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ABSTRACT: Two books that describe the forms of thin films of many molecular crystals grown
from the melt in polarized light, “Gedrillte” Kristalle (1929) by Ferdinand Bernauer and
Thermomicroscopy in the Analysis of Pharmaceuticals (1971) by Maria Kuhnert-Brandstaẗter, are
analyzed. Their descriptions, especially of curious morphologies consistent with helicoidal twisting of
crystalline fibrils or narrow lamellae, are compared in the aggregate with observations from our
laboratory collected during the past 10 years. According to Bernauer, 27% of molecular crystals from
the melt adopt helicoidal crystal forms under some growth conditions even though helicoids are not
compatible with long-range translational symmetry, a feature that is commonly thought to be an a
priori condition for crystallinity. Bernauer’s figure of 27% is often met with surprise if not outright
skepticism. Kuhnert-Brandstaẗter was aware of the tell-tale polarimetric signature of twisting
(rhythmic interference colors) but observed this characteristic morphology in less than 0.5% of the
crystals described. Here, the experience of the authors with 101 arbitrarily selected compoundsmany of which are
polymorphousrepresenting 155 total crystal structures, shows an even higher percentage (ca. 31%) of twisted crystals than the
value reported by Bernauer. These observations, both positive (twisting) and negative (no twisting), are tabulated. It is concluded
that twisting is not associated with molecular structure or crystal structure/symmetry. Rather, these nonclassical morphologies are
associated with certain habits with exaggerated aspect ratios, and their appearance is strongly controlled by the growth conditions.
Comments are offered in an attempt to reconcile the observations here, and those of Bernauer, the work of seekers of twisted
crystals, with those of Kuhnert-Brandstaẗter, whose foremost consideration was the characterization of polymorphs of compounds of
medicinal interest.

■ INTRODUCTION

During the 1920s,1 Ferdinand Bernauer (1890−1945)
screened 480 organic compounds obtained from colleagues
in Germany for their ability to form banded spherulites, radial
aggregates with a concentric optical rhythm (progression of
interference contrast) in the petrographic microscope, a tell-
tale optical morphology that is frequently associated with the
growth-actuated twisting of fibrous crystals (typical textures are
shown in Figure 1). He concluded that every fourth molecular
crystal that can be melted will crystallize under some
conditions (temperature, the addition of natural resins) as
banded spherulites composed of helicoidal crystals.2 He
published a list of 137 compounds. Of these, 135 form
molecular crystals, of which 130 of them form twisted crystals
when grown from the melt. The remaining 343 compounds did
not form twisted crystals, but Bernauer does not name these
substances. It is not clear how many of these compounds did
not crystallize from the melt, decomposed, or did not form
needle-like crystals, often a prerequisite for twisting. In other
words, it is not clear how accurate are the statistics reported by
Bernauer. In our experience, contemporary crystallographers
greet Bernauer’s figure with skepticism.
In 1971, Kuhnert-Brandsta ̈tter published another large

compendium of observations of crystallization from the melt,

Thermomicroscopy in the Analysis of Pharmaceuticals.3 She
reported the crystallization of 972 compounds of pharmaceut-
ical interest representing approximately 1284 crystal structures.
(The author explicitly identifies distinct polymorphs in some
cases, while in others, polymorphism is inferred.) Because the
analyses are based wholly on observations in the petrographic
microscope, unaccompanied by X-ray diffraction or spectros-
copy, her assignments are sometimes confident, and sometimes
less so. We used our experience to interpret the number of
polymorphs observed according to the descriptions provided
by Kuhnert-Brandstaẗter. We count 1284 but do not claim this
number with precision.
Kuhnert-Brandstaẗter was well aware of the possibility of

twisting of fibrous crystals. She stated, “A particularly striking
and, at the same time, attractive pattern arises when the
phenomenon of fibre twisting occurs ([photo without
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caption]).” Kuhnert-Brandstaẗter noted six examples of fiber
twisting for a frequency of 0.47%, a value much lower than that
of Bernauer. (And, this value would be halved if all the melted
derivatives of the compounds listed are included.)
How to account for the discrepancy between the statistics of

Bernauer and Kuhnert-Brandstatter? As one would account for
any discrepancy between two experimental scientists, it is best
to repeat the experiment or to repeat the experiments as best as
you are able.
During the past 10 years, we have been studying the process

of crystal twisting and have amassed many observations

collected here. Previously,4 we analyzed growth-induced
distortions generally, including bending, twisting, and scrolling
of crystals from all types of growth media. Here, we focus only
on molecular crystals grown from the melt, the great majority
of cases that we have studied. This compendium should
identify chemical systems that are attractive to other
researchers to advance our collective knowledge of the
mechanisms of crystal twisting. We have not reviewed here
all twisted molecular crystals observed from the melt, but only
those examined in our laboratories. Some other examples not
listed below can be found in refs 2, 5−13, among others.
On the other hand, polymers that crystallize as twisted

lamellae have been analyzed in considerable detail during the
past 70 years, and most recently reviewed by Lovinger.14 We
have emphasized small molecules here, and in the majority of
our investigations, in order to balance a subject that curiously
oscillated from small molecules in the first half of the 20th
Century to polymers exclusively in the second half of the 20th
Century.
Our enduring fascination with twisted crystals stems from

the classical (pre-quasicrystal) concept of the objects described
by the 230 Fedorov groups. Such crystals are characterized
foremost by the symmetry operation called a translation, which
brings in perfect superposition the components. The trans-
lation vectors, forming a basis, underlie the lattice and unit cell
as organizing ideas in crystallography. If crystals are as
commonly helicoidal as the sum would lead us to believe,
then we must think a bit differently about what is being grown
and designed in considerations of crystal growth and design.15

Nevertheless, the common occurrence of twisting in molecular
crystals may serve to deepen our understanding of the
electronic properties of twisted crystals and their applications
in the science of twistronics associated with van der Waals
nanowires.16

■ EXPERIMENTAL SECTION
Most of the materials were purchased from Sigma-Aldrich, TCI
America, or Acros Organics. Four materials (9, 10, 45, and 59 in
Scheme 1) were synthesized (see below). Fluorinated isobenzofurans
112−119 and 121 (Scheme 2) were obtained from Prof. J. Michl
(University of Colorado, USA), while organic semiconductors 136
and 137 (Scheme 3) were obtained from Prof. Y. H. Geerts
(University of Brussels, Belgium).

1H and 13C NMR spectra were recorded on a Bruker AV 500 MHz
spectrometer at 500 and 125 MHz, respectively. Chemical shifts are
reported in parts per million (ppm) relative to the residual DMSO-d6
(2.50 and 39.52 ppm for 1H NMR and proton decoupled 13C NMR,
respectively). Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet), coupling constants
(J) in Hertz (Hz), integration.

Synthesis of thiophene-2-carboxamide and thiophene-3-carboxa-
mide (9 and 10 in Scheme 1, respectively). Thiophenen-2-carboxylic
acid or thiophenen-3-carboxylic acid (15.0 mmol) for 9 and 10,
respectively, in SOCl2 (10 mL) was refluxed at 80 °C. After 3 h, the
mixture was concentrated by evaporation under reduced pressure and
then diluted by anhydrous CH2Cl2.

17 The resulting solution was
injected dropwise into an aqueous ammonia solution (10.0 mL) in an
ice bath. The precipitate was collected by suction filtration, washed
with water and hexane, and dried under reduced pressure. Thiophene-
2-carboxamide (9): 70% yield (1.33 g, 10.5 mmol); 1H NMR (500
MHz, DMSO-d6) δ 7.96 (s, 1H), 7.73 (ddd, J = 7.3, 4.3, 1.2 Hz, 2H),
7.37 (s, 1H), 7.12 (dd, J = 5.0, 3.6 Hz, 1H); 13C NMR (125 MHz,
DMSO-d6) δ 162.91, 140.33, 130.99, 128.68, 127.91. Thiophene-3-
carboxamide (10): 70% yield (1.33 g, 10.5 mmol); 1H NMR (500
MHz, DMSO-d6) δ 8.13 (dd, J = 3.0, 1.3 Hz, 1H), 7.78 (s, 1H), 7.57
(dd, J = 5.0, 2.9 Hz, 1H), 7.49 (dd, J = 5.0, 1.3 Hz, 1H), 7.23 (s, 1H);

Figure 1. (A−D) Aspirin (74). Clockwise from A to D. Spherulites
composed of straight fibrils, rhythmic twisted crystals in phase, slightly
dephased and further out-of-phase. (E−H) Recorcinol (32). Clock-
wise E−F. Mostly straight crystals, twisted crystals, twisted crystals in
the core becoming straight, twisted crystals becoming straight at the
perimeter. Black areas around spherulites are uncrystallized super-
cooled melt. Images edited by M. Ferreira.
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13C NMR (125 MHz, DMSO-d6) δ 163.68, 138.01, 129.00, 127.16,
126.56.
Synthesis of 3-acetoxythiophene-2-carboxylic acid (45 in Scheme

1). One drop of concentrated H2SO4 was added to a mixture of 3-
hydroxythiophene-2-carboxylic acid (3.50 mmol) and acetic anhy-
dride (10.0 mmol).18 The reaction was then heated at 80 °C for 1 h.
The mixture was poured into ice water (50 mL) and extracted with
ethyl acetate (3 × 10 mL). Organic extracts were combined and
washed with saturated NaHCO3 solution (2 × 30 mL) and then 1 M
HCl solution (2 × 30 mL) until neutral. The organic phase was dried
with Na2SO4 and concentrated by evaporation under reduced
pressure. The resulting residue was purified by silica column
chromatography (hexane/ethyl acetate: 1/9). 3-Acetoxythiophene-2-
carboxylic acid (45): 80% yield (0.52 g, 2.80 mmol); 1H NMR (500
MHz, DMSO-d6) δ 13.13 (s, 1H), 7.87 (dd, J = 5.4, 1.8 Hz, 1H), 7.03

(dd, J = 5.4, 1.8 Hz, 1H), 2.26 (s, 3H); 13C NMR (125 MHz, DMSO-
d6) δ 168.22, 161.41, 150.23, 130.80, 124.10, 119.74, 20.56.

Synthesis of N-(3-thienylcarbonyl)glycine (59 in Scheme 1).
SOCl2 (1 mL) was added dropwise to the solution of thiophene-3-
carboxylic acid (10.0 mmol) in CH2Cl2 (20 mL). After 8 h, the
mixture was concentrated by evaporation under reduced pressure.
The resulting thiophene-3-carbonyl chloride was added dropwise to a
30 mL aqueous solution of glycine (10.0 mmol) and NaOH (40.0
mmol) in an ice bath.19 After the reaction was stirred overnight at
room temperature, 1 M HCl solution was added slowly to the mixture
until the pH of the solution was 2. The precipitate was collected by
suction filtration, washed with cold water, and purified by silica
column chromatography (hexane/ethyl acetate: 1/6). N-(3-
Thienylcarbonyl)glycine (59): 65% yield (1.20 g, 6.50 mmol); 1H
NMR (500 MHz, DMSO-d6) δ 12.58 (s, 1H), 8.66 (t, J = 6.0 Hz,
1H), 8.16 (dd, J = 3.0, 1.3 Hz, 1H), 7.60 (dd, J = 5.0, 2.9 Hz, 1H),

Scheme 1. Molecular Structures of Compounds Shown in Table 1
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7.51 (dd, J = 5.1, 1.3 Hz, 1H), 3.89 (d, J = 6.0 Hz, 2H); 13C NMR
(125 MHz, DMSO-d6) δ 171.39, 162.31, 137.27, 129.07, 126.85,
126.74, 40.88.
Several milligrams of each compound listed in Table 1 was

sandwiched between two glass slides and melted to form a thin, 1−10
μm, film. If the compound can be cooled without crystallization to
room temperature, a 1 mm microscope slide was covered by a 0.1 mm
cover glass. If crystallization occurs too quickly just below the melting
temperature, a pair of two 0.1 mm slides was used to increase heat
dissipation, so as to achieve a supercooled melt. The melts were
crystallized in the whole range of temperatures between room
temperature (20−25 °C) and the melting point, Tm, using a hot stage
or a Kofler bench, or two metal blocks. If crystallization at room
temperature did not occur or resulted in large, rapidly growing

crystals, crystallization was performed in a refrigerator (8 °C), freezer
(0 °C), or between two metal blocks in a box with dry ice
(crystallization temperature > −20 °C). All materials were crystallized
with and without additives. The most effective additives for inducing
twisting include natural resins such as Canada balsam, gum mastic, or
Damar gum (aka Dammar crystals), among some others, at loadings
of 10−15 wt %.2 Natural resins are complex mixtures of terpenes, fatty
acids, resin acids, and glycerides,20 extracted from various plants. They
can promote the formation of twisted crystals. In specific cases, small
molecule additives or synthetic polymers such as polyvinylpyrrolidone
(PVP) were used as well. For the purposes of routine screening, we
usually used only one additive, mostly Canada balsam. For materials
characterized in more detail, several additives were typically used.

Scheme 2. Molecular Structures of Compounds Shown in Table 1
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Single crystals of 10, 45, and 59 were prepared in 20 mL glass vials
by slow evaporation from their acetone, ethanol, and dimethylforma-
mide solutions, respectively. The X-ray intensity data of single crystals
were recorded on a Bruker D8 APEX-II CCD system with the ω scan
method at 100 K using graphite-monochromated and 0.5 mm
MonoCap-collimated Mo Kα radiation (λ = 0.71073 Å). Structures
were solved by intrinsic phasing methods (SHELXT), and the
structure models were completed and refined using the full-matrix
least-squares methods on F2. Crystallographic information files
(CIFs), including the HKL and RES data, were deposited in the
Cambridge Crystallographic Data Centre (CCDC) with nos. 2002874
(59), 2002875 (45), and 2002876 (10).

■ RESULTS

The results are summarized in Table 1. The number of
polymorphs discovered for each compound (Ntotal) is given for
reference since the statistical analysis below considered only
the number of polymorphs we observed under a given set of
conditions, and among those, only suitable polymorphs that
under some conditions crystallize as relatively fine fibers
(<10−20 μm in width). The number of such polymorphs is
indicated by Nsuitable. This limitation is related to the fact that
the intensity of twisting decreases as the crystal size
increases,4,21 and twisting in large crystals, with large pitches,
is not routinely detected by light microscopy. The minimum
detectable twist rate (radians/distance), inverse to the twist
period (pitch, P) as the length of a crystal needed for each
180° crystal rotation, is equal to 1−2 mm. We also cannot
routinely identify rare cases of tightly twisted crystals with P <
1 μm, below detection by light microscopy. The criteria for
counting a polymorph as suitable are somewhat arbitrary,
unfortunately, as it is difficult to obtain metric analyses of
individual fibrils that are tightly packed.
Crystals are considered twisted if they show a rhythmic

progression of interference colors along the growth directions.
This is a reliable characteristics of twisted crystals (Figure 1B−
G, but not 1A). Rhythmic precipitation22−24 can masquerade
as crystal twisting. In both instances, concentric bands with
oscillating linear retardance are the characteristic features.
However, these phenomena are distinguishable to the
practiced eye equipped with a polarized light microscope. In

several cases, twisting was confirmed by using the “sensing the
screw” method,22,25−27 X-ray diffraction analysis, atomic force
or electron microscopies. The number of polymorphs with
twisted crystals is indicated as Ntwist.

■ DISCUSSION

Statistics. Table 1 contains information on 139 com-
pounds, a biased collection because many materials came from
the list of twisted crystals of Bernauer.2 Some materials were
analyzed because they were known to form twisted crystals or
were isostructural to crystals identified as twisted. Therefore, to
make statistically representative sampling, the occurrence of
twisted crystals was calculated from 101 materials (155 suitable
polymorphs) chosen rather arbitrarily. We did not study a
statistically randomized subset of molecules, biased as we were
by the availability of compounds in a chemical library collected
over decades, we did choose compounds preferentially. We
sought compounds with modest melting points below 300 °C,
and we eschewed hydrates/solvates and salts, subject to
chemical transformations on melting. The fraction of
compounds forming twisted crystals with respect to all
compounds that can crystallize from the melt in the form of
fine fibers 45/101 = 45% is substantially larger than 130/480 =
27% obtained by Bernauer, however, this comparison is not
complete because we do not know why twisted crystals were
not formed/observed in Bernauer’s study. The more correct
estimate of the fraction of twisted crystals should come from
the ratio between polymorphs showing twisted morphologies
and the total number of suitable polymorphs: ΣNtwist/ΣNsuitable
= 48/155 = 31%. This number is diminished if we consider
only polymorphs that can form twisted crystals without
additives: ΣNtwist w/o additives/ΣNsuitable = 25/155 = 16%. That
means that ΣNtwist w/o additives/ΣNtwist = 25/48 = 52%
polymorphs do not require additives for twisting. (Bernauer
reported 41/130 = 32% molecular crystals do not need
additives to form twisted crystals.) Naturally, we cannot attest
to the purity of the compounds used by Bernauer. The purity
of starting materials themselves can be important. Bernauer
reported twisted crystals of 1,4-benzoquinone, 20, 3-

Scheme 3. Molecular Structures of Compounds Shown in Table 1
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chlorobenzoic acid, 42, and 4-aminobenzoic acid, 54. We were
not able to twist them, with or without additives.
Molecular Structure. Several mechanisms were suggested

to explain crystal twisting,4 and it is still not clear which of
them are relevant in which circumstances. Although we are not
aiming to solve this problem now, the data summarized here
can help to identify the more probable mechanisms. Twisting
does not seem to arise in chemical constitution, a statement
supported by the propensity of twisting in different crystal
structures formed by the same compound, i.e., in different
polymorphs. In Table 1, we identified 40 compounds with two
suitable polymorphs (Nsuitable = 2) and discovered that 12
(30%) of them do not show twisting (k = 0), 22 (55%)
compounds show twisting for one of the two polymorphs (k =
1), and for the remaining 6 (15%) both polymorphs twist (k =
2). This analysis included all crystals that can be twisted, with
and without additives. If molecular structure is not
determinative, then the distribution of twisted crystals in
these pairs will follow a probability mass function in a binomial

distribution = −!
! − !

−P k n p p p( , , ) (1 )n
k n k

k n k
( )

.42 Using the

probability of getting twisted crystals obtained above, p =
ΣNtwist/ΣNsuitable = 0.31, and the number of polymorphs for
each compound n = 2, one can calculate P(0,2,0.31) = 47%,
P(1,2,0.31) = 43%, P(2,2,0.31) = 10%, respectively. Compare
to 30, 55, and 15% found. For this small population, the
binomial expectation is roughly followed.
Crystal Structure and Symmetry. The role of crystal

structure should be more important, and the simplest check is
comparing twisting of materials having comparable X-ray
crystal structures but different compositions, i.e., isostructural
(same packing and bonding motifs) and isomorphous (in
addition to being isostructural, they can form solid solutions in
a wide range of compositions) compounds. We can identify
five such families in Table 1. Family I1. Thiophene-2-
carboxamide (9) (refcodes TUKPOF and ZAZZEI) and
thiophene-3-carboxamide (10) (CCDC No. 2002876, synthe-
sized above) are isostructural (space group Pna21). Crystals
from the melt appear identical, and both form banded
spherulites only in the presence of resins. Family I2. 1,3,5-
trichlorobenzene (19) (refcode TCHLBZ) and 1,3,5-tribro-
mobenzene (16) (refcode TBRMBZ) are isostructural (space
group P212121). Neither twist. Family I3. Benzamide (56)
(refcode BZAMID13), 2-fluorobenzamide (60) (refcode
BIGSUF), thiobenzamide (47),43 and 2-fluorothiobenzamide
(49) (refcode XOGRIW) are not strictly isostructural (with
the exception of 49 and 60, space group P21/c) but share the
same molecular packing with parquet-like arrangements of
pairs of infinite hydrogen-bonded dimeric or catemeric tapes.44

Among them, amides form twisted crystals, while thioamides
do not. Family I4. Hippuric acid, 77 (refcode HIPPAC), and
two its isostructural and isomorphous thiophene derivatives 58
(refcode RAVQEM) and 59 (CCDC No. 202874, synthesized
above) (space group P212121) form twisted crystals. However,
the propensity to twist decreases sharply in the series: 77 > 58
> 59. Family I5. Tetraphenylmethane, 127 (refcode
TEPHME), and its isostructural derivatives, 126 (refcode
TEPNGE), 128 (refcode TEPNSI), 129 (refcode TEPNSN),
and 130 (refcode TEPNPB) (space group P4 21c) from the
melt show similar morphologies. All of these compounds form
twisted crystals in the presence of PVP, but the propensity to
twist is very different: 130 > 129 ≫ 127 > 128 > 126. In sum,
isostructural compounds are correlated with twisting.

Some of the compounds synthesized in this study were
intended to exploit isomorphous substitutions common in
molecular crystals, such as the size equivalence of the
thiophene and phenyl rings as in 77, 58, and 59.45 All three
of these compounds were twisted, affirming that structural
constancy leads to dependable chemical and physical
consequences, a reliable principle in chemistry. However,
changing the conditions of growth in an effort to inhibit
twisting in hippuric acid and its derivatives often provoke
twisting around some other direction to that first observed.21,23

The aspirin (74) congener, 3-acetoxythiophene-2-carboxylic
acid (45), while also P21/c like the known aspirin polymorphs,
was not isostructural with 74; it had a uniquely shallow b-axis.
It twisted like aspirin nevertheless. In other words, twisting is
so common that, even when the phenomenon is imperfectly
encouraged or inhibited, new twisted forms and directions
become manifest.
Among the space groups cited in two previous paragraphs,

we can find centric crystals, polar achiral crystals, and
enantiomorphous crystals, both polar and nonpolar. Other
than an absence of cubic crystals, not suitable for crystal optical
detection of twisting, symmetry is weakly correlated with
twisting. Nevertheless, the sense of twisting in positive cases is
equal and opposite in enantiomorphs or along enantiotopic
growth directions.35 Additives can also induce twisting via
chemical interactions with the crystal. This possibility can be
confirmed if the presence of twisting and/or twist sense are
very sensitive to the particular additive. For example, the
addition of L-tartaric acid produces left-handed helices of one
polymorph of resorcinol (32) and right-handed helices of
another one, while addition D-tartaric acid results in opposite
twist senses; racemic tartaric acid does not produce twisted
crystals.8,31 Some examples are shown in Table 1.
We have recently begun to illustrate deviations in the

constraints of a lattice when sizes of crystallites are very
small.46,47 In other words, small objects, lacking semi-infinite
translations, need not conform to long-range translational
symmetry required of semi-infinite crystals. The ubiquity of
twisting may well be connected to the intrinsic dissymmetries
of small crystals that are somehow preserved by growth on the
micron scale.

Growth Environment. As discussed previously,4,21−23,29,40

twisting depends strongly on growth conditions. There are two
major melt crystallization parameters: temperature and
additives/impurities. They can affect formation of twisted
crystals in several ways.
Temperature can affect dominant growth directions that

either actuate or obviate twisting. For example, hippuric acid
between 80 and 180 °C forms fibers along [100], while
between 60 and 115 °C it grows along [001].22 Both crystal
elongations lead to twisting but pitch varies by 1 order of
magnitude.
Both, temperature and additives, can affect thickness of

crystallites. Typically, finer crystals form at higher supercooling
and higher additive concentration due to stronger branching.
Finer crystals are characterized by small pitches.4,21 Indirectly,
additives can reduce the growth rate thereby driving the
medium to high undercoolings. In this way, additives can
produce twisting by increasing the aspect ratios of fine
crystalline fibers. One such example is 1,5-dichloro-2,3-
dinitrobenzene, 15, that without additives does not form fine
crystallites and does not exhibit twisting. However, it twists in
the presence of CB and GM resins as well as with small
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molecule additives including the following: 1, 16, 18, 19, 21,
22, 77, 82, 83, 110, 4-bromoaniline, 1,2,4,5-tetrachloroben-
zene, and m-terphenyl. Twisting was not observed in the
presence of 14, hexachlorobenzene, tetracosane, eicosane, and
2-chloro-4,6-dinitroaniline, but in all these cases the crystals
did not form fine fibers. Twisting of 15 also was not observed
with additives 39, 66, and 67 despite the fact that the crystals
were fibrous, but we cannot say why.
Although we focus on crystallization from the melt, twisting

is a feature of crystallization from all kinds of growth media.4

Some materials such as hippuric acid, its size-equivalent
congeners 58 and 59, mannitol, and benzamide can form
twisted crystals from the melt as well as from solution and/or
vapor phase, indicating that the underlying physical mecha-
nisms at least in a substantial number of cases are material
dependent rather than growth medium dependent. The much
higher frequency of twisted crystals from the melt stems from
the ability to get very fine fibers at a high driving force for
crystallization and high homologous temperatures.
While Kuhnert-Brandstaẗter was aware of twisted forms, she

was not looking for them, nor trying to optimize their
appearance.3 The frequency with which she reported twisted
crystals is much lower than that reported here and previously.2

Kuhnert-Brandstaẗter’s aim was the identification of pharma-
ceutical compounds without the added complications of forms
outside of normal crystallographic discourse. As such, she
typically cooled slowly from the melt. She did not use additives
(growth inhibitors) or drop temperatures precipitously to
encourage large undercoolings. A number of compounds we
examined with decidedly twisted phases, not difficult to
observe, that were also studied by Kuhnert-Brandstaẗter,
include the following: 4, 13,29 73,34 74,35 77,21,23 and 96.47

She did not report twisting.

■ CONCLUSIONS

In 1929, Bernauer showed that 27% of all molecular crystals
can grow from the melt as mesoscopic helices, nonclassical
morphologies incompatible with ideal 3D periodic crystals.
After careful analysis of 101 compounds (155 polymorphs)
selected indifferently on the basis of what was available or
shared with us, we have concluded that this percentage is even
higher, around 31%. Our experience herein and that of
Bernauer is quite different from that of Kuhnert-Branstaẗter.
Why? In the words of Thoreau, “Many an object is not seen,
though it falls within the range of our visual ray, because it
does not come within the range of our intellectual ray, i.e., we
are not looking for it. So, in the largest sense, we find only the
world we look for.”48 Once attuned to the possibility of seeing
rhythmic patterns in the petrographic microscope, you will see
them everywhere. Why you see them is another matter still,
although it is continually coming into focus.47,49
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(3) Kuhnert-Brandstaẗter, M. Thermomicroscopy In The Analysis Of
Pharmaceuticals; Pergamon Press: Oxford, 1971.
(4) Shtukenberg, A. G.; Punin, Yu. O.; Gujral, A.; Kahr, B. Growth
actuated bending and twisting of single crystals. Angew. Chem., Int. Ed.
2014, 53, 672−699.
(5) Gaubert, P. Sur la polarisation circulaire produite par les
sphe  rolites a ̀ enroulement he  licoıd̈al. Ann. Phys. 1916, 9, 356−364.
(6) Gaubert, P. Sur une modification cristalline de soufre se
presentant en sphe  rolites a ̀ enroulement he  licoıd̈al. C. R. Hebd.
Seances Acad. Sci. 1916, 162, 554−556.
(7) Wallerant, F. Sur les enroulements he  licoıd̈aux dans les corps
cristallise  s. C. R. Hebd. Seances Acad. Sci. 1906, 143, 555−557.
(8) Wallerant, F. Sur l’origine des enroulements he  licoıd̈aux dans les
corps cristallise  s. C. R. Hebd. Seances Acad. Sci. 1906, 143, 1169−1170.
(9) Wallerant, F. Sur les enroulements he  licoıd̈aux dans les corps
cristallise  s. Bull. Soc. Fr. Mineral. 1907, 30, 43−60.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c00908
Cryst. Growth Des. 2020, 20, 6186−6197

6196

https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2002874&id=doi:10.1021/acs.cgd.0c00908
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2002876&id=doi:10.1021/acs.cgd.0c00908
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+G.+Shtukenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5590-4758
http://orcid.org/0000-0002-5590-4758
mailto:shtukenberg@mail.ru
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bart+Kahr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7005-4464
mailto:bart.kahr@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaolong+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1511-1566
http://orcid.org/0000-0003-1511-1566
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongfan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3511-9733
http://orcid.org/0000-0003-3511-9733
https://pubs.acs.org/doi/10.1021/acs.cgd.0c00908?ref=pdf
https://dx.doi.org/10.1002/anie.201301223
https://dx.doi.org/10.1002/anie.201301223
https://dx.doi.org/10.1051/anphys/191609060356
https://dx.doi.org/10.1051/anphys/191609060356
https://dx.doi.org/10.3406/bulmi.1907.2801
https://dx.doi.org/10.3406/bulmi.1907.2801
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c00908?ref=pdf


(10) Gaubert, P. Contribution a ̀ l’e  tude des sphe  rolites (e  difices
he  licoıd̈aux, pseudopolychroisme). Bull. Soc. Fr. Mineral. 1911, 32,
422−437.
(11) Gaubert, P. Sur le polymorphisme de quelques substances
(cristaux liquides, sphe  rolites a ̀ enroulement he  licoıd̈al). Bull. Soc. Fr.
Mineral. 1917, 40, 5−26.
(12) Gaubert, P. Action de la chaleur sur les sphe  rolites a ̀
enroulement he  licoıd̈al. Bull. Soc. Fr. Mineral. 1922, 175, 973−975.
(13) Xi, H.; Sun, Y.; Yu, L. Diffusion-controlled and diffusionless
crystal growth in liquid o-terphenyl near its glass transition
temperature. J. Chem. Phys. 2009, 130, No. 094508.
(14) Lovinger, A. J. Twisted crystals and the origin of banding in
spherulites of semicrystalline polymers. Macromolecules 2020, 53,
741−745.
(15) Commins, P.; Karothu, D. P.; Naumov, P. Is a bent crystal still
a crystal? Angew. Chem., Int. Ed. 2019, 58, 10052−10060.
(16) Carr, S.; Massatt, D.; Fang, S.; Cazeaux, P.; Luskin, M.; Kaxiras,
E. Twistronics: Manipulating the electronic properties of two-
dimensional layered structures through their twist angle. Phys. Rev.
B: Condens. Matter Mater. Phys. 2017, 95, No. 075420.
(17) Wu, Y.; Sun, P.; Zhang, K.; Yang, T.; Yao, H.; Lin, A. Rh(III)-
Catalyzed redox-neutral annulation of primary benzamides with diazo
compounds: Approach to isoquinolinones. J. Org. Chem. 2016, 81,
2166−2173.
(18) Hansen, F. K.; Khankischpur, M.; Tolaymat, I.; Mesaros, R.;
Dannhardt, G.; Geffken, D. Efficient synthesis and 5-LOX/COX-
inhibitory activity of some 3-hydroxybenzo[b]thiophene-2-carboxylic
acid derivatives. Bioorg. Med. Chem. Lett. 2012, 22, 5031−5034.
(19) Weber, M.; Frey, W.; Peters, R. Catalytic asymmetric synthesis
of spirocyclic azlactones by a double Michael-addition approach.
Chem. - Eur. J. 2013, 19, 8342−8351.
(20) Dieterich, K. The Analysis of Resins, Balsams and Gum Resins
(Stocks, H. B. trans.); London, Scott, Greenwood & Son, 1920.
(21) Shtukenberg, A. G.; Gujral, A.; Rosseeva, E.; Cui, X.; Kahr, B.
Mechanics of twisted hippuric acid crystals untwisting as they grow.
CrystEngComm 2015, 17, 8817−8824.
(22) Shtukenberg, A. G.; Gunn, E.; Gazzano, M.; Freudenthal, J.;
Camp, E.; Sours, R.; Rosseeva, E.; Kahr, B. Bernauer’s bands.
ChemPhysChem 2011, 12, 1558−1571.
(23) Shtukenberg, A. G.; Freudenthal, J.; Kahr, B. Reversible twisting
during helical hippuric acid crystal growth. J. Am. Chem. Soc. 2010,
132, 9341−9349.
(24) Singfield, K. L.; Klass, J. M.; Brown, G. R. Optically active
polyethers. 2. Atomic force microscopy of melt-crystallized poly-
(epichlorohydrin) enantiomers and their equimolar blend. Macro-
molecules 1995, 28, 8006−8015.
(25) Lotz, B.; Cheng, S. Z. D. A critical assessment of unbalanced
surface stresses as the mechanical origin of twisting and scrolling of
polymer crystals. Polymer 2005, 46, 577−610.
(26) Keith, H. D.; Padden, F. J. The optical behavior of spherulites
in crystalline polymers. Part I. Calculation of theoretical extinction
patterns in spherulites with twisting crystalline orientation. J. Polym.
Sci. 1959, 39, 101−122.
(27) Ye, H.-M.; Xu, J.; Guo, B.-H.; Iwata, T. Left- or right-handed
lamellar twists in poly[(R)-3-hydroxyvalerate] banded spherulite:
Dependence on growth axis. Macromolecules 2009, 42, 694−701.
(28) Cui, X.; Shtukenberg, A. G.; Freudenthal, J.; Nichols, S.; Kahr,
B. Circular birefringence of banded spherulites. J. Am. Chem. Soc.
2014, 136, 5481−5490.
(29) Shtukenberg, A. G.; Cui, X.; Freudenthal, J.; Gunn, E.; Camp,
E.; Kahr, B. Twisted mannitol crystals establish homologous growth
mechanisms for high-polymer and small-molecule ring-banded
spherulites. J. Am. Chem. Soc. 2012, 134, 6354−6364.
(30) Yang, J.; Hu, C. T.; Shtukenberg, A. G.; Yin, Q.; Kahr, B. L-
Malic acid crystallization: polymorphism, semi-spherulites, twisting,
and polarity. CrystEngComm 2018, 20, 1383−1389.
(31) Kahr, B.; Shtukenberg, A.; Gunn, E.; Carter, D. J.; Rohl, A. L.
Controlling mesoscale crystal helicity with additives, again. Cryst.
Growth Des. 2011, 11, 2070−2073.

(32) Zhu, Q.; Shtukenberg, A. G.; Carter, D. J.; Yu, T.-Q.; Yang, J.;
Chen, M.; Raiteri, P.; Oganov, A. R.; Pokroy, B.; Polishchuk, I.;
Bygrave, P. J.; Day, G. M.; Rohl, A. L.; Tuckerman, M. E.; Kahr, B.
Resorcinol crystallization from the melt: A new ambient phase and
new “riddles. J. Am. Chem. Soc. 2016, 138, 4881−4889.
(33) Shtukenberg, A. G.; Tan, M.; Vogt-Maranto, L.; Chan, E. J.; Xu,
W.; Yang, J.; Tuckerman, M. E.; Hu, C. T.; Kahr, B. Melt
crystallization for paracetamol polymorphism. Cryst. Growth Des.
2019, 19, 4070−4080.
(34) Shtukenberg, A. G.; Zhu, Q.; Carter, D. J.; Vogt, L.; Hoja, J.;
Schneider, E.; Song, H.; Pokroy, B.; Polishchuk, I.; Tkatchenko, A.;
Oganov, A. R.; Rohl, A. L.; Tuckerman, M. E.; Kahr, B. Powder
diffraction and crystal structure prediction identify four new coumarin
polymorphs. Chem. Sci. 2017, 8, 4926−4940.
(35) Cui, X.; Rohl, A. L.; Shtukenberg, A. G.; Kahr, B. Twisted
aspirin crystals. J. Am. Chem. Soc. 2013, 135, 3395−3398.
(36) Tan, M.; Shtukenberg, A. G.; Zhu, S.; Xu, W.; Dooryhee, E.;
Nichols, S. M.; Ward, M. D.; Kahr, B.; Zhu, Q. ROY revisited, again:
The eighth solved structure. Faraday Discuss. 2018, 211, 477−491.
(37) Kahr, B.; Tan, M.; Ye, H.-M.; Shtukenberg, A. G. Poly-
morphism and morphology folklore. Cryst. Growth Des. 2019, 19,
5999−6003.
(38) Yang, J.; Hu, C. T.; Zhu, X.; Zhu, Q.; Ward, M. D.; Kahr, B.
DDT polymorphism and the lethality of crystal forms. Angew. Chem.
2017, 129, 10299−10303.
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