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ABSTRACT: Reported here is a relatively simple technique for polymorph
screening of pharmaceutical compounds that are thermally stable. Polymer
libraries have previously been used as surfaces to influence, or direct, the
crystalline form adopted by an active pharmaceutical ingredient on
crystallization from solution. In this current work, we demonstrate the
polymorph-directing effect of homopolymer surfaces in the absence of
solvent by recrystallization from the supercooled melt. When the nonsteroidal anti-inflammatory drug indomethacin is melted,
cooled, and subsequently reheated above its glass transition temperature on an untreated surface, it has a proclivity to crystallize
as its δ polymorph. On certain polymer surfaces, however, it preferentially crystallizes as the α polymorph, as a direct result of
polymer templating. The method is well-suited to implementation in multiwell plate formats requiring only small amounts of
material and enabling multiple experiments to be carried out in parallel with samples readily characterized using X-ray powder
diffraction.
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It is well established1 that drug polymorphism, the ability of a
molecule to adopt more than one crystal structure, can have

a marked effect on many important physical and chemical
properties. As such, polymorph screening and discovery
continues to attract significant attention from a number of
research fields, using a diverse range of methods.2−7 An
innovative technique to emerge within the past decade is
polymer templating (polymer-induced heteronucleation),8,9

wherein the outcome of heterogeneous nucleation and
subsequent crystal growth of a compound from solution can
be templated by the surfaces of dispersed polymers. Notably,
Price et al.10 were able to isolate from solution new polymorphs
of carbamazepine and sulfamethoxazole as single crystals on top
of a combinatorially synthesized, cross-linked polymer library
base. In this approach, the insoluble polymers in the microarray
provide diverse surfaces with a variety of functionalities that can
influence the nucleation, crystal morphology, and growth rate11

of solute from solution placed in direct contact with the surface.
Here we report a polymorph screening methodology that

utilizes a solvent-free melt-cooling crystallization technique in
conjunction with polymer templating. Eliminating the use of
solvent is in keeping with current drives toward “green”
chemistry,12 and removes the possibility of solvated crystal
forms that often occur during polymorph screens.13,14 The
straightforward implementation of this method illustrates the
relative ease with which polymer surfaces may be exploited as a
rich source of diversity in the context of polymer screening, and
thus its application as a complementary technique to traditional
solution-based drug screening methods that assist with the
identification and isolation of all possible solid drug forms
(hydrates, solvates, salts, and cocrystals). The application of the

method is demonstrated with the compound indomethacin
(IMC; Scheme 1).
IMC is a nonsteroidal anti-inflammatory drug with at least

three reported polymorphs; α, γ, and δ.15−19 It has been
demonstrated20 that when supercooled liquid IMC is
subsequently crystallized as a polycrystalline powder on a
glass microscope slide by heating above the IMC glass
transition temperature, Tg (41 °C), the IMC polymorph
recrystallized from the glass varies according to the incubation
temperature of the sample. Between 50 and 100 °C, over 90%
of the crystallites in the recrystallized IMC samples were the δ
polymorph (the remaining crystallites being α and γ).20

A selection of polymers was synthesized using a series of nine
modified acrylate monomers (Scheme 1), intended to produce
a range of chemical and physical properties across the resultant
polymer surfaces presented for crystallization.21 Several of the
monomers used have structural features (e.g., ester, hydroxyl,
amine, and aromatic moieties) that are complementary to
groups on the IMC molecule (e.g., carboxylic acid, amide,
methoxyl, chlorobenzene) and thus offer the potential for
manipulation of the IMC crystal structure through comple-
mentary intermolecular interactions. Monomers were dosed
onto a polyimide (Kapton) film mounted on a bespoke
aluminum 28-position sample plate using the minimum volume
of monomer required to achieve uniform polymerization and
complete coverage of each well. The samples were then
polymerized in situ in a UV oven.22 The plate was removed
from the UV oven, and a thin layer of γ IMC powder was
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placed on the homopolymer in each well and spread evenly
over the surface. The whole plate was heated to 175 °C to melt
the IMC, and then cooled to room temperature before being
reheated above Tg to 70 °C to induce crystallization, which
occurred within 24−48 h. Each plate was analyzed using foil
transmission X-ray powder diffraction (XRPD).23 Proportions
of each polymorph within each sample were estimated using
PolySNAP24 by comparison of the XRPD pattern to reference
patterns collected form pure samples of each IMC polymorph
(Figure 1, see Supporting Information).
As described previously,20 IMC recrystallizing at 70 °C from

the quench-cooled melt tends to produce the δ polymorph, or
to a lesser extent a mixed phase of δ, α, and γ. On top of most
of the surfaces (both polymers and control) used in this work,
IMC recrystallizes as δ IMC or a δ/α mixed phase. However,
on two polymer supports detailed below, IMC recrystallizes
reproducibly as the α polymorph, clearly showing a templating
effect of α IMC by the polymers.
It is therefore of interest to investigate the effect of different

polymer side chain functionalities on IMC polymorph
selectivity at the same temperature.

IMC polymorphs were identified by their XRPD patterns.
The reference patterns were produced using established
methods: γ IMC was used as received; α was recrystallized
from ethanol and water,19 and δ was recrystallized from
methanol and desolvated under vacuum.25 Phase purity of the
reference samples of γ and α IMC was confirmed by a Pawley-
type fit26 of the respective single crystal parameters19,27 to the
observed diffraction patterns using the DASH software
package.28 The reference pattern for the δ polymorph, for
which there is no crystal structure, was compared with previous
work.20 The homopolymers remained amorphous throughout
the experiments.
Recrystallization experiments were carried out in two stages.

In the first stage, an initial polymorph screen comprising 42
melt-cooling crystallizations on two 28-well plates was
implemented in which the Kapton base of wells either had
no coating (control; 8 wells) or were coated with one of the
polymers, 1−6 and 8 (3, 3, 3, 3, 4, 11, and 7 wells respectively).
The plate layout and polymorph results are presented in Figure
2. The results from the blanks and polymers 1, 3, 4, 6, and 8
were largely consistent with previous work,20 with the
recrystallized samples identified either as pure δ IMC or as

Scheme 1. Chemical Structure of Indomethacin (IMC) and Monomers (1−9) Used as Polymer Templates
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mixtures of δ and α ranging from 50:50 to 80:20 (ratio δ:α).
On polymers 2 and 5 however, IMC was found to crystallize as
pure α (or >90% α) in two out of three and three out of four
trials, respectively. Monomers 7 and 9 degraded on heating and
irradiation, and so these wells were unusable for further
investigation. γ IMC was not observed from any of the
homopolymers tested.
In the second stage of the experiment, crystallization on

polymers 2 and 5 was repeated and scaled up to assess the
reproducibility of the initial results. For comparison, crystal-

lizations on polymer 6, which returned the highest number of
pure-phase δ samples in the initial screen, were also repeated as
were the control experiments, conducted in the absence of
polymers. From 33 crystallizations on polymer 2, 27 were pure
α IMC and 6 were a α/δ mixed phase (<80% α); from 37
crystallizations on polymer 5, 33 returned a result of pure or
predominantly (>90%) α IMC and 4 returned a mixed phase
(<80% α); from 42 crystallizations on polymer 6, 26
crystallized as pure or predominantly (>80%) δ IMC and 16
as a mixed phase (<80% δ); of 43 control experiments, 25 pure
δ IMC and 18 mixed phase (<80% δ) samples were observed
(Figure 3).

While each result was confirmed by XRPD, the silver-white α
and beige δ polymorphs could also be distinguished by visual
inspection. This is illustrated in Figure 4, which shows the

concomitant crystallization of α and δ IMC on top of polymer
5 and blank Kapton, respectively. The micrograph was taken at
the Kapton-polymer boundary of a sample well in which there
was incomplete polymer coverage of the Kapton film during
preliminary work and provides a clear demonstration of the
direct local effect of recrystallization of IMC from the melt on
two different surfaces. On the basis of these results,
crystallization of IMC on polymers 1, 3, 4, 6, and 8 does not
significantly influence the outcome of IMC crystallization from
the supercooled melt. However, polymers 2 and 5 have a
significant influence on the crystallization outcome, favoring the

Figure 1. XRPD patterns of IMC for reference samples and
recrystallized polymorphs. Stackplot showing (a) γ reference, (b) α
reference, (c) α recrystallized from the melt on polymer 5, (d) δ
reference, and (e) δ recrystallized from the melt on blank Kapton.

Figure 2. Observed IMC polymorphs on the first two polymer plates
after one week. The IMC polymorph obtained from each well is
denoted by color. The numbers identify the polymer substrates
present in each well. Control wells (Kapton) are indicated as blank.

Figure 3. Total occurrences (%) of IMC polymorphs returned from
polymers 2, 5, and 6 and control samples.

Figure 4. Photomicrograph of the boundary of (a) silver α IMC atop
polymer 5 and (b) beige δ IMC atop blank Kapton film.
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formation of the α polymorph in preference to the expected δ
form.
To explore this effect further, gradated sample plates were

assembled, where a copolymer gradient was set up between
polymers 6 and 5 across a row of five sample wells so as that
6:5 (%:%) monomer ratios were of the order 100:0, 80:20,
50:50, 20:80, and 0:100, and repeated in quintuplicate. IMC
crystallized as the δ polymorph in sample wells bearing 100%
polymer 6. Copolymers containing polymer 5even at the
lowest ratio (80% 6: 20% 5)yielded the α form, irrespective
of the presence of polymer 6 (see Supporting Information for
further details on plate layouts and results). In five of the
samples IMC crystallization was inhibited, arising from
diffusion of molten IMC into the polymer base, and these
results were discarded from the data set.
The nature of the polymorph directing effect was examined

by performing atomic force microscopy (AFM) and contact
angle goniometry (CAG) measurements on multiple samples of
blank Kapton film and polymers 2, 5, and 6. Surface roughness
(Ra) tests for each sample were carried out before and after the
same heating procedure used for the IMC recrystallizations. All
of the samples had relatively flat topographies,22 with Ra values
in the range 0.8−1.8 nm (see Supporting Information). These
results suggest polymer surface topography is not a factor in
conferring polymorph selectivity. Contact angle (CA) measure-
ments for each of the polymers and Kapton were also similar.
Advancing contact angles for all samples showed that Kapton
and polymers 2, 5, and 6 all have relatively hydrophobic
surfaces before and after heating, returning values in the range
78−93° (see Supporting Information).29 Homopolymer
integrity was checked with Raman spectroscopy before and
after heating to 175 °C, holding for 10 min and cooling
naturally back to room temperature. No near-surface chemical
changes or polymer degradation were observed in the spectra.
The results from the AFM, CA, and Raman analyses point to
the observed polymer templating effect as being a chemical,
rather than physical, effect with the phenyl and tetrahydro-
furfuryl side chains of polymers 2 and 5 yielding a surface more
conducive to α IMC than δ IMC. Since the remaining polymer
surfaces do not promote growth of α IMC the role, if any, of
specific polymer backbone···IMC interactions with individual
crystal faces of IMC polymorphs requires further investigation.
Work is ongoing to determine the δ IMC crystal to assist with
this.
This is the first report of the use of polymer surfaces for

solvent-free templating of pharmaceutical polymorphs. The
approach has clear potential for application as a complementary
tool in polymorph screening studies for target molecules that
do not decompose on melting, and have a melting point below
the thermal decomposition point of the polymer substrate. The
method is relatively straightforward to implement practically
with results obtained within minutes-hours. It is also well-suited
to multiwell plate formats enabling rapid, in situ sample
characterization, and, compared with many other solution-
based crystallization screening methodologies, requires rela-
tively little sample preparation such as filtration. As diversity is
critical to any successful screening strategy, the variation of
monomer functional groups must be maximized to fully exploit
polymer surface chemistry.

■ EXPERIMENTAL PROCEDURES
Polymer Synthesis. 28-position aluminum sample plates,

compatible with a Bruker AXS D8-Advance diffractometer

sample stage, were covered with polyimide (Kapton, 7.5 μm
thickness) film and sealed with vacuum grease. A 150 μL
portion of each monomer was added to individual sample wells
in triplicate or quadruplicate, and the plate was UV irradiated in
a Dymax UV oven for 1 min. This polymerization method is
well-established, giving a degree of polymerization of
approximately 80% for the monomers used.30 The above was
repeated as necessary to ensure statistically significant results
for polymers which gave a positive result. Monomers used were
methyl methacrylate (1), ethylene glycol phenyl ether acrylate
(2), 2-(dimethylamino) ethyl acrylate (3), 1,4-butanediol vinyl
ether (4), tetrahydrofurfuryl acrylate (5), tert-butyl acrylate (6),
tert-butyl phenyl acrylate (7), 4-tert-butyl cyclohexyl acrylate
(8), and tetra (ethylene glycol) diacrylate (9). Each monomer
was prepared with 10% (w/v) 2,2-dimethoxy-2-phenylaceto-
phenone as a photoinitiator. All reagents were purchased from
Sigma-Aldrich (U.K.) and used as received.

IMC Crystallization. A thin layer (20−30 mg) of IMC
(Roig Farma, Spain) was spread evenly over each polymer
sample in plates treated as described above. Each plate was then
added to an oven at 175 °C for approximately 2 min, or until
the IMC had melted. The plates were removed from the oven
and left to cool naturally at room temperature, facilitating the
formation of IMC glass after a few seconds. XRPD analysis was
carried out on all samples to confirm that all polymers and IMC
were amorphous. Plates were then incubated in an oven at 70
°C and subsequent XRPD analysis was carried out daily for 1−
2 weeks. Sample plates were cooled naturally to room
temperature over a few minutes before analysis, which was
carried out at room temperature. The temporary temperature
drop from 70 °C to room temperature (below Tg) had no effect
on IMC recrystallization (see Supporting Information).
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