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The optimization of the quantum efficiency of single-molecule light-driven rotary motors typically relies
on chemical modifications. While, in isolated conditions, computational methods have been frequently
used to design more efficient motors, the role played by the solvent environment has not been
satisfactorily investigated. In this study, we used multiscale nonadiabatic molecular dynamics
simulations of the working cycle of a 2-stroke photon-only molecular rotary motor. The results, which
display dynamics consistent with the available transient spectroscopy measurements, predict a
considerable decrease in the isomerisation quantum efficiency in methanol solution with respect to the
gas phase. The origin of such a decrease is traced back to the ability of the motor to establish hydrogen
bonds with solvent molecules. The analysis suggests that a modified motor with a reduced ability to
form hydrogen bonds will display increased quantum efficiency, therefore extending the set of
engineering rules available for designing light-driven rotary motors.

Among other molecular motors (i.e., molecular-level devices capable of
transducing the energy of external stimuli to directed atomic motion), light-
driven rotary motors'™ (LDRMs; for a full list of acronyms see the Sup-
plementary Note 1) have the ability to operate by consuming only light (and,
optionally, heat) without emanating waste products that may ultimately
impair their function". This makes LDRMs useful in the fields such as
nanotechnology, optogenetics, synthetic biology, nanomedicine, functional
materials, where they have been applied*™”.

The most common design of LDRMs exploits the overcrowded alkene
(OA) motif ' although alternative designs can be found in the literature'**.
Typically, OA LDRMs (i.e., molecules based on carbon-rich scaffold, where
strong steric repulsion causes a nonplanar arrangement of substituents at a
double C=Cbond) complete a full 360° revolution in the four steps shown in
Fig. 1, where two EP — ZM and ZP — EM, photoisomerisation steps (in
other words, transitioning between conformations characterised by the
trans (E) or cis (Z) arrangement of substituents at the central C=C bond
accompanied by helical distortion in the positive (P) or negative (M) sense of
rotation) are interlaced by two thermally activated helix inversion (THI)
steps. The latter steps, where the upper moiety of the LDRM (the rotor
blade) moves over the lower moiety (the stator blade) changing helicity from

M to P, are needed to reset the molecular conformation in a geometry
suitable for maintaining the rotation of the rotor in the same direction (e.g.,
the counterclockwise direction, CCW, in Fig. 1) with respect to the stator’.

The initial rotation EP — ZM occurs on the first singlet excited (S;)
state potential energy surface (PES), where photoexcitation of the EP
structure breaks the 7-component of the exocyclic double bond that con-
nects the two blades and allows rotation around the central axle. The steric
repulsion between the rotor and the stator in the fjord region (i.e., the region
where the two blades approach each other the closest) drives the rotor
towards a geometry, where the two blades become (nearly) orthogonal. In
this geometry, the S; and ground (S,) state PESs approach one another and
eventually cross, thus entering a conical intersection” > (Coln), where the
population is transferred nonadiabatically to S,***". After that, the rotary
motion continues on the Sy PES ending in a Z structure.

However, the molecule may settle in a conformation (ZM) not allowing
for a prompt rotation in the same direction (CCW, in Fig. 1) and has to be
reset through THI to a more stable ZP conformation; which completes half
of the motor working cycle. After absorption of the second photon by the ZP
structure, the same two-step sequence is activated and ends up in the EP
structure.
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Fig. 1 | Working cycle and potential energy surfaces of a classical 4-stroke LDRM.
a The main structures in the mechanism of the motor detected experimentally in ref.
3.b Profiles of the S; (the red curve) and S (the blue curve) potential energy surfaces
along the rotation path. The main structures are shown by the red and blue dots,
accompanied by 3D geometries (without hydrogens) and conformational labels. The
hourglass symbols show the positions of conical intersections (CI). The curved
greyscale arrows show the sequence of geometric transformations. The straight
upward magenta arrows show the photoexcitation events. The 3D structures shown
in the figure were plotted using the data from ref. 27.

The outlined mechanism implies that the mirror symmetry between
the EP and EM, and ZP and ZM conformations should be broken, which is
achieved by introducing a chiral centre;” with the R chirality in Fig. 1. When
EP and ZP structures are more stable than EM and ZM, respectively, the
rotation proceeds in the CCW direction; this is typical of LDRMs with
R-chiral centre®”. The direction is dictated by the slope of the S; PES, at the
geometry of the vertical excitation S; ¢ So; which occurs due to the specific
folding of the blades, see Fig. 1a, imposed by the steric overcrowding in the
fjord region and around the chiral carbon atom. Thus, the point and/or axial
chirality are essential constituents of OA LDRMs™***.

Although OA LDRMs have already found their way into a number of
applications, their rotational efficiency remains relatively low. This is
measured by the low quantum yield of the photoisomerisation steps (®;so
the ratio of the number of isomerisation events to the number of absorbed
photons) dominated by branching of the S; population into productive (i.e.,
propagating towards products) and unproductive (i.e., going back to reac-
tants) fractions immediately after decay through the Coln funnel. In addi-
tion to that, the presence of the THI steps allows LDRMs to operate
efficiently only in specific temperature ranges’'.

So far, the optimisation of LDRMs has been mostly driven by chemical
intuition®” focusing primarily on optimising the THI step and their

Fig. 2 | Chemical formulae of the MTDP motor (1) and its methylated derivative
MMTDP (2). The red arrow shows the direction in which rotation of the upper part
occurs with respect to the lower part of the motor. The inset in the upper left part
shows the definition of the central torsion angle 6.

photochemistry remained less amenable to chemical modification*. One
prospective way to improve the characteristics of LDRMs is to eliminate the
two THI steps from the classic working cycle thus achieving “photon-only”
LDRMs. This idea has resulted in several theoretical suggestions’**™’, the
synthesis of a hemithioindigo-based motor” and phosphororganic
LDRM™, which require three and four photochemical steps to complete
their 360° cycles, respectively. However, because of the very low ®;,, value of
each step, their rotational efficiency remains unsatisfactory. For example,
hemithioindigo LDRM absorbs on average~1900 photons to complete a full
rotation™.

Recently, some of us reported the design and synthesis of a photon-
only LDRM featuring, perhaps, the simplest working cycle”. The motor,
E-3’-(2-methyl-2,3-dihydro-1H-benzo[b]cyclopenta[d]thiophen-1-yli-
dene)pyrrolidin-2’-one (1), abbreviated as MTDP, see Fig. 2 for chemical
formula, was characterised via time-resolved spectroscopy that corrobo-
rated the theoretical conclusion that the two THI steps are seamlessly
overcome at room temperature yielding a cycle with only two photo-
chemical steps.

The absence of stable ZM and EM intermediates, when starting from
EP and ZP reactants, respectively, in MTDP (see Fig. 3 for a schematic
representation of the working cycle) was attributed to (i) the strain of the 3-
methylene-1-cyclopentene (MCP) stator moiety incorporating the stereo-
genic centre and (ii) a decrease in steric repulsion in the fjord region™.
Therefore, as seen in Fig. 3, MTDP should be able to perform a 360° rotation
of its rotor blade by absorbing only two photons.

The simulation of MTDP photodynamics in the gas phase predicted
that the motor should have a very high @, for both isomerisation steps, on
the order of 0.9%. However, the value of @y, of the first EP — ZP photo-
isomerisation step measured in methanol solution was dramatically lower
(Piso = 0.25 £ 0.05). Therefore, it was concluded, supported by simulations
in solution, that the solvent considerably reduces the rotational efficiency in
both photochemical steps™.

Although MTDP in methanol has shown a ®;g, value higher than
several classical LDRM (usually much less than 0.2), the atomistic
understanding of the solvent effect may indicate how to increase its
value further. In this paper, we focus on the understanding of how
the surrounding solvent molecules impair the rotational function. In
doing so, we hope to learn what modifications of the MTDP
structure would mitigate these influences and improve the functionality
of LDRMs via suitable chemical modifications. To achieve such a goal,
we use quantum mechanics/molecular mechanics (QM/MM) modelling
and nonadiabatic molecular dynamics (NAMD) simulations of the
two photoisomerisation events responsible for the decreased ;.
The QM method employed in these simulations, the state-interaction
state-averaged spin-restricted ensemble-referenced Kohn-Sham (SI-SA-
REKS or SSR) method, has been previously employed in ref. 39;
more details of the methodology can be found in the Supporting Infor-
mation. Based on the analysis of the QM/MM NAMD results, we propose
the compound 2 (see Fig. 2) as an MTDP derivative with improved
rotational efficiency.
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Fig. 3 | Working cycle and potential energy surfaces of a 2-stroke LDRM 1. a The
working cycle of the motor. b The profiles of the S (red) and S, (blue) potential
energy surfaces along the rotation path. The red and blue dots show the positions of
the main structures, labelled by conformational labels and accompanied by 3D
geometries. The positions of conical intersections (CI) are shown by hourglass
symbols. The curved greyscale arrows show the sequence of transformations during
the working cycle. The straight upward magenta arrows show the photoexcitation
events. The 3D structures shown in the figure were plotted using the data from
ref. 39.

Results and discussion

The ground- and excited-state PESs of MTDP have been documented in
ref. 39, both in the gas phase and in solution. The most stable gas-phase
structure of MTDP is the EP conformer, which is ca. 4 kcal mol ! below ZP
(for R diastereomer; S is a mirror image). On S, PES, the two structures are
separated by barriers of ca. 60 kcal mol ™, which is consistent with the high
thermal stability of the EP conformer and the photostationary state (PSS) in
the solution phase”. No other local minima were obtained in the ground
electronic state under isolated conditions.

Under ambient conditions, MTDP exists as a pure E structure (as a
racemic mix of the R-EP and S-EM diastereomers), and its geometry was
obtained by X-ray crystallography. The optimised geometry of the ground
state of EP is in agreement with the experiment within 0.014 A%, Due to the
equivalence between the Rand S forms, in the following, only the R form will
be discussed.

On the S; PES of MTDP (the vertical excitation wavelength is ca. 280
nm for both isomers), there is a noticeable slope inclined in the direction of
the CCW torsion around the central C4=C;, bond. At ca. 270° and 90° of
torsion, Colns occur with the ground electronic state, which lie at ca.
72kcal mol™" for both isomerisation paths, EP — ZP and ZP — EP”.
Qualitatively, not quantitatively, similar S; and Sy PESs were obtained in

methanol solution modelled by the QM/MM technique and two different
levels of QM theory™.

The gas phase NAMD simulations of photoisomerisation of
MTDP produced quite rapid decay dynamics with the S, state lifetime
T, =413+13 fs for EP — ZP, and 75 = 298+ 9 fs for ZP — EP. Both
photmsomensatlon steps showed perfect unidirectionality of rotation (all
trajectories rotated in the CCW direction) and rather high @, values of
0.87 +£0.05 and 0.91 + 0.04 for the two isomerisation steps.

However, as anticipated above, the gas-phase theoretical values did not
agree with the experimentally measured @, of the EP — ZP step in
methanol solution that also showed a longer excited state lifetime on the
order of 600 fs”. A limited set of QM/MM NAMD trajectories (only 21 and
40 trajectories were propagated using surface hopping based on exact fac-
torisation (SHXF) and fewest switches surface hop (FSSH) methods,
respectively) of the EP — ZP step in ref. 39 confirmed that the solvent has a
detrimental effect on the ®j, (by lowering it to 0.35 + 0.10) and on the S,
lifetime (by lengthening it to 562 + 87 fs)™.

In the present work, using exclusively the SHXF method, a greater
number of QM/MM NAMD trajectories are propagated, and both photo-
isomerisation steps are equivalently simulated. More specifically, for each
step of MTDP photoisomerisation, 30 initial conditions were prepared as
described in the Supplementary Note 3. The trajectories were propagated on
the S; PES for a maximum simulation time of 1.5 ps, or until a nonadiabatic
transition S; — Sy occurred, and then continued on the Sy PES until a final
conformation was reached (up to 4-5 ps). Although the number of pro-
pagated trajectories is limited due to the duration of the simulations, the
statistical averages obtained were refined by bootstrapping with 10* boot-
strap replicas of the original data set; this enables the determination of
reliable margins of error in the statistical averages®.

As mentioned above, the QM/MM NAMD simulations are carried out
using the SHXF method"™, which has been shown to be an accurate first
principle formulation of the semi-classical trajectory surface hopping
formalism™**. As in ref. 39 the QM part of the simulations employed the
SSR quantum-chemical method*™; see Supplementary Note 2 for the
acronym and theoretical details. This method is based on ensemble density
functional theory (eDFT)“ to obtain ground and excited potential ener-
gies, where the relevant multi-configurational characteristics of the electronic
states are incorporated in a fashion reminiscent of the more traditional
wavefunction-based methods™****", The method has previously been used
to study the dynamics of photosteps in various LDRMs™”***"* where its
predictions helped modulate the photochemistry of target molecules™ %,
In addition to LDRM, SSR was used in studies of the dynamics of photo—
induced isomerisation in different retinal proteins, which provided addi-
tional support for its predictive ability™*. Most importantly, SSR enabled
the design of 1 and its predictions were corroborated by the experiments”.
However, some limitations were recently reported for protonated Schiff
bases that are related to the specific choice of functional®.

As documented in Supplementary Fig. 2, the initial values of the
dihedral angle 0 (see Fig. 2 for definition) are distributed around the values
of 180.5° (standard deviation, std, 7.0°) for the EP structure and 5.2° (std
8.3°) for the ZP structure. The respective gas phase ground state equilibrium
values are 181.1° and 4.9°, respectively.

The time evolution of the dihedral angle 8 is shown in Fig. 4 along with
the S; population dynamics of the two photoisomerisation steps. The S,
population is defined as a fraction of the trajectories residing in the S; state at
a given instance of time.

Although we only found a minor prevalence of 6> 180° in the initial
conditions of the EP — ZP step, all but two trajectories propagated in the
CCW direction of torsion indicating that 8 is not a good index for describing
the molecular helicity (i.e. P or M). Indeed, the torsion angle alone does not
take into account the tilt of the C;,=C, bond with respect to the stator blade,
which also characterises the helicity of the motor. As an additional measure
of helicity, the dihedral angle # = 2C;,—~Cy-Cs;—Cs, can be taken (see Fig. 2),
which describes the tilt of the central double bond: The positive value of #
corresponds the bond tilting away from the observer; characteristic of the P
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Fig. 4 | Characteristics of photoreaction of the MTDP motor 1. Panel a shows the
time evolution of the excited-state population # for the half-loop EP — ZP. The red
curve is fitted to the computed populations (the blue dots) by a monoexponential
function ng,(t) = e ~9/7, where t, is the latency time and 7 is the exponential
decay constant. The excited-state lifetime tg is shown in the inset. The margin of
error of the fitted quantities was obtained by bootstrapping with 10* replicas™. Panel
b shows the time evolution of the central dihedral angle 6. The blue curves show the
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productive trajectories (i.e., undergoing EP — ZP isomerisation), the black curves
show the unproductive trajectories (i.e., turning back, EP — EP), the grey curves
show the trajectories rotating in the wrong direction (i.e., CW, instead of CCW). The
red crosses show the S; — Sy nonadiabatic transitions. The red dots show the
terminal points of the trajectories, where the final value of the angle 6 was reached.
Horizontal blue lines show the division between the EP/EM and ZP/ZM rotamers.
Panels ¢) and d) show the same characteristics of the ZP — EP half-loop.

helicity. The negative value of 7 corresponds to tilting towards the observer;
i.e, the M helicity. With this additional dihedral angle, nearly all geometries
at the start of the trajectories belong in the P helicity; see Supplementary
Fig. 3. In accord with helicity, the preferred direction of torsion (CCW) is
imposed by the slope on the S; PES in the vicinity of the FC geometry (see
Fig. 4A and B of ref. 39 for gas-phase and Supplementary Fig. 22 for QM/
MM PESs of the motor 1). However, in some minor cases we hypothesise
that the effect of the solvation shell causes the initial momenta of the nuclei,
which are directed in the opposite (CW) sense of rotation and are large
enough to override the motion in the direction imposed by the slope on the
PES; thus causing motor’s rotation in the undesired CW sense (see the
Supplementary multimedia files). The presence of the two renegade tra-
jectories reduces unidirectionality (a fraction that propagates in the same
direction) to 0.92 + 0.05. The cause of this reduction and possible ways of
ameliorating it will be the subject of future work.

In the EP — ZP step, the majority of the S; — S, surface hops occur
within 522 + 70 fs, which results in the S, lifetime Tg, = 485 + 71 fs obtained
by a monoexponential fit; see Fig. 4. As also observed in ref. 39, in the
productive trajectories, the time required to reach the final ZP conformation
(8> 360°, which is the same as 8 > 0°) ranges between 1 and 2.5 ps, although
one trajectory required nearly 5 ps. Longer simulation times are avoided in
this study. This is because the size of the solvent droplet (906 MeOH
molecules) is limited and one has to avoid a situation where the dissipation
of the thermal energy gained by the solvent molecules (i.e., the displacement
of solvent molecules due to the isomerisation motion) reaches the droplet
boundary. This is consistent with the notion that at short simulation times,
the dynamics is not affected as the intermolecular vibrational energy dis-
tribution occurs, typically, on a timescale of several picoseconds®.

The calculated ®;,, of the EP — ZP step is 0.33 + 0.09, which is qua-
litatively in line with the experimentally measured value of 0.25 + 0.05”.
This value is considerably reduced from the theoretical gas phase
D;, = 0.87 + 0.05. Together with the theoretical S; lifetime (485 + 71 fs)

which is also qualitatively in line with the experimental estimate of 600 fs (no
error bars were given in ref. 39) this implies that the photoisomerisation
mechanism of this step is described by the theory (this result is similar to that
of the FSSH method also used in ref. 39 for the description of the EP — ZP
step only).

The ZP — EP step displays somewhat faster and previously unex-
plored relaxation dynamics, 7 = 341+28 fs, and somewhat greater
Dj, = 0.43 + 0.09; see Fig. 4. A somewhat higher theoretical value of ®;, of
this step is consistent with the experimentally observed photostationary
state (PSS) of 55:45 for the ratio of the EP:ZP concentrations (at PSS, the
ratio of concentrations is inversely proportional to the ratio of quantum
yields)”. The @, value in MeOH is more than twofold reduction of the gas
phase value (0.91 + 0.04), and it is obviously caused by the solvent. Inter-
estingly, the unidirectionality of this step in MeOH (0.97 +0.03) also
deteriorates slightly from the perfect (1.0) unidirectionality in gas phase
simulations™. This notwithstanding, the productive trajectories reach their
final (EP) conformations within 1.2-3.4 ps, which is slightly longer than in
the previous photoisomerisation step (EP — ZP).

The QM/MM NAMD simulations of both photochemical steps of
MTDP in methanol solution indicate that there is indeed a considerable
decrease in @j,. Visual analysis of the geometries along the QM/MM
NAMD trajectories suggests that this may be the ability of MeOH to
establish hydrogen bonds (H-bonds) with proton donor and acceptor sites
in the rotor blade that is responsible for such a dramatic deterioration of
motor characteristics. As seen in Fig. 2,1 has one H-acceptor site, carbonyl
oxygen Oy, and one H-donor site, H,,, which can participate in H bonding
with neighbouring MeOH molecules.

Because photochemically induced torsion occurs on an ultrafast
timescale (~0.5 ps), the positions of the solvent molecules remain largely the
same during torsion and only minor reorientation of the surrounding
MeOH molecules may occur within this time frame. Therefore, if there are
persistent H-bonds between MTDP and MeOH, they can slow down the
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movement of the rotor blade at the initial stage of isomerisation and deter
progression of the rotary motion in the CCW direction near the Coln
regions. In such a case, the most likely outcome will be to turn back to
restoring the reactant conformation, which results in an unproductive
trajectory.

To test this hypothesis, the shortest distances between the H-bonding
sites of 1 and MeOH were calculated for all productive and unproductive
trajectories in the geometries of the S; — Sy hopping. In particular, the
shortest distances between amino hydrogen H,, of 1 and oxygen from
MeOH, and carbonyl oxygen O4 and hydrogen from MeOH were
inspected. Supplementary Fig. 4 shows distributions of these distances for
the two isomerisation steps of 1.

As seen in Supplementary Fig. 4, at the moments of surface hops, many
trajectories have distances (d) between the H-bonding sites of 1 and MeOH,
which fall in the range of typical H-bonds, d < 2.0A. Many other trajectories
have somewhat stretched H-bonds, 2.0 < d < 2.5A. On average, the Hbonds
with the carbonyl oxygen Oy, of 1 are shorter than the H-bonds with the
amino hydrogen H, ; see Supplementary Fig. 4.

The greatest differences in the H-bond distances between the pro-
ductive and unproductive trajectories are observed for the Oy, sites of 1. For
the EP — ZP step, the productive trajectories have on average the
MeOH---Q, distances of 2.620 + 1.094A (the mean + the standard devia-
tion), and the unproductive trajectories have 2.066 +0.519A. In unpro-
ductive trajectories, the shortest H-bonding distances are more narrowly
distributed around the average value, which suggests that the occurrence of a
short MeOH---Oy, distance does indeed indicate that the trajectory may
become unproductive. For productive trajectories, the distribution is much
broader and many trajectories have MeOH:--Og, distances longer
than 2.5A.

The N,,-H,, - -- O distances in the photostep EP — ZP are more
narrowly distributed, 2.415 + 0.511A for unproductive and 2.577 + 0.475A
for productive trajectories, and only a relatively small number of EP — ZP
trajectories have distances < 2A; see Supplementary Fig. 4. This suggests that
these H-bonds exert much less influence on the outcome of this photostep.

For the ZP — EP photostep, the relative influence of the two types of H-
bonds, MeOH::-Og, and H,, - - - O, is reversed. There, the H,, - - - O inter-
actions seem to have a more significant effect on isomerisation productivity
than the MeOH-:-Oy, interactions. Indeed, the difference of the H,,--- O
distances between the productive and unproductive trajectories,
2.634+0.804A and 2.323 +0.472A, respectively, is noticeably greater, than
the difference of the MeOH--O,, distances, 2.184+0.513A and
1.924 +0.273A, respectively. In addition to that, the H,,---O distances
display a much broader distribution of lengths for productive trajectories, and
for many productive trajectories these distances are considerably longer than
2.5A. Therefore, it is plausible to assume that the H,, - - - O interactions affect
the outcome of the ZP — EP photostep, likely, due to interfering with the
rotary movement of the rotor blade at the moment of S; — S, surface hops.

The effect of the MeOH--- Oy, interactions on the quantum yield of the
ZP — EP photostep is less obvious, as the average distances for productive
and unproductive trajectories are fairly close. However, the unproductive
trajectories have somewhat shorter lengths of these distances and are more
narrowly distributed across the trajectories. Therefore, these interactions
still have a certain, albeit a bit milder, influence on the balance between
productive and unproductive ZP — EP trajectories.

The presented analysis suggests that blocking the possibility of estab-
lishing H-bonds with solvent molecules may help to improve the quantum
efficiency (ie., the balance between productive and unproductive trajec-
tories) of the MTDP motor. Of the two H-bonding sites in the rotor blade of
MTDP, the O, and H,,, the former may be difficult to modify chemically,
however the latter can be eliminated by methylation at the N, position.
Because the H, - - - O interactions exerted greater influence on QY of the
ZP — EP photostep of MTDP, it is expected that, in this photostep, the
proposed methylation may result in obtaining ®;, closer to the gas phase
value. As for the other photostep, the effect of such a modification seems less

obvious, because the H,, - - - O H-bonds did not act as the major deterrent to
its Oy,

The suggested modification is achieved in the MMTDP motor 2
(E-1-methyl-3’-(2-methyl-2,3-dihydro-1H-benzo[b]cyclopenta[d]thio-
phen-1-ylidene)pyrrolidin-2’-one) shown in Fig. 2. Indeed, because the
amino hydrogen H,, is now replaced by a methyl group C,H;, the
H-bonding with the MeOH oxygen is no longer possible. In addition to that,
the presence of a bulkier group (Me- instead of H-) displaces MeOH
molecules somewhat farther away from the N, atom and further reduces
the remaining H-bonding ability of the amino group of 2.

The QM/MM NAMD simulations of 2 were set up in the same way
as in the case of 1; see Supplementary Note 3 for details. Similarly to 1, 30
trajectories were propagated on the S; PES for a maximum time of 1.5 ps
or until the surface hop S; — Sp occurs. After the hop, the trajectories
were propagated on the Sy PES until they reached a stable final
conformation.

The results of the simulations are summarised in Fig. 5. The time
evolution of the S; population became noticeably longer for 2 than it was for
1; especially, for the EP — ZP photostep. The time to reach the final iso-
merisation product has also been lengthened, and it takes up to 5 ps for the
trajectories to settle in the final structure; see Fig. 5. This is consistent with
the increase in rotation friction caused by the presence of a larger group in 2,
which protrudes beyond the frame of the rotor blade. In this way, the
undertaken simulations hint at possible characteristics of the motor under
an increased load.

The most noticeable outcome of the simulations is that ®;,, did not
decrease for both photosteps. For the EP — ZP step @y, remained
unchanged, 0.33 + 0.09. However, it increased noticeably for the ZP — EP
photostep, from 0.43 + 0.09 to 0.60 + 0.09. This increase is beyond the sta-
tistical margin of error (evaluated by bootstrapping) and is consistent with
the hypothesis that blocking the H-bonding capacity of the amino group of 1
should increase the quantum efficiency of the ZP — EP photostep.

As regards the other characteristics of the photoreactions, the uni-
directionality of rotation in the EP — ZP step deteriorated slightly; now
there are three renegade trajectories (instead of two) propagating in the CW
direction, which is a drop from unidirectionality 0.92+0.05 for 1 to
0.90 £ 0.05 for 2. However, such a decrease is well within the statistical
margin of error, and, probably, a much greater number of simulations
would be needed to narrow it down.

Interestingly, the effect of the MeOH---O, interactions on the out-
come of both photosteps of 2 has also decreased compared to 1. The shortest
lengths of MeOH:- O, distances at the moment of the S; — Sy hop in the
productive and unproductive trajectories become 2.543 +0.999A and
2616+0.745A for the EP—ZP step, and 2.345+0.837A and
2.315 +0.592A for the ZP — EP step; see Supplementary Fig. 4. This sug-
gests that in 2, some other factors than the MeOH--- Oy, interaction may be
responsible for the unchanged ®;,, of the EP — ZP step. Quite likely, this
could be increased friction in torsion caused by the methyl group protruding
from the rotor blade of 2. However, more simulations and analyses would be
needed to uncover the origin of the lower @;, of the EP — ZP photostep.
Investigation of this is deferred to future work.

As a hypothesis to be investigated in future work, the decreased
influence of the MeOH--- Oy, bond on the dynamics of 2 can be assigned to
an increase in attraction between O, and hydrogens of the methyl group at
C;, which competes with the former influence. This is equivalent to an
intramolecular C-H---O H-bond”*””. In S, the charge on O, becomes
slightly more negative (by approximately -0.016e) in MMTDP. This
results in strengthening of the intramolecular H-bond and in exerting a
slightly stronger force opposing motion in the direction of isomerisation.
Besides influencing the quantum vyield, this interaction is likely to be
responsible for the increased latency time of the EP — ZP photostep of 2,
which is needed by the rotor blade to rotate towards the Coln region. This
mechanistic hypothesis requires further investigation, which is deferred to
future work.
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Fig. 5 | Characteristics of photoreaction of the MMTDP motor 2. a The time
evolution of the excited-state population # for the EP — ZP step. The red curve is
fitted to the computed populations (the blue dots) by a monoexponential function
ng(£) = e 0=0/7 where t, is the latency time and 7is the exponential decay constant.
The excited-state lifetime g is shown in the inset. The margin of error of the fitted
quantities was obtained by bootstrapping with 10* replicas"’. b The time evolution of
the central dihedral angle 6. The blue curves show the productive trajectories (i.e.,
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undergoing EP — ZP isomerisation), the black curves show the unproductive tra-
jectories (i.e., turning back, EP — EP), the grey curves show the trajectories rotating
in the wrong direction (i.e., CW, instead of CCW). The red crosses show the S; — S,
nonadiabatic transitions. The red dots show the terminal points of the trajectories,
where the final value of the angle 6 was reached. Horizontal blue lines show the
division between the EP/EM and ZP/ZM rotamers. Panels ¢) and d) show the
characteristics of the ZP — EP step.

Conclusions

In conclusion, the set of engineering rules to design and prepare prospective
2-stroke LDRMs, such as MTDP and MMTDP, was extended to include
some factors that influence the quantum efficiency of motors in a medium.
In particular, this involves the ability of a motor molecule to operate effi-
ciently in a solvent capable of forming hydrogen bonds with the atoms in the
motor backbone. Through modifying one of the centres to which solvent
molecules can form H-bonds, a noticeably higher quantum efficiency of one
of the photosteps (by ca. 40%) was predicted from multiscale modelling.

Besides blocking the H-bonding ability, methylation of the amino
nitrogen of MTDP (see Fig. 2) can potentially provide a handle to which a
harness can be attached to utilize the rotary movement of LDRM in a
molecular device. According to the presented simulations, attaching a
harness to the 2-stroke LDRM does not deteriorate its operational efficiency,
despite the increased friction due to the solvent.

Therefore, the rules for designing efficient LDRMs that remain
operational at a wide range of temperatures (excluding very low ones) can be
formulated as follows:

1. Ensure the desired axial mode of rotation (as opposed to preces-
sional motion typical for classic overcrowded alkene LDRMs)***""*
by balancing the energetic preference for homolytic and heterolytic
breaking of the central 7-bond (the axle)*****>**”, This prescription
can be achieved by introducing more electronegative substituents
into one of the motor blades, which shifts the balance towards
heterolytic 7-bond breaking™*””. Besides providing for a cleaner axial
mode of rotation, this prescription can potentially increase the
quantum efficiency and shorten the excited state lifetime by making
the respective conical intersection seam more accessible; as, in this
case, it typically has more peaked topography and occurs at the
bottom of local minimum on the excited state PES’*”°. Although this
prescription was not directly addressed in this work, it has been
amply discussed in the previous publications on the design of

LDRMs™****”, and the MTDP and MMTDP LDRMs presented
here satisfy these requirements™”.

2. Eliminate the THI steps in the working cycle of LDRM by: i) Intro-
ducing a chiral strained unit; e.g, MCP unit of the MTDP and
MMTDP motors that incorporates the chiral centre and directs pho-
toinduced rotation in a single direction. ii) Reducing the steric strain in
the fjord region; e.g., due to the use of pentalene-like units in the stator
blade of MTDP and MMTDP™.

3. Block, as much as possible, the ability of LDRM to establish hydrogen
bonds with the solvent molecules. Because H-bonds are typically
stronger than other noncovalent interactions, they more efficiently
transmit the influence of the Brownian motion of the solvent on the
LDRM. The results of the present work furnish evidence that ®;, can
increase due to blocking some unwanted noncovalent interactions,
such as H-bonds. This may also involve changing the solvent from
polar protic to polar aprotic (e.g. as in acetonitrile). However, the
experimental measurements in ref. 39 were taken in methanol solution
and, therefore, the present work focuses on this solvent to enable
connection to the existing experimental measurements. Simulations in
an aprotic solvent (acetonitrile) will be reported in a future publication.

Although more computational modelling combined with experi-
mental characterisation is needed to address all aspects of the functioning of
LDRM, the presented results should foster the invention of new molecular
designs with application-defined functionality.

Methods

We used the state-interaction state-averaged spin-restricted ensemble-
referenced Kohn-Sham (SI-SA-REKS, or SSR) method*~****”’ to obtain the
total energies and forces on the nuclei. In the SSR method, ensemble density
functional theory (eDFT)*"* is used to introduce the strong nondynamic
correlation into the description of the ground and excited electronic states of
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molecules and to obtain the excitation energies in a time-independent
fashion, reminiscent of the multiconfigurational methods of wavefunction
theory. With the use of eDFT, a seamless incorporation of the multi-
reference effects into the computations is achieved and the results of the
standard KS computations are recovered for the weakly correlated (single-
reference) systems. At the same time, it provides a much-improved
description of the systems with dissociating chemical bonds, biradical and
polyradical electronic states, and electronic states with pronounced charge
transfer'”*, In ensemble representation, fractional occupation numbers
(FON ) of several frontier KS orbitals occur, which can be used to char-
acterise the strength of the multiconfigurational correlation effects.

The surface hopping from exact factorisation (SHXF) metho
combines the electronic equations derived from the exact factorisation of the
electronic-nuclear wavefunction’®™* with the conventional trajectory sur-
face hopping (TSH) formalism®. A seamless incorporation of the effect of
nuclear quantum momentum is achieved from the exact factorisation,
which introduces dependence on the shape of nuclear distribution into the
classical equations of motion for the nuclei. In this way, a seamless deco-
herence of nuclear trajectories is achieved*.

All quantum chemical calculations are performed using the local
version of the GAMESS-US program (2018.v3),**** which implements the
SSR method and the analytic derivative formalism™®. All calculations employ
the 6-31G* basis set” and the BH&HLYP exchange-correlation density
functional® ™. The QM/MM calculations were performed by GAMESS-US
interfaced with the TINKER (v6.3) program”. The force field calculations of
the solvent molecules employed the OPLS-AA force field””. The NAMD
simulations were performed by the pyUNIXMD program*“*, a standalone
code that implements the SHXF method". More information on the
computational methods and the details of computations can be found in the
Supplementary Note 2. Additional results of the theoretical simulations are
reported in the Supplementary Note 3.
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Data availability

Supplementary Files contain the raw data for the figures in the main article
and multimedia files animating different types of trajectories occurring
during the dynamics. Supplementary Data 1: A zipped folder with the raw
data for Figs. 4 and 5 of the main article. Supplementary Movie 1: A film
animating a productive trajectory for the EP MTDP motor isomerising in
the CCW direction. Supplementary Movie 2: A film animating an unpro-
ductive trajectory for the EP MTDP motor isomerising in the CCW
direction. Supplementary Movie 3: A film animating an unproductive tra-
jectory for the EP MTDP motor isomerising in the CW direction.
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