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a b s t r a c t

We report the observation of a labyrinthine crystal pattern with a periodic structure in the crystal width
direction in ultrathin films of poly(ethylene oxide) fractions with molecular weight ranging from 25,000
to 932,000 g/mol. The polymer thin films are crystallized at temperatures well below the bulk melting
temperature, thus the system is characterized by limited diffusion of the polymer chains and rapid
growth of the crystal fronts. The competition of these two competing factors leads to the formation of the
labyrinthine pattern. This mechanism is supported by a scaling relation between the long period and
molecular weight, LfMw

�0:24�0:03, indicating the importance of chain diffusion. Furthermore, a linear
relationship between lnðL=Mw

�0:24Þ�DE=RTc and T0
m=TcDT is observed, implying that the crystal growth is

dominated by a secondary nucleation.
� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The formation of various intricate patterns in nature have
attracted tremendous attention in the past decades [1]. Normally,
the formation of complex patterns under nonequilibrium condi-
tions is due to the growth instability in a diffusion field [2–4].
Crystal patterns such as dendrite, seaweed, and compact structures
have been extensively studied [5–11]. Recently, transitions among
the different patterns of crystalline polymers have been investi-
gated [12–15]. It is widely accepted that the combination of the
diffusion-limited-aggregation (DLA) model [16], which is a typical
nonlocal growth model [17], with the surface kinetic process [13,14]
can provide a basic description of the underlying physics of these
complex patterns in the regime where diffusion is sufficiently fast.
It has been also noticed that the DLA process is not in operation
when the crystallization rate is faster than the molecular diffusion
rate in a local-diffusion field far from equilibrium [18–20]. In the
regime where the diffusion is very slow and the crystal growth is
fast, it is not clear what type of crystal patterns will form and what
the pattern formation mechanism is in operation. Besides signifi-
cance in polymer physics, solving this problem can also shed light
to the understanding of the liquid/melt-to-solid phase transition
behaviors in local-diffusion field in condensed matter physics
[21,22]. Currently, it is well recognized that two requirements must
be satisfied to realize a local-diffusion field for the study of pattern
g).
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formation in this regime: (1) a slow diffusion of the molten mate-
rials and (2) a rapid growth of the crystal fronts. Based on our
previous studies on crystal patterns of crystalline polymers
[13,14,23] we believe that polymer crystallization from ultrathin
films can satisfy these two requirements. First of all, due to the
elevated glass transition temperature (Tg) and the deformed
pancake-like conformation of the adsorbed chains, the polymers in
ultrathin polymer films on solid substrates execute confined
motion in quasi-2-diemnsional space (quasi-2D).[24–27] There-
fore, the first requirement of slow diffusion can be satisfied, espe-
cially at low temperatures. To satisfy the second requirement of fast
growth, we can simply set the crystallization temperatures (Tcs)
near the maximal-crystallization-rate-temperature.

Because of their long chain nature, polymer crystallization is one
of the most mysterious topics in polymer science [28–30]. It is
generally observed that polymer chains prefer to fold several times,
forming folded-chain lamellar crystals whose thickness is normally
less than the contour length of macromolecules. Nucleation theory
proposed by Hoffman and Lauritzen [31] (HL) and precursor theory
recently proposed by Strobl [32] are two important models which
have been widely used to describe the polymer crystallization
processes. In the HL theory, second nucleation and lateral growth
are used to describe the growth of polymer lamellar crystals. A
polymer chain firstly nucleates on crystal growing front, and then
joins the crystal via lateral growth. According to the relationships
between second nucleation rate and lateral growth rate at different
supercoolings, polymer crystallization could be divided into three
regimes. Because the trajectory of an individual polymer chain is
difficult to be specified, the analyses of polymer crystallization are
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based on the assumption of consistency between microscopic and
macroscopic pictures. In the precursor theory, polymer chains are
assumed to firstly form a mesomorphic layer which spontaneously
thickens up to a critical value, then transform into a granular
crystalline layer, and at last convert to homogeneous lamellar
crystallites. Many experiments have elucidated the rationality of
these theories. However, it is worth to mention that most polymers
used in these experiments were fractions with low-molecular-
weights (LMW). For instance, the molecular weights of most
poly(ethylene oxide) (PEO) fractions used in previous studies were
not higher than 20,000 g/mol.[11,33–55] Undoubtedly, studies on
crystallization habits of high-molecular-weight (HMW) fractions
are very important to gain insight into the effects of some complex
but important features, such as chain entanglement and confor-
mation, on polymer crystallization [27,56–59].

In this study, we will firstly demonstrate and characterize a novel
labyrinthine pattern formed from supercooled ultrathin films of
a series of HMW PEO fractions, with different molecular weights in
a wide range from 25,000 to 932,000 g/mol. Then, a local-diffusion-
limited growth mechanism, or a local mass transport to the growing
front mechanism, will be evoked to understand the labyrinthine
pattern formation. The scaling relation between the long period in
the crystal width direction and molecular weight will be employed
to further elucidate the formation mechanism of this special pattern.
We will explore the secondary nucleation effect on the temperature
dependence of long period. The crystallization habits of these PEO
fractions will also be discussed when the gyration diameter of
polymer chains in the ultrathin film is larger than the long period of
the crystal pattern.
2. Experimental section

HMW PEO fractions were purchased from Polymer Source and
Polymer Standards Service GmbH. Four important parameters of
these polymers are listed in Table 1. The molecular weights of these
PEO fractions are much higher than the bulk PEO’s entanglement
molecular weight of 6800 g/mol [60]. Therefore, molecular diffu-
sion of these polymers will be highly confined. The relatively
narrow molecular weight distributions minimize the effect of
polydispersity on the pattern features. The particular PEO samples
are hydroxyl-terminated at one end and methyl-terminated at the
other end. Toluene solutions of these PEO fractions with a concen-
tration of 0.01–0.02 wt.% were prepared in glassware. Silicon wafers
with a size of about 0.8 � 0.8 cm2 were treated in the Piranha
solution of H2SO4 (98%):H2O2 (30%) ¼ 3:1 at w120 �C for 30 min to
add a layer of eOH groups at the silicon surfaces and then cleaned
in an ultrasonic water bath. The eOH layer may prevent the epitaxy
growth of PEO on crystalline silicon surface. We measured the
contact angle, A, of water on the surface of silicon wafer. The value
of A is 8� for the surface of treated silicon wafers, while A ¼ 55� for
the un-treated silicon wafers. Thus the treated surface was hydro-
philic and the interaction between PEO and silicon surface was very
Table 1
Molecular parameters of the PEO fractions.

Sample designation Mw; g=mol Mw=Mn T0
m;
�C Rg, nm

25k-PEO 25,000 1.17 67.4 6.8
35k-PEO 35,000 1.23 67.8 8.1
116k-PEO 116,000 1.18 68.6 14.7
205k-PEO 205,000 1.18 68.8 19.5
932k-PEO 932,000 1.11 69.0 41.6

Mw is weight-average molecular weight of polymers. Mw=Mn means the poly-
dispersity index of molecular weight. T0

m is the equilibrium melting point. Rg is the
gyration radius in bulk calculated according to ref. [47].
strong, because PEO is also hydrophilic. Ultrathin PEO films were
prepared by dropping the solution (3–4 ml) onto silicon surfaces at
room temperature. The samples were dried at ambient condition
overnight and then treated in vacuo at room temperature for 12 h.
The as-prepared samples were firstly heated to 80.0 �C for 5 min to
form a uniform molten layer and then were cooled to the specific
Tcs to let the supercooled melt recrystallize for 5 h. A hot-stage
multimode atomic force microscope (AFM, Digital Instrumental
Nanoscope IV) operated in tapping mode was used to visualize
crystal patterns.

3. Results and discussion

3.1. Labyrinthine crystal patterns

The most interesting observation from our experiments is the
labyrinthine crystal patterns formed at crystallization tempera-
tures in the range from 20 to 34 �C (or supercooling range from 49
to 35 �C), as shown in Fig. 1. These crystallization temperatures are
lower than those at which dendrites were observed for the same
PEO fractions. Crystal patterns such as labyrinthine, dendrite, four-
fold symmetric compact structure, and faceted crystal observed at
different temperature ranges are shown in Fig. 2 for an individual
PEO fraction. Therefore we can conclude that the labyrinthine
crystal patterns form in conditions farther from equilibrium than
the dendrites. These labyrinthine patterns are remarkably different
from the isotropic random labyrinthine patterns found in other
systems [61–66]. In our system, crystal branches take an aniso-
tropic growth along preferential crystallographic directions normal
to (120) or (100)/(010) plane for PEO [67,68]), so the stripe-like
crystal (SC) branches are either parallel or perpendicular to their
neighbors. The thickness, lc, of labyrinthine crystals for different
PEO fractions is shown in Fig. 3. In the crystallization temperature
range, the value of lc increases slightly in vicinity of 7.0 nm with
increasing Tc. It is noticed that this thickness is much smaller than
the contour length of the PEO fractions, implying that the PEO
chains are folded several times to form the crystals.

It is significant to relate our observation to the application of
LMW PEO fractions in micropattern and nanoimprint studies
[69,70]. In the LMW PEO cases the crystals were randomly growing,
not necessarily following the pre-prepared micropattern direc-
tions. Our results may provide a method to obtain more ordered
micropatterns and nanoimprints because of the anisotropic crystal
growth.

3.2. Characteristics of labyrinthine pattern

The characteristics of the labyrinthine pattern are very different
from those of the dendrite pattern found in PEO samples under
anisotropic-DLA conditions [13,14]. Firstly, the labyrinthine pattern
possesses a periodic structure in crystal width directions due to the
identical width of branches and identical distance between parallel
neighbors. The periodic nature of these patterns has been analyzed
using fast-Fourier-transition (FFT) as shown in Fig. 4. Fig. 4b is the
2D intensity pattern (512� 512 pixels) of Fig. 4a obtained using FFT.
Four strong scattering spots in Fig. 4b indicate the long period of
SCs in width directions. (Note that this FFT pattern obtained from
the 2D periodic crystal pattern is totally different from scattering
patterns of bulk samples which reflect periodic lamellar structure
in 3D space.) After integrating the azimuthal intensity of Fig. 4b, we
can get a circularly averaged integral image as shown in Fig. 4c. The
strongest intensity peak, Qpeak, in Fig. 4c corresponds to the strong
scattering spots in Fig. 4b. Certainly, dendrite pattern does not have
such a periodic feature. Secondly, it is hard to differentiate main
branches from side branches in the labyrinthine pattern as shown



Fig. 1. AFM height images showing the labyrinthine crystal patterns of the different PEO fractions at different Tc s.

G. Zhang et al. / Polymer 51 (2010) 554–562556
in Fig. 5a; while dendrite patterns normally show the distinct main
and side branches, at least in size. Thirdly, different portions of the
labyrinthine pattern may demonstrate unlike morphological
features as shown in Fig. 5b; while every individual dendrite shows
Fig. 2. Crystal patterns of (a) labyrinthine; (b) dendrite; (c) four-fold symmetric compact
a similar tree-like feature, which corresponds to the ‘‘self-simi-
larity’’ characteristic of DLA model. These characteristics certainly
reflect that the formation mechanism of the labyrinthine pattern is
different from that of dendrite.
structure; (d) and faceted crystal observed at different temperatures for 116 k-PEO.



Fig. 3. Plot of lc vs. Tc of different PEO fractions.

Fig. 4. (a) A typical labyrinthine pattern; (b) 2D FFT pattern of the labyrinthine pattern
shows four scattering spots; (c) Circular average integral curve of the 2D FFT pattern.
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3.3. Local-diffusion field

The thickness of the ultrathin melt before recrystallization can
be estimated from mass conservation, leading to the relation
la ¼ fclcrc=ra, where la is the thickness of the ultrathin melt, fc is
the coverage degree of crystals in silicon surfaces, rc ¼ 1.234 g/
cm3and ra ¼ 1.124 g/cm3 are the densities of crystalline and molten
PEO, respectively [71]. From the digital AFM images of typical
labyrinthine crystal samples, it is found that lcz7:0 nm and
fcz50%. From these results, the value of la is estimated at about
4.0 nm, which is consistent with reported values [23,54,72]. The
thickness of the ultrathin films is thinner than the crystal thickness,
lc, and much smaller than the gyration radius, Rg, of PEO fractions in
bulk as shown in Table 1. From these results we can conclude that
the PEO chains should have a pancake-like conformation caused by
multiple, strong interactions between the silicon wafer surface and
the PEO chains. The change of glass transition temperature of
polymer thin films compare to that in bulk is highly dependent on
the interaction between thin film and substrate surface. Weak
interaction can decrease Tg and strong interaction can increase Tg

[73–75]. The strong interaction between PEO and the hydrophilic
silicon surface could raise Tg to 20 �C that is about 30 �C higher than
that in bulk [27]. Meanwhile, the diffusion ability of macromole-
cules will be severely reduced with increasing molecular
weight. Based on the empirical formula of maximal-crystallization-
rate-temperature Tmax ¼ 0:63T0

m þ 0:37Tg � 18:5, we obtain
Tmaxz291:6K ¼ 18:5 �C for the PEO fractions. This temperature is
in the vicinity of Tc range in our experiment. In the labyrinthine
pattern formation process, unfortunately, the crystal growth is so
fast that we cannot perform an in-situ observation using AFM to
determine the growth rate (it needs about 5 min to capture an AFM
image). From these physical quantities we can conclude that the
crystal pattern formation conditions are under a slow molecular
diffusion and a rapid crystal growth, that is, in a local-diffusion
field.

3.4. Local-diffusion-limited growth mechanism

Because of the slow molecular diffusion and rapid crystal
growth in the local-diffusion field, the supercooled molten
macromolecules can only execute short diffusion steps in the
growing front vicinity before joining crystals. In other words, the
diffusion of the supercooled molten macromolecules is restricted in
the area around the growing fronts. Thus the formation mechanism
of the labyrinthine pattern follows a local-diffusion-limited
process. Moreover, the local-diffusion field can only influence the
growing front it surrounds. Generically, this mechanism provides
a basic description for liquid/melt-to-solid phase transition in local-
diffusion field. The relationship of la< lc implies that a depletion
zone exists between the crystal growing front and the supercooled
melt as shown in Fig. 6. dc is the depletion zone length, which
means a critical diffusion distance for supercooled molten macro-
molecules at a specified Tc before they join the growing fronts. If the
distance between the ultrathin supercooled melt and growing front
d is larger than dc, supercooled molten macromolecules cannot
diffuse over the distance to join the growing front. When the
distance between two parallel SCs dSC is larger than 2dc, some



Fig. 5. (a) Typical labyrinthine crystal pattern of a PEO fraction with a molecular
weight of 35,000 g/mol; (b) Five portions of the labyrinthine show unlike morpho-
logical features.

Fig. 6. Schematics of the growth of the labyrinthine crystal branches and the definition
of the character lengths of dc ;W and L. d is the distance between the supercooled melt
and growing front, and dSC is the distance between two parallel SC neighbors. Deep
yellow regions represent SCs. Light yellow regions represent ultrathin supercooled
melt. Deep red regions represent depletion zones. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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molten macromolecules may be left between the SCs. If dsc ¼ 2dc,
there are no molten macromolecules left, then the average long
period in the crystal width direction between parallel SCs is
L ¼ W þ 2dc, where W is the average width of SCs.
Fig. 7. Possible formation processes of different labyrinthine portions.
3.5. Formation processes of different labyrinthine portions

Because of the local-diffusion nature of the supercooled molten
macromolecules, the labyrinthine branch growths may be highly
influenced by the local environments (such as the distribution of
supercooled molten macromolecules, constraint of developing or
developed crystals) surrounding the growing fronts. So, different
portions of the labyrinthine pattern may demonstrate different
morphological features. Some of them are highlighted in Fig. 5b. By
analyzing the relations between dSC and dc, we can reconstruct the
rational formation processes of these different labyrinthine
portions as shown in Fig. 7. The labyrinthine portion in Fig. 7a is
composed of many parallel SCs where the distance between
parallel neighbors is dSCz2dc. Firstly, an original stripe-like crystal
formed as shown in Fig. 7a1. Supercooled melt distributed near the
original SC, and there were no other crystals. Then, many small
parallel SCs propagated from the original SC and were growing
almost at the same time as shown in Fig. 7a2. When the super-
cooled melt nearby were exhausted, the parallel SCs stopped
growing and an array-like portion formed. In Fig. 7b, the side-
branched-SC formation should be due to discontinuous distribution
of the supercooled melt between two parallel neighbors where
2dc < dSC < Lþ 2dc as shown in Fig. 7b1 and 6b2. In the labyrin-
thine patterns, a stripe-like crystal may take a turn of 90� (SC-90�)
as shown in Fig. 7c, d and e enclosed by white circles. The formation
of the SC-90� was attributable to that the growing tips were con-
strained by developing or developed crystals. For the SC-90� in
Fig. 7c, there were continuous supercooled melt between two



Fig. 8. (a) Plots of L vs. Tc of different PEO fractions. (b) Plots of lnL vs. T0
m=TcDT of

different PEO fractions. Linear fittings follow an average slope of 137.3 � 15.5.

Fig. 9. Log–log plots of L vs. Mw at different Tc s. Linear fittings follow an average slope
of �0.24 � 0.03. The deviation of the data of 25k-PEO may be because its molecular
weight is the onset of molecular weight for labyrinthine crystal pattern at Tc � 20 �C.
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developing (as shown in Fig. 7c1–1) or developed (as shown in
Fig. 7c2–1) crystal branches, and the distance between two devel-
oping or developed SCs is dSCzLþ 2dc. The growth of the propa-
gated crystal from the nether SC was constrained by the upper one,
then it took a turn of 90� to keep growing as shown in Fig. 7c1–2 and
c2–2. In the case of SC-90� in Fig. 7d, it is obvious that the distance
between SC-90� and the neighbor tip is smaller than 2dc. The
possible formation process is as follows: Two growing crystals
would collide as shown in Fig. 7d2, and they should take turns to
keep growing. However, the supercooled melt on the left were
available for the nether one but not for the upper one. Then the
nether one took a turn of 90� on the left to continuously grow,
while the upper one stopped growing. Due to the confinements of
two original SCs in Fig. 7d1, the resultant portion is semi-closed. The
formation of SC-90� signed in Fig. 7e seems much complex but
actually similar to Fig. 7d. Two colliding crystals took turns at the
same time because the supercooled melt were available for both of
their tips as shown in Fig. 7e2 and e3. The formation process of the
labyrinthine portion in Fig. 7e was much intricate because of the
complex confinements of original developed SCs as shown in
Fig. 7e1. The growing crystals had to take several turns to keep
growing as shown in Fig. 7e2–e5, then a quasi-closed portion finally
formed in Fig. 7e.

3.6. Long period of labyrinthine patterns in width direction

Based on the FFT results, the value of Lcan be calculated
according to the expression L ¼ y=Qpeak, where y is the side length
of AFM image. Fig. 8a presents the plots of L vs. Tc for different PEO
fractions. L is composed of 2dc and W , where both dc and W are
proportional to Ds/v,[11,76] so LfDs=v, where Ds is the diffusion
coefficient of the molten macromolecules and v is the velocity of
the growing crystal front. It is commonly accepted that Ds will
increase but v will decrease with increasing Tc. So, the value of L for
an individual PEO fraction gradually increases with increasing Tc as
shown in Fig. 8a. Fig. 8b presents the plots of lnL vs. T0

m=TcDT for
different PEO fractions. The plots show a similar linear fitting with
an average slope of 137.3 � 15.5, which implies that L of different
fractions exhibits a similar temperature dependence. We will
discuss the temperature dependence in the following subsections.

3.7. Molecular weight dependence of labyrinthine pattern

The molecular weight dependence of physical properties is one
of the most important characteristics in polymeric materials
science. To better understand the local-diffusion-limited mecha-
nism, we studied the molecular weight dependence of the laby-
rinthine patterns. Apparently, the highest Tc, at which labyrinthine
pattern can form, increases with increasing molecular weight as
shown in Fig. 8a. Fig. 9 clearly shows the long period L decrease
with increasing molecular weight. Quantitatively, L obeys a power
law of LfM�0:24�0:03

w . This power law could be attributed to
a molecular size dependence of LfR�0:31�0:04

gjj , where Rgjj is the
gyration radius of polymer chains parallel to the silicon surface in
quasi-2D. In this study we assume RgjjfM0:75

w , a scaling relation had
been widely accepted in 2D [25,77,78].

Constitutionally, the negative exponent value in the power law
means that L decreases with increasing molecular weight or size.
Then dc also decreases with increasing molecular weight or size.
This implies that the length increment of crystal growth forward is
larger than the decrement of supercooled melt backward. This
implication supports the local-diffusion-limited growth mecha-
nism that is associated with the rapid crystal growth and relatively
slow molecular diffusion. A crystal growth is composed of growths
in the forward and transverse directions [14]. In this study we
assume that the forward growth direction would be normal to
(100) plane, and then the transverse growth direction is normal to
(010) plane (in other words, growth face is (100) face). So, we could
calculate the ideal macromolecule number, MN, to complete
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a transverse crystal layer for these PEO fractions as shown in Table
2. One can note that MN decreases with increasing molecular
weight. For the fractions with Mw � 116;000 g=mol, MN< 1.0
means that a macromolecule may join more than one SC crystal or,
alternatively, incorporate into the same crystal to form more than
one transverse layer. In the second case, a long macromolecule
joining the same crystal will cause a much longer growth forward
than a short macromolecule, which is indicative of the molecular
weight dependence in the crystal growth process.
3.8. Theoretical molecular weight dependence of long period

In order to have a good understanding of the power law of
LfM�0:24�0:03

w , we should consider the complex molecular weight
dependences of Ds and v in polymer crystallization processes. The
complex kinetic-controlled crystallization contains following
processes: (1) the molecular diffusion from the supercooled melt
through depletion zone to crystal growing front; (2) the adsorption
and incorporation of molecules onto growing front; (3) the relax-
ation of adsorbed molecules and diffusion of latent heat. In our
experiments, the Tcs are so low that the molecules will immediately
incorporate into crystal and latent heat will quickly diffuse away
once the molecules adsorb onto growing front, and molecular
relaxation can be ignored. Then molecular diffusion, denoted using
Ds, and adsorption of molecular chains onto crystal growing front,
A, are key steps controlling the crystallization process. Diffusion
ability of polymer chains decreases with increasing molecular
weight according to the power law of DsfM�1:5

w in quasi-2D
[25,77]. To consider the molecular weight dependence of crystal
growth velocity, v, can be expressed as:
vfADsexp½�DE=RTc � KgT0

m=TcDT �,[79–81] where DE is the activa-
tion energy for repetition in the melt and Kg is the nucleation
constant. Here, DE is assumed to be independent of temperature
because of our experimental relative narrow temperature range,
and DE ¼ 29.4 kJ/mol [56] is used. DE and Kg show slight molecular
weight dependence, so the molecular weight dependence of v can
be simplified as vfADs. The molecular weight dependence of A can
be expressed as AfMb

w, where b is a conformational parameter
whose value is highly related to the conformation of adsorbed
macromolecules [82]. In ultrathin films, polymer chains take
a pancake-like conformation with RgjjfM0:75

w in quasi-2D [25].
Since the ‘‘probing’’ mechanism of crystal growing front and
‘‘acceptance’’ mechanism are mostly based on van der Waals forces,
which fade away beyond w7 Å,[83] the pancake-like conformation
of adsorbed macromolecules in the depletion zone would not
change. In this case, the molecular weight dependence of adsorp-
tion is AfMw=2RgjjfM0:25

w . Then the molecular weight dependence
of v is vfADsfM�1:25

w . Consequently, we obtain a power law of
LfDs=vfM�0:25

w . The theoretical value of �0.25 is in a good
Table 2
Ideal macromolecule number to complete a transverse crystal layer.

Sample designation M-FN WðnmÞ C-FN MN 2Rgk;nm L; nm

25k-PEO 21 110.8 170 8.14 41.1 216.3
35k-PEO 30 75.9 116 3.90 52.9 144.3
116k-PEO 103 55.9 86 0.84 130.0 106.8
205k-PEO 184 48.6 75 0.41 199.3 93.4
932k-PEO 840 46.9 72 0.09 620.5 88.0

M-FN is the ideal folding number of an individual molecular chain calculated
according to the equation M � FN ¼ ð0:2783�MwÞ=ðlc � 44Þ � 1. W is the average
width of SCs for 25k, 35k, 116k, 205k-PEO at 20 �C and 932k-PEO at 26 �C C–FN is the
transverse folding number of an SC crystal, which is calculated based on the
equation C � FN ¼ 2W=b, where b ¼ 1.304 nm is the unit cell parameter in [010]
direction. MN is the ideal macromolecule number to complete a transverse crystal
layer, which is calculated according to the equation MN ¼ ðC � FN þ 1Þ=M � FN.
agreement with the experimental result of �0.24 � 0.03. This
further indicates that our assumption of RgjjfM0:75

w is reasonable.
The scaling law consequentially results in different temperature

dependences of the labyrinthine formation for different PEO frac-
tions. At a specific Tc, for high-molecular-weight fractions
ðMw > 25;000Þ, L may be smaller than a critical value, so the
labyrinthine crystal patterns can be observed; for the lower
molecular weight fractions ðMw < 25;000Þ, the value of L may
exceed the critical value, then no labyrinthine but dendrite crystal
patterns would form. Actually, the labyrinthine crystal pattern can
only be observed for the PEO fractions with Mw � 25;000 g=mol at
Tc � 20 �C in our experiment. As to the PEO fractions with
Mw < 25;000, less entanglements between molecular chains and
less adsorbing points of a chain onto silicon surface greatly
strengthen the diffusion ability of macromolecules, and corre-
spondingly the value of L is much large, thus the labyrinthine
pattern formation may need a much lower Tc.

3.9. Temperature dependence of long period

Considering the temperature effects, L can be expressed as
LfM�0:24

w exp½DE=RTc þ KgT0
m=TcDT �. Then, the expression

lnðL=M�0:24
w ÞfDE=RTc þ KgT0

m=TcDT can eliminate the molecular
weight effect. According to the HL theory in polymer crystallization,
DE=RTc is the molecular transport term and KgT0

m=TcDT is the
secondary nucleation term. Fig. 10 shows the plots
lnðL=M�0:24

w Þ � DE=RTc vs. T0
m=TcDT of different PEO fractions. The

values of these fractions can be fitted well using a linear master
curve with a slope of 197.8 K except for the three points of 25k-PEO.
The deviation of the data of 25k-PEO may be because its molecular
weight is the onset of molecular weight for labyrinthine crystal
pattern at Tc � 20 �C. The linear fitting indicates a secondary-
nucleation-dominant temperature dependence of L. The slope of
the fitting line corresponds to the nucleation constant, Kg, in regime
III. It is worth to mention that T0

m is not involved in Kg in our result.
The value of Kg ¼ 197.8 K is close the data recently reported for
HMW PEO and LMW PEO both in bulk and in thin films [84–86].

3.10. Polymer chains joining crystal growing fronts

In three-dimensional (3D) space, random-coil polymer chains
may fold forward and backward to form switchboard crystals [87].
In the switchboard model, stems of a polymer chain may join
Fig. 10. Plot of lnðL=M�0:24
w Þ � DE=RTcvs:T0

m=TcDT of different PEO fractions, and
a linear master curve with a slope of 197.8 K except for the data of 25k-PEO.
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different lamellae, and the interlayers contain chain segments of
various lengths that connect the adjacent lamellae. In ultrathin
films, polymer chains take a pancake-like conformation in quasi-2D
space, and crystals on silicon surface are mono-layers. Then, the
process of a polymer chain joining crystal growing front in ultrathin
films may be different from that in 3D space. When 2Rgjj < L,
a polymer chain most likely joins an individual crystal branch.
When 2Rgjj > L, there are two possible cases: (1) A polymer chain
joins an individual crystal branch; (2) A polymer chain joins
different crystal branches. In the first case, some stems of a polymer
chain form a secondary nucleus on a crystal growing front, and then
other stems of the polymer chain follow the secondary nucleus to
join the crystal branch. As shown in Fig. 11a, for example, the black
chain and red chain join the crystal A1 and B1, respectively. In the
second case, because our experiments were performed in Regime
III, multiple secondary nuclei made it possible that stems in one
polymer chain might nucleate on different crystal growing fronts,
then the polymer chain may join more than one crystal branch.
Actually, in this case, the HL theory may be consistent with the
precursor theory to some extent. A pancake-like polymer can be
divided into many ‘‘blobs’’ (or quasi-2D discs) derived from blob
theory [88]. According to the precursor theory, mesomorphic layers
firstly form and then transform to be granular crystalline layers
within a ‘‘blob’’. At last, the granular crystalline layers within a blob
join a crystal branch. Statistically, the motion of every blob should
be independent, and they may join different crystal branches. As
Fig. 11b shown, the black blob and red blob join the crystal A2 and
B2, respectively. The neighbor crystal branches are connected by
uncrystallizing loops in the second case.

At low crystallization temperatures, the HL theory and precursor
theory seem to have a similar meaning because the barrier of either
secondary nucleation or forming granular crystalline layer is low
and similar. Then, in our experimental conditions, a polymer chain
is most likely to join different crystal branches as the second case.
At high crystallization temperatures, the barrier of forming gran-
ular crystalline layers is too high, so the HL theory seems more
reasonable than the precursor theory. Because of single or pauci
secondary nuclei in a polymer chain, a polymer chain joining
crystal should take the first case. Once a secondary nucleus forms
on the growing front, other stems of the polymer chain may join the
same crystal branch following the secondary nucleus as demon-
strated in Fig. 11a.
Fig. 11. Possible processes of a polymer chain joining growing fronts when 2Rgjj > L.
(a) A polymer chain joining an individual crystal branch. The black chain joining the
crystal A1. The red chain joining the crystal B1. (b) A polymer chain joining different
crystal branches based on blob theory. The polymer is composed of more than one
blob. The black blob joins the crystal A2. The red blob joins the crystal B2. The dot lines
between two branches represent uncrystallizing loops which connect neighbor
branches. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
4. Conclusion

In conclusion, a local-diffusion field condition was realized in
supercooled molten ultrathin films of HMW PEO fractions at the
condition far from equilibrium. This crystallization condition leads to
the formation of labyrinthine crystal patterns with a periodic feature.
The slow molecular diffusion and rapid crystal growth implied
a local-diffusion-limited growth mechanism different from the
conventional DLA model. The scaling relation between the long
period in the crystal width direction and molecular weight
LfM�0:24�0:03

w strongly supported our conclusion that the local-
diffusion-limited growth mechanism resulted in the labyrinthine
patterns. This mechanism can provide a basic understanding of the
liquid/melt-to-solid phase transition behaviors in similar conditions.
According to the HL theory, secondary nucleation dominated the
temperature dependence of L. The HL theory and precursor theory
had a similar meaning in our experiments, which implied a polymer
chain might join different crystal branches when 2Rgjj > L.
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