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ABSTRACT: The working mechanism of a geometrically
overcrowded, chiral stilbene light-driven molecular rotary
motor [(2R2R)-2,2,7,7-tetramethyl-1,1"-bis(indanylidene),
3] has been investigated by a potential energy surface (PES)
study. The reaction paths of the two photoinitiated cis—trans
(or E/Z) isomerization processes, namely, (P,P)-stable-
cis—> (M,M)-unstable-trans-3 and (P,P)-stable-trans—(M,M)-
unstable-cis-3, have been explored at the CASPT2//CASSCF
level of theory. The minimal energy reaction paths (MEPs) of
these two processes are nearly parallel on the PESs, separated
by a ridge of high inversion barrier. The MEPs have a
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remarkably steep slope, which drives C=C bond rotation unidirectionally. The asymmetric bias on the excited-state MEPs is
caused by the substituents on the “fjord” region as well as by the phenyl moieties. The overall photoisomerization reaction can be
described as a three-state (1B—2A—1A) multimode mechanism: The molecule excited to the 1B state first crosses one of the
sloped 1B/2A seams, and then follows two cooperative torsional reaction modes to cross preferentially one of the two 2A/1A
conical intersections to reach the isomerized ground-state product.

1. INTRODUCTION

Biological molecular motors (molecular machines) are among
the most delicate creations in nature. By converting external
energy to mechanical force, they work as engines inside cells to
power diverse biological cellular functions and sophisticated
activities of living creatures." Although construction of artificial
molecular devices mimicking the operation of biological
molecular motors has yet to be achieved due to their extreme
complexity, chemists have been able to design molecular
systems with a few relatively simple components and to control
the relative motions of the components. Following the
syntheses of artificial linear” and rotary molecular motors,
artificially synthesized molecular motors that are stimulated by
different energy inputs and perform different functions have
received widespread interest in the past decade.* These
representative prototypes not only demonstrate state-of-the-
art synthetic techniques, but also carry genius ideas that will
undoubtedly lead to nanoscale molecular devices in the
foreseeable future.

Among various types of artificially designed systems, light-
driven rotary molecular motors, originally des1gned by the
Feringa group, have attracted special interest.” These molecules
undergo repetitive and unidirectional rotation in a manner
similar to that of their biological counterparts, e.g, bacterial
flagella and ATPase. Light is an ideal source of energy for
molecular motor, superior to many other energy inputs (e.g,,
thermal, chemical, and electrochemical energies). It has many
advantages, such as being clean, easy-to-control (intensity,
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wavelength, distance, etc.), and highly selective. Therefore,
light-driven molecular motors are among the most promising
classes in applications. In addition, nature has provided many
elegant examples of how light manipulates electronic states of
molecules and generates reversible and repetitive processes.
Through these examples we have learned that the electronic
and geometrical structures of excited states can be remarkably
different from those in the ground state; it is possible to utilize
these differences to stimulate molecular motions in properly
designed systems. For example, the light-driven rotary motors
designed by Feringa’s group were obtained mainly by exploiting
the carbon—carbon photoisomerization in helical overcrowded
alkenes.® Tuning the nondirectional/bidirectional C=C bond
rotation to a directional pattern requires an in-depth under-
standing of the potential energy surfaces (PESs) in different
electronic states, especially the excited-state ones. Unfortu-
nately, information about the excited-state ultrafast photo-
chemical processes of the involved molecules, which could be
obtained from time-resolved spectroscopy or high-level
theoretical calculations, has never been sufficient, not to
mention the subtle nonadiabatic processes governed by the
interactions between the PESs which play crucial roles in
determining the reaction path and branching ratio of the
photoproducts:® i.e., conical intersections (CIs) in f — 2 degrees
of freedom (f = degrees of freedom) when the two states have
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the same spin and symmetry, or seams of crossing (SXs) in f —
1 degrees of freedom when the two states have different spin or
symmetry.

Despite the evident challenges associated with light-driven
rotary motors, theoretical efforts, including PES calculations
and molecular dynamics (MD) simulations, have started to
emerge recently. In 2009, Torras et al.” reported a DFT and
MP2 study on the ground-state rotational profiles of a
molecular “gearbox” [9-(2,3-dihydro-2-phenyl-1H-benz[e)-
inden-1-ylidene)-9H-fluorene]. Later, Kazaryan et al. reported
their calculation on the ground (S,) and first excited singlet
(S;) states of an overcrowded biphenanthrylidene [(3R,3'R)-
(P,P)-trans-1,1'2,2,3,3',4,4-octahydro-3,3-dimethyl-4,4"-biphe-
nanthrylidene] molecular motor by state-averaged spin
restricted ensemble-referenced Kohn—Sham (SA-REKS) meth-
ods,** and on its excited-state dynamics by a classical OPLS
force field method®™ and semiclassical surface hopping
dynamics with a semiempirical quantum mechanics Hamil-
tonian (OM2/GUGA-MRCI).* These calculations revealed
interesting features of the rotary profiles in a light-driven
molecular rotary motor. Still, we found it necessary to carry out
multiconfigurational ab initio calculations to describe the
primary events of the photoisomerization taking place on the
excited-state surface, and to reveal the role of the “dark state” in
the cis—trans photoisomerization processes of conjugated
molecules.®!

In 2008, a light-driven rotary molecular motor (3, Chart 1)
based on stilbene (1, Chart 1) was synthesized by the Feringa

(P,P)-stable-cis-3

(M,M)-unstable-trans-3
step 4 step 2
60°C | | ;¢ -20°C

(M,M)-unstable-cis-3 (P,P)-stable-trans-3

Figure 1. Light-driven four-step rotation scheme in stilbene rotary
motor 3 ((2R2R)-2,2',7,7tetramethyl-1,1"-bis(indanylidene) (from
ref 9). Experimental conditions: step 1, irradiation with 313 nm of a
hexane solution of stable-cis-3 at —80 °C; step 2, warming CDCl,
solution at —20 °C for 20 min; step 3, Irradiation of a benzene-dj
solution of stable-trans-3 at 313 nm and room temperature; step 4,
heating the solution from step 3 at 60 °C for 2 h.
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group.” This molecule, which has simple geometry but shows
an amazing unidirectional, 360° rotation around the central
C=C bond (Figure 1), was used as a parent compound in their
previous syntheses of molecular rotary motors.” Further, its
application in chiral catalysis was recently demonstrated by the
same group.” As shown in Figure 1, the rotational process
consists of four steps, two of which occur in the electronically
excited state and involve cis—trans isomerization of the carbon—
carbon bond. The other two thermal helix inversion steps
(steps 2 and 4 in Figure 1) have been calculated at the RI-
MP2/TZVP//B3LYP/6-31G* level by Pérez-Hernandez and
Gonzalez.'® Their calculation confirmed the unidirectionality of
the helical inversion and suggested an asynchronous mecha-
nism for the thermal steps; that is, in step 2 from unstable-trans-
3 (called “unstable” following the experimental paper’ but
actually a “less stable” minimum) to stable-trans-3 and step 4
from unstable-cis-3 to stable-cis-3, the thermal isomerization
takes place though asymmetric transition states, whereas the
minima of the rotary cycle all present C, symmetry. In the
meantime, the excited-state PESs of the rotary motor, which are
important in rationalizing the chemical nature of the currently
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synthesized rotary molecular motor and designing new
promising motors, have yet to be revealed.

In the present study, we explore the photoinduced rotary
paths of stiff stilbene molecular motor 3 in the excited states
and characterize the interaction between the PESs of the
involved electronic states by carrying out complete active space
self-consistent field (CASSCF)"" and complete active space
second-order perturbation theory (CASPT2)'* calculations.
Specifically, we studied step 1 of Figure 1, stable-cis-3 to
unstable-trans-3, and step 3, stable-trans-3 to unstable-cis-3. In
order to clarify the role of the constraint and substitution
effects, the corresponding photoisomerization steps in its
parent compounds, ie, “free” stilbene 1 and a ring-fused
analogue, 1,1-bis(indanylidene), or the “stiff” stilbene 2, are
also investigated for comparison. The findings of the present
study are expected to shed light on the unidirectionality of the
photoinitiated C=C rotation processes and the working
mechanism of the stilbene molecular motors.

2. COMPUTATIONAL DETAILS

The geometries of the ground state and three low-lying singlet excited
states of stilbene rotary motor 3 were olptimized at the CASSCF level
of theory with the 6-31G basis set.”> A previous photodynamic
experiment suggested that although both the singlet and triplet
mechanisms are present in the cis—trans photoisomerization of
stilbene, the singlet mechanism is prevalent in alkyl-substituted
stilbenes. (For instance, as one example, the singlet vs triplet yields
for unsubstituted stilbene, 1 in Chart 1, are 0.52(trans-to-cis):0.35(cis-
to-trans):0.002(triplet) for isomerization.)'* This is understandable
since the photoisomerization of stilbene typically takes place within ~1
ps, which is too short to allow for populating the triplet state.
Therefore, in the current study, only singlet excited states were
considered.

A C, symmetry constraint was applied in all CASSCF and CASPT2
calculations (except for optimization of the minima of Cls, which has
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Table 1. Key Geometric Parameters (Dihedral Angles 6 and @ and Bond Angle a, in Degrees) and CASSCF Relative Energies
(kcal/mol)® for the Ground- and Excited-State Minima of Free Stilbene 1 and Stiff Stilbene 2

geometric parameters

relative energies

structure (7 17 a 1A 1B 2A 2B
Free Stilbene 1
Icis-1A 4.2 43.5 129.3 4.2 143.3 144.7 166.9
1trans-1A 180.0 0.0 126.9 0.0 132.4 131.4 150.1
Iperp-1B 93.2 -3.8 124.5 52.0 119.8 120.2 148.3
1trans-1B 180.0 0.0 126.1 9.2 120.7 122.5 -
Icis-2A 22.5 9.7 1224 77.0 142.1 109.2 165.5
Itrans-2A 180.0 0.0 126.4 22.8 131.0 108.5 148.0
Stiff Stilbene 2
2cis-1A 7.4 22.4 131.9 24 136.6 136.2 149.0
2trans-1A —179.1 16.0 128.0 0.0 133.3 132.9 153.1
planar-2trans-1A 180.0 0.0 128.2 0.6 132.2 132.6 182.7
2perp-1B 93.3 =3.1 127.1 48.8 117.7 118.0 146.0
2cis-2A 43.0 6.0 128.1 294 123.9 108.7 140.3
2trans-2A 149.7 -11.6 128.1 30.4 127.5 110.1 147.3

“The energies are relative to the global minima of compounds 1 and 2, respectively.

been performed without symmetry) in order to minimize the
substantial cost of computation. Our preliminary calculations with
the density functional B3LYP method suggest that the cis- and trans-
conformers of the molecule and the representative structures along the
C,—C,’ bond rotary profile are mainly symmetric around a C, axis
(through the bisector of the dihedral angle between two benzene
moieties), as shown in Figure S1 (Supporting Information). This was
further justified by the recent report by Pérez-Hernindez and
Gonzlez."

The state-averaged CASSCF (SA-CASSCF) model was used,
allowing for a balanced description of the investigated states, especially
at the closely interacting region. The four lowest singlet states included
in the C, SA-CASSCF wave function are the close-shell ground state
(1A), the two lowest spectroscopic B states (1B and 2B), and the
“dark” 2A electronic excited state. These four states are adequate for
describing the photoisomerization of stilbene, since typically the
molecule is excited to either the 2B or 1B state (see section 3).

An active space, with 10 electrons distributed in 10 7 orbitals (the
m/7* orbitals of the central ethylene bond, the two degenerate
HOMO and LUMO orbitals of each of the two phenyl moieties),
denoted as CAS(10,10), was constructed and is illustrated in Figure
S2. During the rotary process, the nature of individual orbitals changes
significantly, but as a whole, the active orbitals are well conserved
against the geometrical variations. In order to locate the minimum-
energy paths (MEPs) on the ground- and excited-state PESs along the
C1—ClI' rotary profile, a series of constrained geometry optimizations
were performed on 1A and 1B states in which the excited- and ground-
state isomerizations take place, respectively. Using the minima
structures as starting points, we carried out geometry optimizations
along the C8—C1—C1'—C8' dihedral angle (0 in Chart 1) with an
initial interval of 30° to identify the one-dimensional rotary potential
energy curves (PECs). For some crucial regions, more grids were
inserted to ensure the continuity of the curve. However, in
photoisomerization of stilbene, the rotary path does not simply
correspond to an ethylene-like one-dimensional PEC. Due to the
strong interaction between the two phenyl moieties (especially in the
cis-region), the out-of-plane torsions around C1—C8 and C1'—C8’ also
make major contributions in shaping the PES. Therefore, for each 6
dihedral angle, local minima considering the C7—C8-C1-CI’
dihedral angle (¢ in Chart 1; and ¢’ = C7'—C8—C1'—Cl, which is
same as the former under a C, symmetry constraint) were explored. In
general, two isomers with different ¢ dihedral angles can be optimized,
one corresponding to the geometry of the stable-cis—unstable-trans
isomerization step (step 1 in Figure 1) and the other to that of the
stable-trans—unstable-cis isomerization step (step 3 in Figure 1).
Therefore, two valleys on the global two-dimensional PES of 3 (with
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respect to @ and @) were located for the 1A and 1B states, respectively.
The rotary reaction paths of free stilbene 1 and stiff stilbene 2 were
obtained by the same computational strategies.

Along the C=C bond rotation pathways, the investigated states
approach each other; therefore, the minimal energy seams of crossing
(MSXs)"® or minimum energy CIs'® were located at the CASSCF
level between the S,/S; (1B/2A) and S,/S, (2A/1A) pairs of PESs.
The nature of the Cls was characterized by the branching space
calculation that provides the energy gradient difference vector and
derivative coupling vector of the molecule at the geometry of the
CIs.'® The energies with dynamic correlation were calculated at the
CASPT2 level at CASSCF-optimized geometries (CASPT2//
CASSCF), using an internally contracted version (RS2¢)" of the
CASPT?2 method implemented in MOLPRO 2006.1."% In all CASPT2
calculations, a level shift of 0.3 au was applied to avoid the intruder-
state problem."®

3. RESULTS AND DISCUSSION

The cis—trans photoisomerization of stilbene is one of the most
extensively investigated subjects in photochemistry, both
experimentally”’ and theoretically.”' It has been discovered
experimentally®® that both the cis—trans and trans—cis
photoisomerizations can take place in stilbene. For instance,
for cis-stilbene 1, photodynamic experiments suggested that, at
short wavelength (~270 nm), the initial excitation populates
the 2B state, followed by an ultrafast relaxation to the 1B
fluorescent region, while at longer wavelength (>300 nm), the
excitation mainly populates the 1B state, in which the cis—trans
photoisomerization mainly takes place. Both the cis- and trans-
isomers in the 1B state are considered to go down to the
ground state near the 1B perpendicular minimum. Therefore,
the shapes of the PESs around the Franck—Condon region on
the 1B state (1B-FC) and that toward the 1B minimum control
the directionality of the photoinitiated C1=C1’ rotation.

The absorption spectra of the cis- and trans-stilbenes (free
stilbene 1) have been evaluated theoretically by several high-
level calculations, including the expensive MS-CASPT2-
(14,14)/ANO-L treatments.”'¢ The MS-CASPT2 results by
Gagliardi and co-workers suggested that vertical excitation from
the ground-state trans-stilbene is allowed for two B states, both
corresponding to 7—7* excitation. The strongly absorbing state
(1B) mainly results from the HOMO—LUMO excitation
centered on the C=C bond [labeled as B(HL)], while the
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weakly absorbing one results from the combination of the local
excitation on the phenyl groups [denoted as B(—)]. The 2A
state is similar in nature to B(—) but is spectroscopically
forbidden. Our CASSCF wave functions at the ground-state
minima of stilbene 1-3 largely confirmed these findings,
although the natures of the B(HL) and B(—) states are found
to be mixed.

Compared with the photochemistry of free stilbene 1, the
spectroscopy and photoisomerization processes of ring-fused
stiff stilbene 2 and rotary motor 3 have rarely been theoretically
documented. Therefore, we calculated the vertical excitation
properties of rotary motor 3 at the CASPT2 (gas-phase) and
TDDFT (in hexane) levels and summarized the results in Table
S1. The simulated absorption spectra as well as the
experimental UV spectra (from ref 9) are illustrated in Figure
S3. The computed vertical excitations, based on both the
CASSCF-optimized structures and the reported crystalline
structures, are in good agreement with the reported
experimental ones. (For detailed discussion, please refer to
the Supporting Information.) From these spectroscopic
properties of 3, it is seen that, at the experimental excitation
wavelength (313 nm) reported in ref 9, the molecule is most
likely to be excited to the 1B state (rather than the 2B state).

In the following, we will first present the CASSCF-optimized
structures on the 1A, 1B, and 2A states for the three stilbenes
1-3 (section 3.1). Next, we will briefly present the CASSCF-
computed cis—trans rotary profiles of free stilbene 1 and stiff
stilbene 2 in the 1A and 1B states, as well as the directionalities
of rotation in cis—trans and trans—cis photoisomerization
(section 3.2). In sections 3.3 and 3.4, we will focus on the two
photoisomerization steps of 3, ie., (P,P)-stable-cis—(M,M)-
unstable-trans-3 (step 1 of Figure 1) and (P,P)-stable-
trans— (M,M)-unstable-cis-3 (step 3), respectively. Finally, we
will propose a working mechanism for a stilbene rotary motor
(section 3.5).

3.1. Optimized Structures and Spectroscopic Proper-
ties of Stilbenes 1-3. Table 1 summarizes important
geometrical parameters and relative energies for all stationary
points optimized on the 1A, 1B, and 2A PESs of free stilbene 1
and stiff stilbene 2.

3.1.1. Free Stilbene 1. Two ground-state isomers, Icis-1A
(stands for compound 1, cis-conformer, in the 1A state,
similarly hereinafter) and Itrans-1A, were located for 1 at the
CASSCF/6-31G level of theory. The global minimum Itrans-
1A has a totally planar (C,,) geometry, while Icis-1A is 4.2
kcal/mol less stable and shows a helically twisted C,-symmetric
structure. Due to the steric repulsion between the two phenyl
moieties, the central C1—C1’ bond (torsional angle #) and its
neighboring C1—C8 (and C1'-C8’ in the assumed C,
symmetry) bonds (torsional angle ¢) are forced to twist out-
of-plane in a synchronous manner. The Icis-1A (0 = 4.2°, ¢ =
43.5°) conformer in Table 1 corresponds to right-hand (P,P)-
helicity (or more specifically, right-hand axial chirality), and
there exists another Icis-1A (6 = —4.2°, ¢ = —43.5°) showing
(M,M)-helicity. These two helical cis-isomers are mirror
structures, having identical energies and indistinguishable
UV—vis spectra; therefore, in the following discussion, only
the (P,P)-helical isomer will be mentioned. In the 1B state, the
planar trans-isomer Itrans-1B has been found, but the
corresponding cis-isomer does not exist. In addition, a
perpendicular (0 = 93.2°) intermediate Iperp-1B has been
found with a very small ¢ dihedral (—3.8°), suggesting full
release of the repulsion between the two phenyl moieties. The
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two minima (Icis-2A and Itrans-2A) on the 2A PES have
geometrical features similar to those in the 1A state. The
calculated results are quite consistent with previous multi-
reference CASSCF calculations.”!

3.1.2. Stiff Stilbene 2. Introduction of two 5-membered rings
into free stilbene 1 produces a stiff stilbene 2. The S-membered
rings in 2, hindering the rotation (¢) around the C1-C8 (and
C1'—C8’) bonds and constraining the bend of the C1'-C1—-C8
(and C1-C1'-C8’) bond angle (a in Chart 1), make the
molecule “stiffer”. As a result, they not only prohibit the
photocyclization side reaction (which is the predominant side
process in free stilbene 1) but also make a hula-twist (HT)
mechanism less feasible. The cis—trans isomerization of stiff
stilbene 2 follows the one-bond-flipping mechanism,”®® which
is the foundation for the directional rotation to be discussed
below. Our CASSCF geometry optimization shows this
constraint has significant structural and energetic effects on
both the ground- and excited-state PESs of 2.

From Table 1 it is seen that the P-helical cis-isomer (2cis-1A)
has larger 8 (7.4°) and smaller ¢ (22.4°) dihedral angles
compared with its counterparts in free stilbene 1, already
reflecting the constraint effects of the S-membered rings. More
significant influences were found on the trans-conformers. Two
ground-state isomers with similar € (~180°) but different ¢
dihedral angles were located for the trans-isomer of 2 (see
Table 1). The slightly twisted conformer, 2trans-1A, is the
global minimum of the stiff stilbene, while the planar one
(planar-2trans-1A), lying ~0.6 kcal/mol above, was found to
be the transition state between the P-helical and M-helical
conformers. These indicate the competition between the S-
membered-ring constraint and the inherited conjugation effects
of stilbene; the former tends to destroy the planarity of the
molecule, while the latter prefers to form a planar structure.
Therefore, in unsubstituted stiff stilbene 2, the constraint effect
of the 5-membered ring starts to take a hand in reshaping the
PES, particularly that near the trans-conformer. This constraint
effect is also reflected by a twisted (2trans-2A) trans-conformer
in the 2A state that was originally planar in free stilbene 1.
These changes in planarity from Itrans-1A to 2trans-1A (and
those on 2A state) imply a role of the S-membered rings in
designing preferable trans—cis photoisomerization, since in
typical trans—cis photoisomerization processes (for instance, in
free stilbene 1) the excited trans-conformer needs to climb out
of a potential well generated by the conjugation effect. In
properly designed stiff stilbene systems in which the constraint
effect (rather than the conjugation effect) predominantly
governs the slope of the PES at the trans-side, directional
trans—cis photoisomerization could be achieved.

3.1.3. Stilbene Rotary Motor 3. Molecular rotary motor 3
differs from stiff stilbene 2 by the methyl substitutions in the
“fjord” regions. (The “fjord region”, which is frequently used in
the Feringa-type molecular rotary motor, represents the
overcrowded spatial region between the rotor and stator.)
Not only do the four methyl groups at the C7, C7', C2, and C2’
positions further hinder thermal helical inversion between the
(P,P)- and (M,M)-helical isomers, but, more importantly, the
asymmetric substituents at the C2 and C2’ atoms create two
geometrically chiral centers (C2 and C2’). In this geometrically
chiral molecule, there are R and S enantiomers. In this study we
adopted (2R,2R’)-(P,P)-cis-3 as the reference structure,
consistent with experimentalists. For the geometrically chiral
(2R,2R)-3, the (P,P)- and (M,M)-helical isomers are not mirror
structures on either the cis- or the trans-side.

dx.doi.org/10.1021/ja211441n | J. Am. Chem. Soc. 2012, 134, 4864—4876
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Table 2. Key Geometric Parameters (Dihedral and Bond Angles, in Degrees) and CASSCF and CASPT2//CASSCF Relative
Energies (kcal/mol)” for the Ground- and Excited-State Minima of Rotary Molecular Motor 3

geometric parameters CASSCF CASPT2
structure 0 @ a 1A 1B 2A 2B 1A 1B 2A 2B
stable-3cis-1A 2.8 40.1 131.9 0.0 136.9 136.2 155.2 0.0 106.9 107.2 110.3
unstable-3cis-1A —25.2 —30.2 128.9 8.2 141.0 139.2 151.2 5.3 108.4 110.6 107.9
stable-3trans-1A —200.7 50.5 127.1 2.4 141.2 141.0 163.5 3.8 112.7 112.6 118.1
unstable-3trans-1A 162.5 —-37.3 1274 7.6 141.9 140.7 153.0 5.2 109.9 111.0 112.5
3perp-1B 85.9 2.7 128.4 43.3 111.0 111.0 139.2 41.0 106.2 104.9 112.5
3perp-1B’ —98.5 9.1 128.3 40.2 109.5 108.3 137.2 384 105.4 102.3 110.0
3cis-2A’ —65.3 -5.9 129.9 314 114.1 103.7 136.8 26.7 106.9 94.1 105.4
3trans-2A’ —135.2 33.1 128.2 44.3 117.0 112.1 143.6 41.4 110.3 102.0 1158.5
3cis-2A S51.2 18.1 128.4 30.9 117.8 105.7 139.8 26.5 109.6 96.9 105.4
3trans-2A 128.1 —19.7 128.7 32.7 116.3 106.0 139.4 28.4 109.7 96.9 106.0
“The energies are relative to the CASSCF and CASPT?2 energies of the global minima of 3.
XD
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Figure 2. SA-CASSCF-optimized geometries, and the corresponding CASSCF- and CASPT2//SA-CASSCF energies (in square brackets) illustrated
in the schematic pseudo-two-dimensional potential profiles of molecular motor 3. The planes outlined in orange and purple represent qualitative
reaction coordinates in the ground state, and as @ increases, @ decreases. R3 represents rotary isomerization for stable-cis—unstable-trans-3, and R3’
represents rotary reaction for stable-trans— unstable-cis-3. The geometries are shown as top-views according to the stereochemical structures in
Figure 1; the C atoms in the “stator” part are shown in brown-yellow, and the C atoms in the “rotor” part are in dark-gray.

The optimized geometries, located in a pseudo-two-dimen-
sional PES with respect to dihedral angles & and ¢ (see Chart
1), as well as their relative energies at the CASSCF and
CASPT2//CASSCEF levels, are summarized in Table 2 and
illustrated in Figure 2. As shown in Table 2, four ground-state
isomers were located, in good agreement with the experimental
characterizations.” The two (P,P)-helical minima (stable-3cis-
1A and stable-3trans-1A) corresponding to stable conformers
in Figure 1 were located at 6 = 2.8° and —200.7° (equivalent to
159.3° because of 360° periodicity) along the C1—C1’ rotary
profiles, respectively. Meanwhile, the two unstable (or less stable,
called “unstable” following previous papers) (M,M)-helical
minima were also optimized. The energies of these conformers
are 8.2 and 7.6 kcal/mol at the CASSCF level and 5.3 and 5.2
kcal/mol at the CASPT2 level, respectively, suggesting
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balanced relative stabilities, which are prerequisites in designing
molecular switches and molecular motors. It is also noticed that
the global minimum of the ground state of 3, in contrast to
those (trans-conformers) in 1 and 2, corresponds to a cis-
conformer (stable-3cis-1A); the conjugation effects in the trans-
side are further decreased in comparison with the 5-membered-
ring constraint effect, and as a result no planar trans-conformer
could be found. On the excited-state PESs, two structurally
unique, perpendicular 1B minima and four 2A minima were
optimized. The 2A intermediate lies between the 1A and 1B
minima along the C1—Cl’ rotary path, implying the potential
role of the dark 2A state in the photoisomerization processes.

3.2. Cis—Trans Photoisomerization of Free Stilbene 1
and Stiff Stilbene 2.

dx.doi.org/10.1021/ja211441n | J. Am. Chem. Soc. 2012, 134, 4864—4876
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Figure 3. SA-CASSCF-computed minimum energy reaction paths (MEPs) for free stilbene 1 and stiff stilbene 2. (a) The energies and (b) the
variation of the C8—C1 dihedral angle (¢) of 1A and 1B states along the 1A MEP (solid line and filled symbols) and 1B MEP (dashes line and open
symbols) as functions of the C1—C1’ torsional angle (6) for free stilbene 1; (c) and (d) represent the same for stiff stilbene 2. The optimized minima
on 1A and 1B states are shown as symbols with black and red borders, respectively. The reaction paths emphasized with yellow plane show P helicity,
while those in green plane follow M-helicity. FC denotes the Franck—Condon region. The orange arrows in (a) and (c) indicate the isomerization

direction in the 1B state after excitation.

3.2.1. Cis—Trans Photoisomerization of Free Stilbene 1.
Figure 3a shows the energy profiles of free stilbene 1 along the
rotary MEPs (denoted as reaction R1) for the ground 1A (solid
symbols) and the excited 1B (hollow symbols) states. The
directionality in the forward (cis—trans) and reverse (trans—
cis) isomerizations is discussed as below.

Cis—Trans Photoisomerization (Directional Rotation). As
discussed in section 3.1, for the Icis-1A isomer, the
synchronous torsion of two dihedral angles € and ¢ results in
two conformers with different helicity. When the molecule is
excited to the 1B state, elongation of the C1—C1’ bond and
shortening of the neighboring C1-C8 (C1'—C8’) bonds
generate a large initial force toward the direction of releasing
the strong steric repulsion between the two benzene groups.
Therefore, for the individual helical isomer, for example, the
(P,P)-Icis-1A employed in this study, the photoinduced C1—
C1' bond rotation is directional. It is seen in Figure 3a that in
reaction R1, the cis—trans photoisomerization [following the
left-to-right, orange arrows originating at FC(1cis-1A)] in the
1B state, shown in red curves on either the 1A or 1B MEDP, is
downbhill and essentially barrierless; meanwhile, uphill evolution
in the reverse direction [right-to-left orange arrows covered by
black “X”, starting from the FC region of Icis-1A] is not
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feasible since the rotation is hindered by a high-energetic helical
inversion barrier. The descent from the FC region on the 1B
PEC drives the excited (P,P)-Icis-1A toward the perpendicular
intermediate, accompanied by a continuous increase of the 6
dihedral angle. Figure 3b shows the variation of dihedral angle
@ against the C1—C1’ rotary angle 0. From (P,P)-Icis-1A to
Iperp-1B (black and red curves in yellow region), ¢ decreases
from ~50° to roughly 0°, suggesting an efficient relaxation of
the out-of-plane torsion of the benzene moieties. In short,
although the cis—trans photoisomerization can be achieved by
both clockwise and anticlockwise rotation, the helical cis-1
indeed prefers, at least in the initial stage, a directional rotary
path.

Trans—Cis Photoisomerization (Nondirectional Rotation).
As shown in Figure 3a, the trans—cis isomerization [reaction
R1, following the right-to-left orange arrows originating from
FC(1trans-1A)] should be slow due to a moderate barrier on
the left side of the FC(1trans-1A), trapping the excited Itrans-
1A isomer in the 1B state in the well of the FC region;
therefore, no evident rotary motion could be generated. It is
also seen that the one-dimensional PECs along both the 1A and
1B MEPs in Figure 3a are nearly symmetric with respect to 8 =
180°; therefore, the wave packet from the FC region of Itrans-

dx.doi.org/10.1021/ja211441n | J. Am. Chem. Soc. 2012, 134, 4864—4876
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Figure 4. SA-CASSCF (top) and CASPT2//CASSCF (middle) energy profiles of stilbene rotary motor 3. The 1A MEP (solid line and filled
symbols) and 1B MEP (dashed line and open symbols) for the stable-cis—unstable-trans photoisomerization (step 1 in Figure 1, denoted as the R3
path) computed at the (a) CASSCF and (b) CASPT2//CASSCF levels (presented in section 3.3). The 1A and 1B MEPs for the stable-trans—
unstable-cis step (step 3 in Figure 1, denoted as the R3’ path) calculated at the (c) CASSCF and (d) CASPT2//CASSCEF levels (presented in section
3.4). (e) Variation of the C8—C1 dihedral angle ¢ against the C1—C1’ rotary angle 6 along the CASSCF-optimized 1A (black curve) and 1B MEPs
(red curve). FC denotes the Franck—Condon region. The orange and purple arrows indicate the direction of isomerization in the 1B state.

1A has equal chances of evolving along the forward or reverse
direction to reach two structurally identical perpendicular
intermediates. These in total will lead to a slow, nondirectional
rotation around the C1—C1’ bond in the trans—cis isomer-
ization process.

3.2.2. Cis—Trans Photoisomerization of Stiff Stilbene 2.
For stiff stilbene 2, the CASSCF rotary profiles on the 1A and
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1B surfaces (Figure 3c,d) have both similarities and differences
with free stilbene 1

Cis—Trans Photoisomerization (Directional Rotation).
Like in free stilbene 1, the cis—>trans photoisomerization [see
R2 path in Figure 3¢, following left-to-right orange arrows
originating from FC(2cis-1A)] of 2 is a barrierless and
directional process. Along the sloped 1B MEP, the dihedral

dx.doi.org/10.1021/ja211441n | J. Am. Chem. Soc. 2012, 134, 4864—4876
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angle ¢ decreases with the increase of 6, resulting in a helically
twisted conformation and the consequent directional momen-
tum. Compared with R1 in Figure 3a, the steeper slope in the
vicinity of FC(2cis-1A) generates a larger driving force for the
cis—trans rotary isomerization in 2 than in free stilbene 1.

Trans—Cis Photoisomerization (Nondirectional Rotation).
The trans—cis photoisomerization in stiff stilbene [R2 path,
following right-to-left orange arrows originating from FC-
(2trans-1A)] is more complicated. Competition between the S-
membered-ring constraint and the inherited conjugation effects
of stilbene significantly changes the shape of the PESs for both
the 1A and 1B states on the trans side. Since a helical twisted
trans-conformer (2trans-1A), in addition to the planar one
(planar-2trans-1A), was located on the ground-state PES, the
trajectories starting from each FC region possess different
characteristics. Trajectories originating from the FC region of
the planar conformer (planar-2trans-1A), similar to the trans—
cis photoisomerization of free stilbene 1, are expected to be
somehow trapped in a shallow well due to the conjugation
effect. The initial reaction path thus presents no directional
selectivity (R2 path in gray box, Figure 3c). Differently,
trajectories excited from the helically twisted 2trans-1A
minimum show a weak directional initial motion and follow
the downhill PES in the direction of the perpendicular 1B
intermediate [R2 path in Figure 3¢, following right-to-left
orange arrows originating from FC(2trans-1A)]. Thus, the 5-
membered-ring constraints substantially decrease the planarity
of the stiff stilbene 2 and partially tune the nondirectional
rotation in a directional fashion. Considering the very low
thermal helical-inversion barrier (0.6 kcal/mol), however, the
trans—cis photoisomerization in stiff stilbene 2 is considered as
rather a nondirectional than a directional rotary process.

3.3. Stable-Cis—Unstable-Trans Photoisomerization of
Molecular Motor 3. In the rotary motor 3, the asymmetric
methyl substitutions introduce geometrical chirality into the
molecule; thus, only one enantiomer (e.g., R-enantiomer in this
study) needs to be considered. Starting from the R-enantiomer,
the two axial helically twisted isomers (which have the same
geometric parameters except for the sign of the dihedral angles,
as in 1 and 2), for both the cis- and trans-sides, become
geometrically unique. Therefore, along the helical torsion
coordinate, two inequivalent reactions in the full 360° rotary
cycle were located on both the 1A and 1B PESs. The two MEPs
of cis—trans isomerization, one corresponding to (P,P)-stable-
cis— (M,M)-unstable-trans-3 (step 1 of Figure 1 and reaction R3
in Figure 4a,b) and the other corresponding to (P,P)-stable-
trans— (M,M)-unstable-cis-3 photoisomerization (step 3 of
Figure 1 and R3’ in Figure 4c,d), are calculated at the CASSCF
and CASPT2//CASSCEF levels and illustrated in Figure 4a—d.
The @—0 geometrical variations along the R3 and R3’ are
shown in Figure 4e.

From Figure 4e it is clearly seen that the explored R3 MEPs
(discussed in this section) are parallel with R3’ (to be discussed
in section 3.4) on the 2D PESs. Most of the CASSCEF-
optimized geometries fall into these two valleys (except for two
2A/1A CIs staying within short distance from the MEPs),
which justified our geometry optimization strategy in exploring
the reaction paths. The two reactive channels, R3 and R3/, are
well isolated by a ridge caused by the high helical inversion
barrier; thus, the reactive wave packet in one reaction channel
has little probability of being repartitioned into the other one.
In this sense, the photoisomerizations taking place in these two
valleys on the global PES are two separate photoinitiated
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reactions. Therefore, to make the situation less complicated, we
first present the stable-cis—unstable-trans-3 (step 1 of Figure 1
and reaction R3 in Figure 4a,b) photoisomerization in section
3.3, and then present the other photoisomerization step (step 3,
stable-trans—unstable-cis-3, corresponding to R3’ in Figure
4¢,d) in section 3.4.

3.3.1. Excited-State Stable-Cis—Unstable-Trans Decay of
3 (1B Dynamics). The stable-cis—unstable-trans photoisomeri-
zation starts from the excited-state 1B-FC structure of stable-cis-
3 and ends in ground-state product. Consequently, in the
following subsections, we track the evolution of the excited
molecule based on qualitative PESs. The excited molecules first
slide down along 1B MEP (discussed in this section), then
make radiationless transition though 1B—(2A—)1A crossings
(discussed in section 3.3.2), and finally reach 1A PES and form
the ground-state product. The directionality of the rotation in
stable-cis—unstable-trans photoisomerization is discussed in
detail in section 3.3.3.

Both the CASSCF -and CASPT2//CASSCF-computed
stable-cis—unstable-trans 1B MEPs show downhill nature,
from the overtwisted stable-3cis-1A FC structures (in 1B
state) to isomerized product, unstable-3trans-1A [see R3 path
in Figure 4a, following the left-to-right, orange arrows started
from FC(stable-3cis-1A)]. Compared to stiff stilbene 2, the
even more sloped 1B MEP in the vicinity of stable-3cis-1A
suggests larger initial rotary motion, and thus better
directionality of rotation. Also compared with free stilbene 1
and stiff stilbene 2, it is seen the stable-cis—unstable-trans
photoisomerization of molecular motor 3 shows strong helicity
throughout the reaction path. Due to the high inversion barrier
between P- and M-enantiomers caused by the strong
repulsions, as discussed in the preceding section, the P-helical
(P1 in Figure 4a, corresponding to P-helical regions originating
from stable-3cis-1A, shown in yellow background) and the M-
helical regions (M1 in Figure 4a, around the unstable-3trans-
1A, shown in green background) are significantly broadened.
The overall reaction paths are accompanied by the loss and
regain of axial helicity; on the left and right edges of the R3
PECs, the structures show the largest helical distortions, while
in the middle, the perpendicular 1B minima are practically
nonhelical.

It is known that for a photochemical reaction starting from
an excited state, the reaction pathway, branching ratio of the
products, and directionality of motions are governed by the
nature and topology of crossings. Although the sloped 1B and
partly 1A MEPs in Figure 4a,b suggest a good initial
directionality in stable-cis—unstable-trans photoisomerization,
information on PES crossings is needed to determine the
overall directionality of the reaction. As shown in Figure 4a,b,
both the 1A and 1B MEPs indicate that along R3 reaction
paths, the 2A state (green curves) is close in energy with the 1B
state (red curves) in a very broad region, and therefore the 2A
state is expected to take part in the nonadiabatic reaction, as
suggested by Fuss et al. in the photochemistry of stilbenes.**"
Therefore, we optimized and characterized the state crossings
between the involved states and present the results in the next
section.

3.3.2. Nonadiabatic Transition in Stable-Cis—Unstable-
Trans Photoisomerization (1B—2A—1A State). 1B/2A
Nonadiabatic Transition. Following the reaction profiles R3,
as shown in orange arrows in Figure 4a, it is found going from
the FC region of stable-3cis-1A to the perpendicular
intermediate region that the 1B and 2A PECs approach each

dx.doi.org/10.1021/ja211441n | J. Am. Chem. Soc. 2012, 134, 4864—4876
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Table 3. Key Geometric Parameters (Dihedral and Bond Angles, in Degrees) and CASSCF and CASPT2 Relative Energies
(kcal/mol)“ for the Minimum Energy Crossings and Conical Intersections of Rotary Molecular Motor 3

geometric parameters CASSCF CASPT2
(7 @ @ a, o So S, S, S3 So S, S, S3
Stable-Cis — Unstable-Trans-3
MSX, 524 (73°) 73.3 3.0, 3.1 127.9, 1279 45.7 111.1 111.0 - 41.0 106.0 105.2 101.7
MSX 5,4 (86°) 85.9 —2.6, =2.5 128.4, 128.4 44.0 109.8 109.7 - 39.3 105.3 103.9 100.9
Cloa/ia (85°) 84.8 41,497 135.5, 85.5 136.6 136.7 - - 118.1 120.7 177.1 184.1
CI 514 (108°) 107.9 19.1, —=52.3 126.7, 84.2 134.2 1342 - - 114.5 116.3 169.8 178.9
Stable-Trans — Unstable-Cis-3
MSX, 555 (~106°) ~106.0 12.6, 12.5 127.9, 127.9 427 108.4 108.4 - 39.0 1049 1042 100.7
CLy/1a(—110°) —1102 -10.5, 48.9 126.0, 85.3 130.2 130.2 - - 1103 1136 1719 177.1
CI yu14 (—91°) -90.9 102, =753 136.7, 91.7 149.6 149.6 - - 139.1 139.9 197.1 203.3
“The energies are relative to the absolute CASSCF and CASPT?2 energies of the global minima of molecular motor 3.
other and finally coincide with each other in the vicinities of the
1B minima (3perp-1B). In order to identify the role of the dark
2A state, we optimize the 1B/2A crossing using the CASSCF r3
methods. Under C; symmetry, two state-crossing points _@s) .

[MSX;5/24(73°) and MSX,5/,,(86°); see Table 3 for their
key geometric parameters and the CASSCF and CASPT2
relative energies] between the S; and S, excited-state PESs were
located. Technically, these two points located along the
gradient difference and derivative coupling spaces should be
called S,/S, ClIs at C; symmetry, since the PESs at these points
cross at f— 2-dimensional hypersurfaces (f is the number of
internal degrees of freedom). However, as shown in Figure 4e,
both of them (denoted as red “X” icons) practically show C,
spatial symmetry and lie on the R3 reaction path (More
specifically, MSX;g/,,(73°) is located on the left and
MSX,5/,4(86°) on the right side of the 3perp-1B.) At C,
symmetry, the S; and S, states (1B and 2A states) belong to
different symmetry and intersect along a f — 1-dimensional SX.
Therefore, the optimized S,/S, crossing points at the C;
symmetry are actually the minima on a 1B/2A f—1-
dimensional seam of crossing (MSXs).'?

Figure Sab illustrates the locations of these MSXs
[MSX5/,4(73°) and MSX;g/,,(86°), shown as red “X” icon]
on the schematic R3 reaction (light-blue plane). Their gradient
difference vectors (GDV, or g) and derivative coupling vectors
(DCV, or h) as well as the linear extrapolated PESs along the g
and h vectors are calculated. A more detailed illustration
including these vectors and PESs is provided in Figure SS5. g
and h represent the two directions through which the
degeneracy of the two states is lifted and are important in
determining the nature of the crossing points. g and h of these
1B/2A MSXs are mainly contributed from the vibrations of the
phenyl groups [seen from the molecular geometries inside the
round-corner boxes and the vectors (red arrows starting from
atoms) in Figure S5]. The topology of the MSXs is also clearly
identified from the linear extrapolated PESs along the g and h
vectors. As shown in Figure Sa,b, along the coupled direction of
g and h, the 1B and 2A surfaces (with red and green borders,
respectively) coincide in energy along a f—1 seam (gray
dashed line) and then separate again. The direction of the
seams (gray dashed line) is perpendicular to the direction of
the 2D reaction path (light-blue plane). These 1B/2A seams
and the MSXs provide pathways for the 1B excited state to
come down to the 2A excited state. As shown in Figure Sa,
following the arrows inside the light-blue reaction plane, the
trajectory starting from the FC region of stable-3cis-1A first
travels on the 1B state (red arrows), then crosses the
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2D reaction path was “pushed” away from the ideal perpendicular
coordinate center by the substitution groups in the “fjord” region in 3.
A detailed illustration including the g and h vectors and all linear
extrapolated 2D PESs is provided in Figure SS.
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MSX;g/54(73°) (red “X” mark) to reach the 2A PES, and
continues (green dashed arrow) along the 2D reaction path.
Considering that its relative energy is almost identical with that
of the 1B intermediates (111.1 vs 111.0 kcal/mol for 1B
minimum at the CASSCF level), the 1B/2A MSX;5/,,(73°) is
expected to act as a very efficient funnel through which the
molecule on the 1B PES can barrierlessly access the
energetically more favorable 2A surface. For the same reason,
the second 1B/2A MSX [MSX5,,,(86°)] in Figure Sb plays a
less import role with respect to MSX;5/,4(73°), since the 1B-
state trajectories have little probability of reaching this point.
2A/1A Nonadiabatic Transition. After the molecule makes
the transition from the 1B state to the 2A state through
MSX,5/,4(73°), it reaches a perpendicular region where the 1A
and 2A PECs have the narrowest energy gap (indicated by
small 2A—1A energy difference in Figure 4a) in the vicinity of
3perp-1B along the R3 reaction profile. However, this energy
gap remains large along the R3 path, and no efficient
nonadiabatic transition to the 1A ground state can take place.
Due to the constraint effect of the S-membered rings, as
discussed in section 3.1, the general HT-type CI in 2A/1A
transition of stilbene, which requires large torsion around 8 and
@, is unfeasible. Alternatively, it is known in the photochemistry
of ethylene and polyenes®® that CIs along the C1 and/or C1’
pyramidalization coordinates are also responsible for the 2A/1A
crossing. Ideally, the pyramidalization modes are in the
direction perpendicular to the C=C bond axis; therefore, the
weakening of the double-bond character (of the C=C bond)
generally increases the mobility of the C atom along the
pyramidalization coordinates. Indeed, starting from the
perpendicular 3perp-1B geometry, two S;/S; (2A/1A under
C, symmetry) minimal energy Cls, namely, Cl,, /1, (85°) and
Cl,,,14(108°), were found on either direction of the
pyramidalization coordinates. Figure Sc,d illustrates the relative
positions of Cl,,/14 (85°) and Cl,,,1,(108°) beside the 2D
reaction path (light-blue plane). Compared with the C1'-C1—
C8'—C2’ pyramidalization angle (7 = 5.7°, see Chart 1 for the
definition) in 3perp-1B, the 7 angles in Cl,,/;, (85°) and
Cl,a/14 (108°) are 27.2 and —28.1°, respectively. These 20—
30° variations in 7 indicate evident sp’—sp® pyramidalization
and significant weakening of the conjugation of the molecule
(especially the S-membered ring); therefore, through these 2A/
1A CIs, the molecule gains more 1A-like character and has a
large probability of reaching the energy-favorable ground state.
The nature of the S,/S, Cls was characterized by the
nonadiabatic branching space calculations. One can see from
Figure SSc,d that their g and h vectors (structures inside round-
corner boxes and red arrows originating from atomic centers)
are perpendicular with each other and show distinct vibration
modes. The g and h vectors largely correspond to the out-of-
plane distortions of the C1/Cl’ and their adjacent atoms
(which eventually result in the pyramidalization of the ethylic
C1/C1’' atoms), while the CI—C1’ torsion is absent. In
addition, the linearly extrapolated PESs scanned along the GDV
and DCV suggest that all of these S;/S, CIs have a “sloped”
nature (see Figure SS). Moreover, the excited-state molecules
need to overcome a 10—30 kcal/mol barrier before they can
cross these Cls to reach the 1A surface, which makes the S,/S,
nonadiabatic transition less efficient compared with passage
through 1B/2A MSXs. In summary, the nonadiabatic stable-
cis—unstable-trans photoisomerization of 3 could be achieved
by the involvement of three states (1B, 2A, and 1A states), two
types of crossing (1B/2A MSXs and 2A/1A minimum energy
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CIs), and two major reaction coordinates (helical torsion and
carbon pyramidalization).

3.3.3. Overall Directionality in Stable-Cis—Unstable-Trans
Photoisomerization. As discussed above, the formation of a
ground-state product could be successfully described by
participation of the dark 2A state and the pyramidalized 2A/
1A minimum energy Cls. However, the directionality of the
C=C bond rotation throughout the IB—2A— 1A radiationless
transition process still needs to be rationalized. In general, the
involvement of carbon pyramidalization may compromise the
directional C=C bond rotation because these two coordinates
are perpendicular with each other. As shown in Figure Sc,d,
along the positive and negative directions of the pyramidaliza-
tion axis, the two 2A/1A ClIs lie beside the plane of the ideal
1D C==C torsion reaction path. In order to access the ground-
state PES, the trajectories are forced to turn to a perpendicular
pyramidalization coordinate from the C—C torsion minimal-
energy path, and thus trajectories are slowed down and the
direction of the rotation may be perturbed.

Despite this drawback, it is found that the stable-cis—
unstable-trans photoisomerization of overcrowded stilbene
rotary motor 3 still shows a good directionality. In the
following we provide justification for this retained direction-
ality. First, due to the repulsions between methyl substituents,
the stable-cis—>unstable-trans reaction (R3, as shown in Figure
4e, following the orange arrows) cannot be a simple change in
the pure “ideal” C1—Cl’ torsional angle (6) but has to
accompany a change in the C1—C8 (and C1'—C8’) torsion ¢
(and @), or has to follow a cooperative helical-torsion
coordinate composed of both @ and ¢ (and ¢’). Figure S
illustrates that the real reaction coordinate is not a “pure” C1—
Cl' torsion coordinate (on the transparent plane with blue
border) but the helical-torsional coordinate (on the transparent
plane with yellow dashed border). We will later call this
“turning” the reaction coordinate. The helical-torsion reaction
plane is not perpendicular to the pyramidalization coordinate.
Thus, trajectories following the helical-torsion path have
opportunities to reach the pyramidalized 2A/1A Cls without
serious loss their inertial velocity and direction of motion.

Second, due to the unbalanced potential caused by the
asymmetric substitution, the 2D helical-torsional reaction path
has in addition to be “pushed” toward the (—6,—¢) direction,
indicated by the yellow broad arrow in Figure Sc,d, to result in
the reaction coordinate R3 (on the light blue plane with yellow
border). The final 2D reaction coordinate plane is closer to
Cl,4/14(85°) but away from Cl,,,1,(108°). The close distance
between the Cl,,/;14(85°) and R3 reaction path not only
increases the probabilities for the 2A trajectories to pass though
this CI but also maintains the directionality of the C=C
rotation during this process.

Based on the reaction coordinate analyzed above, we showed
that the overall 1B—2A—1A radiationless isomerization can
take place directionally. As illustrated in Figure Sc,d, 1B-state
trajectories first efficiently cross the 1B/2A seam at
MSX;g/,4(73°), and the 2A trajectories (green arrows) soon
bifurcate following two pyramidalization directions: The
reaction path U— via Cl,,/4(85°) (purple arrows), rather
than the U+ via Cl,,/,(108°) (dark-gray arrows), is the
dominant 2A— 1A radiationless transition pathway in the stable-
cis—>unstable-trans photoisomerization of 3. Since Cl,,,14(85°)
is in close vicinity of the 2A reaction paths (light-blue plane),
reactive molecules (with some kinetic energy) passing through
this CI are expected by and large to maintain the original
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reaction mode and continue their way toward the product
rather than the reactant branch. In short, the 1B—»>2A—1A
nonadiabatic transition in stable-cis—unstable-trans photoisome-
rization of molecular rotary motor 3 is directional.

3.4. Stable-Trans— Unstable-Cis Photoisomerization of
Molecular Motor 3.

3.4.1. Excited-State Stable-Trans— Unstable-Cis Decay (1B
Dynamics). Now that the directionality of stable-cis—unstable-
trans photoisomerization has been established, the directional
stable-trans—unstable-cis rotary isomerization, step 3 of Figure
1, is the next key to designing a stilbene rotary motor, since the
corresponding processes in its parent compounds 1 and 2 are
either nondirectional or poorly directional. Compared with stiff
stilbene 2, in stilbene rotor 3, the excited-state PES in the
vicinity of FC stable-3trans-1A exhibits no potential well in the
1B MEP (see P2 region in Figure 4c,d). As indicated by the
left-to-right purple arrows in Figure 4c, the sloped FC region
generates “good” initial rotary motion. In addition, the stable-
trans—unstable-cis 1B MEPs are downhill along the whole R3’
reaction path (left-to-right), suggesting that the stable-trans—
unstable-cis processes in the 1B state is directional. The same
trends were confirmed by the CASPT2//CASSCF energy
calculation; from Figure 4d, it is also seen that the dynamic
correlation energy does not significantly affect the relative
position of the investigated states, although it seems to stabilize
the 1A structures more than the 1B ones.

3.4.2. Nonadiabatic Transition in Stable-Trans— Unstable-
Cis Photoisomerization (1B—2A—1A State). The non-
adiabatic transition from the 1B to 1A state in reaction R3’is
also studied at the CASPT2//CASSCFE level. Table 3
summarizes the geometric parameters and relative energies of
1B/2A MSX and 2A/1A Cls in stable-trans—unstable-cis
photoisomerization. The mechanism of the nonadiabatic
reaction is very similar to the stable-cis—unstable-trans transition
discussed in section 3.3.2; therefore, it will be discussed very
briefly.

Along the R3’ reaction path (see Figure 4c, purple arrows),
the energy gap between 1B and 2A PESs gradually decreases
until it reaches the 1B/2A MSX, MSX|p/,,(—106°). Figure 6a
shows the R3' rotary path near the perpendicular intermediate
region. (Again, a detailed version of Figure 6 is provided in the
Supporting Information as Figure $6.) The MSXg/,,(—106°)
lies to the left of 3perp-1B’ and has energy almost identical with
that of 3perp-1B’; after this point, the 1B and 2A PESs are more
repulsive. Similar to its counterparts in the R3 reaction,
MSX5/,4(—106°) is a very efficient seam through which the
molecule on the 1B PESs can barrierlessly access the 2A
surface.

Once the molecule accesses the 2A PES, the reaction
bifurcates along the C1/C1’ pyramidalization coordinate into
two pathways: V— [via CI ,5,,4(—110°), dark-gray arrows] and
V+ [via CI ,4/14(—91°), purple arrows], as illustrated in Figure
6b,c. The 7 angles (see Figure 1) of these 2A/1A Cls are 31.6
and —21.8°, respectively, and show large variation from the
value of 10.9° in 3perp-1B’. Compared to the passages through
1B/2A MSXs, both the V— and V+ passages through both 2A/
1A ClIs are less efficient due to their long distance from the
major reaction path (R3’) and relatively high energies.

3.4.3. Overall Directionality in Stable-Trans— Unstable-Cis
Photoisomerization. As mentioned in section 3.3.3, the helical
torsion of the molecular backbone and repulsion of the
asymmetric substituents significantly “turn” and “push” the
stable-cis—unstable-trans photoisomerization path toward one
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Figure 6. 1B/2A nonadiabatic reaction paths R3’ via (a)

MSX5/,4(—106°), the 2A/1A pyramidalization path, (b) V— via
Cl5/14(—110°), and (c) V+ via Cl,,/14(—91°) originating from the
R3' path. See caption of Figure 5 for details; a detailed illustration
including the g and h vectors and all linear extrapolated 2D PESs is
provided in Figure S6.

of the 2A/1A CIs over the other; therefore, the overall 1B—
2A—1A in R3 photoisomerization shows reasonable direction-
ality. This is also true in the stable-trans—unstable-cis (R3’)
isomerization, except the “direction of pushing” is reversed. As
shown in Figure 6c¢,d, the stable-trans—unstable-cis reaction
paths are “pushed” along the yellow broad arrows toward the
(+0,+¢) direction, in contrast to the (—6,—¢) direction in
reaction R3. Consequently, CL,,,4(—91°) is expected to be
the preferred crossing between 2A/1A surfaces, and the V+
reaction path (purple arrows) is the major path in the 2A—1A
radiationless transition for the stable-trans—unstable-cis reac-
tion. For the same reasons presented in section 3.3.3, we
conclude that the nonadiabatic 1B—2A—1A transition in
stable-trans—unstable-cis photoisomerization of molecular ro-
tary motor 3 is also unidirectional.

3.5. Overall Preferred Pathways for Photoisomeriza-
tion of Molecular Motor 3. Summarizing the findings of the
preceding sections, we present the overall mechanism of the
preferred photoisomerization pathways for the two key
processes of molecular motor 3: (P,P)-stable-cis—(M,M)-
unstable-trans-3, step 1 of Figure 1, and (P,P)-stable-
trans— (M,M)-unstable-cis-3, step 3 of Figure 1, as summarized
in panels a and b in Figure 7, respectively. The photo-
isomerization processes follow the three-state multi-coordinate
mechanism. The molecule excited in the 1B state first efficiently
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Figure 7. Proposed mechanisms of (a) the stable-cis—unstable-trans-3 (step 1 of Figure 1) and (b) the stable-trans—unstable-cis-3 (step 3 of Figure 1)
photoisomerizations, illustrated with the potential energy profiles in the vicinity of 3perp-1B (6 = 85°) and 3perp-1B’ (0 = —98°) intermediate,
respectively. The preferred paths are shown in purple and unfavorable paths in dark-gray dashed lines. For details, see Figure S.

comes down to the 2A state through the 1B/2A seams along
the C1-C1’ and C1—-C8 (C1'—C8’) helical-torsional coor-
dinates, then follows the C1/C1’ pyramidalization coordinate
to preferentially cross one of the 2A/1A CIs and return to the
ground-state PES.

It may be worth mentioning that although we maintained the
C, symmetry and used the 2D reaction path and the C1/C1’
pyramidalization 2A/1A crossings as two intersecting planes to
explain the reaction mechanism, this does not mean that the
reaction necessarily follows one coordinate and then the other.
In real trajectories, these coordinates are expected to participate
in the photoisomerization reaction cooperatively and may give
more complex dynamics than depicted in the present paper.

4. CONCLUSIONS

The photoisomerization of stiff stilbene molecular rotary motor
3, a helical overcrowded alkene, has been calculated at the
CASPT2//CASSCEF level of theory. The unidirectionality of
the C=C rotation in the photoisomerization processes,
namely, (P,P)-stable-cis—(M,M)-unstable-trans and (P,P)-sta-
ble-trans— (M,M)-unstable-cis, can be rationalized by both the
sloped nature of the excited-state 1B PESs and directional
excited- to ground-state nonadiabatic transitions. The MEPs of
these two processes (especially the 1B MEPs) are well-
separated on the involved PESs and have remarkably steep
slopes, which generates the directional motion and drives C=
C bond rotation unidirectionally in the excited-state PES. The
unidirectionality of the C=C rotation is also controlled by the
locations and characters of the crossings, especially those of the
2A/1A ClIs. The reactive molecules, along the cooperative C1—
Cl’ and C1-C8 (C1'—C8’) torsional coordinates, preferably
approach one of the 2A/1A ClIs, which, to a large extent,
maintains the velocity of the trajectory and the direction of the
rotation, consequently resulting in the unidirectional non-
adiabatic reaction paths.
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