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ABSTRACT: Crystalline macromolecules form folded-chain lamellar and metastable crystals. Annealing
at a temperature below melting point results in a thickening of the metastable crystals to construct more
stable ones. Such a process was visualized by AFM equipped with a hot stage in monolayers of poly-
(ethylene oxide) lamellar crystals on a silicon wafer surface. Our observations show that the monolayers
can be thickened in a stepwise manner during stepwise heating to temperatures below the melting point.
Our analyses show the thickening process and mechanism as follows: At the first step a small portion
of the lamellar crystals have the capability to be spontaneously thickened into a thicker one at a certain
temperature range, giving rise to a difference in lamellar thickness. In the following step the thinner
lamellae are forced to melt, and then the melted molecules enter an amorphous phase in which they are
transported toward the thicker lamellae and finally recrystallize in the thicker ones. This inductive
mechanism is analogous to the evaporation-condensation mechanism.

Introduction

Because of their long chain nature, crystallization and
melting of linear macromolecules are highly complex
processes in comparison with small molecules.1-6 Under
the supercooling condition macromolecules kinetically
prefer to be folded several times to form folded-chain
(FC) lamellar crystals, of which thickness is normally
less than the contour length of molecules. However, the
thermodynamically equilibrium state of the lamellar
crystals is reached only when extended-chain (EC)
lamellae are formed, meaning that FC lamellae are
morphologically metastable.5 Therefore, the number of
folds or the thickness of FC lamellae will depend highly
on the crystallization condition. In the past decades
small-angle X-ray scattering (SAXS), differential scan-
ning calorimetry (DSC), and polarized light microscopy
(PLM) are the methods to study the crystallization and
melting processes occurring in bulk samples. Recently,
using an atomic force microscope (AFM) equipped with
a hot stage allows to visualize in real space and to trace
in real time crystallization and melting of thin film
specimens.7-10 The results obtained do help us have a
better understanding of the molecular mechanism.

Thickening of FC lamellae is an intriguing ordering
process which has been intensively studied experimen-
tally and theoretically in the past decades.11-38 Poly-
ethylene (PE) and poly(ethylene oxide) (PEO), in par-
ticular their low molecular weight fractions with mono
or narrow mass distribution,6 have been highly focused
on. SAXS, DSC, PLM, and Raman spectrometry are the
methods used frequently to follow the thickening pro-
cess. There are two main mechanisms that have been
proposed to explain the thickening process. One of them
is the sliding motion mechanism in which molecules in
thinner lamellae are suggested to migrate to adjacent

lamellae via sliding motion.15,18,22-25,27-29,31 According
to this mechanism, the thickness of the thickened
lamellae is normally doubled. Melting-recrystallization
is another important mechanism which emphasizes
melting of thinner lamellae and then recrystallization
into thicker lamellae.12,13,16,25,26,31 Recently, AFM has
been also employed to the thickening process of PE
single crystals35,36 and PEO lamellar crystals in bulk
samples.31 Unfortunately, these works cannot provide
more details of the thickening process as well as the
mechanism. Accordingly, we are still far from a complete
understanding of the molecular mechanism mainly
because of a lack of actually characterizing the thicken-
ing process.

The first-order transition of binary systems is one of
important topics of condensed matter physics when
rapidly quenched from a one-phase, thermal equilibrium
state to a one-phase, nonequilibrium state.39-41 Such a
quenched system then gradually develops from this
nonequilibrium state to an equilibrium thermodynamic
state that consists of two coexisting phases. When the
system consists of a minority phase in droplet form
suspended in a supersaturated phase, Lifshitz and
Slyozov42 and Wagner43 derived a famous theory to
describe the growth dynamics of droplets at a late stage.
Assuming that droplets are sufficiently large and with
low mobility, the physics of this late stage growth is that
droplets, larger than a critical size, will grow by absorb-
ing material from droplets having a size smaller than
the critical size until they are finally dissolved; that is
an evaporation-condensation mechanism. The driving
force is to minimize the interfacial free energy between
two phases. Such a growth and coarsening process is
normally called Ostwald ripening.44,45

In this work, we will report our experimental study
regarding the thickening process of a monolayer of PEO
lamellar crystals on a silicon wafer surface obtained by
AFM in real space. Our observations indicate that the
thickening process should be divided into two steps: At
the first step a small portion of the lamellar crystals
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have the capability to be spontaneously thickened into
a thicker one at a certain temperature range, giving rise
to a difference in lamellar thickness. And then, they will
force the thinner lamellae to melt and then to recrystal-
lize in the thicker ones. In other words, these thinner
lamellae are inductively thickened. We will emphasize
that the process is a typical Ostwald ripening,44,45 and
the mechanism of the inductive thickening is analogous
to the evaporation-condensation mechanism.42,43 Most
significantly, this is the first time that such a mecha-
nism can be employed to the systems composed of the
crystals with high anisotropy in surface tension.

Experimental Part
In this work we selected a poly(ethylene oxide) (PEO) with

a low molecular weight (Mh n ) 5000 g/mol) and a narrow
molecular weight distribution (Mh w/Mh n ) 1.05) as the model
system. This is because this PEO may form lamellae of
thickness l, which is always an integer submultiple of the total
chain length L, l(n) ) L/(n + 1), where n is the number of
folds (quantized folding).11,14 The polymer used was purchased
from Fluka. The maximum length of the molecules in the fully
extended form is L ) lmN ) 31.6 nm.20

To visualize in real space and to track in real time the
thickening process of PEO lamellar crystals, we used an atomic
force microscope (Digital Instrumental Nanscope IV) equipped
with a hot stage and a temperature controller with which the
temperature can be precisely controlled to (0.1 °C. All
measurements were performed in a tapping mode. The condi-
tions used in our in-situ measurements are to heat the samples

from room temperature to the melting temperature of this
PEO, as schematically shown in Figure 1. The temperature
increment is 1 °C. At each temperature one scan was per-
formed which could be completed within about 4 min. The
temperature preset and the height measured were calibrated
using the standard samples provided by Digital Instruments.

The samples were prepared as follows: The toluene solu-
tions with a concentration of 0.01-0.02 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 room temperature. The
samples were dried at normal atmosphere overnight and then
were treated in a vacuum oven at room temperature for 12 h.
Our AFM measurement shows a monolayer of lamellar
crystals with fractal-like patterns on the surface of the silicon
wafers through diffusion-limited aggregation.37,38

Results and Discussion

Crystal Patterns of Fresh Samples. Following our
specimen preparation method mentioned above, fractal-
like patterns, formed by lamellar crystals of PEO,
appear on the surface of the silicon wafers, as shown
by the AFM height and amplitude images in Figure 2.
Clearly, the pattern shown in Figure 2 is similar to
those reported in refs 37 and 38 although different
sample preparation methods were used. This means
that the same diffusion-limited aggregation mecha-
nism46 creates a similar pattern. Differently, we can
create such a pattern on the whole surface of the wafer.
The measured thickness of the lamellar crystals is
normally between 6 and 7 nm, so the chains are folded
about 4-5 times. Most importantly, it is a monolayer
of the lamellar crystals that lies on the wafer surface
with a free surface, as demonstrated by a three-
dimensional image in Figure 3, which shows an en-
larged part of the fractal-like crystals. The c-axis of the
crystals is perpendicular to the wafer surface or parallel
to the thickening direction.37,38 So, such specimens are
ideal for studying the thickening process of macromo-
lecular crystals by AFM.

Change of Crystal Pattern with Temperature.
The change in pattern of monolayers, which is shown
in Figure 3, with temperature (in a range of 24-62 °C)

Figure 1. Experimental conditions used during AFM mea-
surements.

Figure 2. AFM height and amplitude images showing the fingerlike pattern of a monolayer of PEO crystals on the silicon wafer
surface. This sample was prepared by dropping a dilute solution of PEO in toluene on the silicon wafer surface.
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was shown by the 12 selected height images in Figure
4. These images along with many others (not shown
here), which were taken from the same area, evidently
present a clear picture of the variations of the monolayer
in shape, size in x-y plane, and height (or thickness)
in the z-direction when the temperature gradually
increases to 62 °C, the melting point of this PEO. The
entire process started with a gradual loss of the con-
nectivity of the fractal-like pattern at about 34 °C to
form several isolated fragments with irregular shapes
(see images a-d). This is a typical process relating to
the fragmentation of two-dimensional fractals.47-49 In
images a and b we can see pronounced rims which are
slightly higher than the crystals in the internal areas.

This slight difference in height produces disappearance
of the internal crystals, so the fragments are with some
holes at first (see image b) and then more irregular in
shape (see images c and d). The further increase of the
temperature caused an obvious change of irregularly
shaped fragments into round-shaped islands (see images
e and f) and then an reduction of the island number (see
images f to d). Normally, the size of most islands was
gradually shrinking, except the one pointed out by arrow
D. As demonstrated by images j to l, its size reduced
upon 60 °C and disappeared at 62 °C. (After determining
the thickness, we found that this is the equilibrium
melting temperature.) To easily study the process and
mechanism of the PEO monolayer, we focus on four
areas as pointed out by the arrows A to D.

Change of Sizes of Total Area and Some Isolated
Islands. The temperature dependence of the total area,
A, of the crystals and its differential, dA/dT, are shown
in Figure 5. The total area continuously decreases with
increasing temperature in a stepwise manner, indicat-
ing a stepwise melting of most relatively thinner
crystals. The four peak temperatures of the differential
curve correspond to the four thickening temperatures,
Tth

total, reflecting an average change of the four thicken-
ing processes. They are 34, 42, 48, and 55 °C, respec-
tively. Figure 6B-D shows the area change of the three
isolated islands B to D. The area B shrinks and
disappears at 45 °C. The area C shrinks slightly before
42 °C, keeps at a constant to 47 °C, and then grows from
47 to 52 °C. Starting at 52 °C, its area decreases
considerably and becomes zero at 57 °C. For area D its
area increases with different rates before 60 °C. From
the figure we can see the rate is speeded up twice at 50

Figure 3. Three-dimensional height image showing a mono-
layer on the silicon wafer surface.

Figure 4. AFM height images showing the variations of PEO lamellar crystals with increasing temperature. The scale in z-direction
is 40 nm for (a) to (h) and 100 nm for (i) to (l). The corresponding temperatures are 31 °C for (a), 35 °C for (b), 44 °C for (c), 48
°C for (d), 49 °C for (e), 51 °C for (f), 55 °C for (g), 56 °C for (h), 57 °C for (i), 60 °C for (j), 61 °C for (k), and 62 °C for (l). Arrows
A to D point out the areas of which size and height were measured.
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and 55 °C. It vanishes dramatically shortly before the
equilibrium melting point of this PEO sample.

Changes of Height and Volume. The thickening
process is reflected by the height change of the PEO
monolayer. So, the heights of the crystals were carefully
measured, and their change with temperature was

carefully analyzed accordingly. At the same time we
measured the volume of the isolated islands (or frag-
ments) and the volume change with temperature. In this
work we found that the average height measured cannot
correctly reflect the thickness variation of the crystals
because some crystals melt and then disappear, while
others are thickened. Therefore, we select the four
typical areas with a typical size about 250 nm × 250
nm, as also pointed out by arrows A to D in Figure 4a,
to track their thickness variation, as shown in Figure
7. The dotted lines show the thickness of the crystals
with different integer folds.

The monolayers in the areas A to C (and most areas
in Figure 3a) have an initial thickness about 6.3 nm,
meaning a 4-time fold. With increasing temperature to
35 °C the monolayer in the area A suddenly disappears,
as shown in Figure 7A. The monolayer in area B, nearby
area A, is thickened at 33 °C from 6.3 nm (4 folds) to
7.8 nm (3 folds) and at 42 °C to 10.5 nm (2 folds) (Figure
7B). But, its size is reduced in the interval of 36-45
°C. Its volume change, ∆V(45-36) ≈ 0 nm3, indicates
that melted molecules are reused by its own to build
up a thicker crystal until it finally disappears at 45 °C.50

The height variation of area C is totally same as that
of area B. The thickening occurs at 35 °C from 6.3 to
7.8 nm, at 39 °C to 10.5 nm, and at 46 °C to 15.8 nm (1
fold). Its size slightly decreases from 37 to 42 °C,
remains unchanged from 42 to 47 °C, dramatically
increases from 47 to 52 °C, and finally dramatically
decreases from 52 to 56 °C. At 56 °C it dissolves. The
corresponding volume changes are as follows: ∆V(43-
39) ) -6.5 × 104 nm3, ∆V(46-43) ≈ 0 nm3, ∆V(51-46)
) 2.6 × 106 nm3, ∆V(54-51) ≈ 0 nm3, and ∆V(54-57)
) -2.9 × 106 nm3. These illustrate that at the thicken-
ing from 7.8 to 10.5 nm this fragment loses material,

Figure 5. Temperature dependences of the total area, A, of
the PEO crystals (a) and its differential to temperature, dA/
dT (b). The error is smaller than (100 nm2.

Figure 6. Temperature dependences of the three selected
areas B to D. The error is smaller than (100 nm2.

Figure 7. Typical height variations with temperature for the
four selected areas. The dotted lines mark the lamellar
thicknesses of the crystals with different folds. The error is
smaller than (1 nm.
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but at the thickening from 10.5 to 15.8 nm it gains a
great amount of material from the thinner and melting
crystals around. Above 54 °C it fails the competition
with another stronger competitor(s) so it loses its
material completely.

Area D has an initial thickness of 7.8 nm, which
corresponds to a 3-time fold, 1 fold less than the other
areas. Because of this innate superiority, its thickening
takes place at 32 °C from 7.8 to 10.5 nm, at 34 °C to
15.8 nm, at 43 °C to 21.1 nm, and at 47 °C 31.6 nm (the
EC crystals) (see Figure 7D). Its size slowly increases
from 37 to 55 °C, then rapidly increases until 60 °C,
and finally reduces rapidly. In the interval of 55-60 °C
∆V ≈ 2.0 × 107 nm3. Above 60 °C only two crystals with
a thickness of 31.6 nm can survive in the frame scanned
until the melting point (62 °C). Their volume is about
6.9 × 107 nm3, approximately equal to the volume of
the PEO film at 30 °C, further meaning that all
molecules in the scanned frame are absorbed by them.

Thickening Temperature and Spontaneous
Thickening (ST) Mechanism. In this work we define
a thickening temperature Tth showing that the PEO
crystals can be spontaneously thickened from n to (n -
1) folds (see Figure 7). Table 1 summarizes Tth of the
areas A to D and measured from the variation of the
total area. Clearly, we can derive an inequality as

for the same thickening steps, illustrating that the
crystals in areas B to D can be spontaneously thickened
to 10.5 nm during the competition with crystal A and
many others. Meanwhile, in the competition between
crystals B to D, crystals C and D beat crystal B at the
step to 15.8 nm. Likewise, crystal D beats crystal C at
the step to 31.6 nm. In conclusion, the crystals having
the lower spontaneously thickening temperature will be
able to stand in the further competition.

Now we can understand why the growth rate of the
crystal D is speeded up twice at 50 and 55 °C (see Figure
4D). At the temperature range below 50 °C, crystal D
with some other ST crystals beat many thinner crystals
and shared the material lost by these thinner crystals.
In the temperature range between 50 and 55 °C, the
number of the crystals, which have been spontaneously
thickened so can share the lost material with crystal
D, becomes less because some former thicker crystals
cannot be spontaneously thickened at this step. So
crystal D can absorb more materials, and its growth rate
is increased. Upon 55 °C, crystal D with another one in
the scanned frame becomes the crystals that can be
thickened to EC crystal. So, they plunder all material
from other crystals with a higher growth rate.

Summary of the Physical Processes. In Figure 8
we summarize the processes that occurred when heating
the sample from room temperature to equilibrium
temperature. Under the conditions used, the lamellar
crystals are gradually thickened in the temperature
range from room temperature to 60 °C. On average the

thickening processes from 4 to 3 folds, 3 to 2 folds, 2 to
1 fold, and 1 to 0 fold occurred at about 34, 42, 48, and
55 °C, respectively.51 In the temperature range from 25
to about 44 °C, the main process is the fragmentation
of the fractal-like pattern, while the Ostwald repining
occurs in the range from 44 to 60 °C. The thickening of
the lamellar crystals causes these processes. At 60 °C
the lamellar thickness attains the EC thickness. Our
determination shows the same volume at 25 and 60 °C,
giving rise to an indication that this system is a
conserved one. Further increasing temperature to 62 °C
will cause melting of the EC lamellar crystals, so the
equilibrium melting point of this sample is about 62 °C.

InductiveThickening(IT)MechanismandEvapo-
ration-Condensation Mechanism. So far we have
demonstrated that at each thickening step only a small
portion of lamellar crystals can spontaneously be thick-
ened. Clearly, a difference in thickness is created. For
all thinner crystals their size decrease is clear-cut
evidence to indicate these crystals gradually melt and
then lose molecules laterally. The quantized thickening
and size growth of some spontaneously thickened crys-
tals indicate that they gain molecules from melted
crystals to build up more stable crystals. These mean
that the thinner crystals are inductively thickened. The
process may be schematically shown in Figure 9. A very
thin amorphous layer37,38 that should exist on the silicon
wafer surface plays a key role in transporting molecules
from a thinner lamella (n + 1 folds) to a thicker lamella
(n folds). The mechanism is as follows: The molecules
melted from thinner crystals (the order but less stable
state) first enter the amorphous layer (disorder state).
Then they migrate through the amorphous layer toward
the thicker crystals, and are finally absorbed by and
recrystallized in the thicker crystals (order and more
stable state). At a certain temperature there must be a
critical thickness, corresponding to a certain melting
point. The lamellae thicker than the critical value will
remain, but thinner than the critical value will dissolve.
This mechanism of the inductive thickening is greatly
analogous to the evaporation-condensation one42,43 for
the first time observed in a lamellar crystals formed by
chain-folding of linear macromolecules.

Table 1. Tth Detected from Areas A to B and the Total
Area

Nfn-1 Tth
A (°C) Tth

B (°C) Tth
C (°C) Tth

D (°C) Tth
total (°C)

4f3 32 33 34
3f2 42 39 32 42
2f1 47 34 48
1f0.5 43
0.5f0 47 55

Figure 8. Summary of the physical processes happened
during heating the sample to 62 °C.

Figure 9. Schematic representation of process and molecular
mechanism occurring in inductive thickening of this system.

Tth
D < Tth

C < Tth
B < Tth

total (1)
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Conclusion
In summary, our in-situ observations have demon-

strated a competition existing in the crystalline polymer
systems composed of lamellar crystals with different
thicknesses. Once a crystal is spontaneously thickened,
it becomes thermodynamically more metastable (or
stable for EC crystals), and its size may further grow
by “plundering” molecules from many thinner crystals
until dissolution finally occurs. In other words, the
thinner crystals are inductively thickened. The molec-
ular mechanism of the inductive thickening process can
be described by the evaporation-condensation mecha-
nism. For the first time this mechanism is extended to
a system that consists of lamellar crystals with different
thicknesses which have different stabilities.
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