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Abstract: Despite persistent extensive observations of crystals with chiral shapes, the
mechanisms underlying their formation are not well-understood. While past studies suggest that
chiral shapes can form because of crystallization in the presence of chiral additives, or because of
an intrinsic tendency that stems from the crystal structure, there are many cases where these
explanations are not suitable or have not been tested. Here, an investigation of model Te
nanocrystals provides unique insights into the chain of chirality transfer between crystal structure

and shape. We show this transfer is mediated by screw dislocations, and shape chirality is not an

outcome of the chiral crystal structure or ligands.

One Sentence Summary: 1. Chirality transfer between crystal structure and shape in model

nanocrystals is mediated by screw dislocations



2. The chiral shape of model inorganic nanocrystals arises through a screw dislocation

mechanism

Main text: The formation pathway of crystals with chiral shapes has been a topic of controversy
(1,2) for over 170 years, ever since Pasteur (3) in 1848 reported the formation of chiral crystals
from chiral tartarate molecules. Yet, Pasteur himself only ever obtained achiral shapes of one
other chiral molecule, thereby demonstrating that chirality of the crystal structure is not sufficient
for the crystal shape to be chiral (4). Quartz (5,6), tellurium (7) and mercury sulfide (8,9) only
occasionally form chiral shapes despite their intrinsically chiral crystal structures. For quartz in
particular, it is often assumed that chiral shapes stem from the chiral molecular building blocks
within the structure (6). Further complicating the matter, entirely achiral building blocks or
materials with achiral crystal structures sometimes form chirally-shaped crystals (1,2). Two
broad classes of mechanisms for chiral shape formation have been discussed. The first attributes
the formation of chiral crystal shapes to differential growth rates of chiral facets. This is possibly
mediated by the presence of chiral ligands (2,9-11), but could also result from an intrinsic
tendency that stems from the chiral crystal structure (5,6). The second starts from the observation
that, at very low supersaturation conditions, only nuclei of crystals that contain screw
dislocations can grow further, as these dislocations create a more reactive crystal growth front (1,
12-17). Such screw-dislocation-mediated growth yields helical shapes and has in the past been
considered as a formation mechanism for twisted nanowires (1,12-17). It has not been

considered, however, as a formation pathway for distinct chiral polyhedral shapes of crystals.

Differentiating between these two mechanisms is difficult, but the advent of controlled colloidal

synthesis has allowed for studies of nanocrystals that have chiral crystal structures and form both



chiral and achiral shapes (7-9). Such nanostructures represent an embryonic stage in crystal
growth and serve as convenient model systems to explore mechanisms of chiral shape formation
(7,9,18,19). Previous studies concluded that chiral ligands are the cause for chiral shape
formation. However, they did not explain why in many of these cases achiral shapes also formed
in the presence of chiral ligands, and did not address other observations of chiral shape formation

in the absence of chiral ligands (1-6).

Our system consists of tellurium nanocrystals with chiral shapes that are a few hundred
nanometers in size (7). Tellurium crystallizes in one of the two enantiomorphous chiral space
groups P3:21 or P3,21 (7). Growth of our nanocrystals involves reduction of tellurium dioxide in
the presence of chiral thiolated penicillamine ligands and hydrazine that serves as a reducing
agent, continuously supplying tellurium monomers for growth. Shapes of varying thickness were
formed by blocking lateral growth at different stages of the reaction using sodium dodecyl
sulfate (SDS). When added early in the reaction, thin twisted nanorods formed (Fig 1A and S1),
and when added at a later stage, thick trigonal bipyramids formed (Fig. 1B and S1) . We
characterized the bipyramidal nanoparticles using scanning transmission electron microscopy
(STEM) tomography and scanning electron microscopy (SEM), thereby resolving the 3D chiral
morphology. Figure 1C and movie S1 present 3D renderings of a representative bipyramid as
viewed along the [1210] direction. Several facets can be seen with smoothing due to the
tomographic reconstruction process. SEM is highly sensitive to edges, and we used the
tomography reconstructions of several NPs to better interpret SEM images of the sharply faceted
structure. Figs. 1D-F and S2 show nanocrystals at the same orientation as in 1C , and Fig. 1G
shows the bottom view, giving a sense of the overall shape. The trigonal symmetry is observed

along the nanoparticle’s long axis ([0001] direction) in Figs 1H and 11 using a TEM projection



and STEM tomography, respectively. This polyhedron possesses a Dz point symmetry. STEM
tomography and SEM images show that these nanoparticles present a distinct structure of flat
facets with a chiral arrangement similar to chiral habits discussed in macroscopic crystals
(2,3,5,6). We assigned left (M) and right (P)- handedness nomenclature to the shapes using a
convention that follows reference (9). In this approach, the 3D shape can be thought of as a set
of 2D slices stacked, and gradually rotating along the long axis ([0001]. Clockwise rotation is
correlated with right-handedness and counter-clockwise with left handedness (Fig. S3). Further,
the arrangement of two small facets in the center allows identifying the handedness, as it is
mirrored in crystals of opposite chirality. These facets can be identified from the relative
directions identified in Fig. 1H, and their indexing depends on which mirror image of the crystal
is observed (see also Fig. 2). In right (P)- handed particles, these are the (0110) and (1100)
facets colored pink and green, respectively (inset to Figs 1D-I). In left (M)- handed particles,
these are the (1100) and (1010) colored green and orange, respectively. Extra facets on the sides
(Fig. S4) are harder to assign but might be equivalent to those required in bulk chiral habits to

lower shape symmetry, as in the case of quartz's s and x faces (5).



Fig. 1: Model system of morphologically chiral nanocrystals.

TEM images of (A) thin rods, and (B) fully formed bipyramids. (C) A surface rendering of a
STEM tomogram of a bipyramid observed along the [1210] direction. (D-F) SEM images of (D)
a pair of right (P)-bipyramids, (E) a right (P)- and a left (M)- bipyramid, and (F) a single left
(M)-bipyramid all observed along the [1210] direction for P and [1210] for M (G) A pair of
right (P) bipyramids observed along the [1210] direction. (H) A TEM image of a bipyramid
observed along the [0001] direction, with its corresponding FFT. (1) A view along the [0001]
direction of the tomogram in 1C. The pair of facets used to assign handedness are marked pink,

green and orange on smaller inset models in D-G and |I.



When the nanoparticles are prepared in the presence of one mirror image of the chiral ligand
penicillamine, a large excess of one mirror image is formed as measured by circular dichroism
(CD, Fig. S5). (7-9). CD does not allow quantifying the exact populations of mirror images;
therefore, we used large-scale, automated SEM imaging and manual identification to distinguish
the two forms from a large population of NPs (close to 300 in each sample).

In Fig. 2A, the distribution of both forms in samples made with pure D- and pure L-ligands is
presented as a function of their length. In both samples, one mirror image formed in large excess
(85%) but not 100%.The less-abundant particles are smaller in size, which indicates that chiral
ligands affect the rates of both nucleation (affecting the population) and continuous growth
(affecting the final size).

Next, we correlated the shape handedness with that of the crystal structure. For this purpose,
aberration-corrected high angle annular dark field (HAADF-) STEM imaging at two stage tilts
was performed. Fig. 2B presents low- and high-resolution HAADF-STEM images and an
atomistic model viewed along the 1210 tellurium nanocrystal direction. A single 2D STEM
image, even though might appear to show chirality, does not decisively infer 3D handedness.
Due to the projection nature of STEM, looking at the same particle from the opposite direction
(corresponding to a 180 degree tilt) will reverse the sense of 2D handedness, and a single image
is insufficient to tell which side the bipyramid is viewed. To solve this problem, we acquired a
focal series as explained in the Sl and Fig. S6,which allows us to assign left (M)- handedness to
the particle observed in Fig. 2B. The same particle was then imaged at the [1100] zone axis. The
low-and high-resolution STEM images at the new orientation, and a model, are presented in Fig.
2C. Dong and Ma recently demonstrated that atomic-resolution images at these two tilts are

sufficient to resolve the handedness of the crystal structure (20). Fig. 2C fits the model for the



P3,21 space group (left-handed tellurium helices), and will not fit the P3,21 space group (right-
handed tellurium helices), which at these tilt conditions will exhibit a mirror arrangement of
atoms. A detailed comparison and description of the space groups along these two directions is
presented in Fig. S7. In the same way, it is determined that the particle observed along the
[1210] direction in Fig. 2D and [1100] in Fig. 2E, is a right (P)-handed particle with a crystal
structure belonging to the P3121 space group.

Both particles are from the sample depicted in the right panel of Fig. 2A, where right (P)-handed
nanocrystals are more common. Using this method, we measured seven right (P)-handed
particles and two left (M)- handed particles and found that P shapes always had the P3:21 space

group, whereas M shapes had the P3,21 space group.

P(right) I
M(left) [H
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M(left) [
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Fig. 2: Determination of crystal structure and shape handedness.



(A) Distribution of bipyramid handedness when using only L- and D- penicillamine ligand in the
reaction (left and right, respectively). Orange and blue columns represent left- and right- handed
particles, respectively. Bottom parts of columns that appear darker brown are where orange and blue
overlap. Inthe insets, SEM images used for statistics show the existence of both mirror images
(scale bars are 100 nm). (B,C) Low- (left) and high-resolution (middle) HAADF-STEM images
and a corresponding atomistic model (right panel)of the (B) [1210]and (C) the [1100] zone
axes. Shape and crystal structure handedness was characterized as Mand P3,21 space group,
respectively. Red curved lines highlight atom columns to compare between the experiment and
model.. (D,E) A P-shaped nanocrystal observed along the (D) [1210] and (E) [1100] directions.

The crystal structure can be assigned to the P3:121 space group.

These results seem to imply that the chain of chirality transfer starts with the ligands directing
the handedness of the crystal structure formation (but not with a 100% enantiomeric excess, and
in turn, the crystal structure handedness determines that of the shape. However, as shown in Fig.
3, even though chiral ligands strongly affect the relative abundance of mirror images, they are
neither necessary, nor sufficient for the formation of chiral shapes. The reaction was conducted
with achiral mercaptopropionic acid as the thiolated ligand, under similar conditions, and the
nanoparticles still formed a chiral shape similar to the ones formed with penicillamine (Figs. 3A,
3Band movie S2). This sample exhibited no CD signal, indicating that an equal mixture of left-
and right-handed nanocrystals formed. These results indicate that chiral ligands only serve to
bias the synthesis in favor of one mirror image, but do not cause chiral shape formation. This
proves that past models of arrested growth by chiral additives (2,9-11) do not sufficiently

describe the observations made here.



Next, we examined the other prominent mechanism that can lead to morphological chirality,
screw-dislocation-mediated growth accompanied by “Eshelby twisting” of the crystal structure
(1,12-17). Even though this mechanism is established as a source of shape chirality from twisting
(1,12-17), we tested whether it also leads to the formation of the chiral polyhedrons. Classical
crystal growth theory predicts that screw-dislocation-mediated growth is dominant at low
monomer supersaturations (12-16). We therefore expected that if screw dislocations were
involved, higher tellurium dioxide reduction rates should produce achiral shapes. Achiral
morphologies indeed formed in these conditions, even in the presence of chiral ligands at the
same concentration as in the reactions that yielded chiral shapes (Fig 3C, 3D and movie S3).
Figs. 3E-H show the transition from chiral (3E-G) to achiral (3H) shape formation as the rate of
reduction, which sets supersaturation conditions, is increased. Other than the rate of reduction,
all synthetic conditions are identical between these samples. The TEM images show that
particles in Figs. 3E-G have the chiral shape seen in Fig. 1B, and the ones in 3H have the achiral
shape seen in Figs. 3C,D. The CD response shown below each TEM image (expected to be
present only for chiral shapes) (7)is absent for the particles in Fig. 3H. This observation
correlates with the model predicting a transition from screw-dislocation-driven growth to layer-

by-layer growth (12-16).
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Figure 3: Chiral ligands are neither necessary nor sufficient for chiral shape formation.

(A) A TEM image, and (B) a STEM tomogram of chiral bipyramids grown with achiral
mercaptopropionic acid ligands. (C) A TEM image, and (D) a STEM tomogram of achiral
particles grown with chiral penicillamine ligands. (E-H) TEM images with the corresponding CD
spectra below, of particles grown with (E) 1 ml, (F) 2 ml, (G) 4 ml and (H) 6 ml of hydrazine.

The transition from chiral to achiral morphology is observed between G and H.

We support these results, which strongly imply the involvement of screw dislocations in the
growth process, with structural characterization. Aberration-corrected HAADF-STEM imaging
allowed directly observing atomic displacements induced by the dislocation, but two cases must

be considered. First, a single screw dislocation line passes through the core of the nanorod (12-
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17). Second, as commonly observed in tellurium (21,22) and other systems (22,23), he screw
dislocation dissociates into partials, thereby lowering the crystal’s overall energy. In the case of

tellurium, a single screw dislocation with a Burgers vector b = [0001] can dissociate into three
partials with b = §[0001] (20,21). In Fig. 4A, a HAADF-STEM image of a thin rod observed

along the [1210] direction is presented. In Fig. 4B, the region marked by a cyan frame in Fig 4A
is magnified and compared with a model of a dissociated screw (see SI methods and Fig. S8). A
discontinuity in the rows of atomic columns is observed across the dislocation line. This is a
signature of the a dissociated screw and is not observed in a crystal with a non-dissociated screw
(Fig. S8). Images of another nanoparticle and direction also show the atomic column
displacements of the line defect (Fig. S9).

Another indication of screw dislocations is the Eshelby twisting of the lattice (12-17) which we
measured using four-dimensional STEM (4D-STEM) (24), a technique that allows extracting
local twisting with high spatial resolution (methods and Fig. S10). In brief, a measurement of 2D
electron diffraction patterns is acquired at a 2D set of scanning positionsand Laue circle fitting
for each scan positionmaps the local lattice orientation. relative to the [0001] axis (Figure 4C).
Representative diffraction patterns with red fit lines from three beam positions are presented.
Twisting along the C-axis of 0.02deg/nm is measured similar to other measurements of Eshelby
twisting (12-14). Existence of this twist further reduces the possibility that chirality of the shape
originates from differential growth rates of facets induced by chiral ligands or by the chiral
crystal structure, as this would not be accompanied by lattice twisting.

Screw dislocations can also lead to void formation due to the strain energy associated with the
dislocation exceeding the surface energy required to form an inner surface (14). In Fig. 4D and

4E representative HAADF-STEM images of rods and bipyramids, respectively, show these voids

11



as dark regions. STEM tomography shows voids inside the nanoparticle (Fig. S11.). As expected,
voids were not found in achiral shapes (Fig S. 12), but were found in chiral shapes grown in the

absence of chiral ligands (Fig. S13).

Figure 4: Structural evidence of screw dislocations.

(A) An atomic resolution HAADF-STEM image of the center of a nanorod observed along the
[1210] direction. (B) The enlarged region marked by a cyan frame in 3A overlaid with a model
for a dissociated dislocation (red dots). (C) Map of twist around the C-axis extracted from 4D-

STEM measurements. Electron diffraction patterns from different positions are overlaid with fits

12



to a Laue circle (red lines). (D,E) HAADF-STEM images of (D) a nanorod and (E) bipyramids

with voids (white arrows).

Combined, our results strongly suggest a chain of chirality transfer from crystal structure to
shape that is not a result of the chiral crystal structure or chiral ligands. Instead, chiral shapes
form when grown in sufficiently low supersaturation such that they are the result of screw-
dislocation-mediated growth. The fact that the handedness of the shape seems to be dictated by
that of the crystal structure is probably a result of screw dislocations of opposite handedness
being favored in crystal structures of opposite handedness (25,26). In this way, screw
dislocations also mediate correlation of handedness between the two hierarchies. Even though
chiral ligands do not give rise to chiral shapes in our system, they can bias the population of both
mirror images, leading to an abundance of one mirror image over the other, as well as a
difference in average size . This suggests chiral ligands unevenly affect opposite mirror images
of chiral crystals in both the nucleation and growth stages. Although screw-dislocation-mediated
growth has been studied in relation to twisting, it has rarely been considered as the source of
habits of single crystals that present a chiral arrangement of facets. It is not surprising that such a
mechanism has been overlooked in bulk crystals that present chiral non-twisted habits, as the

signature of these dislocations in growth would have been very hard to identify.
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