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ABSTRACT: More than one-quarter of molecular crystals that are
able to be melted can be made to grow in the form of twisted
lamellae or fibers. The mechanisms leading to such unusual crystal
morphologies lacking long-range translational symmetry on the
mesoscale are poorly understood. Benzil (C6H5C(O)−C(O)-
C6H5) is one such crystal. Here, we calculate the morphology of
rod-shaped benzil nanocrystals and other related structures. The
ground states of these ensembles were twisted by 0.05−0.75°/Å for
rods with cross sections of 50−10 nm2, respectively; the degree of
twisting decreased inversely proportional to the crystal cross-
sectional area. In the aggregate, our computational studies,
combined with earlier observations by light microscopy, suggest
that in some cases very small crystals acquire 3D translational periodicity only after reaching a certain size. Twisting is accompanied
by conformational changes of molecules on the {101̅0} surfaces of the six-sided rods, although it is not easily answered from our data
whether such changes are causes of the twisting, consequences of surface stress where symmetry is broken, or consequences of
intrinsic dissymmetry when two or more geometric tendencies are in conflict. Nevertheless, it has become clear that, in some cases,
the development of a crystal with a lattice having long-range translational symmetry is not foretold in the thermodynamics of
aggregates of molecules. Rather, a lattice is sometimes a device for allowing a growing crystal to take advantage of the
thermodynamic driving force of growth, the best compromise for a large number of molecules, which on a smaller scale would be
dissymmetric (have a point symmetry only). The relationship between these calculations and the ubiquity of crystal twisting on the
mesoscale are discussed.

■ INTRODUCTION

Well-formed crystals, whether periodic or even quasi-periodic,
are polyhedra with flat faces and sharp edges. While the official
definition of “crystal” since 1992 is based on the sharpness of
its diffraction pattern,1 a still serviceable part of any colloquial
definition of crystal, even if not officially, is this: Crystals are
straight systems of points, approximated as lattices, related to
one another by translation.
Researchers have recently taken to bending or twisting as-

grown molecular crystals by applying forces with pincers2,3 or
by imposing photochemical4−8 and/or thermochemical9 trans-
formations.10,11 The considerable elasticity and plasticity of
molecular crystals,12 previously presumed to be brittle, was
surprising a decade ago, but the stream of examples since that
time has changed the outlook of the scientific community with
respect to the mechanical properties of crystals made from
molecules. However, long before this recent trend in crystal
chemistry and physics, it had been shown that a large fraction
of molecular crystals can develop helicoidal morphologies
during growth.13−16 In such cases, there are no external forces
applied, from forceps, electrodynamic fields, or the strain
induced by heterogeneous chemical reactions. Of foremost
concern to contemporary research is the cause of twisting, the

forces involved, and the troubling fact that helicoids have
curvature; they are not polyhedra, and they are decidedly not
straight.17 If so many crystals are helicoids, what then is a
crystal?
Isolated micron- and macro-sized crystals can be

twisted,18,19 but the vast majority of twisted molecular crystals
are found in so-called banded spherulites20−22 formed by
tightly packed fibrous or lamellar crystals with high aspect
ratios. In fact, Bernauer claimed that at least a quarter of
molecular crystals can be grown from the melt as aggregates of
needle-like crystals twisting more or less in phase.16 In our
experience, with substances that can be crystallized from the
melt, this is an underestimate. Subsequently, it was suggested
that as many as one-half of synthetic polymers can crystallize as
spherulites with twisted fibers.17

Received: May 12, 2020
Revised: June 23, 2020
Published: June 23, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
15616

https://dx.doi.org/10.1021/acs.jpcc.0c04258
J. Phys. Chem. C 2020, 124, 15616−15624

D
ow

nl
oa

de
d 

vi
a 

N
EW

 Y
O

R
K

 U
N

IV
 o

n 
Ju

ly
 2

1,
 2

02
0 

at
 1

3:
28

:0
9 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+G.+Shtukenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leslie+Vogt-Maranto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Efi+Efrati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paolo+Raiteri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julian+D.+Gale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+L.+Rohl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+L.+Rohl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+Kahr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c04258&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04258?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04258?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04258?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04258?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04258?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
https://pubs.acs.org/toc/jpccck/124/28?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04258?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


Twists in the crystals of spherulites strongly depend on the
growth temperature, primarily because the driving force for
crystallization and properties of materials are highly temper-
ature-dependent. Typically, higher supercooling and smaller
cross-sectional areas drive twisting.17,23,24 The twisting of
single crystals has been observed with a light microscope in
rare cases. For instance, as a needle of hippuric acid grows, the
twist is mostly manifest at the tip. As the needle thickens, the
crystal gradually unwinds.25−27

The aforementioned evidence prompts a general question: Is
translational symmetry a necessary feature of very small
crystals, and when can a crystal be adequately described by
space group symmetry with long-range translations consistent
with a lattice? When, then, do molecular crystals generally earn
their translational symmetry?
Here, we report that molecular nanorods of benzil, among

other small in silico models of crystals of simple molecules,
spontaneously twist during force field minimization and
molecular dynamics (MD) simulation. The relationship
between the twist rate and the crystal size is reported and
compared with geometrical scaling laws.28

■ RESULTS
Twisted Benzil Nanocrystals. The crystal structure of

benzil (Figure 1a), space group P31(2)21, was first determined
in the 1920s29,30 and later refined.31−33 The three molecules in
the unit cell pack around the 31(2) axis with herringbone
interactions between the aromatic rings of neighboring
molecules (Figure 1b). Large benzil single crystals with a
hexagonal bipyramidal or biprism morphology can be obtained
by slow evaporation from acetone solutions34 or by seeding the
melt35 (Figure 1f). Large benzil microcrystals were obtained by
precipitation from ethanol and water (1:10 v/v) solutions
(Figure 1e). Fine benzil fibers, twisted with a mesoscale pitch
(crystal length needed to achieve 2π rotation, P ≈ 0.6 mm) are
organized as spherulites.23 The periodic, dark extinction bands
between crossed polarizers (two bands for 2π rotation) are the
telltale signatures of fibril twisting (Figure 1d). Such banded
polycrystalline ensembles can be grown at room temperature
in the form of spherulites in the presence of colophony, gum
mastic, castor oil, or even without any additives if crystallized
below room temperature. Natural oils or resins have the effect
of inhibiting nucleation and increasing the effective crystallo-
graphic driving force that can otherwise only be achieved by
increasing the undercooling of the melt. Under the working
hypothesis that benzil microcrystals inherit their morphologies
from nanocrystals (Figure 1e), albeit by some mechanism not
yet clarified, we built a six-sided benzil nanocrystal from the

crystal coordinates.32 In the course of iterative geometry
optimizations and MD cycles (see details in the Methods
section), a crystallographically straight benzil nanocrystal in
space group P3121 adopted a pronounced left-handed twist
(Figure 1c). A similar twist was also observed under energy
minimization alone, illustrating that twisting in this case is a
nonactivated, barrier-free process. However, the iterative
process of geometry optimization followed by molecular
dynamics at 10 K until the optimization criteria were met
was used for all subsequent calculations. This was found to
speed up the convergence to the final structure. A right-handed
twisted crystal was observed for the enantiomorph P3221
(Figure S1), as required by symmetry. The twist rate was
quantified on the basis of the positions of the centers of mass
of the molecules (Figure S2).
Figure 1d shows banded spherulites of benzil with periodic

changes in refractivity. This means that, at the mesoscale, the
growth direction cannot be <0001>. The growth direction is
the twisting axis. If the twisting axis were <0001>, directions
with the same refractivity, perpendicular to the optic axis,
would be modulated. There would be no periodic changes in
light intensity between crossed polarizers. For this reason, we
also simulated a benzil rod with 17 × 4 × 3 unit cells elongated
along <101̅0>. The twist of 0.38°/Å is shown in Figure 2. We
now continue with a fuller analysis of <0001> rods as in Figure
1c.

Effect of Crystal Size. The relationship between size and
twist was evaluated by simulations on benzil c-elongated
nanocrystals with cross sections of 2, 3, 4, 5, and 6 unit cells
along a {101̅0} side of a six-sided prism. The length of the
nanocrystals was constant at 15 unit cells. The twist rate, θ (o/

Figure 1. Benzil and its crystals at different length scales. (a) Molecular structure, indicating the three torsional degrees of freedom. (b) Crystal
structure (P3121) viewed along c. (c) Trigonal benzil nanocrystalline rod before (left) and after our geometry optimization procedure (right). (d)
Optical micrograph of benzil banded spherulites grown from the melt containing ca. 20 wt % colophony after quenching in dry ice (growth
temperature 0 to −20 °C) and allowing the material to warm to room temperature. Individual crystalline fibrils are no thicker than several microns.
(e) SEM image of six-sided benzil microcrystals grown from a mixture of ethanol and water (1:10). (f) Large benzil single crystal. Metric scale in
cm.

Figure 2. Benzil rod of 17 × 4 × 3 unit cells elongated along <101̅0>
based on the crystal structure (left) and twisted after optimization
(right).
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Å), did not show strong dependence on the crystal length
(Figure S3). Equilibrated structures, twisting angles (θ), and
widths (w) are shown in Figure 3a. Crystals untwist as they get

thicker, in accordance with the following relationship (Figure
3b),

π θ= =P kw2 / 2 (1)

where P is the pitch (crystal length needed to achieve 2π
rotation) and k = 1.24 Å−1 is a constant.
The potential energy change accompanying twisting was

computed by imposing predefined twists on two benzil
nanocrystals (measuring 10 unit cells in length, with 4 unit
cells on a side) in the General Utility Lattice Program
(GULP),36,37 and the induced strain was locally optimized

using a conjugate gradient minimizer (Figure 3c). Equivalent
structures were obtained by minimizing in the absence of
dynamics in most cases. The negative twist was assigned to
left-handed nanocrystals, while positive values corresponded to
right-handed ones. The lowest energy corresponded to the
twist rate ca. 4°/unit cell for the 4 × 4 × 10 benzil
nanocrystals. Thus, the left-handed twisted structure is more
stable than the straight one, and there is no energy barrier
associated with the transition from a straight crystal to the
twisted minimum.

Surface Reconstruction in Benzil Nanocrystals. Benzil
has a skew, C2-symmetric38−40 ground state in the gas phase
with an OC−CO torsion angle (Ψ) of 117°41 by electron
diffraction and 127°42,43 by density functional theory according
to the literature, although we have computed a more accurate
value of 116.3°. In a periodic crystal, each benzil molecule has
an approximate C2-symmetric skew configuration (the
molecules sit on general positions) with an OC−CO
torsion angle (Ψ) of 107°. The value of Ψ following periodic
GAFF geometry optimization was 114°. To analyze the
distribution of molecular benzil configurations in twisted
nanocrystals, we determined the torsion angles Ω and Φ of the
phenyl rings around the carbonyl group, as well as Ψ (see
Figure 1a for illustration of these angles). A benzil nanocrystal
measuring 4 × 4 × 15 unit cells was studied in the greatest
detail. Because the configuration of the molecule may also be
influenced by surface reconstruction, the molecules were
divided into three groups based on their positions in the crystal
(Figure 4a). Except for several molecules on the {0001}
surfaces, the torsion angles Ω and Φ do not significantly
change over the crystal (Figure 4b and c), meaning that the
phenyl rings remain nearly coplanar with the CO bonds.
The distribution of torsion angles, Ψ, however, is much wider.
There is a noticeable population of molecules in the outer layer
having two CO bonds ca. 30° closer to each other than the
molecules in the original crystal structure (Figure 4d). This
suggests that the possible reason for benzil twistingor a
consequence of twistingis reconstruction of the {101̅0}
surfaces. Figure 4f shows the benzil rod with the surface
molecules having small OC−CO angles in the bimodal
distribution of Figure 4d marked in brown. It is obvious that
the large conformational changes are not manifest in all
molecules, and they tend to occur in rows. In other words, the
conformational changes appear to be coupled or cooperative.
To test the connection between surface reconstruction and

bulk nanocrystal twisting, our geometry optimization proce-
dure was performed using a force field in which the torsion
parameter in the force field for the OC−CO angle, K, was
stiffened beyond a physically realistic expectation (see the
Methods section). With the optimized torsion constant K =
0.013 eV given by the GAFF force field,44,45 Ψ was broadly
distributed between 75° and 125° (Figure 4e). As the force
constant increased to a value characteristic of a more rigid
aromatic system, K = 0.157 eV, the distribution became
narrower and symmetric around Ψ = 107°, the value
corresponding to the starting bulk crystal structure of benzil.
This increase in K was accompanied by a decrease in θ from
3.4 to 1.1°/Å (Figure S4).

Benzil Not Unique nor Wholly Representative. Need-
less to say, benzil nanocrystals are not the only ones that
noticeably forego their space group symmetry. Moreover, some
nanocrystals remain straight. 4-Phenoxyaniline (C12H11NO,
space group P21,

46 Figure 5a−c) is twisted around the b axis,

Figure 3. Relationship between twist and size of the crystal. (a)
Twisting angle, θ, for spontaneously twisted benzil nanocrystals 15
unit cells long. The sides of the six-sided rod, w, ranged from 2 to 6
unit cells in increments of one cell. (b) Pitch of the twisted benzil
nanocrystal versus square of side width, w2. (c) Potential energy per
molecule calculated for twisted benzil nanocrystals with 4 unit cells on
sides. The energy difference was calculated with respect to the lowest
energy point for each nanorod. Negative twist corresponds to the left-
handed twist.
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whereas 4,4′-dimethylbenzophenone (C15H14O, space group
P3221,

47 Figure 5d−f) barely departs from its crystallographic
structure at the nanoscale.
Figure 5b shows a nanocrystal of 4-phenoxyaniline

measuring 3, 4, and 20 unit cells along a, c, and b, respectively,
that adopted a right-handed twist after minimization. The
twisted geometry was lower in internal energy (Figure 5c).
Moreover, the conformations of molecules on the surfaces
were of altered conformation, as was the case for benzil (Figure
S5A). There was a large proportion of molecules on the surface
having the rotation angles between two phenyl rings ca. 5°
smaller than the average of the interior molecules.
Figure 5f shows the potential energy of 4,4′-dimethylbenzo-

phenone (Figure 5d) as a function of twist centered at 0°, the
crystallographic configuration (Figure 5e). No significant
conformational change for molecules on the surface was
observed, further demonstrating that twisting and surface
distortion are coupled with each other (Figure S5B).

■ DISCUSSION

Why are some nanocrystals twisted, lacking long-range
translationally symmetry? Uncompensated bonds on the
crystal surface are responsible for the surface stresses that
may drive bulk distortions and morphological changes.48,49

Alternatively, a crystal may be viewed as a geometrically
frustrated assembly,28,50−53 in which intrinsic distortions of the
bulk could affect the crystal morphology and drive conforma-
tional changes on the surface. Are the geometric changes we
see in molecules on the {101̅0} surfaces of benzil causes or
consequences of the twisting or are both phenomena simply
coincidental? Changes in the surface structure and bulk
twisting are coupled as geometry optimizations with rigid in
silico benzil molecules, described earlier, that constrained the
twisting observed. Later we discuss these two options.
Surface Stress and Surface Reconstruction. The energy

of broken chemical bonds at crystal surfaces and interfaces
leads to surface energy and surface stress. Surface stresses are
known to change unit cell dimensions in nanocrystals54 and

represent a driving force for the reconstruction of metal and
semiconductor crystal surfaces.48,55,56 On the other hand, bona
fide examples of surface reconstruction in molecular crystals

Figure 4. Molecular geometries of twisted benzil crystals. (a) Representation of three layers (layers 1, 2, and 3) from the outside to the center in a
benzil nanocrystal measuring 4 unit cells on a side and 15 unit cells in length (4 × 15). (b−d) Distributions of Ω (b), Φ (c), and Ψ (d) in a twisted
benzil crystal (4 × 15). The relative positions of the molecules are distinguished by colors. (e) Distributions of Ψ for all molecules in crystals under
different force constants K. The red dashed lines represent values of corresponding angles in the ideal periodic crystal structure. (f) Twisted benzil
nanocrystal with the molecules having smaller OC−CO angles in brown.

Figure 5. Spontaneously twisted nanocrystals of 4-phenoxyaniline
(a−c) and nontwisted crystals of 4,4′-dimethylbenzophenone (d−f).
(a, d) Molecular structures. (b) Nanocrystals of 4-phenoxyaniline
show a twist after the relief of local strain, while (e) nanocrystals of
4,4′-dimethylbenzophenone remained straight. (c, f) Energy differ-
ences with respect to the lowest energy points per molecule of
nanocrystals as functions of twisting angle.
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are few and far between. Researchers have considered
differences in dimensions of molecular crystal surface cells
established by atomic force microscopy (AFM) and those
computed from crystal structures.57,58 They have recently
focused on organic semiconductor crystals in thin films
because such 2D crystals have large surfaces.59,60 However,
generally, surface reconstruction (or relaxation or surface-
induced polymorphism, among other names) is small and
difficult to detect. Roberts and co-workers surmised that the
differences between the gas-phase and ground-state conforma-
tion of benzophenone and its crystal structure conformation
could account for the unexpected morphologies of solution-
grown crystals via reconfiguration of surface molecules.61 Later,
he and others showed by simulation, with support from X-ray
absorption near edge structure (XANES) spectroscopy, that
the molecules on the {0001} surfaces of benzil were distorted
from their crystal conformations.62,63 In fact, these computa-
tions suggested to us the possibility of testing surface stresses
as a cause of crystal twisting and directed us to our emphasis
on benzil here, among the innumerable other sometimes
twisted crystals we might have selected. However, we did not
observe comparable changes in conformation at benzil {0001}
surfaces with the GAFF or CVFF force fields under geometry
optimization or molecular dynamics simulation. No significant
evidence for surface reconstruction was observed when
simulating the infinite surface of benzil crystal under periodic
boundary conditions, albeit our computational models are
quite different from those used almost 25 years ago. We did,
however, see conformational changes on the {101̅0} surfaces in
nanocrystals, as described earlier, with concomitant twisting.
Although surface reconstruction can reduce surface stress,

the remaining stress is significant48 and the presence of
reconstruction indicates a high level of surface stresses. A lot of
publications consider the effect of crystal size on unit cell
dimensions and evaluate surface stress in metals, semi-
conductors, oxides, and salts.54 Much fewer studies analyze
molecular crystals, and almost nothing is done about the effect
of surface stress on crystal morphology. Stresses arising from
surfaces have long been implicated in the twisting of the
lamellae of polymers.64−68 Anisotropic surface stresses of
−0.27 and −0.4 N/m calculated for the folding surfaces of
polyethylene69 were in agreement with the values of −0.1 to
−0.2 N/m that were experimentally determined for n-paraffins
and polyethylene.70 These values allowed authors to correctly
estimate the twist intensity in poly(R-3-hydroxybutyrate)
copolymers.71

Using the same approach as in our previous publication,25

we developed a model to predict the effect of crystal size on
the surface-stress-induced twisting (see text in the Supporting
Information). Figure S6 shows that, for the crystals comparable
in size with benzil crystals used in our simulations, this effect
can be roughly approximated by a power function P ∝ w1.3,
which is not consistent with the computational results (eq 1).
This shows that the surface stress is unlikely to be the sole
reason for the benzil twisting revealed in our simulations.
Intrinsic Deformations and Geometric Frustration.

Given a bulk crystal with translational symmetry along all three
dimensions, we can investigate how it behaves if it was cut into
pieces. The crystal obviously begins in a state of mechanical
equilibrium and, thus, in local stress balance. We expect this
stress to vanish as we make the elements smaller, and the
intrinsic stress will become increasingly manifest. The
construction of a nanocrystal is in effect a computational

liberation of the residual stresses in a straight bulk crystal. An
examination of this process was explored analytically and by
experimental mathematics for homogeneous media.28 The
extent to which these ideas can be extended to molecular
suprastructures that are inhomogeneous (atomistic and built of
molecules of varying conformations on the interior and
exterior) remains to be established. Nevertheless, computa-
tions herein are not inconsistent with a homogeneous body
with an intrinsic local twist that has untwisted because it has
conformed to a point lattice in order to grow.
In chemistry, there are many nanoscale supramolecular

structures that are helicoidal and size-limited. Because
untwisting is a prerequisite for further growthotherwise
structures would become increasingly baroque with their
growing cross sectionssuch materials are often size-limited.
Nanoscale structures made from chiral components, such as
amyloid fibrils, are twisted;72 for a long time, only twisted
amyloid fibrils were known. However, it was recently shown
that, when fibers reach a critical width, they straighten and
become translationally periodic.73−75 Some crystals may also
be able to take advantage of the thermodynamic driving force
of crystal growth once they straighten up. Benzil may be one of
such crystals. Indirectly this connection is supported by the
P(w) scaling law. It was shown theoretically28 that, as the
number of coherently aligned twisted fibers increases, the twist
intensity of the ensemble decreases with the same scaling law,
P ∝ w2, as observed in our simulations (eq 1).

Correspondence with Mesoscale Twisting. Can twist-
ing of mesoscopic (100 nm to 2 μm in cross section)
crystalsand even macroscopic crystalsobserved in innu-
merable instances be connected to intrinsic twisting of their
nanocrystals? Might there be some mechanism whereby the
intrinsic twist at the nanoscale is propagated, and preserved in
part, as for much larger structures, thereby accounting for the
phenomenologically very large number of highly crystalline
compounds that grow as helicoidal fibers?
According to eq 1, the twist period observed in benzil-

banded spherulites, P ≈ 0.6 mm (Figure 1d), corresponds to
the crystal thickness 2w ≈ 0.44 μm, which falls in the range of
typical thickness of fibers in banded molecular spherulites
(0.02−1 μm). On the other hand, the twist decay is
proportional to the cross-sectional area, while for the vapor-
grown hippuric acid crystals as well as some other materials the
pitch is roughly proportional to the width, P ∝ w.25,26 A
possible reason for this deviation is plastic relaxation of elastic
stress17,25,26 not considered in our geometry-optimization
procedure. As a crystal is deformed elastically as it grows,
some part of the deformation becomes permanent (i.e., plastic)
if the stress is high enough. Plastic stress relaxation may slow
down the decrease of the twist intensity, changing the scaling
exponent from 2 to 1.

Straight Molecular Crystals. Aggregates of molecules can
associate with one another without restrictions on rotational
symmetry. However, as the aggregates get larger and a crystal
nucleus begins to grow, there are severe symmetry restrictions
that exert themselves. Only rotational symmetries of order 1, 2,
3, 4, or 6 are permitted (quasicrystals notwithstanding). In
other words, molecules have to accommodate themselves into
predetermined symmetries that are consistent with point
lattices having long-range translational symmetry. If molecules
become part of a crystal, they must make a compromise
between the best interactions with their nearest neighbors and
what they must do in order to form a structure that is
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conformable to a lattice. From such a perspective, subvolumes
within some crystals might be viewed as bodies under elastic
stress. Moreover, for such a system, there is no stress-free
configuration.
Rybtchinski and co-workers have pioneered the use of

cryogenic transmission electron microscopy to observe
molecular crystal nuclei (nanocrystals) growing in situ.76−78

There is every expectation that this body of work will expand
rapidly in the near term. In aggregate, these studies show that
many very small molecular crystals adopt their mature
polyhedral forms in stages. In the interim, disordered
condensates, as well as bent and twisted fibrils, assemble
stepwise to form that which we recognize as a crystal. In other
words, developing evidence indicates that very small crystalline
(highly organized) materials are not polyhedral. Translational
symmetry is not present in the initial stages of some
crystallizations. It is something that crystals composed of
weakly bonded molecules sometimes grow into. After
formation, such a primary nanocrystal may still have enough
flexibility to grow as a nonclassical twisted object and become
straight and fully “classical” only as its size becomes sufficiently
large.
Whether the best question is “Why are crystals twisted?” or

“Why are crystals straight?” is an argument about forces that
simultaneously have the characteristics of both a chicken and
an egg. Some of the ubiquitous twisted crystals that we have
observed may be “chickens” (something happened during their
development), and some others may be “eggs” (they were born
that way).

■ CONCLUSION

We have found through simulation that some molecular
crystals can twist spontaneously at the nanoscale. Twisting of
benzil nanocrystals was studied in the greatest detail. We
proposed that this intrinsically twisted morphology may result
from the surface stress due to the difference in the bonding
patterns and molecular conformations on the surface and in
the bulk. Alternatively, intrinsic stresses in crystal structures
with long-range translational symmetry may be liberated at
small sizes, thereby causing deformations at free surfaces where
molecules are not constrained. Bulk and surface deformations
are surely coupled, but which drives the other? As crystals get
larger in silico, they gradually untwist, hewing toward a 3D
periodic crystal. Comparison of the twist intensity versus
crystal size favors the dominance of the intrinsic stress
mechanism. On a more general level, this is suggestive of a
process whereby translational symmetry is a compromise
accepted by mature crystals. There nevertheless remains a
chasm between the twisting of nanocrystals in molecular
simulations and the crystal twisting observed in optical banded
spherulites on the mesoscale.

■ METHODS

Optimizations and MD simulations were performed with
LAMMPS (Large-Scale Atomic/Molecular Massively Parallel
Simulator) code.79 Both the Generalized Amber Force Field
(GAFF)44,45 and Consistent Valence Force Field (CVFF)80

were applied to simulate benzil crystals. For GAFF, the partial
atomic charges were derived from a RESP calculation at the
HF/6-31G* level of theory using the online R.E.D. web
service.81−84 The partial atomic charges were from the default
CVFF force field. The nanocrystals were placed in the center of

an orthogonal simulation box. Periodic boundary conditions
were removed as in our previous work.85 Electrostatic
interactions were treated using full-pairwise summation by
setting the interaction truncation cutoff to be larger than the
length of the nanocrystal, such that the interactions between
every pair of atoms in the system were calculated. The twisting
is not an activated process, and the rods assembled from
crystallographic coordinates twisted spontaneously. All struc-
tures were initially optimized using a conjugate gradient
minimization with relative energy tolerance of 10−8, as
implemented in LAMMPS. The optimized structure was
further relaxed using room-temperature (300 K) MD
simulation with 1 fs time step. The temperature was controlled
using a Langevin thermostat. The pitch was monitored during
the simulation, the simulation was stopped when it was
constant over time for at least 0.02 ns, and the trajectory was
recorded every 1 ps. The pitch in Figure 3a is the value
averaged over the last 50 frames in the trajectory. For the
torsion angle analysis reported in Figure 4, the structures were
equilibrated for an extra 1 ns and the final results were
averaged over the last 300 frames. Predefined twists shown in
Figures 3 and 5 were imposed using the General Utility Lattice
Program (GULP) code, and the structures were relaxed by
conjugate gradient minimization. Phonon frequency analysis
was also calculated using GULP.36,37

In the process of choosing force fields for benzil, we
calculated the phonon spectra of the trigonal, room-temper-
ature phase86 and the monoclinic low-temperature phase.87

Here, phonon properties for benzil unit cells were analyzed by
calculating the eigenvalues of the dynamical matrix, the mass-
weighted second derivative of the energy as a function of
atomic displacement. A structure is an energy minimum if all
the phonon frequencies are real, whereas phonons with
imaginary frequencies indicate dynamical instabilities. Two
imaginary frequencies were computed during the optimization
of the periodic trigonal crystal structure with both GAFF and
CVFF force fields. On the other hand, the monoclinic structure
had no imaginary frequencies. This finding is consistent with
the monoclinic crystal structure being the stable form at low
temperatures, as observed experimentally, while the trigonal
structure represents the dynamic average over multiple
equivalent minima, as observed above the phase-transition
temperature. The latter is best described as a hypertransition
state with soft vibrations characteristic of a system subject to
phase transformation.
The flexibility of molecules was controlled by adjusting the

torsional parameters in the force field. The torsional potential
in GAFF is calculated using the following equation

= [ + ϑ − ]E K n d1 cos( )

where K is the torsional force constant, ϑ is the torsion angle, d
is the phase angle, and n is the multiplicity. The flexibility of
the benzil molecule is mainly controlled by the torsion angle of
CA−C−C−CA, which contributes to the rotations of the
phenyl rings with respect to carbonyl groups, and OC−C
O dihedrals, which represent the rotation of two CO bonds
with respect to each other. Hence, in our work, the molecular
flexibility is controlled by the K value. The d parameter was
also changed to ensure that the minimum energy conformation
was that of the crystallographic benzil molecule (Ψ = 107°).
The gas-phase equilibrium torsional angle (116.3°) was
determined by optimization at the ωB97X-D3/def2-QZVPP
level of theory88 using the ORCA code.89
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