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The role of nanopore shape in surface-induced
crystallization
Ying Diao, Takuya Harada†, Allan S. Myerson, T. Alan Hatton and Bernhardt L. Trout*
Crystallization of a molecular liquid from solution often
initiates at solid–liquid interfaces1–3, and nucleation rates are
generally believed to be enhanced by surface roughness4,5.
Here we show that, on a rough surface, the shape of surface
nanopores can also alter nucleation kinetics. Using lithographic
methods, we patterned polymer films with nanopores of
various shapes and found that spherical nanopores 15–120 nm
in diameter hindered nucleation of aspirin crystals, whereas
angular nanopores of the same size promoted it. We also show
that favourable surface–solute interactions are required for
angular nanopores to promote nucleation, and propose that
pore shape affects nucleation kinetics through the alteration
of the orientational order of the crystallizing molecule near
the angles of the pores. Our findings have clear technological
implications, for instance in the control of pharmaceutical
polymorphism and in the design of ‘seed’ particles for the
regulation of crystallization of fine chemicals.

It is well recognized that surfaces play a crucial role in liquid–
solid phase transformations, and surface morphology has been
shown to impact nucleation and crystallization significantly6–8.
Current fundamental understanding is insufficient, however, to
allow the rational design of surfaces for nucleation/crystallization
control. Roughening of the surface in a crystallization system
leads to accelerated nucleation, and in industrial practice surface
scratching has long been used to promote nucleation9. However,
without knowledge of the geometrical features of the surface cavities
at a microscopic scale relevant to nucleation, the surface roughness
alone, as a macroscopic parameter, may be insufficient, and even
misleading, in describing the effect of surface morphology on
nucleation. Recently, there has been an increase in the number
of studies on crystal nucleation in sub-100 nm pores, which were
demonstrated to affect nucleation kinetics7,10,11, polymorphism12

and crystal orientation13. These studies focused mainly on the
effect of pore size in the context of nanoscopic confinement, but
the role of pore shape has been neglected. The lack of systematic
investigation on the effect of pore shape is due, in no small part, to
the challenges in making macroscopic material with nanopores of
tunable geometry, particularly with pores under 100 nm in size.

Here, we present the first experimental evidence that nanopore
shape plays a key role in determining the kinetics of nucleation
from solution. We are particularly interested in comparing the
effects of angular pores to those of spherical pores of similar
size. For this purpose, a fabrication technique is required to
control both the surface pore geometry and the pore size
down to length scales relevant to nucleation, and especially to
enable surface patterning with pores from a few to hundreds of
nanometres. Nanoscopic pores with high area density are preferred,
providing a sufficient number of pores to ensure statistical
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significance of the observed effects on nucleation. Sub-10 nm
pores are avoided because reported volume confinement effects
on nucleation11,14,15 may mask the effects of pore shape. In
addition, the resolution requirement for the fabrication technique
is set by the length scale of molecular events preceding
nucleation, namely the molecular clustering and re-orientation
that occur in domains of, probably, a few nanometres for small
organic molecules. To meet these requirements, we developed
‘Nanoparticle Imprint Lithography’ (NpIL), drawing inspiration
from Nanoimprint Lithography (NIL; ref. 16) and Nanosphere
Lithography (NSL; ref. 17). NpIL can be used to fabricate
nanopatterned polymer surfaces with nanopore arrays of various
shapes, ranging from ten to hundreds of nanometres, using
nanoparticle assemblies as templates.

The fabrication of polymer films with spherical nanopores by
NpIL is illustrated in Fig. 1. First, spherical silica nanoparticles
were self-assembled on a quartz slide driven by capillary forces
during water evaporation17, and then anchored to the substrate via
calcination to form the imprint mould (Fig. 1a). Second, a mixture
of monomer, crosslinker and initiator was sandwiched between the
imprint mould and the substrate, and subsequently polymerized
under ultraviolet irradiation. The imprint mould was then easily
peeled off to reveal a polymer film conforming to the substrate,
with the nanopattern inversely transferred from the imprint mould
(Fig. 1b). Polymer films with spherical nanopores ranging from
15 nm to 300 nmwere fabricated in thismanner (Fig. 1c), templated
by commercially available monodispersed colloidal silica of various
sizes. This method combines many of the advantages of NSL
and ultraviolet-assisted NIL, such as low cost, high throughput18,
and high resolution16. Moreover, in contrast to the commonly
practiced NSL technique, where hydrofluoric acid is needed to
dissolve the silica nanoparticles17, ourmethod removes the template
nondestructively by a simple liftoff from the polymer film, allowing
the mask to be recovered easily and reused.

Polymer films with hexagonal pores (Fig. 2a) were also prepared
by NpIL following a similar procedure (see Methods section),
templated with iron oxide magnetic nanocrystals with well-
defined facets (Fig. 2b). For making square nanopores (Fig. 2c),
square-shaped nanoposts (Fig. 2d) were fabricated by Achromatic
Interference Lithography (AIL; ref. 19) as the imprint mould.
The imprinted square pores are comparable to the spherical
ones in width and depth (Fig. 2e), with sharply delineated pore
angles (radius of curvature <3 nm, Supplementary Fig. S1). In
addition, the nanopatterning procedures employed in this study
preserved the molecular level surface roughness with respect to
the nonporous polymer surface (Supplementary Table S1), which
enables unambiguous differentiation of the effects of pore shape
on crystal nucleation.
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Figure 1 | Fabrication of polymer films with spherical nanopores by NpIL. a, Imprint mould preparation via colloidal silica self-assembly and its anchoring
to the quartz substrate. b, Film substrate preparation and polymer film synthesis by ultraviolet polymerization. c, AFM height images of polyacrylic acid
films crosslinked with divinylbenzene (AA-co-DVB), with and without spherical nanopores, templated with colloidal silica of various sizes. The average
pore size is (from left to right) none, 15 nm, 40 nm, 120 nm, and 300 nm. The scale bar is 200 nm. The data scale in height is (from left to right) 50 nm,
50 nm, 50 nm, 100 nm and 400 nm.

The effect of nanopatterned polymer films on the kinetics
of nucleation from solution was quantified by the nucleation
induction time of aspirin (see Methods section), a representative
compound for small organic molecules. The relative extent of
reduction in the nucleation induction time serves as a measure
of the effectiveness of polymer films in promoting nucleation.
The polymer film was made from acrylic acid crosslinked with
divinylbenzene (AA-co-DVB), with which aspirin could interact
via hydrogen bonding. Polymer crosslinking was designed to avoid
solvent uptake and to maintain the surface morphology when
in contact with the solution. Owing to the stochastic nature of
nucleation events, 20–50 samples were tested simultaneously to
obtain the probability distribution for the nucleation induction
time. The average induction time, τ , was determined from a
statistical analysis of the induction time data, based on the
knowledge that nucleation follows a Poisson distribution, P(t )=
exp(−t/τ ) (ref. 7), where P is the probability that no nucleation
event occurs within time t .

As shown in Fig. 3, increasing the surface roughness by mod-
ifying the nonporous film with spherical nanopores surprisingly
inhibited nucleation, as evidenced by the longer nucleation induc-
tion times. The size of the spherical nanopores seemed to have
little effect on the nucleation kinetics, within the range tested, but
nucleation was promoted when angular pores of the same size were
used, as shown in two cases. With hexagonal pores, the polymer
film reduced aspirin nucleation induction times by more than an
order of magnitude relative to those observed with spherical pores,
and in the case of square pores, a three-fold reduction was observed.
These results indicate that the angles that distinguish faceted from
spherical pores acted as nucleation sites, which has been verified
via atomic force microscopy (AFM) and X-ray diffraction (XRD),
as will be discussed later. Our observations can be interpreted in
terms of recent computational results. Cacciuto and co-workers8
used Monte Carlo simulations to show that freezing of hard-sphere
colloids is frustrated on curved surfaces, on which crystals cannot

grow free of strain, and that the resulting defects increased the
barrier to nucleation (see Supplementary Information Pages 8–9 for
more discussion). Page and Sear found by Monte Carlo simulation
of Lennard-Jones molecules that nucleation in wedges is many
orders of magnitude faster than on a flat surface, and that there
exists an optimum wedge angle at which nucleation is the fastest9.
This optimumwedge angle corresponds to an intrinsic angle within
the crystal, formed by two close-packed planes, at which the crystal
can grow defect-free along both sides of the wedge.

‘Angle-directed nucleation’ is a possible mechanism in our case,
where an angle characteristic of the topological feature on the
substrate directs the crystal nucleation in a minimum-strain con-
figuration, exhibited as a geometrical match between the substrate
and the crystal. The aspirin crystal possesses intrinsic angles formed
by close-packed, low-index facets close to the characteristic angles
in the nanopores tested (Fig. 4c,d,f). In the square nanopore, the
angle at the intersection of the pore wall and the pore floor (Lwf, its
dihedral angle abbreviated as α) could induce the growth of either
(011) and (100), or (002) and (100) facets of aspirin ((011)∧ (100)
or (002)∧ (100), with dihedral angles abbreviated as θ011∧100 and
θ002∧100, respectively; Fig. 4c,d), where (100), (011) and (002) are
the three major facets of aspirin crystallized from bulk solution
(Supplementary Fig. S4b). To estimate the extent of angular match,
the cross-section of the square nanopore was examined by means
of high-resolution scanning electron microscopy (HRSEM), and
α was measured to be 96◦± 7◦ in one corner of the cross-section
and 101◦±5◦ in the other. This asymmetry was consistent through
the cross-section for all pores observed, and may arise from the
asymmetric stress applied to the polymer film during the template
liftoff. Both θ011∧100 and θ002∧100 fall in the vicinity of the smaller
α, 96± 7◦, with θ002∧100 being the closer match (θ002∧100 = 95.84◦,
θ011∧100 = 92.94◦). Specifically, about 30% of pores contained an
angleαwithin 1◦ of θ002∧100, and around 8%within 1◦ of θ011∧100.

If angle-matching were the only factor dictating nanopore-
induced nucleation, (002)∧(100) would be nucleated preferentially
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Figure 2 | Angular nanopores on AA-co-DVB polymer films and their
templates. a, AFM height image of hexagonal nanopores on the polymer
surface templated with iron oxide magnetic nanocrystals by means of NpIL.
The scale bar is 50 nm. (Inset) Higher resolution image of a hexagonal
nanopore. The scale bar is 10 nm. b, Transmission electron microscopy
image of iron oxide magnetic nanocrystals as synthesized. The scale bar is
50 nm. c, AFM height image of square nanopores on the polymer surface
templated with Si square posts. The scale bar is 200 nm. d, High-resolution
SEM image of Si square posts on a Si wafer fabricated by AIL for templating
square pores. The scale bar is 200 nm. e, Depth profiles of square and
spherical nanopores of similar sizes. The scale bar is 200 nm. The square
pores are 125 nm in width and 48 nm in depth, and the spherical pores are
120 nm in width and 45 nm in depth, on average.

from Lwf within the pore. The AFM images of aspirin crystals grown
from the pores suggest it was the (011)∧(100) facets that emanated
from Lwf, whereas the (002) facet was not in contact with the pore
surface (Fig. 4a,b; Supplementary Fig. S2; see Supplementary Infor-
mation Page 5 for assignment of crystal facets). Layered growth of
aspirin parallel to the pore floor is evident in both the crystal grown
out from the pore (Fig. 4a) and the crystals contained in the pore
(Fig. 4b), which originates from the aspirin dimerization through
the carboxyl group within the (100) layer, and a much weaker van
derWaals interaction between the layers. Figure 4b shows that these
(100) crystal layers seem to extend from the pore wall with which
the (011) face is in contact. Moreover, the layer extension direction,
as denoted by white arrows, is consistent in all pores containing
crystals, indicating nucleation occurs predominantly from one side
of the pore. In addition, only a fraction of the pores induced nucle-
ation. These observations provide evidence that the (011)∧ (100)
and not (002)∧ (100) facets were nucleated from Lwf, but only
from those with the appropriate angle α. These growth patterns can
be attributed to the favourable interactions between (011)∧ (100)
and the polymer surface, as inferred from the characteristic
functionalities exhibited on their respective surfaces (Fig. 4c–e).
(011) and (100) planes, rich in carboxyl and carbonyl groups, can
form hydrogen bonds with the carboxyl groups on the AA-co-DVB
polymer surface, whereas the nonpolar (002) plane is likely to
interact with the polymer much more weakly. This result suggests
that solute–polymer interactions, and not just the geometrical
match, play an important role in determining nucleation behaviour
in angular pores. Directed by both favourable interactions and

(m
in

)

0 

100 

200 

300 

400 

500 

600

No pore 15 nm 40 nm 120 nm

τ

Figure 3 | Effect of the nanopore shape in AA-co-DVB polymer films on
the nucleation kinetics of aspirin: spherical pores versus hexagonal pores
and square pores of the same size. Nanopatterned surfaces are compared
against flat and smooth surfaces without pores, labelled as ‘no pore’. τ is
the average nucleation induction time. The standard errors of τ were
calculated from the regression on the induction time probability
distribution following the Poisson distribution.

angular match, the single crystals in square nanopores exhibited
a high degree of alignment (Supplementary Figs S4, S5), providing
further evidence for nucleation at pore angles.

Following the principle of angle-directed nucleation assisted
by favourable interactions, we propose that the corners within
hexagonal pores acted as nucleation sites to induce the growth
of (011) ∧ (011̄) ∧ (100), where (100) was in contact with the
pore floor, and (011)∧ (011̄) were in contact with the pore walls
(Fig. 4f). This is plausible because the angle mismatch is very
small in this configuration, and all three faces of aspirin could
interact with the polymer surface through hydrogen bonding. If
nucleation ensued from the corner, the growth thereafter would
have resulted in an aspirin crystallite that fitted comfortably inside
the pore and took on the shape of a hexagon, given that the
other intrinsic angles of the crystal also matched fairly well with
the pore geometry (Fig. 4h). Indeed, crystallites with comparable
shape and size to those of the pore were observed via AFM on
the surface of aspirin crystals detached from the polymer film
(Fig. 4g,i). In addition, XRD results verified that the (100) face was
in contact with the pore floor (Supplementary Fig. S3). Moreover,
in-plane alignment of hexagonal crystallites was also evident in local
domains (Supplementary Fig. S6). These observations support our
hypothesis of corner-induced nucleation fromhexagonal pores.

On the basis of the experimental and computational evidence,
we propose a molecular mechanism to interpret the pore shape
effect on nucleation. Crystal nucleation from solution is preceded
by molecular cluster formation through density fluctuations and
molecular re-orientation through structure fluctuations; both are
necessary for nucleation20–23. The rate of nucleation can bemodified
in two ways by the presence of an amorphous, nanoporous
surface in a metastable solution. First, favourable surface–solute
interactions enrich solute concentrations near the surface, and
molecular recognition events between the surface and the solute
induce partial orientational order in the enriched solute layers; both
effects could facilitate nucleus formation7,24,25. Second, angles in
the pore further enhance the orientational order of the solute in
domains close to the surface by means of geometrical confinement,
which facilitates the solute molecular realignment during nucleus
formation. When the molecular orientation imposed by the angle
geometry resembles that in the crystal, the rate of nucleation is
increased to the greatest extent, the macroscopic expression of
which is angle-directed nucleation.

As implied by our hypothesis, favourable surface–solute
interaction is a prerequisite for angular nanopores to promote
nucleation. To verify this point, we changed the chemical makeup
of the polymer film from AA-co-DVB to AM-co-DVB (Fig. 5).
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Figure 4 | Angle-directed nucleation of aspirin crystals induced by angular nanopores. a, AFM phase image of aspirin crystals grown out from the square
pores. b, AFM phase image showing (100) layers of aspirin crystals nucleated at ledges in the square pores, indicated with white lines for all pores
containing crystals. The scale bar is 100 nm. c,d, Possible configurations of aspirin crystal facets in the square pore, with the cross-section depicted.
e, Proposed aspirin–polymer interactions at the crystal-polymer interface. Between (100) and the polymer, the methyl hydrogen of (100) could interact
with the carbonyl oxygen of the polymer via a secondary hydrogen bond, which is not shown in the depiction. f, Proposed configuration of aspirin crystal
facets at the corner of a hexagonal pore. g,h, AFM phase image of an aspirin crystallite grown from the 15 nm hexagonal pores and its possible orientation.
i, AFM height image of the surface of an aspirin crystal grown on and detached from the AA-co-DVB polymer film with hexagonal pores. The contours of
the crystallites are traced at a small distance from the crystal edges so as not to obscure them.

This chemistry was selected out of the polymer films tested
because, in the absence of pores, it exhibited no effect on aspirin
nucleation from butyl acetate, indicating that surface–solute
interactions are not sufficiently strong to affect nucleation under
these conditions (Supplementary Fig. S7). As expected, patterning
of the AM-co-DVB surface with the same angular nanopores did
not lead to enhanced nucleation kinetics relative to nucleation on
nonporous films (Fig. 5). With our new insight, nanostructured
materials can be designed to cater for a variety of applications,
from controlling pharmaceutical polymorphism to inhibiting ice
nucleation on airplanes.

Methods
Fabrication of polymer films with spherical nanopores. Quartz slides
(75mm×25mm) were treated with O2 plasma to enrich the surface in hydroxyl
groups. Two hundred microlitres of 5w% colloidal silica (commercially available)

were spread on the quartz slide and allowed to self-assemble during slow
water evaporation over 12 h. The self-assembled SiO2 and the quartz slide
were then sintered at 800 ◦C for 5min to coalesce the particles with the quartz
slide and form the imprint mould. The film substrate (25mm×5mm) was
prepared by treating a glass slide with O2 plasma, followed by silanization with
trichlorosilane in a vacuum oven at 40 ◦C. Silanization is necessary to ‘glue’
the polymer film to the substrate via covalent bonds and thereby avoid film
cracking and peeling from the substrates. One microlitre prepolymer mixture
of monomer acrylic acid (AA), crosslinker divinylbenzene (DVB), and initiator
IRGACURE 2022 were sandwiched between the imprint mould and the film
substrate. The molar ratio of monomer to DVB was 2:1. The concentration
of IRGACURE 2022 was 4 v% with respect to DVB. The prepolymer mixture
was then polymerized under ultraviolet irradiation for 15min, at 72mWcm−2.
After irradiation, the imprint mould was peeled off and the polymer films
were annealed at 70 ◦C in a vacuum oven for 3 h to remove unreacted species.
Whenever possible, parts were pre-cleaned and assembled in a Bio-Safety cabinet
to reduce contamination by impurities, which can interfere with polymer film
induced nucleation.
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Figure 5 | Effect of polymer surface chemistry on the kinetics of angular
nanopore-induced nucleation of aspirin: AA-co-DVB versus AM-co-DVB.
τ is the average nucleation induction time. AM denotes
4-acryloylmorpholine. AA denotes acrylic acid. AM-co-DVB denotes poly
4-acryloylmorpholine crosslinked with divinylbenzene.

Fabrication of polymer films with angular nanopores. Polymer films with
hexagonal nanopores were synthesized following a procedure similar to that
described above, templated with iron oxide magnetic nanoparticles (MNP).
The nanoparticle synthesis scheme is included on Page 1 of the Supplementary
Information. The presence of sufficient surfactants (oleic acid) during synthesis
was important for obtaining sharply defined facets of MNP crystals. As in the case
of producing spherical nanopores, colloidal self-assembly was used to prepare
the imprint mould, which was made by spreading 20 µl MNP-decane solution
(∼9w%) on a plasma cleaned quartz slide (75mm×25mm) and allowing the
decane to evaporate over a period of 6 h. The excessive surfactants present in
the nanocrystal dispersion also participated in the assembly process, leaving
space for polymers to form between the nanocrystals. After polymerization,
the imprint mould was peeled off from the polymer film, the nanocrystals on
the film were subsequently dissolved with dilute hydrocholoric acid (∼1N),
and the film was rinsed with deionized water, then with acetone, and vacuum
dried. The imprint mould for making square pores was fabricated by (AIL;
ref. 19) at the MIT Research Laboratory of Electronics. The mould took the
form of 125 nm Si square pillar arrays with a 200 nm pitch covering a 3-inch Si
wafer. The top edges of the pillars were sharply defined, with radii of curvature
less than 5 nm. Large area patterning is necessary to make sufficient copies
of polymer films to obtain the induction time probability distribution. The
polymer-film synthesis and post-processing procedures were the same as those
used in the preparation of spherical nanopores. The effects of polymer films
with pores on nucleation kinetics were compared against those in the absence
of pores, which were synthesized following the same procedure, with the quartz
surface as the template.

Nucleation induction time measurement. Once synthesized, the polymer film
with its substrate was inserted vertically into a 1ml glass shell vial containing
200 µl 47mgml−1 aspirin solution in butyl acetate. For each polymer sample,
20–50 vials were assembled and immersed in a circulator stabilized at 50±0.1 ◦C
to dissolve any pre-existing crystals, and then the solution was quench cooled
to 5±0.1 ◦C by immersing into a second circulator. The supersaturation at the
start of each experiment was 2.2, defined as the ratio of starting concentration
to the equilibrium concentration at the crystallization temperature. The number
of vials in which crystallization occurred was recorded as a function of time.
All the operations involving exposing polymer films, aspirin solutions and shell
vials to the atmosphere were conducted inside a Bio-Safety cabinet to reduce
impurity contamination to the lowest possible level. Efforts were made to clean
all components before use, and aspirin solutions were filtered with an Acrodisc
0.2 µm PTFE syringe filter.

Characterization. AFM and XRD were employed to study the aspirin crystal
orientation inside the angular nanopores on the polymer films following the
nucleation induction time study. AFM images were obtained with a Dimension
3100 XY closed loop scanner (Nanoscope IV, VEECO) equipped with NanoMan
software. Height and phase images were obtained in tapping mode in ambient
air with silicon tips (VEECO). The crystal orientation was verified with XRD to
identify the specific crystallographic planes parallel to the polymer film. The X-ray
diffraction patterns were recorded with a PANalytical X’Pert PRO Theta/Theta
Powder X-Ray Diffraction System with a Cu tube and X’Celerator high-speed
detector. No fewer than five polymer films were examined with XRD on each
type of polymer sample.
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