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Rotation-inducing torque is ubiquitous in many molecular systems.
We present a straightforward theoretical method based on forces
acting on atoms and obtained from atomistic quantum mechanics
calculations to quickly and qualitatively determine whether a
molecule or sub-unit thereof has a tendency to rotate and, if so,
around which axis and in which sense: clockwise or counterclockwise.
The method also indicates which atoms, if any, are predominant in
causing the rotation. Our computational approach can in general
efficiently provide insights into the internal rotational degrees of
freedom of all molecules and help to theoretically screen or modify
them in advance of experiments or to efficiently guide a detailed
analysis of their rotational behavior with more extensive computa-
tions. As an example, we demonstrate the effectiveness of the
approach using a specific light-driven molecular rotary motor which
was successfully synthesized and analyzed in prior experiments and
simulations.

Introduction

The concept of torque’ ™ - the induction of rotation, as opposed
to translation, by external or internal forces - is ubiquitous in
dynamic molecular phenomena such as collisions, chemical
reactions, vibrations and electronic excitations. The concept is
especially useful for rotor molecules, in which energy from
some source (e.g. chemical reaction, electron-electron or optical
excitation) is converted to rotational motion®"" through the
action of a net torque on the whole molecule or on a part of
the molecule (often called rotor or rotator), as in the bacterial
flagella'>"® and F;-ATPase,”” for example. Furthermore, the
development of artificial molecular motors*** holds much
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promise for sourcing sustainable energy, developing advanced
medical devices, etc.>® The Nobel Prize in Chemistry for 2016 has
been awarded jointly to J.-P. Sauvage, ]J. F. Stoddart and B. L.
Feringa for “the design and synthesis of molecular machines”;
this remarkable progress also begs for a deeper understanding of
the functioning of molecular machines, including in particular
rotor motors, in order to enable full exploitation of the broad
potential of these novel devices.

While torque has been used extensively to analyze rotor
behavior in molecules," we shall here utilize this concept
predictively, i.e. to predict whether a particular molecule pre-
pared in a specific state (e.g. photoexcited or twisted in a
collision) will internally rotate or not; also, the torque vector
will make it possible to predict the dominant direction of
rotation: around which axis and in what sense (clockwise vs.
counterclockwise). Our approach will be general, making no
a priori assumptions about the rotational properties of the
molecule under study, and thus will consider a wide variety
of possible rotational behaviors. As an illustration, we take a
well-studied rotor molecule (9-(2,4,7-trimethyl-2,3-dihydro-1H-
inden-1-ylidene)-9H-fluorene, called “motor 1” in this work)*”>°
consisting of a rotator and a stator. It is known that this
molecule presents a unidirectional motor behavior by appro-
priate chirality, radiationless decay and two stable equilibria.
To reveal its underlying mechanism, theoretical studies®®*°
have been performed for extensive mapping of the detailed
geometry of the molecule during the rotation to determine its
configurational trajectories in multidimensional space, which
is computationally very demanding but cannot confidently
predict the rotation direction due to the need to explore a
very-high-dimensional structural space with exhaustive search
methods. In this work, we propose to obtain the rotational
character much more easily by calculating the torque at a few
selected geometries. Such a quick study of the molecule’s
global behavior would very much reduce the need to explore
large volumes of configuration space and thus can guide a
subsequent detailed study more efficiently toward a full under-
standing of the rotational mechanism of the system.
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Our efficient approach produces a qualitative answer, not
e.g. a precise speed of rotation about a precisely determined
axis. Its aim is to rapidly, confidently and qualitatively predict
the rotational evolution of the system. It is possible to obtain
qualitative answers via a single total-energy calculation in the
molecule’s initial state which yields forces on all the atoms and,
hence, atom-derived torques after choosing a suitable rotation
center: that qualitative information may, for example, be sufficient
to screen out unpromising candidate molecules from a search
for useful rotor molecules, saving the time and expense of more
detailed simulations of these candidates; likewise, this torque
method allows quickly exploring alternate molecules.

To study either initial rotation or subsequent rotation, the
torque referred to a selected rotation center can be very easily
calculated from the forces acting on the individual atoms and may
be projected accordingly if an obvious axis of rotation is available,
such as a single strong atom-atom bond acting as an “axle”
between a stator and a rotator. Even when the preferred axis of
rotation is not so obvious, considering the torque components
along three orthogonal axes will suffice to clearly indicate the
general direction of initial rotation, or the absence of a tendency to
rotate. Once the initial direction of rotation is obtained, one may
follow the rotation by turning the rotator rigidly through a few
steps in that direction, repeating the foregoing at each step. It is
assumed that a rigid rotator is particularly valid in ultrafast light-
driven processes, as observed experimentally for another similar
rotor molecule where rotation happens on a 100 fs timescale after
the photo-excitation,®® much faster than the relaxation of the
functional groups in the excited state. Afterwards, on the longer
timescale, the radiationless transition back to the ground state
conformer should be studied with a local optimization by con-
straining a suitable dihedral angle for updating the direction of
rotation due to shape and state changes in this soft rotor molecule.
This situation is analogous to a spacecraft®'~** in which a multitude
of components can rotate irregularly, e.g. antennae, solar panels,
astronauts, liquids, gases, pumps and fans, affecting the spacecraft’s
orientation and spin, and thus complicating navigation. Thus, this
approach includes the frequent case of flexible molecules, which
can change their shape and electronic structure during rotation.

Our general approach to torque calculation can also be applied
to more complex systems than simple stator + rotator molecules;
for example, a molecule may have multiple rotators (including a
rotator within a rotator), or the molecule may have a more complex
link between the stator and the rotator than a single bond (e.g
consecutive units in a flexible polymer, or three consecutive CC
bonds in stilbene). Then the same calculation can yield torques
around each bond or rotation axis to evaluate its individual
tendency and direction of rotation, at negligible extra computa-
tional cost since all the atomic positions and forces are available
for each atom from a single calculation.

Methodology

We consider the classical motion of individual atoms and groups
of atoms in a molecule of arbitrary complexity, induced by
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internal or external forces acting on the individual atoms.
We shall distinguish between translational, rotational and
flexing motions of the molecule; these types of motion normally
occur simultaneously, but can be disentangled using classical
mechanics. The translational motion is more relevant to vibra-
tional analysis, while the rotational motion is of special interest
when examining rotor molecules. The flexing motion distorts a
molecule or its subunits beyond rigid translation and rigid
rotation: flexing results not only from inhomogeneous forces
but also from induced changes in the electronic structure
during deformation; we shall illustrate this effect further below
through an iterative approach. For the present purpose, we
neglect the translational motion.

Single point calculations of density functional theory (DFT)
or time-dependent DFT (TD-DFT) can generate atomic force
vectors, iLe., the analytical gradients of total energies with
atomic coordinates, which can be used to further calculate
the needed torques for rotation predictions according to the
following scheme.

The total torque on a rotator (or on any molecule or subunit

of a molecule) is obtained as the vector 7' = 3" 7, x Fy, where i

1

runs over all atoms of the rotator (or other subunit of interest),
F,is the total force acting on atom 7 due to all other atoms in the
molecule, and 7; is the position of atom i relative to a reference
point. The choice of reference point is arbitrary in general, but
it will be useful to place it on the resulting rotation axis. At this
stage the location and orientation of the rotation axis are
undecided: although there can be multiple axes in a molecule
for the rotations of its components, there may be a principal
axis of rotation which is chosen by the system (respecting
mechanical conservation laws) and will result from the vector
summation of the atomic torques in the system, but will also be
affected by the constraints imposed by any rigidity of the
linkage to a stator and by the different masses of the atoms,
i.e. inertia. Some degree of insight is needed to choose the
reference point. For colliding molecules or reaction fragments
in a vacuum, the point could be located at the center of mass of
each separate molecule or fragment, since a free object will
rotate around its center of mass. For a molecule like “motor 1,
arelatively rigid bond connecting the stator and rotator favors a
reference point anywhere along that bond.

For convenience and clarity, we shall in the following dis-
cussion assume that the stator has a fixed orientation, but that
it can still deform somewhat during the rotation of the rotator:
this may be achieved strictly by fixing the mutual orientation of
a particularly important triplet of atoms of the stator. (In a free
stator + rotator molecule, both stator and rotator will actually
turn in opposite directions to conserve the total angular
momentum, so the designation of stator vs. rotator becomes
arbitrary. If the stator is relatively large and bulky, or is itself
rigidly attached to a larger mass, it will be nearly static.) We also
assume zero temperature, i.e. no thermal vibrations.

If the total torque vector 7 on a rotator is small (e.g. compar-
able to or smaller than the average individual atomic torque), then
there is only a weak tendency to rotate; this indicates that the
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atomic torques largely cancel each other (while possibly leading to
distortions within the rotator) or are individually small. This
outcome shows that the molecule actually does not behave like
a rotator in its assumed configuration and state: it may not be a
suitable “rotor molecule”, so one may consider alternate mole-
cules instead.

Now consider the more interesting case where the total
torque vector T is larger (e.g. significantly larger than individual
atomic torques or dominated by a few atomic torques). If T is
found to be parallel to a fixed bond between the stator and the
rotator, it is clear that the rotator will (at least initially) rotate
around that bond axis, like a top spinning with a steady vertical
axis on a table. The direction of rotation (clockwise or counter-
clockwise as seen from the rotator to the stator in this paper)
will simply be given by the direction in which 7 points (“up” vs.
“down”). But if T is tilted away from that bond axis, there is
also a torque component that will make the rotator tilt to the
side, like a spinning top tilting sideways from the vertical on a
table; the rotator may then precess like a tilted top, but that
motion will depend also on any other deformations taking
place in the molecule during the subsequent rotation.

For simplicity, a flexible axis along the C2=—C3 bond of the
rotor 1 molecule is chosen for studying the rotation around it
and the reference point for calculating torques is set at the
middle point of the C2=—=C3 bond. The total calculated torque is
projected onto the C2—C3 axis, see Fig. 1. If we wish to inspect
the effect of a tilt of the rotation axis away from the bond axis
(resulting in a constrained rotation about the fixed Z-axis), we
may simply take the projection 7, of the total torque T onto
the Z-axis and use it to predict the sense of rotation about that

7 0=(1,2,3,4)

Iy a=(34,72)

8 QQ
P 7 ﬂ‘i'7

D D

Stable 1-P Metastable 1-M

Fig. 1 A schematic representation of the stable and metastable states of
the "motor 1" molecule, with labelling of key atoms and definition of two
dihedral angles 6 and « and of the coordinate axes. The C6-C5 bond
defines the X-axis, with the origin midway between C5 and C6, while the
Z-axis is perpendicular to X and passes through C3, and the Y-axis is
perpendicular to X and Z. Thus the pentagon of the stator is in the XZ
plane, while the bond C3=C2 is approximately parallel to the Z-axis. The
rotational trajectory of “motor 1" is analyzed in ref. 28 and 29 in terms of
potential energy surfaces (PESs) for the ground state SO and the excited
state S1, calculated and displayed as a function of the torsion angle, 0,
around the linking C2=C3 bond and the “pyramidalization angle”, o, which
essentially describes the tilting of the C2—C3 bond away from the initial
orientation. Note that the lower methyl group is shown in front of the
plane of the figure in both states, so that these two states are not
equivalent by 180° rotation about the C2=C3 bond, due to the chiral
nature of the molecule.
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2

Stator

»

This journal is © the Owner Societies 2016

View Article Online

Communication

fixed direction. Also, our torque method easily provides the
component of the total torque perpendicular to the bond axis,
T, =T — T) = Ty + Ty: that perpendicular component shows the
approximate direction in which this tilting would happen, and
roughly how strong the tendency of such tilting is.

Application

Motor 1 has two equilibrium states: stable (1-P) and metastable
(1-M) conformers.>®*%3* As depicted in Fig. 1, the upper half of
motor 1 is defined as the rotator and the lower half as the
stator, which are connected via a ‘vertical” C2—C3 double
bond axis. The key atoms and dihedral angles are labelled and
defined in Fig. 1. The fluorene-based stator has 2-fold axial and
mirror symmetries about the C2=—=C3 axis and the figure plane,
respectively, when it is disconnected from the rotator. Such a
design splits the 360° rotation into two identical 180° rotations
with a total of four steps, 1-4: two identical photoisomerizations
(1 and 3) and two identical thermal relaxations (2 and 4), shown
as a cycle in Fig. 2; in this work, we only model step 1 (and the
identical step 3). Thus the geometries of stable 1-P and stable
1-P’ are mutually identical (after 180° rotation) and so are those
of metastable 1-M and metastable 1-M’. The rotation can be
described as follows: the C2=—C3 double bond favors a
co-planar arrangement of the rotator and the stator in the 1-P
state, but the steric hindrance of the lower methyl group seen at
the left in state 1-P in Fig. 1 forces a twist on the rotator (hence
this methyl is drawn above the plane of the figure and the
molecule is chiral); in step 1 (Fig. 2), the rotator turns about the
C2==C3 axis so that this lower methyl swings around in front
of the plane of the figure until it hits the right-hand side of
the stator in the 1-M state (in the ground state this twisting
of the C2=—C3 bond has a large energy barrier of nearly
40 keal mol*,** which is overcome by photoexcitation followed
by isomerization); in step 2, the rotator bends over the stator so
that the methyl can rotate behind the plane of the figure until it
has the 1-P geometry again, labeled as 1-P’ to indicate that a
total rotation of 180° from 1-P has been achieved (this ‘“helix
inversion” involves a smaller energy barrier that can be over-
come thermally); the process then repeats itself identically to
complete the second 180° via 1-M’ and reach 1-P again, etc.

In this work, we choose the CAM-B3LYP?**° functional with
a 6-31+G* basis set to carry out the calculations conducted
using the Gaussian 09 code.?” The reliability of this functional
is validated by comparing the excitation energies with reported
higher levels of TD-DFT (see Table 1).

In the initial lowest-energy stable state (1-P), there are no net
forces on any atom, so the total torque on the rotator is zero.
The photoexcitation to the excited state S1 first leads to the
Franck-Condon (FC) state in which the atomic geometry has
not changed while the electronic level occupation has changed;
this causes non-zero net forces on most atoms and results,
due to the chirality of the molecule, in a significant positive
total torque on the rotator, as projected onto the C—C bond
axis (see Fig. 3b near the ground state’s torsion angle of 15°).

Phys. Chem. Chem. Phys., 2016, 18, 29665-29672 | 29667
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Fig. 2 The two photochemical and two thermal steps of a complete 360° rotary cycle of motor 1 (after ref. 27-29). The pairs of images in the 4 states
1-P, 1-M, 1-P" and 1-M’ show the orientations of the stator, rotator phenyl plane and rotator pentagon, looking toward the —Y direction (external images)
vs. the —Z-axis (i.e. along the C2—C3 bond; inner images). The dihedral angle 0 is given for each state and marked with atomic balls to track the C2—C3

torsion.

Table 1 Comparisons of the excitation energies in kcal mol™ and
corresponding wavelengths in nm (in parentheses) of the bistable isomers
1-P and 1-M at various levels of calculations. The numerical values are
taken from ref. 29

Method, basis set 1-P 1-M

CAM-B3LYP, 6-31+G* 86.94 (329) 78.40 (364)
TD-BH&HLYP, 6-31G* 87.17 (328) 78.17 (366)
SA-REBH&HLYP, 6-31G* 87.63 (327) 78.40 (365)
OM2/GUGA-MRCI, 6-31G* 90.63 (315) 86.48 (331)

The positive sign implies a counterclockwise rotation, looking
from the rotator toward the stator. This counterclockwise
rotation is reflected by a negative slope of the PES surface of
the S1 state (seen as a downward slope marked by arrows in
Fig. 3a), driving the system in the counterclockwise direction.

We see here the contrast in the two approaches for obtaining
the direction of rotation. The PES approach requires multiple
total-energy calculations in high-dimensional search space to
find a path of descending energy; it is not sufficient to observe
that a particular dihedral angle between four atoms will turn
counterclockwise, since the rest of the rotator could be turning
in any other direction, e.g. clockwise. By contrast, the total
torque uses a single total-energy calculation at the initial

29668 | Phys. Chem. Chem. Phys., 2016, 18, 29665-29672

geometry to indicate the overall rotation direction of the
rotator.

For further rotation away from 1-P, the torque method can
efficiently simulate a simple rigid rotation of the rotator to
explore qualitatively whether there is continued tendency to
rotate counterclockwise. At this simplest level, we obtain the
total torque (and total energy) shown in Fig. 3 until a torsion
angle of 85° (where the total energies of SO and S1 states are
closest). We see that the total torque on the rotator remains
positive or close to zero, so the rotation can continue in the
counterclockwise direction (the more exact PES analysis of
ref. 28 and 29 confirms a continuous downward slope in the
counterclockwise direction). We have calculated the FC state
every 5° or 1° for Fig. 3 (with relatively rapid electronic optimi-
zation but without time-consuming geometric optimization):
we could have skipped most of those points by using larger
steps of 30°, for example, to save even more computation time.

The barrier for twisting the C—C double bond on the
ground state PES, as seen in Fig. 3a, occurs near a torsion
angle of 85°, causing high energies in that region. Also, near 85°
the ground state SO and the excited state S1 approach each
other in energy (Fig. 3a): this facilitates de-excitation to the
ground state SO. Beyond 85°, we thus follow the further rotation
in the ground state SO until the metastable state 1-M (near 154°).

This journal is © the Owner Societies 2016
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Fig. 3 (a) Profiles of the energy E of the SO and S1 PESs (the arrows show the expected counterclockwise system evolution), (b) total torque

Tc—c (in units of piconewton x nanometer = 1072* N m) of the rotator of motor 1 projected onto the C=C double bond as a function of the torsion angle
0 from 1-P to 1-M, assuming rigid rotation of the rotator until 85°, then optimized rotation beyond 85° (see the text for details), (c) profiles of the SO and S1
total torques T (in units of piconewton x nanometer = 10721 N m) of the rotator of motor 1 projected onto the Z direction, (d) tilting angle of the C=C
axis relative to the Z direction as a function of the torsion angle (0) from 1-P to 1-M, assuming rigid rotation of the rotator until 85°, then optimized

rotation beyond 85° (see the text for details).

Due to the deexcitation timescale impact, we now allow the rotator
(and stator) to be non-rigid in the ground state S0. This requires
optimizing the structure at several fixed torsion angles (specified
as particular dihedral angles involving the C—C bond), which
we did every 1° or 5° for Fig. 3. We observe again a positive total
torque, approaching zero near the equilibrium state 1-M, as it

This journal is © the Owner Societies 2016

should; so the rotation continues in the counterclockwise direc-
tion (as also confirmed in the more complete PES analysis®). The
sudden switch to optimized geometries causes the observed
discontinuities near 85° in Fig. 3, which are therefore not physical.
Thus, the real geometric evolution might happen between the
rigid and relaxed SO PES in the range of 86°-90°.

Phys. Chem. Chem. Phys., 2016, 18, 29665-29672 | 29669
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Fig. 4 The atomic torques in the rotator in the SO and S1 states as a function of the C2=—C3 double bond torsion angle from 1-P (at left) to 1-M (at right).
Only atoms C1 and C8 are labelled, as they are subject to the largest torques.

To examine whether tilting the C—C axis could significantly
change the effect of the torque described above, we project the
torque of the rotator onto the Z direction (7,) to compare it with
the above T—c. As shown in Fig. 3c, T is almost the same as
Tc—c of Fig. 3b, implying that the tilting effect on the axis is
minor. Fig. 3d shows that the tilting angle of the C—C axis
from the Z direction remains ~1.5° before a torsion angle of
85° due to the rigid rotation and varies in the range of 0-21° for
the relaxed geometries after a torsion angle of 86°.

Our method allows us to easily identify those atoms that
dominate the unidirectional rotation, namely those atoms
which are subject to the largest torques. We plot the individual
atomic torques of the rotator in Fig. 4 as a function of the
torsion angle 6. During the rotation in the S1 state from 15° to
85°% the C1 and C8 atoms bear the largest torques. In the SO
state from 86° to 154°, the C1 atom basically bears the entire
torque, all other atoms experiencing negligible torque. The C1
and C8 atoms belong to the same five-membered ring, and are
connected together by C2 of the C2=—C3 bond, as shown in
Fig. 1. This shows that the optical response is still the cis-trans
isomerization of the vinyl bond, but is blended into the
structure of the more complex motor 1. After photoexcitation
to state S1, the C1 and C8 atoms undergo most of the torque
that drives the rotator to rotate in a counterclockwise direction
until the intermediate configuration at 85°, where the rotator
and stator are almost perpendicular to each other. Then after
de-excitation from S1 to SO, the remaining rotation to 1-M will
be driven by the C1 atom. As demonstrated above, the atomic
torque analysis reveals very clearly that a single atom can domi-
nate the rotation direction and can further deepen the study of
the working mechanism of the motor. At the same time, in our
example, the excitation to the S1 state produces a distribution

29670 | Phys. Chem. Chem. Phys., 2016, 18, 29665-29672

of atomic torques on multiple atoms with both negative and
positive signs. This is unfavorable for starting a unidirectional
rotation as these atoms will tend to rotate in opposite directions.
Thus, our atomic torque profile can reveal the absolute preference
of rotation direction so as to help judge whether unidirectionality
in a molecular motor is favored or not.

Conclusion and remarks

In conclusion, we have developed an approach to use torque
from DFT and TD-DFT calculations to predict the rotational
behavior of a molecular rotor. The approach has been success-
fully applied in the study of the photoisomerization of a light-
powered molecular rotary motor twisting around its central
C—C axis. Through vector summation of the torques acting
on each atom and projected onto the rotation axis, we can
optionally inspect the impact of a certain part within a motor
on the unidirectional rotation with explicit rotation direction
and magnitude. The method illustrates clearly how, for this
rotor molecule, the unidirectional rotation can be realized by
switching from the S1 state to the SO state. Also, our approach
highlights that the significant atomic torques can be localized
on a few atoms (here two C atoms attached directly to the C—C
axis in the rotator). It is also seen that atomic torques with
widely variable directions on multiple atoms after the photo-
excitation are not favorable for driving a unidirectional rotation
in this molecule.

Our work shows that the torque profile reveals the rotation
direction, even though it is only an alternative expression of the
ground and excited-state PESs. Since the potential energy is a
scalar quantity, it cannot be decomposed and projected; by
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contrast, the calculated torque projected onto the rotational
axis can clearly distinguish between the rotational directions in
any configuration. The method thus can help experiments in
the design of motor molecules with better performance. The
approach is very helpful in our ongoing research to study the
mechanical motions of other molecular motors.

Our torque approach can also easily be applied to molecular
collisions, chemical reactions, vibrations or electronic excitations
for given atomic positions (e.g. distortion of a molecule by a
collision, by reaction with another molecule, by vibration or by
excitation). A single total-energy calculation can obtain the forces
acting on each atom and therefore lead to the torque acting on
any part of the molecule(s), thus predicting the presence and
direction of a resulting rotation (of course, with colliding mole-
cules one should also consider the linear and angular momenta
of the incoming and outgoing molecules or fragments, as in
standard collision dynamics).
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