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ABSTRACT: Light-driven molecular rotary motors convert photon energy N?ZND Framework
into mechanical motion, but designing systems that combine high Hierarchical Sampling  E(3) MENN  NAMD S“““'a""“
rotational speed with robust unidirectionality remains a fundamental X,
challenge. Conventional four-stroke motors rely on thermally activated \X’”__\ -
steps that often slow complete rotary cycles to microsecond-to-second or e N
even longer time scales, whereas emerging bioinspired designs may achieve N

v

much faster photoinduced rotation. However, the computational study of
both classes is limited by the prohibitive cost of quantum-chemical
nonadiabatic dynamics over the extended time scales required to resolve
productive rotary motion. Here, we introduce N*ZND, a Neural Network
Zhu—Nakamura Dynamics framework that combines hierarchical sampling
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with E(3)-equivariant deep learning to enable data-efficient simulations of ’ hv
excited-state molecular motor dynamics. Trained on sparse, chemically

targeted high-level ab initio data, N*ZND achieves chemical accuracy and enables extensive nonadiabatic simulations of light-driven
motors across relevant time scales. Application of N?ZND to a complex bioinspired motor reveals a two-stroke operating mechanism
that bypasses the thermally activated barriers characteristic of conventional four-stroke motors, enabling complete rotary motion on
a picosecond time scale. We further identify an intrinsic speed-directionality trade-off: removal of thermal gating accelerates rotation
but can reduce directional fidelity through excited-state wavepacket bifurcation. Guided by this mechanistic insight, we rationally
designed a structurally modified motor in which steric tuning reshapes the excited-state topology, restoring robust room-temperature
unidirectionality while preserving picosecond rotary operation. These results establish N*ZND as a scalable platform for mechanistic
discovery and rational design of light-driven molecular machines, providing a foundation for future high-throughput screening across
traditional and bioinspired motor architectures.

B INTRODUCTION

Light-driven molecular rotary motors (LDMRMs) are
sophisticated nanoscale machines capable of converting light

TSH is severely hindered by a computational dilemma
regarding the underlying electronic structure methods.
Accurately resolving the topology of Conls typically demands

energy into unidirectional mechanical work, holding immense
potential for next-generation smart materials and nano-
technology.'® The intricate operation of these devices is
governed by photoisomerization, an ultrafast transformation
that is inherently nonadiabatic, driven by the breakdown of the
Born—Oppenheimer approximation at conical intersections
(Conls), where electronic and nuclear dynamics become
inextricably coupled. Consequently, elucidating the mecha-
nistic details and rationally designing highly efficient motors
requires nonadiabatic molecular dynamics (NAMD) simu-
lations capable of tracking atomic motion with high fidelity.
For complex polyatomic systems involving large-amplitude
nuclear motion and extensive nonadiabatic couplings,
Trajectory Surface Hopping (TSH) combined with on-the-fly
electronic structure calculations has emerged as the most
practical approach.””"" However, the widespread application of
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high-level multireference methods (e.g., CASSCF and
CASPT2), which are computationally prohibitive given the
need to perform millions of gradient evaluations to propagate a
statistically meaningful ensemble of trajectories for large
systems or extended time scales.'”® Conversely, efficient
single-reference methods like Time-Dependent Density Func-
tional Theory (TDDFT) often yield qualitatively incorrect
topologies near intersections. This prohibitive cost of reliable
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on-the-fly calculations remains a formidable barrier, leaving the
functional dynamics of complex molecular motors—such as
emerging bioinspired architectures'*—largely unexplored.

Recently, Machine Learning (ML) has emerged as a
transformative approach to circumvent these computational
bottlenecks by constructing surrogate potential energy surfaces
(PESs).'>'>'° Yet, a profound disparity remains between the
maturity of ML for ground-state versus excited-state regimes.
While ML force fields now routinely accelerate ground-state
dynamics to ab initio accuracy, excited-state dynamics present a
fundamentally more challenging problem. Unlike the smooth,
single-valued landscape of the ground state, excited-state
dynamics occur on a manifold of intersecting surfaces
characterized by singularities and nonadiabatic couplings
(NACs). Learning this complex global topology is far more
demanding than fitting a single adiabatic surface. Conse-
quently, despite architectural advances,'”~>* current ML-
NAMD workflows suffer from severe data inefficiency.
Training a robust model typicall}r requires 10*—10° high-level
quantum chemical calculations, ’~>* forcing an undesirable
compromise between using computationally affordable but
inaccurate methods (e.g, TDDFT) or accepting that high-level
multireference data cannot be generated in sufficient volume.
Furthermore, the direct learning of NACs is notoriously
difficult and prone to numerical instability, creating a
significant barrier to stable long-time simulations. To address
this challenge, recent strategies have sought to robustly learn
NACs using advanced architectures,””**7>* derive them
indirectly from machine-learned Hamiltonians,”>~** or circum-
vent explicit NACs entirely via diabatic representations or
probability-based approximations.'**"***°

Here, we present N*ZND (Neural Network Zhu—Nakamura
Dynamics), a framework designed to overcome the accuracy-
cost trade-oftf in simulating molecular motors through very
high data efficiency. Our approach integrates three synergistic
strategies. First, we employ Mixed-Reference Spin-Flip
TDDFT (MRSF-TDDFT)*' 7 as the reference electronic
structure method. Unlike standard TDDFT, which fails to
describe Conls correctly, and conventional SE-TDDFT, which
suffers from spin contamination, MRSE-TDDFT provides a
spin-pure, balanced description of Conls and strong non-
dynamic correlation without the prohibitive scaling of
multireference methods.”** Second, we implement a Hier-
archical On-the-Fly sampling strategy to achieve very high data
efficiency. Bgf utilizing efficient semiempirical OM2/MRCI
trajectories,”*~** (four to 6 orders of magnitude faster than ab
initio methods) for broad phase-space exploration, followed by
targeted MRSF-TDDFT refinement, we train E(3)-equivariant
Allegro models*' to chemical accuracy using sparse data sets of
only ~1000 points, which is orders of magnitude fewer than
conventional approaches. Third, we bypass the complexities of
NAC prediction entirely by adopting the Zhu—Nakamura
(ZN) method,””™*" which computes hopping probabilities
directly from the scalar potential energy landscape.

We demonstrate the power of N?ZND through its
comprehensive application to LDMRMs, progressing from
fundamental photoisomerization benchmarks to the elucida-
tion and rational design of complex bioinspired architectures.
Initial benchmarks on CH,NCH; confirm that N?ZND
accurately reproduces full ab initio branching ratios and
decay lifetimes. Next, in the study of the oxindole-based
DDIYM motor,”™* the framework captures subtle pyramid-
alization distortions at Conls and precise energetics of ground-

state thermal helix inversion (THI) steps that elude standard
methods. Finally, applying N*ZND to a complex bioinspired L-
RSB motor'* reveals a novel, highly efficient two-stroke
rotation mechanism driven by pure axial rotation that
completely bypasses slow thermal helix inversion steps, a
discovery made possible by the framework’s ability to perform
long-time scale (20—100 ps) nonadiabatic simulations at ab
initio accuracy. Crucially, our extended simulations uncover an
intrinsic trade-off between operational speed and rotational
unidirectionality in these motors: the elimination of ground-
state thermal barriers—which traditionally act as kinetic
gates—facilitates wavepacket bifurcation on the excited state,
thereby compromising directional control. By leveraging the
efficiency of N*ZND, we demonstrate that this limitation can
be successfully overcome through rational structural design.
We present a modified motor variant (Me-L-RSB) that
achieves robust unidirectionality at room temperature while
strictly preserving the ultrafast picosecond dynamics.

B RESULTS

Theoretical Framework of the N2ZND

As illustrated in Figure 1, the N*ZND framework establishes a
streamlined, largely automated workflow for NAMD simu-
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Figure 1. Integrated computational workflow of the N?ZND
framework for NAMD simulations. The pipeline comprises three
synergistic modules: a Data sets are generated via semiempirical
OM2/MRCI on-the-fly trajectories sampling, followed by high-fidelity
MRSF-TDDFT single-point energy and gradient calculations to
produce a refined set of only about 1000 labeled molecular
configurations. b MLFFs for ground and excited states are trained
using an E(3)-equivariant graph neural network. ¢ NAMD simulations
are performed via the Zhu—Nakamura surface hopping method,
which computes transition probabilities (P) directly from the MLFF-
based PESs (MLFF-S,, MLFF-S;) to model postexcitation (hv)
relaxation dynamics from reactant to product.

lations by synergistically integrating three advanced computa-
tional modules. This approach effectively overcomes the
limitations of traditional methods regarding computational
cost and accuracy. The workflow initiates with a high-fidelity
data set generation phase (Figure la), which employs the
Hierarchical On-the-Fly Sampling strategy. Capturing the
precise topology of Conls is critical for nonadiabatic dynamics,
yet obtaining a representative distribution of these structures is
challenging. Standard approaches face a fundamental dilemma:
static uniform sampling (e.g, linear interpolation sampling) is
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Figure 2. Computational study of the photoisomerization mechanism for CH,NCHj. a Reversible photoisomerization between the E and Z
isomers. b Potential energy profiles for the S, (blue) and S, (red) states calculated at the MRSF-TDDFT level. The reaction mechanism is
characterized by three distinct processes: @ vertical excitation from the stable E-isomer to the S, state, followed by relaxation toward Conls via
either @ CW or @ CCW torsional pathways. c—e MDS analysis comparing the phase space coverage of different sampling strategies against the
“Real Dynamic Path”. f Total energy per atom for a series of molecular configurations on the Sy and S, states, comparing results from MRSF-
TDDFT (solid lines) and N*ZND (dashed lines) calculations. g Time-dependent S, state population decay profiles from NAMD simulations. The
plot compares the reference MRSF/ZNSH benchmark against models trained using the Hierarchical On-the-fly Sampling strategy with varying data
set sizes (250, 500, 1000, and 2000), and the model trained using the GSMD sampling strategy (2000 data points). h Statistical distribution of
hopping events versus the C5—N2—C1—H3 dihedral angle obtained from NAMD simulations using MRSF/ZNSH and N*ZND methods. The
data highlights the bifurcation of the wavepacket into the @ CW (negative angles) and ® CCW (positive angles) decay channels.

inefficient, often introducing irrelevant high-energy config-
urations that pollute the model; conversely, generating training
configurations via direct ab initio nonadiabatic molecular
dynamics (NAMD) using high-level methods is computation-
ally prohibitive, rendering it unacceptable for large systems or
long-time scale simulations. To resolve this conflict, initial
molecular configurations are extensively sampled via computa-
tionally efficient semiempirical OM2/MRCI on-the-fly trajec-
tories. This dynamic exploration is crucial: it filters out
irrelevant high-energy regions and focuses sampling on the
actual reaction channels at a negligible cost. It should be
emphasized that OM2/MRCI is used only for rapid phase-
space exploration rather than for the final production NAMD
simulations, because direct dynamics on OM2/MRCI PESs
may yield quantitatively unreliable Zhu—Nakamura hopping
probabilities when semiempirical errors affect the relevant
energetics, gradients, and crossing-region gaps. These dynam-
ically selected structures are then refined via MRSE-TDDFT
single-point energy and gradient calculations. A critical
advantage of this module is the deployment of MRSF-
TDDFT, which provides a balanced description of strong
nondynamic correlation and Conls without the prohibitive

34760

scaling and active-space sensitivity associated with CASSCEF,
nor the spin contamination issues inherent to conventional SF-
TDDFT.>* This rigorous filtering process yields a remark-
ably concise data set of only approximately 1000 labeled
structures, a substantial reduction in data volume that
nonetheless comprehensively covers critical regions of the PES.

Leveraging these refined data sets, the workflow proceeds to
the training of Machine Learning Force Fields (MLFFs) for
both ground and excited states (Figure 1b). N*ZND utilizes
the Allegro model, an E(3)-equivariant graph neural net-
work.*! Benefiting from the synergy between the strict
symmetry-preserving inductive biases of this architecture and
the high physical relevance of the sampled configurations, the
framework achieves predictive accuracy comparable to high-
level ab initio calculations using such an exceptionally sparse
data set. This represents a dramatic reduction in data
requirements compared to conventional machine learning
approaches, which typically necessitate tens of thousands of
training structures.’”'*** By achieving chemical accuracy
with a minimal data set, N*ZND significantly lowers the
computational barrier for modeling global PESs, facilitating
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efficient structural optimizations (including local minima,
transition states, and Conls) and NAMD simulations.

Finally, the constructed potentials drive the NAMD
simulations (Figure 1c), which are performed using the
Zhu—Nakamura trajectory surface hopping method. Distinct
from standard approaches that rely on explicit NAC, the Zhu—
Nakamura method eliminates the need for expensive and
numerically unstable NAC calculations, thereby enhancing
both computational efficiency and numerical stability. By
integrating this NAC-free approach with the smooth, accurate
PES provided by the MLFFs, N*ZND effectively captures
nonadiabatic transitions and relaxation dynamics in complex
photochemical systems, offering a robust solution for studying
light-matter interactions in large-scale polyatomic molecules.
Detailed theoretical descriptions of the MRSF-TDDEFT,
Allegro, Zhu—Nakamura and structural optimizations methods
are all provided in the Supporting Information.

Benchmark of the N>ZND Framework for the
Photoisomerization of CH,NCH,

To validate the robustness of our computational strategy, we
conducted a systematic comparison of NAMD simulations for
N-methylmethanimine (CH,NCH,) employing the Zhu—
Nakamura trajectory surface hopping methodology, utilizing
two distinct approaches: N*ZND and full ab initio simulations
based on MRSE-TDDFT (denoted as MRSF/ZNSH). As one
of the simplest Schiff bases, this molecule serves as a
prototypical model for investigating photoinduced E—Z
isomerization—a process involving the reversible switching
between the trans-like (E) and cis-like (Z) configurations via
rotation around the central C=N double bond (Figure 2a).**
Capturing this motion requires accurately modeling the
ultrafast passage through conical intersections, the points
where excited and ground states meet. In order to rigorously
validate the superiority of the Hierarchical On-the-Fly
Sampling strategy employed in N?ZND, we compared it
against two conventional data set generation protocols:
Interpolation Sampling and Ground State MD (GSMD)
Sampling (see Supporting Information for detailed protocols).
All data sets were capped at 2000 structures to ensure a fair
comparison of data efficiency. We employed Multidimensional
Scaling (MDS) to project the high-dimensional molecular
phase space onto a 2D plane (see Supporting Information for
details).**° This allows us to visualize the coverage of each
training set relative to the “Real Dynamic Path,” which is
represented by the kernel density estimation of 84 independent
reference MRSF/ZNSH trajectories (propagated for 600 fs and
sampled every 25 fs).

As shown in Figure 2c¢, the Hierarchical On-the-Fly
Sampling strategy exhibits exceptional coverage, with the
training data (red points) closely matching the density of the
real dynamical path (blue density). Although OM2/MRCI
may not capture the ground truth or exact conical intersection
topographies perfectly, it exhibits excellent ergodicity within
the high-dimensional excited-state phase space. Consequently,
these low-cost trajectories successfully identify the critical
excited-state reaction channels of the PES. In stark contrast,
the Interpolation Sampling (Figure 2d) is confined to a narrow
region of phase space, failing to capture the complex actual
reaction. Similarly, while the GSMD Sampling (Figure 2e)
explores a broader region than interpolation, it is fundamen-
tally limited to the ground-state basin and fails to reach the
high-energy regions associated with the S,/S, Conls. We

trained MLFF using each of the three data sets to assess their
performance. As detailed in Table S2, the Interpolation
strategy exhibits substantial errors for both states. The
GSMD strategy yields a seemingly low S, error; however,
this apparent accuracy is misleading because sampling remains
restricted to the stable equilibrium basin without reaching the
critical excited-state regions, resulting in a complete failure to
describe the S, surface. In contrast, the MLFF derived from the
hierarchical on-the-fly sampling strategy achieves low pre-
diction errors for both S, and S; states, providing the balanced
accuracy necessary for modeling nonadiabatic dynamics.

Having demonstrated the superior phase space coverage of
the N*ZND strategy, we proceeded to rigorously benchmark
its physical reliability against high-level quantum chemical
calculations. To validate the PESs, we extracted 60 snapshots
from the reference MRSF/ZNSH trajectories. As shown in
Figure 2f, the Sy and S, energies computed by N*ZND exhibit
excellent agreement with the reference MRSF-TDDFT values.
Furthermore, we employed the trained force field to optimize
the critical stationary points, specifically the ground-state and
Conls structures. The geometric parameters derived from
N2ZND match those obtained from MRSE-TDDFT, CASSCEF,
and OM2/MRCI with remarkable consistency (Table S3).

With the validity of the PESs confirmed, we examined the
reaction mechanism and simulation setup. As illustrated in
Figure 2ab, the reaction mechanism involves three distinct
processes: @ vertical excitation from the stable E-isomer to the
S, state, followed by relaxation toward Conls via either @
clockwise (CW) or ® counterclockwise (CCW) torsional
pathways. Given the symmetry of the planar ground state, the
wavepacket is expected to bifurcate equally into CW and CCW
channels, rapidly returning to the S, state via two symmetry-
equivalent intersections (Conls-CW and Conls-CCW). To
simulate this, initial conditions were generated via Wigner
sampling based on the MRSF-TDDFT ground state
frequencies,”’ ~>* using the wigner.py program from the
SHARC software package.””>> We propagated 3000 trajecto-
ries for the reference MRSF/ZNSH method, the models
derived from GSMD and Interpolation sampling, and N*ZND
models trained on varying data set sizes (250, 500, 1000, and
2000 structures), with a simulation time of 600 fs.

The dynamical performance and data efficiency of N*ZND
were evaluated by analyzing the excited state lifetime and
decay pathways. The time-dependent population of the S, state
is depicted in Figure 2g. The critical role of sampling strategy is
immediately apparent: the model trained on the GSMD
Sampling data set exhibits an extremely slow decay, with only a
negligible fraction of trajectories returning to the ground state
within 600 fs. The Interpolation-based model performed even
worse, as NAMD simulations proved unstable and led to rapid,
unphysical dissociation of the molecular structures. In stark
contrast, the N?ZND strategy demonstrates a rapid con-
vergence of dynamical accuracy. While models trained on
smaller data sets (250 and S00 points) exhibit delayed
relaxation, the dynamics effectively converge at a data set
size of just 1000 points. Although the 2000-point model yields
a lower static validation error (Table S2), the 1000-point
model already reproduces the high-level MRSF/ZNSH
benchmark with high fidelity. Exponential fitting of the decay
data (Figure SS) yields highly consistent lifetimes between the
converged N?ZND model (2000 data sets) and the reference
MRSF/ZNSH method: 123.9 and 117.0 fs, respectively.
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Figure 3. Mechanistic and structural characterization of the Oxindole-Based LDMRM DDIYM. a Chemical structure of the DDIYM molecule in its
stable ZP configuration. b Schematic potential energy profiles for the S, (blue) and S, (red) states, illustrating the four-stroke cycle of unidirectional
rotation. The sequence proceeds as follows: ® photoexcitation of ZP followed by @ nonadiabatic decay through the ZConls to the EM isomer; ®
THI to EP; @ second photoexcitation; ® decay via the EConls to ZM; and ® final THI restoring the initial ZP state. ¢ Schematic definition of the
pyramidalization angle (), which characterizes the precessional tilting of the rotor relative to the stator. d Structural comparison of the Z-Conls-1
geometry optimized at different theoretical levels. e, f Energy profiles for the THI steps: ¢ EM — EP and f ZM — ZP.

Finally, we analyzed the geometric distribution of non-
adiabatic transitions to verify the reaction mechanism (Figure
2h). The distribution of the C5—N2—C1—H3 dihedral angles
at the hopping points clearly reveals the bifurcation of the
reaction flux. Negative angles correspond to CW rotation (near
Conls-CW), while positive angles correspond to CCW
rotation (near Conls-CCW). Crucially, N*ZND reproduces
the statistical branching ratio of the reference method with
high fidelity, exhibiting the nearly symmetric (~1:1)
bifurcation expected from the molecular symmetry. These
results confirm that N?ZND captures both the time scales and
the mechanistic details of the photoisomerization with ab initio
accuracy. In addition, to further establish the physical reliability
of the MRSF/ZNSH scheme employed herein, a systematic
comparison with Tully’s fewest switches surface hopping
method was performed at the same electronic structure level
(denoted as MRSF/FSSH), demonstrating good agreement in
both decay time scales and channel selectivity (see Figure S4 in
Supporting Information for details).

Application to Oxindole-Based Light-Driven Molecular
Rotary Motor

Having established the accuracy of the N*ZND framework on
the benchmark system, we applied it to systematically
investigate the nonadiabatic dynamics of a prototype
oxindole-based molecular motor, (R,Z)-3-(2,7-dimethyl-2,3-
dihydro-1H-inden-1-ylidene)-1-methylindolin-2-one
(DDIYM) (Figure 3a).**™*’
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A complete 360° rotational cycle of LDMRMs, especially
Feringa-type LDMRMs, consists of four distinct steps: two
photoisomerization processes and two thermal helix inversion
(THI) steps.” The operational mechanism of DDIYM follows
this general scheme. As illustrated in the potential energy
profiles in Figure 3b, this cycle proceeds through a sequence of
photochemical and thermal events: @ photoexcitation of the
stable ZP isomer triggers a CCW rotation around the central
C=C double bond; @ the system relaxes to the ground state
via a conical intersection (ZConls), yielding the metastable
EM isomer; @ a subsequent THI converts EM to the stable EP
form; @ a second photoexcitation occurs; @ relaxation via
EConls produces the metastable ZM isomer; and © the isomer
finally undergoes a second THI step to restore the initial ZP
state.

A critical determinant of the photoisomerization efficiency in
LDMRMs is the geometry of the Conls, particularly the degree
of pyramidalization at the stator-rotor linkage, as shown in
Figure 3¢ 04756 We optimized the S,/S, Conls (Z-Conls-1/2
and E-Conls-1/2) using four different theoretical approaches.
As shown in Figure 3c,d, the pyramidalization angle (6, defined
by the C1-C6—C3—C2 dihedral) serves as a key geometric
descriptor. The values obtained from N*ZND (e.g.,, —15.8° for
Z-Conls-1) are consistent with the CASSCF results (—14.1°),
with both methods predicting significant pyramidal distortion.
In stark contrast, conventional SF-TDDFT systematically
underestimates this effect (—2.1°), while OM2/MRCI tends
to overestimate it (—26.4°). Analogous structural trends are
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Table 1. Computational Efficiency Benchmark for Single-Point Energy and Gradient Calculations on the DDIYM System*

N2ZND OM2/MRCI SF-TDDFT MRSE-TDDFT CASSCF(12,12)
Resource 1 CPU 1 CPU 64 CPUs 64 CPUs 64 CPUs
Time 09 s 0.6 s 2.6 min 3.9 min 42 h

“Comparison of wall-clock times required for one gradient evaluation using N*ZND versus conventional electronic structure methods.
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Figure 4. Mechanistic elucidation of the bioinspired L-RSB molecular motor. a Schematic comparison between the conventional four-stroke cycle
(top) involving rate-limiting THI steps, and the efficient two-stroke cycle (bottom) of L-RSB, which bypasses THI barriers. b Detailed
photoisomerization cycle illustrating the interconversion between the trans and cis isomers. The process proceeds as follows: @ photoexcitation of
the trans isomer; @ nonradiative relaxation via Conls1; @ formation of the cis isomer; @ photoexcitation of the cis isomer; ® relaxation via Conls2;
and ©® return to the trans ground state. ¢, d Mechanistic insights from NAMD simulations at 300 K: Scatter plots of the C7—C6—C5-C4 versus
C7—C6—CS5—C12 dihedral angles at the hopping geometries for ¢, the trans — cis process and d, the cis—trans process. Reference structures and
statistical distribution are marked. e Schematic representation of the potential energy profile of the S, (blue) and S, (red) for L-RSB along the
reaction coordinate. The energies of key stationary points were computed at the MRSF-TDDEFT level.

consistently observed across the other identified Conls (Z-
Conls-2 and E-Conls-1/2), as detailed in Supporting
Information. This comparison underscores the superior ability
of the N’ZND framework to capture the subtle geometric
features of Conls that govern excited-state lifetimes and
quantum yields. Comprehensive details regarding the MLFF
data set construction, training metrics, and the full NAMD
simulations of the DDIYM motor, including time-dependent
population decay profiles, the evolution of representative
trajectories, and hopping distributions, are provided in the
Supporting Information. The simulation results reveal that
both the ZP — EM and EP — ZM photoisomerization
processes occur on an ultrafast femtosecond time scale (Figure
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S8), with the rotational unidirectionality reaching 100%
(Figure S9).

Beyond the excited state, we also evaluated the model’s
ability to describe ground-state dynamics, specifically the
thermal helix inversion steps. We located the transition states
for the EM — EP and ZM — ZP conversions using the nudged
elastic band (NEB) method refined by the FIRE optimizer,””*
and their ground-state single-point energies were subsequently
calculated with MRSE-TDDFT. As depicted in Figure 3e,f, the
THI barriers predicted by N?ZND are 14.7 and 11.5 kcal/mol,
respectively, which are in outstanding agreement with
benchmark DFT calculations (15.2 and 11.7 kcal/mol).*’
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Finally, to demonstrate the superior computational efficiency
of the N*ZND framework, we evaluated its performance in two
distinct phases: training and prediction (Table 1). First,
regarding training efficiency, conventional sampling strategies
typically require propagating NAMD trajectories using
expensive high-level theory to harvest relevant geometries.
N?ZND circumvents this bottleneck through its Hierarchical
On-the-Fly Sampling strategy, which decouples exploration
from labeling. We utilized the ultrafast semiempirical OM2/
MRCI method (0.6 s/gradient) to extensively explore the
geometric phase space, followed by high-fidelity labeling using
MRSE-TDDFT. As shown in Table 1, MRSF-TDDFT offers
an optimal balance for this data set construction, matching
CASSCF quality while running ~65 times faster (4.2 CPU-
hours vs 270 CPU-hours per gradient). This hierarchical
approach ensures high data efficiency, generating a robust data
set without the prohibitive cost of full ab initio trajectory
propagation. Second, regarding prediction efficiency, the
trained N*ZND model delivers massive acceleration by
bypassing the iterative solution of the electronic Schrodinger
equation. The model achieves an inference speed of 0.9 s on a
single core, representing an acceleration of approximately 4 to
6 orders of magnitude compared to the ab initio methods
(MRSE-TDDFT and CASSCF) otherwise required for
dynamics. By retaining ab initio accuracy at a cost comparable
to semiempirical methods, N2ZND effectively overcomes the
computational bottlenecks that typically restrict long-time scale
NAMD simulations.

Application to Bioinspired Light-Driven Molecular Rotary
Motor

It is well established that the operation of conventional
LDMRMs relies on a four-stroke cycle comprising two fast
photoisomerization steps and two slow THI steps.* Since these
thermal processes typically occur on microsecond-to-second or
even longer time scales, they constitute the rate-determining
bottleneck for the motor’s rotational frequency. Moreover,
traditional motors often necessitate high-energy ultraviolet
(UV) excitation, which poses photodegradation risks in
sensitive environments. Consequently, developing next-gen-
eration molecular machines that are capable of high-speed
operation and driven by visible light has become a primary
objective. """

To address this, a novel class of bioinspired molecular
motors, designated as L-RSB, has been developed through a
biomimetic engineering of the retinal protonated Schiff base
backbone.'* This chromophore has been experimentally
synthesized and characterized by gas-phase time-resolved
action spectroscopy, which demonstrated ultrafast excited-
state dynamics on a picosecond time scale. These synthetic
chromophores are distinguished by their ability to achieve
unidirectional 360° rotation through a highly efficient two-
stroke cycle, driven solely by two photochemical steps (Figure
4a). This mechanism effectively bypasses the rate-limiting THI
processes inherent to traditional designs. Furthermore, the
operational wavelength of L-RSB is significantly red-shifted
away from the ultraviolet region, thereby reducing photo-
degradation risks and enhancing biocompatibility. This unique
combination of high-speed operation and noninvasive
excitation renders L-RSB particularly promising for applica-
tions in soft matter engineering and biomedical systems, where
traditional motors are often constrained by speed limits and
UV toxicity. However, characterizing the complete non-

adiabatic operational cycle of this complex bioinspired system
poses a formidable computational challenge. Its intricate
biomimetic architecture entails a substantial system size and
a high-dimensional configuration space, while the relaxation
process extends over a picosecond time scale. These factors
render standard ab initio on-the-fly dynamics computationally
intractable. To overcome this bottleneck, we employed the
N?ZND framework to conduct a comprehensive mechanistic
study, leveraging its high efficiency to capture the complete
relaxation processes with quantum chemical accuracy.

The reaction mechanism was first established by optimizing
critical stationary points using N*ZND. As illustrated in Figure
4b, the reaction mechanism is characterized by six distinct
processes: @ photoexcitation of the trans isomer initiates the
cycle; ® nonradiative relaxation occurs via Conlsl; ® the
metastable cis isomer is formed; @ the cis isomer undergoes
photoexcitation; ® the system decays through Conls2; and ®
the trans ground state is finally restored. With the reaction
mechanism established, we proceeded to NAMD simulations
using the trained MLFFs (detailed sampling protocols and
training metrics are provided in the Supporting Information).
Initial conditions for the NAMD simulations were generated
from ground-state molecular dynamics trajectories. After
thermal equilibration in the NVT ensemble at 300 K, initial
configurations and velocities were sampled at 20 fs intervals.
We propagated 1000 trajectories for both the trans — cis and
cis = trans transitions for 20 ps.

The dynamical mechanism was elucidated by analyzing the
geometric distribution of hopping events. Figure 4c,d display
scatter plots of the key dihedral angles (C7—C6—CS5—C4 vs
C7—C6—C5—C12) at the S; — S, transition points at 300 K.
For the trans — cis process (Figure 4c), the wavepacket
bifurcates, with 62.1% of trajectories relaxing via Conlsl
(clockwise rotation, Process ®) and 37.9% via Conls2
(counterclockwise, Process @'). In contrast, the reverse cis
— trans process (Figure 4d) exhibits a highly specific pathway,
with 94.1% of trajectories proceeding via Conls2 (clockwise,
Process ®), indicating a strong unidirectional preference.
Notably, structural analysis of the Conls reveals that the
pyramidality dihedral (C5—C12—C4—C6) remains near 0°
(Table S8), indicating that, unlike Feringa-type motors or the
DDIYM system discussed previously, the rotation of L-RSB is
driven by pure axial motion around the C5=C6 bond rather
than pyramidalization. Additional NAMD simulation results,
including time-dependent population decay profiles and the
evolution of representative trajectories, are presented in the
Supporting Information. The simulation results confirm that
both the trans — cis and cis — trans photoisomerization
processes proceed on an ultrafast picosecond time scale
(Figure S12).

To provide a quantitative energetic basis for this motion, we
constructed the potential energy profiles along the reaction
coordinate (Figure 4e). Stationary points on the S, surface,
including Franck—Condon regions (trans-S;, cis-S;) and
transition states leading to the Conls, were optimized using
N?ZND. The computed energy barriers rationalize the
dynamical findings. For the trans — cis transition, the barrier
for the clockwise pathway (via Conlsl, Process @) is 37 meV,
significantly lower than the 144 meV barrier for the
counterclockwise path (Process @'). This energetic preference
drives the observed majority flux (62.1%) into the clockwise
channel. In the reverse cis — trans process, the disparity is even
more pronounced: the clockwise barrier (via Conls2, Process
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®) is merely 20 meV, whereas the counterclockwise barrier
(Process ®') is 120 meV. This 6-fold difference results in
almost exclusive clockwise rotation (94.1%). Collectively, these
results characterize L-RSB as an excited-state-barrier-controlled
two-stroke motor that exhibits high unidirectionality in the cis
— trans step, but only partial directionality in the trans — cis
step.

Strategies for Enhancing Unidirectionality of the
Bioinspired Light-Driven Molecular Rotary Motor

The extended time scales and statistical depth provided by
N?ZND offer a vital means to investigate the mechanisms of
photoisomerization, which inherently involves large atomic
scales and extended simulation times. It is precisely this
capability that enabled us to resolve the complex reaction
coordinates and elucidate the fundamental differences between
traditional Feringa-type motors and the biomimetic L-RSB
system (Figure 5). Traditional motors operate through a four-
stroke cycle controlled by a rate-limiting THI step, while the
biomimetic motor operates through a highly efficient two-
stroke cycle driven solely by photon absorption. This
mechanism bypasses thermal energy barriers, enabling ultrafast
dynamics characterized by purely axial rotation, rather than the
precessional motion common in four-stroke systems.
However, our findings indicate that this elimination of
ground-state thermal barriers introduces an intrinsic trade-off
between operational speed and directionality. In the four-
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stroke cycle, thermal barriers act as strict kinetic gates, ensuring
near-perfect unidirectionality. In contrast, the barrier-free
ground-state landscape of the two-stroke motor facilitates
wavepacket bifurcation, resulting in dominant but not exclusive
unidirectionality (e.g.,, 62.1% for the trans — cis transition at
300 K).

To investigate whether this bifurcation could be suppressed,
we first explored a thermodynamic control strategy. NAMD
simulations of the L-RSB motor for the trans — cis process at
reduced temperatures revealed that cooling the system to 150
K increases the clockwise unidirectionality to 75.5%, and
further cooling to S0 K successfully restricts the counter-
clockwise pathway, achieving a near-perfect 99.0%. By
drastically reducing the thermal kinetic energy, the wavepacket
becomes strictly confined by the subtle S, energy barriers.
However, operating at such extreme cryogenic temperatures
fundamentally defeats the purpose of developing bioinspired
molecular machines. These devices are intended to function in
ambient, biological, or soft-matter environments at room
temperature. While thermodynamic control is effective, relying
on such extreme environmental cooling is often unsuitable for
real-world applications. More detailed dynamical analyses
regarding the temperature effects are provided in the
Supporting Information.

To achieve robust unidirectionality at room temperature
(300 K), we turned to rational structural design. We
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hypothesized that the topology of the excited-state potential
energy surface could be rationally modulated to steer the
wavepacket. To validate this, we designed and investigated a
structurally modified bioinspired motor, designated as Me-L-
RSB (Figure 6a), which incorporates specific steric mod-
ifications to the rotor backbone by introducing a methyl group
at the C8 position (Figure 4b).

The NAMD simulations of Me-L-RSB at 300 K, enabled by
the N*ZND framework, notably confirm the success of this
structural strategy. As illustrated in the hopping distribution
plots (Figure 6b,c), the structural modification significantly
alters the reaction flux. For the trans — cis transition (Figure
6b), the wavepacket is now strongly funneled into the
clockwise channel (via Conlsl), achieving a highly dominant
unidirectionality of 85.0%, a substantial enhancement over the
unmodified L-RSB. The reverse cis — trans process (Figure 6¢)
maintains an exceptional clockwise directionality of 93.8%.
Crucially, this enhanced control is achieved while strictly
preserving the ultrafast picosecond-scale operational speed
characteristic of the two-stroke mechanism at room temper-
ature. Furthermore, MRSF-TDDFT calculations show that C8
methylation only slightly changes the S, — S, vertical
excitation energies at the Franck—Condon geometries (Table
S13), indicating that Me-L-RSB retains essentially the same
visible-light excitation window as the parent L-RSB motor.
Comprehensive details for the Me-L-RSB motor, including the
computational screening process, MLFF training metrics,
excited-state population decay profiles, schematic potential
energy profiles, excitation energy comparison, and synthetic
feasibility, are provided in the Supporting Information.

B DISCUSSION

The simulation of excited-state dynamics for light-driven
molecular rotary motors and their rational design have long
been plagued by a trade-off between cost and accuracy:
accurate quantum mechanical methods are computationally
too expensive over longer time scales, while efficient
approximate methods often fail to capture complex non-
adiabatic phenomena. The N*ZND framework addresses this
limitation by establishing a protocol for generating reliable
excited-state machine learning potentials. By coupling
Hierarchical On-the-Fly Sampling with E(3)-equivariant deep
learning, we demonstrate that high accuracy can be achieved
with sparse but chemically relevant data sets. Our results
indicate that chemical accuracy is attainable using a concise set
of strategically selected reference configurations, significantly
reducing the computational overhead required to model
systems of this complexity. Finally, by coupling this high-
fidelity potential with the numerical stability of NAC-free
surface hopping, N2ZND creates a powerful approach capable
of efficiently simulating complex molecular photoisomeriza-
tion. Leveraging the extended simulation times and statistical
depth provided by N*ZND, we were able to move beyond
mere observation of these motors to active rational design. We
not only uncovered the intrinsic speed-directionality trade-off
inherent to the bioinspired L-RSB motors but also actively
resolved this limitation. By rapidly evaluating the structurally
modified Me-L-RSB variant, we demonstrated that robust
unidirectionality can be successfully restored via precise steric
tuning of the excited-state topology, without sacrificing the
signature ultrafast operational speed.

The performance of N*ZND depends critically on the
Hierarchical On-the-Fly Sampling strategy, which uses lower-

cost nonadiabatic dynamics to explore the relevant reactive
phase space before high-level labeling. In the present
implementation, OM2/MRCI serves as the exploratory
method. A natural concern is whether semiempirical sampling
can reliably identify the important excited-state pathways. In
this work, OM2/MRCI is not used as the final electronic-
structure model, but rather as a chemically guided generator of
candidate configurations. The final machine-learned force
fields are trained on high-fidelity MRSF-TDDFT labels;
therefore, OM2/MRCI is required only to provide a
qualitatively reasonable exploration of the relevant reactive
basins, rather than quantitative accuracy. This requirement is
supported by extensive prior applications of OM2/MRCI to
excited-state topologies, conical intersections, and photo-
isomerization pathways in organic chromophores.38_ 000=62
For chemical systems in which semiempirical dynamics fails to
capture the relevant pathways even qualitatively, the present
protocol can be naturally extended through active learning. In
such a workflow, the initial OM2/MRCI trajectories would
provide a baseline structural ensemble, which would then be
labeled at the high-level ab initio or MRSE-TDDFT level to
train a preliminary machine-learned force field. This coarse
model could subsequently drive new nonadiabatic trajectories
to explore regions of phase space inaccessible to OM2/MRCI,
followed by iterative labeling, retraining, and refinement. Such
an extension would further broaden the applicability of
N?*ZND to systems with more complex electronic structures
and less reliable semiempirical descriptions.

Although the present study focuses on gas-phase dynamics,
an important future direction for the N*ZND framework is its
extension to complex chemical environments, such as solvents
or polymer matrices, which can influence the operational
behavior of molecular motors in practical applications.
Analogous to conventional quantum mechanics/molecular
mechanics (QM/MM) approaches, this extension could be
realized through a hybrid machine learning/molecular
mechanics (ML/MM) scheme.”*”® In such a framework,
the molecular motor would be described by the Allegro-based
ML model, while the surrounding environment would be
treated using a classical force field. Environmental electrostatic
descriptors, such as the electric field at each atom of the motor,
could be incorporated as additional input features following an
environment-integrated embedding strategy.”*°® During non-
adiabatic dynamics, the MM engine would update the solvent
coordinates and compute the instantaneous electrostatic
descriptors, which would then be passed to the ML model
together with the motor geometry to predict multistate
energies and gradients. This ML/MM extension is naturally
compatible with the Zhu—Nakamura surface hopping scheme
used in N*ZND, because the dynamics require only adiabatic
energies and gradients rather than explicit nonadiabatic
coupling vectors.

In conclusion, the integration of hierarchical sampling,
equivariant deep learning, and NAC-free dynamics successfully
bridges the long-standing gap between accuracy and efficiency
in excited-state simulations. This framework transforms the
study and design of light-driven molecular motors from a
formidable computational challenge into a systematic and
reliable predictive protocol. Ultimately, N*ZND provides a
rigorous and highly efficient blueprint, empowering the
rational design and high-throughput computational screening
of next-generation ultrafast molecular machines and responsive
smart materials.

https://doi.org/10.1021/jacs.6c10141
J. Am. Chem. Soc. 2026, 148, 34758—34770

920z ¥snbny €z uo Jasn AINN NVYAN4 Ad Jpd L ¥10199'SOElI8Y908€99/85 L #E/2€/8Y L 4Pd-aloILEARSOEl/BI0"S0E SqNd WO} papeojumo]


https://pubs.acs.org/doi/suppl/10.1021/jacs.6c10141/suppl_file/ja6c10141_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c10141/suppl_file/ja6c10141_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c10141/suppl_file/ja6c10141_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c10141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B METHODS

Computational Details of Ab Initio Methods

The CASSCF method together with the 6—31G(d) basis set was used
to optimize the ground-state equilibrium structures and the S,/S,
Conls for CH,NCHj;. The active space comprised six electrons
distributed across six orbitals. For the DDIYM motor, the CASSCF
calculations were performed with an active space of 12 electrons
distributed across 12 orbitals. All CASSCF computations were carried
out using the MOLPRO software pacl<age.67’68

Semiempirical calculations were performed at the OM2/MRCI
level of theory using the implementation provided in the MNDO
program.”” The OM2/MRCI approach offers a favorable balance
between computational efficiency and accuracy, making it particularly
suitable for studying photoinduced processes in large molecular
systems.”* ™ All energy and gradient evaluations required for
geometry optimizations and dynamics simulations were carried out
analytically. Self-consistent field (SCF) calculations were conducted
within the restricted open-shell Hartree—Fock (ROHF) framework,
as this formalism ensures a more appropriate representation of
excited-state wave functions. The multireference configuration
interaction (MRCI) expansion was constructed using three reference
configurations: the closed-shell ground state configuration, along with
single and double excitations from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). In the MRCI calculations, the active space comprises
eight electrons distributed in eight orbitals. The Conls geometries
were located using the Lagrangian-Newton method.”” To identify and
track orbitals with 7 character and ensure the inclusion of 7 orbitals in
the active space for bioinspired light-driven molecular rotary motor L-
RSB, the z-type population (PIPOP) method was employed with a
threshold value of 0.4.

The MRSE-TDDFT and SE-TDDFT calculations were carried out
using the BH&HLYP hybrid functional in conjunction with the TZVP
basis set, except for the computational efliciency benchmarks
presented in Table 1, where the 6—31G(d,p) basis set was specifically
employed. A ROHF reference wave function was employed, and
empirical D3 dispersion corrections were incorporated to account for
van der Waals interactions. The reference state for MRSE-TDDFT
was constructed as an equiensemble of the Mg = +1 and Mg = —
components of the triplet state, enabling a spin-adapted formalism
within the linear response framework.”' ~>* The reference state for the
SE-TDDFT calculations was the pure Mg = +1 component of the
triplet state. The Conls geometries were located using the penalty
function method.”"”> The GAMESS-US program was utilized to carry
out all the MRSE-TDDFT and SF-TDDFT calculations.”>”*

Computational Details of Neural Network Training

The data set was constructed by combining Born—Oppenheimer
molecular dynamics (BOMD) and Zhu—Nakamura NAMD simu-
lations to capture structurally diverse configurations. Initial molecular
geometries and corresponding velocities were generated using the
Wigner sampling method based on ground-state vibrational
frequencies.SI_53 For both BOMD and NAMD trajectories, the
nuclear equations of motion were propagated numerically with the
velocity Verlet algorithm, employing a fixed time step of 0.5 fs. All
simulations were conducted at the OM2/MRCI level of theory.
Structures were systematically extracted at intervals of 25—50 fs from
each trajectory to ensure representative temporal sampling of the
dynamical evolution. Detailed sampling procedures for CH,NCH;,
the oxindole-based light-driven molecular rotary motor, and the
bioinspired light-driven molecular rotary motor are provided in the
Supporting Information.

The MLFF is constructed using Allegro,41 configured with three
layers, a maximum angular quantum number I, = 2. The data set is
randomly split into training and validation subsets at a 9:1 ratio. The
initial learning rate is set to 0.001 and subsequently reduced using an
on-plateau scheduler with a patience of 50 and a decay factor of 0.5.
The model is trained with a joint mean square error loss function that
simultaneously optimizes per-atom energies and forces, utilizing the

Adam optimizer. Training terminates when the learning rate drops
below 107°.

Computational Details of NAMD Calculations

The nonadiabatic photoisomerization dynamics was examined
employing trajectory surface-hopping simulations utilizing the Zhu—
Nakamura theoretical framework.””™** Nuclear equations of motion
were propagated numerically via the velocity Verlet algorithm using a
fixed time step of 0.5 fs. An energy gap criterion of 0.5 eV was
employed.
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Data Availability Statement

The source code for the N?ZND framework developed in this
study is fully open-source and freely available. The repository
features the Zhu—Nakamura surface hopping dynamics
module, which is interfaced with MNDO2020 (for OM2/
MRCI), GAMESS-US (for MRSF-TDDFT), and Allegro
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analysis. The code can be accessed on GitHub at https://
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