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The crystallization of supercooled amorphous materials limits their
successful applications. The spatial origin of crystallization,
nucleation, is one of the most debated topics. We show that
homogeneous crystallization may be initiated from tens of
micrometers beneath the surface of a supercooled acetaminophen
liquid.

Despite crystallization playing a decisive role in a variety of
processes of scientific and technological importance,
outstanding questions about its nucleation step remain
unanswered primarily due to the difficulty in directly
observing the nuclei with adequate spatial and temporal
resolution."™ Numerous simulations as well as theoretical
and experimental results posit that crystallization of
supercooled liquids and glass materials begins from the
surface and propagates inward."” However, other results
suggest that the homogeneous crystallization is initiated
within  supercooled  liquids.°*® For example, the
crystallization of a supercooled silicon liquid starts from a
few atomic lengths below the surface,® crystallization of
cordierite glass starts near the surface,'’ and crystallization
occurs in the core of Lennard-Jones systems.””® However, evi-
dence concerning the spatial origin of nucleation in organic
supercooled liquids is lacking.

Taking advantage of both mechanically-stimulated hetero-
geneous crystallization""> and surface-enhanced crystal
growth,”® we have conclusively demonstrated for the first
time that homogeneous crystallization is initiated from the
subsurface of the supercooled liquid of acetaminophen. A po-
larized light microscope was used to visualize crystallization.
Initially, we prepare supercooled liquids with a thickness of
about 1 mm on clean glass slides by cooling the melt of
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recrystallized acetaminophen crystals at room temperature
(24.5 °C), which is about 3 °C above the glass transition
temperature of acetaminophen (21.2 + 0.2 °C). The lack of
birefringence confirms the amorphous nature of the fresh
sample. A few minutes after the sample is prepared, several
small crystals randomly appear in the sample but grow very
slowly. We then indent the surface, using a needle, at a
point laterally displaced from the sites of previously sponta-
neously formed crystals. Fast surface crystal growth begins a
few seconds after the indentation. While the surface crystal
rapidly grows, new crystals spontaneously appear in differ-
ent regions. The surface crystal growth front sweeps over
the sites of the spontaneously formed crystals (Fig. la-d,
extracted from Movie S1f). The surface crystalline layer
contains single crystalline domains as indicated by their
uniform color.

Moreover, the location of the spontaneously formed crys-
tals changes color after the surface crystal layer sweeps over,
indicating overlapping between the indentation-induced and
spontaneous crystalline regions. These observations can only

Fig. 1 Polarized light microscopy images extracted from a video (Movie
S1t) obtained during crystallization of a supercooled acetaminophen
liquid. a-d) Fast growing surface crystal sweeps over a spontaneously
formed crystal (circled), indicating the subsurface location.
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be explained if the spontaneously formed crystals are located
below the surface. If they are formed at the surface, the sub-
sequently grown surface crystal layer will encircle them with-
out causing a color change. In addition, the limited growth
of the spontaneously formed crystals is distinct from the
rapid and extensive growth of the indentation-induced sur-
face crystal, which is also indicative of their subsurface loca-
tions. Using a z-axis calibrated microscope, we determined
that the sample stage needed to be moved up by 48.3 + 7.4
um (n = 20) to switch focus from the spontaneously formed
small crystals to the surface crystal. This suggests that the
spontaneous crystallization is started at least that far below
the surface under the experimental conditions of 24.5 °C and
42% relative humidity. Subsurface crystals from undisturbed
samples eventually emerge and activate the fast surface crys-
tal growth mode. Such surface crystals are symmetrical and
radiate outward from the initial crystallization sites (Fig. 2a).
At the center of the symmetrical crystal, a broad crater-like
feature is observed (Fig. 2b). This is consistent with the sub-
surface transformation from the supercooled liquid to a
higher density crystalline phase. With the growth of the sub-
surface crystal, an inward tensile stress is generated at the
crystal growth front as molecules are rearranged into a
denser crystalline phase. The build-up of such stress will ei-
ther form cracks or draw more mobile surface layers inward.
The latter will lead to craters as observed here. These craters
have a volume of about 1300 um?®. Assuming spherical growth

Laerd distance (um)

Fig. 2 Various microscopy analyses of subsurface crystallization
resulting in craters of supercooled acetaminophen liquids in an
ambient environment. a, Polarized microscopy image showing the
radial growth of the surface crystals from the subsurface nucleation
sites. b, SEM image of a crater in the center of a spontaneous
crystallization site. An island can be seen at the center of the crater.
The formation of the crater is a result of both the subsurface
crystallization and density difference between the supercooled liquid
and crystalline solid. ¢, AFM topographical image (70 um x 70 um) of a
crystal crater. Large material pileup at the perimeter of the crater is
also observed. d, Cross-sectional profile of the crystal crater, along the
blue line in image ¢, showing that both the pileup and island can be as
high as several hundreds of nanometers above the reference surfaces.
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of the subsurface crystal, the distance from the center of the
crystal to surface, h,, can be estimated using eqn (1),

V.p
ho=h /—g
n v+3 4TC(pC—pg) (1)

where p,, pe, hy, and V, are the supercooled liquid density,
crystal density, crater depth, and crater volume, respectively.
Derivation of eqn (1) is given in the ESL} Using measured
values of these parameters (py = 1.200 g mL™", p. = 1.293 g
mL™, &, = 1.4 um, and V, = 1530 um?®), the spontaneous crys-
tallization site is calculated to be about 20 um below the sur-
face. The actual depth is expected to be deeper because, in-
stead of uniform growth, the top of the subsurface crystal
facing the surface grows more rapidly than the bottom facing
the bulk due to higher molecular mobility. This calculated A,
is therefore in reasonable agreement with the directly mea-
sured depth by microscopy. In addition, the craters also have
two distinctive features: 1) an island at the center, and 2)
higher protrusions surrounding the rim. Both the island and
protrusions are hundreds of nanometers above their sur-
rounding floors (Fig. 2b-d). These features likely arise from
the migration of the surface layer of the supercooled liquid
towards the growing crystal to compensate for the volume
contraction as the crystal grows under the surface. When the
subsurface crystal just emerges at the surface, the mobile sur-
face layer that continues to flow to the crater center meets at
the crystal growth front to form a lump, which is “frozen” in
place due to the extremely fast surface crystallization. As the
surface crystallization rapidly proceeds and the surface crys-
tal exits the crater rim, the surface molecules are drawn to-
wards the crater. When the surface crystal just exits the rim,
the mobile surface molecules are thrust upward due to their
momentum before transforming into a crystalline layer. To
further establish the subsurface phenomenon, we have also
studied spontaneous crystallization of a thin layer of super-
cooled acetaminophen, sandwiched between a glass slide
and cover glass, under ambient conditions. The air-acetamin-
ophen interface of the thin layer appears as a line when visu-
alized from a direction normal to the glass slide surface.
Nearly spherical crystals initially appear below the air-liquid
interface with their centers at a depth of ~70 um (Fig. S2+).
This interesting phenomenon cannot be satisfactorily
explained by the prevailing nucleation mechanisms.**>*>1418
First, the homogeneous subsurface crystallization of pure
supercooled acetaminophen liquids is far from the substrate.
This makes the mechanism of heterogeneous crystallization
due to the substrate unlikely.">'® Second, because we observe
this phenomenon in samples free from external stresses, the
mechanisms of molecule reordering,'® flow dilatation,'* and
large local temperature rise induced by external stresses'” are
also unlikely. Third, the enrichment of one component in a
mixture, ie., the surface layering mechanism, is not applica-
ble to pure supercooled organic liquid systems.*” Lastly, the
‘elastic-strain’ mechanism does not play any significant role

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8ce01148f

Published on 05 October 2018. Downloaded on 9/25/2024 1:30:29 AM.

CrysttngComm

Subsurface Bulk

Fig. 3 Schematic illustration of the distribution of molecular mobility
(#) and reciprocal critical nuclei size (1/r*) with depth in supercooled
liquids and glass materials. The large critical nucleus size (green
clusters) limits nucleation on the surface, while the slower molecular
mobility (upward arrows) hinders nucleation in the bulk. The optimum
nucleation site lies in the subsurface region as a result of the interplay
between these kinetic and thermodynamic factors. The broken line
suggests the possible depth-dependent nucleation rate distribution.

Surface

because, at a temperature above Ty, supercooled liquids re-
lieve any residual strain readily."*

To gain more insight into the subsurface nucleation phe-
nomenon, we have considered both thermodynamic and ki-
netic factors. In the classic view, nucleation results in a net
free energy change of the system involving energy loss by
forming a crystalline phase from the supercooled liquid and
energy gain by creating a new crystal-liquid interface." The
critical nucleus size, r*, may be calculated using eqn (2),

2T,
r*=A;AmT @
A

where AH, is the difference in enthalpy per unit volume be-
tween the crystalline and non-crystalline phases, Ty, is the
melting point of the crystalline solid (168 °C for acetamino-
phen), and AT is the degree of supercooling (i.e., absolute dif-
ference between T,, and nucleation temperature). Eqn (2)
suggests that r* is inversely proportional to AT, i.e., a larger
degree of supercooling corresponds to a smaller r* and thus
a lower thermodynamic barrier for spontaneous nucleation
to occur. When the nucleus is smaller than r*, the overall
free energy change associated with the enlargement of the
nucleus is positive and the nucleus shrinks spontaneously.

The crystal-liquid interfacial energy, o, can be estimated
using Turnbull's equation (eqn (3)),*°

_ kAH,
o= ®3)
YN M

where k is a constant (0.32 is used for non-metallic mate-
rials), while N, My, and AH; are Avogadro's number, the mo-
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lar volume, and the molar heat of fusion, respectively.
Substituting ¢ in eqn (2) leads to (4), which allows an esti-
mate of r*, from measurable properties.

24T, M, "
AT3YN,

It is known that the molecular mobility at the surface is
much higher than that in the bulk of supercooled organic lig-
uids at a given temperature.">>'>* In other words, surface
molecules exhibit mobility similar to bulk molecules at a
higher temperature. It is reasonable to expect that the molec-
ular mobility progressively decreases when moving from the
surface to bulk, i.e., the temperature corresponding to molec-
ular mobility decreases from the surface to bulk. Hence, the
effective degree of supercooling increases from the surface to
bulk. For the supercooled acetaminophen liquid at 24.5 °C,
the measured crystal growth rate, x4, at the bulk (measured
using a sample sandwiched between a glass slide and a cover
glass), subsurface, and surface is 0.55 + 0.03, 140.9 + 8.8, and
11488 + 643 nm s ', respectively. Based on the reported bulk
crystal growth rate profile of supercooled acetaminophen lig-
uids,”® the observed surface and subsurface crystal growth
rates correspond to bulk growth rates at 86 and 62 °C, respec-
tively. The corresponding degrees of supercooling at the sur-
face, subsurface, and bulk are 82, 106, and 144 °C. These
lead to r* values of 1.99, 1.54, and 1.13 nm, respectively.
Therefore, bulk is the thermodynamically preferred nucle-
ation site. However, nucleation is also affected by the kinetic
factor molecular mobility. Higher mobility increases the
probability of the molecules to form a cluster with a size be-
yond r*. Since the molecular mobility in the bulk of a super-
cooled liquid is much lower than that on the surface, nucle-
ation deep in the sample is kinetically disfavored. Fig. 3
illustrates these opposing effects that naturally lead to an op-
timum nucleation location below the surface. This behavior
is analogous to the classical bell-shaped nucleation rate dis-
tribution below the melting point.>® This implies that im-
proved stability of amorphous solids can be obtained if the
material is thinner than the depth of spontaneous nucleation
at the corresponding temperature. Since the interplay be-
tween the kinetics and thermodynamics of the process is a
general phenomenon, the subsurface nucleation may be
broadly relevant to other supercooled liquids. Further under-
standing of this phenomenon may lead to new strategies to
more effectively stabilize amorphous materials.
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