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ABSTRACT: This article reports the transitions of mor-
phological patterns of polycarbonate crystals in thin films
by solvent-induced crystallization (SINC). As a substrate
(silica glass) deposited with an amorphous and micron-
thick bisphenol A polycarbonate polymer film is partially
dipped into a liquid acetone bath, acetone penetrated rap-
idly through the polymer film. The rate of acetone pene-
tration is significantly higher than the predicted by Fickian
diffusion or anomalous diffusion model, indicating that
the capillary force through stress-induced cracks may have
played a major role in the upward transport of acetone
through the polymer films. The morphologies of polycar-
bonate at different vertical positions on a substrate surface

were analyzed by scanning electron microscopy and
atomic force microscopy. It was observed that depending
on the local acetone concentration the polymer morpholo-
gies showed quite diverse patterns ranging from stress-
induced cracks to fully developed three-dimensional
spherulites. The diverse morphologies developed during
the thin film SINC may serve as a useful platform for
further detailed mechanistic analysis of structures and
crystallization kinetics. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 124: 560–567, 2012
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INTRODUCTION

Amorphous bisphenol A (2,2-bis(4-hydroxyphenyl)
propane) polycarbonate (BAPC) is widely used as
optical materials for lenses, CDs, DVDs, and bottles.
It can be crystallized by thermal annealing or
solvent-induced crystallization (SINC) techniques.
The thermal annealing is a very slow crystallization
process (>100 h at 170–205�C) because of the rigidity
of polymer backbone that hinders the rearrangement
of the polymer molecules to an ordered crystalline
structure.1,2 BAPC can be rapidly crystallized by
SINC using plasticizing solvents,3 nuclear agents,4

organic liquids,5 organic vapors,6 and super critical
carbon dioxide.7 The other methods such as the wet-
drawn process8 and high-pressure molding9 are also
often used to crystallize polycarbonates. In SINC
technique, the molecular interactions between the
penetrating molecules of a swelling agent and
the polymer chain segments greatly reduce the
glass transition temperature (Tg) of the polymer and

significantly enhance chain mobility, relaxation, and
rearrangement, leading to crystallization.10

Acetone is one of the most commonly used swel-
ling agents used either in liquid or vapor form to
induce crystallization of BAPC polymer.10–16 Using
liquid acetone and a 254-lm thick free-standing pol-
ycarbonate film, Wilkes and Parlapiano13 crystallized
polycarbonate to three-dimensional BAPC spheru-
lites with fibrils growing on the top surface of the
spherulites. A spherulitic structure of BAPC polymer
with nanometer- and micrometer-sized protrusions
on the surface of crystallized BAPC was also
reported.15 The morphological structures of BAPC
polymers depend on the specific crystallization pro-
cedure and polymer properties such as molecular
weight12 and film thickness.16 In most of the mor-
phological studies on the crystalline BAPC, relatively
thick free-standing films (254 lm,13 1200 lm15) were
used. In our recent work,16 polycarbonate films of
4–10 lm thickness crystallized to form a layer of
micron-sized three-dimensional spherulitic particles
when the amorphous polymer film was treated with a
swelling agent (acetone). Such phenomenon can be
observed only when the substrate-supported films
within a certain range of film thickness were used.
However, the crystallization occurred too fast to moni-
tor the evolution of crystalline particle morphology.
In this study, we investigated how the spherulitic

structures of crystallizing BAPC films evolved from
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an amorphous film to three-dimensional spherulites.
A silica substrate coated with an amorphous BAPC
film was vertically placed in an acetone bath. As
acetone diffused through the BAPC thin film above
the liquid level, the progression of the crystallization
was monitored at different vertical positions from
the liquid–air interface. This technique provides a
quiescent growth environment which enables us to
capture the full spectrum of morphological develop-
ment of BAPC thin films. The morphological struc-
tures of the crystallizing polymer were analyzed by
scanning electron microscopy (SEM) and atomic
force microscopy (AFM).

EXPERIMENTAL

Materials

The BAPC polymer sample (Mw ¼ 8910) used in this
study was obtained from the melt transesterification
of diphenyl carbonate and bisphenol A with LiOH
H2O as a catalyst.17 HPLC-grade chloroform and
acetone were used as received from Sigma-Aldrich
(St. Louis, MO). Microscopic silica slide glasses
(25 � 75 � 1 mm3, Fisher) were used as substrates
for the solution casting of polymer thin films.

Amorphous thin film preparation and controlled
solvent-induced crystallization

Amorphous BAPC films on the silica slide glass were
prepared by solution casting. BAPC polymer particles
were first dissolved in chloroform to a desired poly-
mer concentration (� 12 wt %) at ambient tempera-
ture. A clean and dried slide glass was immersed in
the polymer solution for about 1–2 s, and then
removed from the solution bath. One side of a film
was removed by a razor blade and the other side
film was air and vacuum dried to a � 5.5-lm thick
amorphous and transparent film. The film thickness
was measured by a Mitutoyo Micrometer (Kawasaki,
Japan). To induce crystallization in the polymer film,
the polymer coated slide glass was placed vertically
in an acetone bath for 300 s (Fig. 1) at room tempera-
ture. As the slide glass was dipped into the acetone
bath, the polymer film exposed to air became opaque,
indicating the penetration of acetone into the polymer
film and crystallization. After removed from the
acetone bath, the film was first air dried and then
vacuum dried in an oven at ambient temperature
for 24 h.

Characterization of thin film morphology

The morphology of the crystallized BAPC film was
investigated using Amory 1820-D and Hitachi SU-70
scanning electron microscope (SEM, Schaumburg,

IL) operating at 20 kv and at 5 kv, respectively.
Before the SEM analysis, polymer film samples were
coated with Au–Pd in a Denton vacuum evaporator.
The nanoscale structure of the crystallized BAPC
films was also investigated by molecular force probe
3D, a variant of AFM (MFP-3D, Asylum Research,
Santa Barbara, CA). The morphology of the film was
obtained in a tapping mode at 0.5–1 Hz scan rate
using silicon tip (Vistaprobes T180R, Nanoscience
Instruments, Phoenix, AZ).

RESULTS AND DISCUSSION

When a slide glass with amorphous BAPC films on
the surface was partially immersed in the acetone
bath as shown in Figure 1, acetone quickly pene-
trated into the film above the liquid-air contact line,
causing it to become opaque. The opaque film for-
mation suggested that crystallization of BAPC
occurred as acetone diffused into the thin film of
BAPC. The diffusion front which is defined by the
line between clear and opaque region moved at a
speed of � 1 cm (from the liquid–air contact line) in
300 s before the movement stopped. It should be
noted that the diffusion of acetone vapor in BAPC
films is much lower than that of liquid acetone since
under a low partial pressure of acetone vapor, it
takes long time (on order of hours) to crystallize the
BAPC film.18 Thus, the speed of the diffusion front
strongly suggests that the acetone liquid, not acetone
vapor is primarily responsible for thin film
crystallization.
Let us consider the diffusion behaviors of acetone

in BAPC thin film. In general, the solvent transport
in a glassy polymer can be classified into three cate-
gories: Case I (Fickian diffusion), Case II diffusion,
and anomalous diffusion (the combination of Case I
and Case II diffusion).19 The Fickian diffusion is
driven by the concentration gradient and Case II dif-
fusive transport is controlled by the stress relaxation.

Figure 1 Schematic drawing of controlled solvent-
induced crystallization of BAPC thin film in an acetone
bath. Amorphous film with 5.5-lm thickness was
immersed into acetone bath vertically. At 300 s of immer-
sion time the diffusion front was moved to � 1 cm from
liquid-air interface.
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The diffusion of liquid acetone in BAPC polymer
was treated as either Fickian diffusion20,21 or anoma-
lous diffusion.22,23 For Fickian diffusion, the concen-
tration profiles in the semi-infinite and homogene-
ous polymer film can be obtained by solving a
dynamic diffusion equation and the solution is
expressed by the following equation24

C ¼ C0erfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

(1)

where erfc is the complementary error function and
D, x, and C0 are the solvent diffusivity, penetration
distance, and the bulk phase solvent concentration,
respectively. For the case of combined Fickian and
Case II diffusion, the concentration profiles in the
semi-infinite and homogeneous polymer film can be
expressed as,25
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where m is the velocity of solvent penetration as a
direct consequence of the internal stress effect in the
Case II transport. The diffusivity values of acetone
reported in literature range from 3 � 10�7 to 1.26 �
10�6 cm2/s.20–23 The diffusivity is also affected by
temperature and polymer molecular weight.26 Figure
2 shows the acetone concentration profiles in the
BAPC film at 300 s calculated using the Fickian dif-
fusion model and the anomalous diffusion model
with the parameters given in literature. Fickian dif-
fusion model predicted the acetone penetration
depth was only about 0.04–0.06 cm using two
reported diffusivities during this time period.
Turska21 and Ouyang27 experimentally showed that

the penetration distance of acetone was about
0.03 cm at 300 s in a thick free-standing BAPC poly-
mer film, which was quite consistent with the calcu-
lated results using eq. (1). The penetration distance
estimated using the combined Fickian and Case II
diffusion model [eq. (2)] was 0.08 cm during the
same time period. However, in our study the
observed penetration distance from the liquid-air
contact line was � 1 cm at 300 s, which was signifi-
cantly larger than either calculated or experimentally
measured values for thicker films reported in the lit-
erature.13,15 This indicates that the acetone penetrates
along the micron-thick film much faster than in the
bulk of a thick BAPC film. The drastically enhanced
diffusion of acetone in a micron-thick film used in
this study indicates that the other mechanisms are
operative in addition to the simple diffusion and
stress relaxation mechanism. In addition, morpholo-
gies formed during SINC of thin BAPC films may be
different from those in the bulk phase or thick films.
Figure 3 shows a series of SEM images of the

BAPC thin film along the height (see Fig. 1) above
the liquid-air contact line. These images clearly
show how different morphological patterns evolved
at different locations along the film due to the ace-
tone concentration gradient. Above diffusion front,
[Fig. 3(a)], amorphous BAPC film remained as
unchanged. Figure 3(b) which is 1 cm below Figure
3(a) shows the appearance of a loose structure with
the tip of a craze around the diffusion front. The
local stress increase due to diffusion of the swelling
agent is likely to be the cause of the craze forma-
tion.28 However, the acetone concentration was not
high enough to induce the formation of well-defined
crystalline structures in this region. Figure 3(c–g)
show that as the polymer film was exposed to
higher acetone concentration, cracks, cavities, and
voids structures developed. These micron-sized
cracks and cavities developed in the entire thin film
thickness, providing diffusion channels and facilitat-
ing the penetration of liquid acetone in the thin film
through capillary force. The formation of these
cracks and voids seem to explain the huge increase
of penetration distance compared with the penetra-
tion distances calculated by the models [eqs. (1) and
(2)]. As a result, factors such as film thickness that
can affect the formation of cracks and voids may
affect the penetration depth, and hence the morphol-
ogy. The diffusion front barely moved after 300 s, indi-
cating that gravity force prevented the further penetra-
tion of the acetone into thin films.
A closer look at the spherulitic morphologies of

Figure 3(g) reveals two different types of morpho-
logical patterns: two-dimensional spherulites at the
film surface and the three-dimensional spherulites
below the film surface. When the acetone penetrated
into the film through cracks created by stress

Figure 2 Acetone concentration profiles as a function of
penetration distance calculated by Fickian diffusion model
(Curves 1 and 2) and anomalous diffusion model (Curve 3)
(dipping time ¼ 300 s).
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relaxation process, interior of the film was exposed
to relatively high concentration to form three-dimen-
sional spherulites. In contrast, the surface of the film
might have experienced evaporation of acetone,
which did not provide sufficiently high ‘‘solvent

power’’ to complete the formation of three-dimen-
sional spherulites. At the position right above the
contact line [Fig. 3(h)], the amorphous film was com-
pletely transformed into three-dimensional spheru-
litic structures of 5–10 lm in diameter. The complete

Figure 3 SEM images of morphology patterns above the contact line (a–h, from top to bottom, dipping time ¼ 300 s),
and the approximate distance away from the contact line: (a) 20 mm, (b) 10 mm, (c) 9 mm, (d) 8 mm, (e) 6 mm, (f) 4 mm,
(g) 3 mm, and (h) 0.1 mm.
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spherulite transformation and similar spherulitic
structures along the thickness direction of the film
suggest that the concentration gradient inside the
film along the thickness direction is negligible in the
film since the major concentration gradient is in the
vertical direction, not in the direction of film thick-
ness. Also, it is notable that these spherulite particles
are mostly split, showing the interior morphology.

The morphologies of spherulites shown in Figure
3(h) are further analyzed using Hitachi SU-70 SEM
with a relatively low operating voltage (e.g., 5 kv).
The image in Figure 4(a) clearly shows that the
amorphous BAPC film has been completely con-
verted to spherical or three-dimensional spherulites.
Most of the spherulites were also connected to
neighboring spherulites with large voids between
them. A great number of the spherulites showed
sharp edges or crack-like structures as indicated by
arrows in Figure 4(a). The highly magnified image
of joined spherulites with crack-like features is
shown in Figure 4(b). The crack seemed to reach all
the way to the nucleus of the spherulite [Fig. 4(c,d)],
indicating that SINC did not occur homogenously
and uniformly to yield ideal spherical particles. The
crack-like features in the spherulites are likely to be
formed by anisotropic crystal growth in discrete
bundles due to the limited material supply during
the crystallization in the thin film. The opened,

unfilled area of the spherulites revealed the internal
structures of spherulites where lamellar structure
radiated from the center of the spherulite. In litera-
ture, spherulites with such crack-like features have
not been reported in a conventional process of SINC.
Surprisingly, there are only few reports that have
experimentally showed open-structured spherulites
under other crystallization conditions in the litera-
ture. The pine-shaped (or dendrite-spherulite) sub-
structures were reported in the cross section of
spherulites of poly(ethylene terephthalate) (PET)
prepared under high pressure.29 The formation of
such substructures was speculated to be caused by
the secondary nucleation of crystal grains at the
crystal growth front in the spherulites.30 In this
study, the pine-shaped substructure was not
observed in the open-structured BAPC spherulites,
suggesting that there was no secondary nucleation
at the crystal growth front. Intermittent branches
and other types of substructures were not able to be
distinguished clearly from the SEM images as well.
As a comparison, Figure 5 shows the SEM images

of crystallized BAPC spherulites formed in the
region below the liquid–air contact line (i.e.,
immersed in a liquid acetone). Direct contact
between the BAPC film and acetone caused rapid
crystallization from more nucleation sites, resulting
in smaller (3–5 lm) and coarse spherulitic lamellar

Figure 4 SEM images for the crystallized BAPC thin film right above the contact line (a) incomplete spherulites, (b)
enlarged view of open-structured three-dimensional spherulites, (c) center of the spherulite, and (d) enlarged view of
lamellar structures radiating from the spherulitic center.
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structures shown in Figure 5(a) as compared with
relatively larger (5–10 lm) and finer spherulitic
structures developed right above the contact line. In
Figure 5(b), the dumbbell-structured morphology
shows discrete bundles which are usually observed
in an intermediate stage of spherulitic growth from
a nucleus to a fully developed three-dimensional
spherulite. However, the open-structured spherulites
with sharp edges observed above the contact line
were not found below the contact line. Figure 5(c) is
an enlarged view of the center of the dumbbell-like
spherulites shown in Figure 5(b), revealing rough

crystalline structures compared with Figure 4(c)
where the crystallization occurred under a more
controlled manner. These morphological features are
in sharp contrast with the finer lamellar structures
formed right above the contact line, suggesting that
the faster crystallization below the contact line is
likely to have occurred at the higher number of
nucleation sites, resulting in a higher number of
smaller spherulites. This also suggests that the con-
trolled SINC process in a thin film allows us to
access a wider range of morphological patterns and
features which were not readily obtained from a
conventional SINC.
Figure 6 shows the AFM height images of differ-

ent morphologies above the contact line. In Figure
6(a), the AFM image of the region above the diffu-
sion front exhibits no sign of crystallization. The
images from the regions between the diffusion front
and the contact line captures more detailed proc-
esses of the crystallization occurring on a thin film
during SINC process. In Figure 6(b), it is seen that
the lamellae grew radially from the potential nuclea-
tion site (marked with an arrow), but branching was
not observed along the lamellar structures. As the
acetone concentration increases, Figure 6(c) exhibits
intermittent branching (marked with an arrow) and
splaying (marked with a box) which is a hallmark of
lamella growth to form large spherulites. This mor-
phology is very similar to the lamella formed during
the crystallization of a very thin poly(bisphenol A
hexane ether) film.31 Right above the contact line,
the height image of fully grown spherulites shown
in Figure 6(d) indicates fine structures of thin leaf-
like crystal growth front started from the center of
the spherulite.
Although many studies have been reported on the

morphology of three-dimensional spherulites,12–16,32–35

this study shows that spherulites formed from thin
film can develop to two distinct morphologies
depending on the locations of their growth; whether
they grew above or below the air–liquid contact line.
Below the air–liquid contact line, the dumbbell
shape morphology was observed. This morphology
is formed by unidirectional growth at the nuclei
and low angle branching, resulting in the formation
of two ‘‘eyes’’ as shown in Figure 5(a). The spheru-
lites formed above the air–liquid contact line
were more spherical morphologies, indicating that
lamellae grew in a multidirectional way from the
center uniformly. We speculate that the different
nucleation rate and crystallization rate above and
below the contact line is the major reason for differ-
ent morphologies. In addition, spherulites formed
above the contact line showed three-dimensional
open-structured spherulites that are not often
observed even under other crystallization condi-
tions.29,36 Although the formation mechanism of

Figure 5 SEM images for the crystallized BAPC thin film
below the contact line (a) spherulites, (b) enlarged view of
dumbbell-structured spherulites, and (c) center of the
dumbbell-shaped spherulites.
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open-structured spherulites is not fully understood,
the incomplete spherulites with unfilled space
are likely to be caused by insufficient amount of
polymer available, which hindered the continuous
growth of the spherulites.

CONCLUSIONS

In this article, we have reported the transitions of
morphological patterns of a crystallizing BAPC film
when it was partially immersed in a liquid acetone
bath. The diffusion of liquid acetone along the plane
in a 5.5-lm film occurred much faster than that in
the bulk BAPC polymer, probably due to microme-
ter-sized diffusion channels such as cracks and
cavities that developed in the film when exposed to
acetone. The concentration gradient in a thin film
created by this diffusion process caused a formation
of a wide variety of morphologies that were not
readily observed in a conventional SINC. It should
be noted that as compared with the concentration
gradient perpendicular to the direction of film thick-

ness, the concentration gradient along the film thick-
ness direction is negligible in a thin film. However,
the film thickness affects the formation of cracks,
voids that may further affect penetration depth and
morphology. Surface images obtained by AFM con-
firmed that the BAPC spherulite grew radially from
the nucleation site and then branched intermittently to
form the spherulitic structure. Both SEM and AFM
results indicate that the growth of these spherulites
occurs in discrete bundles then merge and form into a
complete three-dimensional spherulites. The method
presented in this work can also be used to investigate
the internal structures of spherulites formed under dif-
ferent acetone concentrations and thereby better under-
stand the SINC mechanism in thin polymer films.
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