at 22.7
kcal moll above (E)-conformer and 15.1 kcal moll above (2)-
conformer. The height of the potential surface decreased by more
than 10 kcal mol! in comparison with the Sy state. Addition-
ally, the energy difference between (E)- and (Z)-conformer was
7.6 kcal mol'!; the (Z)-conformer becomes unstable in compari-
son with the S state probably because of the Coulomb repulsion
between the positive charge distributed in two phenyl groups.
Due to the Coulomb repulsion, the dihedral angle around the
central CC bond became large in comparison with the neutral
(Z)-conformer. The shape of the obtained potential energy sur-
face is favorable for the one-way isomerization from (Z) to (E)-
stilbene 1013

We need to discuss the ionization process and required en-
ergy to ionize stilbene by a photochemical process in solution,
although the PBQ molecule is not a strong photooxidant. The cal-
culated ionization potential (0-0 transition) of (E)-stilbene was
167.6 keal mol'! in vacuo (146.8 keal mol'! in benzene), and the
calculation slightly underestimated the experimental value® of
176.6 kcal mol! (in vacuo). The electron affinity (0-O transi-
tion value) of PBQ was calculated to be 51.2 kcal mol ™! in vacuo
(77.5 kecal mol?! in benzene) with overestimating the experimen-
tal value¥?>Y about 10 kcal moll. The electron transfer energy
for PBQ and stilbene may be approximated as

Egr =~ Ip — EA — Vcoulomb @

where Iy and Ea denote the ionization potential of the donor (stil-
bene) and electron affinity of the acceptor (PBQ), respectively.
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Fig. 4 Reaction energy diagram for the E/Z isomerization pathways of stilbene in the Sy, T;, and cation state with PBQ sensitizer. The reaction
along the CC bond torsion is shown. The relative energies of oxetane products via photocycloaddition are also shown.

The third term represents the Coulomb interaction energy that
may be estimated by the point charge interaction with distance R
as

1 &

Vcoulomb = imeoe, R (5)
r

where gy and &; denote the permittivity of vacuum and the dielec-
tric constant of solvent medium. As a solvated ion pair, we consid-
ered that one benzene molecule exists between PBQ and stilbene.
Based on the electron-density distribution, we calculated the mo-
lar volume of PBQ anion, (E)- and (Z)-stilbene cations, and ben-
zene as 68.4, 173.6, 162.4, and 70.9 cm® mol!. Assuming that
all molecules are spherical, their approximated radii were 3.0,
4.1, 4.0, and 3.0 A. Thus, the distance of point charges may be
estimated as 13.1 A. Using &; = 2.2706 for benzene, we finally
evaluated the Coulomb interaction energy as 11.2 kcal mol.

The relative energies of PBQ(-1)-stilbene(+1) solvated pair
were consequently evaluated, as shown in Figure 4. These val-
ues (e.g. 57.8 kcal mol?! for PBQ(-1)—(E)-stilbene(+1)) would
be, however, lower limits because of the overestimation of the
electron affinity of PBQ. It is possible to generate the electron
transfer states by the visible light energy; however, the neces-
sary energy was significantly higher than the triplet excitation en-
ergy. Thus, the isomerization pathway involving photoionization
is less important than the triplet one for using PBQ sensitizer,
although highly polar environment may promote the photoion-
ization mechanism. In addition, the isomerization reaction with
eosin sensitizer would proceed in this cation mechanism. Eosin is
known as a photoredox catalyst, and therefore it may exhibit the
one-way isomerization.%8

3.4 Isomerization of stilbene via triplet exciplex with PBQ
We found that stable encounter complexes were formed with
triplet PBQ and ground state stilbene, and the encounter com-
plexes were easily converted to exciplexes by forming a C-O bond.
In the encounter complexes, the distance was 2.4-2.5 A between
the oxygen of PBQ and carbon in the central CC bond of stil-
bene. The energy diagram relevant to the exciplex is shown in
Figure 5. The gross charge on the stilbene moiety was +0.49 e for
(E)-conformer (+0.48 e for (Z)-conformer) in the complex, and
therefore, the charge-transfer stabilizes the encounter complex.
The stabilization energy was 8.1 kcal mol! for (E)-conformer (7.3
keal mol'! for (Z)-conformer). The encounter complex was con-
verted to the exciplex (E-XP or Z-XP), passing the transition state
(TS1 or TS2) with a low energy barrier by forming the C-O bond.
The exciplex formation was exothermic; the E-XP and Z-XP had
lower energies than the encounter complexes by 9.0 and 12.7 kcal
mol !, respectively.

The torsion around the central CC bond of the stilbene moiety
becomes much easier in the exciplex because the carbon bonding
with the oxygen of PBQ takes sp® electronic structure. The Z-
XP will be transformed into a twisted form (tw-XP) by passing
through the TS3 (the barrier is 3.1 kcal mol ™). Alternatively, it
will be the E-XP by passing through the TS5 that is located in
the opposite torsional direction (the barrier is 2.5 kcal mol ).
The potential energy surfaces between the E-XP and tw-XP were
almost flat. They had almost the same energy, and the height of
TS4 between them was only 1.8 kcal mol'l. By elongating the
O-C distance between PBQ and stilbene up to 1.7 A, the E-XP and
tw-XP were converted to the same structure.

The exciplexes were unstable in the S; state and dissociating to
PBQ and stilbene. The intersystem crossing preferentially occurs
around the crossing point between the S, and T;. We obtained

10| |5
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Fig. 5 Reaction energy diagram for the E/Z isomerization pathways of stilbene with PBQ sensitizer via the exciplex formation. The excitation of
PBQ to the T, state yields the encounter complex. After passing through the TS1 (or TS2), E-exciplex: E-XP (or Z-exciplex: Z-XP) is generated.

The isomerization proceeds via the triplet exciplex.
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crossing points of CP1 and CP2 around the geometry of E-XP and
Z-XP, respectively. During the geometry optimization of CP1 and
CP2, we did not consider the solvent effect and zero-point en-
ergy, although these corrections depend on the electronic states.
Therefore, the Sy and T, energies at the CP1 and CP2 structures
are not identical. Here, we used the S, energy for discussion.
The CP1 was found 12.1 kcal mol! above the E-XP, and the CP2
was 14.3 kcal mol™! higher than the Z-XP. The energy difference
was 2.2 kecal mol! between E-XP and Z-XP. In the exciplex state,
the (E)-conformer is more stable than the (Z)-conformer; there-
fore, (E)- or (Z)-stilbene forms triplet exciplex and relaxes to the
E-XP structure. Finally, the E-XP is quenched to yield PBQ and
(E)-stilbene in the S state. As a result, the one-way isomeriza-
tion from (Z)- to (E)-stilbene is achieved using the triplet state of
PBQ.

A well-known photochemical reaction of olefin and carbonyl
compounds is the Paterno-Biichi reaction: [2+2] photocycload-
dition reaction. We found that the products of the Paterno-Biichi
reaction, oxetane species, were significantly unstable compared
to the exciplexes having a preoxetane structure. The triplet oxe-
tane products (E-OX and Z-OX) had about 70 kcal mol! higher
energy than the ground state reactant, PBQ + stilbene (Figure
4). Therefore, we do not need to consider the photocycloaddition
reaction.

3.5 Electronic structures

The spin density distributions can explain the stable conforma-
tion of stilbene in the T, state. The twisted form is the most
stable structure for stilbene in the T, state, while the E-XP be-
comes a low-energy structure for the PBQ-stilbene exciplex. The
spin density distributions are shown in Figure 6. For stilbene in
the twisted form, the spin density was distributed in two HC-Ph
groups. Those two maximum distributions took a perpendicular
direction due to reducing the overlap of unpaired electrons.>152
The overlap of unpaired electrons destabilizes the system owing
to the Pauli repulsion originated in the exclusion principle. There-
fore, stilbene in the T, state favors a twisted structure. In the
PBQ-stilbene exciplex, on the other hand, the spin density was
delocalized in one HC-Ph group and PBQ moiety. Thus, the over-
lap of unpaired electrons hardly depends on the conformation of
the stilbene moiety.

The charge-transfer drives the C-O bond formation in the PBQ-
stilbene exciplex. In a simplified orbital picture, the n- and x"-
orbitals correspond to the SOMO (singly-occupied molecular or-
bital) of PBQ in the T, state. The valence 7 electron of stilbene
moves to the SOMO n-orbital of PBQ to form the C-O bond. Con-
sequently, unpaired electrons remain in the r-orbital of stilbene
and «"-orbital of PBQ, resulting in the 7z" charge-transfer type
T, state. This charge-transfer already occurs partly in the en-
counter complexes. For the oxetane, E-OX, the spin density is
distributed in PBQ moiety showing the nz"-like character.

Since the presented reaction mechanism involves intersystem
crossing, spin-orbit coupling (SOC) would be significant. Thus,
we estimated the SOC between the Sy and T; states by the
TDB3LYP/6-311G(d,p) method and Casida’s wavefunction ansatz

(a)

(d)

Fig. 6 Spin density distributions in the T, state of (a) (tw)-stilbene, (b)
E-XP, (c) encounter complex, and (d) E-OX with the isosurface value
is 0.008. The blue and yellow regions represent positive and negative
values, respectively.

using the PySOC program code.>3 The SOC values for important
systems are shown in Table 1. The SOCs for PBQ in the S and T,
equilibrium geometry were 64 and 49 cm’!, respectively. Strong
SOC arises from the nx” transition. The SOCs for stilbene and
exciplexes are 4 cm™! or lower. They have a wz” character, and
therefore, SOC becomes weak. Sensitization by the triplet PBQ is
effective, and the quenching to S, stilbene is expected to be slow.

Table 1 Spin-orbit coupling (SOC) between Sy and T, states calculated
with TDB3LYP.

System
PBQ (S, geometry) 64
PBQ (T, geometry) 49
(E)-Stilbene (T, geometry) 0
(tw)-Stilbene (T, geometry) 2
(2)-Stilbene (T; geometry) 1
E-XP (T, geometry) 4
3
2
4
4

tw-XP (T, geometry)
Z-XP (T, geometry)
CP1 (T, geometry)
CP2 (T, geometry)

3.6 Comparison with diacetyl sensitizer
We investigated the exciplex formation of stilbene with 2,3-
butanedione (diacetyl, diac) since it helps to understand the ex-
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ciplex formation that the comparison of PBQ with a similar sen-
sitizer molecule having carbonyl groups. The experimental study
showed that the diac sensitizer belongs to group 2 with [Z]/[E]
~ 6.5, indicating the Dexter mechanism. The energy diagram for
(E)-stilbene and diac was shown in Figure 7 with comparing to
the energetics of PBQ.

The exciplex formation of stilbene and diac was not so favor-
able energetically than that of PBQ; therefore, the exciplex for-
mation will not occur for diac, and the Dexter energy-transfer
will be the dominant process. The calculated 0-0 transition en-
ergy of diac was 47.0 kcal mol! in benzene solution between
the S, and T; states. The transition energy was close to that of
PBQ. In contrast to PBQ, diac did not form a stable encounter
complex with stilbene in the T, state. The calculated stabiliza-
tion energy was 0.6 kcal mol! by forming the encounter com-
plex, which exhibited only 0.03 e charge transfer by the natural
population analysis. The complex of diac yielded the triplet exci-
plex, which was similar to that of PBQ, after passing the transition
state of 7.3 kcal mol™! barrier height. The product exciplex had
2.1 kecal mol! lower energy than the reactant; the reaction en-
ergy of the exciplex formation was significantly smaller than that
of PBQ (17.1 kcal mol). Additionally, we found that the oxe-
tane structure had about 40 kcal mol ™! higher energy than the
reactant. These findings indicate that the Dexter energy transfer
occurs preferentially than the exciplex formation upon using diac
as the sensitizer.

Both the exciplexes with PBQ and diac have a similar electronic
structure. The sensitizer moieties accepted negative charge about
-0.36 e, and the spin density was delocalized in the phenyl and
the sensitizer moieties. The C-O bond lengths between sensitizer
and stilbene are 1.466 and 1.465 A for PBQ and diac, respectively.
Briefly, the intermolecular bond forms with accepting electron by
the sensitizer. Thus, the stability of exciplex relates to the electron
affinity of sensitizers in the triplet state. The electron affinity in
the triplet state can be estimated easily by the computations. The
calculated 0-0 energy differences between the triplet and anion
radical were -95.2 and -70.3 kcal mol! for PBQ and diac, respec-
tively, in vacuo. The negative sign means that anion radical is
more stable than the triplet. Thus, the high electron acceptabil-
ity of PBQ is the electronic origin to stabilize the triplet exciplex.
This feature also affects the stability of the encounter complexes
and their charge-transfer character.

4 Conclusions

Based on the quantum chemical calculations, we concluded that
the PBQ molecule acts as a sensitizer and a catalyst in the photoi-
somerization reaction of stilbene by forming a stable exciplex as
an intermediate. We found that stilbene and PBQ form a sta-
ble complex stabilized by the charge-transfer. This encounter
complex was converted to the exciplex by forming a C-O bond.
The exciplex formation was energetically more favorable than
the Dexter energy transfer. The conformation of the exciplex
was flexible, and therefore it was converted to the stable (E)-
conformation. The exciplex was quenched to the S, state to yield
(E)-stilbene after passing this crossing point between the T; and
S, states. Although the present study considered only the low-
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Fig. 7 The reaction profiles for the stilbene exciplex formation process
with diacetyl (upper green line) and with PBQ (lower blue line). The
sensitizer plus (E)-stilbene was set to the reference of energy.

est triplet state within the complicated photochemical reaction,
the exciplex mechanism is consistent with the observed Z/E se-
lectivity and whose dependence on the concentration of PBQ. Ex-
perimental detection of the exciplex intermediate is necessary to
confirm the proposed mechanism.

The exciplex formation is derived by the oxidative addition
of triplet sensitizer to stilbene; therefore, the sensitizers having
high electron acceptability in the triplet state favor to form ex-
ciplex. The high electron acceptability is the characteristic of
benzoquinone, and therefore, it works as a photocatalyst. The
organic photocatalyst is receiving increasing attention. In the
photocatalytic reaction mechanism, the existence of intermediate
exciplexes is not well considered because the exciplex formation
does not affect the outcome. The present result is an example
of that exciplex formation affects the selectivity of photochemical
reactions. This study shows the necessity to consider exciplex in-
termediates in the mechanistic study of photocatalytic reactions.
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