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In this work we report our investigation on the crystal patterns of a 50/50 blend of two polyethylene
oxide (PEO) fractions with different molecular weights ðMw¼ 5040 and 35000 g=molÞ in ultra-thin films.
Using AFM with a hot stage the samples on the surface of silicon wafer were isothermally crystallized at
20.0� Tc� 60.0 �C. The crystal patterns are different from those of the two pure fractions. Co-crystalli-
zation, partial segregation and full segregation have been observed. Especially, within 47.0� Tc� 54.0 �C
dual thickness crystals formed. The thickness of the middle part of the crystal corresponds to the lamella
thickness of 35k-PEO fraction with multiple folds, while the thickness of the edge part is nearly equal to
an extended-chain lamella thickness of 5k-PEO fraction. We suppose that the appearance of the dual
thickness crystals is due to molecular partial segregation. Utilizing in-situ AFM, the growth of the crystal
with dual thicknesses as a function of time was monitored at Tc¼ 54.0 �C. Two growth processes were
observed and a pattern formation mechanism was suggested on the basis of specified molecular motion
and chain-fold crystallization of polymers.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In polymer science molecular mass and its distribution are the
most important parameters because they strongly influence phys-
ical structures as well as properties of synthetic polymer materials.
In crystallization, for instance, molar mass has been found to have
dramatic effect on the crystallization capability and crystal
morphology characteristics [1–3]. Crystallization of most polymers
is accompanied by the separation of molecules with different
masses [4–11]. This process is referred to as molecular segregation
or molecular fractionation, distinguished from small molecules.
The experimental investigations on polyethylene (PE) [4–7] and
poly(ethylene oxide) (PEO) [8–11] have shown that molecular
segregation in the mixtures occurs before the temperature reaches
the equilibrium melting point of the low molecular weight fraction.
By separating rejected molecules from the bulk crystal after the
completion of crystal growth and then determining the molar
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mass, Mehta and Wunderlich indicated that there exists a critical
molar mass (Mcrit) at a certain crystallization temperature (Tcrit).
The macromolecules, with molecular mass larger than Mcrit, are
able to crystallize at this crystallization temperature. Fig. 1 is
a schematic diagram of the crystallization behavior of binary
mixtures of two linear fractions [2]. In this diagram, H and L mean
the high and low molecular mass fractions. The temperature T1 is
the upper crystallization temperature (Tc) for H fraction. At
T2� Tc� T1 sole crystallization of H fraction causes a full segrega-
tion. Thus, for L fraction, T2 is Tcrit, but T2 is not the equilibrium
melting point of L fraction. At temperatures below T2, H and L
fractions both crystallize but in separate crystal lamellae, which
indicates a partial segregation occurs. Some limited co-crystalli-
zation without any molecular segregation occurs at very low
crystallization temperatures. Co-crystallization is the term applied
to the process that both polymers crystallize in the same crystal
lamella. This diagram has been confirmed by many experimental
observations in bulk samples of the binary mixtures of PEOs [8–11].
DSC and SAXS were employed to study whether the components
crystallize separately or together. Optical microscopy and TEM
provided the most direct information about segregation
phenomena. It has been observed that in partial segregation range,
the long chain fractions are enriched in the early-grown thick
crystals of spherulites while the short chain fractions are rich in the
later-grown thin crystals. Molecular nucleation, the process that
each molecule has to go through a nucleation stage before it is
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Fig. 1. Schematic diagram showing the crystallization behavior of binary mixtures of
two fractions.
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accepted into the crystal, has been suggested to explain the
molecular segregation phenomenon. Recently, an evidence of
molecular simulations to identify molecular segregation in the
supercooled regions has been given by Hu and coworkers [12,13].
Fig. 1 has been further reconfirmed; besides, the model of intra-
molecular nucleation is employed to quantitatively interpret the
kinetics-controlled molecular segregation.

In the conditions far from equilibrium, diverse crystallization
patterns, such as dendrite, seaweed, and compact structure have
been observed and the investigation on their formation nature has
attracted great attention of scientists working in the fields of
statistical physics and condensed matter physics [14–19]. Nowa-
days, it is well known that the formation of these patterns is due to
the crystal growth instability caused by a diffusion field with
different boundary conditions [14–23]. The further studies have
demonstrated patterns change when boundary conditions altered
gradually [24–28]. In recent years, seaweed, dendrite and faceted
crystal patterns have also been found in the ultra-thin samples of
some semicrystalline polymers [29–45]. Since molecular motion
and crystallization behavior of polymers highly depend on molec-
ular mass, these studies are supposed to elucidate the macromo-
lecular effects on the formation and transition of crystal patterns.

In this study, we pay our attention to the crystal pattern
formation of polymer blends in ultra-thin films. With regard to
polymer blends, miscibility and phase segregation have been the
subjects of intensive studies for a long time, with both applicative
and comprehensive objectives and recently scientists give more
attention to the morphology phase diagram of polymer blends
[46–48]. Our purpose is to have a depth comprehension of
molecular segregation in polymer ultra-thin films that was
considered to be negligible because of the topological constraint
[49]. In order to explore the effect, we studied crystal patterns of
a binary blend of two PEO fractions with weight molar masses of
5040 and 35,000 g/mol (denoted as 5k-PEO and 35k-PEO hereafter)
on the surface of silicon wafer using AFM with a hot stage. Our
observations show seaweed, fourfold-symmetrical structure and
faceted crystals in the studied temperature range. Interestingly,
they are greatly different from those of pure 5k-PEO and 35k-PEO
fractions at the same crystallization conditions. More significantly,
we find that molecular partial segregation in the binary blend
results in special crystal patterns with dual thicknesses. The
selection of these patterns further reflects a growth competition of
the macromolecules with different molecular weights because of
their diverse abilities of molecular motion and nucleation-growth.
Table 1
Molecular weight, Mw, polydispersity, Mw=Mn, and equilibrium melting points,
T0

mðMWÞ, of two PEO fractions.

Sample Mw (g/mol) Mw=Mn T0
mðMWÞ (�C)a

35k-PEO 3.50� 104 1.23 67.8
5k-PEO 5.04� 103 1.01 62.2

a Calculated using the Flory-Vrij relation in Refs. [64] and [65].
2. Experimental section

2.1. Materials and sample preparation

PEO fractions used were purchased from Fluka. Their charac-
terization data are listed in Table 1. Both components contain
a methyl group at one end and a hydroxyl group at the other end.
The maximum length, L, of 5k-PEO molecules in the fully extended
form is L¼ lmN¼ 31.6 nm where the repeating unit length is
lm¼ 0.2783 nm [50–52], and the degree of polymerization is
N¼ 114. This PEO may form chain-folded lamellae with integral
folds so the lamellar thickness is l(n)¼ L/(nþ 1), where n is the
number of folds [52] and the folded chain lamella has a zero-
entropy-production melting temperature Tm(n). As to 35k-PEO, the
degree of polymerization is N¼ 795, so normally it forms the non-
integer chain-folded lamellae.

The as-received materials were used without further purifica-
tion. The blend sample with a weight ratio of 50/50 was prepared
from toluene solution of the two PEO fractions. The fractions were
weighed respectively with the same mass and then dissolved into
the toluene at a concentration of about 0.01 wt% under continuous
stirring. The silicon wafers were cleaned at first by immersing in
a solution of H2SO4 (98%):H2O2¼ 3:1 at 120 �C for 30 min to
remove any organic contamination and then cleaned in an ultra-
sonic water bath. The silicon surface became hydrophilic as the
static contact angle measured with water is about 8�. The thin PEO
films on the surface of silicon wafers were prepared simply by
dropping polymer solution at room temperature after annealing for
6 h at 70 �C in order to obtain a uniform distribution solution before
use. To keep a solvent-saturated atmosphere around the sample
and to allow uniform evaporation, a glass dome was placed on the
top of the sample after dropping the solution. The resulting films
were further dried in vacuo for 12 h, and the thickness of prepared
films is about 3–4 nm [43,44,53]. Normally, a monolayer of flat-on
crystals with fractal-like patterns formed on the wafer surface.
Finally, the samples were heated to 80.0 �C for 5 min on the hot
stage of AFM to melt any crystals formed during drying and then
recrystallized in the selected Tc.
2.2. Instruments and data analysis

A hot stage multimode atomic force microscope (AFM, Digital
Instrumental Nanoscope IV) was used to visualize crystal patterns.
All measurements were performed in tapping mode. Both height
and phase images were recorded simultaneously. The scan rate was
in the range 1.0–2.0 Hz. The temperature of the hot stage can be
precisely controlled within�0.1 �C. The temperature preset and the
height measured were calibrated using the standard samples
provided by Digital Instruments. Since the hot stage was used in
a relatively moderate temperature region and the PEO film samples
were very thin, the AFM tip effect on film temperature is trivial.
Thus, no further calibration on the tip effect was carried out [54].
For each sample, at least three replicate samples were prepared and
on each sample, a minimum of five different areas on the surface
were investigated to ensure a good reproducibility of the AFM
observations.

The digital images were used to determine the fractal dimen-
sion, Dp, of the crystal patterns according to the dilation method
[55,56] And the definition of the fractal dimension of the curve is
NðrÞfr�Dp , where N is the number of segments that are needed to
approximate the curve and r the length of segments. In Euclidean
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geometry Dp¼ 1 [55,56,57]. All of the images were shown without
any image processing except flattening.
3. Results and discussion

3.1. Patterns and transitions

In our previous studies [37,45], we have investigated the crystal
patterns of the 5k-PEO and 35k-PEO fractions, respectively. Our
previous studies demonstrate that the pattern formation of PEO
crystals is highly dependent on the crystallization temperature.
According to previous works [4–11], we know that molecular
segregation occurs within a specified temperature range as sche-
matically shown in Fig. 1. Therefore, our AFM observations were
performed in a temperature range from 20.0 to 60.0 �C. The AFM
images in Fig. 2 show different crystal patterns formed by the blend
in this temperature range. At 20.0� Tc� 28.0 �C the typical
seaweed pattern is found of which the angles between main and
side branches are not a constant. At 28.0< Tc< 47.0 �C the crystal
pattern is a typical dendrite of which feature is 90� angles between
main and side branches. And we consider that anisotropic growth
causes the formation of the dendrite pattern; while the random
sticking process results in the seaweed pattern [15]. At
47.0� Tc� 54.0 �C the crystal patterns have a fourfold-symmetric
(FS) structure without any large side branches. Their feature is
greatly altered with a one-degree temperature increment. The most
Fig. 2. AFM height images showing the different crystal patterns o
fascinating feature of these patterns is that the periphery of the
patterns seems to be fabricated by many small squares. The size of
these square crystals becomes larger with increasing distance to
the center. At Tc¼ 56.0 �C the pattern no longer has the FS structure
and seems to be formed by a couple of larger square crystals. At
Tc¼ 58.0 �C faceted crystals with approximate square or rectangle
shape are found.

In Fig. 3, we select the crystal patterns of three samples obtained
at Tc¼ 30.0, 48.0 and 52.0 �C to represent the pattern differences
among neat components and the blend. For the 5k-PEO fraction we
see dendrite at Tc¼ 30.0 �C, seaweed at Tc¼ 48.0 �C and an ill-
shaped structure at Tc¼ 52.0 �C. For the 35k-PEO fraction we
observe a labyrinth pattern at Tc¼ 30.0 �C, dendrite at Tc¼ 48.0 and
52.0 �C. While, with regard to the blend, seaweed crystals exist at
low temperature, and square-crystal-inlaying FS structure can be
found at the other two temperatures. It is obvious that in the PEO
blend crystallization, the two components cannot crystallize
respectively without interaction. This clearly indicates molecular
weight and polydispersity of polymers can significantly affect the
polymer crystallization in ultra-thin films.
3.2. Quantitative description of patterns

To have a quantitative description of patterns and their
temperature dependence, their fractal dimension, Dp and thick-
ness are determined. Fig. 4 shows the Tc-dependence of Dp for the
f the blend obtained at different crystallization temperatures.



Fig. 3. Crystal patterns of the pure fractions and their blend obtained at the same crystallization temperature.

L. Jin et al. / Polymer 50 (2009) 6157–61656160
blend sample as well as the two neat fractions for comparison. The
Tc-dependences of Dp can be fitted by a Sigmoidal function.
The inflexion temperatures are 51.9 �C for the blend, 49.9 �C for
the 5k-PEO fraction and 54.2 �C for the 35k-PEO fraction, respec-
tively. The wide transition range and the deviation from the fitting
curve for the blend can be explained by the wide molecular mass
distribution. However, the Tc-dependences of Dp for three samples
all can be divided into three regions, which reveals the common
characteristics of crystal patterns for three samples. In the lower Tc

region, three samples have the similar fractal dimension
Dp¼ 1.68� 0.02 on average. This is the typical fractal dimension of
patterns created by diffusion limited aggregation (DLA) model
[20,21,57]. It means that the instability of crystal growth in
a diffusion field is the major mechanism governing the pattern
formation. With further increasing Tc, the Dp value reduces from
Fig. 4. Plots of Dp vs. Tc . - is 35k-PEO, C is 5k-PEO and : is the blend.
1.54 to 1.30, indicating a gradual losing of the fractal feature and
that is corresponding to a crystal pattern transition from the
ramified pattern to a FS structure. At higher crystallization
temperatures, the Dp value reduces approximately to 1.0,
suggesting the formation of the faceted crystals. And we consider
that it is controlled by surface kinetic process [25]. In this case,
molecules have already moved to the growth front and will select
the best position with the largest number of occupied nearest
neighbor to join the crystal, which can lower the surface free
energy. Therefore, it is prone to form regular shape patterns for
polymer in ultra-thin films when Tc is high. At intermediate
temperatures, diffusion mechanism and surface kinetic process
both have contribution to the gradual loss of fractality of patterns.
Thus, from macroscopic aspect, the mechanisms that govern the
pattern formation and transition are similar, no matter neat frac-
tions or blend.

However, when we measured the thickness of different crystals,
we found that crystallization of the blend sample has some distinct
characteristics. Moreover, co-crystallization and molecular segre-
gation have been observed. In Fig. 5 we selectively represent
a three-dimensional image of the crystal pattern formed by the
blend sample at Tc¼ 49.0 �C. Different thicknesses between the
center and edge parts of the pattern are visible here. Interestingly,
the patterns with different thicknesses only appear within
47.0� Tc� 54.0 �C. In Fig. 6 we summarize the Tc-dependences of
the thickness for the three samples. At low Tcs, three samples have
a similar thickness. In order to display the thickness difference
obviously, we chose the temperature range between 35 �C and
60 �C in Fig. 6. The 5k-PEO fraction shows a stepwise Tc-depen-
dence of the thickness because of the quantized folds, while
a continuous Tc-dependence of the thickness for 35k-PEO. For the
blend the Tc-dependence of the thickness is unlike to the pure
fractions. At 47.0� Tc� 54.0 �C, the 32.3� 0.45 nm thickness is



Fig. 5. 3D AFM image of a crystal pattern of the blend at Tc¼ 49.0 �C.
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measured from the crystal edges and it corresponds to the thick-
ness of the fully extended-chain lamella of pure 5k-PEO. However,
the thickness of the middle part or the backbone of the crystals is
merely 20.8� 0.21 nm. This value is close to the non-integer fold
chain lamella thickness of pure 35k-PEO. Therefore, we predict that
the edge of the crystals may be constructed mainly by the
extended-chain lamellae of the 5k-PEO fraction, whereas the
middle part is mostly built up by the lamellae of the 35k-PEO
fraction. This suggests that partial segregation may occur in this
temperature region. When Tc is above 56.0 �C, the dual thickness
disappears and the thickness is above 35.0 nm, moreover, it
increases continuously with the crystallization temperature. In
contrast with neat fractions, we suggest that the low molecular
weight PEO molecules perhaps were completely rejected and full
segregation occurred.
3.3. Co-crystallization

As we known, pattern formation in nonequilibrium crystalliza-
tion significantly depends on the degree of undercooling
(DT ¼ T0

mðMWÞ � Tc, where T0
mðMWÞ is the equilibrium point,

defined as the melting point of extended-chain crystals, Tm(0)). In
our work, the undercooling for 5k-PEO is DT1¼ (62.2� Tc) �C,
Fig. 6. Plots of thickness vs. Tc. - is 35k-PEO, C is 5k-PEO and : is the average
thickness of the blend. 7 is the edge thickness of the blend and D is the center
thickness of the blend.
while, for 35k-PEO DT2¼ (67.8� Tc) �C [58] (the subscripts 1 and 2
refer to the respective low- and high-molecular-weight compo-
nents). At low Tcs (w45 �C and below), the degree of undercooling
for both components is over 17 �C. In spite of the relative lower
driving force and nucleation rate present for the 5k chains, the
growth rate is higher than the 35k material, due to the smaller fold
number in twice-, once-, or non-folded-chain crystals, while the
fully chain-folded crystals associated with the higher molecular
weight. Hence, the crystallization rates of the two PEO fractions are
comparable and co-crystals formed at low crystallization temper-
atures. The unique thickness and the smooth surface of crystalli-
zation pattern indicated the blend was macroscopically
homogenous after crystallization [59]. Moreover, upon the slow
AFM heating experiments, we have obtained the single melting
temperature of the co-crystals in the films, which provided the
strong evidence to prove the blend co-crystallized on cooling.
Dp¼ 1.68� 0.02 clearly proves that diffusion of polymer chains
from the surrounding melt to the growth front is the determining
factor for co-crystal growth.

3.4. In-situ observation of partial segregation

At higher crystallization temperatures (47.0� Tc� 54.0 �C), the
crystal patterns with different thicknesses were first observed. In
the same Tc, the diverse thicknesses and shapes between the center
and edges of a pattern indicates molecular segregation happened.
In our experiment, 47.0 �C is the beginning segregation tempera-
ture and it is consistence with the segregation temperature of
4.5k-PEO in bulk state obtained by Chen et al [8]. In order to have
a depth understanding of partial segregation, we examined the
crystal growth by an in-situ AFM observation at Tc¼ 54.0 �C. Choose
the high crystallization temperature is due to the relative slow
crystallization rate, so it is convenient for the track of crystal
growth on AFM.

Fig. 7 shows the time evolution of the growing crystal. Fig. 7a
corresponds to the initial stage of the nucleation. With elapse of
time, the crystal grows in the radial direction with the finger-like
shape as shown in Figs. 7b–d. Presented in Fig. 7c, the backbone of
the crystal is relative darker, indicating the thickness of the back-
bone is thinner than that of the crystal edges. Figs. 7d and 7e
demonstrate the formation of the square edges. At the final stage
the crystal has the thin backbone and the thickening edges with
a square shape (Fig. 7f). Such in-situ observation makes clear that
the thin backbone forms first and grows fast while the square shape
edges emerge later and will be thickened given enough crystalli-
zation time.

By analyzing the fractal dimension of the crystal, we can divide
the crystallization process into two regions (I to II), as shown in
Fig. 8. At t< 7380 s (region I), S and Dp increase rapidly with t and
Dp has a maximum at t¼ 7380 s. At t> 7380 s (region II), S
increases slowly with t, while Dp decreases slightly with t and then
the values are close to a constant. From Fig. 7d, it can be seen that
at t¼ 7380 s, part edges become square, thus we believe that the
decrease of Dp is result from the formation of square crystals at
edges.

To clarify the essence in region I, in Fig. 9 we plot the distance
R(t) at time t from the center of the nucleation site to the tip of the
backbone with a maximum growth rate. We chose two different
tips along the arrow direction shown in Fig. 7d. The linear rela-
tionship between R(t) and t0.5 is particularly interesting, which
refers to a diffusion limited crystal growth at t< 7380 s. It should be
noted that according to fractal length-area relation [55], RDp fS, due
to the fractal characteristics of the crystal pattern we obtained,
Dp s 2, it can clearly explain the nonlinear relationship between S
and time.



Fig. 7. Time evolution of the growing crystal observed by in-situ AFM observation.
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Fig. 10 represents the time evolution of the growth length and
the growth rate of the longest branch of the crystal studied in this
experiment. In region I the time evolution of the growth rate of this
single branch may be further divided into two sub-regions, I(a) and
I(b). The growth rate is almost a constant, 0.00128 mm/s in sub-
region I(a), justifying the growth governed by diffusion. At
t> 6000 s, the growth rate decreases suddenly and the average rate
is only 5.56�10�4 mm/s, indicating that the diffusion growth in
sub-region I(a) is hindered by the other process. With an increase of
time, the rate gradually decreases to zero. It is obvious that growth
rates of these patterns in this temperature region are not linear.
Fig. 8. Time dependence of Dp and the area S of the crystal.
3.5. Mechanism of pattern formation in partial segregation

Compared with short chain molecules, long chain molecules
have lower segmental mobility, and a greater degree of under-
cooling brings higher nucleation ability, two opposing effects on
the crystallization rate. The interplay between these two will
determine the observed crystal morphology.

According to the kinetic crystallization theory [60], it is
reasonable for PEO blends to form the crystals with dual thick-
nesses at intermediate crystallization temperatures. Kinetic crys-
tallization theory yields the following relationship for the thickness
of crystals (l*) formed initially at a given Tc: l* ¼ 2se

DF þ d (se: the fold
surface energy; DF the gain in free energy density which is
proportional to the quench depth DT; d is the thickness that gives
the crystals the necessary stability to form by creating a situation
where the free energy of crystal formation is negative). While, for
PEO and PE, which can crystallize fairly rapidly at a low under-
cooling to yield thick lamellae, the d value would make a negligible
contribution to l*[61]. Comparing 5k-PEO with 35k-PEO,
se(35k)< se(5k), DF(35k)>DF(5k), hence, l*(5k)> l*(35k). A
Fig. 9. Plots of R(t) (indexed in Fig. 7d) vs. crystallization time t0.5 in regime I. -

represents the branch growth directed by R1(t) as shown in the Fig. 7d, and the solid
line is the line fitting of R1(t), R¼ 0.9943; C represents the branch growth directed by
R2(t) as shown in the Fig. 7d, and the solid line is the line fitting of R2(t), R¼ 0.9972.



Fig. 10. Plots of R(t) (blue arrow indexed in Fig. 7d) and the corresponding growth rate
G vs. crystallization time t. - is R(t) and C represents G.
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simplifying assumption often made is that the final lamellar
thickness (L) is b times larger than the initial thickness (l*). As to
PEO blend, with increasing crystallization temperature, Dl*[; DL[,
hence, finally PEO blend formed the crystal with dual lamellar
thicknesses.

Based on previous literature and the results we have obtained,
we suggest a possible pattern formation mechanism which is
schematically summarized in Fig. 11.

Fig. 11a and b describe the 35k-PEO growth in sub-region I(a).
Fig. 11a depicts the first step of the pattern formation by nucleation
and dendrite growth of 35k-PEO. Following the crystal-nucleation
theory [12], the free energy barrier for intramolecular secondary
nucleation is calculated as DFc2D ¼ s2

2D=4Df2D, where s2D is
a constant corresponding to the surface free energy density and
absorbing all the prefactors, and Df2D is roughly proportional to the
undercooling. This equation predicts that the height of free energy
barrier has a reciprocal dependence on the undercooling. With the
same Tc, the 35k-PEO chains have larger DT due to the higher
T0

mðMWÞ. As Tc increases, the relative undercooling discrepancy DT2/
DT1 of the two components becomes larger, from 1.17 (at Tc¼ 30 �C,
DT2¼ 37.8 �C and DT1¼32.2 �C) to 1.42 (at Tc¼ 49.0 �C, DT2¼18.8 �C
and DT1¼13.2 �C), thus, nucleation exerts more considerable influ-
ence on the crystallization. The 35k-PEO chains have smaller free
enthalpy barrier for nucleation, suggesting that long chains facilitate
nucleation. On the other hand, the free energy barrier for melting of
single chains on the crystal growth front is DFm2D ¼ NDf2D�
s2DN1=2 þ s2

2D=4Df2D [12], which shows significant chain length
dependence. The longer the chains are, the higher the barrier for
melting is. Therefore, long chains can survive in the intramolecular
secondary nucleation and contribute to the advancing of the crystal
Fig. 11. A suggested scheme showing the effect of molecular segregation on pattern forma
Nucleation of 5k-PEO on the tips of 35k-PEO crystals; (d) Periphery growth of 5k-PEO crys
growth front while low molecular mass PEO molecules are initially
rejected. Then the 35k chains began fractal growth governed by DLA
model and formed the backbone of the patterns, as presents in
Fig. 11b. The thickness of backbone is 20.8 nm averagely that is close
to the non-integer fold chain lamella thickness of the 35k-PEO
fraction. And the relationship of RðtÞft0:5 confirms that the diffusion
limited process mainly governed the backbone growth. However,
this process cannot go very far, since the rejected low molecular
mass PEO molecules are accumulating in the growth front of the
crystals and soon, a probability of the appearance of the high
molecular mass PEO at the growth front decreases. The faster
growing component (the high molecular weight polymer) provides
nucleation sites for the addition of low molecular weight component
as Fig. 11c shown. The diffusion growth of 35k-PEO is influenced by
adding the 5k-PEO, thus the branch tip growth rate decreases
suddenly in sub-region I(b). Fig. 11d represents the formation of
pattern edges with a regular shape mostly built by 5k-PEO. Theo-
retically, diffusion coefficient D is proportional to M�a

n , and for PEO,
when Mn< 7000 g/mol, a¼ 1, while, Mn> 7000 g/mol, a¼ 2.3 [62].
So, D5k=D35kz5000�1=35000�2:3 ¼ 5:6� 106, the diffusion rate of
the 35k chains is definitely much less than short chains, thus, it is
much easier for the 5k chains to diffuse to nucleation sites and grow.
Because of the high crystallization temperature, the movement
ability of 5k-PEO molecules enhances and molecules have enough
energy to overcome free energy barrier to form more stable and
regular crystals in the pattern periphery. However, the growth of this
stable crystal needs more time due to the adjustment of PEO chains;
thus, the growth rate in region II is very low. Based on the previous
work [25], we consider that the edge growth of 5k-PEO is mainly
controlled by the surface nucleation. However, since the concen-
tration of different molecules in the growth front is changeable, we
have to admit that it is unlikely that this crystal layer of the pattern
periphery consists of molecules of low-molar-mass only. And it
should be noted that the growth of 5k-PEO molecules are companied
with some 35k-PEO molecules.

Although a general mechanism of pattern formation has been
suggested, it is worthy to discuss the final segregation pattern in
details in order to have a more comprehensive understanding. As to
the trunk, when Tc ¼ 48:0 and 49.0 �C the width of the fractal
trunk is less than the width of co-crystals that formed at low
temperatures, which is abnormal to the trend that the width of the
pattern is increasing with the rising temperature. It was shown that
an increase in molecular mass promotes the nucleation rate much
more significantly compared with its effect on the growth rate and
this in turn leads to a higher nucleation density [63]. Hence, in
order to explain the thin trunk, we assume in the melt, short chains
with good diffusion ability blocked long chain movement. And
large steric effect also obstructed the trunk growth when the
growth front was once surrounded by 5k-PEO.
tion. (a) Nucleation of 35k-PEO; (b) Growth of 35k-PEO crystals controlled by DLA; (c)
tals.



Fig. 12. Demonstration of a unified scheme to show the different crystal patterns and mechanisms of binary mixtures of PEO fractions, according to the crystallization temperature.
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We have known that pure 5k-PEO crystals become faceted with
a regular square shape about 54.0 �C [37], then, how to elucidate
that 5k-PEO has already formed the faceted crystals at 47.0 �C in the
blend system? In our opinion, the most important factor is the
nucleation sites offered by long chain molecules. In other words,
the long chains greatly improve the crystallization ability of short
chains.

In our system, beside of the diverse motion and nucleation
abilities of the two components, several other factors such as blend
effect and ultra-thin film constraint should also be considered in
order to account for the faceted crystal formation at relative low
temperatures compared to the neat component. First, based on the
modification of Flory-Huggins expression [8,64,65], we calculated
the melting temperatures of the two components, Tm1¼335.1 K
(61.9 �C) and Tm2¼ 340.3 K (67.1 �C), respectively. It should be
noted that blending two fractions would slightly decrease the melt
point of the components. Besides, substrate effect on the melting
temperature also cannot be neglected. Previous study indicates that
the Tm decreases with the film thickness decrease and films melt
5–38 �C below the bulk values depending on film thickness [66].
And this is unique in the long chain molecule system since the
tendency for randomly adsorbing the chain and breaking the order
is less possible for the small molecules due to the short chain
length. In our case, as to 5k-PEO sample, the Tm(0) of 5k-PEO were
measured to be 62.0 �C and hence the effect of the substrate on Tm

is slight. As to 35k-PEO sample, we cannot obtain the extended-
chain crystals and the highest crystallization temperature at which
we can obtain 35k-PEO crystals is 59.0 �C, meaning that the strong
substrate attraction force perhaps decrease the Tm of 35k-PEO. On
the other words, the movement ability of the 35k-PEO is decreased
greatly compared to 5k-PEO. It also contributes to the formation of
the facet crystal for 5k-PEO at relative low Tcs.

Finally, we would like to mention two computer simulations on
the influence of particle size on pattern formation resulted by
random DLA model [22,23]. In these works a few large particles are
mixed in the small particles, the final cluster pattern appears
asymmetrical and large particles become new growth centers
around which other small particles grow and form new branches.
Our observations of the special patterns in the partial segregation
range are qualitatively similar with the computer simulations and
we considered that the high molar mass component plays
a significant role as the center of crystallization pattern.
3.6. Full segregation

When Tc is above 56 �C, crystals with regular shape and almost
uniform thickness were observed. Measured the crystal thickness,
as shown in Fig. 6, we noticed that the thickness of these crystals
increases continuously with the crystallization temperature. The
regular shape crystals, similar with single crystals, grow under the
surface nucleation control. Thus, we suggest that in high crystalli-
zation temperature region, the low molecular weight PEO mole-
cules are completely rejected and sole crystallization of high
molecular weight PEO molecules causes a full segregation. Short
chain fractions are fully excluded by their failures on the intra-
molecular secondary nucleation for crystal growth. However, the
crystal thickness is not the same as the thickness of the neat 35k-
PEO crystals. Blend effect and the molecular weight distribution of
5k-PEO perhaps could be employed to explain this experimental
result.
4. Conclusion

In summary, we have presented our AFM results imaging the
crystal patterns of 5k-PEO and 35k-PEO blends (50/50 wt) at
different Tcs. We found the common and specific pattern features
among the neat components and the blend, and discussed the
different mechanisms of pattern formation for the blend sample
crystallization in the co-crystallization, partial and full segregation
regions, as shown in Fig. 12.

Thin film crystallization of these three polymers is mainly
controlled by a competition of molecular diffusion and surface
nucleation. At low temperatures, diffusion governs the ramified
pattern formation; while surface nucleation is the main mechanism
in high temperature range. As to the blend, the movement of
different molecules becomes more complex. The study of Dp and
thickness indicates that both components co-crystallize at high
undercoolings. The seaweed and dendrite patterns were observed
at low Tcs. They have the similar fractal dimension Dp¼ 1.68� 0.02
on average, meaning that the diffusion controlled aggregation is the
underlying mechanism. When Tc is enough high, the full segrega-
tion occurred and the low molecular weight PEO molecules were
rejected. However, at 47.0� Tc� 54.0 �C, partial molecular segre-
gation has been reported. Utilizing in-situ AFM equipment in the
tapping mode to follow the isothermal crystal growth at 54.0 �C, we
suggested a growing mechanism for dual thickness crystals. We
considered that at first, high molecular weight chains are easier to
nucleate compared to the low molecular weight due to the larger
driving force available to them and crystals grow under control
mainly by DLA model to form the dendritic backbones of crystal
patterns. The grown trunks provide nucleation sites for the addi-
tion of short chains. Finally, short chains mainly build up the edge
parts of patterns with square shape and extended-chain lamellae of
5k-PEO, governed by the surface kinetic process. These results
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provide a number of immediate directions for detailed studies of
molecular segregation in polymeric systems and the role of
molecular weight in polymer crystallization.
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