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ABSTRACT: Crystallization from the melt can allow the
achievement of high driving force for crystallization accompanied
by relatively slow growth, nucleation, and transformation rates,
features that favor its use as an efficient polymorph screening
method. Surprisingly, even though melt crystallization has a long
history, it has been employed less often in the search for new
polymorphs than solution crystallization. Applications of melt . N
crystallization to 21 highly polymorphic, well-characterized 5 7 3 1 13 : 7 3 1 13
compounds with at least five ambient polymorphs revealed that Total number of ambient polymorphs Total number of ambient polymorphs
melt crystallization afforded more than half of the known

polymorphs and in many cases revealed new polymorphs not detected by other screening methods. A statistical analysis revealed
that polymorphs grown from the melt have a greater propensity for high Z’ values, which are not easily accessible by other
crystallization protocols and are often not detectable by crystal structure prediction methods. Melt crystallization within nanopores
(8—100 nm) performed for 19 of the 21 compounds mostly resulted in polymorphs that dominated crystallization from the bulk
melt at similar temperatures. The total number of polymorphs observed in nanopores was less than that observed during
crystallization from the bulk melt, however, and melt crystallization under confinement revealed new polymorphs not detected by
other crystallization methods.
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B INTRODUCTION which is puzzling given the long history of melt crystallization
of materials, including molecular crystals.”~"? In recent years, a
shift has occurred toward the recognition of melt crystallization
as an important method for studying molecular crystals and
their polymorphism. Crystallization at the microgram scale
performed from melt microdroplets has emerged as a tool for
cultivating single crystals for structure solution.'” Recently, our
laboratory has demonstrated the value of melt crystallization
through the discovery of new polymorphs of common well-

Polymorphism, the ability of a compound to crystallize in two
or more crystal structures, is a common feature of molecular
crystals. Polymorphs can spontaneously transform into one
another (excluding the thermodynamically preferred form).
Due to the behavior and distinct properties of polymorphs,
several key technologies, including pharmaceuticals,’ organic
semiconductors,” and energetic materials® can benefit from the
discovery and study of all possible polymorphs. The search for
new polymorphs (ak.a. screening) typically involves a variety

of methods, including sublimation, growth from solution

. . 14
characterized materials such as paracetamol,” testosterone
. 15 . 116 17 .18 19
propionate, ~ resorcinol, ° aspirin, © coumarin,”~ DDT,
L3120 . . .42l L 122
benzamide,”™ isoniazid,” and imidacloprid,” among others.

solvent evaporation, temperature lowering, mixing with
( A ; P & & Nonetheless, many questions remain: (i) What percentage of

antisolvents, slurrying), solid-state crystallization (exposure to
solvent vapors, grinding, and heating/cooling cycles), crystal-
lization directly from the melt, crystallization in the presence of

all observed polymorphs are accessible through melt

additives, crystallization on tailored substrates, and crystal- Received: ~September 21, 2022
lization under nanoconfinement.*~° Regulation of temperature Revised: ~ November 7, 2022
and pressure expands the toolkit for each of these methods as

well.

Currently, crystallization from the melt plays a relatively
minor role in polymorph screening workflows in industry,”
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Scheme 1. Molecular Structure of Studied Compounds
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crystallization? (ii) How many polymorphs achieved by melt
crystallization are truly inaccessible by others methods? (iii)
Which polymorphs are more likely to be found by melt
crystallization? (iv) What material properties favor polymorph
discovery through melt crystallization screening?

Crystallization performed under confinement in nanopores
with diameters ranging from 3 to 200 nm has been
demonstrated to be a powerful, albeit not routinely used,
method for studying polymorphism,”~>* often producing new
polymorphs*>*° and altering polymorph stability rank-
ings.””*"*7** This prompts new questions, including the
following: (i) Are polymorph outcomes different for
crystallization of a bulk melt compared with the corresponding
melts in nanopores? (ii) How often does crystallization under
confinement produce new polymorphs? (iii) How stable—
thermodynamically and kinetically—are particular polymorphs
under confinement, and what are the stability limits that permit
detection of metastable forms?

Herein, we describe efforts which address these questions by
comparing the phase behavior of 21 highly polymorphic
materials (>S5 reported ambient polymorphs) grown from their
respective bulk melts and melts confined within nanopores.
The materials were either chosen from the literature'>*”*° or
are representative examples from our laboratory
(Scheme 1). This is only a subset of compounds with five or
more ambient polymorphs, and other examples are summar-
ized in Table 1. The number of highly polymorphic

14,18,22,31

compounds continues to grow, and soon compounds with
five ambient polymorphs will no longer be considered unusual.

B EXPERIMENTAL SECTION

Materials. Chemicals listed in Scheme 1 were purchased from
Sigma-Aldrich expect ROY, which was purchased from TCI America.
Purity provided by the manufacturer is as follows: oxalyl dihydrazide
98%, nicotinamide 99.5%, isonicotinamide 99%, coumarin 99%,
paracetamol 98%, acridine 97%, theophylline 99%, carbamazepine
98%, dantron 96%, sulfapyridine 99%, imidacloprid 98%, ROY 97%,
tolfenamic acid 98%, tolbutamide 97%, chlorpropamide 97%,
flufenamic acid 97%, galunisertib 98%, aripiprazole 98%, and TES-
ADT 99%. No purity information was provided for sulfathiazole and
sulfameter. All chemicals were used without any purification. Initial
polymorphs from chemicals are shown in Table 3. Controlled pore
glass (CPG), a borate-silicate composite glass from which the borate
phase is leached to produce a silica glass bead with a random pore
network, was obtained from Biosearch Technologies (Petaluma, CA)
with nominal pore sizes of 35 and 100 nm. Porous glass with nominal
pore sizes of 8 nm were purchased from Sigma-Aldrich. All porous
glasses were washed with nitric acid prior to use and then washed with
deionized water and dried for 12 h under a vacuum. The acid-washed
matrices were stored under air in a desiccator.

Melt Crystallization. Several milligrams of each compound were
sandwiched between a 1 mm thick glass slide and a 0.1 mm glass
coverslip or between two 0.1 mm glass coverslips and then melted to
form a thin film. The thickness of these films ranged from 1 to 10 gm.
The melts were crystallized using a hot stage (Model FP90, Mettler-
Toledo), a Kofler bench, or by rapid cooling between two metal
blocks. Collectively, these platforms permitted crystallization over a
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Table 1. Highly Polymorphic® Compounds Not Studied in
This Publication

Material Nyr  ref
S-allyl-5-(2-cyclopenten-1-yl)-barbituric acid S 11
S-allyl-5-phenylbarbituric acid 6 11
aprobarbital 6 11
axitinib S 29
barbital 6 11
4-chloro-1,2,3,5-dithiadiazolyl radical S 30
chlorphenoxamine hydrochloride S 11
cocoa butter triacylglycerols 6 32
dantrolene 6 33
dehydroaripiprazole S 34
2-((4-(3,4-dichlorophenethyl)phenyl)amino)benzoic acid S 35

(molecule XXIII, PD-0118057 in the CCDC sixth blind
test)
S,5-dipropylbarbituric acid 7 1
ethallobarbital 6 11
griseofulvin S 36
heptabarbital 8 11
hexamidine diisethionate 10 37
indomethacin 8 38,
39
isonicotinic acid-(E)-(1-phenylethylidene)hydrazine 6 40
lauralkonium chloride S 1
methyl-p-hydroxybenzoate 6 11
nifedipine 6 41
phenazopyridine S 11
phenobarbital 11 11
picryl bromide S 30
piroxicam 8 42
propallylonal s 11
progesterone S 11
triacetone-triperoxide 6 30
vemurafenib S 43

“Total number of ambient polymorphs Ny = S.

wide range of temperatures, between either room temperature (20—
25 °C) or refrigerator temperature (4—8 °C) and the melting point,
T, In a typical crystallization experiment, the starting material was
sandwiched between two glasses and heated ca. 20 °C above T,,. The
sample was then rapidly (within a few seconds) cooled to the desired
temperature and held isothermally to observe crystallization and
possible phase transformations. To speed up phase transformations,
the sample would subsequently be heated to a higher temperature;
however, all crystallization and phase transformation events were
observed under isothermal conditions. The compounds were
crystallized without additives as well as in the presence of natural
resins such as Canada balsam, gum mastic, or Damar gum (aka.
Dammar crystals), at loadings of 10—15 wt %. It was observed that
crystallization of some compounds could be accelerated by cooling
the melt with the coverslip removed. Crystallization and phase
transformations were monitored using polarized light optical micro-
scopes Olympus BXS0 and BXS3 equipped with digital cameras.
Polymorph identification for all distinct crystal morphologies was
performed using powder X-ray diffraction.

Maximum linear growth rates, V., were determined for all
materials by measuring linear growth rates, V, of the fastest growing
polymorph in a wide range of growth temperatures. Growth rate was
determined as the displacement of the growth front divided by the
elapsed time. Due to experimental limitations, these measurements
were approximate for V> 1 mm/s (the actual value of V could deviate
from the measured one up to two times), while for the remaining
experiments precision was better than 10%. Nucleation rates were
estimated only for sulfapyridne polymorphs. Samples were rapidly

cooled to a specific temperature, and nucleation rates were calculated
as the number of nuclei per area of the sample per crystallization time.

Crystallization under Confinement. CPG beads were mixed
physically with bulk crystals of one of the compounds in Scheme 1
and then heated above the compound’s melting point in the
differential scanning calorimetry (DSC) instrument for approximately
two minutes to allow for infiltration into the pores by capillary action.
The mixtures then were allowed to cool to room temperature within
the DSC. Crystallization during this cooling cycle was evident from
the appearance of an exothermic peak for most of the compounds in
Scheme 1. Compounds that did not exhibit an exotherm were
crystallized by annealing for hours to several days at a constant
temperature ranging from 25 to 100 °C, depending on the compound.
Based on the pore volume specified by the commercial source, and
the mass ratio of each compound and CPG used, 67—70% of the
pores were infiltrated.

Differential Scanning Calorimetry. DSC was performed on a
Pyris-1 differential scanning calorimeter (PerkinElmer Inc., Wellesley,
Massachusetts). Materials and material-CPG mixtures were heated
and cooled at a rate of 10 °C/min. An indium standard was used to
calibrate the instrument, and nitrogen was used as the purge gas. The
data were analyzed using the PerkinElmer software to extract glass
transition temperatures, melting points, and heats of fusion.

X-ray Diffraction. Polymorphs were identified using a Bruker D8
Discover General Area Detector Diffraction System (GADDS)
equipped with a VANTEC-2000 2D detector and Cu-Ka source (4
= 1.54178 A). The X-ray beam was monochromated with a graphite
crystal and collimated with a 0.5 mm capillary collimator (MONO-
CAP). X-ray powder diffraction patterns were collected from powder
loaded into 0.8 mm Kapton capillaries in transmission mode or from
as-grown crystalline films on glass slides in reflection mode.

B RESULTS

Melt crystallization in bulk and under confinement is described
below for each compound in Scheme 1 in alphabetical order,
along with relevant literature data. Tables 2, 3, and 4 list the
compounds according to their molecular weights. Polymorph
nomenclature for each compound corresponds to assignments
provided in the Cambridge Structural Database (CSD). If the
assignment in the CSD was unclear or incomplete, the
designations from the original publications were used. The
numbers of spontaneously nucleating polymorphs as a function
of temperature are shown in Figure 1. Polarized light
micrographs are shown only for new polymorphs and, in
some cases, where there are no published high-quality images.
PXRD patterns are presented only for new or unidentified
polymorphs.

Acridine.**~*® Acridine formed four polymorphs from the
melt. Below ca. 85 °C it crystallizes as coarse spherulites of
form VIII, which below ca. 40 °C is accompanied by branched
high-birefringent crystals of form II, low-birefringent coarse
spherulites of form IV, and finer high-birefringent spherulites
of form VII (Figure 2A,B). Crystallization from the melt was
reported to generate form II, which converted to form VIII at
40 °C.** Under confinement, acridine crystallized exclusively
as form II in the range 80—90 °C for all pore sizes.

Aripiprazole.”’ Aripiprazole produced only form IV from
the melt (Figure 2C) in our experiments, although form III has
been reported in the literature to crystallize exclusively from
the melt.*® In CPG, aripiprazole crystallized as form IV within
8 nm pores, but the PXRD patterns collected for larger pore
sizes revealed peaks at 9.6° and 12.2° that do not correspond
to any known aripiprazole polymorph. Of note, aripiprazole is
unstable under ambient conditions, and the PXRD data may
correspond to a decomposition product that formed because

https://doi.org/10.1021/acs.cgd.2c01065
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Table 2. Selected Properties of the Compounds in Scheme 17

# material formula refcode M,, g/mol
1 oxalyl dihydrazide = C,H4N,O, VIPKIO 118.1
2 nicotinamide C¢H¢N,O NICOAM 122.12
3 isonicotinamide CcH¢N,O EHOWIH 122.12
4 coumarin CyHO, COUMAR 146.14
S paracetamol CgHgNO, HXACAN 151.16
6  acridine CsHN ACRDIN 179.13
7 theophylline C,HgN,O, BAPLOT 180.17
8 carbamazepine CysH,N,O0 CBMZPN 236.27
9 dantron C,,HgO, DHANQU 240.21
10  sulfapyridine C;H;1N;0,8 BEWKU]J 249.29
11 sulfathiazole CyHyN;0,S, SUTHAZ 255.31
12 imidacloprid C4H,,CIN;O, HANFOS 255.66
13 ROY C1HoN;0,8 QAXMEH  259.29
14  tolfenamic acid C,,H,CINO, KAXXAI 261.71
15 tolbutamide CpH sN,058 ZZZPUS 270.35
16  chlorpropamide C,oH,;CIN,0,S BEDMIG 276.74
17 sulfameter C,H;;N,0;S SAMPYM 280.3
18  flufenamic acid CH,,F;NO, FPAMCA 281.23
19  galunisertib C,,HoNO DORDUM 369.43
20 aripiprazole C,3H,,CLN;0, MELFIT 448.39
21 TES-ADT Cs4Hy48,Si, MAMPAS 566.97

T,/ T e/
T, °C Ty°C Ty AH,K/mol MF Vyypm/s Tpw°C T

242 nd nd. nd. F 2000 180 0.88
129 -8 0.66 23.9° SR 741° 100 0.93
157 11 0.66 23.1° SR 8000° 110 0.89
70 =57 063 18.4¢ R 2500 35 0.90
169 257 0.67 27.4° SR 391 131 0.91
109  nd nd. 18.7% R 10000 70 0.90
275 94° 0.67 29.6° SR 1000 230 0.92
193 50 0.69 25.5° F 45 165 0.94
193 nd nd. 20.8 R 20000 150 091
192 60 0.72 36.5 FT 130 150 091
201 66 0.72 28.7 FT 91 170 0.93
143 15" 0.69 28.1" FT 39 114 0.93
115 —14°  0.69 272 FT 158’ 80 0.91
215 63° 0.69 38.8° F 2000 150 0.87
128  11F 0.71 26.2° F 192 110 0.96
130 16° 0.72 27.4° F 7.8 115 0.96
211 67 0.70 38.7 FT 180 170 0.92
135 17¢ 0.71 27.1¢ F 140 110 0.94
248  nd n.d. 433! F 6 200 091
149 34" 073 384" F L5 120 0.93
155 27° 0.70 23.7 F 63 110 0.89

“M,, — molecular weight; T,, — melting point of polymorph with the highest melting point; T, — glass transition temperature; AH,, — heat of

g

fusion; V,,,, — maximum growth rate; T,,,, — temperature at which V, ., was observed; MF — molecular flexibility (R = rigid; SR = semirigid; F =
flexible; FT = flexible with tautomerism). Source of data borrowed from literature: bref [31], “ref [18], “ref [90], °ref [91], Tref [14], Sref [44], "ref
[22], ‘ref [64], ref [66], “ref [92], 'ref [6], "'ref [93], "ref [48], °ref [76].

the material-CPG mixture was held at high temperatures for
longer times to allow infiltration of the pores.
Carbamazepine.*® Carbamazepine crystallized as four
polymorphs from the melt. Polymorph I dominated,
crystallizing as fine spherulites with first to second order
interference colors (form I was originally obtained from the
melt’®). Form III grew as branched crystals with high
interference colors, form IV as coarser spherulites with slightly
lower birefringence, and a new form denoted VI formed coarse
spherulites (Figures 2D,E and 3B). All three minor forms
crystallized at 120—140 °C, concomitant with form I. After
multiple melting/crystallization cycles, IV crystallized over a
much wider temperature range suggesting the presence of
decomposition products which influenced the polymorphic
outcome. Under confinement in CPG, the absence of an
exotherm failed to indicate crystallization during cooling in the
DSC. Form I was observed in 35 and 100 nm pores only after
annealing the sample at 100 °C overnight. Annealing
carbamazepine in 8 nm pores at this temperature did not
result in crystallization, but after several days at room
temperature, the PXRD data revealed several diffraction
peaks that signaled formation of a crystalline phase. The 26
values for these peaks overlapped with those observed for some
known carbamazepine polymorphs. The 2D diffraction pattern
exhibited rings that precluded the possibility of preferred
orientation, as would be expected for crystals in the randomly
oriented nanopores in CPG. The absence of a match of the
peak intensity pattern with those of other forms is consistent
with the crystallization of a new polymorph (Figure 3B).
Chlorpropamide.®" Chlorpropamide crystallized from the
melt as only form f, which at elevated temperatures, converted
to form @, in agreement with a previous report™ that also
described a f — a transformation after prolonged storage at
room temperature, accompanied by formation of a small

amount of € and an unknown phase with diffraction peaks at
20 =~ 8 and 10°. Form f was evident in all CPG pore sizes from
several diffraction peaks corresponding to this form; however,
in 8 nm pores one additional weak maximum not matching the
B polymorph was detected at 6.4°. The PXRD patterns in 35
and 100 nm pores contained peaks at positions that did not
match to those of the @, f, ¥, 4, and & phases indicated in
Figure 3C nor to ambient #°* and ¢ (Martin Ward, private
communication) or nonambient phases a' (refcode BED-
MIG17), " (refcode BEDMIG11), ™ (refcode BEDMIG12),
and ¢’ (refcode BEDMIGO7). The 2D diffraction patterns for
the CPG-confined chlorpropamide crystals were consistent
with the randomized orientations, as expected, and the peak
intensity patterns suggested the presence of at least three new
polymorphs, although the possibility of a decomposition
product cannot be excluded.

Coumarin. Coumarin crystallization from the melt, as
reported previously by our laboratory,'® occurs with
concomitant nucleation of forms II and IV as well as a
minor form V. Polymorph III is generated as a transformation
product from form IV, while all four metastable forms
eventually convert to form I. Our laboratory also reported
that coumarin crystallized as form I from its melt in CPG pores
>55 nm”® but as a mixture forms I and IV in smaller pores in
both CPG and porous poly(cyclohexylethylene) (p-PCHE)
monoliths.

Dantron. Dantron (1,8-dihydroxyanthraquinone)>* crystal-
lization from the melt produces only form 4, which, at room
temperature, converts to form 3. Forms 3 and 4 are
enantiotropically related, with form 4 more stable above 155
°C. Under confinement in CPG pores, crystallization occurred
upon cooling in the DSC. Crystallization in 35 and 100 nm
pores occurred above 170 °C and produced form 4 and a
minor amount of 3, while in 8 nm pores, crystallization

https://doi.org/10.1021/acs.cgd.2c01065
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Table 3. Polymorphic and Crystallization Behavior of the Compounds in Scheme 1¢

# material initial form® Ty °C AG,, KJ/mol ¢ Niota Nooved  Nimelt  Nieless  Nimeltonly ~ Neonf  Neonfonly
1 oxalyl dihydrazide a n.d. n.d. 1.67 6 N 4 4 1 n.d. nd.
2 nicotinamide I 103 1.55 1.00%" 9 9 8(7) 9(8) 6 1 0

3 isonicotinamide I <148 >0.48 1.20 6 6 2 3 0 1 0

4 coumarin 1 54 0.86 1.04 S S 3 S 3 2 0

S paracetamol 1 100 4.28 1.00%” 6 4 6 6 3 2 0

6 acridine I <89 0.98 1.08 8 6 4 4 0 1 0

7 theophylline 1I n.d. n.d. 0.8%" 6 3 2 2 0 1 0

8 carbamazepine III <175 0.98 128 6 S 4 4 1 1(2) 1(0)
9 dantron 1 n.d. n.d. 0.59 N S 1 2 0 2 0
10 sulfapyridine 111 167 1.96 0.95 7 N 4 S 1 1 0

11 sulfathiazole I + IV 173 1.70 1.25 S S 2(1) 2(1) 0 1 0
12 imidacloprid 1 99 2.97 1.14 9 8 S 8 1 1 1

13 ROY op 62 372 0.93 13 12 76)  8(7) 2 2 0
14 tolfenamic acid I 207 0.63 1.25 10 9 4 4 1 2 0
15 tolbutamide I 106 1.44 0.78 7 7 4(3) 5(3) 0 2(1) 1(0)
16  chlorpropamide a nd. nd. 2.67 79 74 1 3(2) 0 4(1) 3(0)
17 sulfameter III <15§ 4.48 1.78%" 6or7 4 4 4 2or3 1 0
18 flufenamic acid I 105 2.00 1.31 9 8 5(3) 6(5) 0 2 0
19 galunisertib VI 172 6.32 0.83 10 10 1 1 0 n.d. n.d.
20 aripiprazole n.d. 135 1.27 1.45 11 8 2(1) 2(1) 0 2(1) 1(0)
21 TES-ADT a 123 1.77 1.00%? 7 1 N N 4 2 0

“Tpmin — melting point of polymorph with the lowest reported melting point; AG,, = (T, — Tyymin) AHy/ Ty, — free energy difference between

polymorphs with the highest and lowest melting points (see eq 1). Ny — total number of ambient polymorphs. N, — number of polymorphs
nucleating from the melt; N4 — number of polymorphs, for which crystal structures were solved. Ny, .ss — number of polymorph accessible
through melt crystallization including post-growth solid state transformations. Nj,ej¢.ony — number of polymorphs obtained only through nucleation
in melt crystallization. Numbers in parentheses are numbers of polymorphs observed in this study. N ., — number of polymorphs obtained in
nanoporous CPG using melt loading method through nucleation. N¢qy, — number of polymorphs among N, not obtained by other
crystallization techniques. Numbers in parentheses are numbers of unambiguously confirmed polymorphs excluding forms suggested by only
several diffraction peaks. n.d. — data are not available. { — complexity parameter calculated from eq 4. bValues labeled with an asterisk (*): Not
informative situations, when either >80% of all polymorphs crystallize from the melt and/or there is no Z’ available for >50% of all melt crystallized
polymorphs. “Initial polymorph from chemicals used in experiments. 9One new form and crystal structures for two forms of chlorpropamide are
reported by Martin Ward but not yet published.

occurred around 100 °C and produced form 3 with a minor crystallized from the melt — I and IX below 80 °C, II below 60
amount of 4. °C, V at room temperature, and VIII at 85—90 °C. Form VI

Flufenamic Acid.>® Flufenamic acid has been reported to was generated in the melt by cross nucleation from III. Form
crystallize directly from the melt as forms I, II, III, IV, and VIII IV was obtained by seeding an imidacloprid melt with
(named as I, II, III, IV, and V in the original publication, clothianidin crystals. All forms, except VII and the most stable
respectively).”> Polymorph IX was reported to form in solid I, could be generated via solid state transformations from the
dispersions™® with polyethylene glycol. Our investigation found least stable IX, which is the dominant form when

only three polymorphs (I, IV, and VIII) directly crystallizing crystallization is performed below 100 °C. Crystallization of
from the melt. Polymorph I crystallized above 100 °C as clear the metastable form VII could only be achieved under

coarse spherulites, polymorph IV as opaque spherulites over a confinement in CPG pores. This polymorph could grow in a
wider range of range of temperatures (these are banded above bulk melt seeded with CPG beads containing VII, but it

ca. 100 °C), and polymorph VIII as fine spherulites below ca. underwent rapid conversion to form IIL
80 °C (Figure 2F). Solid state transformations, IV — III, IV — Isonicotinamide.’®>° Isonicotinamide form II is the
I, Il —» II, and VIII — II, were observed at 80—110 °C. dominant form when crystallized from the melt in the whole
Forms VIII and IV crystallized around 42—45 °C when temperature range. It is accompanied by a minor amount of
embedded in CPG with pore sizes d = 30—200 from the form VI when crystallized below 40 °C.*" Form II, which is
melt.”” These forms eventually converted to forms I, II, and stable around the melting point, is enantiotropically related to
III, although the pathway depended on pore size. Crystal- form I, which is more stable at room temperature. Therefore,
lization was not observed in 8 nm pores. form II is slowly converted to form I at room temperature. In

Galunisertib. Galunisertib polymorphism was screened CPG, form II is observed for all pore sizes.

recently by many methods, including melt crystallization.® It Nicotinamide. Nicotinamide has been known to form
was found that only form VI nucleated from the melt. We numerous polymorphs from the melt since the 1940s,°>°" and
confirmed this. Crystallization in confinement was not it has been investigated recently by our laboratory”’ and
performed because galunisertib degraded when held at an others.”” Eight forms can nucleate from the melt around 60—
elevated temperature for the several minutes needed for pore 90 °C. Forms I (or a) and IV (or &) appear at lower
infiltration. temperatures, and above this range, only form I is observed.
Imidacloprid. Imidacloprid polymorphism has been Form III (or ) crystallizes during the transformation from IV.
previously investigated by our laboratory.”” Five polymorphs Form VII (or #7) was not observed here, although it has been
E https://doi.org/10.1021/acs.cgd.2c01065
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Table 4. Polymorphic Outcomes of Crystallization from Bulk and CPG-Confined Melts at the Temperatures Indicated in

Parentheses”
polymorph (T, °C)
# material 8 nm 35 nm 100 nm bulk melt”
2 nicotinamide IV (62) IV (59) IV (68) IV > VIII > I > VI 3> IX (55-70)
3 isonicotinamide 11 (74) II (118) II (121) II (>40)
4 coumarin I+1IVe e I° II ~ IV > V (<35)
5 paracetamol I (77) III (82) III (88) III >> I, VII, VIII, IX (70—90)
6 acridine II (86) I (83) 11 (91) VIII (80)
7 theophylline 1I (240) 11 (240) 1I (250) 1I (>100)
8 carbamazepine UP (RT) I (100%) I (1009) 1 (100)
9 dantron 3> 4(97) 4> 3 (174) 4> 3 (184) 4 (all T)
10 sulfapyridine VII (90%) VII (90%) VII (90%) VII > V > IV (90)
11 sulfathiazole I (100%) I (100%) I (100) I(all T)
12 imidacloprid VII (RT) VII (RT) VII (RT) IX > 1> 11, V, VIII (RT)
13 ROY R (RT) R (RT) Y (RT) YN > R > ON > Y04, R0S, Y (RT)
14 tolfenamic acid X (122) V (138) Vv (111) IV = V (>100)
15 tolbutamide UP (RT) V (RT) V (RT) V > II (<80)
16 chlorpropamide B + UP (RT) B + UP (RT) B + UP (RT) B (RT)
17 sulfameter NC NC v (1159) V ~ VI > VII, II (115)
18 flufenamic acid NC VIII > IV (46) VIII > IV (44) IV > VIII (<80)
20 aripiprazole IV (RT) UP (RT) UP (RT) IV (all T)
21 TES-ADT y (100) y + € (94) y + € (72,90) y> >8> a(40-105)

“In cases for which more than one polymorph is observed, the relative amounts are reported. bPolymorphic outcomes for bulk melt are indicated
only for comparison with crystallization in nanoconfinement for the similar temperature ranges. The complete list of polymorphs obtained from
bulk melt is discussed in the text. “Crystallization temperature is not known; pore sizes were 7.8, 23, and SS nm instead of 8, 35, and 100 nm (ref
24). dSample was cooled to room temperature and then annealed at given temperature. RT — crystallization at room temperature outside DSC. NC
— no crystallization observed. UP - unidentified and possibly new polymorphs.

reported to crystallize from the melt at 60—80 °C.°* In CPG,
only form IV was obtained for all pore sizes.

Oxalyl Dihydrazide. Oxalyl dihydrazide crystallizes rapidly
from the melt, although it decomposes partially during melting
with concomitant release of hydrazine. Needle-like crystals of
form y emerge rapidly above 150 °C when cooling from the
melt. Below 60 °C, form y forms spherulites. PXRD patterns of
melt grown crystals at these temperatures are consistent with
form y, with additional reflections, some of which can be
assigned to forms a and & but others to a new polymorph,
denoted here as { (Figure 3D). Crystallization in confinement
was not performed because oxalyl dihydrazide would
decompose during the time required for infiltration into the
pores.

Paracetamol. Paracetamol (acetaminophen) crystallization
from the melt has been investigated in considerable detail in
our laboratory.'* All ambient forms can crystallize from the
bulk melt, with major forms I and III and minor forms VII,
VIII, and IX concomitantly nucleating above T, ~ 25 °C. Only
form II nucleates below T,. Previous reports have demon-
strated crystallization of form III in CPG (d = 22—103 nm) at
80 °C accompanied by formation of form II in larger pore
sizes.”> Polymorph conversion Il — II easily occurred above
100 °C, although this process required temperature cycling in
smaller pore sizes. Form I was obtained when the external
surfaces of CPG beads were covered with paracetamol. The
investigation here found crystallization of form III for all pore
sizes, however.

ROY. ROY (5-methyl-2-[(2-nitrophenyl) amino]-3-thiophe-
necabonitrile) was reported to crystallize a mixture of forms Y,
Y04, YT04, YN, ON, R, and ROS upon cooling a melt,®47%¢ 7
which our results corroborated.”® Nucleation is very slow
above 50 °C. Below 40 °C form YN is readily formed,

accompanied by Y04, R, ROS, ON, and Y below 35 °C. At
room temperature, YO4 transforms to YT04. In the literature
form PO13 has been obtained from the melt below 60 °C as
well as from seeding a melt with crystals of a ROY derivative,”’
but this form was not observed in our investigation. Under
confinement, ROY crystallized at room temperature after 1 day
and formed polymorph R inside 8 and 35 nm pores and
polymorph Y inside 100 nm pores. Previous studies of ROY
embedded within poly(cyclohexylethylene) (p-PCHE) mono-
liths (d = 30 nm) indicated formation of polymorph Y after
evaporation of an infiltrated pyridine solution of ROY. After
excess material was removed from the external monolith
surface, melting and recrystallization afforded polymorph R.**

Sulfameter. Sulfameter (sulfamethoxydiazine, sulfametox-
ydiazine)'>”" primarily crystallizes from the melt as two
polymorphs, denoted here as V and VI, which dominate above
and below ca. 120 °C, respectively. Form V crystallizes as fine
spherulites with homogeneous interference colors, while form
VI appears as fine spherulites with fibers varying in interference
colors that suggests twisting. Below 120 °C a small fraction of
fine disorganized spherulites of an additional form can be
detected, denoted here as VII but may correspond to forms I,
IL, or IV. Below 120 °C one can also detect low-birefringent
coarse spherulites of stable form III, which also sometimes
nucleates above 150 °C (Figure 2G,H). All forms convert to
form III above 150 °C. Forms III, V, VI, and VII grown from
the melt were previously assigned decades ago as I, II, IIIL, and
IV.”! PXRD patterns of forms V and VI (Figure 3E) have not
been reported. Of note, we were not able to collect a PXRD
pattern of the very minor form VIL Early reports of sulfameter
polymorphs did not contain PXRD data, and it is possible that
two of the three forms V, VI, and VII observed here may
correspond to two of the reported polymorphs earlier. The

https://doi.org/10.1021/acs.cgd.2c01065
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Figure 1. Number of polymorphs, N, that crystallize spontaneously from the melt over specified temperature ranges. The vertical red and blue
bars correspond to the melting point of the polymorph with the highest T, and to the glass transition temperature, respectively. Ny, = O
corresponds to the situation when no spontaneous nucleation was observed within at least one hour.

absence of crystal structure data for the previously reported
forms precludes definitive assignment, but at least one of these
must be new. Sulfameter resisted crystallization from the melt
when embedded in CPG with pore sizes 8 and 35 nm, even
after annealing. Form V was observed in 100 nm pores after
annealing at 115 °C, however.

Sulfapyridine.”*~”* Sulfapyridine from the melt crystal-
lizes as four polymorphs III, IV, V, and VII (Figure 2L]J; they
were identified from the melt previously as I, IV, V, and VI,
respectively”'). The polymorph denoted here as VII exhibits a
PXRD pattern (Figure 3F) distinct from the five forms
reported in the CSD. It is reasonable to suggest that this PXRD
data does not correspond to the more stable form I, for which
no crystal structure is reported. Polymorphs IV, V, and VII
crystallize concomitantly at 80—130 °C as fine spherulites with
low birefringence. Polymorphs V and VII have similar
appearances and PXRD patterns, with VII being less stable
and readily converting to V. Polymorph IV forms banded
spherulites (polymorphs III and VII can form banded
spherulites as well but banding is not pronounced). At higher
temperatures, stable form III nucleates as spherulites with high
interference colors. Above 130 °C polymorph II (assigned as
III in ref 71) readily forms block-like crystals inside spherulites
of form IV. When infiltrated into CPG beads, no crystallization

was observed after cooling in the DSC, and the samples were
subsequently annealed at 90 °C overnight to produce form VII
across all pore sizes.

Sulfathiazole.”® Sulfathiazole in our hands crystallized
only as form I from the melt, although two forms (T,, = 202
and 175 °C) have been reported.”’ After melt-infiltrated CPG
beads were cooled in the DSC, no crystallization was observed,
and the samples were annealed at 100 °C overnight to produce
form T across all pore sizes.

TES-ADT. TES-ADT (5,11-bis(triethylsilylethynyl)-
anthradithiophene) polymorphism was reported in the
literature but not studied in detail.”*~’® We observed five
polymorphs from the melt, two of which (5 and &) were not
previously reported (Figures 2K—M, 4A), and the remaining
three corresponded to forms a, 8, and likely y.”® If the latter
form is not y (not clear due to insufficient published data),
then the total number of forms from the melt increases to six.
Our limited X-ray diffraction data suggest that most TES-ADT
polymorphs exhibit disorder, packing similarities, and high Z
numbers. Form ¢ crystallizes at room temperature below T, =
27 °C. It is replaced by major polymorphs f3, 7, and 6 as well as
minor polymorph a above room temperature and below ca.
105 °C, above which the most stable at room temperature

https://doi.org/10.1021/acs.cgd.2c01065
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ES-ADT, ca. 25 °C

Aripiprazole, 120 °C!

Sulfapyridine, 100 °C

| RN T

olfenamic

Figure 2. (A—O) Polarized light optical micrographs of selected compounds from Scheme 1. The scale bar in A is the same for all images except

TES-ADT (K, L, M), for which the scale bar in panel K is used.

form a becomes less stable than polymorph B and stops
nucleating. In confinement, only forms y and & were observed.

Theophylline. Theophylline crystallization from the melt is
dominated by form II"”%
and, based on similarities of PXRD patterns, likely structurally
related form V,*" which typically crystallizes only near room
temperature. Crystallization in confinement always resulted in
form IL

Tolbutamide.?”"®* Tolbutamide crystallization from the
melt is dominated by coarse, low-birefringent spherulites of
form V, accompanied by a small fraction of the more stable
form II below ca. 80 °C, observed as finer spherulites with
higher birefringence (Figure 2N). At elevated temperatures
both forms convert to form I". Similar crystallization sequences
were reported in the melt (forms V, II, and I' were denoted

with a minor amount of the rare

there as III, II, and I, respectively).71 Form IV also was
reported to crystallize from the melt* but was not observed in
our experiments. Under confinement, crystallization was not
observed during cooling inside the DCS. After sample storage
at room temperature for 1 day, form V was detected in 35 and
100 nm pores, but crystallization was not observed in 8 nm
pores. Form V also was obtained inside 3.2 nm pores of the
MCM-41 host using a melt loading method.*® Above 60 °C, V
— I" transformation was observed. Annealing of tolbutamide
infiltrated in 8 nm pore CPG only crystallized after standing
for several days at room temperature. The PXRD pattern
exhibited several peaks at 9.2°, 18.8°, 20.4°, and 21.8° (Figure
4B). The 2D diffraction patterns for the CPG-confined
tolbutamide crystals were consistent with the absence of
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Figure 3. (A—F) PXRD patterns of new and unidentified polymorphs of the compounds in Scheme 1. Simulated PXRD patterns of known
polymorphs with corresponding CSD refcodes are shown for comparison.

Tolfenamic Acid.?*~®° Tolfenamic acid crystallizes from
preferred orientation, as expected, and the peak intensity the melt as form IV (high-birefringent spherulites forming over
patterns suggested the presence of a new polymorph. the entire temperature range), form V (opaque spherulites
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Figure 4. (A—C) PXRD patterns of new and unidentified polymorphs
of the compounds in Scheme 1. Simulated PXRD patterns of known
polymorphs with corresponding CSD refcodes are shown for
comparison.

with first order interference colors crystallizing between 80—
150 °C), form I (low-birefringent fine spherulites forming

between 65—90 °C that are evident only after several melt/
crystallization cycles), and a new form provisionally called X
(low-birefringent fine spherulites crystallizing below 100 °C).
The PXRD pattern of form X closely resembles that of form V
but has distinct signatures (Figures 20 and 4C). Polymorphs
V and X form banded spherulites. At elevated temperature, all
these forms convert to form I. Under confinement,
crystallization occurred during sample cooling at
110—140 °C, producing form X in 8 nm pores and form V
in larger pores.

B DISCUSSION

Statistics of Bulk Melt Crystallization. The majority
(>67%) of all known forms can be obtained through direct
nucleation from the melt for 6 of the 21 compounds in Scheme
1, while only one polymorph was observed for three
compounds (Table 3, Figure SA). When considering the
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Figure S. Number of polymorphs directly nucleating from the melt,
N,ua (A) and obtained from melt crystallization via nucleation and
following solid-state transformations, N,,.ss (B) as a function of total
number of ambient polymorphs, N, for materials from Tables 2
and 3. The lines are intended to serve as a visual guide that
corresponds to N,,q = Ny and Nyyg.ss = Nigrap respectively.
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practical goal of identifying all possible polymorphs, these
numbers can be combined with the numbers of polymorphs
obtained via solid state transformations following melt
crystallization within experimentally reasonable time, here
viewed as several weeks at room temperature or 2 days at
elevated temperatures just below the melting point. This
increases the number of compounds affording polymorphs
from the melt—either directly or indirectly—to 11, while
reducing the number of compounds forming only a single
polymorph to one (Table 3, Figure SB). On average, more
than one-half of all ambient polymorphs can be revealed during
melt crystallization, as given by eq 1, where N, g5 is number
of polymorphs accessible through melt crystallization, includ-
ing post-growth solid state transformations, and N, is the
number of known polymorphs for each compound.

21
1
—Z N5/ Nigtal); = 0.60
21 i:1( It-SS ttl) (1)

Another important aspect concerns polymorphs obtained
exclusively through melt crystallization. Twenty-five such
polymorphs were identified for 11 of the 21 compounds in
Scheme 1 and Table 3. Moreover, some of these polymorphs
are crucial for obtaining new polymorphs via solid state
transformations. Examples include polymorph IX — III of
imidacloprid,” polymorph IV — III of coumarin,"® and
polymorph IV — III of nicotinamide.”

The percentage of accessible forms is not correlated with
molecular weight, ostensible molecular rigidity, heat of fusion,
or entropy of crystallization (Tables 2 and 3). Materials with
similar molecular structures and thermochemistry can exhibit
different numbers of polymorphs. For example, sulfathiozole
and sulfapyridine, which have similar molecular structures
(Scheme 1), molecular weight, heats of fusion, melting points,
glass transition temperatures and growth rates, form similar
numbers (five and seven, respectively) of ambient polymorphs.
Polymorph I of sulfathiazole and polymorph VI of
sulfapyridine have very similar lattice constants and packing
motifs. Sulfathiazole, however, has only one polymorph by
nucleation from the melt, while sulfapyridine has four.
Nicotinamide forms eight of nine polymorphs by nucleation
from the melt, while its regioisomer isonicotinamide forms
only two of six.’' Inert additives such as Canada balsam and
gum mastic have been reported to slow down crystallization
and polymorph conversion,"*'”'® but these additives did not
alter the polymorphic outcomes described here.

Thermodynamic Driving Force. Metastable polymorphs
have higher free energy and therefore require higher driving
force for crystallization. During solution crystallization, high
driving force is difficult to achieve because more stable
polymorphs often crystallize more rapidly. Crystallization from
the melt typically occurs between the melting point of the most
stable form, T, and the glass transition temperature, T,. The
driving force for crystallization from the melt as a function of

temperature T or supercooling AT = T, — T can be
approximated as eq 2,”* where AH,, is the heat of fusion.
AI_Im(Tm - T)
AGy = —————
T )

The approximation T, = 2T,/ 37 (Table 2) translates to a

maximum achievable driving force near T, of AH_/3,
equivalent to 6—18 kJ/mol for the compounds in Table 2.
This suggests that most polymorphs can be crystallized from

the melt given that 95% of polymorph pairs are described by
lattice energy differences less than 7.2 kJ/mol.”> The largest
differences in polymorph melting points for the compounds in
Scheme 1 are observed for galunisertib, paracetamol, and
sulfameter, for which (T, — Tpmn) = 76, 69, and 56 °C,
respectively (Table 3). Supercooling can be easily achieved for
these materials.

Kinetic Conditions. Growth rates from the melt are
typically much less than growth rates from solution under
comparable thermodynamic driving forces. In addition, the
driving force for crystallization from the melt does not change
until the entire melt is crystallized. These conditions favor
detection of all nucleating polymorphs unlike some solution
screening techniques, where the initially formed polymorph
can rapidly consume all the material, leaving slow-crystallizing
polymorphs undetected.

When a polymorph is thermodynamically accessible,
nucleation, growth, and transformation kinetics determine if
it will be detectable. Figure 6A shows a typical growth rate vs.
temperature plot measured for sulfapyridine (similar plots are

available for Table 2 compounds nicotinamide,’"** para-
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Figure 6. Dependence of the growth (A) and nucleation (B) rates of
sulfapyridine polymorphs on temperature. Filled squares in (A)
correspond to compact spherulites, whereas empty squares corre-
spond to crystals with a fibrous morphology that may permit faster
growth.
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cetamol,'* and ROY®®). In the simplest approach, the effect of
temperature on growth rate V(T) can be described by eq 3.7
The shape of the curve is determined by the competition
between driving force for crystallization, which increases as
temperature decreases (the second exponential term in eq 3),
and the mobility of molecules in the melt, which increases as
temperature increases (the first exponent in eq 3, which is
roughly equivalent to the inverse viscosity of the melt). Here,
V, is a constant that only slightly depends on temperature, R is
the universal gas constant, and AGyp, is an activation energy for
the molecule in the melt to attach to the crystal.

AG AG
V=1, exp(—R—TD)[l - exp(— RTV] 3)

The growth rate increases rapidly near the melting point,
achieving its maximum value V., at temperature T, which
corresponds to supercooling within the first tens of degrees
(Tiax/ T = 0.87—0.96, see Table 2). At higher supercoolings,
the driving force reaches a plateau, and growth rates begin to
decrease due to the increased viscosity of the melt. Near the
glass transition, the growth rates of all polymorphs become
comparable, with differences rarely exceeding 1—1.5 orders of
magnitude.

Figure 6B illustrates the dependence of a nucleation rate on
temperature for sulfapyridine (a similar plot is available for
nicotinamide’"). According to classical nucleation theory,” the
nucleation rate can be expressed by eq 4, where J; is a constant
that is not strongly dependent on temperature, AG* is the
thermodynamic barrier for homogeneous nucleation, y is the
crystal-growth medium interface energy, and @ is the molar
volume. In the case of heterogeneous nucleation, eq 4 remains
valid when y is adjusted for the substrate contribution. The
shape of J(T) curve is determined by the competition between
the driving force for crystallization (the second exponent in eq
4) and mobility of molecules in the melt (the first exponent in
eq 4). The maximum nucleation rate occurs at lower
temperatures than the maximum growth rate. Due to the
strong temperature dependence of AG*, nucleation can be
slow for a wide range of temperatures about the melting and
glass transition temperatures but remains measurable for
intermediate temperatures.

=) AGp + AG*
=] exp|l—————
o &P RT
) ( AGDJ 167 y’w’
= e — e e —
0P TRt )| T3 Rrac? )

A small difference in y or AGy can create a very large
difference in nucleation rates at small supercoolings. As
temperature decreases, nucleation rates become increasingly
regulated by the molecular mobility, such that nucleation rates
of different polymorphs become more similar.

Consequently, the largest number of polymorphs are more
likely to be found when crystallization is performed slightly
above Ty where the thermodynamic driving force is significant
for all polymorphs, crystallization is relatively fast, and
nucleation and growth are limited by molecular mobility.
This is statistically confirmed for the compounds in Scheme 1.
Two compounds do not crystallize close to T, five compounds
exhibit only one polymorph, and one compound forms the
same number of polymorphs over the whole temperature

range. These eight compounds cannot inform the hypothesis
being tested and were therefore excluded from consideration.
Nine of the 13 remaining compounds form the maximum
number of concomitantly crystallizing polymorphs at temper-
atures slightly above glass transition temperatures (Figure 1).
Only four compounds form the maximum number of
polymorphs below (one polymorph) or well above (three
polymorphs) T,

No correlation between maximum growth rate and the
number of nucleating polymorphs was found (Figure 7A),
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Figure 7. (A) Dependence of the number of crystallizing polymorphs
Npe/Nigr o0 maximum growth rate, V.. (B) Dependence of
maximum growth rate, Vi, on T,/ T,

although this may be attributed to the difficulty of finding
multiple polymorphs at very high and very low growth rates.
Indeed, sometimes the fastest growing polymorph still requires
an inconveniently long time to be detected. If growth of a
second polymorph is even 1 order of magnitude slower, the
waiting time can become impractically long. Moreover, V.
typically corresponds to T/ Tin = 0.87—0.96 (Table 2), while
as described above the best conditions for finding polymorphs
is T = T, = 0.7T,, where the growth rate is significantly lower
and detection of even the fastest-growing form becomes
problematic. Aripiprazole and galunisertib, which are charac-
terized by the smallest V. and exhibit one polymorph each,
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do not crystallize close to T, (Figure 1). In the limit of very fast
growth, the first crystal consumes most of the melt, before the
next one nucleates, and even a slightly slower nucleating
polymorph can remain undetected. The fastest growing
material, dantron (Table 2), falls into this category. The
maximum growth rate was found to correlate with T,/ T, ratio
for silicates.”” Similar correlation was revealed for the
compounds examined here (Figure 7B). It suggests that the
intermediate values of V., which correlate with detection of
maximum number of polymorphs, correspond to the ratios
0.66 < T,/T,, < 0.72.

Crystal Structure Complexity. Crystal structure complex-
ity is an intuitive, if not arbitrary, parameter that is not easily
quantified. Nevertheless, we use a simple measure, {, which is
defined for each compound in Scheme 1 as an average number
of symmetry independent molecules (Z') in crystal structures
of polymorphs directly nucleating from the melt, divided by
the average Z' for all ambient polymorphs of the same
compound (eq 5). This parameter becomes biased if most of
the polymorphs can crystallize from the melt (e.g.,
nicotinamide) or if Z’ is known for a small fraction of all
and/or melt crystallized polymorphs (e.g., sulfameter provides
at least four polymorphs from the melt but the crystal structure
is known for only one of them). Such cases are marked with *
in Table 3.

Noete 77
l\TtotaI Zi=1 Zi

Neotal 77
Nmelt Zi;{l Zi (5)

Table 3 reveals that the melt-crystallized polymorphs are
associated with higher complexity. For instance, only 4 of 21
compounds in Table 3 have § < 0.9, while 10 compounds have
§ > 1.1, and for the rest { ~ 1. When the probability of
encountering various forms from the melt is taken into
account, the prevalence of high Z’ structures becomes even
more vivid. For example, carbamazepine produces four forms
from the melt, but the majority of crystals corresponds to form
I with Z’ = 4, while all other known polymorphs have Z' = 1.
Likewise, imidacloprid forms five polymorphs from the melt
with the dominating form IX having the highest Z’' = 4. Even
though the crystal structures of the TES-ADT polymorphs f, 7,
and 6 that dominate melt crystallization are not known, our
preliminary X-ray diffraction study suggests that Z’ > 1, 4, and
4, respectively, while Z' = 1 for the a polymorph that
crystallizes from solution.

The correlation between melt crystallization and high Z’ also
can be deduced by calculating the percentage of different Z’
values. In a study published in 2016, the fraction of high Z’
structures among 274,315 organic compounds registered in the
CSD was found to be very low with only 12.1% of structures
having Z' > 1 and 1.3% structures having Z' > 2.”° In the
investigation of melt crystallization described here, among 56
polymorphs with known Z’ values, 25 (45%) have Z’' > 1, 11
(20%) have Z’ > 2, and 7 (13%) have Z’ > 3. The prevalence
of high Z' structures in melt crystallization was noted
previously in a statistical analysis of 83 melt-crystallized
polymorphs registered in the CSD, wherein Z' > 1 for 15
structures (18%), Z' > 2 for six (7%), and Z' > 3 for three
(3.6%).””

A statistical analysis of the CSD revealed that the percentage
of structures with Z° > 1 was larger for polymorphic
compounds (ca. 20%) than monomorphic compounds (ca.
10%)."%° Among 132 crystal structures available for 21

C:

compounds Z' = 0.5, 1, 2, 3, and 4 were observed for S, 77,
33, 6, and 8 structures, respectively, and three structures were
reported to have Z' = 6, 9.5, and 20. Consequently, Z' > 1 for
38% of the 132 structures, Z' > 2 for 13%, and Z’' > 3 for 8%.
In comparison, only one of the 21 compounds in Scheme 1
(oxalyl dihydrazide) does not have Z' > 1.

We do not believe that the difference in complexity is related
to the melt environment per se. Rather, melt crystallization
more often produces high energy metastable polymorphs,
which tend to have more complex organization. Finding high
Z' polymorphs remains a significant challenge for the
pharmaceutical industry because current crystal structure
prediction methods (CSP) become computationally expensive
for Z' > 1."°" For example, the frontline antitubercular drug
isoniazid was considered to be monomorphic despite thorough
screening.'”> A CSP search limited to Z’' = 1 and 2 initially
predicted a significant energy gap (>6.5 kJ/mol) between the
most stable form (later designated as form I) and the next
lowest energy structure,'”® which is typically viewed as
characteristic of monomorphism.”> Melt crystallization per-
formed in our laboratory, however, led to the discovery of two
additional polymorphs. The crystal structure of one of these
new polymorphs, designated as form II, was solved as Z' = 4,
which would not have appeared in the aforementioned CSP
search.”! Following this observation, lattice energy calculations
were performed, which revealed the energy of form II to be 5.5
kJ/mol greater than form L'®’ The structure of highly
metastable form IIT was not solved due to the absence of
suitable single crystals and insufficient PXRD data, but it was
found among the hi%h-energy Z' =1 CSP structures, 6.5 kJ/
mol above form L'® This illustrates the utility of melt
crystallization, which is predisposed to finding more
polymorphs, as a companion to CSP searches.

Some compounds in Table 3 form polytypic structures or
structures that are very similar, but most polymorphs have
unique structure motifs. Out of 21 compounds in Scheme 1, six
form polytypic or closely structurally related structures. Three
compounds (dantron, sulfathiazole, and tolbutamide) form
families of polytypic structures, but corresponding polymorphs
do not crystallize from the melt. Three remaining compounds
(theophylline, tolfenamic acid, and TES-ADT) identified here
based only on the similarity of their PXRD patterns crystallize
from the melt as families of closely structurally related
polymorphs. Thus, no clear connection between formation of
polytypic or very similar structures and melt crystallization can
be established for this set of compounds.

Crystallization in Nanopores. Nineteen of the 21
compounds in Scheme 1 were embedded in CPG pores
from their respective melts. Oxalyl dihydrazide and galunisertib
(Tables 3, 4) were excluded because of their poor thermal
stability. Crystallization in a range of pore sizes (8—100 nm)
typically afforded only one or two polymorphs of those
observed by crystallization from the bulk melt. Chlorpropa-
mide was an exception, forming as many as four polymorphs
within the nanopores. PXRD patterns acquired for $ of the 19
compounds in the nanopores, however, contained peaks that
were not consistent any known polymorph, suggesting new
forms. Unambiguous identification of a new polymorph so far
was obtained only for imidacloprid.

Seven of the 19 compounds crystallized under confinement
in CPG pores produced only the phase that dominated
crystallization from bulk melt at similar growth temperatures
(Table 4). Another nine compounds produced the same
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outcome as the bulk melt along with the appearance of another
polymorph, either exclusively in pores of specific sizes or in a
mixture with the dominant polymorph. Only three of the
compounds led to an entirely different outcome for all pore
sizes than observed for bulk melt crystallization.

The observation of higher polymorph selectivity during
crystallization under confinement can be attributed to various
factors:

e One consequence of confinement is melting point
depression, which is associated with a reduction in the
total volume free energy (AGy) of the nanometer-sized
crystals.”*° The melting point depression observed in

100 nm pores is typically only a few degrees, signaling a

small difference between AGy of the confined and bulk

crystals, which in turn would not be sufficient to
significantly alter phase equilibria and crystallization
significantly. Melting point depression in 8 nm pores,
however, can approach several tens of degrees, indicating

a large difference in AGy, compared with the bulk, which

can have a profound effect on the crystallization

outcome.

e The small size of crystals confined in nanopores would
be expected to reduce the likelihood of cross nucleation,
thereby reducing the number of observable polymorphs.

e Detection of minor amounts of polymorphs during
crystallization in nanopores is more challenging. PXRD
and DSC typically can detect a second polymorph if its
fraction of the sample is ¥ > 0.01. Polarized optical
microscopy, however, can detect a polymorph if x <
1075, For example, during paracetamol crystallization
between 50 and 80 °C form III dominates, form I
crystallizes often and primarily from the edges of the
glass slide, form VII composes 3—5% of all crystals, form
IX comprises <1%, and form VIII was observed only
three times in ca. 400 samples.'* This suggests that
detection of form VII would be challenging for confined
crystallization if its fraction resembled that observed in
the bulk, and detection of forms VIII and IX would be
highly unlikely. Indeed, only form III was observed for
all pore sizes.

B CONCLUSIONS

The results for crystallization of 21 highly polymorphic (at
least S ambient polymorphs for each compound) materials
from the bulk melts and melts in nanopores are summarized
below.

e Crystallization from the melt is simple, fast, and
inexpensive and can be applied to small sample sizes.
It provides a facile approach to high driving force for
crystallization with the potential to obtain all poly-
morphs. Accessible nucleation and transformation rates
create opportunities for discovering highly metastable
polymorphs.

e Melt crystallization affords, on average, half of all
possible polymorphs, and in many cases (10 of 21
materials in this investigation) it reveals polymorphs not
detected by other screening methods.

o There is a higher chance to discover a significant portion
of all polymorphs using melt crystallization for materials
exhibiting intermediate growth rates, V, = 50—5000
pm/s, and intermediate 0.66 < T,/T,, < 0.72 ratios.

e On average, polymorphs obtained from the melt do not
preferentially form polytypes and disordered structures,
as sometimes claimed. Higher Z’ values, which we view
as reflecting more complex organization, are more
common with melt crystallization. Consequently,
crystallization from the melt is a useful tool to search
for high Z’ polymorphs that are not readily accessible by
other experimental protocols and often overlooked by
crystal structure prediction methods.

e Crystallization from melts embedded in nanopores
results in one or two polymorphs, which typically are
forms that dominate crystallization from the bulk melt at
comparable temperatures. Polymorphs detected in
nanopores represent either a subset of polymorphs
obtained in the course of melt crystallization or new
polymorphs not detected by any other crystallization
technique (up to S of 19 materials in this study).
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