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In recent years, certain molecular crystals have been reported to possess surprising flexibility by undergoing
significant elastic or plastic deformation in response to mechanical loads. However, despite this experimental
evidence, there currently exists no atomistic mechanism to explain the physical origin of this phenomenon
from numerical simulations. In this study, we investigate the mechanical behavior of three naphthalene diimide
derivatives, which serve as representative examples, using direct molecular dynamics simulations. Our simula-
tion trajectory analysis suggests that molecular rotational freedom is the key factor in determining a crystal’s

mechanical response, ranging from brittle fracture to elastic or plastic deformation under mechanical bending.
Additionally, we propose a rotation-dependent potential energy surface as a means to classify organic materials’
mechanical responses and identify new candidates for future investigation.
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I. INTRODUCTION

While most molecular crystals are brittle, there exists a
class of compliant organic crystals that can bend under a large
mechanical stress loading [1,2]. Since early 2000, a growing
number of mechanically flexible organic crystals have been
reported experimentally [3—11]. In general, the mechanical
response of an organic solid depends on both the molecular
substance and the crystal packing. A remarkable example is
shown in Fig. 1. Three crystals, made of similar molecules
from naphthalene diimide derivatives, were found to exhibit
distinct responses from brittle fracture to compliant deforma-
tion with either a reversible (elastic) or an irreversible (plastic)
characteristic [12]. The flexible nature of organic materials
is vital for a variety of applications, e.g., high-performance
modular solar cells [13], actuators [14], photochemistry [15],
fluorescence [16,17], electronics [18,19], optics [20], and drug
tabulation [21].

In the recent years, various computational techniques have
been introduced to characterize the mechanical properties
of molecular systems [12,22-26]. They include topological
analysis, elastic properties calculation [23], and shear/tensile
simulations [12,25]. These techniques are successful in iden-
tifying brittle materials. Within an interlocked environment
in crystal packing, molecular motions in those materials are
largely restricted, resulting a brittleness under bending [23].
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On the other hand, some materials are featured by a strong
anisotropy with plausible slip planes [23,27]. Therefore, these
materials become compliant over a broad range of applied
stress along some crystallographic directions. However, all
available techniques fail to explain the difference between the
elastic and plastic materials. While there have been plenty of
studies on the bending of metals [28-33], to our knowledge,
no attempts have been made to directly simulate the bending
of organic materials at the atomistic level.

Among the compliant crystals, ductile materials are often
favored in engineering applications [21]. Hence, researchers
attempted to use the well-established dislocation theory to
explain the observed plasticity on organic materials [2,3].
Similar to the plastic deformation in ductile metals, it was
proposed that mechanical shearing can occur via the slippage
of dislocated molecular layers on the molecular crystals with
a layered packing [22,34]. Using these slip planes, a bending
model was proposed to explain the underlying mechanism
[35]. Although the dislocation is not uncommon in molecular
crystals [36-38], there has been no direct experimental evi-
dence to support that dislocation pre-exists or appears in the
organic crystals under bending. Furthermore, this mechanism
fails to explain the observed large-scale elastic deformation.
In fact, two crystals in Figs. 1(b) and 1(c) can undergo either
elastic or plastic deformation despite the apparent similarity.
Clearly, our current understanding on molecular bending re-
mains limited.

In this work, we present our efforts in questing for the
molecular bending mechanism through atomistic simulation.
To achieve this goal, we started by developing a simulation
protocol that can directly model the bending of organic crys-
tals at the atomic level. Next, the simulation results were
carefully analyzed to classify and understand the atomistic
mechanism of materials-dependent deformations from brittle
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FIG. 1. The simulated bending on three different materi-
als based on naphthalene diimide derivatives. (a) Brittle Pr
(50.3x7.0x6.8 nm?), (b) elastic Et (50.7x6.4x6.6 nm?), and
(c) elastic/plastic Me (50.2x6.4x6.9 nm?). These three crystals
consist of very similar molecules that differ only in the side groups.
In the left panels, the initial and finally deformed configurations are
colored by the accumulated molecular rotation («) along the x axis.
The corresponding molecules and the definition of rotation angles
are shown in the right panels.

fracture to elastic or plastic deformation. Furthermore, we
demonstrated that molecular rotational freedom is the key fac-
tor in determining a crystal’s mechanical response. Finally, we
introduced a rotation-dependent potential energy surface as a
means to classify organic materials’ mechanical responses and
identify new candidates for future screening of new mechani-
cally flexible organic crystals.

II. METHODS

A. Crystal structures of three systems

In this study, we focused on three systems consisting of
naphthalene diimide derivatives as shown in Fig. 1. The three
molecules share the same backbone while differing only in the
side chains. The brittle crystal consists of the molecules with
the propyl group, featured by the orthorhombic space group
Pbca with one molecule in the asymmetric unit. On the other
hand, the elastic/plastic crystals have the ethyl/methyl groups,
both adopting the monoclinic space group P2;/c with half a
molecule in the asymmetric unit. For convenience, we follow
the previous literature [12] to name these systems according to
their molecular functional groups (i.e., Pr, Et, Me). In all three
cases, the weak interaction plane formed by alkyl groups is
(001). In Fig. 2, each molecule in the unit cell is colored by

(b) Et

FIG. 2. The crystal structures of (a) Pr, (b) Et, and (c) Me systems.

(c) Me

the alignment along the y axis. Clearly, the overall molecular
packing in the brittle-Pr crystal is more complex. Since there
exist eight different types of molecular alignments due to
the mmm symmetry operations, the Pr crystal has molecules
aligned in different ways within the same (001) layer. On the
contrary, there are only two types of molecular alignments in
the Et/Me crystals. And the (001) layer in Et/Me crystals has
all the molecules aligned in the same direction. Table I sum-
marizes the crystallographic information of three molecular
crystals.

B. Atomistic modeling of bending

To directly simulate the bending of organic crystal, we em-
ployed a three-point bending model within a partial periodic
boundary condition based on the LAMMPS package [39] at
room temperature. In our calculation, we performed nonequi-
librium molecular dynamics (MD) simulation by applying the
indentation on the molecular slab model (see Fig. 3). Both x
and y axes are under the constraint of periodic boundary con-
ditions, while the c axis is not periodic. We rotated the crystal
structures with the matrix of [[0,0,1], [0,—1,0], [1,0,0]], and
then built the supercell slab models with sufficient vacuum
separation. The slab correction was applied to remove the
slab-slab interactions from the periodic images. Due to the
nontriclinic box restriction on the computation of slab correc-
tion, the B angles for the slabs of Et and Me were to be set to
90°, which are slightly different from the ideal values. How-
ever, this compromise should not change the results largely.

Along the nonperiodic z axis, a cylindrical indenter with
the radius of 30 A was applied on top of the slab center in
the unit cell. To mimic two other contacting points in the
three-point bending simulation, the last layer of molecules

TABLE I. The crystallographic information of three molecular
crystals. Among them, Pr denotes the brittle crystal with the Cam-
bridge structural database (CSD) refcode of DAHLOQ); Et is the
elastic crystal with the CSD refcode of BIYRIMO1; and Me is the
plastic crystal with the CSD refcode of DAHMUX. The column of
“Size” lists the number of molecules in each model.

System  Symmetry Size a(A) b@A) @A) B
Pr Pbca 8 696 1724 2758  90.0
Et P2, /c 2 4.84 774 1832 90.1
Me P2i/c 2 4.62 8.02 17.02  94.0
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FIG. 3. The schematic setup of a bending simulation model.

in the bottom region were frozen in the entire simulation. In
addition, the first columns of molecules on both left and right
sides of the unit cell were defined as the border. The rest
atoms not belonging to the frozen and border groups were
set to the mobile group that could move freely. To ensure a
sufficient heat bath, we first performed the Langevin thermo-
stat [40] on both mobile and border groups, followed by a
second thermal equilibration on only the border atoms. The
fully equilibrated sample was used to perform a three-point
bending simulation with only the border atoms being under
the Langevin thermostat to mimic the external temperature
reservoir. Upon bending, an indenter was used to push into
the simulation slab in a flow with the rate of 10 m/s. When the
system reached the maximum indentation depth, the indenter
was kept for 300-500 ps to allow the system to achieve ther-
mal equilibrium. Afterwards, the indenter was move upward
with the previous rate to mimic the release of the indenter
process. To check the dependence of the indentation rate, we
also varied the rates from 2 to 50 m/s. We found that these
rates roughly led to similar results. However, a rate faster than
200 m/s may result in nonphysical phase transition for the Me
sample. It is also possible that the change of indenter shape,
size, and temperature may change the results significantly.
These factors will be the subject of future work.

C. Force field choices and benchmark

To reliably simulate the deformation of organic crystals
at the atomistic level, it is crucial to choose an accurate
interatomic force field model. In this work, we developed a
computational pipeline to automate the generation of molec-
ular force fields from AMBERTOOLS20 [41], based on the
general amber force field (GAFF) [42] framework with atomic
charges using the semiempirical AM1-BCC method [43].
To confirm that the simulation results are not due to the
artifact of force field choices, we repeated the simulations
using the OPENFF-TOOLKIT [44] with different parametriza-
tion protocols [45,46], as well as density-functional-based
tight binding (DFTB) [47]. The OPENFF-TOOLKIT [44] was
employed to generate the OpenFF model by assigning atom
types based on direct chemical perception, utilizing an atom-

by-atom assignment approach through the use of SMIRKS
(SMILES arbitrary target specification) patterns. The OpenFF
2.0.0 (Sage) force field [45] was adopted for atom typing, and
the PARMED package [46] was employed for input file format
conversion, ensuring compatibility with various molecular
simulation engines and the accurate representation of molec-
ular topologies. In the DFTB model, we used the DFTB+ code
[47] with the inclusion of van de Waals dispersion based on
the Tkatchenko-Scheffler method [48].

Table II lists the computed equilibrium cell parameters
with different types of force fields at both zero and room tem-
peratures. Clearly, the GAFF model, as well as other models,
yield similar results that are comparable with the experimental
values [12]. For convenience, we mainly employ the GAFF
model in our following simulations.

III. COMPUTATIONAL RESULTS AND DISCUSSIONS

To make a fair comparison, we set up all model sizes
close to 50.0x7.0x7.0 nm? as summarized in Table III. For
each system, we also added the vacuum of 120 A to allow
the materials to bend sufficiently. In addition, we considered
two kinds of Me models, including (i) the supercell after the

TABLE II. The comparison of different force field models in
describing the equilibrium cell parameters.

Experiment CVFF  GAFF  OpenFF  DFTB
System Cell 300 K 300K 300K 300 K 0K
(A) Ref.[12] Ref. [12] This work This work This work

Pr a 6.96 7.54 7.30 7.35 6.69
b 17.24 16.99 17.41 17.62 17.08
c 27.58 28.14 27.09 27.20 27.74
Et a 4.84 5.02 5.07 4.93 4.53
b 7.74 7.66 7.79 7.86 7.81
c 18.32 19.88 19.07 19.05 18.52
Me a 4.62 4.60 4.58 4.50 4.29
b 8.02 7.87 8.28 8.19 8.02
c 17.02 18.66 18.40 17.82 16.69
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TABLE III. The details of slab models used in the bending sim-
ulation. The column of “Size” lists the number of molecules in each
model.

System Deformation Supercell Size a(A) b(A) c(A)

Pr Brittle 18x4x5 5760 5032 699 70.6
Et Elastic 27x4x5 6480 508.5 63.6 74.7
Me Elastic 29x8x15 6960 501.6 652 86.5
Me Plastic 30x8x15 7200 510.6 642 85.1

isobaric-isothermal (NPT) equilibration and (ii) the supercell
with the experimental cell parameters. Although these two
configurations only differ slightly, it has been found they led
to different elastic/plastic deformation processes in the sub-
sequent bending simulation. All supercell slab models were
then used to perform the three-point bending simulation as
illustrated in Fig. 3 with an indentation rate of 10 m/s under
300 K. For each system, we ran the indentation simulation for
multiple times to determine the maximum indentation depth
(5-20 nm) that led to the formation of the crack. Before the
maximum indentation depth was reached, we also continued
the simulation by releasing the indenter with the same rate to
check if the deformation process was reversible.

A. Direct identification of deformation characteristics

Figure 4 summarizes the simulated evolution of potential
energy as a function of indentation depth for all three ma-
terials. Encouragingly, our calculations produced a sequence
of deformations (including brittle fracture, elastic deforma-
tion, and plastic bending) that are similar to the previous
experimental observations [12]. First, Pr is clearly brittle as
evidenced by the abrupt drop of energy in Fig. 4(a), which
is consistent with the appearance of the crack pattern in
Fig. 1(a) when the indenter reaches 3.5 nm. On the other

(a) Loading
Pr: brittle Ll
04| —— Et: elastic i
E —— Me: elastic /
‘g 02 | —— Me: plastic P
L'<'JJ /\_/
0.0
0 2 4 6 8 10
(b) Unloading
— —— Me: elastic
g 02 | —— Me: plastic
3
4 00
0 2 4 6 8 10

Indentation Depth (nm)

FIG. 4. The evolution of average molecular potential energy as a
function of indentation depth upon (a) loading and (b) unloading.
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FIG. 5. The simulated distribution of accumulated rotational an-
gles (with respect to the initial configurations) for all materials upon
the bending loads (3.6 nm for Pr, 6.2 nm for Et, and 10.1 nm for Me).

hand, Et is more complaint with a maximum indentation of
6.2 nm. Applying further loading would lead to the formation
of a crack as well. If we released the indentation before Et
reached 6.2 nm, the model roughly returned to the origi-
nal state. Therefore, this deformation is elastic. Interestingly,
Me can survive under more than 10-nm indentation without
breaking under two different setups. For the slab after a full
NPT equilibration, it bends elastically, as evidenced by the
reversible energy versus indentation depth relation [denoted
as Me-elastic in Fig. 4(b)]. When the slab has a small strain in
the initial configuration (see Table III), its energy curves upon
loading and unloading are no longer reversible. Compared to
Me-elastic, this sample achieves a lower energy when it ap-
proaches the maximum indentation depth upon loading. When
the indentation is released, it does not return to the original
state, but maintains a relatively higher energy. Therefore, the
whole deformation process is irreversible and plastic. The
sample is called Me-plastic from now on.

To our knowledge, previous computational studies were
limited to indirect simulations of tensile and shear tests
[12,23,25,26]. Here, our calculations provide direct atomistic
modeling on the experimentally observed bending deforma-
tions. Compared to the simulation results, the elastic and
plastic samples are found to bend more significantly in real
experiments [12]. This is because the material along the x axis
under the actual bending test can shrink to release the tensile
stress. However, our simulation model still obeys the periodic
boundary condition along the x axis. Hence, we expect that
the degree of bending in simulation is underestimated as com-
pared to the real situation.

B. Atomistic motions upon the deformation

While analyzing their dynamic trajectories, we observed
that molecules rotate strongly upon bending. Figure 1 defines
the alignments (o, 8, and y) for each molecule that can rotate
along the x, y, and z axes in the Cartesian coordinates. The
distributions of molecular rotations under bending are shown
in Fig. 5. Given that indentation direction acts on the z axis
and the setup of three bending points aligns along the x axis,
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FIG. 6. The list of representative snapshots from the simulations of (a) Pr-brittle and (b) Et-elastic deformations.

we expect that the rotation along the y axis () is the primary
motion under the loading. Indeed, Fig. 5 reveals that the rota-
tion in B is more pronounced than that of other directions.

To understand the role of molecular rotation in the whole
deformation process, we plotted a few representative struc-
tures from the MD trajectory for each system in Figs. 6 and 7
and analyzed their patterns as follows.

Pr-brittle. Upon deformation, we found that the sample
continuously bends from 0 to 2.5 nm [the first row of Fig. 6(a)]
and 3.5 nm [the second row of Fig. 6(a)]. The Pr molecules
barely rotate around the x and z axes. However, the rotation
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on the y axis is more pronounced and it is symmetrically
distributed around the central indenter. When the indentation
depth exceeds 4.2 nm [the last row of Fig. 6(a)], the lower
surface cracks due to a large tensile stress.

Et-elastic. Up to the indentation depth of 4.0 nm [the first
row of Fig. 6(b)], the Et molecules barely rotate around the
x and z axis, while the rotation on the y axis () is more
pronounced and it is symmetrically distributed around the
central indenter. However, it is clear that the molecules around
the center of the y axis do not rotate. Upon further indentation
at 5.0 nm [the second row of Fig. 6(b)] and 6.2 nm [the last

Me-plastic

-30 -15 0 15 30 -30 -15 0 15 30 -30 -15 0 15 30
[ T T e N e N
a (degree) [ (degree) y (degree)

FIG. 7. The list of representative snapshots from the simulation of Me-plastic deformation.

033185-5



SANTOS-FLOREZ, HATTORI, AND ZHU

PHYSICAL REVIEW RESEARCH §, 033185 (2023)

row of Fig. 6(b)], the molecules at the center of lower surface
undergo a large rotation around the x and z axes due to a large
tensile stress, but do not rotate around the y axis. This suggests
that molecules upon tension prefer a rotation on « and y,
rather than the rotation around 8 due to the anisotropic behav-
ior of its potential energy landscape. Since the rotations are
symmetrically distributed around the indenter, it is an elastic
deformation. When the indentation is released, the process is
supposed to be reversible. Me-elastic sample undergoes very
similar processes except that the critical indentation depth
(10.2 nm) is larger.

Me-plastic. At 5.5 nm, we found that the Me molecules
near the indenter (first row of Fig. 7) have alternative changes
of o and y angles, which are similar to those in Fig. 6(b).
In addition, these molecules have nonsymmetric distribution
of B angles, which signals a phase transition triggered by the
large compressive stress in the upper surface due to bending.
This domain of new phases, consisting of realigned molecules
(denoted as the red dotted eclipse), can easily slip along
its interface with the parent domain. Upon indentation, the
molecules in the secondary domain do not gain enough mo-
mentum to go downward as compared to other molecules.
Therefore, the relative slipping direction of the secondary
domain is upward and we observed the appearance of a bump
near the indenter tip (second row of Fig. 7) at 6.7 nm. As the
tip continues to go down, the secondary domain keeps climb-
ing up until the bump reaches its maximum. In the mean time,
the molecules at the center bottom region are nearly flattened,
which can trigger another phase transition to form a new phase
domain. Upon further compression, the flattened molecules
at the center bottom region create much empty space along
the z axis. Thus, the secondary domain slips down to push
the neighboring molecules down to fill the empty space (third
row of Fig. 7) at 9.5 nm. When the indentation is released,
the process is supposed to be irreversible at low temperature
since triggering the back transformation requires some energy
barrier. Therefore, it is a plastic deformation.

Clearly, such a plastic deformation process is driven by
the molecular rotation, which is different from the metal’s
plastic deformation that requires the migration of dislocations
[29-33,49]. In several recent experimental studies, it has been
proposed that molecular rotation may play a central role to
generate a crystal twining [50] or phase transition [4,51]
which leads to plastic deformability. Our simulation on Me-
plastic revealed a similar atomistic picture except that its new
domain size is much smaller. Due to molecular rotation, some
Me molecules near the indenter form a new phase. The newly
formed secondary phase can freely slide along the interface to
adjust the local stress. In the early stage, the upward move-
ment of realigned molecules results in a bump shape near the
indenter (instead of two bumps being symmetrically aligned
near the indenter). Such an asymmetric bump has actually
been found in the bending experiment [12], which may pro-
vide more evidence to support our modeling results. Given
that most of the previous bending experiments did not report
the finding of new domains, it is likely that only very small
domains of rotated molecules can be formed due to energetic
reasons under the plastic bending deformation. In this case,
a reliable atomstic modeling is needed to capture such subtle
details. Furthermore, if the temperature is sufficiently high to

2. Flattening

1. Bending 40 |
30 1000
20 100
* 10
0 10
-10
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-30-20-10 0 10 20 30 40 AE (kcal/mol)

R; (degree)
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+ : /
/ /
R1: f rotation on red

R2: f rotation on blue 0. Equilibrium

FIG. 8. The computed rotation-dependent energy map for Me-
plastic from the GAFF model and its physical interpretation.

cross the phase transition barrier, the process may become
reversible, similar to the previously reported superelastic or
shape-memory phenomenon [4,50,51].

C. Rotation-dependent energy map

So far, we have established the relation between molecular
rotation and the observed mechanical bending flexibility of
organic crystals. However, we are still unclear why some ma-
terials are more compliant than others and why we observed
two different deformation behaviors on the Me crystal with
slightly different initial configurations. To determine their
physical origins, it is necessary to examine the potential en-
ergy surface with respect to the molecular rotations.

To compute the rotation-dependent energy map, we started
with the perfect crystal structures and tracked the energy
changes while systematically rotating two groups of symmet-
rically related molecules (colored in red and blue in Fig. 2)
along the y axis in the unit cell. Using Me-plastic as an exam-
ple, we computed its energy map as the function of the rotation
angles (R and R;) as shown in Fig. 8. In this map, it consists
of two main energy basins. The basin around (0, 0) represents
the global minima (GM) configuration around the equilib-
rium state. In the Me crystal, the molecules are aligned with
nonzero inclination angles. The arrow from (0, 0) to (—30, 30)
represents a bending of two molecules along the opposite di-
rections (namely, clockwise and anticlockwise directions). On
the other hand, there exists another local minimum (LM) of
energy at (30, 30), which represents a flattened configuration
with both molecules being aligned horizontally. Such a state
can be achieved through barrier crossing by adding a large
tensile or compressive strains as shown by the arrow from
(0, 0) to (30, 30).

Consequently, we applied this approach to compute
the rotational-dependent energy maps for all systems and
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FIG. 9. The potential energy surface from the GAFF model as a function of molecular rotation for three crystals with different mechanical

responses: (a) Pr-brittle, (b) Et-elastic, (c) Me-elastic, and (d) Me-plastic deformations. The dashed lines in each subplot denote the direction
of symmetric bending. The white regions in panel (a) denote the rotations leading to energy exceeding 10 000 kcal/mol.

attempted to find a predictive model to link the possible defor-
mation mechanism with our atomistic simulations. The results
are summarized as follows.

(i) Pr has a very stiff GM [see Fig. 9(a)]. This indi-
cates that even a slight rotation can lead to a high energy
penalty. The energy basin of the GM is aligned diagonally.
In this energy basin, the total energy increases over 1000
kcal/mol if two molecules bend symmetrically from (0, 0)
to (£10, F10). Such a high-energy penalty would eventually
lead to the formation of a crack. In addition, there is a LM
centered around (20, 20). But this state is nearly inaccessible
from the GM due to a high-energy barrier. Hence, Pr has a
limited rotational freedom, which is consistent with its brittle
nature.

(ii)) Et has more spreads around the GM [Fig. 9(b)]. As
shown in Fig. 5, two peaks are symmetrically distributed at
420° when the system reaches the elastic limit. The rotation
from (0, 0) to (£20, F20) would lead to a penalty energy of
500 kJ/mol. Therefore, the Et molecules can rotate more than
Pr before the crack event starts. Similarly, Et has a LM around
(30, 30) with a high-energy barrier.

(iii)) Me-elastic [see Fig. 9(c)] has a shape similar to that
of Et [Fig. 9(b)], except that it has a wider bending region
as denoted by the dotted line. Similarly, it has a high-energy
barrier that prevents the phase transition to the adjacent LM
through the flattening motion. Therefore, Me molecules can
bend more easily than Et, but they cannot reach the LM state
due to a high barrier.

(iv) Me-plastic has the flattest GM basin [Fig. 9(d)].
The energy barrier of symmetric bending from (0, 0) to
(£30, F30) is only about 500 kcal/mol. Hence, the Me
molecules can bend more easily than the Et molecules. More
interestingly, there is a low-energy pathway that connects the
LM at (30, 30) to the GM basin. Under the bending defor-
mation, the molecules in a large nonperiodic supercell may
access other states due to the thermal fluctuation. The required
barrier crossing from the GM to the LM can be further reduced
due to the surface molecules, strain, and other defects. Hence,
it is possible to trigger the nucleation of a secondary domain
with realigned molecules in the LM state. According to the
nature of bending, such a phase transition is more likely to
occur in either the upper or the lower surface due to extra ten-
sile/compressive strains. And the reoriented molecules (near
the LM state) result in a stronger peak around 8 = 30° as
compared to that around —30° in Fig. 5.

From the above analysis, it is clear that each type of de-
formation has its own characteristics in its rotation-dependent
energy map despite that the model is restricted to a single unit
cell assumption. First, a brittle deformation should correspond
to a stiff GM with a high-energy penalty to bend. When
the GM becomes less stiffer, the system tends to have more
elastic regions and becomes more compliant. Finally, the key
to achieve a plastic deformation is to have a low-energy barrier
between the GM and its adjacent LM states. Clearly, such a
simplified energy map is instructive to understand the trend
of bending deformation when molecular rotation is the major
factor. In addition, we checked the rotation-dependent energy
maps with two other energy models (OpenFF and DFTB-TS).
Encouragingly, the results are overall very similar (see ex-
tended analysis and discussion in the Appendix). Hence, we
may be able to employ this model to predict the deformation
behaviors for new organic crystals without performing expen-
sive large-scale MD simulations in the future work.

IV. CONCLUDING REMARKS

In this work, we have performed extensive molecular dy-
namics simulations to directly model the mechanical bending
of organic crystals. Using three recently reported naphtha-
lene diimide derivatives as the examples, our simulation
successfully produced different deformation behaviors from
brittle fracture to elastic/plastic deformation upon mechani-
cal bending. By analyzing the atomistic trajectories from our
simulations, we discovered that molecular rotational freedom
is the key factor determining a material’s bendability, which
arises from the delicate interplay between geometric packing
and intermolecular interactions. Furthermore, we found the
rotation-dependent potential energy surface can be used to
clarify the origin of different mechanical deformations for
organic materials. Although the role of molecular rotation
in driving the plastic bending has been recognized in sev-
eral previous experiments based on the observation of twin
formation and phase transitions [4,50,51], our work extends
this mechanism to more general cases in which the rotated
molecules do not necessarily form a large domain to allow the
plastic deformability.

While we focused on only three naphthalene diimide
derivatives in this study, the proposed three-point bend-
ing setup is entirely general to handle different organic
systems as long as the crystal structures and orientations are
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known. In the future, we will continue to test this approach
on other crystallographic directions [12] and other systems
[2,6,9,11,35,52]. Additionally, the impacts of model size,
strain rate, and indenter shape on other systems needs to be
studied to ensure the simulation pipeline is transferable to
other systems.

In parallel to this work, we recently proposed a crystal
packing similarity model [53] that can rapidly identify the
organic crystals with similar packing and intermolecular in-
teraction. Combining it with the present atomistic modeling
approach, we hope to develop a full simulation pipeline to
screen new mechanically flexible organic crystals from the
available database [54] for future device applications.

The codes used to calculate the results of this study are
available in Ref. [55].
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APPENDIX: VALIDATION WITH OTHER
ENERGY MODELS

As discussed in the main text, the GAFF model, as well
as other energy models, can describe the equilibrium lattice
constants reasonably well. Since our simulations also involve
samples with large deformation, it is necessary to validate the
feasibility of the GAFF model in describing the configurations
with large deformation. Hence, we performed additional vali-
dations from the following aspects.

First, we repeated the same bending simulations with the
OpenFF model and the results are qualitatively similar to the
simulations based on the GAFF model. Namely, we observed
the same behaviors of brittle fracture, elastic, and plastic de-
formations for the three systems. Given that the GAFF and
OpenFF models are parametrized from completely different
protocols, the agreement from two independent force field
parameters indicates the observed phenomena should be gen-
eral and invariant with the choice of force field models.
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Second, we proposed the idea of rotation-dependent energy
maps to understand the atomistic mechanism of bending in
the main text. Figure 10 displays the comparison of rotation-
dependent energy maps from different models, including
GAFF (upper panels), OpenFF (middle panels), and DFTB-
TS (lower panels). It can be clearly seen that the GAFF results
are remarkably similar to the OpenFF results for all three
systems. Due to the convergence issue in the self-consistent
field method of DFTB, we omitted the configurations with
rotations smaller than —15°. The DFTB-TS approach, as a
more first-principle model, also yields consistent GM and
LM shapes for each system, despite that the overall energy

surfaces are much smoother. If we compare the GM-LM tran-
sitions, the elastic system generally requires a higher-energy
barrier as compared to the plastic systems for all three energy
models, thus confirming our interpretation that the nucleation
of the LM in the plastic system is easier due to a smaller-
energy barrier. There is only one notable difference in that
the DFTB-TS approach predicts that the GM-LM transition in
the brittle system requires a barrier comparable to that in the
plastic system. However, such a transition should be prevented
by the interlocking molecular packing. Hence, it does not
impact our main conclusion that the transition between the
LM and the GM in the plastic system is most favorable.
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