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Abstract: Molecular motors convert light and thermal energies into mechanical work, offering
good opportunities to design novel molecular devices. Among them, molecular motors alternate a
photoisomerization and a thermal helix inversion to achieve unidirectional rotation. The rotational
speed is limited by the helix inversion step, which in turn is governed by a barrier in the electronic
ground state. In this work, we systematically study the solvation effect on the thermal process of
selected molecular motors, comparing reaction barriers obtained from both density functional theory
(DFT) in the isolated system and umbrella sampling within a hybrid quantum mechanics/molecular
mechanics (QM/MM) model in solution. We find more prominent solvation effects on those molecular
motors with larger dipole moments. The results could provide insight into how to functionalize
molecular motors to speed up their rotation.

Keywords: helix inversion; transition state; density functional theory; Gibbs free energy; QM/MM;
molecular dynamics; umbrella sampling; radial distribution function

1. Introduction

Molecular machines have been extensively studied in recent decades due to their broad
applicability in fields as diverse as drug delivery, electronic devices, and photoswitchable
catalysis [1-5]. Such molecules process at least two configurations that are switchable under
external stimuli. In the so-called molecular motors [6], the external energy can be converted
into mechanical movement, similar to some fiber-based [7,8] or nanoparticle-based artificial
muscles [9]. The group of the Nobel laurate Feringa has successfully synthesized a large
number of molecular motors, aiming at finding mechanically more efficient transformations;
the last two decades saw already three generations of molecular systems with increasingly
rotational speedup [10-15]. Such molecular motors combine a photoisomerization and
a thermal helix inversion step in an alternate fashion, so that unidirectional motion is
achieved (see Figure 1). The thermal step, in which two configurations convert each other
by the inversion of the central C=C bond when the molecule is heated, is slower than
the photochemical one by a few orders of magnitude. Thus, different functional groups
have been suggested to reduce the reaction barrier of this thermal inversion process, both
experimentally [11,16] as well as theoretically [17-19].

Remarkably, not only the molecular properties but also the solvent employed can
play an important role on the speed of the unidirectional motion [20-23]. Thus, it would
be interesting to investigate how the solvent affects the helix inversion step of molecular
motors. Theoretically, solvation effects can be investigated with both implicit and explicit
models. In implicit models, the solvation effect is calculated as electrostatic interactions
between the dipoles with low cost, but the intermolecular interactions (e.g., hydrogen
bonds) are missing [24]. Explicit models instead treat all the molecules in the calculation on
the same footing; therefore, intermolecular interactions can be accurately treated. However,
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treating solvent and solute at the same quantum mechanical level of theory is computation-
ally demanding. Therefore, divide-and-conquered approaches, such as the combination
of quantum mechanical with molecular mechanical calculations (QM/MM) [25], have
been introduced. Within the framework of a QM /MM model, a reaction barrier could be
determined by comparing the energy difference between different configurations and the
transition state, but the search for a transition state is not straightforward. A powerful
method to simulate the reaction barrier between the reactant and the product, avoiding
explicit transition state optimizations, is umbrella sampling (US) [26,27]. Here, a bias
potential is applied to reach the coordinates of different states along the reaction space,
which is split into different windows to sample the reaction path individually [28], thus
mimicking a reaction path. In each of the windows, molecular dynamics simulations can be
performed within a constraint bias potential until sufficient overlap between the probability
distributions along the reaction coordinates is reached [28].

Figure 1. Schematic illustration of unidirectional rotation in 1, consisting of two thermal helix
inversion processes and two photoisomerizations, thus giving four configurations (1a)—(1d).

In the present contribution, we investigate the solvation effect on the helix inversion
step between the two involved states of molecular motors using US within a QM /MM
framework. The systems under investigation are shown in Figure 2. Considering the
solubility in all motors, dimethyl sulfoxide (DMSO) is selected as the solvent due to its
good solvation properties reported in a previous experimental study [29]. Here, we study
the role of DMSO in several motors with different dipole moments, achieved as a result of
placing different functional groups in either the stator (lower half) or the rotator (upper
half). The suggested motors are derivatives of the parent second-generation molecular
structure 1a (recall Figure 1), for which the photoisomerization step has been investigated
by us recently [30].
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Figure 2. Structures of selected molecular motors, 2—4 in their different configurations, noted as a
and b, respectively.

2. Computational Methods
2.1. Quantum Chemical Calculations

The initial geometry of the transition state 1ts between 1a and 1b in the gas phase was
obtained using the Nudged Elastic Band (NEB) approach [31,32], at the BP86/def2-SVP
level of theory [33-35] using TURBOMOLE 7.2 [36]. The structures of 1a, 1b, and 1ts were
optimized in the gas phase at the B3LYP/cc-pVDZ level with Grimme’s dispersion correc-
tion [37] using a Gaussian 16, Revision A.03 software package [38], followed by a frequency
calculation to confirm the nature of the critical point (Tables S1-515). The same protocol
was applied in the geometry optimizations of the other molecular motors, 2-5. The Gibbs
free energies at BSLYP-D3/cc-pVDZ level were used to predict the thermal reaction barrier
in comparison with their speed of thermal isomerization. The desired level of accuracy in
the reaction barrier of the helix inversion depends on the selection of the functionals in DFT,
which had been discussed extensively by Head-Gordon and his coworker [39]. Therefore,
in this study, we validated the accuracy of the DFT calculations by the comparison with the
domain-based local pair natural orbital coupled-cluster method with single and double
excitations (DLPNO-CCSD) [40-43] with the cc-pVDZ basis set using ORCA program,
version 4.2.1 [44,45] on the relative energies of the different configurations of 1.

2.2. Molecular Dynamics Simulations

The general AMBER force field (GAFF) [46] was used to perform molecular dynamics
(MD) simulations of the systems solvated by DMSO with the force field adopted from
Ref. [47] in a 25 A truncated box. The system was heated to 300 K during the 100 ps
simulations in an NVT ensemble after it was converged in the optimization. The equilibrium
step was performed in 1 ns in an NPT ensemble when the pressure was set to 1 bar before
the production calculations were carried out. The production calculations were simulated
in the NPT ensemble with the Berendsen thermostat for 10 ns after the equilibrium was
reached. The time step was 0.5 fs in all MD simulations using the AMBER17 suite [48].

2.3. QM/MM Calculations

US was employed to simulate the thermal helix inversion process in the framework
of QM/MM. The solvent molecules were treated classically, coming from the MD sim-
ulations, while the molecular motors were simulated quantum mechanically, with the
self-consistent-charge density-functional tight-binding method (SCC-DFTB) within the
DFTB3 formulation [49,50]. The time step was set as 0.5 fs in the NPT ensemble, and the
snapshots were collected every 50 fs during the 2ps-steered QM /MM MD dynamics. The
cut-off in describing the electrostatic interaction between QM and MM regions was set
as 10 A. The reaction coordinates in the US were the dihedral angles of the inversion in
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C=C bond, which were used in the MD simulations with a harmonic restraint constant
of 200 kcal - mol~!- degrees 2. The time step was 0.1 fs in each window for 20 ps sim-
ulations with the force constant of 500 kcal~!- mol~!- degrees2. The variational free
energy profile (VFEP) method implemented with the maximum likelihood principle [51,52]
was employed to simulate the energy profile. All calculations were performed using the
AMBER:DFTB3 scheme implemented in AMBER17 [48].

3. Results and Discussion

The speed of the helix inversion in molecular motors depends on the reaction barrier.
This could be calculated either by QM in the gas phase or by QM/MM with the solvent
included explicitly. We shall use both approaches to compare the geometries obtained and
understand the effect of the solvents on the helix inversion of the chosen molecular motors.

3.1. Helix Inversion in the Gas Phase

Different structures with various functional groups were selected based on a parental
molecular motor (1). The dipole moments of the selected motors are listed in Table S16
calculated at the B3LYP-D3/cc-pVDZ level in the gas phase. The accurate DLPNO-CCSD
method is used to calculate a reference inversion barrier to be compared with values from
DFT. Depicted in Figure 3 are the inversion barriers of 22.2 and 21.1 kcal/mol obtained
with DFT and DLPNO-CCSD, respectively. Both calculations reproduce satisfactorily the
experimentally measured barrier of 20.3 kcal/mol [12]. The 1b configuration is 3.1 or
4.3 kcal/mol more stable than 1a configuration at B3LYP-D3 or DLPNO-CCSD levels,
respectively. We conclude that both methods provide similar reaction barriers and relative
energies between the two configurations and thus justify that we shall employ the B3LYP
functional to determine the reaction barriers of the other motors in solution, expecting
similar accuracy to what DLPNO-CCSD would provide.

1a 4.3

1b

Figure 3. The activation energy of the helix inversion between 1a and 1b configurations calculated at
B3LYP-D3/cc-pVDZ (in black) and DLPNO-CCSD/ cc-pVDZ (in blue) levels.

The rotational speed is expected to be faster when the inversion barrier is reduced—-as
observed in some molecular motors [11]. The B3LYP-D3 calculated reaction barriers of the
other molecular motors (2-5) are depicted in Figure 4. The reaction barrier of 2 is similar to
that of 1, demonstrating that the methoxy group in the stator part (lower half of 2) does not
substantially affect the thermal reaction. The inversion barrier of 3 is 23.5 kcal/mol, which
is slightly higher than that of 1, in line with the observed slower rotation in 3 [53], caused
by the sterically demanding phenyl group in 3.

The inversion barriers of 4 and 5 are 16.9 and 12.9 kcal /mol, which are much lower than
that of 1, in agreement with the observed half-life of 5.7 ms and 8.0 ns, respectively [13,54].
It means that the rotational speed of 5 is increased tremendously when the inversion barrier
is reduced by about 4 kcal/mol from 4. This indicates that the reduction of the reaction
barrier could improve the rotational process significantly. The energy difference between
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the two stable configurations 5a and 5b is 8.0 kcal /mol, which is larger than that in the other
molecular motors. The larger energy difference between the two configurations could be
another factor that makes 5 rotate much faster. These results indicate that the performance
of the unidirectional motion of the molecular motor is expected to be improved by both
reducing the inversion barrier and stabilizing the b configuration.

Figure 4. Activation energies of the helix inversion between a and b configurations in 2-5 calculated
at the B3LYP-D3/cc-pVDZ level.

3.2. Helix Inversion in Solution

As it is expensive to include the solvent explicitly in the simulation, we treat the
molecular motor and the solvent molecules separately. Umbrella sampling is carried out
based on trajectories from classical MD simulations, which are performed to locate the
orientation of the solvents around the molecular motors in the equilibrium state. The
radial distribution and orientation of the solvent molecules are then analyzed, as it will be
discussed next.

3.2.1. Dihedral Angle Distributions

The evolution of the dihedral angles in the two configurations 1a and 1b as obtained
from classical MD simulations can be found in Figure 5. Black lines indicate the dihedral
angle values of 1a and 1b obtained from the DFT optimized geometries in the gas phase.
This value lies in the center of the oscillation of 1a but is slightly above the center of the
distribution oscillation in 1b by about 5 degrees. The oscillations are between 30 and
60 degrees (1a) and between —60 to —30 degrees (1b), which are symmetric at 0 degrees.

The evolution of the torsion distributions for the other molecular motors 2-5 during
40 ns is presented in Figure 6, with a and b configurations in blue and red, respectively.
The symmetric character in 2—4 is similar to 1 in DMSO solution. Exceptions are found in
5a and 5b configurations in the gas phase, whose values are smaller than that in the other
motors, as shown by the closer black lines in Figure 6D. This can be explained by the fact
that the stators are rigid in the 2-4 motors, while the six-membered ring in the middle of
the stator of 5 makes it bend more than the other motors. This indicates that the planarity
in the stator could affect the stability of the molecular motors in the gas phase. The dihedral
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evolution in 2-4 motors is similar to 1 even with different rotators. This means that the
flexibility in the rotator part does not seem to affect the torsion in a and b configurations.
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Figure 5. Definition of the C=C dihedral angles (A) and its evolution in 1a (in blue) and 1b (in red)
from the MD simulations (B). Values from the DFT optimized geometries in the gas phase are shown
with black lines.
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Figure 6. The evolution of the dihedral angles of a (in blue) and b (in red) configurations for (A) 2,
(B) 3, (C) 4, and (D) 5 in MD simulations with the optimized geometries in the gas phase illustrated
with black lines.
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In the classical MD simulations in solution, the dihedral angles of the a and b configu-
rations are stable, oscillating between 30 to 60 and —20 to —50 degrees, respectively. In the
US simulations, we convert the a into b configuration gradually in different windows, in
which dihedral angles change from 40 to —40 degrees.

3.2.2. Solvent Distributions

Next, we will analyze the distribution of the solvent molecules around the molecular
motors. To that aim, the radial distribution of the solvent DMSO is presented as the
distance from sulfur or oxygen atoms of DMSO to C atoms of the molecular motors, noted
as R(Sppmso-Cmotor) 0 R(Opmso-Cumotor), respectively. The radial distribution functions in
these five motors g(Spmso-Cmotor) and g(Opmso-Cmotor) are presented in Figure 7. One can
see that the a and b configurations have similar distributions of R(Spymso-Cmotor) in all five
molecules, within the first and second solvation shells at 5.0 and 9.4 A, respectively, due to
the low polarizability of the system. Comparing between the radial distributions g(Spmso-
Cmotor) and g(Opmso-Cmotor) in the two configurations, we find a broader distribution in
the first solvation shell with a shoulder around 3.8 A in 2(OpMso-Cmotor)- This indicates that
the O atoms are less ordered than the S atoms in DMSO around the motors, since S atoms
of DMSO and the molecular motors are weakly interacting due to dispersion interactions.
The radial distribution functions are quite similar in 1-5, which implies that there is a small
difference in the short-range interactions between DMSO and molecular motors.
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Figure 7. Radial distribution functions of R(Spmso-Cmotor) and R(Oppyso-Cmotor) as obtained from
MD simulations of motors 1-5 in DMSO.

3.2.3. Inversion Reaction Paths

As the analysis of the C=C central bond of Figure 5B shows, the inversion angles
change from 45 to —45 degrees during the helix inversion from 1a to 1b. Therefore, we have
constrained the torsion angles to change from 45 to —45 degrees in 40 windows gradually
during the US simulations within the QM/MM model. The obtained free energy profile
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along the inversion path as a function of the dihedral angles is shown in Figure 8 in black
for motor 1. The reaction barrier is about 25 kcal/mol at the US-QM /MM level of theory,
which is about 3 kcal/mol higher than that calculated by DFT method in the gas phase.
The agreement shows that our models are robust; however, the small difference stems
from the employed solvation model and the computational method. Within the QM/MM,
the intermolecular interactions between the molecular motor and DMSO are included
correctly, as opposed to the gas phase. In contrast, the energy barrier is calculated with a
semi-empirical method, DFTB3, in the QM /MM model, which is less accurate than DFT.
The reaction barrier could be made more accurate if the DFT method is used in the QM
part in QM /MM MD simulations, at the expense of computational time. However, based
on the US-QM/MM simulations, we consider DFTB3 a good compromise between the cost
and the accuracy.

The product, 1b, is predicted to be 10 kcal/mol more stable than 1a within the US-
QM /MM simulations—in comparison with 3 kcal/mol from the DFT calculations in the gas
phase. This indicates that the solvent stabilizes the product. The higher stability obtained
from the US-QM /MM simulations in the solution is also observed in 3b, but not in 2 and 5.
The energy difference between a and b configurations of 2 and 5 in QM /MM calculations
is similar to that obtained by DFT calculations because of their small dipole moments. The
motors 2 and 5 are less affected by the polarization of DMSO in the US-QM/MM model,
resulting in a negligible solvation effect. In contrast, the motors 1 and 3 are more polarized
by DMSO, thus stabilizing the product b configuration more in the solution.

The reaction barriers for the motors 1 and 3 are about 25 kcal/mol, slightly smaller
than that in 2 by about 8 kcal/mol. For 5, the barrier is about 10 kcal/mol, about 3 kcal /mol
smaller than that obtained in the gas phase by DFT calculations. In general, we conclude
that the reaction barriers obtained from US-QM /MM simulations resemble that obtained
from the DFT calculations in the gas phase.

40

30

20

10

Free Energies (kcal/mol)

45 30 15 0 -15 -30 -45

Dihedral Angles (deg.)

Figure 8. Reaction paths of the helix inversion of 1 (in black), 2 (in green), 3 (in red), and 5 (in blue)
simulated by umbrella sampling within a QM /MM model.

4. Conclusions

The helix inversion process of some selected molecular motors with different dipole
moments has been simulated in solution using a hybrid QM /MM approach and compared
with values in the gas phase obtained from DFT calculations. We note that dihedral
angles of two configurations (a and b) are symmetrical about the central C=C bond in
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both gas phase and solution. Calculated reaction barriers of the helix inversion process
obtained with DFT in the gas phase and umbrella sampling in the solution are comparable,
indicating that the solvation effect on this reaction is negligible for the solvent employed,
DMSO, particularly for the motors with small dipole moments. The solvation effect is
more significant for molecular motors displaying larger dipole moments, providing slightly
larger differences in the reaction barrier between the gas phase and solution. Based on
the analysis of the solvent orientation in the first solvation shell of the motors by radial
distribution functions, it is found that S atoms of the solvent point to the motors due to
the weak dispersion interactions between the aromatic rings of the motors and S atoms of
DMSO. In conclusion, we expect that the computational simulations of the thermal reaction
highlighting the solvation effect on the helix inversion provide insight into how to design
molecular motors with faster rotational speed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry4010016/s1: Tables S1-S16: optimized coordinates and
dipole moments of motors in a and b configurations and their transition state.
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