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ABSTRACT: Previously, by modulating the interplay of chain
diffusion and crystal growth rate in evaporating solution-cast
poly(e-caprolactone) (PCL) thin films, discrete banded
crystals were obtained when diffusion and growth are
competitive. In this study, we further investigated the effect
of diffusion and growth, here mainly the growth rate on the
crystallization of PCL. We found that there is a threshold (or
range of) growth rate above which the banding cannot
develop, and thus a band-to-nonband transition leads to the
emergence of a novel crystal pattern. Accompanied by the
band-to-nonband transition, the lamellar orientation also
changes from flat-on to mainly tilted or even edge-on. The
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result reveals the significant impact of the diffusion and growth, especially the growth rate on the crystal construction and then

the crystal morphology.

S tudies of the crystallization and morphology in polymer
thin films are of particular interest and importance due to
their fascinating features and significant impact on material
properties.' ~* It has been shown that the same crystallizable
species can exhibit fiber-like, labyrinthine, dendritic, seaweed,
compact, and faceted patterns, depending on crystallization
conditions.” Despite the extensive number and variety of
experiments, understanding and controlling the generation of
diverse crystal patterns have been rather elusive.””” Herein, we
will focus on exploring the formation of a novel crystal pattern.
Recently, we obtained unusual banded crystals with a discrete
structure in solution-cast poly(e-caprolactone) (PCL) thin
films by controlling solvent extraction and thus modulating the
interplay of chain diffusion and crystal growth.>” These banded
crystals formed upon slow solvent evaporation when chain
diffusion and crystal growth are competitive. Similar ringed
patterns were also observed in isotactic polystyrene (iPS) and
poly(bisphenol A hexane ether) (BA-C6) melt-crystallized thin
films.'*~"? Unlike the classical banded spherulites result from
the periodic twisting of lamellar crystals along the radial
direction,"® the fancy banded pattern is derived from the
inability of the diffusive process to keep up with the radial
growth.>™'* Tt has suggested that the band periodicity is
proportional to diffusion length ], which can be represented by I
= D/V, the ratio of diffusivity to the growth velocity V. It is,
therefore, reasonable to expect that, once the [ decreases to a
threshold value below which the discrete banded crystals are
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not accessible, concomitantly a band-to-nonband transition
should take place.

To substantiate such an idea, therefore, we will focus on
investigating the band-to-nonband transition by further tuning
the interplay of chain diffusion and crystal growth. As a result, a
novel crystal pattern could be obtained. In drying solution-cast
thin films, the faster the solvent extraction rate is employed, the
time scale allowed for the diffusion and growth is shorter, so
that as the evaporation rate increases, a smaller and smaller [
should induce the disappearance of the discrete banding. PCL
was chosen due to its good crystallizing ability. We obtained a
band-to-nonband transition induced novel PCL crystal pattern
by controlling solvent withdrawing of solution-cast thin films
with a gradually increased rate. With the transition of lamellar
packing from discrete to continuous, the lamellar orientation
also changes from flat-on to mainly tilted or even edge-on. It
shows that solely having a critical growth rate is sufficient to
trigger these changes of lamellar packing and orientation that
results in the emergence of the unique crystal pattern.

A PCL with a weight and number average molecular weight
of 14000 and 10000 g mol™' was purchased from Aldrich
Chemicals and used as received. The material was dissolved in
toluene at a concentration of 5 mg mL™". A portion of 10 L of
solution was dropped onto the cleaned silicon wafer placed on
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a stage lodged inside a weighing bottle with a radius and height
of 2.0 cm and 2.5 cm. After casting, the bottle was covered with
a piece of glass immediately. The solution film was then dried at
room conditions (temperature, 18—22 °C and relative
humidity, RH, 18—30%). As the solvent extracts, the
crystallization of the PCL takes place. With drying the solution
film thickness reduces gradually, and the decrease in the center
is faster than that in the edge, in which the rapidest extraction
inducing an outward flow carries liquid to replenish the
evaporating solvent.'* The thickness of the resulting thin films
lies between 200 and 300 nm, and the thickness in the center is
lower than that in the edge, but this thickness difference does
not alter the nature of the formed crystal pattern.

The resulting thin film was first investigated by an optical
microscope (OM; Carl Zeiss A2m microscope). Figure 1 gives

Figure 1. OM photographs exhibiting the unique morphological
features of the PCL crystals.

the typical OM photographs of the PCL crystals in the thin film
dried at a temperature and RH of 20 °C and 25%, respectively.
The crystals show a novel morphology that consists of the
central region with a banded pattern and the around zone with
radiating fibrous texture. The radiating texture starts to evolve
along the opposite long axis (LA) and then wraps around the
central banding that leads to the appearance of the peculiar
pattern. The LA and short axis (SA) are defined by the
truncated lozenge shaped core, which are clearly discernible in
Figure 2f and 3c. In the LA direction as the axial distance
increases, the banding becomes poorly developed and
eventually disappears, while in the SA direction the band
spacing decreases continuously from ~S5 to ~2 pum.
Furthermore, in the LA direction the banding number varies
in different crystals, which determines the size of the banded
region. In other words, the band-to-nonband transition occurs
in different axial lengths. This behavior is better illustrated in
the enlarged images given in Figure S1 of the Supporting
Information. In conclusion, a band-to-nonband transition takes
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place in the LA direction. A similar crystal pattern was also
observed when poly(ethylene succinate) crystallized in molten
thin films, but no banding was observed in the LA direction,
and thus no band-to-nonband transition occurred.'®

To further uncover the transition in the intriguing pattern,
AFM (atomic force microscopy, PICOSCAN SPM, Molecular
Imaging Inc, now Agilent SSOOAFM/SPM System (Agilent
Technologies)) was applied to characterize the detailed
architecture. As shown in Figure 2a, the major characters of

Figure 2. AFM images displaying the construction of the novel
morphology. (a) Overall height picture, (b) cross-sectional height
profiles along the lines added in part a, amplitude images of (c)
banded pattern, (d) fibrous texture, (e) transition zone, and (f) central
truncated lozenge-shaped structure. Zones ¢, d, e, and f are indicated
by green, red, black, and white squares in part a, respectively.

the exciting pattern are again apparent. Figure 2b reveals that in
the banded region the thickness varies rhythmically that leads
to the appearance of the banded feature, and that an almost
uniform thickness yields from the around fibrous texture.
Figure 2c exhibits that the banded pattern is composed of
discrete stacks of flat-on lamellae, and Figure 2d displays that
the fibrous texture consists of continuous packing of
predominantly tilted or even edge-on lamellae. Clearly, the
morphological features of the banded pattern are identical with
that of the PCL discrete banded crystals.® It is now fully
convinced that a band-to-nonband transition indeed occurs in
the LA direction, which drives the generation of the unique
crystal pattern. Specifically, when the lamellar packing changes
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Figure 3. (a) In situ OM micrographs depicting the detailed growth process of the PCL crystals. Here, f, = 480 s. The growth curves for the first,
second, and third crystals are labeled as 1, 4, and S in Figure 4. Insets here in b, c—d, and e are enlarged 6, 3, and 4 times respectively relative to the

original pictures.
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Figure 4. Temporal changes of axial distance and rate with time for different crystals in LA (a, b) and SA (c, d) directions. The data confirm a
gradual increased axial growth rate resulting in the band-to-nonband transition along LA and continued decrease of band spacing along SA. Here t =
0 s corresponds to the time point for the appearance of the first crystal. The in situ development process is available in Video S1 in the Supporting
Information, and the crystals and axial directions are labeled in Figure S2.

from discrete banding to a continuous radiating texture, the
lamellar orientation also shifts from flat-on to mainly tilted or
even edge-on (Figure 2e). It has shown that the orientation of
lamellae depends on crystallization conditions such as film
thickness, temperature, and polymer—substrate interac-
tion.* %' It is not obvious that these differences exist in the
same film, so the origin for the changes in lamellar packing and

orientation remains puzzling,
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Figure 2f displays that the hexagonal core is also comprised
of stacks of lamellae with an almost flat-on orientation. This
point is different from that of most spherulites in which the
center exhibits a sheaf-like structure.” But this hexagonal core
resembles PCL single crystals formed from solution and
lamellar crystals obtained at 54 °C in thin films with a thickness
range from 200 to 30 nm.'”'® In those crystals the SA and LA
correspond to the crystallographic a- and b-axes, and the
hexagonal shape is limited by two {100} and four {110} sectors.
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Due to the similar construction, it is reasonable that in these
crystals the SA and LA also represent the a- and b-axes.

To obtain insight into the morphology transition and pattern
formation, a continuous shooting mode OM with a time
interval of 2 s was performed to follow the whole drying
process of the solution thin film. The nucleation was clearly
spotted to start within 8 min, and the crystal growth finished
within 10 min. The whole process is available in Video S1 of
the Supporting Information, and Figure 3 gives a series of OM
pictures depicting the evolvement of the crystals. Except for
some foreign particles, no crystal was formed during the first 8
min (Figure 3a). Another 20 s later, a small crystal appeared
(Figure 3b). As the growth proceeded, crystals with a truncated
lozenge shape and periodic banding were discernible (Figure
3c). Subsequent growth resulted in poor development and then
the disappearance of the banding along the LA direction.
Instead, the fibrous texture developed (Figure 3d,e). Finally, the
rapid extended fibrous texture along LA suppressed and warped
around the slower developed banding in the SA direction, so
that the novel crystals resulted (Figure 3e,f). As mentioned
above, the band-to-nonband transition occurred at a changed
axial distance in different crystals. Specifically, the banding
vanished nearly simultaneously in different crystals between
120 and 150 s (Figure 3c and d). From then on, the new
formed crystals no longer exhibit any banding in LA (Figure
3e). That is, after a fixed time point (or time interval) the
banding does not form at all in the LA direction. Hence, it is
the nucleation time rather than the axial length that determines
the band-to-nonband transition. The earlier the crystal
nucleated, the more the banding evolved in LA, and thus the
larger the banded region observed.

To further analyze the structural generation, quantitative
measurement of the growth rate is more informative. For
comparison and to eliminate occasionality, we chose eight
crystals nucleated at different times, and each two appeared at
the almost same time. It can be seen that the growth along both
LA and SA directions displays nonlinear features (Figure 4a and
c), which is quite different from the constant rate of the
spherulitic crystals formed from the melt. Clearly, the growth of
SA is much slower than that of LA. The time dependence of
growth rate is clearly illustrated in Figure 4b and d. For the first
formed crystals, initially the growth rate is nearly invariant, but
it slowly increases as the growth progresses. While for the latter
crystals the growth rate always increases with time.
Furthermore, the curves are superposable with respect to
time irrespective of different crystals. This means that the
growth rate depends on the evolution time rather than the axial
growth distance of individual crystal. The behavior is in accord
with that the banding diminishes simultaneously in all crystals.
A comparison of Figure 3 with Figure 4 further indicates the
important role of the growth rate having on the band-to-
nonband transition and the band spacing. During the early
stage the invariant rate corresponds to the constant spacing in
both LA and SA directions. Then a continued increase of
growth rate drives the band-to-nonband transition along LA
and the decrease of band spacing along SA. The change from
band to fibrous texture takes place when the growth rate lies
between 300 and 400 nm s™'. Due to the lower growth rate
(less than 400 nm s™') the banding always develops in the SA
direction. Hence, the increase in growth rate should be
responsible for the band-to-nonband and orientation transition
and then the generation of the peculiar crystals. The variant
axial direction growth rate was also observed in poly[(R)-3-
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hydroxyvalerate], which likewise led to the occurrence of a
fancy crystal pattern.'®

During the drying process, one encounters two different
processes: solvent evaporation and solute crystallization. The
solute crystallization is derived from solution supersaturation
induced by the solvent extraction. Once nucleation occurred,
the evaporation rate determines the time for chain diffusion and
crystal growth and consequently the growth rate. At the early
stage, the rapid extraction makes a balance between the solvent
withdrawn from solution and that escaped outside, and thus a
constant partial pressure causes the nearly steady evaporation.
But, as the process progresses, the continued reduction of
surface area and concomitantly the gradual decrease in solvent
pressure accelerate the evaporation. Hence, the growth rate
increases with the drying time.

Crystal growth in thin films is associated with molecular
diffusion.” The growth pattern can be explained by the diffusion
length I, which is found to be strongly dependent on the
diffusion coefficient D and the growth rate V.>'%*° This effect
can be expressed as | &« D/V. D mainly relies on the molecular
weight, temperature, and solution concentration. Herein, the
former two are invariant. The rapid evaporation and crystal
growth indicate that the rather small change of supersaturated
concentration, so the change of D is rather slight and can be
neglected. The approximate invariant of D can also be specified
by the fact that a ca. 2.5 times increase in growth rate drives a
nearly equal decrease of band spacing in the SA direction.
Hence, the major variant is the V. Due to the gradual rather
than abrupt increase in V and the constant existence of the
concentration difference between the crystal and the con-
centrated solution, there are weaker and weaker bands along
the LA direction. Hence, as the V increases, the [ continuously
reduces, and thus the banding becomes poorly developed and
eventually diminishes, which gives rises to the transition of the
morphological feature from discrete banding to a continuous
texture. The similar reduction of [ is also responsible for the
periodicity decrease in SA. Likewise, the increase in V leads to
the transition of lamellar orientation from mainly flat-on to
random, resembling that of temperature dependence of lamellar
orientation in melt.%'¢ It has been established that the lamellar
width is also proportional to D/V.*' This effect is evident from
Figure S3 of the Supporting Information that the lamellae in SA
are somewhat wider than those in LA. It can be concluded here
that there is a threshold V and then I below which the discrete
banding no longer develops and concomitantly the band-to-
nonband transition takes place.

In summary, by modulating the interplay of chain diffusion
and growth crystal, a band-to-nonband transition is observed
above a threshold growth rate, which leads to the occurrence of
a novel morphology of PCL crystals. Accompanied by this
transition of lamellar packing from discrete banding to
continuous texture, the lamellar orientation also changes from
flat-on to mainly tilted or even edge-on. With the gradual
increase of the growth rate, the band-to-nonband transition
occurred in the faster evolved b-axis, whereas the banding with
continuously reduced spacing always existed in the slower
developed a-axis. This observation provides an excellent
demonstration of the statement that the morphology of crystals
is determined not only by the crystal structure itself, but by the
process of that growth. The finding first richens the polymer
crystal morphologies and is also envisaged to deepen the
understanding of pattern formation during polymer crystal-
lization in thin films.
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OM images of the unique PCL crystals with different sizes of
banded region, crystal numbers and axial directions correspond-
ing to the curves of Figure 4, and an AFM image of the lamellar
crystals (Figures S1—S3, pdf) and the drying process of the
solution thin film followed by in situ OM (Video S1, avi). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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