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“Thus the whale-line folds the whole boat in its complicated
coils, twisting and writhing around it in almost every direction.”
Herman Melville, Moby Dick, Chapter 60

1. Introduction

In 1929, Ferdinand Bernauer (1890–1945) concluded that
about one quarter of simple molecular crystals can be made to
grow as mesoscale helices.[1] Bernauer�s judgment was based
on analyses of the optical properties and morphologies of
more than 400 melt-grown crystals of substances that he was
able to obtain from colleagues throughout Germany. His far-
reaching judgment about crystal morphology, of which recent
monographs on crystal growth say not a word,[2–5] has changed
our view of crystals and crystallography. After some study, we
now know Bernauer�s claim to be true.[6]

One of the substances studied by Bernauer, hippuric acid
(N-benzoylglycine), grows from slightly undercooled melts as
flat ribbons (Figure 1a). Between crossed polarizers, the
ribbons of uniform thickness show a remarkable progression
of dark bands that correspond to outcrops of optic axes that
arise as the lattice smoothly rotates about the perpendicular
to the optic plane.[7, 8] The helically turning optical indicatrix
(an ellipsoidal surface whose radii are in proportion to the
refractive indices and defines the refraction anisotropy)
appears to be projected onto the planar ribbon. Hippuric
acid crystals, when grown from the vapor, are not constrained
as in a melt between glasses, and curve freely as shown in
Figure 1b. Hippuric acid seems peculiar. But, it is our aim
herein to normalize crystallographic oddities of this kind.

Most of the twisted crystals studied by Bernauer are so-
called ring-banded spherulites (Figure 1) of simple molecular
substances. (Hippuric acid also forms ring-banded spherulites
(Figure 1e) in addition to the isolated ribbons in Fig-
ure 1a,b)[6] Spherulites are radial aggregates of fibrous
crystals with round interfaces at sufficiently large length
scales.[12] A typical ring-banded spherulite grown by Bernauer
is of aspirin (acetylsalicylic acid).[13] The concentric bands of
extinction in Figure 1c suggesting modulated optical proper-
ties are a telltale sign of twisting. The optical bands
correspond to periodic and continuous changes in crystallite
orientation from edge-on to flat-on lamellae(Figure 2).

While ring-banded spherulites have been a focus of our
work, and also of Bernauer�s, on twisted crystals, there are, in
fact, many crystalline products of nature and the laboratory
with curved lattices. In this Review, we restrict ourselves to

single crystals that are characterized by growth-induced
bending and twisting of the crystal lattice.

The concepts of crystal and non-planar (hkl) “planes”,
may seem incompatible. In an unbounded crystal, an integral
number of translations along three non-coplanar vectors a1,
a2, a3 brings us to a position that is precisely equivalent in
structure and in potential energy. This is not so in twisted
hippuric acid (Figure 1a,b,e), or aspirin (Figure 1c, Figure 2),
or in many other simple crystalline substances, a great fraction
of which spontaneously grow so as to subvert the very
definition of crystal. But, real crystals are imperfect and can
only approximate mathematical objects. Real crystals contain
defects, dislocations, and disclinations that distort lattices
locally, however, they may cooperate to bend and twist
crystals globally.

In advance of discussing growth-distorted crystal mor-
phologies, we will first specify some crystalline objects that we
exclude from this Review. Among these exclusions are single
crystals with curved faces but straight lattices. Such crystals
commonly arise through thermal surface roughening,[14] the
development of pronounced vicinal facets,[15] or the action of
strongly adsorbing impurities.[16–18] Spencer reminds us that
the mineralogist�s vocabulary is loaded with soft adjectives
not easily applied to polyhedra including the following:
globular, botryoidal, mammiform, reniform, warty, nodular,
amygdaloidal, stalactitic, coralloidal, vermicular, dendritic,
arborescent, wiry, mossy, and plumose.[19]

We also exclude post-growth deformations of crystals in
this Review about crystal growth processes. Earth pressures
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can bend and twist minerals.[20] Where there is a force, there
will naturally be a response. Recent spectacular examples of
photochemically distorted crystals include substances that
undergo pericyclic reactions thus producing heterometries—
metric differences in subvolumes of the crystal—that create
strain-induced stresses which in turn affect macroscopic
distortions.[21–24] Potassium salts of 3,4,9,10-perylenetetracar-
boxylic acid grow as straight ribbons, but twist and coil when
dispersed in fluids that differentially solvate surfaces.[25] InSb
shows spontaneous bending in annealed thin slices perpen-
dicular to a polar axis.[26] Fascinating as is the materials science
in the aforementioned examples, the associated substances
fall outside our set of twisted crystals.

Almost every crystal growing from the melt can be bent
by an inhomogeneous temperature distribution followed by
thermoelastic and thermoplastic stress.[14, 27] High plasticity
near the melting point facilitates deformations. Ice dendrites
on a glass window in winter—a quintessential image of cold—
may actually curve thermoplastically.[28] Although this trivial
phenomenon is not considered herein, it is not wholly
unrelated to real twisted crystals as we will show in
Section 5.5.

We also exclude curved aggregates of small straight-edged
crystals (Section 6.1). Helical mesocrystals[29] are described
with increasing frequency in the literature. They are only
superficially related in form to continuously twisted crystals.
Imai and Oaki[30] have recently illustrated helical ensembles
in a number of substances including aspartic acid.[31] The
segmented quality of the structures is unequivocal in the
scanning electron micrographs (SEMs) shown in Figure 3. We
must necessarily be mindful of helical ensembles throughout
because it may well be that the segments correspond to the
independent growth of crystallites emanating from a helically
twisted core.

Chemistry is replete with structured bent and helical
ensembles that give discrete diffraction patterns that occupy
intermediate positions between classical crystals and supra-
molecular ensembles.[33–39] Highly crystalline amyloid and tau
protein[40] fibrils (Figure 4a) associated with neurodegenera-
cies fall within this class. They are composed of twisted,
multilayered b-sheet lamellae just 20 nm across. Do they
belong in this Review? We presume that for a crystal to be
bent or twisted (note the past tense, twisted not twist) it must
have an analogous undistorted structure with long-range
translational symmetry and conforming to one of the
230 traditional Federov–Shoenflies space groups. (We have
yet to learn of a twisted quasicrystal, but they are undoubtedly
possible.) Regarding the twisted silk fibroin (Figure 4b),[41] we
can anticipate, on the basis of our accumulated knowledge of
the crystal kingdom, that there could and should be an
untwisted form with a well-defined space group.[42] The
polyphenylacetylene with cyclodextrin pendants in Figure 4c
makes double helices of helical tubules that are as large as
6 mm in radius.[43] But, this is surely best described as
a complex supramolecular rope, albeit large and periodic.
Cholic acid helices have a high degree of crystallinity evident
in powder X-ray scattering experiments, supporting compar-
isons with twisted crystals,[44] but morphologically they are
aggregates. On the other hand, 10,12-tricosadynoic anhydride
deposits helically twisted ribbons[45] that were assumed to be
helical aggregates of amphiphilic molecules;[37] optical micro-
graphs support a single twisted crystalline ribbon. Cholesteric
liquid-crystal twisting is not discussed herein as the infinites-
imal twists between layers of molecules are not consistent
with a typical space groups.[46] However, liquid-crystal mol-
ecules can also form heterogeneous media with embedded
twisted morphologies, as in the helical nanofilamentous B4
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phase,[47–51] that should not be wholly overlooked in the
context of this Review.[52–55]

And what of bending? Does scrolled graphene belong
here? Scrolled graphene, flattened, would be defined by only
two basis vectors. Single-atom-thick layers do not a crystal
make. How many graphene strata of a multi-layered scroll are
necessary before we begin to speak of bent graphite?[56] It is
hard to say. No classification scheme is perfect. Our set of
twisted crystals will surely not be the same as someone else�s.
But, by laying-out criteria clearly, illustrating them richly, and
breaking them when convenient for good reason, we can
lessen confusion that might be engendered by our set.

Table 1 summarizes crystals ranging from the
nanoscopic to macroscopic (cm) that twist and bend
as a result of intrinsic growth phenomena.

2. History

The earliest description of a twisted crystal of
which we are aware of is phosgenite (Pb2CO3Cl2)
reportedly found in Sowerby�s British Mineralogy
(1811)[57] by Spencer (Figure 5a).[19] Other twisted
minerals described in the 19th Century include stibnite
(Sb2S3;[58] Figure 5b) from Wada�s Minerals of Japan
(1904).[59] But how these specimens got this way is not
surely known.

Lehmann, a pioneer in the development of the hot-
stage microscope, was the first to focus on laboratory-
grown twisted crystals.[60] He observed a variety of
substances with twisted habits some of which are
rendered in Figure 6. Lehmann reported that twisted
crystals, on thickening, would untwist, often so vio-
lently that they shattered into pieces.

The biologist Haeckel was enthusiastic about the
work of Lehmann, particularly the latter�s investiga-
tions of liquid crystals. Haeckel[61] studied the self-
patterning of small-molecule banded spherulites,
likely obtained from Lehmann, because he believed
that these self-organizing polycrystalline systems were
“missing links” between animate and inanimate
matter.[62] We now know that many banded spherulites
of the type studied by Haeckel and especially by
Bernauer comprise twisted fibrils.

A naturally occurring, banded spherulite of chal-
cedony, the fibrous form of quartz, was described by
Michel-L�vy and Munier-Chalmas[63] and others
later.[64–69] They were predisposed, presumably by
Lehmann, to interpret the alternating light and dark
bands between crossed polarizers as a consequence of
the helical precession of the optic axis. Lacroix
observed something similar in phosphorites.[70] But,
minerals offer little opportunity to observe and
modulate growth.

Wallerant, a pioneering liquid-crystal researcher,
also studied fibrous quartz[71] and was likely sensitized
to twisted crystals in this way. He intended to mimic
the twisting of quartz with materials in the laboratory.
At the turn of the 20th Century, the expression of

molecular dissymmetry in crystal form, as in Pasteur�s tartrate
hemihedra,[72] was by no means predictable (it still isn�t).
Helical crystals in thin films gave optical signatures in
polarized light that made dissymmetry vivid. Among Waller-
ant�s chalcedony mimics were resorcinol, hydroquinone,
glycolic acid, and malonamide.[73–75] In fact, in 1906, Wallerant
reported that these substances crystallize from the melt as
mesoscale helical fibers, twisting right or left depending on
the configuration of chiral additives, such as tartaric acid.[74]

By noting the changes in band positions while rotating
a crystal about a radius or fiber axis, Wallerant was able to
assign the sense of his crystalline helices just as the sense of

Figure 1. a) Ribbon of hippuric acid grown from the melt viewed between
crossed polarizers. Progression of black bands with alternating large and small
spacing correspond to angular distances between optic axis outcrops as the
crystal rotates around the [100] axis. b) SEM image of twisted hippuric acid
ribbon grown by sublimation.[9] The twisting that is implied in (a) by the
progression of interference colors is now evident. c) Aspirin with admixture of
Canada balsam, approximately 15 wt. %. Spherulite cores grew at 4 8C whereas
the outer parts grew at 20 8C; d) Poly(3-hydroxybutyrate) spherulites with
a constant band spacing; e) Hippuric acid. Irregular arrangement of bunches of
[100] elongated twisted fibers is expected to be due to the growth rate
anisotropy in the (100) plane; f) Tetraphenyl lead with admixture of polyvinylpyr-
rolidone (PVP), 24.5 wt.%. The band spacing decreases from 160 to 8 mm, as
the growth temperature decreases. First order red wave plate is inserted
between crossed polarizers. Predominantly [100] fibers are shown, whereas the
blue interference colors correspond to domains with untwisted [001] fibers;[6]

g) Testosterone propionate banded spherulite (stable polymorph) with fibers
twisted around [100] throughout most of the spherulite.[10] A small area with
alternating blue and green interference colors corresponds to [010] fibers;
h) Banded spherulites of b resorcinol (lower left) and undefined resorcinol
polymorph (upper right) between crossed polarizers. Crystals grown from the
melt at 50 8C in the presence of l-tartaric acid. Reproduced from Ref. [11] with
permission.
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Figure 2. a) Scanning electron micrograph of banded aspirin spherulite
showing, from bottom to top, edge-on half band of crystallites trans-
forming into flat-on half band, and then to edge-on again. b) Scanning
electron micrograph emphasizing twisting of lamellae. White arrows
marks growth directions. Reproduced from Ref. [13] with permission.

Figure 3. Helical twisting of potassium dichromate grown from gel.
Reproduced from Ref. [32] with permission.

Figure 4. Twisted crystals? a) Tau fibril. Reproduced from Ref. [40] with
permission. b) Silk fibroin. Reproduced from Ref. [41] with permission.
c) Polyphenylacetylene with cyclodextrin pendants. Reproduced from
Ref. [43] with permission.

Table 1: Overview of twisted crystals and related objects.

Object h[a] 2P or R[b] g[c] Growth medium Stress relaxation[d]

Molecular and ionic spherulites 0.02–1 mm 1–10 mm 0.0003–0.003 Melt, seldom solution Point defects, disloca-
tion ensembles; x�1

High polymer spherulites 5–20 nm 0.5–3 mm 0.0005–0.01 Melt, seldom solution Molecular conforma-
tions, dislocations

Nanoscale single crystals 10–500 nm 0.3–10 mm 0.002–0.04 up
to 0.4

Vapor phase, sometimes
solution and flux

Dislocations, point
defects; x = 0–1

Meso- and macroscale single crystals 0.3 mm–5 cm 0.2–100 mm 0.001–0.4 Solution, gel, sometimes
melt and vapor phase

Dislocation ensembles;
x�1

Polycrystalline and amorphous aggregates
of unusual curved morphologies

20 nm–20 mm 0.1–100 mm No curvature
related stress

Solution, gel, vapor phase No curvature related
stress

Transrotational crystals 5–80 nm 10–200 mm[e] 0.003–0.01 Amorphous film Dislocations, point
defects; x = 0–1

Aggregates of amphiphilic molecules and
liquid crystals

10 nm–5 mm 20 nm–
10 mm

0.01–1 Solution, liquid crystals Molecular conforma-
tions

Nano-objects with 2D translational perio-
dicity; nanotubes, nanoscrolls

0.5–10 nm 8–80 nm 0.01–0.1 Solution, vapor phase Molecular conforma-
tions, point defects

[a] Smallest dimension. [b] Minimum twist period, 2P (2p rotation) or radius of curvature, R. [c] Maximum strain, g = ph/P = h/(2R). [d] Type of
predominating elastic stress relaxation; x is a fraction of relaxed elastic stress. [e] Internal curvature of the lattice recalculated as pitch for comparison.

Figure 5. a) Phosgenite, (PbCl)2CO3, from Derbyshire. Prismatic crystal
with helical twist around the vertical axis growing in concert with
untwisted crystal at the base. British Museum specimen no. 59296.
These crystals were shown in J. Sowerby, British Mineralogy (London,
1811, vol. 4, p. 175, plate 399) according to Spencer.[19] b) Stibnite
(Sb2S3).

[59]
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a screw�s threads can be gauged by rotating about its long axis.
He was impressed by the smooth progression of the optical
properties and argued that their character was inconsistent
with helical arrays of untwisted crystals.

Pure resorcinol crystallizes from the melt as spherulites
without optical modulation. Wallerant shrewdly recognized
that twisting and optical banding were intimately associated
with optical activity. In other words, he was able to directly
correlate small-molecule configuration and mesoscale helix
sense. Wallerant found two spherulitic polymorphs of greater
and lesser linear birefringence on crystallization from the
melt. We showed that the b form[76] and a new polymorph
(Figure 1h), twist stereospecifically under the influence of
tartaric acid.[11]

Wallerant�s studies of so-called “helicoidal” crystals were
enriched by Gaubert who described in 1908 banded spher-
ulites of cholesterol,[77] several opiates,[78,79] and elemental
sulfur.[80] Gaubert papers on twisted crystals spanned the
period from 1908–1931.[81–90] Both Wallerant and Gaubert
strongly influenced Bernauer. Unfortunately, their collective
line of research did not survive Bernauer�s death. He was
killed by a bomb in Berlin in the Spring of 1945. Systematic
studies of twisted and bent small-molecule and ionic crystals
abruptly ceased. The occasional serendipitous discovery of
a twisted crystal was generally treated as a curiosity, wholly
divorced from earlier history. One exception was Shubnikov
who was fascinated by crystalline ensembles of symmetry1/
1, likewise the symmetry of an optically active solution.
Spheres of thin, compact twisted radii conform to this point
symmetry as determined by visible light. Shubnikov, in his
classic book on symmetry with Kopstik,[91] illustrated malo-
namide and triphenylmethane ring-banded spherulites,
although the latter seem to arise from rhythmic crystallization
rather than helical twisting.[92]

The synthetic polymer industry emerged after World
War II. Not long thereafter, banded spherulites of high-
polymers were discovered and their study has dominated the

discussions of crystal twisting ever since. The main feature of
ring-banded polymer spherulites, the smooth rotation of the
optical indicatrix along radii, was established by Point,[93,94]

Keith and Padden,[95, 96] Keller,[97] and Price.[98] There have
since been several hundred publications on the origins of
helical twisting in high-polymer spherulites (Section 5.6).
These were reviewed by Lotz and Cheng[99] who concluded
that understanding the origins of “twisting remains one of the
major challenges in the research field of polymer morphology.
It apparently has not been settled.. .”. Herein, by embracing all
classes of materials, new mechanisms might come into focus
that may also clarify questions within the domain of polymers.
This sentiment was expressed by Keller in Nature in 1952,[100]

but the problem has not heretofore been tackled in its totality.

3. Overview of Bent and Twisted Crystals

Twisted crystals form most commonly as fibrils in melt-
grown spherulites of small-molecule organic compounds and
high polymers. The 135 examples of small-molecule banded
spherulites with twisted fibers listed in “Gedrillte” Kristalle[1]

is the greatest collection of such forms. Many of these
compounds are distinguished by their simplicity and com-
monality including: urea, phenol, quinone, chlorobenzene,
malonic acid, aspirin, and catechol. Most of Bernauer�s
substances, 95% or so, have never been studied since.
Hippuric acid (Figure 1a,b) is an exception.[6–8, 101] Kuhnert-
Brandst�tter et al. found a number of twisted steroids.[389]

Additional examples of banded organic spherulites can
apparently be found in the Latvian Pharmaceutical Journal
(1934).[102]

Newly discovered banded spherulites of small organic
compounds are reported, occasionally. These include testos-
terone propionate,[10] tetraphenyl tin,[6] mannitol in both its
a and d phases (Figure 7),[103–105] 4-cyano-4’-decyloxybi-
phenyl,[106–108] and hexa-peri-hexabenzocornene.[109] Natural
fibrous quartz, chalcedony, is the most common inorganic
compound that forms banded spherulites.[63–69] Rare spher-
ulite-forming minerals with twisted fibers include prehnite
(Ca2Al(AlSi3O10)(OH)2).[110] Even elements, C (graph-

Figure 6. Bent, scrolled, and twisted crystals from Lehmann.[60]

A) CrCl2 +HgCl2 solid solution, B) chiral 1,2-diphenylethane-1,2-diyldia-
cetate (stereochemistry unknown), C) (Z)-cinnamic acid, D) K2Cr2O7,
E) hydroxyquinoline, F) 4-methyl-2,6-dinitrophenol +aniline cocrystal,
G) 2,5-dihydroxy-3,6-dipropionylcyclohexa-2,5-diene-1,4-dione.

Figure 7. A compact banded d-mannitol spherulite growing from the
melt (bottom third of image) turns into an open spherulite with
isolated twisted fibers when it penetrates a vapor bubble. Reproduced
from Ref. [105] with permission.
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ite),[111–114] S,[115] and Se,[116, 117] have been shown to form ring-
banded spherulites composed of twisted needles.

Banded spherulites are formed in naturally occurring high
polymers such as the latex of gutta-percha[118] as well as
monodispersed long-chain paraffins (C294H590).[119] Polyethy-
lene spherulites have been studied more intensively than any
other family of polymers in this regard.[95,96, 120–133] Polyes-
ters[95, 135–147] such as poly(3-hydroxybutyrate)[148–155] and poly-
amides,[156, 157] frequently form spherulites composed of
twisted fibrils. In some cases, the sense of twisting could be
correlated with the configuration of monomers as in poly(d-
or l-lactic acid).[134, 158–160] Twisting also has been studied in
poly(epichlorohydrin),[161–163] poly(vinylidene fluoride)[164–167]

and isotactic poly(1-butene),[168] among other substances,
including block copolymers.[169]

Twisted and bent single crystals—not packed in spheru-
litic mats—come in all sizes from the nanoscopic and
mesoscopic, to the macroscopic. This size classification is
based on the cross-sectional dimension. Although there is no
fundamental disjunction with scale, twisting forces and stress
relaxation processes may be different as discussed in Sec-
tion 5.

Among nanoscopic twisting crystallites (thickness h
between 5 and 500 nm) we find lamellae of high poly-
mers,[170–173] as well as proteins, such as deoxyhemoglo-
bin S,[174] and a variety simple polypeptides, such as (d- and
l-Ala-Gly)n.

[41] Branched alkanes can form scrolled nano-
lamellae[175] whereas salts of 12-hydroxysterate sometimes
precipitate twisted nanoribbons.[176, 177] A variety of twisted
nanowires and rods grow from the vapor, including PbS,[178]

PbSe,[179] and b-SiC.[180] Even simple cubic alkali halide salts
can be made to grow with very anisotropic and twisted habits
from aqueous solution.[181–183] Yang and Kotov have recently
reviewed twisted inorganic nanostructures.[184] In particularly,
such structures include nanorings and nanohelices of ZnO
(Figure 8), GaN, AlN, InP, Ag2V4O11, and SnO2.

[185–197]

Mesoscopic twisted crystals (ca. 500 nm< h< 100 mm)
include 10,12-tricosadynoic anhydride[45] and (1,4-bis[2-
(pyrene-1-yl)vinyl]-2,5-dimethylbenzene)IBr2.

[198] The chiral,
polycyclic aromatic hydrocarbon decacyclene forms left- and
right-handed twisted mesoscale ribbons.[199] 2,5-Di-tert-butyl-
1,4-dimethoxybenzene plates curl as they precipitate from
solution.[200] Mannitol,[105] hippuric acid,[7, 8] and resorcinol[201]

can all be made to grow in this size regime as single twisted
needles as well as banded spherulites. K2Cr2O7,

[6, 202–205]

(Figure 3), H3BO3,
[32, 202–204] and aspartic acid[31] crystallize

from gel as mesoscale twisted ribbons that organize into
spherulites. Sn[206] and Pd[207, 208] are elements that form twisted
whiskers, a morphology that is also expressed by sapphire (a-
Al2O3)

[209,210] and ZnS.[211] The following binary alloys grow as
twisted lamellae on the mesoscale: Pb-Sn, Al-AgAl2, Al-
CuAl2, Al-Zn.[212–214] ZrS2 forms scrolls.[215, 216] Natural rutile
(TiO2), cosalite (Pb2Bi2S5), stibnite (Sb2S3), and chalcotrichite
(Cu2O) form twisted fibrous crystals.[217] Magnesium-rich
calcite does likewise.[218]

Quartz[219–225] (Figure 9 a) joins Sowerby�s[57] phosgenite
and Wada�s stibnite (Figure 5) as a twisted macrocrystal
(100 mm< h< 3 cm). Examples were illustrated in the Min-
eral Kingdom by Brauns and others subsequently.[226,227]

Quartz can be twisted along [0001] or 11�20
� �

. Micas exhibit
complex distortions as they bend about more than one
axis.[228–230] Cubic pyrite is simultaneously twisted about all
four h111i directions[221, 231,232] as shown in Figure 10 b. Large
saddle-shaped dolomites have been described by Miers
(Figure 10 a),[233] among others.[234–238] Jamesonite
(Pb4FeSb6S14) forms elongated crystals bent normal to the
direction of extension.[217] Macroscopic bent minerals include
orpiment (As2S3),[239] spiral apatite (Ca5(PO4)3F),[240] scrolls of
molybdenite (MoS2),[241] millerite (NiS),[242] corundum
(Al2O3),[243] fluorite (CaF2),[243] augite (Ca(Mg,Fe,Al)-
[(Si,Al)2O6]),[243] among some others. Monoclinic gypsum,
elongated along [001] and bent around [010] can be found in
nature[19, 217] but it can also be prepared in the labora-
tory.[244–247] K2Cr2O7 forms very large helices, pictured in
Figure 9b when grown from aqueous gels.[248–252] Twisted
oxalic acid dihydrate precipitates from several organic
solvents.[253–255]

Figure 8. a) SEM image of twisted ZnO nanoribbon. Reproduced from
Ref. [189] with permission; b) Bright-field TEM of dislocation free,
single-crystalline ZnO nanoring. Reproduced from Ref. [187] with
permission.

Figure 9. Twisted macrocrystals. a) Natural quartz. Reproduced from
Ref. [256] with permission; b) K2Cr2O7. Reproduced from Ref. [252] with
permission.
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4. Phenomenology

4.1. Morphology of individuals

What precisely are the shapes of twisted crystals? How
best to define their strange habits? Twisting and/or bending
around some direction produces curved forms. Locally,
deformation of the crystal lattice can be described by
a second-rank tensor of curvature with principal values k1,
k2, and k3.

Ribbon-like crystals (length (L) @ width (H)> thickness
(h)) generally bend around two mutually perpendicular axes
in the ribbon plane. They are characterized by the two
constant principal surface curvatures k1 and k2, and an angle f
in the ribbon plane between the ribbon elongation direction
and one of the bending axes (Figure 11).[257] In the general
case, the ribbon will form a helix where the central line wraps
around a bounding cylinder whose radius is calculated
directly from the aforementioned parameters.[257]

Pure twist deformations (helicoids) of many needle- and
ribbon-like single crystals and crystallites bound within
spherulites (Figure 1c,d, Figure 2, Figure 7) are described by
k1 =�k2, f=�p/4. The spine of the ribbon and cross sections
remain straight. Twisting is characterized by a pitch, P = p/q,

the length required to achieve a 1808 rotation, where q is the
twist per unit length. The curvature and the pitch are related
by k1,2 =�P/(r2+P2), where r is the distance from the spine in
the plane of ribbon.

A ribbon forms a ring with positive Gaussian curvature if
either k1 =k2, f= 0, or f= p/2. If either k1 or k2 = 0, the
ribbon bends into a cylinder with zero Gaussian curvature
(k1 + k2 = 0). For example, bending around the short axis can
result in cylindrical rings and helices, which are common for
ZnO, GaN, and AlN nanocrystals (Figure 8). Scrolls of plate-
like crystals (L�H @ h) have been observed for graph-
ite,[111–114] molybdenite,[241] and g-poly(vinylidene fluoride).[167]

The curvature or radius of curvature, R = 1/k, gives the
magnitude of the deformation.

The range of morphologies that can be expressed in the
mutual orientation of bending axes with respect to the crystal
extension was captured in a clever mathematical experi-
ment.[257] Chen et al. stretched a square piece of latex twice as
much in the vertical direction as in the horizontal direction.
An adhesive sheet was attached to the strained latex and
subsequently cut into ribbons with long axes varying between
08 and 908 in 158 intervals. On release, the strips bend about
orthogonal axes at the extremities and twist into helical forms
at intermediate angles (Figure 11). A helicoid, a common
form not captured in Figure 11, would be a consequence of
equal twists about the axes 458 and �458 with respect to the
long axis, is shown at right in Figure 12.

While bent crystals and twisted crystals form by similar
mechanisms, twisting is much more common. This is because
twisting about the growth direction does not interfere with
forward propagation, and is consistent with linear gradients in
media that commonly drive growth. Such objects can twist by
any n-multiple of p with constant pitch producing eye-
catching periodic structures. Bending around an axis perpen-
dicular to the growth direction may interfere with growth
after a bend of 2p while the tip returns to a region of space
that may no longer support growth.

Figure 10. a) Saddles of dolomite on fluorite cubes.[233] b) Pyrite (4 mm
in size) twisted about four threefold axes. Reproduced from Ref. [232]
with permission.

Figure 11. A square piece of latex was stretched twice as much in the
vertical direction than in the horizontal (dashed-dotted edges). An
adhesive sheet was bonded to the strained latex and subsequently cut
into ribbons with long axes varying between 08 and 908 in 158
intervals. After release, the forms were displayed on the appropriate
stretching coordinate along with the theoretical prediction. Directions
r1 and r2 correspond to the principle bending directions characterized
by the curvatures k1 and k2, respectively. d= direction of the ribbon
elongation. Reproduced from Ref. [257] with permission.

Figure 12. Distortion of a plank with zero curvature (center) to give
a cylindrical helix with positive curvature (left) or a helicoid with
negative curvature (right). Reproduced from Ref. [258] with permission.
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Pure twist of vanishing thickness—all surface—is a heli-
coid that gives a line in cross section. Real “helicoids” of finite
thickness, such as macroscopic quartz crystals, often show S-
shaped cross sections.[219, 254] Not surprisingly, enantiomers of
poly(l-lactic acid) and poly(d-lactic acid) lamellae show
enantiomorphous “S” shapes.[134, 160] But, for large, cylindrical
or even isometric crystals (L @ H� h and L�H� h, respec-
tively), the scheme of deformation can be very complex
because twisting and bending of similar strengths around
several directions are possible. As a result, deformation may
become inhomogeneous with local curvatures varying from
point to point producing vexing morphologies.

Deformation can be inhomogeneous even for ribbon-like
crystals. Twisting around the longest axis may be complicated
by twisting around a perpendicular axis. The spectacular dark-
field transmission electron micrographs (TEMs) by Cheng
and co-workers revealed that there is a helical twist not only
along the axis of the ribbon, but also perpendicular to it;
bright arcs from selected reflections do not illuminate the
whole ribbon in cross section (Figure 13).[172, 259] Interpreting
morphology from cross sections of twisted objects at the
interfaces of spherulites by microstructural techniques, such
as atomic force microscopy (AFM) or SEM is challeng-
ing.[99, 143, 152,260]

For elongated crystallites (needles, fibers, ribbons) of
constant cross-sections grown under constant conditions,
pitch is constant along the fiber. This is true from the nano-
to the macroscale (Figure 8a, 9). Oxalic acid dihydrate forms
�101
� �

plates or [010] elongated crystals twisted around [010]
and forming complex saddle-like shapes when grown from
acetone, acetic acid, formic acid, butanol, or succinic acid
(Figure 14).[253–255] If twisting is slight (Figure 14a) the crystals
are homogeneously distorted as confirmed by detailed
goniometric study (Figure 15). In contrast, twisting is not
homogeneous over the quartz crystal (Figure 16). Sometimes

ribbon-like crystallites twist unevenly—relatively long
straight regions alternate with abrupt changes of crystallite
orientation, as observed for individual fibers of deoxyhemo-

Figure 13. a) Dark field TEM of doubly twisted helical lamellar crystal
of (R)-(�)-4’-{w-[2-(p-hydroxy-o-nitrophenyloxy)-1-propyloxy]-1-nony-
loxy}-4-biphenylcarboxylic acid constructed from complete diffraction
arcs. b) Same as (a) but from partial diffraction arcs showing the
partial illumination of cross sections that indicate the double twist.
Reproduced from Ref. [259] with permission.

Figure 14. Oxalic acid dihydrate crystals from acetic acid.[255] a) Elon-
gated crystal with large pitch in two different orientations. b) Squarish
plate-like crystal with intermediate twist intensity in two different
orientations. c) Strongly twisted crystal with macroblock splitting.

Figure 15. Spherical coordinates, f and 1, measured with a Gold-
schmidt light goniometer for the (001) face of twisted oxalic acid
dihydrate crystal grown from acetone.[219, 253] a) Three profiles measured
across the crystal, x = 0. b) A profile measured along the central line,
z = constant. Inset: the coordinate system and orientation of the
twisting axis [010]. Straight fits indicate constant pitch and constant
twist intensity in the cross sections.
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globin S[174] and mannitol[105] as well as polymer lameallae in
spherulites[140, 167] and millerite whiskers.[217] This may be
a consequence of mechanical interactions between growing
crystallites and the substrate or mutual crystal crowding. If
growth conditions and/or cross section dimensions vary, pitch
will likewise vary (Figure 1 f).[144]

Deformations along symmetry related directions should
be comparable (e.g. the four threefold axes of pyrite[221,231] and
the three 11�20

� �
directions of dolomite;[1, 233] Figure 10).

Symmetry independent directions can be different (e.g.
threefold and twofold axes of quartz,[219, 220,222] the [100] and
[010] directions of mica[219, 228]). Quartz will elongate along,
and twist about, the two- or threefold axis.[219, 225] We have
observed that testosterone propionate can be twisted (with
different pitches) about all three independent crystallo-
graphic axes (Figure 1g).[10]

4.2. Morphology of Aggregates

Banded spherulites are typically composed of numerous
fine fibers radiating from a common center and show
concentric rings of optical contrast between crossed polarizers
(Figure 1). Since the orientation of the optical indicatrix is
fixed with respect to the crystal structure, optically aniso-
tropic twisted fibers show a periodic change of retardance, the
phase difference between the orthogonal rays propagating
within the sample, with a period equal to a p rotation.

Banding in spherulites may arise not only from fiber
twisting but also from rhythmic precipita-
tion.[6, 99,137, 141, 163,261–265] The origin of banding can be resolved
by the direct detection of twisted forms by microstructural
methods of analysis, such as AFM or SEM (Figure 2). If direct
observations are not possible, fiber twisting can be established
by Wallerant�s method of “sensing the screw”.[6, 8, 95,160, 161, 266,267]

Upon tilting a fiber clockwise (defined while viewing from the
advancing interface toward the nucleus) the extinction bands
observed between crossed polarizers shift further or nearer to
the observer depending on whether the helix is right or left
handed, respectively (Figure 17).

We have illustrated the optical sensing of the screw
quantitatively with Mueller matrix microscopy.[8] Generally
speaking, banded spherulites have been a rich source of

phenomenology for optical crystallographers. Keller
simulated micrographs in polarized light as a function
of the angle of the fibrous twisting crystals to the
substrate.[97,150] Linear birefringence imaging of
banded spherulites using quantitative light-intensity
measurements were introduced by Ye et al. Fig-
ure 18a,b[267] was obtained with the PolScope.[268]

Further, studies of circular birefringence by Mueller
matrix imaging have been instructive in unraveling
the mesoscale stereochemistry associated with multi-
lamellar, linearly birefringent layers.[8, 105] For
instance, in this way, we can distinguish enantiomor-
phous halves of twisted aspirin spherulites as shown
in Figure 18 d.[13,269]

Today, microfocus X-ray diffraction,[6, 154] as shown in
Figure 19,[153] microbeam small- and wide-angle X-ray scat-
tering,[144, 145] and polarized micro-Raman spectroscopy can
likewise be used to establish the sense of twist.[146]

One barely characterized optical characteristic of non-
absorbing fibrous spherulites is their scattering of linearly
polarized light. This phenomenon was called pseudopolychro-
ism or pseudopleochroism by Gaubert[81, 89] and Bernauer,[1,270]

and manifests itself as linear extinction in contemporary
polarization modulation imaging. The importance of light
scattering in interpreting the optical properties of tightly ring-
banded spherulites was recently emphasized by Point.[271] The
optical transform method was used by Morgan to interpret
the X-ray scattering patterns of ring-banded spherulites.[272,273]

Ideally, all fibers twist in-phase forming a cooperative
banded pattern, but this only occurs if fiber cross-sections are
isometric and the only type of deformation is axial twisting. In
reality, most spherulite fibers are ribbon-like or lamellar and
pure axial twist is impeded by collisions among lamellae and
the necessity of cooperative distortions.[129] The lamellae can
deviate from radial directions, stick to each other, re-nucleate,
and form chaotic patterns (Figure 1 e). This sometimes results

Figure 16. Inhomogeneity in the distribution of the twist intensity q, measured
along two profiles of the same natural quartz crystal.[219] Regions I and II
correspond to two stages of quartz growth: along 11�20½ � without and with
thickening, respectively. Pitch measured as the angular deviation of the optic
axis outcrop from the normal to the crystal cut.

Figure 17. Sensing the screw. Motion of extinction bands in polymer
spherulites upon rotating the sample about the radius in direction
indicted by arrow. PHB = Poly(R-3-hydroxybutyrate), 5HV and
16HV= polyhydroxybutyrate copolymer with 5% and 16% hydroxyval-
erate monomers, respectively, 2.9HHx= polyhydroxybutyrate copoly-
mer with 2.9% hydroxyhexanoate monomers. Reproduced from
Ref. [152] with permission.
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in the formation of domains within the same spehrulite with
different directions of growth and different twisting axes
(hippuric acid,[6] tetraphenyl lead (Figure 1 f),[6] testosterone

propionate (Figure 1g),[10] poly(3-hydroxyvalerate) (Fig-
ure 18a,b)[267]).

Just as inhomogeneities occur in the twisting of individual
crystallites (Section 4.1), spatial and temporal inhomogene-
ities are also evident in aggregates of fibers in banded
spherulites which gives rise to very complicated optical
textures.[99,165, 167, 267,274–276] In general, a theory of the organ-
ization of twisted lamellae in spherulites is still lacking. It is
well established from observations of poly(l-lactic acid),[120]

poly(ethylene),[124, 125] poly(R-3-hydroxybutyrate),[148] poly(vi-
nylidene fluoride),[166] as well as our observations on mannitol
and tetraphenyl lead (Figure 1 f) that well-organized banded
patterns arise only if the twist period is small. Intense twisting
seems to suppress all other inhomogeneities.

4.3. Correlations of Molecular and Mesoscale Chirality

Helices and helicoids are chiral and researchers naturally
have tried, mostly in vain, to establish correlations between
macroscopic chiral morphologies, and molecular configura-
tion or crystallographic symmetry. Researchers speak of
“levels of chirality”.[277] The primary molecular level of
chirality presumably propagates to the secondary level, the
handedness of helical macromolecules, for example. These
confirmations may further establish enantiomorphous macro-
or mesoscopic morphologies with opposite twists, the tertiary
level. Ultimately, twisted ribbons may aggregate as in
spherulites forming chiral objects, the quaternary level. But,
as Bernauer astutely recognized, the optical activity of
components is not a precondition for twisting.[1] Crystals of
any point or space symmetry can twist. No direct relationship
between molecular or crystallographic chirality and sense of
twisting should be expected—it was long ago recognized that
twisting in crystals has nothing to do with the presence or
absence of crystallographic screw axes[226]—although correla-
tions between configuration and crystallographic point sym-
metry with twist sense can be identified in some systems.[172]

4.3.1 Chiral Molecules

In a few instances, mesoscale twisting can be linked
directly to the atomic configuration of the chiral, crystallizing
molecules. Poly(R- and S-epichlorohydrin)[161,162] and poly(R-
and S-propylene oxide) give right- and left-handed twisting,
respectively.[149,161] Poly(d- and l-lactic acid) form left-handed
and right-handed twisted crystals, respectively.[134] Enantio-
pure polymers such as poly(R-3-hydroxybutyrate) from
bacterial sources always twist in one direction, in this case
to the left.[161] Presumably the enantiomer will twist to the
right. However, in this area of chemistry, as with so many
others (e.g. optical activity, asymmetric synthesis), there is no
simple correlation between molecular configuration and bulk
manifestations of dissymmetry. Correlations between molec-
ular configuration and sense of twisting failed for poly(3-
hydroxyvalerate)[161] but this may be a consequence of the fact
that the twist sense changes when the crystallographic
twisting axis also changes.[267] Admixtures of just three
percent of (R)-3-hexanoate chains instead of (R)-3-butyrate

Figure 18. a,b) Polyhydroxyvalerate. a) False color map of linear retard-
ance jsin(d) j (color scale from 0 to 1) and b) linear extinction at
l = 546 nm. Color scale from 08 to 1808 measured counterclockwise
from the horizontal. Reproduced from Ref. [267] with permission.
Azimuths mark direction of slow axis. “Eye” and surrounding region
have different twist senses. c) Linear retardance (jLB j) and d) circular
retardance (CB) micrographs (l = 532 nm) of aspirin spherulites.
Reproduced from Ref. [13] with permission.

Figure 19. a) Poly(R-3-hydroxybutyrate) spherulite between crossed
polarizers. The white square marks the area investigated by microfocus
X-ray diffraction, 300 mm � 300 mm. b) Local Laue patterns. The arrows
indicate the radial a axis. Reproduced from Ref. [153] with permission.
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chains in poly(R-3-hydroxybutyrate) can change the handed-
ness of the resulting twisted crystals (Figure 17).[152] Small
differences in molecular structure can change the sense of
twist, as for the polyester (R)-(�)-4’-{w-[2-(p-hydroxy-o-
nitrophenyloxy)-1-propyloxy]-1-alkyloxy}-4-biphenylcarbox-
ylic acid.[172] The number of methylene units in the chain
backbone n = 7–11 determines the sense: if n is odd, twisted
crystals are right-handed; if n is even they are left-handed.

4.3.2. Chiral Additives

In some cases, the sense of mesoscale twisting can be
correlated to the configuration of chiral additives. For
example, d- or l-tartaric acid added to polymorphs of
resorcinol,[11] hydroquinone, malonamide, and glycolic acid,
induces enantiomorphous twists, whereas racemic tartaric
acid does not induce twisting at all.[73, 74] Potassium dichromate
forms equal fractions of right- and left-handed twisted crystals
if grown from gel without additives but gives preferably right-
and left-handed helices, respectively, in the presence of l- or
d-aspartic acid or l- or d-glutamic acid.[30, 205]

Recently, researchers claimed to control mesoscale twist-
ing of crystallites induced by chiral additives.[278, 279] However,
Kunz and co-workers showed that the calcite helices detected
by SEM[278, 279] closely resembled ubiquitous scrapings of
plastic laboratory equipment, underscoring the need to
show representative micrographs and not only the most
extraordinary form in a collection.[280]

4.3.3. Enantiomorphous Crystals

Enantiomorphs should twist in opposite directions. How-
ever, quartz is the only substance for which this relationship
has been directly verified.[219] Hippuric acid (P212121) twists in
both directions in spherulites but twist sense has not been
correlated with absolute structure. Optically pure twisted
crystals from Bernauer that we have not reinvestigated
include cocaine hydrogen chloride, santonin, cinchonine,
rhamnose monohydrate, cholesterol monohydrate, menthol,
formyl leucine, formyl valine, and asparagine hydrogen
chloride.[1]

4.3.4. Enantiopolar Growth Directions

Brauns[226] and Bernauer[1] recognized that enantio-
morphism is not a precondition for twisting. Twisted, tetrag-
onal tetraphenyl lead crystallizes in the achiral point group
�42m. The [100] and [010] directions about which the crystals
twist are enantiomorphous and both senses of twist can be
found. Oxalic acid dihydrate crystals (P21/n) form right- or
left-handed helices if growth occurs in the [010] or 0�10

� �

directions, respectively, from a seed crystal. However, if both
h010i directions grow simultaneously they twist in opposite
directions forming a saddle-like morphology. Aspirin is
centrosymmetric (P21/c) and the opposite ends of h010i
elongated fibers are characterized by different twist senses
(Figure 18 c,d).[13] Ferrous muscovite (C2/c) grows as conical
c* elongated crystals with a convex (001) surface bent around
the [100] and [010] axes. Rarely, crystals grow in both � c*

directions forming two convex planes.[228] High-density poly-
ethylene grows likewise, twisting in opposite directions for
growth in opposite directions along the b axis. The sense of
chain tilt with respect to the lamella normal determines the
sense of twist.[127] Radial disclinations that interrupt circular
bands sometime mark the boundaries between right and left
twisting sections of poly(e-caprolactone)/poly(vinyl butyral)
blends.[145] We detected a similar coexistence of domains with
right and left twisted fibers within the same hippuric acid
spherulite.

In summary, crystals of any space group can twist. There is
no direct correlation between molecular or crystal chirality
and the ability of a particular substance to twist. Only in
selected cases do we know with certainty that crystal chirality
or the chirality of additives control twist sense. Crystals
cannot twist along directions that are parallel to a mirror
plane. If a mirror plane is perpendicular to the direction of
twisting, the opposite ends of the crystal will show opposite
senses of twisting. In the absence of a symmetry operation of
the second kind (reflection, inversion, improper rotation), the
sense of twisting will be the same for both ends of the crystal.

4.4. Intensity and Nature of Deformation

Crystallite size and pitch are strongly correlated. Pitch can
change more than six orders of magnitude with the smallest
cross-section dimension, h. A plot of P(h) versus h is given in
Figure 20. The upper bounds of the lines are not meaningful
as very large pitches cannot be detected for crystals of finite
size. Most banded spherulites reported are smaller than 2 cm,

Figure 20. Correlation between full twist period (2P, 2p rotation, mm)
and the smallest fiber size in a cross section (h, mm) for: quartz single
crystals (a[220] and +[219]), oxalic acid dihydrate, H2C2O4·2H2O, single
crystals (&),[219] potassium dichromate, K2Cr2O7, single crystals[248] and
open spherulites (N),[32] d-mannitol spherulites, with 15 wt. % polyvi-
nylpyrrolidone (^),[105] hippuric acid single crystals (*[8, 9] and c[7]),
(1,4-bis[2-(pyrene-1-yl)vinyl]-2,5-dimethylbenzene)IBr2, (BPE-DMB)IBr2,
single crystalline ribbons (&),[198] two types of selenium spheru-
lites (!),[116, 117] polyethylene spherulites, PE, 32 kDa (pentagons),[125]

and poly(R)-3-hydroxybutyrate spherulites, PHB (~).[148] The values of
n are exponents in the fit P = consthn. In the region below the dashed
line, 2P<103ph or gmax>0.001, elastic stress in twisted crystals
should relax, at least partially.
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an approximate natural limit for twist periods detectable with
an optical microscope. The lower bound corresponds to the
maximum twist intensity for a given crystallite size h. For an
elastically twisted rod or ribbon the maximum strain (gmax)
forms on the outer surface and approaches gmax = ph/(2P).[281]

Similarly, for a bent crystal of curvature radius R, gmax = h/
(2R). Estimates often give (Table 1, Figure 20) gmax> 0.001
and sometimes gmax> 0.01. Corresponding stresses can be
estimated as tmax = Ggmax> (10�3–10�2)G, where G is the
shear modulus.

In micro- and macroscopic crystals (h> 10–100 nm),
relaxation processes are driven by nucleation, and multi-
plication/motion of dislocations.[282–284] The yield strengths (tc)
in ductile materials including metals, many molecular crystals,
and ionic-covalent compounds forming at room temperature
and melt-grown crystals forming at T> (0.6–0.9)Tm fall in the
range tc = (10�4–10�5) G.[283–286] Brittle materials fracture at
critical stresses of approximately 10�3 G.[287] Moreover, yield
strength significantly decreases in the subsurface (several nm)
layer[288–290] enhancing stress relaxation immediately after
crystal growth. Comparisons of tc and tmax shows that in most
twisted crystals, elastic stress is partially or completely
relaxed.

Plastic relaxation in macroscopic twisted crystals is
evidenced by the following:
1) High dislocation densities[116] and well-developed mosaic

block structure including microblocks (< 300 nm) and
mesoblocks (2–200 mm) seen in X-ray diffraction rocking
curves[219] and SEMs (Figure 3), as well as macroscopic
blocks (> 0.2 mm) detected by eye (Figure 10 b,
14 c).[219, 224, 229,230, 244–246, 250]

2) Twisting variance over the cross section (Figure 16) and
a correlation of twist intensity and density of mesoblocks
(Figure 21).

3) Preservation of curved morphologies upon fragmentation
of quartz, mica, oxalic acid dihydrate, potassium dichro-
mate, and other macroscopic crystals,[219, 250] as well as for
micron-size crystals of hippuric acid.[9]

4) Low levels of residual elastic stress from anomalous
biaxiality of twisted quartz.[219,222]

5) Large, facile, irreversible deformations of crystals induced
by external forces such as gravity, or interactions with the
container or other crystals.

In very small crystals, dislocation density can be low and
yield strength high. Plastic deformation is unlikely, particu-
larly at low growth temperatures (T< (0.3–0.5)Tm). This
situation makes possible substantial elastic bending and
twisting deformations as found in fibrous nano- and micro-
crystals grown from solution and the vapor, for example, ZnO
nanoribbons,[185–187] and PbS and PbSe nanowires.[178,179]

Polymer lamellae are very thin (h = 5–20 nm) and usually
grow from the melt at high temperatures, T> 0.9Tm. As
corresponding yield strengths are high, approximately tc =

(10�1–10�2) G,[291,292] only the strongest stresses can be
expected to achieve twisting by plastic deformation
(Table 1). Yet, plastic relaxation is evident in curved lamellar
morphologies upon crystal fragmentation[293] and the forma-
tion of isochiral dislocations after crystal growth.[260] Irrever-

sible plastic deformations in polymer crystals may result from
molecular conformational relaxation.[294–296]

4.5. Untwisting

Single crystals grown under constant conditions show that
the thicker the crystal, the greater the pitch (Figure 20). See
also data on twisted PbS and PbSe nanowires,[178, 179] bent ZnO
nanobelts,[188] and twisted ribbons of 9-anthracenecarboxylic
acid.[21] Fitting these data to a power law P/ hn gives n = 0.3–
14.2; most data conform to n = 0.6–1.3.

This behavior is intuitive. Increased rigidity of a thickening
crystal will resist the twist moment applied to the crystal
whether the forces are internal or external. In a rod twisted by
a torque or a twist moment, M, the half twist period (p

rotation) is expressed as P = p/q = pGJ/M, where G is the
shear modulus and J is the torsion constant.[281] For a circular
rod of radius r, J = pr4/2. For non-circular cross sections, the
geometric dependence becomes more complicated but the
proportionality J/ r4/ h4 holds leading to P(r)/ r4 M(r).
Although M(r) is specific for every case and, in general,
unknown, the functional dependence can be estimated for the
main distributions of twisting stress—twisting forces are
applied along some line (e.g. the line of axial dislocation) or
some surface (outer surface, sector zoning boundaries). In the
cross section, stress sources correspond to points and lines
leading to M/ r2 and M/ r3, respectively. Thus, in P/ hn the

Figure 21. a) Inhomogeneity of twist intensity q (8/cm) measured in
a natural quartz crystal and b) density of mesoblocks 1MB, measured
along the same direction.[219] The diagram on the right shows the
location of the profile. Regions I and II correspond to two stages of
quartz growth: along 11�20½ � without and with thickening, respectively.
Twist intensity was measured as the angular deviation of the optic axis
outcrop from the normal to the crystal cut. Density of mesoblocks was
calculated from broadening of X-ray diffraction reflections by the
method of moments.

.Angewandte
Reviews

A. G. Shtukenberg, B. Kahr et al.

684 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 672 – 699

http://www.angewandte.org


exponent n should range from 1 to 2. How-
ever, this analysis does not involve the plastic
relaxation of the deformation.

As shown for large quartz crystals,[219]

smaller gypsum crystals,[219,244] micron-sized
needles of hippuric acid,[8, 9] and d-mannitol
fibrils in spherulites,[105] twisting and bending
begins at the crystal tip. As a rod thickens,
crystals untwist and pitch increases. This was
also seen in helices and helicoids of chiral
amphiphiles.[297] Twisting is a dynamic process
and the coexistence of variously twisted seg-
ments of a single crystal is not a consequence
of equilibrium processes,[298] but rather growth
history.[8, 219] Untwisting was observed in situ
for gypsum[219,244] and oxalic acid dihy-
drate[219, 253] growing in solution, as well as for
hippuric acid[8] (Figure 22) and d-mannitol[105]

growing from the melt. Post-growth observa-
tions suggest untwisting for quartz[219, 222] and
vapor-grown hippuric acid.[9] A crystal con-
strained by adhesion to the substrate surface
(Figure 23 a) or to other crystals, or by con-
finement between walls of the chamber,[8] may
not untwist, and thus it may have a much
smaller pitch (Figure 23a) than an unencum-
bered crystal (Figure 23b). Strongly twisted,
free-standing, or freely suspended crystals can
untwist almost completely as for melt-grown
hippuric acid needles.[8] Thin plates of 2,5-di-
tert-butyl-1,4-dimethoxybenzene show com-
plex curling and uncurling behavior during
growth from acetic acid solution, behavior
which is analogous to twisting and untwisting.[200]

Since deformation is essentially plastic, the theoretical
P(r) dependence should involve not only the expression for
M(r) but also stress relaxation processes occurring during
crystal growth. A beautiful illustration of this was provided by
Shaskol�skaya and Pashkov[299] who plastically bent a single-
crystalline rock-salt plate. During subsequent growth and
thickening in a supersaturated salt solution, the imposed
deformation of the plate was undone.

No theory, to our knowledge, has been elaborated to
account for the plastic relaxation of twisted crystals. Analyses
of experimental P(r) dependences always invoke purely
elastic criteria appropriate only for nanocrystals growing far
below the melting point (Section 4.4). As a first step, a twist
moment only at the crystal tip can be considered. Immedi-
ately after growth, elastic stress relaxes completely resulting
in a plastically twisted internal core with the twist period P0 =

p/qp,0 and the cross-section size h0 or 2r0 (Figure 24). The
crystal then thickens as new material is attached to the lateral
surfaces that are already distorted by the twisted core.
Because the sides are curved, newly deposited layers
become stressed and try to untwist (unbend) the core.

Untwisting can be simulated on the basis of some
reasonable assumptions. A simple model assumes that the
crystal grows by elementary layers and stress relaxation in the
surface ith layer occurs as long as this layer is not buried by

successive layers. At any time, the total twist, qT = p/P,
consisting of elastic (qe = ger) and plastic (qp = gpr) contribu-
tions remains constant over the whole crystal, qT = qe,i + qp,i =

const, i = 1,…N. The mechanical equilibrium condition for
a crystal consisting of N layers requires that the total twist
moment is zero [Eq. (1)].[281]

Figure 22. a) A sequence of images between crossed polarizers showing the evolution of
a hippuric acid needle grown from the melt. “OA” marks those spots where an optic axis
is perpendicular to the slide surface. b) The advancement of a hippuric acid tip and two
OAs as a function of growth time. c) Averaged needle width and thickness as a function
of growth time. Horizontal line shows thickness of the melt layer between glasses. The
distance between OAs increases (twist intensity decreases) as long the as crystal surface
is surrounded by the melt and not obstructed by the container. Reproduced from Ref. [8]
with permission.

Figure 23. Scanning electron micrographs of hippuric acid needles
grown from the vapor at 210 8C.[9] a) The crystal attached to a glass
substrate shows a strong twisting, P = 8 mm. This value corresponds to
the typical twist intensity at the crystal tip and shows no evidence of
untwisting. Free standing branches of the same crystal show much
larger pitches. b) Crystal grown perpendicular to the substrate and
showing inhomogeneous twist intensity. Near the base P>500 mm
while near the crystal tip P<15 mm. Inset shows an enlarged image of
the crystal tip.
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M ¼
XN

i¼0

Mi ¼
XN

i¼0

GJiqe;i ¼ 0 ð1Þ

If plastic relaxation accommodates all the stress immedi-
ately, the twist period does not change and P(r) = P0 (line 1 in
Figure 25). In the opposite limit, there is no relaxation and
P(r) = P0(r/r0)

4 (line 2 in Figure 25). The experimental data
(Figure 25) lie between these limits and suggest partial stress
relaxation.

The condition for plastic relaxation can be introduced in
several ways. In the simplest case, some fraction a of defects
that create plastic strain in the underlying layer emerges in the
new layer, gp,i = gp,i�1a, i = 1,…N, where gp,0 = qp,0r0 = pr0/P0 is
the plastic strain at the crystal tip. If all defects from the core
penetrate the new layer (a = 1), the agreement between
theory and experiment is excellent for all points with r/r0< 6
(line 3 in Figure 25). For the whole data range, the agreement
can be improved by slight variations of a (lines 4 and 5 in
Figure 25).

The model described above assumes smoothly varying
deformations across the whole crystal. This may not be the
case for very large twisted quartz and mica that might have
discontinuities between concentric twisted and untwisted

volumes (Figure 24). Outer layers, acting to untwist the core,
could well separate from it by cracking or intensive plastic
deformations. Stresses developed during untwisting are
manifest in crystal cracking. Cracks can form in the outer
layers (gypsum[219]) and in the crystal core (quartz[219]).

4.6. Effect of Composition, Additives, and Growth Conditions

Bending and twisting can be controlled by the crystal
composition. Sometimes for a series of isomorphous com-
pounds only specific compositions show curved morphologies.
For example, our experiments demonstrate that among
a large number of Tutton salts, A2Me(SO4)2·6 H2O, and their
solid solutions growing from aqueous solutions, only
(NH4)2Cu(SO4)2·6 H2O and (NH4)2(Co,Fe)(SO4)2·6 H2O form
spontaneously bent crystals. A variety of micas can be found
in pegmatite veins but only ferrous muscovites, some lepido-
lites, and rarely biotites bend.[228–230]

Twisting of many of Bernauer�s small molecules was
encouraged by the addition of various natural resins. A
qualitative relationship between twisting in cholesterol with
the additive santonic acid was described by Gaubert.[81] A
quantitative relationship between impurity concentration and
twist intensity was established for oxalic acid dihydrate grown
from water/acetone mixtures,[219] aspirin spherulites grown
with salicylic acid,[13] mannitol with polyvinylpyrrolidone
(Figure 26 a),[105] poly(butylene succinate) with poly(ethylene

Figure 24. Diagram illustrating the distribution of plastic and total
twist intensity along radius of a thickening rod.

Figure 25. P/P0 as a function of r/r0 for four needle-like hippuric acid
crystals,[9] distinguished by four symbols. Twist period, P, and crystal
thickness, h, and width, H, determined by SEMs. Values of P, h, and H
measured at the crystal tips were used as initial values (marked by
subscript 0) prior to untwisting. The effective radius of the cross
section, r, was recalculated from h and H assuming the constancy of
a torsion constant J = pr4/2= (0.332H�0.203h) h3.[281, 300] Solid lines
show different stress relaxation regimes. 1) Immediate and complete
plastic stress relaxation; 2) No stress relaxation; 3)–5) Simulations
using the relaxation model described in Section 4.5. 3) a =1; 4) Fit to
triangles, a = 0.9998; 5) Fit to squares, a =1.000025.

Figure 26. Twist period, P, for fibers in melt grown spherulites as
a function of additive concentration. a) d-Mannitol with polyvinylpyrro-
lidone (PVP); triangles correspond to growth at 110 8C and circles to
growth at 115 8C. Reproduced from Ref. [105] with permission. b) Pol-
y(butylene succinate) blended with poly(ethylene adipate) (PEA)
Growth temperatures are indicated near the corresponding curves.
Replotted from Ref. [140] with permission.
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adipate) (Figure 26b),[140] poly(3-hydroxybutyrate) with
poly(3-hydroxyhexanoate) and poly(3-hydroxyvalerate),[152]

and poly(e-caprolactone) with poly(vinyl butyral).[156] Zn
and Hg vapors induce twisting in sulfur spherulite fibers,[115]

Mg2+ and Cd2+ affect bending of gypsum crystals.[244, 245,247]

Impurities can intimately direct twisting so that the result
is stereospecific as found for resorcinol, glycolic acid, hydro-
quinone, and malonamide each with d- and l-tartaric
acid.[11, 74,75] In all these cases, the impurity is presumed to
work, in part, through solid-solution formation (see Sec-
tion 5.7).

Impurities can also affect pitch indirectly by modifying
crystal morphology, reducing crystallite size, altering the
packing of fibrils, or suppressing growth below threshold
supercoolings and supersaturations. Probably resins and
polymers added produce ring-banded spherulites in this
way. Poly(ethylene adipate) increases the band spacing in
poly(butylene succinate) (Figure 26 b).[140] Atactic poly(lactic
acid) and atactic poly(3-hydroxybutyrate) intensify twisting in
poly(l-lactic acid).[120] A poly(ethylene glycol) admixture
promotes banding in poly(l-lactic acid) and poly(d-lactic
acid).[134]

The separation of multiple twisting influences has not
been cleanly achieved. Tetraphenyl lead does not form
twisted crystals without the addition of polyvinylpyrrolidone
(PVP) or a natural resin in an amount greater than 5–
10 wt. %.[6] This necessity may be a direct chemical conse-
quence of the disruption of the host lattice by the macro-
molecular additive, or the PVP may achieve higher super-
coolings of the melt thus increasing the driving force for
crystallization. Thus, it is not clear if PVP works directly by
host/guest interactions of some kind, or merely suppresses
growth until high supersaturations can be achieved, or both.
PVP induces twisting of mannitol fibers if added in small
amount (Figure 26a). Oxalic acid dihydrate forms twisted
crystals from acetic acid or acetone but not water.[219, 253,254]

Incorporation of 0.01–0.03 wt. % of acetic acid and acetone
may be directly responsible for twisting,[255] but, on the other
hand, solvents effect habit thereby altering the size and shape
of growth sectors and the distribution of mismatch stresses
between them.[219,228]

Remarkably, the distinction between chemically direct
and indirect additive effects was already presupposed by
Wallerant in 1906.[74,75] He reported that while (�)-santonic
acid induces left-handed twisting in crystals of malonamide
(and p-azooxyanisole), and the pitch tightens with increasing
santonic acid concentration, the refractive indices of the
malonamide crystals are essentially unchanged up to 33 wt.%
additive. Wallerant supposed that, in this case, as opposed to
some others, santonic acid was not inside the crystals but
rather between the fibrils.

For most spherulite fibers crystallizing from the melt, the
twist period decreases as temperature drops or supercooling
(DT) increases. Examples include, but are not limited to:
hippuric acid,[6] tetraphenyl lead (Figure 1 f) and tetraphenyl
tin,[6] mannitol,[105] testosterone propionate,[10] resorcinol,[11]

aspirin (Figure 1c), selenium,[117] poly(ethylenes),[124, 125,133]

poly(ethylene terephthalate),[100, 121] poly(lactic acid),[120,160]

poly(3-hydroxybutyrate),[148, 150] poly(butylene succinate),[140]

poly(epichlorohydrin),[162] a-poly(vinylidene fluoride),[141, 166]

polystyrene and poly(l-lactic acid) block co-polymer blended
with poly(e-caprolactone) or poly(d-lactic acid),[169] polystyr-
ene-b-poly(l-lactic acid),[169] and poly(trimethylene tereph-
thalate).[142] Fitting data to a power function, P� (DT)�n

reveals exponents n ranging from 1 to 8 (a portion of the
data is summarized in Table 1 from Ref. [8]). Since fiber
thickness also decreases as supercooling increases, it was
tempting to use P(DT) behavior to find a functional form of
P(r) dependence and exploit it for verification of the twisting
mechanisms.[133, 138,151] Such attempts are not valid because
they rely on a weak assumption of a constant driving force for
twisting with temperature and does not account for inevitable
plastic relaxation (Section 4.5). Moreover, detailed examina-
tion shows that P(DT) dependence usually does not fit
a power function in the whole temperature range and
sometimes P(DT) has a minimum[142, 150] or a maximum.[10,105]

Crystallization from the melt is characterized by the twofold
action of DT; it is a measure of driving force for growth
(supercooling) and the absolute temperature itself. These two
influences are hard to separate. The “pure” effect of temper-
ature only can be observed for the growth from the solution
and vapor phases.

For single crystals we have less data. Dolomite shows
a specific saddle morphology at higher temperatures.[233,235]

Vapor-grown hippuric acid needles[9] have a constant pitch
over the temperature from 30 8C to 140 8C (Tm = 188 8C).

Little is known about the effects of other growth
parameters. Higher supersaturation seems to promote twist-
ing of oxalic acid dihydrate from acetone[219, 253] but inhibit it if
grown from acetic acid.[255] Gypsum bending decreases as
supersaturation increases.[244, 245, 247] The effect of supersatura-
tion and growth temperature on the twist intensity can be
complex because of numerous indirect relationships (such as,
change of impurity uptake, growth rate and aspect ratios,
mass transfer).

5. Mechanisms

The principle of Occam (that the best hypothesis is
simplest one, or the one based on fewest assumptions) will
naturally drive our discussion of mechanism in search of
a single, universal, twisting/bending mechanism. At the same
time, we recognize that an insistence on a “one-size-fits-all”
explanation may be foolhardy. The substances we are discus-
sing span great ranges of chemical composition, size and
shape, physical properties, and growth conditions. There are
many ways to twist a rod or a plank and in individual cases,
more than one force may be operative. These choices may be
narrowed with discerning experiments. However, in our
experience, when a variety of explanations compete to
explain symptoms that are expressed throughout the crystal
kingdom, each credible idea is right some of the time for some
substances under some conditions.
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5.1. Surface and Space Charge and Spontaneous Polarization

ZnO, GaN, and AlN nanoribbons[185, 189, 191] with polar
wurtzite-like crystal structures (P63mc) develop broad {0001}
faces. Similar nanoribbons are observed for polar surfaces of
cubic F�43m

� �
InP,[195] tetragonal (P42/mnm) SnO2,

[197] and
monoclinic (C2/m) Ag2V4O11.

[196] Surface charge can bend
these ribbons by minimizing electrostatic energy at the
expense of elastic energy or by distortive consequences of
the inverse piezoelectric effect. Quantitative models of R(h)
dependence on surface charging have been devel-
oped.[185, 186, 188,191, 193] Models of twisting based on electrostatics
and piezoelectricity are restricted to a narrow class of
nanocrystals of suitable morphology with polar surfaces.
They cannot apply to centrosymmetric SnO2 and Ag2V4O11. It
has been suggested that macroscopic quartz-crystal twisting is
due to pyroelectricity,[220] but we are skeptical.

5.2. Isochiral Transverse Screw Dislocations

Arrays of isochiral screw dislocations in polymer lamellae
(Figure 27 b) have been argued as the cause of twisting.[164,301]

Such dislocations give incremental displacements periodically
as opposed to a continuous twist (Figure 27a). Model

calculations carried out for a series of identical giant
dislocations with Burgers vector equal to the thickness of
the layers (ca. 10 nm) which are evenly distributed along the
lamella�s midline, provide reasonable twist periods.[301]

Although dislocations of this kind abound,[164, 165, 302] compa-
rable twisting was observed even in their absence.[276] This
situation may imply that dislocations are not the cause but
rather a consequence of twisting in some cases, a mechanism
of stress relaxation (Section 4.4). Suspicion is engendered by
the fact that giant dislocations often appear near the lamella
reentrant angles[302] or are associated with the branching
points.[303] Moreover, the stochastic processes of dislocation
nucleation would likely produce very inhomogeneous twist-
ing. Although lamellar twisting may not be constant within
and between neighboring crystals, it is not stochastic; ring-
banded spherulites are characterized by rhythmic, in-phase
organization (Sections 4.1, 4.2). In any case, the giant
dislocation mechanism can be applied, at best, to thin (h<
50 nm), ribbon-like crystals. Thicker crystals require many
dislocations with extremely large Burgers vectors.

5.3. Eshelby Twist

Axial screw dislocations may create elastic stress fields
that twist crystals.[304] The twist angle q = p/P = kb/A, where b
is the magnitude of the Burgers vector, A is the cross-sectional
area, and k is a geometrical constant close to unity (k = 1 for
an ellipse).[305] The screw dislocation was made vivid in
cuprite.[306] Formation of axial screw dislocations in whiskers
is possible for some growth regimes when new layers
constantly nucleate around a screw dislocation according to
the classical dislocation-spiral mechanism[14] but do not
spread in the lateral directions because of impurity poisoning
of the growth steps. Eshelby�s mechanism has been applied to
fibrous crystals (LiF,[181] NaCl,[182] Hg,[307] Sn,[206] Pd,[207, 208]

Al2O3,
[209, 210] among others) since 1950. Recently, confirma-

tions of this mechanism on the nanoscale for PbSe,[179] PbS,[178]

and ZnS[211] has given added weight to Eshelby�s prescient
insights (Figure 28). Nevertheless, the Eshelby mechanism

was likely overextended to ribbon-like crystals of (1,4-bis[2-
(pyrene-1-yl)vinyl]-2,5-dimethylbenzene)IBr2

[198] and lithium
12-hydroxystearate[176] that show strong impurity control of
twisting.[176,177] Eshelby twisting is not a universal mechanism.

For spherulite fibers, the presence of axial screw disloca-
tions is questionable. Even if such dislocations form, the
ensemble of dislocations should not be the same for
thousands of fibers in each spherulite and hundreds of
different spherulites forming in the same sample. Moreover,
branching of individual fibers, which is definitely related to
dislocation structure, does not strongly affect pitch. For bigger
crystals, Eshelby twist is unobservable because it predicts
large pitches for sensible Burgers vectors (e.g. P = 50 m for
r = 0.1 mm and b = 1 nm). Detection of such weak twisting is
impossible with standard crystal optical and electron micro-
scopic techniques but it can be assayed by X-ray diffraction
topography. For example, for ZnS whiskers, this method
established P� 10 m.[211]

5.4. Twinning

Sometimes twisted crystals are composed of mis-oriented
plates resembling complex twins. This mechanism of twisting

Figure 27. a) Continuous versus b) discontinuous twisting in polymer
lamella. Crystal in (b) is punctuated by isochiral screw dislocations.
Reproduced from Ref. [124] with permission.

Figure 28. a) PbS nanowires grown by the Eshelby mechanism.
b) Schematic illustration of axial screw dislocation at the tip of the
trunk in c) that further illustrates the displacement of lateral branches.
Reproduced from Ref. [178] with permission.
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was championed by Imai and Oaki for potassium dichromate
(Figure 3),[202–205] orthoboric acid,[32, 202–204] potassium sul-
fate,[308] and d- and l-aspartic acids,[30, 31] pyrene,[309] and
copper sulfate pentahydrate.[310] In these systems, twins are
invariably and improbably offset by small amounts (3–128)
but the corresponding twin laws have not been identified for
any of these compounds. Oaki and Imai suggested that mis-
orientations arise from fields around the growing crystal (see
Section 5.5). This idea emerged from the literature on
banding in high-polymer spherulites. In addition, others
proposed a twinning-to-twisting scheme[311, 312] for helical
quartz crystals and chalcedony fibers riddled with Brazil
twins. However, silica crystals can be twisted but not twinned
and vice versa. More probably, both twinning and twisting are
unrelated mechanisms of stress relaxation.[219]

5.5. Fields

Several types of fields can form around crystallizing
materials including the following: 1) thermal fields from the
latent heat of crystallization and temperature gradients from
inhomogeneous sources of heat; 2) mechanical fields from
density variations between the crystal and melt; and 3) com-
positional fields from the concentration of impurities in the
melt by the growing crystal. Fields can generate forces on
a growing crystal that produce a twist.[313] This mechanism was
assumed to induce twisting in potassium dichromate,[32, 205]

orthoboric acid,[30, 32] potassium sulfate,[308]
d- and l-aspartic

acids,[30,31] hippuric acid,[7] polyethylene,[124, 125] poly(vinyli-
dene fluoride),[166] and polymer lamellae, generally.[7,314]

Strong temperature gradients are responsible for curved
morphologies in many crystals growing near the melting
point,[14, 27] and for metal lamellae forming during eutectic
crystallization.[212–214] Such phenomena are not considered
herein (see Section 1), but strictly speaking they are mani-
festations of field mechanisms. In most cases of bending and
twisting they are not likely to be meaningful.

Toda associated polymer twisting with Mullins–Sekerka-
like instabilities, planar growth front instabilities induced by
competition between mass/heat transfer and attachment of
growth units to a crystal.[124, 125, 166] Branching events that
control lamella width are expected to be proportional to (D/
V)0.5, where D is the diffusion coefficient in the melt and V is
the growth rate. The proportionality of P to the aforemen-
tioned quantity (D/V)0.5 was taken as evidence of the
mechanism. This weak evidence can be contradicted:
1) Fine fibers in compact spherulites and isolated single

fibrous crystals can grow under similar conditions and
show similar twist periods despite principally different
mass and heat transport conditions (hippuric acid,[6]

mannitol[105]). The same relates to spherulites growing at
different temperatures with similar twist intensities (hip-
puric acid[6]). Poly(ethylene) and poly(3-hydroxybutyrate)
lamellae are twisted if they grow from the melt[133, 151] or
from solution.[151, 170]

2) Minor impurities can strongly affect twisting but not fields.
Melt-grown resorcinol spherulites formed in the presence
of tartaric acid provide a nice example. Fibers are not

twisted if 10 wt.% racemic tartaric acid is added to the
melt, but if the tartaric acid is in enantiomeric excess of
0.1% ee, banded spherulites form.

3) Spherulitic growth is typically interface controlled[12]

under conditions of low temperature and concentration
gradients.

4) Twisted crystals (gypsum, oxalic acid dihydrate, quartz,
dolomite) can grow from non-viscous solutions that
suppress strong fields. Likewise, fields do not form in the
vapor phase, the growth medium for twisted hippuric acid
crystals.

5) External forces required to twist large crystals (> 1 mm)
should be impossibly large.

5.6. Surface Stress

Unbalanced surface stress is arguably the best-articulated
mechanism for lamellar twisting and bending in high poly-
mers. Surfaces differ from the crystal interior in the arrange-
ment of molecules, lattice constants, and sometimes in
chemical composition. Such differences induce stress that
can relax by means of macroscopic crystal twisting as for
a trimetallic strip, composed of one metal strip sandwiched
between two strips of another metal, that is subject to
a change in temperature. Surface stress as a twisting mech-
anism was first proposed by Lehmann[60] and similar ideas
were subsequently formulated.[26, 315] In the 1980s, surface
stress proliferated as the cause of polymer-lamellae twist-
ing.[99, 122, 129,133, 152, 267,276]

Polymer lamellae are thin (5–20 nm). Nevertheless, they
have comparatively thick, ill-defined (> 0.5 nm) surface
layers characterized by folded chains. These layers have
anisotropic structures, elasticities,[316] and surface energies.[317]

However, the presence of anisotropic surface stress is not
sufficient for a macroscopic deformation. Indeed, if the stress
distribution is the same on the lower and upper surfaces of
a lamella, no twist moment is generated. To induce twisting
the stress must be unbalanced. To date, most researchers have
considered orthorhombic or monoclinic polymers, such as
poly(ethylene), poly(3-hydroxybutyrate), poly(3-hydroxyval-
erate), poly(lactic acid), or a-poly(vinylidene fluoride),
growing along their twofold axes. The lamellae are wedge-
like and consist of two growth sectors formed by {110} faces
(Figure 29 a,c).

The imbalance is expected to come about in one of two
general ways. The classic proposal by Keith and Padden[129]

for poly(ethylene) and for a-poly(vinylidene fluoride)
ascribes the imbalance to polymer chains tilted with respect
to the folding surface[99, 129, 133] (Figure 29 b). The upper folding
surface (h01) (h = 2, 3, sometimes 1) makes an obtuse angle
with the (110) growth face and an acute angle with the �110

� �

growth face. In accordance with the twofold symmetry, the
�h0l
� �

surface makes an acute angle with the (110) growth face
and an obtuse angle with the �110

� �
growth face. Such

a difference can be a precondition for the folding differences
on the (h01) and �h01

� �
surfaces of the {110} growth sectors

(halves of the lamellae) and different surface stresses. The
difference in surface stresses on the upper and lower sides of
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each half lamella, bend the growth sectors in opposite
directions. However, as the growth sectors form a continuous
elastic body, twisting redistributes the stress. The stress
distribution results in coiling if one growth sector is domi-
nant.[99,318] Correlations of chain tilt and twist sense support
this idea.[127] If the chains tilt clockwise from the normal to the
lamellar basal plane—looking along the growth [010] direc-
tion toward the crystal nucleus—they form a right-handed
helix, whereas lamella with the chains tilted counterclockwise
are left-handed.

Basset criticized this hypothesis[122] by showing that
lamellar twisting in poly(ethylene) occurs even if the folding
surface is {001}, a surface that cannot provide unbalanced
surface stresses, and it does not occur immediately during
growth of the crystal tip but later during lamellar thicken-
ing.[132, 260] He supposed that surface stress emerges only
during reorganization of the folding surface.[122]

In chiral polymers, such as poly(R-3-hydroxybutyrate) or
poly(R-3-hydroxyvalerate), the equivalence of the upper and
lower surfaces is broken because the functional groups are

differently oriented with respect to the folding direc-
tion.[152, 267] In fact, orientation of the chiral functional
groups with respect to the folding surfaces will be the same
on upper {110} and lower �110

� 	
surfaces as well as on upper

�110
� 	

and lower {110} surfaces, but different for upper and
lower surfaces in the same growth sector (Figure 29c,d). This
situation causes growth sectors to bend in different directions
if they are separated and twisting of the whole lamella if the
growth sectors form a continuous body.[155, 276] Such a scheme
of stress distribution is confirmed by the observation of
lamella bending and coiling if one growth sector is morpho-
logically dominant[155, 276] (Figure 30), as well the observation
of opposite twist sense for lamellae with the same folding
surfaces {001} but growing in orthogonal (a vs. b) crystallo-
graphic directions.[276]

Despite a clear crystallographic basis for lamellar twisting,
quantitative support for this mechanism is lacking. The only
confirmation is provided by the reasonable agreement
between values of surface stresses simulated for polyethylene
(�0.27 and �0.4 J m�2 for two orthogonal in-plane orienta-
tions)[317] and calculated on the basis of poly(R-3-hydroxybu-
tyrate-co-R-3-hydroxyhexanoate) (0.1 and �0.1 J m�2) twist-
ing.[152]

5.7. Heterometry Stress and Autodeformation

The autodeformation mechanism was proposed by Punin
in the 1970s and 1980s to explain the formation of various
crystal growth defects, such as bulk martensitic or diffusion-
less phase transformations, crystal bending and twisting, non-
crystallographic branching, and growth twinning, among
other peculiarities. With the exception of two brief Reviews

Figure 29. Formation of unbalanced surface stress in polymer lamella
growing along a twofold axis [010] and consisting of two {110} growth
sectors linked together along the central line. Such a lamellar structure
is common for many polymers including poly(ethylene),[133] poly(3-
hydroxybutyrate),[138] poly(3-hydroxyvalerate),[267,319] poly(lactic
acid),[134, 320] or a-poly(vinylidene fluoride).[133] a) and b) Achiral poly-
mers, such as poly(ethylene), with folding surface (h01); c) and
d) Chiral polymers, such as poly(3-hydroxyvalerate) or poly(lactic acid),
with folding surface (001). a) and c) Top view. Dashes show orientation
of polymer chains in the folding surface. Directions of largest surface
stresses shown by double arrows. Gray dashes in (c) symbolize
orientation of the functional groups on the lamella surface. b) and
d) View down twofold axis. Double arrows show difference in the
surface stresses on the folding surfaces. Hatching highlights different
orientation of {110} faces. b) Non-equivalence between upper and
lower half surfaces is due to the tilt of molecules with respect to the
basal plane in achiral polymers. Acute and obtuse angles between
corresponding {h01} and {110} surfaces shown by gray and light gray
lines, respectively. d) Non-equivalence in chiral polymers is due to the
different arrangement of functional groups (schematically shown by G-
like symbols) with respect to the chain fold directions.

Figure 30. AFM of poly(R-3-hydroxybutyrate-co-17 mol%-R-3-hydroxy-
hexanoate) lamellae in its blended melt with atactic poly(3-hydroxybu-
tyrate). The branches splitting from the main lamellae initially consist
of one growth sector (half of lamella) and bend. As the second growth
sector forms and becomes comparable in size the lamella start to
twist. The white and black arrows indicate lamellar bending and
twisting, respectively. Reproduced from Ref. [276] with permission.
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in English,[321, 322] most of the relevant papers, and a book,[219]

were only published in Russian. We have recently discussed
the concept in relation to small-angle branching in spherulites
(not necessarily banded spherulites).[11] Herein, we provide
a brief summary of the autodeformation mechanism empha-
sizing its application to crystals that bend and twist during
growth. This mechanism has been applied to macroscopic
quartz,[219, 222,254] mica,[228–230] gypsum,[244, 246] and oxalic acid
dihydrate[219, 253,254] single crystals, as well as resorcinol,[11]

hippuric acid,[8] and aspirin fibers[13] in banded spherulites.
Real crystals have spatial inhomogeneities in the distri-

bution of impurities/additives. Sub-volumes that grew at
different times frequently have different compositions as
growth conditions change. This leads to concentric zoning,
common in minerals. Symmetry-independent growth sectors
would be expected to have compositional differences, inter-
sectoral zoning. Spatial compositional inhomogeneity within
a single growth sector is called intra-sectoral zoning. Compo-
sitional differences lead to local differences in lattice con-
stants (heterometry), that results in strong elastic strain and
stress. Internal stress can also appear as a result of an
inhomogeneous temperature distribution or crystallization
pressure, among other sources.

Stress relaxes by means of plastic and brittle deforma-
tions. Dislocations that nucleate and multiply can organize
themselves into ensembles giving birth to misoriented blocks.
Growth of blocks having preferable misorientations results in
macroscopic bending and twisting. The process is akin to non-
crystallographic branching.[11] Dislocation ensembles may
serve as new sources of internal stress forming a positive
feedback loop and resulting in autocatalytic process of defect
multiplication.

a-Quartz advancing along its twofold axis 11�20
� �

is the
most closely studied example of growth-induced twist-
ing.[219, 222, 254] Symmetry independent quartz growth sectors
(Figure 31 a) are characterized by different Al3+ concentra-
tions and attendant monovalent cations that substitute for
silicon Si4+ !Al3+ +R+, R = Li, Na, H. g-Ray irradiation
produces Al color centers with a smoky coloration propor-
tional to the Al3+ concentration and marking its distribution
(Figure 31 a). Heterometry associated with differences in Al3+

concentration can be measured precisely in large quartz
crystals (up to several cm).

In the plane of the crystal 11�20
� �

cross section, both lattice
constants a and c lie in the plane. For the growth sectors R, r,
and W, either a, c, or a and c lattice constants are larger than
the corresponding lattice constants in all other growth sectors
(Figure 31 b). The condition of deformation consistency on
the sectorial boundaries requires stretching of growth sectors
R, r, and W in the cross-sectional plane with respect to others.
Mismatch stress created by such deformations will create
a twist moment in this plane (Figure 31b). Levorotatory
quartz crystals twist left, whereas dextrorotatory crystals twist
right.

Along the growth direction or perpendicular to the 11�20
� �

cross section there is only one lattice constant, a, which is
larger in the R, r, m, and W growth sectors than in others
(Figure 31 c). This is a consequence of tension in R, r, m, and
W that causes compression of other growth sectors. Twisting

and deplaning occur because of the consistency of deforma-
tions on the sector zoning boundaries and the absence of
normal stress components (that is, stress components directed
perpendicular to a surface of a given crystal volume) on the
crystal surface (Figure 31 c).

This analysis of stress distribution has been mimicked with
rubber pieces, sized and shaped as quartz growth sectors,
which were stretched and compressed according to the
distribution of lattice constants and glued together. The
macroscopic crystal deformations were also simulated com-
putationally by a course mechanical finite element method
whereby forces imposed on subvolumes were allowed to
reach a mechanical equilibrium through deformation. The
twist sense and morphology were predicted correctly in both
cases.[219, 254] However, the estimated twist intensity turned out
to be much smaller than that observed because of the plastic
character of the deformation. Stress is resolved by dislocation
ensembles, which not only induce twisting in this layer but
also penetrate the new growing layers. Stress in the new
growth layers drives multiplication of the defects enhancing
the twisting. Penetration and multiplication of defects com-
bined with stress relaxation by plastic deformation result in
much stronger twist intensity than expected from the hetero-
metry itself.

Similar analyses were applied to mica,[228–230] gypsum,[247,

254] and oxalic acid dihydrate.[219, 253, 254] These substances all
formed macroscopic crystals with well-developed growth
sectors. Is the autodeformation mechanism applicable to
tiny, fibrous crystallites? There is no direct evidence, but
indirect support for extending the mechanism to other size
domains includes:
1) Crystals of the same compound sometimes show similar

twisting morphologies at very different scales. Quartz

Figure 31. Creation of macroscopic twist moments, M, in the right-
handed quartz crystal.[219,254] a) Distribution of growth sectors in the
quartz cross sections cut normal to the growth 11�20½ � direction.
Growth sectors: R = 10�11f g; r = 01�11f g; m = 10�10f g; Y= 21�31f g;
Z = 41�51f g; W= �10:18:1f g; X= 51�61f g. Gray corresponds to stronger
intensity of radiation-induced coloration. b) Twist moments, M1,
created by composition inhomogeneities in the cross section. In gray
growth sectors both lattice constants a and c are greater than in other
growth sectors. Arrows show tensile ($) and compressive (>–<)
stresses on the sector zoning boundaries. c) Forces, P, created by
compositional inhomogeneities perpendicular to the cross sectional
plane that induce twisting. In gray growth sectors, lattice constant a is
greater than in other growth sectors and (+) and (*) correspond to
the compressive and tensile stresses, respectively.
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forms not only macroscopic (h> 1 mm) twisted crystals
but also thin (h = 0.05–1 mm[64]) twisted fibers in chalced-
ony spherulites. Potassium dichromate likewise forms
large individual crystals[250] and twisted thin fibers in
spherulites[6,205] and (h = 0.4 mm to 1 mm; Figure 3, 9 b).
Hippuric acid also forms individual twisted crystals (h =

0.2–100 mm; Figure 1a,b) as well as twisted fibers in
spherulties (h = 0.2–1 mm; Figure 1 e).

2) Impurities are often a prerequisite for twisted crystals,
large or small (Section 4.6).

3) Fibers show faceted morphologies, bases for the inhomo-
geneous impurity distribution over the cross section. The
symmetry of the tip is in accord with morphological
deformations (Section 4.3).

Twisting in resorcinol by autodeformation[11] was sup-
ported by computations of the enantioselective adsorption of
tartaric acid derivatives on the mirror image facets, and for
aspirin by calculations of strain induced by salicylic acid
incorporation.[13]

Finally, the surface stress mechanism (Section 5.6) can be
considered a variation of the autodeformation mechanism in
which the surface layers differ in lattice constants from the
crystal interior, not because of an impurity but because of
intrinsic features of the surface structure.

6. Related Distortions

6.1. Polycrystalline and Amorphous Helices

Helical ensembles of crystals, introduced at the outset, are
discovered with increasing frequency as chemists carry out
crystallization from solutions containing all manner of com-
plex macromolecular additives. Ball characterized such
mixtures as “Shakespearean” when referring to earlier
pioneers in the study of biomineralization.[323] Although
curved polycrystalline and amorphous morphologies can
grow from the vapor as for carbon,[215, 324] silicon nitride,[215,325]

silica,[326] and boron carbide,[327] most of these aggregates form
in complex solutions, gels, and sols.

Imai and Oaki showed helical structures that result from
a stacking of K2SO4 platelets in a polyacrylic acid solution
(Figure 32 a).[308] Coarsely textured BaCO3, BaSO4, and
BaCrO4 curved fibers and helices were prepared by Cçlfen
and co-workers by precipitation in the presence of a block
copolymer (Figure 32c,d).[328–331] Curved BaSO4 fibers were
precipitated in the presence of surfactants.[332, 333] Complex
tetramethyl ammonium manganese oxides, such as [N-
(CH3)4]

+
0.93Mn4+

2.1Mn3+
1.9O7(OH)1.03·5 H2O, form polycrystal-

line helices when colloidal solutions confined in long, narrow
tubes contract.[334,335]

Silica/carbonate biomorphs, BaCO3, SrCO3, or CaCO3

composites obtained in co-precipitation with silica in a base,
are among the most startling of laboratory-grown crystal
forms.[336–347] As nanocrystalline carbonate salts precipitate,
the pH value drops, depositing amorphous silica in turn that
cements the crystalline phase. The fluctuations of pH value
and coupled precipitations are oscillatory. This actualizes

a twisting as shown in Figure 32 b.[342] Biomorphs were most
recently raised to an art form.[390] In these structures, the
graceful curves are a collaboration between a nanocrystalline
phase and an amorphous phase. The amorphous phases of
biomorphs share some relation with amorphous calcium
carbonate which is responsible for single-crystal biomineral
forms with sculptured morphologies.[348] Silica itself can also
crystallize as helical rods, nanotubes, and ribbons.[349–356]

Morphogenesis seems to be related to the folding of planar
structures as opposed to crystal growth. Generally speaking,
biomorphs consist of numerous crystallites and amorphous
particles with exotic shapes that do not arise from distortions
of a lattice. They are distinct from the twisted crystals
discussed above.

6.2. Nanotubes and Nanoscrolls

Curved morphologies are increasingly found at the nano-
scale. They begin to form immediately after nucleation.
Nanoscrolls, nanotubes, and fullerene-like morphologies
formed of layered substances have been intensively studied
during last 20 years. The best known example is carbon.[357–361]

In addition to straight nanotubes, carbon also produces
twisted nanotubes.[362–366] Metal chalcogenides (e.g. MoS2,
WS2, ZnS, Cu5.5FeS6.5, PbNbnS2n+1), oxides (e.g. TiO2, ZnO,
Al2O3, V2O5, SiO2, NaSmF4, BaTiO3, MoO3), NiCl2, BN, BCN,
Si, metals (e.g. Au, Co, Fe, Te), (C4H12N)14[(UO2)10(SeO4)14-
(H2O)] among many other substances[367–371] also form nano-
tubes. Nanotubes and nanoscrolls in oxide- and sulfide-based
natural minerals (e.g. chrysotile (Mg3Si2O5(OH)4),[372] cylin-

Figure 32. Helical polycrystalline aggregates. a) K2SO4 grown in the
presence of poly(acrylic acid). Reproduced from Ref. [308] with permis-
sion. b) Silica/BaCO3 biomorph. Reproduced from Ref. [342] with
permission. c) BaCO3 aggregate grown in the presence of polyethylene-
glycol-b-[(2-[4-dihydroxyphosphoryl]-2-oxabutyl) acrylate ethyl ester]
block copolymer. d) Schematic representation showing the orientation
of crystallites in the aggregate shown in (c). Reproduced from
Ref. [328] with permission.

.Angewandte
Reviews

A. G. Shtukenberg, B. Kahr et al.

692 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 672 – 699

http://www.angewandte.org


drite ((Pb,Sn)8Sb4Fe2Sn5S27), imogolite (Al2SiO3(OH)4),
tochilinite (6 FeS·5 (Mg,Fe)(OH)2)) have been reviewed.[373]

Analysis of curved morphologies involves consideration of
the forces acting at the level of a single molecule or
elementary layer but not on a 3D periodic crystal.

6.3. Transrotational Crystals

So-called transrotational crystals are a real puzzle to
aficionados of unusual morphologies. These objects form in
thin (< 100 nm) amorphous films and are thus flat. Never-
theless, lattices appear to rotate about the tangent axes that
lie in the plane of the substrate and perpendicular to growth
axis. In other words, crystallites �roll� in the forward growth
direction leading to periodic banded structures (Figure 33).
This phenomenon was observed for Se,[288, 374, 375] Fe2O3,

[374–376]

and V2O3
[377] fibers in spherulites, as well as for Cr2O3,

[378]

V2O3,
[378] Ta2O5,

[379] Ge-Te, Tl-Se, Cd-Te alloys,[380] and single
crystals of Cu-Te alloys,[381] among others.[382] The growth
mechanism responsible for such structures is not known.

7. Summary and Outlook

Three-dimensional single crystals with curved lattice
planes populate the crystallographic kingdom. Many of the
distortions from long-range translational symmetry are actu-
ated by growth.

Twisted and bent crystals range in size from h = 5 nm–
3 cm. Our analysis shows that fields can sometimes induce
crystal deformations but they most likely cannot yield well-
organized helical morphologies. Periodic arrays of disloca-
tions and twins are not a cause of a twisting moment, but
rather a consequence. Other mechanisms discussed in Sec-
tion 5 are initiated under the specific conditions and length
scales illustrated in Figure 34.

Genuine twisted crystals can be divided into two groups of
crystals depending upon twisting mechanism. The first
embraces objects with low dislocations densities and small
sizes (h typically< 100 nm and rarely up to 10 mm). They may
form curved morphologies through spontaneous polarization
and piezoelastic phenomenon or stress on growth dislocations
(Sections 5.1, 5.3). This group is small. The deformation is
primarily elastic, since such micro- and nanoscale objects
form at low temperatures from solution and the vapor. Twist
intensity, purely physical in origin, does not depend directly
on growth conditions and chemical environment.

The second group includes curved forms arising from
crystal inhomogeneities and the corresponding stresses (Sec-
tions 5.6, 5.7). Stress is a unifying etiology in a majority of
twisted crystals of all sizes. Stress begins to act through elastic
distortions, but ultimately deformations are preserved plas-
tically. This makes it difficult to assign a twisting mechanism
from the degree of deformation (twist period, curvature
radius) and the crystal size.

The driving force of deformation depends on the presence
of specific impurities or on the structural state of the surface,
assuming a strong control exerted by growth conditions and
chemical composition. Chemical and structural inhomogene-
ity is a necessary, but not sufficient, condition for the twisting
since the inhomogeneity-driven internal stress has to be able
to create a twist moment. This can be achieved through the
specific morphology and anatomy of a crystal that, in turn, is
strongly controlled by the chemical environment and growth
conditions.[219] Thus, in an ensemble of crystals grown under
similar conditions from one and the same growth medium
twist intensity can vary dramatically.

The weight of the evidence discussed herein encourages
scientists to treat the association of a triplet of indices (hkl)
with a plane as only an idealization, a mathematical fiction
like the concept of the lattice itself. Helicoidal surfaces are
normalized in Riemannian spaces.[383] So-called non-Eucli-
dean crystallography requires disclinations.[384] Perhaps, this is
a path to a fuller description of the details of the plastic
distortions that are requisite in as-grown twisted crystals.

Already in 1907, Wallerant, the pioneer in the production
of artificial growth-induced twisting of crystals, declared that
the objects of his interest were the third class of anisotropic
structure. “To date we know of three kinds of anisotropic
structures”, he said, “crystalline bodies, Lehmann�s aniso-
tropic drops [by this he meant liquid crystals], and twisted
crystals”.[75] In other words, Wallerant carved out a whole new
category of matter on a par with crystals and liquid crystals.
While this class of matter was admirably expanded by
Bernauer,[1] it faded in its perceived significance, only to
emerge again forcefully within the special context of high
polymers.

The conspicuous absence of bent and twisted crystals from
contemporary overviews of crystal growth and morphology
may be another consequence[27,385, 386] of the hegemony of X-
ray crystallography in solid-state science during the past
100 years (exactly, at the time of submission, since the first
crystal structures of the alkali halides by the Braggs in
1913[387, 388]). Bent and twisted fibrils do not easily give up their
atomic positions by X-ray scattering. They frequently occur in

Figure 33. Scheme of bending of lattice planes (hkl) in a typical trans-
rotational crystal. Reproduced from Ref. [380] with permission.

Figure 34. Correlation of deformation mechanism and minimum size,
h, for twisted crystals. Unfilled rectangles indicate the absence of
plastic relaxation; light-gray filling denotes partial plastic relaxation;
darker gray denotes substantial plastic relaxation. It is unclear whether
heterometry is important below 200 nm (dotted rectangle).
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polycrystalline films—especially organic molecular crystals—
which chemists, focused on single-crystal structure determi-
nation, have been conditioned to ignore. However, the rise of
area detectors prefigures a resurgence in the study of
polycrystalline pattern formation of which crystal twisting
and bending play no small part.
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