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Abstract

The fractal crystal growth process of the PEO monolayer with a molecular weight (M, =2.0 x 10° g/mol) and a distribution (M, /M, =
4.24) has been followed on the substrate of the silicon wafer using AFM equipped with a hot stage. A depletion zone between the ramified
crystals and the viscous amorphous layer was found in the AFM height images. The formation of the depletion zone shows that the molecules
have to “‘break up” with the amorphous layer and then diffuse through the depletion zone to join the crystals. The diffusion process further
means the diffusion-controlled mechanism resulting in the fractal crystal pattern with a fractal dimension Dy = 1.63. The linear feature of
the crystal pattern radius growth with time means that the surface kinetic process plays a key role in the crystal growth.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The crystallization of linear polymers can be one of the
most intriguing things in polymer science. Due to long chain
nature, polymer crystallization and melting are much more
complex than those of small molecules [1—3]. Under super-
cooling conditions polymers kinetically have to fold back
and forth for several times to form folded-chain lamellar crys-
tals, whose thickness is normally less than the contour length
of the whole molecule. Normally, folded-chain crystals further
organize into spherulites or, sometimes, larger single crystals
with different shapes or patterns, highly dependent on crystal-
lization conditions. For thin film samples the crystallization
occurs in quasi-two-dimensional space so they can become
more complex mainly due to the interaction between macro-
molecules and solid substrates.
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At the supercooling condition, different crystal patterns
have been found due to instability of crystal growth caused
by a diffusion field [4,5]. The diffusion limited aggregation
(DLA) mechanism [6] has attracted great attentions because
as a fundamental model for pattern growth it can provide a
basic understanding on the formation of complex aggregates
with different shapes that have been found in the experiments
of physics, chemistry, material science, and biology [7—20]. In
the cases of considering boundary conditions [21—31], then
different patterns, such as dendrite, seaweed (or densely
branched morphology), and compact structure have been sim-
ulated, so the formation process and mechanism of the similar
patterns, which were also found in experiments, can be more
precisely explored.

The patterns of monolayers (or ultrathin films) of crystal-
line polymers have also been studied [13—20]. In 1964, Keith
and Padden have reported their findings of lamellar crystals
with branched pattern formed by folded-chain crystals of an
isotactic polypropylene (PP) in a matrix of an atactic PP
[13]. In 1984, Lovinger and Cais found the seaweed pattern
in the ultrathin samples of a poly(trifluoroethylene) and were
the first to employ DLA to qualitatively explain the formation
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mechanism [10]. Recently, Reiter and Sommer observed liquid-
like patterns in poly(ethylene oxide) (PEO) crystalline mono-
layers and employed the DLA model to simulate the process
in order to explain the formation mechanism [15,16]. Similar
patterns were also found in other crystalline polymers [17,19]
or their blends [18]. In our previous work, we prepared mono-
layers of a PEO (M, = 5.0 x 10 g/mol and M,,/M, = 1.01)
being more universal and then followed pattern transitions of
this PEO monolayer with the increasing crystallization tem-
peratures from nonequilibrium to near equilibrium [20]. These
works provide us insights into the crystallization behavior and
transitions of crystalline polymers in quasi-two-dimensions.
However, the study on the growth of the fractal patterns of
crystalline polymers is extremely rare [17,19].

In this work, we would like to report our in situ observation
of the growth process of fractal crystals of PEO monolayers in
a nonequilibrium condition. Our experiment will for the first
time reveal a depletion zone existing in the area between the
growing tip of the crystal pattern and the viscous amorphous
layer in AFM height images. So, our discussion will focus
on the migration process of PEO molecules through the
depletion zone from the amorphous layer to the crystals to
create the fractal patterns and the surface kinetic process of
crystallization mainly on the growing tips to give rise to a linear
feature of the pattern radius growth from the thin amorphous
layer.

2. Experimental section
2.1. Materials and sample preparation

PEO sample, labeled as 200k, was purchased from J&K
Chemicals. Its molecular weight was further determined by
static laser scattering which was performed on a laser light
scattering spectrometer (BI-200SM) equipped with a digital
correlator (BI-9000AT) at a given temperature. Its absolute
average molecular weight is M,, = 2.02 x 10° g/mol and the
average radius of gyration, R,, in water is 50.2 nm. Using gel
permeation chromatography (GPC Waters, calibrated by PEO
samples) in N,N-dimethylformamide (DMF) solution, we ob-
tained M,, = 2.18 x 10° g/mol and M,,/M, = 4.24. Its ulti-
mate equilibrium melting temperature, 70 = 68.8 °C, was
estimated using the method report in Ref. [32].

The monolayer samples for AFM studies were prepared
as follows: the toluene solutions with a concentration of
0.01 wt % were prepared in glassware. The silicon wafers
were cleaned in an ultrasonic water bath and then in an
acetone bath. The thin PEO films on the surface of the silicon
wafers were prepared simply by dropping the polymer solution
at elevated temperature. The samples were dried at normal
atmosphere overnight and then treated in a vacuum oven at
room temperature for 12 h. Then a monolayer of lamellar
crystals with fractal-like patterns formed on the surface of
the silicon wafer. The cast samples were first heated to
75 °C for 5 min to let the lamellar crystals melt completely
and then cooled to the selected temperature to let the polymer
recrystallize.

2.2. Instruments

A hot-stage multimode atomic force microscope (Digital
Instrumental Nanoscope IV) was used to visualize the pattern
formation of PEO lamellar crystals. The temperature of the hot
stage can be precisely controlled within 0.1 °C. All measure-
ments were performed in tapping mode. The temperature of
the hot stage and the height determined were calibrated fol-
lowing the methods and using a standard sample provided
by the manufacturer.

3. Results and discussion
3.1. Growth of fractal pattern

The PEO crystal pattern growth at 25 °C is shown in Fig. 1.
(For the sake of getting the best resolution, variable image size
scales are employed.) Clearly, all the crystal patterns have the
typical seaweed feature with a tip-splitting head. The angles
between main and side branches have no fixed value, and all
the branches point out from the pattern centre to the outside
zone where the amorphous macromolecules may come from.
The widths of branches are much narrower comparing to the
total length of each branch. When one branch grew to some
extent, it generated new branches by splitting apart, and then
both the parent branches and the newborn ones kept propagat-
ing. In this way the pattern gets larger and larger.

All the patterns basically have an approximately spherical
symmetry. Their radii and areas were approximately measured
as a function of time and the results are shown in Fig. 2. This
graph shows that the radius plot has a good linear feature while
the area plot is a parabolic one.

3.2. Depletion zone

An obvious depletion zone between the seaweed crystal
pattern and the amorphous layer can be clearly seen. In order
to visibly characterize the depletion zone, two surface profiles
I and II, which are marked in Fig. 1(b), are displayed in Fig. 3.
From the surface profiles the thickness of the amorphous layer
is about 3 nm, while the thickness of the crystal pattern is
about 8 nm. The formation of 3 nm thick amorphous layer
should be due to a relatively strong attraction between the
repeating units in PEO chains and hydroxyl groups on the
silicon substrate. The PEO macromolecules in the amorphous
layer have a “‘pancake” conformation [33].

To our best knowledge this is the first experimental evi-
dence clearly showing a depletion zone in the AFM height im-
ages. From the surface profiles I and II shown in Fig. 3, we can
see a relatively sharp edge between the amorphous layer and
the depletion zone. This is because there is a great amount
of entanglements among high molecular weight PEO chains.
So, the PEO molecules in the viscous amorphous layer cannot
easily flow into the depletion zone at the used temperature.
The depletion zone around a dendritic pattern of PEO (M, =
5.0 x 10* g/mol) was also found in the AFM phase images
in a previous work [34]. The images show a phase difference
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Fig. 1. AFM height images showing the growth process of a seaweed crystal pattern at 25 °C.

between crystal and molten polymer which gradually change
in a length range of 1—2 um. In other words, there is no sharp
edge of the amorphous layer possibly because of less entangle-
ment of the PEO chains with a relatively low molecular
weight.

3.3. Gap distances

From the surface profile II shown in Fig. 3, the region
marked by an arrow clearly shows that there is a narrow gap
rather than continuum between the amorphous layer and the
outermost tip of the crystal pattern, indicating that macromol-
ecules in the amorphous layer must migrate through the deple-
tion zone before they join the crystals. The gap distances

between the outermost growing tips of the crystal pattern
and the nearest edge of the amorphous layer were determined
from all the images, and the results are shown in Fig. 4. Gauss-
ian function was used to fit the results. The average distance is
about 253 nm.

3.4. Radius of gyration of PEO in amorphous layer and
gap distance

The gyration radius, 1_22, of this PEO in water was measured
using laser light scattering. Since water is a relatively good
solvent for PEO, the interactions among PEO segments could
be similar to those between water and PEO repeating units,
so it is reasonable to make a hypothesis that the chain
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Fig. 2. Plots of area and radius versus time: I represents radius on the right
scale; W represents area (not containing the depletion zone) on the left scale.
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Fig. 3. Two typical surface profiles of the growth patterns shown in Fig. 1(b).
They show the thicknesses of the crystal and the amorphous layer, and the gap
distances between the crystal and the amorphous layer.

conformation in amorphous state is similar to that in water
solution, that is, I_ngzl_?; Further assuming that the volume
change caused by the strong attraction of substrate is negligi-
ble, the relationship of 4/ 3]_3337'5 zl_?gH 7t can be obtained. The
formula on the left side is the average spherical volume of
PEO macromolecules in water with 1_32 = 50.2 nm, while the
one on the right side is the volume of a round ‘““disk™ on the
substrate with the thickness H =3 nm and a gyration radius,
R'. Then, the radius of the “disk’” on the substrate is calcu-
lated to be F}g = 237 nm. Interestingly, this value is quite close
to the average shortest gap distance of 253 nm [35]. This
further implies that the diffusion distances for the molten

molecules are not too long, only the gyration radius, 1_?1g, in
PEO thin layer with a 3 nm thickness.

3.5. Fractal crystal formation process

It is well known that the formation of these highly ramified
patterns is generally due to the instability of crystal growth in
the nonequilibrium condition [4,5]. The seaweed patterns,
which we obtained, have a fractal dimension of Dy = 1.63
and are quite similar to the simulation results using the classi-
cal DLA model without considering any boundary condition
[6]. This further means that these seaweed patterns were
formed in a diffusion-controlled condition.

In Fig. 5(a) the crystallization process is schematically
described, which is as follows: disentanglement from the
deformed PEO layer, migration process via the depletion
zone, and finally joining the growing crystal in the areas near
tips. According to our statistical result shown in Fig. 4, the
shortest gap distance between the growing tips and the amor-
phous layer edge is 253 nm on average. This is the distance
that the molten molecules have to cross to join crystals. It is
possible that the process of the PEO chains diffusing through
the depletion zone is the key step, so results in instability of
the crystal growth. Finally, the resultant patterns have the
fractal feature.

Fig. 5(b) schematically shows a top view of the growing
tips and the distribution of molten PEO molecules in the amor-
phous layer. Obviously, the gap distance increases away from
the growing tips. This increase means that crossing the gap be-
comes more difficult. Assuming that the diffusion in the deple-
tion zone is the key step, a flow of molecules in the amorphous
layer may occur to get the shortest diffusion distance over the
gaps. This will result in a fast growth of the patterns mainly in
the areas around active tips. So, the width of the branches is
narrower than the distance between two adjacent branches.
As a result, the pattern has a relatively non-dense morphology.

The growth described in Fig. 5(b) cannot be straightforward.
In the case that the growing tip absorbs a large number of the
molten molecules in opposite amorphous layer, the distance be-
tween the tip and the amorphous layer may be no longer short-
est, the tip growth can slow down gradually and finally ceases.
The shortest gap distances can appear at an area away from the
growth-stopping tip’s top, so new tips will emerge at the area
and then grow at a direction different from the previous tip.
This causes the formation of ramified pattern.

3.6. Time-dependent radius of the crystal pattern

Pattern growth kinetics at the supercooling condition has
been studied in both experiment [17,19,36] and simulation
[24]. The experimental investigations show the linear,
R(f) « ¢! [17], and non-linear, R(¢) o *-° [19,36], relations be-
tween pattern radius and time found from different polymers at
the different supercooling conditions. The theoretical simula-
tion confirms that the growth of crystal patterns is a surface
kinetic process, that is, a linear growth [24]. In our study,
we have obtained a linear radius growth, R(f) « ¢!, in the
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Fig. 4. Gap distances between the amorphous layer and the outermost growing tips.
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Fig. 5. Side (a) and top (b) views of the crystal growth process.

time regime used. This experimental result is consistent with
those found in the thin film samples of an isotactic polystyrene
[17] and predicted by simulation [24]. So, we believe that the
surface kinetic process controls the growth rate of crystals in
our system. Seemingly, this conclusion is contrary to the frac-
tal feature of these crystal patterns created via diffusion-con-
trolled process. Actually, the determined radius of the
ramified crystals is similar to that of spherulites which also
show a R(t) « ¢! relation. It is well known that the spherulite
growth is controlled by a diffusion process. In other words,
the R(7) o« ¢' relation is not associated with the fractal feature
of growing crystal patterns. In fact, the fractal feature is re-
flected by creating an edge which is much longer than that be-
ing able to be described by Euclidean geometry.

4. Conclusion

In summary, we have carried out an in situ observation of
the fractal crystal pattern growth process from a thin

amorphous layer of a high molecular weight PEO at 25 °C
using atomic force microscopy with a hot stage. The signifi-
cant achievement is to experimentally find a depletion zone
between the ramified crystal pattern and the highly viscous
amorphous layer. Meanwhile, we found that the gap distance
between the growing tips and the edge of the amorphous layer
is about 253 nm, which is close to the gyration radius of the
PEO chains in the thin layer. The existence of the depletion
zone means that the PEO chains have to diffuse through
the zone to join crystals. This diffusion-controlled process
explains the mechanism of the fractal pattern formation. The
linear relation between the pattern radius and time illustrates
the surface kinetic process controlling the crystal growth.
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