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Abstract

Generation of a chiral hydrogen bond environment in efficient molecular
photoswitches is proposed as a novel strategy for the design of
photoactive molecular motors. Here, the following strategy is used to
design a retinal-based motor presenting singular properties: (i) a single
excitation wavelength is needed to complete the unidirectional rotation
process (360°); (ii) the absence of any thermal step permits the process to
take place at low temperatures; and (iii) the ultrafast process permits high
rotational frequencies.

Construction of molecular devices with specific atomic-level properties
has been a fundamental aim of nanotechnology in the last decades, as
demonstrated by the design of molecular switches (1, 2) and

motors, (3) regular two/three-dimensional rotor

arrays, (4) nanocars, (5) gyroscopes, (6) and so forth. Among these
devices, molecular motors are of special interest as the input energy is
converted into a controlled motion (unidirectional rotation) that plays an
important role in both artificial and biological systems. Examples of
Nature’'s molecular motors are the ATP synthase, kinesine, myosine, and
flagellar motors in bacteria, all of them being essential for

life. (7) Furthermore, artificial molecular motors have been proposed as
crucial parts of molecular-level machines, mimicking biological systems
by performing a specific function. The most suitable approach for
chemists to construct molecular motors is the bottom-up approach, that
is, starting from atoms or small building blocks. (8)

The design of efficient molecular motors should satisfy the following
criteria: the energy supplied has to be transformed into a unidirectional
repetitive rotary movement of 360° (i.e. mechanical work), and repetition
of a high number of cycles has to be ensured (i.e., fatigue

resistance). (9) The unidirectionality can be achieved by a protein or chiral
environment (such as a protein surrounding (10) or a helical

structure (11)). For novel applications (microscopic movement, control of
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macroscopic properties of materials, supramolecular organization and
assemblies), (12) these devices are required to perform rotation at a
considerable speed with high quantum yields. In contrast to

Brownian, (13) electrically, (14) or chemically (15) driven motors,
photoactivated ones are greatly profitable due to the manifest
advantages of light as the energy supply. (11b, 16) Among these types of
devices, the ones reported by Feringa et al., based on a helical structure,
are the most studied. (11) They present high quantum yields and need
four steps (two photochemical and two thermal) to complete a cycle.
Whereas the photochemical steps (Z—E photoisomerizations around a
carbon-carbon double bond) are extremely fast, the thermal ones are
rate-limiting, decreasing the rotational frequency of these devices. Further
structural and electronic modifications have enhanced this weakness,
leaving in any case the thermal isomerization steps as the bottleneck of
the overall mechanism. (11b, 17) Indeed, further theoretical studies have
offered new insights to reduce or eliminate the thermal helix inversion
steps of the overall mechanism. (18)

The approach presented here for the rational design of photoactive
molecular motors is based on the use of an efficient photoactive
molecular switch as the starting unit, in which a chiral environment is
introduced via hydrogen bonds in order to obtain a molecular motor.
Indeed, the complete rotation of this novel molecular motor is achieved
only by two photochemical steps (no thermal steps are involved in the
mechanism).

Photoactive molecular switches undergo Z—-E photoisomerization around
a given C=C, yielding the conversion between both stable states (Z and
E). In order to control the photoreactivity of Z—E photoswitches, a general
design strategy consists of blocking all but one double bond of the
system by including them in rings of different size. Here, we use a
molecular system exhibiting these characteristics, where only the central
C=C bond linking two unsaturated rings is able to undergo Z-E
photoisomerization. In this way, starting from a Z-E photoswitchable
molecule with two equivalent ground-state minima (see Figure 1A), a
chiral environment is introduced by including two hydroxyl groups linked
to chiral carbon atoms, which permits formation of one hydrogen bond
between the amino group and one of the two hydroxyl groups. Because
the hydroxyl groups are linked to a chiral carbon atom, we refer to this
chemical ensemble as a chiral hydrogen bond environment (see

Figure 1B). This chiral environment induces a guided pretwist around the
C=C central bond in the ground state, leading to a single stable minimum
on the ground state, which ultimately drives the unidirectional rotation in
the excited state.
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Figure 1. (A) Structure of the starting molecular photoswitch in its two possible
conformations. Due to the same population for both isomers in the ground state, the
system behaves as a photoswitch with no unidirectional rotation. (B) The corresponding
derived molecular motor where the chiral hydrogen bond environment is introduced via
—OH groups; the two symmetrically equivalent ground-state structures are shown,
tailoring the two minima structures of the complete photocycle. Chiral carbon atoms
with —OH are marked.

On the one hand, planar Z—-E chromophores, as a retinal Schiff base
photoswitch in gas and liquid phase, exhibit a '(r,t*) photoactive excited
electronic state. (19) Excitation to this electronic state is usually related
to a vibrational excess (20) in the stretching modes involving the 1t
system, provoking a bond length alternation of the conjugated backbone
in the excited state. This vibrational energy is eventually transferred to the
Z-E torsion mode involving molecular symmetry breaking and inducing
the torsion in the excited state (i.e., stretching and torsion modes are not
coupled in the case of strictly planar systems). The vibrational energy
transfer takes place in many stretching cycles due to the lack of
stretching—torsion coupling, which increases as the torsion becomes
higher. (19a, 21) Finally, a conical intersection (Cl) with the ground state
allows the torsion to be completed. In this situation, the evolution of the
torsion coordinate in the excited state is not controlled, and the system
can equally evolve in both possible directions (clockwise and
counterclockwise). This noncontrolled torsion direction characterizes Z-
E photoactive molecular switches.

Conversely, for nonplanar Z—E photoactive molecular switches, the
existing coupling between stretching and torsion modes (i.e., the second
derivative cross term) provokes the rapid flow of vibrational energy from
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excited stretching modes to torsional modes in the electronic excited
state, contrary to the above-discussed planar systems. This is the case of
retinal in rhodopsin, where the unidirectional rotation is guided especially
by the surrounding amino acids of the opsin pocket, which provide a
chiral environment. (10, 22) This environment not only guides the rotation
in the excited state but also accelerates the rotation due to the increase
of the stretching—torsion coupling, making the Z—E isomerization process
take place on the femtosecond time scale. (22, 23)

The inclusion of the above-mentioned chiral hydrogen bond environment
in the studied molecular photoswitch (see Figure 1B) modifies its force
field, breaking the symmetry of the potential energy surfaces (PESs)
along the torsion coordinate, giving rise to a single isomer instead of two
isomers of the preceding photoswitch. This, in turn, as will be shown,
ultimately permits the unidirectional rotation of the system.

In this regard, it is convenient to analyze the PESs (ground and optically
bright states) corresponding to three different cases, planar
photoswitches, nonplanar photoswitches, and the derived photoactive
molecular motors, in order to realize what the initial rotation direction is
after electronic excitation. Planar Z-E photoswitches present
symmetrical PES profiles along the torsion coordinate; therefore, torsion
is not controlled in any way, and two possible equivalent relaxation paths
are accessible (see Figure 2A). Nevertheless, a photoswitch can exhibit
nonplanarity, as is the case of the system studied here (see Figure 1A).
For nonplanar switches, two equivalent conformations for each Z and E
isomer may exist, and even if the torsion for each conformer were
unidirectional, the equivalent population of both isomers in the ground
state makes the system behave as a photoswitch (see Figure 2B). On the
contrary, unidirectional rotation present in Z—-E photoactive molecular
motors is related to nonsymmetrical PESs in the excited and ground
states along the torsion coordinate, with a single ground-state minimum
and the rotation of the system being unidirectionally initiated in the
excited state (see Figure 2C).
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Figure 2. Schematic ground-state (GS) and excited-state (ES) PESs (up) and the
corresponding distribution population on the ground state (down) for three different
systems: (A) A planar photoswitch presenting a vanishing coupling between central
bond torsion and stretching coordinates. Two rotation directions are possible in this
case, and therefore, two minimum-energy paths bifurcate in the excited state at a
transition state (noncontrolled rotational direction). (B) A nonplanar photoswitch
showing two equivalent minima on the ground state, each one related to opposite
rotation directions. (C) A photoactive molecular motor where the chiral hydrogen bond
environment breaks the symmetry of the PES in both ground and excited states. The
coupling between central bond torsion and stretching coordinates is not vanishing,
inducing the torsion in a specific direction (controlled rotational direction).

In order to ensure this unidirectional rotation, we generate a chiral
hydrogen bond environment within a molecular photoswitch structure.
This can be formally seen as a conversion from a photoswitch (Figure 1A)
to a molecular motor (Figure 1B), which can be understood in terms of
PESs. In contrast for the photoswitch (Figure 2B), there is no preference
for the direction of rotation in the excited state; in chiral environments
induced by a hydrogen bond, the symmetry is already broken in the
ground state, which provokes the stabilization of the system along a
specific torsion, resulting in a unidirectional rotation in the excited state
(see Figure 2C).

Moreover, as will be shown, the strength of the hydrogen bond of the
studied system is enough to correctly drive the torsion on the excited
state but not so strong to block the rotation in this state, generating an
intermediate and therefore quenching the process. Thus, the strength of
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the hydrogen bond could be critical in the design of an efficient motor,
and it should be tuned for an optimal performance.

It should be noted that this design of a molecular motor with two
symmetrically equivalent structures (for the initial and the 180° rotated
isomers) would allow a continuous unidirectional movement using only a
specific wavelength source. As a drawback, the experimental
characterization of the molecular device would be difficult. From a
practical point of view, this difficulty could be overcome through the
modification of the basic design by including a group that could break the
symmetry without altering the functioning of the motor.

For the study of the photochemical and photophysical properties of the
proposed molecular motor, the multiconfigurational

CASPT2//CASSCF (24) methodology has been employed with a 6-31G*
basis set. The active space chosen is composed of all of the m and t*
orbitals (eight electrons in eight orbitals), therefore including all of the
energy low-lying '(T,t*) excited states. The stationary points have been
determined by using analytical energy gradients computed at the CASSCF
level and characterized by numerical frequency calculations at the same
level of theory. Minimum energy paths (MEPs) were computed for the
determination of the photoreaction mechanism, and crossings between
electronic states were characterized by determining the derivative
coupling (DC) and gradient difference (GD) vectors. (25) All calculations
have been performed with MOLCAS 7.6 (26) and the Gaussian

09 (27) suite of programs.

The UV-visible absorption spectrum is characterized by a low-lying
optically bright 1,it* excited state, S,, exhibiting a dominant
monoexcitation configuration with a large participation of the central
carbons of the double bond in both, the occupied and the virtual orbitals
involved in the excitation. The shape of these orbitals clearly indicates the
rupture of the central carbon—carbon double bond in the excited state
and the consequential favored torsion around this bond. The S; state has
a similar electronic nature, showing a larger contribution of the
configuration described by the '(,*) central m double bond excitation. In
fact,the S, — S, and S, — S; vertical excitations are close in energy (280
and 291 nm, respectively) with similar oscillator strengths (0.32 and 0.35,
respectively).

Excitation of the system to the brightest states (S; and S;) leads to similar
profiles along the MEP, characterized by a steep energy variation along
the increasing carbon-carbon central bond distance. This coordinate is
significantly coupled with the torsion around the same bond in the
direction guided by the hydrogen bond (see Figure 3). The coupling
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between the central bond stretching and torsion is essential, as
discussed above, in controlling the unidirectional rotation. This allows the
system to transfer the excitation energy, initially located in the stretching
coordinates, to the torsional coordinate, inducing unidirectional rotation.
Moreover, inverse (i.e., counterclockwise) rotation is not feasible due to
the large energy barrier as a result of a double effect opposing this
rotation, that is, hydrogen bond breaking and reversion of the already
twisted torsion in the excited state (see the Supporting Information for
details). The latter effect can be clarified by analyzing the excited-state
PES along the torsional coordinate; for symmetric systems (see

Figure 2A), the highest excited-state energy corresponds to a planar
photoswitch, and torsion around this coordinate makes the energy
decrease as a result of diradical repulsion; therefore, if the system is
initially twisted at some degree of torsion, the reversion toward the
planarity is energetically demanding, making the counterclockwise
rotation unfavorable.
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Figure 3. S; and S; energies along the MEP on S; after vertical excitation, represented as
a function of the central bond torsion and stretching coordinates (left). The S./S, conical
intersection structure is shown, as well as the S; and S, energy profiles around the tip of
the conical intersection for a loop defined on the branching plane (28) with a 0.05
Aradius. The decay paths from S; (blue arrow) to S, (red arrows) are indicated.

Relaxing along the torsional mode in S;, the system reaches a low-sloped
S:/S, Cl at ~-51° of torsion with a vibrational excess of ~22 kcal/mol.
After decay to S,, the system continues rotating because of a significant
impulse along the rotation direction. It should be noted that no
intermediate is found in the relaxation process, indicating that the
hydrogen bond strength is large enough to guide the torsion after
excitation but not so strong to block the rotation on the excited state.

The S./S, Cl is characterized by a NH---O distance of ~2.0 A. Once this
point is reached, the system minimizes its energy by following two
different bifurcating paths. The first one reaches a minimum-energy
structure at 13 kcal/mol (CASPT2 level) below the S./S, Cl, from where a
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low-lying transition state (3.8 kcal/mol at the CASPT2 level) permits it to
continue the torsional process started in S;. The second path directly
continues the torsion started in S;, breaking almost completely the
hydrogen bond (see Figure 4). The linear impulse of the nuclei once it
reaches the S./S, Cl is expected to be enough to drive the torsion when
following both paths, similarly to some highly efficient Z-E
photoisomerizing systems like retinal in rhodopsin proteins. (7c, 19a, 29)

Figure 4

* & &
Rolative Enengy (kcalimod) |te o0 o
= e o 2 B
I I S
ok
* E 2
Ty
EA] ol
g
eeir
7%
b
1
| |‘
|
1
- £
| e
1
K

0 40 .70 2
i (chegroes)

Foeiaine s Erved gy (e aif )

Figure 4. S,, S;, and S, energy profiles represented along the torsion coordinate for the
two MEPs starting at the S./S, and S,/S; conical intersections. The molecular structures
of the conical intersections are displayed, showing, respectively, a very weak and a
formally broken hydrogen bond, with central bond torsions of ~—57 and —92°. The loop
around the CI within the branching plane shows the topology of the CI; two possible
paths are available for both Cls in the lower surface (S; and S,), as shown by arrows,
corresponding to torsion completion or abortion.

Relaxing along the increasing torsion S, pathway, the S, and S, states
become rapidly degenerate in energy (see Figure 4). The crossing region
between S, and S, states is reached when the torsion angle is ~-55°, with
the NH---0 hydrogen bond formally broken (2.24 A). These S./S, Cls
enhance the rotational motion, permitting the evolution of the system in
the S, state, where the rotation is fulfilled at ~-92° (see Figure 4). At this
point, the system intersects a third region of energy degeneration (the
S./S, Cl crossing region) that funnels the system into the ground state.
The topology of these Cls is similar to those already described in many
other Z—E photoisomerization processes. (19a, 21, 29b, 30) From photon
absorption to the S./S, Cl, a total energy of ~43 kcal/mol (at the CASPT2
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level) has been converted into vibrational excess mostly located into the
torsional mode, resulting in almost twice the energy required for retinal
isomerization in rhodopsin. (22)

From this last state crossing, the molecule can evolve along two different
paths on the ground state, the first one completing the torsion and the
second one aborting the rotation and recovering the initial structure (see
the Supporting Information for more details). In both cases, the same
initial structure is recovered due to the symmetric arrangement of the two
equivalent hydrogen bonds; in the first case, the rotation is completed up
to 180°, and in the second case, the rotation is aborted.

The resulting structure after 180° rotation is equivalent to the initial
configuration. Therefore, the same rotational process can be fulfilled by
absorption of a second photon, completing a 360° cycle by applying a
monochromatic UV source with the corresponding wavelength. Moreover,
as has been shown, there are no intermediates along the rotational path;
therefore, the process is expected to be ultrafast. In addition, the large
vibrational excess along the MEPs involving mainly the rotational
coordinates makes the complete cycle process to be expected as highly
efficient. Nevertheless, nonadiabatic molecular dynamics (NAMD)
simulations are necessary in order to quantitatively predict the efficiency
of the process. (31)

In order to provide a description of the photoisomerization dynamics, a
single reference trajectory without initial kinetic energy (T = 0 K) has been
computed by using Tully’s fewest switches algorithm (31a) with
decoherence correction (31c, 32) working within MOLCAS. (33) This
trajectory closely represents the photochemical behavior of the motor at
very low temperatures, that is, in the absence of thermal energy boosting
or quenching the isomerization.

From the obtained results, it can be concluded that photoisomerization is
an efficient and an ultrafast process. Even without initial kinetic energy,
the decay to the ground state is reached in ~260 fs with a torsion ¢ of
~-85° (see Figure 5), and the complete photoisomerization takes place in
~450 fs with a torsion ¢ of ~-190° (see the Supporting Information). The
excited-state lifetimes can be estimated from the NAMD simulation; S, S,,
and S, have approximate lifetimes of ~150, 90 and 20 fs, respectively.
According to the time scale of the photoisomerization (~0.5 ps), the
rotation frequency is in the range of 102 s-' (terahertzs), which is, to our
knowledge, the highest documented Z-E photoisomerization frequency
of a photoactive artificial molecular motor.
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Figure 5. (Left) S;, S,, Si, and S, relative energy profiles along the 0 K molecular
dynamics simulation (lines, left scale). Populations of every state according to fewest
switches algorithm are represented (background, right scale) by dashed filled profiles.
Approximate state lifetimes are 150 fs for S,, 90 fs for S,, and 20 fs for S;. S, is
populated in ~260 fs. (Right) Central torsion angle (¢) evolution along the trajectory.

In order to check the stability of the computed CAS(8,8)/6-31G* trajectory
at room temperature, (34) a computationally more affordable 3-21G basis
set was employed for the determination of 20 trajectories (see

the Supporting Information for details). Although the PESs with both
basis sets are qualitatively similar (see the Supporting Information), they
present some differences. Specifically, the steepness of the PES along
the MEPs is lower for 3-21G than that for 6-31G*. This makes the 3-21G
NAMDs slower (larger time scale photoisomerization) and less efficient
due to the lesser impulse along the rotational coordinate (e.g., the 0 K
NAMD with the 3-21G basis set does not fulfill the photoisomerization,
contrary to the 6-31G* trajecotry). Nonetheless, 4 out of 20 trayectories
(20%) give rise to the isomerization in a 1.5 ps time window, and more
importantly, all of the computed trajectories provide unidirectional
rotation after vertical excitation (i.e., counterclockwise rotation is
forbidden). These results are in agreement with the 0 K 6-31G* NAMD as
well as with the computed MEPs.

In conclusion, in this study, we present a novel concept for the design of
photoactive molecular motors, the induction of unidirectional rotation by
a chiral hydrogen bond environment. Indeed, molecular photoswitches
could be converted into molecular motors by inducing a chiral
environment through hydrogen bonds. This kind of design has some
novel benefits in comparison to previously reported molecular motors; (i)
both Z and E isomers can be designed in order to be structurally identical,
as is the case of the present molecular motor (Figure 1). Therefore, a
monochromatic light source can be applied to complete the whole
photocycle (360°). (ii) Both Z to E and E to Z photoisomerizations take
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place in a single step without any energy barrier. Therefore, the process is
expected to be ultrafast (taking less than 1 ps) and with radiative or
quenching deactivations playing eventually a minor role. (iii) Any efficient
molecular photoswitch can be transformed into an efficient photoactive
motor by introducing the chiral hydrogen bond environment without
modifying the chromophore electronic nature. (iv) The strength of the
hydrogen bond(s) is tunable, facilitating the possibility to control the
quantum yield of the process.

Supporting Information

Computational details, the excited-state initial rotation direction,
molecular dynamics methods and trajectories, absorption spectra, the
unidirectional rotation path, CASPT2 energy profiles, and Cartesian
coordinates of the most relevant optimized structures are provided. Also
given is the NAMD trajectory animation. This material is available free of
charge via the Internet at http://pubs.acs.org.
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