
Dihedral Restrained Molecular Dynamics Aligns Simulated and
Experimental Crystallinity in Organic Solar Cells
Published as part of ACS Applied Materials & Interfaces special issue “Special Collection on the 115th
Anniversary of Lanzhou University”.

Wenkai Zhao, Ailin Li, Yecheng Zhou,* Zechen Hao, Jinhan Yang, Tianying Yan, Xiangjian Wan,
Xiankai Chen, Yongsheng Chen,* and Guankui Long*

Cite This: ACS Appl. Mater. Interfaces 2025, 17, 45947−45957 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Organic solar cells (OSCs) present an efficient, low-
cost alternative for renewable energy applications, with recent
advancements driven by the development of nonfullerene acceptors
(NFAs) that have significantly improved the power conversion
efficiency (PCE) of OSCs to over 20%, narrowing the performance
gap with other types of solar cells. The molecular stacking in the
active layer is crucially important for highly efficient energy
conversion; however, experimental techniques still face limitations
in capturing the detailed structural information at the molecular
level. To address this challenge, molecular dynamics (MD)
simulations could provide atomistic insight into molecular
configurations, offering opportunities to optimize the morphology
in the active layer. Despite this, achieving experimentally accurate
crystalline arrangements and domains within reasonable computational timeframes remains difficult. In this work, we have
systematically investigated the influence of dihedral angle restraints in MD simulations based on the representative NFA, CH17, and
Y6. It is found that dihedral restraints lead to more ordered molecular stacking with monomer, dimer, and long-range structures
closely resembling the crystalline arrangements. Additionally, we confirmed that CH17 exhibits stronger π−π stackings compared to
Y6, further validating its superior PCE. Our study highlights the important potential of dihedral angle restraints in improving the
accuracy of molecular simulations, which offers valuable insights for the designing of high-performance OSC materials.
KEYWORDS: organic solar cells, non-fullerene acceptors, molecular dynamics simulations, dihedral angle restraints, molecular stacking

1. INTRODUCTION
Organic solar cells (OSCs) are considered as one of the most
promising solutions for providing clean and renewable energy
in various applications due to their unique advantages such as
solution processing, low cost, lightweight, flexibility, and
semitransparency.1−4 Recently, the power conversion efficiency
(PCE) of OSCs has surpassed 20%, significantly narrowing the
efficiency gap with other solar cells.4−6 This encouraging
progress is primarily attributed to the rapid development of
nonfullerene acceptors (NFAs).7−9 These acceptors consist of
fused-ring structures constructed from donor (D) and acceptor
(A) units, featuring an A−DA′D−A structure.10,11 The
crystalline packing structure of NFA molecules within the
active layer has been proven to play a crucial role in
determining the fundamental optoelectronic properties rele-
vant to OSCs, such as the electronic structure, absorption
coefficient, exciton diffusion, exciton generation and dissoci-
ation, charge transport, collection and recombination, all of
which ultimately influence the overall performance of OSC

devices.12−20 However, the current experimental techniques
have not yet been capable of obtaining molecular-scale
structural information. This technical limitation severely
restricts research into a deep understanding of the relationship
between molecular structure and device performance, becom-
ing a bottleneck in advancing the development of OSCs.
To overcome this technical bottleneck, molecular dynamics

(MD) simulations have been adopted as a valuable tool21 since
they can afford an atomistic depiction of the molecular
stacking configurations within the active layer.22 This capability
not only facilitates the investigation of the material’s internal
structural information exceeding the limitations experimental
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resolution but also reveals the detailed molecular arrangements
in the active layer.23−25 However, how to overcome the energy
barriers to achieve experimentally accurate molecular struc-
tures of the active layer within a reasonable computational time
frame during MD simulations remains a significant chal-
lenge.26,27 This difficulty primarily stems from excessive
rotation of the A segment, which disrupts the stacking
configuration. Although the enhanced sampling techniques
may help alleviate this issue to some extent, accurately
identifying collective variables that fully capture the entire
motion process remains a persistent challenge.28−31

Therefore, this study focused on the well-known NFA of
Y632 and CH17,33 with the latter notable for its extensive
conjugated extensions, as the subjects of investigation. The
molecular structures of these NFAs are shown in Figures 1a
and 1b. We performed MD simulations on these molecules
under conditions in which the dihedral angles connecting the
A and D segments were either restrained or unrestrained. Our
results demonstrate that by applying restraints on the dihedral
angles, we can achieve monomer, dimer, and long-range
structures that closely resemble the single crystals. Further-
more, morphological analysis demonstrates that CH17 exhibits
greater order and more extensive stacking than Y6, thereby
revealing the reason why CH17 shows superior properties
compared to Y6. As a result, our work provides a
straightforward approach in MD simulations to rapidly achieve

rational stacking, offering a foundation for future design of
OSC materials from the perspective of stacking structures.

2. EXPERIMENTAL SECTION
2.1. Computational Methods. All MD simulations were

conducted utilizing the GROMACS (2023.3) software package,
employing the GROMOS force field.34 The restrained electrostatic
potential (RESP) fitting technique was applied to derive partial
charges for each molecule by using BDF software.35−39

The films were obtained from several stages of the isothermal−
isobaric ensemble MD (NPT-MD). For the CH17 system, 388 CH17
molecules were randomly placed in a 50 × 50 × 50 nm3 box.
Similarly, for the Y6 system, 496 Y6 molecules were randomly placed
in a 50 × 50 × 50 nm3 box. The system initially underwent energy
minimization, followed by a gradual annealing process from 1000 to
300 K over 300 ns. After a 100 ns equilibration phase, the production
run lasted for 100 ns. Each system was simulated twice: once using
restrained dihedral force constants and once using unrestrained
dihedral force constants.
The LINCS algorithm was utilized to constrain covalent bonds

involving hydrogen atoms.40 A simulation time step of 1.0 fs was
employed. Both the pressure and temperature were regulated using
the Parrinello−Rahman barostat at 1 atm and the Nose−Hoover
thermostat, respectively.41,42 All analysis was performed on the frames
extracted from the production run. The graphics were processed by
the Visual Molecular Dynamics (VMD) program.43 Analyses of
molecular stacking were performed using the MDAnalysis Python
library.44

Figure 1. (a,b) Molecular structures of CH17 (a) and Y6 (b). The red region represents the A segment, the blue region represents the D segment,
and the magenta region represents the A′ segment. The green vectors indicate the principal axes of each segment, while the pink section highlights
the dihedral angle connecting the A and D segments. (c,d) The dihedral barriers of CH17 (c) and Y6 (d) in the unrestrained system, restrained
system, and calculated from DFT methods.
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The electronic coupling between dimers can be obtained by using
MOMAP code.45−48 To identify relevant molecular pairs for transfer
integral calculations, we defined two monomers as forming a dimer if
the distance between their nearest neighboring atoms is less than 6 Å.
This distance-based criterion is commonly used to capture significant
intermolecular interactions and has been shown to effectively identify
relevant charge transport pathways. The transfer integrals between
neighboring monomers were calculated using the code based on eq
1:49

V
H H H S

S

( )

1
12

1
2 11 22

2=
+

(1)

Here, H12 = ⟨ψ1|H|ψ2⟩, S = ⟨ψ1|ψ2⟩, H11 = ⟨ψ1|H|ψ1⟩, H12 = ⟨ψ2|H|ψ2⟩,
H is the Kohn−Sham Hamiltonian of the dimer, ψ1/2 means the
HOMO/LUMO of the monomer in the dimer for electron transport,
and S is the overlap integral. We obtained the transfer integrals by
using the density functional theory (DFT) at the B3LYP/6-31G(d)
level.

2.2. The Method for Calculating the Overlap Area. First, for
the source and target atom sets, the code performs principal
component analysis (PCA). From the PCA results, the third principal
component of the atom set (i.e., the direction with the smallest
variance) is taken as the normal vector of the plane. Next, the atom

sets are projected onto their respective PCA planes. Following this,
the source atom set is projected onto the PCA plane of the target
atom set, aligning both atom sets onto the same plane. Once the atom
sets are on the same 3D plane, a PCA transformation is applied to
obtain a 2D representation of both atom sets. Then, the convex hull
function is used to calculate the convex hulls of the 2D
representations of the source and target atom sets. The overlap area
is determined by calculating the intersection of the convex hulls.
Finally, the percentage of the intersection area relative to the convex
hull area of the target atom set is computed. The final overlap area is
the average of the overlap areas calculated by treating each atom set as
both the source and the target. The actual computational results are
shown in Figure S1.

2.3. The Method for Selecting Representative Stacking
Configurations. For selecting representative stacking configurations,
the input for clustering analysis included the segment center-of-mass
(COM) distance (d), the dihedral angle between the two segment
planes (φ), the angle between the long axes of the adjacent segment
(θ), the molecule COM distance (dm), and the overlap area (S12).
Clustering analysis was conducted using the Gaussian mixture model
(GMM), and the results were visualized in 2D space through t-
distributed stochastic neighbor embedding (t-SNE).

Figure 2. (a−d) Simulation results of the unrestrained and restrained CH17 and Y6 systems, along with randomly selected single-molecular
structures. CH17 and Y6 represent the systems with dihedral angle restraints, while CH17_nores and Y6_nores represent the systems without
dihedral angle restraints. (e,f) The dihedral angle distribution of CH17 and Y6 in the unrestrained and restrained systems.
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To determine the optimal number of clusters, two evaluation
metrics were employed: the Bayesian information criterion (BIC) and
the silhouette score, along with a penalty function.

Score normalized silhouette normalized BIC cluster
penalty weight number of clusters

=
×

This approach considered not only the goodness of fit of the model
(using BIC) but also the quality of the clustering (using the silhouette
score) while preventing overclustering through the penalty function.
The relationship between the actual scores and the number of clusters
is shown in Figure S2, and the t-SNE visualization is presented in
Figure S3.
The representative dimer within each cluster was selected as the

sample closest to the center of the Gaussian distribution for that
cluster.

3. RESULTS AND DISCUSSION
The accuracy of MD simulation results largely depends on the
selection of force field parameters. Among these, dihedral angle
parameters have a particularly significant impact on monomer
structures, directly influencing the molecular torsion and
packing behavior and therefore playing a critical role in the
precision of the simulation results. To ensure the reliability of
the simulations, it is essential to carefully choose and optimize
the dihedral angle parameters. This is especially true when
studying the complicated molecular systems, such as highly
conjugated NFAs, where the variations in dihedral angles can
profoundly influence the packing characteristics of the entire
system. Properly setting the dihedral angle parameters allows
for better reproduction of the experimental results, thus
providing more accurate theoretical guidance for material
design and performance optimization. To investigate the
influence of restraining dihedral angles on the final simulation
results, the following dihedral potential function was applied
for the angles connecting segments A and D (as shown in
Figure 1a,b).

V k n( ) (1 cos( ))s= + (2)

where V is the dihedral energy, kϕ is the force constant
associated with the dihedral potential, n is the periodicity of
the dihedral, ϕ is the dihedral angle, and ϕs is the equilibrium
dihedral angle.
Two different force constant specifications were employed.

The first force constant was obtained by fitting the results
calculated using DFT with the BDF software,35−39 labeled as
the “unrestrained system”. The force constants for CH17 and
Y6 were 44 and 42 kJ/mol, respectively. The second was the
DFT-calculated force constant with an additional 1000 kJ/mol,
labeled as the “restrained system”. The force constants for
CH17 and Y6 were 1039 and 1010 kJ/mol, respectively.
Although the additional force constant was nominally set to
1000, the final values are not strictly equal to the original plus
1000, as the “+1000” is an ideal target value, but the actual
results may deviate slightly due to the coupling effects in the
force field model. The dihedral barriers of CH17 and Y6 in the
unrestrained system, the restrained system, and those
calculated from quantum chemistry methods are shown in
Figures 1c and 1d. The potential barrier of the dihedral angle
in CH17, without any restraint, is higher than that of Y6,
indicating that CH17 exhibits stronger rigidity. As expected,
the enhanced molecular planarity and rigidity of CH17 result
in a smaller reorganization energy of 126 meV, compared to

148 meV for Y6. This also explains why CH17 exhibits
superior optoelectronic performance compared to Y6.
MD simulations were then performed on the CH17 and Y6

systems, with the detailed simulation procedures provided in
the Supporting Information. The simulated results are
illustrated in Figure 2a−d. Initially, the distribution of the
dihedral angles was analyzed, as shown in Figures 2e and 2f
and Table S1. The results demonstrated that introducing the
restrained potential successfully confined the dihedral angles
within a specific range, validating the effectiveness of this
strategy in preventing the excessive rotational freedom.
Furthermore, the individual molecular structures were
randomly extracted from the simulated film (as shown in
Figure 2a−d, the alkyl chains were omitted for clarity), and it
was found that both Y6 and CH17 in the restrained conditions
appeared flatter and more similar to the single-molecular
conformations observed in single crystals.33,50 To further
quantitatively assess the differences of single-molecule
conformations between the system with and without restraint,
the root-mean-square deviation (RMSD) of the individual
molecules from MD simulations compared to those in single
crystals was calculated. Generally, a smaller RMSD value
indicates higher similarity between two structures. As shown in
Table 1, the RMSD values of both the CH17 and Y6 systems

were significantly lower in the presence of the restraints,
aligning with the greater resemblance to the molecular
conformations in single crystals. This confirms that applying
restraints to the key dihedral angles effectively reduces the
conformational flexibility, resulting in molecular structures that
more closely mimic the crystalline state. Simultaneously, it was
observed that the CH17 system exhibited a greater reduction
in RMSD upon applying restraints compared to that of the Y6
system. This greater decrease may be attributed to the larger
molecular size of CH17’s A segment, as imposing restraints on
this segment appears to have a more pronounced impact on
the overall system.
To further confirm that the system with applied restraints

more closely resembles the experimental system, we further
simulated the grazing-incidence wide-angle X-ray scattering
(GIWAXS) of both systems with and without a restraint. The
experimental33 and simulated GIWAXS patterns are shown in
Figure 3a, and Table S2 presents the corresponding line-cut
profiles, π−π stacking distance, and crystal coherence length
(CCL). Since no substrate was included in the simulation, the
simulated GIWAXS patterns could not distinguish the face-on
or edge-on packings. As a result, the GIWAXS patterns
obtained from the simulation exhibit a random distribution.
However, the stacking distance and CCL can still be compared
with the experimental data. Therefore, we employed the overall
average value to compare the simulated results with the
experimental in-plane (IP) and out-of-plane (OOP) data. As
shown in Figure 3b, it is clear that after applying the dihedral
angle restraints, the peak positions align more closely with the

Table 1. RMSD Values of the Restrained and Unrestrained
CH17 and Y6 Systems

RMSD (Å)

CH17 1.36
CH17_nores 1.98
Y6 1.45
Y6_nores 1.82
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experimental results. It is clear that after applying the dihedral
angle restraints, the peak positions align more closely with the
experimental results. This indicates that the introduction of
dihedral angle restraints results in more ordered stacking,
enhancing the consistency with the experimental data.
Moreover, the impact of the restraints is particularly significant
in the region below 1 Å−1. In the unrestrained CH17 and Y6
systems, several peaks are observed in this region. However,
after the dihedral angle restraints are applied, the number of
peaks decreases, and the resulting pattern is in better
agreement with the experimental data. The comparison
between the simulated and experimental GIWAXS patterns
highlights the effectiveness of these restraints in improving the

accuracy of the model and enhancing the correspondence
between the theoretical results and experimental data.
Moving forward, the impact of restrained dihedral angles on

the stacking behavior within the films was further explored.
CH17 and Y6 were segmented into three segments, labeled as
A, D, and A′, resulting in the establishment of six distinct
stacking modes. The radial distribution functions (RDFs, g(r))
were calculated for each of the stacking modes, both with and
without the restraints. As depicted in Figure 4, the RDFs
exhibit the probability of finding a particle at a certain distance
from a reference particle, with higher g(r) peaks indicating a
greater stacking density at specific distances. The π−π stacking
peaks observed in the RDFs (ranging from 3.8 to 4.0 Å) varied
significantly among the different systems. Notably, systems

Figure 3. (a) The simulated 2D GIWAXS patterns of CH17 and Y6 with and without restraints. (b) Line-cut profiles extracted from 2D GIWAXS.
The black and red lines represent the experimental in-plane (IP) and out-of-plane (OOP) data,33 while the blue and green lines correspond to the
simulated values with and without restraints, respectively.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c08785
ACS Appl. Mater. Interfaces 2025, 17, 45947−45957

45951

https://pubs.acs.org/doi/10.1021/acsami.5c08785?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08785?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08785?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08785?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with the applied restraints generally exhibit higher π−π
stacking peaks than those without, suggesting that the
restraints lead to more ordered stacking. This was particularly
obvious in the A′A′ and DD stacking modes, where the
restrained CH17 exhibits significantly higher peaks compared
to the unrestrained system, indicating that the restraints
facilitate the formation of more crystalline-like morphology
within the same simulation time frame, thereby reaffirming the
effectiveness of this strategy. However, for the AA′ stacking
mode with the applied restraints, the peak heights were
comparable to those without. This may be attributed to the
restraints hindering the rotation of segment A, making it more
challenging for segment A to stack via segment A′ direction-
ally, and consequently, the introduction of the restraints does
not significantly influence the peak heights. Additionally, it is
found that in the CH17 system, regardless of whether
restraints were applied or not, most of the stacking modes
continue to exhibit the π−π stacking peaks, which are higher
than those in the Y6 system. Notably, for the A′A′ stacking
mode, the π−π stacking peak in the restrained CH17 system
was nearly three times higher than that in the restrained Y6
system. This suggests that the simultaneous conjugated
extension of both the central core and the terminal groups in
CH17 leads to a more orderly stacking structure. This
improved organization may promote superior electronic
interactions within the molecule, potentially enhancing its
performance in optoelectronic applications.
In order to gain more comprehensive insight into the two

different models developed in this study, an in-depth
investigation of the dimer configurations formed by two
adjacent molecules was further conducted. We define a dimer
as two molecules with a nearest atomic distance (dn) of less
than 7 Å. This characterization was based on four critical
parameters: the distance between the centers of mass (COM)

of the adjacent molecular backbones (d), the dihedral angle
between the planes of two adjacent molecules (φ), the angle
between the long axes of the adjacent molecules (θ), and the
overlap area between them (S12). S1 is the projection of
molecule 1 onto molecule 2, and S2 is the projection of
molecule 2 onto molecule 1. The overlap area S12 is then the
average of S1 and S2. These parameters are schematically
illustrated in Figure 5a. Density heatmaps of d−φ−S12 are also
shown in Figures S4−S7, where areas in purple indicate a
higher density of occurrences, and pink areas denote a lower
density. An arrangement is considered face-on when two
adjacent molecules have face-to-face orientations between their
backbones, characterized by φ being less than 30°, d being less
than 0.8 nm, and S12 being larger than 0.4. This corresponds to
the area near the bottom-left corner at the top of the diagram.
Typically, a face-on orientation promotes the most robust
parallel π−π stacking interactions, resulting in the enhanced
electronic coupling, which is indicative of an improved charge
transfer rate. Therefore, upon imposing the restraints, the
number of π−π stacking interactions became more concen-
trated in the face-on regions. This pattern suggests that
targeted restraints can effectively enhance the molecular
orientation, thereby more accurately replicating real systems.
To perform quantitative analysis, both the total number of

stackings within each system and the number that conform to
the face-on orientation were further calculated, as shown in
Figures 5b and 5c. In terms of the overall stacking, it is clear
that the AA, AD, and AA′ stacking modes are more prevalent
than other modes. Thus, focusing on modifications to the A
segment of the molecule could significantly influence the
stacking behavior, offering a valuable strategy for future
molecular design. Furthermore, for the AA, AD, and AA′
stacking conditions, the imposition of restraints reduced the
total numbers of stackings. This reduction is likely due to the

Figure 4. (a−f) Radial distribution function (g(r)) for the different stacking modes of CH17 and Y6, with and without restraints: A′A′ (a), DD
(b), AA (c), AD (d), A′D (e), and AA′ (f).
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restraints on the A segment, which limit its free rotation and
alignment with other components. In contrast, for other
stacking modes, the introduction of restraints led to an increase
in the stacking numbers. This increase can be attributed to the
restraints on the A segment, which make the molecule more
planar, thereby reducing steric hindrance and promoting more
π−π stacking. To support this hypothesis, we further calculated
the molecular planarity within the films was further calculated.
The molecular planarity parameter (MPP) is defined as the
root-mean-square deviation of each atom from the best-fit
plane of the investigated molecule, and the span of deviation
from plane (SDP) represents the range between the highest

and lowest deviations of all considered atoms from a reference
plane. Notably, alkyl chains and hydrogen atoms were excluded
from this analysis. Therefore, smaller MPP and SDP indicate
enhanced planarity. The MPP and SDP values of the four
investigated systems were calculated and are summarized in
Table 2. It is found that for the restrained Y6 and CH17
systems, both MPP and SDP values are much smaller,
indicating better overall molecular planarity. This observation
further supports the hypothesis as mentioned above. It is also
found that for the face-on stacking, nearly all stacking modes
exhibit a higher stacking number in the restrained systems
compared to the unrestrained ones. This may also be linked to

Figure 5. (a) Five selected geometric parameters of different dimer configurations: segment COM distance (d), dihedral angle between the planes
of two adjacent molecules (φ), angle between the long axes (θ), nearest atomic distance between the two segments (dn), and the overlap area (S12)
of the two adjacent molecules. S1 is the projection of molecule 1 onto molecule 2, and S2 is the projection of molecule 2 onto molecule 1. The
overlap area S12 is then the average of S1 and S2. (b) Total stacking number per unit volume for the restrained and unrestrained CH17 and Y6
systems. (c) Face-on stacking number per unit volume for the restrained and unrestrained CH17 and Y6 systems.
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the aforementioned enhancement of molecular planarity,
which promotes the tighter and more ordered molecular
stackings. The application of restraints therefore promotes the
molecules in the system to adopt more regular stacking
patterns, further validating the positive impact of dihedral
restraints on stacking behaviors. Additionally, as shown in
Figure 5c, both the restrained and unrestrained systems
demonstrate that the total stacking numbers and face-on
stacking numbers in CH17 are significantly larger than those in
the Y6 system. This further confirms that the extension of
multiple conjugations to the central and terminal units in
CH17 greatly enhances the intermolecular packings. Such an
increase in the stacking number could improve the charge
transport, which is essential for boosting the overall efficiency
of OSCs.
To elucidate the types of dimer configurations present in the

various films and better assess the differences among them, the
GMM was also utilized as a clustering method, with the
workflow shown in Figure 6a. Clustering was performed by
using all parameters listed in Figure 5a, except for dn, and
additionally incorporating dm. By analyzing the clustering
distribution centers (i.e., the means of the Gaussian
distributions), we can identify the characteristics of each
dimer configuration, providing a more precise description of
the variations in the dimer stackings within the film. This

method quantifies the types of dimers observed in the MD-
simulated films.
As shown in Figures S8−S14, the number of clusters derived

for each stacking condition, along with detailed information
about each dimer, is summarized. An increase in the number of
clusters suggests a greater variety of stacking modes, indicating
more complex and diverse stacking structures within the films.
For CH17 and Y6, most stacking configurations show that the
number of clusters increases with the introduction of restraints,
such as the AD, DD, and A′D configurations for CH17 and
the A′D and AA′ configurations for Y6. However, for CH17’s
AA′ configuration and Y6’s A′A′, AA, and DD configurations,
the number of clusters decreases. The number of clusters for
the remaining stacking configurations is unaffected by the
introduction of restraints. The effect of adding restraints to the
stacking can be understood in two ways. The increase in the
number of clusters could be attributed to the fact that when
the rotation in part A is restricted, it becomes more difficult for
the molecules to stack with each other. On the other hand, the
decrease in the number of clusters suggests that the
introduction of restraints alleviates the increase in molecular
configurations caused by the rotation in part A, leading to a
more uniform and orderly stacking arrangement. The
unchanged number of clusters may result from a balance
between the two opposing effects. The different behaviors
observed for CH17 and Y6 demonstrate that the introduction
of restraints has varying effects on the stacking configurations
of different molecules, highlighting that the role of part A in
the stacking behavior of different molecules may not be
entirely the same.
After the typical dimer of every stacking mode was

identified, a detailed analysis was further conducted. As
shown in Figure 6b, the application of restraints on the
dihedral angles results in a typical CH17 dimer that closely

Table 2. MPP and SDP Values of the Restrained and
Unrestrained CH17 and Y6 Systems

MPP (Å) SDP (Å)

CH17 0.95 5.45
CH17_nores 1.32 7.09
Y6 0.78 4.37
Y6_nores 1.05 5.62

Figure 6. (a) Workflow for quantifying the typical dimers in molecular dynamics simulations. (b) Comparison of typical dimers in CH17 crystal
packing33 with those from restrained and unrestrained simulated systems.
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resembles a crystalline arrangement. This validates the
effectiveness of our strategy and underscores the potential of
restrained dihedral angles in improving the molecular
organization within the system. This approach offers valuable
insights for further studies on material stacking behavior and
opens new avenues for exploring more efficient molecular
stacking strategies.
To further analyze the long-range order in each system, the

ordered connection was then calculated. An ordered
connection is defined as any segment of the molecule in a
face-on stacking mode overlapping with any segment of the
adjacent molecule and then sequentially continuing to stack
until no further segment of any molecules can form a face-on
stacking interaction with the nearest molecules. By analyzing
these ordered connections, the structural characteristics of the
system can be further evaluated. Based on this definition, the
number and length of ordered connections in each box were
quantified, thereby assessing the long-range order of the
system. As shown in Figure S15, in systems with restrained
dihedral angles, the number of the ordered connections
significantly increased, indicating that molecular arrangement
became more orderly. Additionally, the transfer integrals for
the longest ordered connection in each system were calculated
using MOMAP and BDF, and they are presented in Figures 7

and S16. The results showed that the transfer integrals were
larger in systems with restrained dihedral angles, indicating
tighter intermolecular packing. This further validates the
effectiveness of our strategy in MD simulations for achieving
crystalline packing structure within the limited time scales.
With further optimization, this strategy has the potential to be

even more applicable and effective across different material
systems.
Meanwhile, regardless of the inclusion of dihedral restraints,

the number and length of the ordered connections in the
CH17 system were much larger than those in the Y6 system.
Additionally, the transfer integrals in the CH17 system were
much higher than those in the Y6 system. This further
confirms that CH17, due to its extended conjugation structure,
exhibits a clear advantage in intermolecular packing and charge
transport. These advantages enable CH17 to form more
ordered and stable packing patterns, resulting in superior
charge transport properties.

4. CONCLUSIONS
In this study, we have systematically investigated the influence
of dihedral angle restraints in MD simulations on the stacking
behavior of OSC materials, specifically focusing on the
representative NFA of CH17 and Y6. By imposing the
dihedral restraints, we achieved monomer, dimer, and long-
range structures that closely resembled their crystalline states,
thereby enhancing the accuracy of our simulations. Our
findings demonstrate that restrained dihedral angles signifi-
cantly improve the molecular planarity, reduce the conforma-
tional flexibility, and thus promote the ordered π−π stacking,
ultimately resulting in packing structures that closely resemble
the crystalline arrangements. Furthermore, we found that,
compared with Y6, CH17 exhibits extended conjugation at
both the central core and end unit, resulting in a greater
stacking number, demonstrating superior stacking behavior,
consistent with its excellent PCE. However, while restraining
the dihedral angles made the simulation results more realistic,
simulations without dihedral restraints were still able to
capture the correct overall trends. In conclusion, our
methodology offers a straightforward and effective strategy
for simulating realistic molecular packing structures in OSCs,
providing a pathway for the future design of efficient OSC
molecules.
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