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Abstract

This review article discusses a link between stereochemistry and structural and
morphological chirality. We present the remarkably frequent, but less often reported,
growth of twisted crystals and discuss the reasons for their formation and ways to favor
their growth. The more commonly encountered conglomerates and racemic compounds
can be formed by achiral molecules, but the emergence of morphological chirality is often
not considered in this context and perhaps deserves attention. Twisted crystals are known
for a wide variety of materials, molecular and macromolecular, complexes and oxides, and
so on. In growing crystals, twisting of lamellae because of strain generated during growth
eventually unwinds in larger objects, and may not be detected. This kind of chiral
morphology arising from low symmetry growth, and the challenges and opportunities for
research in the area, are highlighted. In particular, the link between structural bending in
supramolecular aggregates in solution or at interfaces, chiral nanofilaments in liquid

crystals, and chiral polymers, is discussed.



Introduction

The famous enantiomorphic crystals formed by sodium ammonium tartratel*-2] are visibly
chiral. This fact, coupled with tremendous patience in the triage of the mirror image chiral
crystals, allowed Louis Pasteur to reveal the existence of molecular chirality, and led to
the discovery of biological enantioselectivity.[3] Since then, crystallography has continued
to play a hugely important role in research into chiral systems.[*>] Significant challenges
and questions remain today, however, in understanding the reasons for the shapes of
crystals.l®l In the case of enantiomorphs, like the enantiomers of sodium ammonium
tartrate, the emergence of chiral morphologies was difficult to trace, largely (we suspect)
because of the difficulties in unequivocally detecting mirror image crystal shapes. While
we will see examples of inorganic materials whose chiral growth has been probed using
electron microscopy, the situation for organic materials often remains very challenging.
For mixtures of enantiomers of molecular compounds, triage of enantiomorphic crystals
has been used for their separation!’:8] but easier ways of making chiral materials exist.
The separation of enantiomers by other means (such as chromatography) leads to chiral
building blocks that can be used to induce homochirality in crystallization,®! for example
in the remarkable Viedma ripening.['%11] These methods can be far more efficient at
separating enantiomers than triage. It also seems that (anecdotally at least) very few
chiral compounds have enantiomorphic crystals, in which case triage based on crystal

shape impossible.

Enantiomeric chiral compounds can induce the formation of chiral crystal morphology, and
the emergence of asymmetry in crystals of achiral molecules has been linked to chirality
in biological systems.[12] A beautiful example of the induction of chirality into crystal
morphology is the use of polar or centrosymmetric materials to indicate the absolute
configuration of chiral molecules in growth or dissolution media.[*3] For example, when
crystals of {R,S}-serine are grown, addition of (R)- or (S)-threonine affords
enantiomorphic crystals because of the stereospecific inhibition of the development of
certain faces caused by the additional methyl group in the chiral additive.[**] This kind of
“tailor made” impurity modifies growth and allows the direct absolute configuration
determination of chiral polar crystals(*®! and the resolution of conglomerates.['®] It is a
poignant demonstration of the control of crystal growth leading to new phenomena with

potential applications.

Molecular chirality is not essential for the formation of enantiomorphic crystals, not even
that forced by spontaneous resolution of achiral components to give chiral structures:
Chiral morphologies emerge in the growth of otherwise achiral chemistry. This formation
of twisted crystals was recognized in the 19t century (Figure 1).[*7] Many examples were

discovered and highlighted along with more contemporary discoveries in a review on



twisted and bending merging in crystal growth.['8] Indeed, twisting in crystal growth is
proving to be a frequent phenomenon under certain conditions.['®l We aim to show here
that while a twisted crystal might be considered an inconvenience for the scientist wishing
to obtain a single crystal structure, the emergence of these exotic and beautiful
morphologies raises fascinating challenges. These opportunities lie in crystal growth in
general, and in the field of stereochemistry, in particular. This review, is motivated by
unpublished results from our research and in honor of Leslie Leiserowitz and Meir Lahav

for their amazing contributions to chiral crystallization.

Figure 1. A selection of curves, curls, whorls, twists, scrolls and branches seen in crystals of a solid
solution of the divalent chlorides of chromium and mercury (A), 1,2-diphenylethane-1,2-
diyldiacetate (B), Z-cinnamic acid (C) potassium dichromate (D), hydroxyquinoline (E), the complex
of aniline and 4-methyl-2,6-dinitrophenol (F) and 2,5-dihydroxy-3,6-dipropionylcyclohexa-2,5-
diene-1,4-dione (G) by Lehmann in the 19% century [ref 17].

Enantiomorphism and types of twist

Types of enantiomorphism include that evident in the crystal faces of three-dimensional
objects (with similar sizes in all dimensions) and acicular solids. Large mineral crystals
show a variety of chiral morphologies(??] that are presumably dependent on the very
specific growth conditions at play when they were formed. Mesoscale twisted crystals of
many substances were documented in the early 20t century.[*°! This review concentrates
on more recently discovered smaller objects where the crystals have one growth direction

that is preferred to the others, giving enantiomorphic twisted solids.



Thin, flat crystals that have a high aspect ratio can in principle bend by distorting along
two perpendicular directions in the plane of the ribbon-like object to afford tubes. Bending
along the shorter axis generates a long narrow tube, and about the long axis generates a
wide stubby cylinder. Bending along angles that do not coincide with the axes generates
twisted objects (Figure 2). When the angle is closer to the longest axis of the object
(lengthways bending), cylindrical helices are obtained while along the shorter axis twisted
ribbons result (widthways bending). These objects correspond to a positive and negative
curvature of the ribbon, respectively, and each kind of twisted object can be characterized
by a pitch that depends on the degree of bending. Curving at opposite angles with respect

to the principal axis will generate enantiomorphic objects. This intuitive analogy with a

physical ribbon corresponds very well with objects seen in different kinds of crystallization.

T < s
—-‘
_

Figure 2. Outcomes of twisting a flat ribbon sideways (upper objects) and lengthways (lower
objects).

Apart from mesoscale crystals, highly ordered microscopic fibers exhibit these

morphologies. Birefringent surfactant fibers were seen twisting using an optical
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microscope over 75 years ago.[?!] While lithium 12-hydroxystearate was noted to twist
shortly afterwards,[??! it was much later that the sense of twisting was related directly with
the chirality of the objects.[?3] More recently, the induction of chirality in bilayer-forming
dicationic gemini amphiphiles has been shown using tartrate anions.[?*! The enantiomer
and proportion of chiral anion determine the twist sense and pitch of the twisted ribbons

that evolve over time. All these systems are formed in solution.

From melts of molecular materials, apparently chiral crystals grow with remarkable
frequency, about 25% of simple molecular crystals.['®] That initial analysis was based on
the observation of banded spherulites, which show concentric rings with alternating
extinction effects when viewed between crossed polarizers in an optical microscope (the
color change a result of the orientation of the lamellae and their extinction). The studies
indicated that crystals emanated from a nucleation point radially while twisting helically
around their main growth axis. Today’s analytical methods have shown that the situation
is more complicated, because rhythmic precipitation of undistorted crystallites can occur,
in addition to spherulites of helical fibrils, and even a combination of both effects.[?4]
Nonetheless, a wide variety of inorganic,[?>26] polymericl?”28]1 and simple organic
moleculart??:3°1 materials form crystals with a twisted shape. Characterization of the
morphological and structural details of the banded spherulites is facilitated, as before, with
polarized optical microscopy, as well as transmission electron microscopy, X-ray diffraction
and scanning probe microscopy. These techniques give hints to answer the key questions

in these systems, how and why does twisting occur?
Explaining twisting during crystal growth

The morphologies of twisted crystals observed in a wide variety of materials can be fitted
to ribbon analogies, or be less simple. Thus, the origins of bending are not necessarily the
same in every case, so in this section we present some of the hypotheses that have been

forwarded to explain these situations.

The imperfect growth of straight single crystals can be attributed to the presence of
dislocations in the crystal lattice,[3132] where there is a linear change of the crystalline
order on either side of the defect and the regular occurrence of these faults is readily
extended to the theory of twisted crystal growth. In 1953, J. D. Eshelby(33] ascribed the
growth of thin whiskers of tin to a screw dislocation parallel to the axis of the whiskers, an
axial screw dislocation. In subsequent years, this "Eshelby twist” was applied to numerous
relatively large inorganic fibrous crystals, including, sapphire (the alpha form of
alumina),[34331 lithium fluoridel3®] and even sodium chloride.[3”1 More recently, Eshelby’s
mechanism has been demonstrated on the nanoscale in the growth of zinc oxidel38l, lead

(II) selenidel3*°! and lead (II) sulfide nanowires.[*%! The latter example shows elegantly the



features that can arise from this phenomenon. Structural characterization of the tree-like
PbS nanowires grown by chemical vapor deposition and under vapor-liquid-solid conditions
(Figure 3) revealed an axial screw dislocation in the trunks of the ‘trees’, which provided

a driving force for the helically rotating epitaxial growth of nanowire branches.4!]
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Figure 3. A) Tree-like PbS nanowires grown by the Eshelby mechanism. B) Cartoon illustration of
the end of a PbS “tree”, showing the axial placement of the lateral branches indicating the slow
vapor-liquid-solid growth of the “branches” compared with relatively much quicker dislocation-driven
growth of the core nanowire “trunk”. C) A cartoon showing a spiral of an axial screw dislocation that
self-perpetuate at the tip of the “trunks” of PbS nanowires. Reproduced and adapted with permission

from ref 40.

Transverse screw dislocations have also been observed in twisted crystals, predominantly
in polymer lamellae in spherulites, resulting in discontinuous twisting (Figure 4).142441 They
are often observed at branching points,[4443] although it has been argued!'®] that these
dislocations are a consequence of twisting and are a form of elastic stress relief rather
than a cause of twisting because polymer lamellae with similar twisting pitch have been

observed without these dislocations.[4¢]



Figure 4. The results of transverse screw dislocations in polymers (the chains represented in the
planes of the ribbons) leading to A) smooth continuous structures and (B) resulting from sequential

homochiral axial screw dislocations. Reproduced with permission from ref. 45.

So, if transverse screw dislocations are a form of elastic stress relief, then where does the
elastic stress originate? There are many inorganic materials that have polar non-
centrosymmetric crystal structures and can grow into twisted nanoribbons that have broad
polar faces. These polar faces develop surface charging, and the electrostatic energy is
relieved at the expense of elastic energy by twisting or bending. A wide variety of
helices,[*-49] rings[>0>1] and even “nanowebs”l>2] have been grown in this way. The most
widely studied material across the literature that forms twisted and coiled structures in
this way is zinc oxide. ZnO has been shown under vapor-solid growth conditions to form
spontaneous polarization-induced nano -helices!®>3->®1 and -rings.[°”]7  The nanohelices
growth is dominated by oppositely charged £(0001) surfaces (terminated with Zn2* and
07, respectively), resulting in a spontaneous polarization across the nanobelt thickness;
the total energy of the system is minimized by coiling into helices that can reach lengths
of 100 um (Figure 5).



Figure 5. SEM micrographs of ZnO nanohelices, where (A) and (C) are left/handed, while (B) and
(D) are right/handed. Reproduced with permission from ref. 55, Copyright 2005, American

Association for the Advancement of Science.

For crystals that are not inherently polar, stresses at the crystal surface can still occur.
For very thin objects, surfaces stresses can become exceedingly important in determining
their morphology. Surface stresses predominantly occur in polymer lamellae, when
polymer chains on the crystal interior differ from the arrangement of polymer chains at
the surface, this can cause surface stress, when these surface stresses are unbalanced,
the polymer lamellae twist to relieve the surface stress at the expense of elastic
strain.[8:591 Polymer lamellar twisting can be easily observed through the periodic banding
of spherulites when viewed through a polarized optical microscope (Figure 6) -
polyethylene is one of the most extensively studied polymer spherulites.[®0-641 In
polyethylene, it is believed that when band spacing is small (<10um) tilting of polymer
chains within a lamella results in congested packing, more so on one side of the lamellae
than the other, giving rise to twisting moments to relieve surface stresses. The surface
stresses that occur as a result of the limited space can cause isochiral transverse screw
dislocations which give rise to branching within the spherulite. This limits the available

space further, augmenting the twisting that is observed.
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Figure 6: A polarized optical micrograph of crystalline polyethylene banded spherulites. Reproduced

with permission from the American Chemical Society, ref [63].

More recent studies have established that spherulites grown from small molecules can also
succumb to surfaces stresses, in the case of mannitol, lamellae in spherulites become
twisted when grown in the presence of poly(vinylpyrrolidone) or sorbitol additives[®>1 The
banded spherulites grown shared essential qualities with polymeric spherulites in terms of
size, shape and arrangement of lamellae, suggesting that their grown mechanism is similar

to that of polymeric spherulites.

The growth of larger twisted crystals is commonly explained by the autodeformation
mechanism. First proposed by Puninl®®! to explain the existence of various crystal growth
defects such as branching and twinning, it can also be applied to the growth of twisted
crystals.['8] Autodeformation occurs when subvolumes (part of the evolving sample) of
crystals growing at different times experience slightly different growth conditions. These
differences in conditions can be a result of environmental gradients from inhomogeneous
heat distributions, crystallization pressures or distribution of impurities. The result of any
of these effects can lead to minor compositional differences in the subvolumes of a growing
crystal. At the interface, where these subvolumes meet, there will be a difference in local
lattice constants producing elastic strain and stress (heterometry stresses), which can be
relieved by twisting or bending. Autdeformation as a result of heterometry stresses has
been applied to multiple macroscopic twisted crystals including quartz!®® and gypsum.[¢7]
The twisting of smaller more fibrous crystals have also been explained using the
autodeformation mechanism - benzamide, the first organic molecule for which two
polymorphs were discovered, has a metastable state in which it grows into strongly twisted

aggregates.%8! (Figure 7).
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Figure 7: Scanning electron micrographs of strongly twisted crystals of benzamide II. Image a
shows a very long and relatively thick twisted object with enlargement areas shown in b and c. The
unbundling of strongly twisted crystallites is shown in d and e, where the formation of flatter and
thinner needles is observed. The formation of thin needles by unbundling of a strongly twisted rope
is shown in f. Images a-c were obtained from samples of benzamide grown from solutions containing
L-arginine and d and e contained L-asparagine. Image f came from an experiment with no additives.

Figure reproduced with permission from ref. 68.

The metastable benzamide crystals were grown in microdroplets in aqueous solution (20-
30 mgmL~!) that were cooled relatively fast (=1 °Cs~!), giving a precipitate comprising
twisted needles and some plates of the more stable polymorph. Microscopy studies
revealed that the twisted benzamide crystals consist of many slightly misoriented
crystallites and it was proposed that the orientation misalliance of these crystallites causes
heterometry stresses generating a twist moment that is sufficient to generate the twisted

morphology of this lamellar system.

A great range of substances can form twisted crystals with varying sizes, shapes and
physical properties; the same substance can even form differing morphologies of twisted

crystal when grown under different conditions.[®>%°] No one mechanism fits all cases
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unequivocally. In situations where a variety of explanations are plausible, it is likely that
each can be suitably applied for a variety of materials that form under their own specific
set of conditions. With incisive experiments, the choice of possible mechanisms for twisting

may be narrowed down.

There are generally well-defined relationships between the twisting observed in the
crystalline objects and their dimensions, 3% because the objects apparently unwind as they
grow. For systems with apparent homochiral transversal dislocations a power function of
the twist period P = kh" can be fitted (Figure 8) where h is the smallest cross-sectional
size and the value 0.6 < n < 1.3 are specific for the material and method of growth. The
graph shows specific regions where particular materials have this relationship between
pitch and smallest dimension,[28 30, 70-75] the thickness of a ribbon for example. Where

Eshelby twist arises (axial screw dislocations) the function P ~ h2.[40]
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Figure 8. Correlation between full twist period (2P, 2n rotation, pm) and the smallest crystal size
in a cross section (for example, the thickness of a ribbon, h, um). Data taken from the cited works
for: Quartz;[79 oxalic acid dihydrate;[71] potassium dichromate;[72:73] (1,4-bis[2-(pyrene-1-yl) vinyl]-
2,5-dimethylbenzene)IBr,, (BPE-DMB)IBr;;[74] hippuric acid (vapor grown);[7>] N-(2-
thienylcarbonyl)glycine, TG;[3% poly(meta-phenylene isophthalamide), MPDI.[28] For each material
and condition, the exponent n can be determined from a fit to P = kh". The dashed line corresponds

to 2P < 103nh, below which (at least) partial relaxation of stress can relax in the twisted crystals.
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Twisted aggregates, crystals and stereochemistry

The reader whose main interest is in chiral compounds may have been surprised by the
dominance of achiral systems in the discussion thus far. Many chiral supramolecular
materials show chiral morphology, but the link with higher level twisting in irrefutably
crystalline materials is less clear. Chiral and achiral compounds are frequently observed
as chiral fibers with nanoscale dimensions, systems that have been reviewed thoroughly!7¢
781 although not in the context of chiral crystals. It has been pointed out before that there
is a distinction between helical supramolecular aggregates and twisted crystals.['8!
Definition of this frontier would be highly subjective. Twisted supramolecular nanoscale
objects, very often formed by chiral amphiphiles that generate lamellar structures with
solid or liquid character,[7?1 are not generally seen to grow into larger crystals with long
range order, with or without twisting. These kinds of supramolecular assemblies are
generally formed closer to equilibrium conditions than larger crystals, although nucleation

and growth mechanisms can be similar.[80-82]

A particularly interesting case of twisted fibers are those formed from a synthetic
amphiphilic peptide (Figure 9) that evolves from one kind of morphology to another over
time.[83] When dissolved in ultrapure water at 25 °C twisted ribbons form quickly. Over
the course of a month, they transform into cylindrical helices. The twisted ribbons
(observed after about ten minutes) have a thickness between 5 and 6 nm and a width of
around 20—40 nm; the helical pitch is 150—-200 nm. The fibers have a high degree of
order, giving X-ray diffraction peaks corresponding to spacings of 4.8 and 12.6 &, akin to
fibrillar protein aggregate order. Changing the nature and number of amino acids in the
amphiphile changes the morphology displayed by the aggregates.[8%] In general, this kind
of bending in amphiphiles is believed to be driven (partially at least) by electrostatic
interactions near the edge of the ribbons, 83! reminiscently of the inorganic helices that we

highlighted earlier in this review.
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Figure 9. A synthetic peptide amphiphile that shows time/dependent twisted fiber morphology.[83]

The dimensions of twisted crystals seen for polymers are in the same size range as some
self-assembled aggregates. Neither of these (generally lamellar type) objects grow into
larger crystals. There seems to be no fundamental reason why lamellar structures, in
general, should not follow similar mechanisms of twisting. Perhaps a future analysis of
these systems will uncover a close connection between the two kinds of material. Indeed,
bent-core mesogens are materials that can display phases that are essentially twisted
crystals, most recently referred to as helical nanofilament phases.!8¢! Bending of smectic
lamellae are the structural feature that allow the twisted filaments (that are around 25 nm
wide and with half-pitch h ® 100 nm) to form. This particular example was based on an
achiral material that undergoes spontaneous resolution of its conformational enantiomers

in the mesophase, in common with similar materials. 8788

The constitution of the bent core family of compounds can be modified using chiral side
chains that interact between lamellae. In a remarkable family of compounds, flat
nanoribbons, twisted nano- and micro-filaments, and nanocylinder conglomerates form
depending on the substitution pattern (Figure 10).[8%1 The compound lacking stereogenic

centers forms a conglomerate of nanofibers as before, and introduction of chiral side chains
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leads to stereoselective assembly. The lower symmetry compounds, with a chiral “tail” on
one side of the molecule and achiral on the other, lead to microfilaments or nanocylinders
as a consequence in the change of the interlayer interactions arising from the position of
the stereogenic centers. The filament structures were ascertained using scanning and
transmission electron microscopy, aided by synchrotron-based X-ray diffraction. Overall,
it is the side of the molecule that is longer that determines the chirality of the filaments.[®°]
It is the relative discrepancy between the sides that are 3- or 4-substituted at the central

dioxybiphenyl core that determine the morphological outcome.
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Figure 10. Bent-core compounds forming various B4 morphologies - helical nanofilament (HNF),
helical microfilament (HF), heliconical-layered nanocylinders (HLNC) - as a function of the presence
and position of stereogenic centers in the molecules. The width (w), diameter (®) and pitch distances
(p) for each structure are indicated. The double-ended arrows in the HNFmoq fibers imply intralayer
modulation. In the HNFmoq> fibers the dotted white parallelogram suggests both the intra- and inter-

layer variations. We thank warmly Torsten Hegmann (Kent State University) for providing images.
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The formation of twisted crystals from polymers is very interesting in comparison to the
helical nanofilaments from bent-core liquid crystals, because it is also a result of lamellar
structure bending and often results in homochiral domains with fibers of similar dimensions
and whose twisting depends greatly on conditions of fiber growth.(®l Homochiral
spherulites formed by spontaneous resolution during melt crystallization of high-density
polyethylene, for example, can be characterized with microfocus X-ray diffraction.®?l This
technique is valuable in this case because the size of the X-ray beam is smaller than the
lamellar twisting period. Using small- and wide-angle diffraction experiments, it was
concluded that right-handed helicoids form when the crystalline stems of the lamellae are
tilted to the right from the normal to the basal plane of the sheets. That observation fitted
the hypothesis forwarded where unbalanced surface stresses were implied to explain the
twisting.[®?] The chirality of fibril twisting can also be probed optically, by measuring
circular retardance in the case the pitch is much longer than the probing light
wavelength.[®31 In that case, for a variety of intrinsically chiral and achiral polymers, optical
imaging of the core of the spherulites showed that achiral polymers have heterochiral

spherulite cores, while intrinsically chiral polymers have homochiral twist in that location.

Interestingly, intrinsically chiral polymers can also exhibit oppositely twisted crystals.
Studies on isothermal melt crystallized poly[(R)-3-hydroxyvalerate] used quantitative
birefringence imaging to measure at each pixel the azimuth angle of the slow optical axis
and the birefringence retardation.[®¥ That technique demonstrated that the polymer had
two radial growth directions, the a and b axes of the polymer lamellae, that had only
slightly dissimilar growth rates in the crystallization experiment, meaning that both
situations could exist in the same spherulite. These different growth directions give twisted
crystals whose morphologies have opposite handedness, and these domains coexist in
spherulites. Modelling of the anisotropic surface stress-related bending confirmed that an
identical bending direction could lead to opposite twisting handedness for different chiral

polymers.[®°]

Assembly of small molecules can also display this kind of reversal in aggregate
morphological chirality as a function of the hierarchy of assembly.[®®] This effect can be
seen using the chiroptical signal that indicates unwinding of individual fibrils,[®”1 and union
of helical fibrils to give superhelices.[°8] Helical aggregates of amide-containing
phospholipids were shown to form helical fibers which in turn aggregate to superhelices
with opposite chirality, and relief of stress was inferred to explain this effect.[®°1 A similar
situation appears to take place in a compound with a
tris(2,2’bipyridinium)benzenetricarboxamide core with three symmetrically attached

tetrathiafulvalene (TTF) units, each one having two chiral chains pendent to them. The
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material assembles into twisted birefringent fibers columns in solution.[1%0] Under slightly
different cooling conditions, an inversion of optical activity was seen en route to twisted
microscopic fibers (Figure 11).[10%] This particular example shows how a non-amphiphilic
molecule can lead to lamellar twisted structures, the electron micrograph in figure 10
shows lines along the stubby helices that clearly correspond to a layered structure. The

supramolecular level nature of the aggregates in sheets is unclear at present.
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Figure 11: Circular dichroism spectra (top) of a solution of chiral Cs TTF-containing compound in
dioxane (positive bands at 350 nm) and a film of the material on quartz (negative band at 350nm).
The scanning electron micrograph (bottom) shows the twisted structures that are formed on cooling

a solution of the compound, with lines corresponding to a layered structure evident.

Curved objects have been observed in the formation of aggregates at the water/air
interface.[192] An early example is a simple amide derivative of single chain phospholipids

form spiral-shape aggregates, whose morphology can be influenced with the pH of the
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subphase, showing that modulation of the electrostatic and hydrogen bonding interactions
in the layer can influence the degree of twisting.[1%3] Molecules that are similar in
composition and constitution can show contrasting hierarchical superstructures at domain
and morphology levels. For example, phospholipids with primary or quaternary ammonium
group organize in very different ways as a result of the dipoles in the molecules.[104]
Domains with triskelion-like curved arms are formed by the quaternary ammonium
compound where the bending originates from the chirality of the head group. The primary
ammonium compound shows domains containing curved defects separating areas of
different orientation. The origin of the contrasting morphologies was explained by the
different supramolecular interactions taking place between the surfactants in the
monolayers on the basis of coarse-grained theoretical studies.['9] The more extended
conformation of the quaternary ammonium surfactant leads to a bigger dipole than the
primary derivative, especially in the plane of the film. It is interesting to note that single
domains of phospholipid membranes can be probed with polarized two-photon
fluorescence microscopy, where central vortices of one lipid in a two-component system
can form.[1%¢] In that case, the domains did not have a particular chiral morphology, but
the appearance of the vortices was linked to the “hydrophobic mismatch” between the two
components, that is related to the difference in length of the alkyl chains and the absence

of a specific orientation at the boundary between the two materials.

Other interesting morphologies also appear in these low dimensional systems: The films
formed by a chiral cyclobutane B-amino acid-based amphiphile gave dendritic structures
that were chiral at the surface of water.[197] Brewster angle micrographs showed acicular
objects with asymmetric dendritic branching, whereby the same handedness forking was
observed throughout the film. This phenomenon was associated with the fact that the
amphiphiles must form polar structures at the interface, with the hydrophilic groups in
contact with the water, centrosymmetric structures are greatly unfavored.[1081091 The
occurrence of chiral morphologies in two-component domains{*1%] suggests the breadth of

asymmetric objects that can be created at interfaces.
Making twisted crystals

The initial reports suggested that a relatively high proportion of a wide variety of
substances might form twisted crystals under the right conditions.[*°! That possibility has
been confirmed by a broad study of twisted crystals grown from melts.[*'!] Remarkably,
for 101 compounds selected at random, and of which many display polymorphism (to give
a total of 155 known crystal structures), an approximate 31% could twist as they
crystallized. The two main factors that govern the formation of the twisted crystals appear
to be the formation of solids with high aspect ratios and the growth conditions, that in turn

are dominated by temperature and additional compounds in the melt.
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The effect of temperature is shown dramatically for hippuric acid,[?*! that grows fibers
along the [100] direction in the interval 80 to 180 °C and down the [001] axis between
60 and 115 °C. Both conditions give twisted crystals, albeit with different pitch. In the
study on melts, large supercooling was preferable; if large crystals were grown by cooling
to room temperature, rapid cooling in a refrigerator was tried. Similarly, increasing the
concentration of additives could lead to higher aspect ratio crystals with a greater
propensity to twist. Therefore, the turning growth depended on the crystal habit rather
than the molecular structure, crystal structure and symmetry, that are apparently not

directly related to the phenomena.

In this study on melts, chirality did not apparently play a determining role regarding the
potential for forming twisted crystals, although the sense of twisting was affected by
stereochemistry. D-Mannitol forms two polymorphs, which both have the same helical
sense when twisted solids are formed using sorbitol as an additive, but which have
opposite handedness when poly(vinylpyrrolidone) was used as the additive.[®%] The achiral
compound resorcinol — something of a classic in the twisted crystal literature - does form
single handed morphologies when one enantiomer of tartaric acid is used as an additive,
a helicity that is the opposite when the enantiomer of the crystal growth modifier is

used.[112]

The majority of the compounds mentioned in these crystallizations from the melt studies
had one important thing in common: a relatively low melting point. We have already seen
that twisted crystals can also form from solution, benzamide being a highlighted case, and
hippuric acid also forms twisted crystals from solvent growth. Another beautifully
documented example is decacyclene.[*13] The compound forms mesoscopic twisted ribbons
when crystallized from 1:1 benzene-pinacolone. The helical twist of these objects was both
left and right handed. They were assignhed to the conformational enantiomers of the
compound (a gently twisted three-bladed propeller) caused by the steric clash between
hydrogen atoms on the naphthalene moieties (Figure 12). The twisting negated the
solution of the X-ray structure of the solution grown sample, but sublimation afforded less
distorted crystals that provided a solved form. The solid belongs to the chiral space group
C2221, so each crystal contains a single enantiomer. While definitive proof is awaited, on
the basis that powder diffraction experiments proved that the crystal structure of the
solution-grown twisted crystals and the sublimation formed ones was the same, the
authors suggested that the oppositely twisted crystals correspond to mirror enantiomers

of the propeller conformation.
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Figure 12: A view down the b axis of the decacyclene crystal structure and drawings of the

conformational enantiomers in an exaggerated propeller shape.

Conformational enantiomers that do show opposite twists are those of benzil, where
crystals pertaining to the enantiomorphous space groups, P3:21 and P3221 are mirror
images of one another.[''Yl To understand the origins of this twisting, molecular
simulations were performed whereby benzil nanorods had right- and left-handed screw
dislocations introduced. Simulations of the nanocrystals of benzil suggest twisting and
therefore that they do not have a habitual crystallographic lattice.[''5] The model then
simulated the effects of introducing screw dislocations that went in the same sense as the
helical twist, or against it. When screw dislocations were introduced in a positive or
negative sense, for a given enantiomorph these would tend to twist further or to straighten
the object, and this latter case was referred to as Eshelby untwisting. The effects are not
equal in energetic terms, because the structures are both molecularly chiral and
mechanically chiral. It was found that the nanorods that were untwisted had higher
potential energy than those whose screw dislocation sense was in the same direction as

the initial twist of the objects.

Exotic chiral crystals

Enantiomorphic crystals can be remarkable, and it is worth highlighting examples of chiral

morphologies that are particularly nice before concluding. One is a demonstration of the
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Eshelby mechanism in action in the growth of germanium sulfide twisted van der Waals
(vdW) nanowires with tailored twisting rates by controlling the size of the structure’s
diameter.[116] As the twisted structures were fixed to the silica-coated silicon substrates
on which they were grown, with a chemical vapor transport method using gold as catalyst,
further radial growth leads to an increase in elastic energy. That energy is relieved at a
critical radial size by the slipping of nanoplates, a phenomenon permitted by the weak
interlayer vdW bonding, giving a morphologically twisted nanowire with discrete jumps
between plates. (Figure 13) The origin of the mesoscopic twist is Eshelby twisting of
dislocated nanowires of about 200 nm diameter first generated by gold-catalyzed vapor-
liquid-solid growth. The mesoscopic crystals have diameters from several hundred
nanometers to greater than 10 microns, twist periods from 2 to 20 microns, and up to
hundreds of microns in lengths, and the thickness of the periodically rotating nanoplates
is several hundred nanometers. The method was shown to be general in the formation of

stepped germanium selenide on the germanium sulfide nanowires.

Figure 13: The growth of twisted germanium sulfide by firstly growing mesoscopically twisted
dislocated nanowires with a gold-catalyzed vapor-liquid-solid method, shown by scanning (A) and
transmission (B) electron microscopy, and the twisted objects formed by subsequent radial growth
viewed with a scanning electron microscope (C). We warmly thank Jie Yao (University of California,

Berkeley) for providing the images.
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The remarkable crystallization of a tetrapodal ligand with tetrahedral geometry (based
around an adamantane core) with copper(Il) nitrate leads to metallo-organic single
crystals with a chiral morphology comprising multiple domains (Figure 14).[1'17]1 The
apparently separate domains all have an orientation consistent with the objects being a
single crystal, that is traversed by spiral motifs in the morphological and crystallographic
sense. The crystals were grown by an initial solvothermal reaction to generate nuclei,
followed by two days to allow for crystal growth at room temperature. The origin of the
chirality lies in the coordination geometry of the copper (1I), where four pyridine moieties
coordinate (along with two axially bound water molecules) and form a continuous
coordination network that makes homochiral channels that are all the same sense for a
given crystal that has a chiral morphology dependent on the chiral coordination sphere,
while the bulk of the sample is a racemic conglomerate, as shown conclusively by X-ray
diffraction (space group P622). The chirality arises from the propeller-type arrangement
of the four pyridine moieties around the metal ion. It is a fascinating example of a non-
polyhedral crystals with a chiral morphology and structure. The hexagonal pores that are
formed are neighbored by six triangular channels (Figure 14), all of them being
perpendicular to the wider surface of the crystals. It is, perhaps, reminiscent of naturally
occurring biomaterials that form continuous structures. This example, and the previous
one, highlight the opportunities arising from complicated crystallization processes where

more than one step results in a non-trivial morphology.

21



Chiral channels

Figure 14: Top: The continuous hexagonal and triangular helicoidal channels that comprise each
enantiopure crystal of a metallo-organic system based on copper(Il) coordination by a tetrapodal
ligand (the bulk sample is a racemic conglomerate). Below. Scanning electron micrographs of the
yo-yo shaped crystals. We thank warmly Michal Lahav, Chiara Di Gregorio and Milko van der Boom
(Weizmann Institute of Science) for supplying the images.

An interesting inorganic case of crystallographic and morphological chirality was also
displayed when the cinnabar form of mercury sulfide was prepared in a two-step synthetic
route.[*18] Firstly, nanoparticle nuclei were prepared from the mercury sulfide precursors
using either D- or L-penicillamine as capping ligands, and secondly the nuclei were used
in an epitaxial growth procedure in the presence of additional precursors and ligand to
form objects with a twisted bipyramid morphology. The material crystallizes in the
enantiomorphic space groups P3:121 or P3221 with right- or left-handed helices,
respectively. The morphological handedness of the twist in the distorted bipyramids - that

were approximately 20 nm long - correlates with the structural chirality of the seed. The
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work built on related studies on tellurium, using a different procedure.[!1°] In both cases,
very significant chiroptical activity, in the case of cinnabar modelling showed how

distortion of the colloid affected these effects.

Chiral morphology can emerge by the addition of chiral growth modifiers. For example,
during the formation of calcite crystals the selective binding of specific enantiomers of
amino acids at surface steps in a surfactant-like manner leads chiral morphology
induction.['2%] The amino acid binding alters the free energy of the surface steps at the
atomic scale, that has a macroscopic effect on the crystal growth. That phenomenon
observed in the growth of calcite by the reaction of precursors to the mineral in solution
can also be observed in the electrochemical deposition of the mineral in the presence of
tartaric acid, albeit with different crystallographic steps being the subject of binding by the
crystal growth modifier.[1?1] These examples form part of a much wider field where

selective adsorption can lead to chiral growth of inorganic materials.[122]

The growth of mesoporous silica with both twisted external microscopic morphology and
chiral channels in the crystals were prepared using chiral anionic surfactants as
templates.[1?3] The aqueous-based procedure, involving room temperature templating
followed by curing at 80 °C, produced twisted hexagonal rod-like objects 130-180 nm wide
and 1-6 uym long. It is a beautiful example of how chirality can be transferred “through

space and across length scales”.[124]

Twisting flat crystals

While we have concentrated on the formation of twisted morphologies during crystal
growth, it is possible to form twisted crystals from flat ones, and a brief mention of those
is important. They are a route to generating strain through another route, far from
equilibrium, requiring a chemical stimulus. This stress could be caused by an isomerization
in the crystal or a covalent bond forming approach.[*?3] A very relevant case here is the
topochemical reaction of azide and alkyne functional groups on a homochiral dipeptide to
give a cycloaddition product in the solid that results in twisting of plank-like crystals.[126]
After crystallization, over time and at room temperature and 0 °C, the LL enantiomer of
the compound undergoes spontaneous twisting giving right-handed crystals (Figure 15).
The tension resulting in the bending was proven to be a result of the covalent bond-forming
reaction, whose rate can be increased by heating the crystals. The twisting direction is a
result of the molecular chirality because the DD enantiomer’s crystals twist in the opposite
sense. Furthermore, the rate of twisting was dependent on the thickness of the crystals,
with thicker crystals taking much longer to distort. This beautiful experiment shows how
reactions can induce strain and lead to twisted crystals, with the important condition that

the functional groups are suitably located to be able to undergo the topochemical reaction.
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Figure 15: Photographic images of twisted crystals of a homochiral dipeptide (A) after 1 month at
room temperature, (B) after 3 months at 0 °C, and (C) before and (D) after heating-induced reaction
at 85 °C for 3 days. (E) Polarized micrographs of gradual twisting of crystals during heating on a
hot-stage from 35 °C to 150 °C. We thank warmly Kana M. Sureshan (IISER Thiruvananthapuram)

for providing the images.

Concluding remarks and Outlook

It has been shown clearly that for certain sizes of crystals and under certain conditions
twisting can be a remarkably common phenomenon. The belief that “the tendency for twist
in the orientation of neighboring molecules is incompatible with ordering into a lattice”!8¢l
does not stop that. While local strain in planar layers overcomes twisting in larger crystals
(recall Figure 8) a huge number of materials can be solidified to give helical morphologies
under certain conditions. Therefore, the idea of “geometrically frustrated assemblies”!*27]

might be even more general than presently considered.

The morphology of crystals is still hard to predict, even if it can be controlled. The
occurrence of screw dislocations can give rise to transfer of chirality without the emergence
of twisting or bending, and it has been suggested that they can also give rise to
enantiomorphic shapes that are not curved, as shown for the case of tellurium
nanocrystals.[128] Predicting morphology is hard, but theoretical approaches involving
consideration of the solid-fluid interface have been known for some time,[*?°] although
general use is infrequent and is necessarily on a case by case basis that perhaps limits the

growth of the field.
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The crystallization of chiral and achiral compounds into either conglomerates and racemic
compounds has received great attention, even if the phenomenon is not entirely
understood in many cases it can be controlled and used, for example for the resolution of
enantiomers. The emergence of morphological chirality during the precipitation of
materials is often not considered in this context and perhaps deserves attention. This
challenge is perhaps even more pertinent for macromolecules, where explaining exactly
how polymers crystallize is an ongoing challenge,[*3%T and as we pointed out earlier, there
may be synergies between the twisting of small molecule supramolecular assemblies and

polymer ribbons.

Apart from the extraordinary science waiting to be discovered for twisted crystals, for
certain present applications of organic solids flowability, filterability and density can be
important, and the formation of spherulites using an additive, as in the case of L-valine,
can be advantageous.['3!1 The twisted morphology may also bring opportunities in
molecular electronics.['32:133] The morphological chirality of crystals has also been shown
to be transferred into reactions carried out in their presence, in the case of the Soai
reaction.[134135] Away from organic compounds, the area of chiral nanoceramics is a
burgeoning area that benefits from controlled growth of twisted crystals.[13¢] There are
even suggestions that the passage of chirality between macroscopic objects, rather than
single molecules, could have had an influence on the emergence of homochirality in
biological systems.[137] Whatever the case, there are many opportunities in the exploration

of twisted crystals.
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