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Introduction

In the past decades the investigations on the crystallization
and crystalline structures and morphologies of crystalline
polymers have been highly focused.1 The findings have provided
an opportunity to have in-depth understandings of the nature
of long chain macromolecules. Lower molecular weight poly-
mers normally show an integral chain fold, so lamellar crystal
thickness is always an integral submultiple of the total chain
length and a step function of crystallization temperature. Folded-
chain (FC) lamellar crystals with different thicknesses cor-
respond to different morphologically metastable states, and only
extended-chain (EC) crystals are in the thermodynamically
equilibrium state. Because crystalline macromolecules kineti-
cally prefer to be folded several times to form FC lamellar crys-
tals under the supercooling condition, thin FC crystals will be
thickened to form thick FC crystals and finally EC crystals when
annealed in a temperature below the melting temperature.2-14

The lamellar thickening is in fact a typical transformation from
a metastable state with a lower stability to another metastable
state with higher stability and finally to the equilibrium state
(EC crystals). Thermodynamic driving force is to minimize the
surface free energy of the lamellar crystals.

Lower molecular weight poly(ethylene oxide)s (PEO) are an
ideal system of studying the thickening process and mechanism.
The previous studies have demonstrated that the lamellar
thickness of lower molecular weight PEOs are a function of
the crystallization temperature.15,16 Most interesting is a thick-
ness jump at a critical crystallization temperature due to the
different integral chain folds. Time-resolved small-angle X-ray
scattering (SAXS) has been applied to perform in-situ observa-
tions of the thickening process, and the effects of molecular
weight, end groups, and molecular architectures have been
studied.9 In our previous works, we have reported the spontane-
ous and inductive thickenings of lamellar crystal monolayers
of a low molecular weight PEO fraction (Mh n ) 5000 g/mol) on
silicon wafer surface measured by atomic force microscopy

(AFM).14 In those works we have demonstrated that some parts
of thin crystals could be spontaneously thickened via sliding
motion to result in the formation of thick crystals which could
further inductively thicken other thin crystals around via
melting-recrystallization. The average thickness of crystals
increases in a quantized manner with increasing temperature.
In this work we will report our new findings of thickening
kinetics of the bulk samples of the same PEO. The thickening
process from once FC crystals to EC crystals in the iso- and
nonthermal conditions was tracked using a quasi-time-resolved
SAXS. Our focus will be placed on the thickening kinetics from
once FC to EC crystals occurring in a narrow temperature
regime below the melting point. Our finding shows that this
thickening process can be well described by an exponential,
different from the crystallization from melt.

Results and Discussion

Lamellar Thickening during Heating Process.Figure 1a
shows the SAXS profiles of a sample when was heated from
26 to 60°C. The recording time for each profile is 1800 s. The
long periods were determined from the position of peak maxima,
and they change with the temperature (see Figure S1 in the
Supporting Information). AtT e 49 °C the SAXS profiles have
three peaks, and their long periods are 16.0, 8.2, and 5.6 nm.
The 1:2:3 ratios mean again that the 16.0 nm lamellae are the
dominated structure. At 50e T e 60 °C the scattering intensity
of the peak atq ) 0.39 nm-1 starts to rapidly increase, meaning
a growth of the 16.0 nm lamellar structure. Most interesting is
the appearance and growth of three new peaks atq ) 0.19,
0.59, and 1.00 nm-1, respectively, indicating the formation of

* To whom correspondence should be addressed. E-mail: weiwang@
nankai.edu.cn.

Figure 1. (a) Lorentz-corrected SAXS intensity profiles of a sample
during the heating process from 26 to 60°C. The recording time is
1800 s for each profile. (b) Temperature dependences of the integrated
SAXS intensities of the first-order peaks of 1FC and EC crystals.
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new and thick lamellar structure(s). The long periods of these
peaks are 33.2, 16.0, 10.6, 8.3, 6.3, and 5.6 nm. Their ratios
are approximately 1:2:3:4:5:6.

Figure 1b shows the temperature dependence of the integrated
intensities of EC and 1FC.17 At T < 55 °C the integrated
intensity of 1FC crystals grows. EC crystals start to form atT
) 49 °C, and its integrated intensity grows rapidly until 60°C.
The intensity increases of 1FC and EC crystals may be due to
the crystallization of noncrystalline molecules.

Lamellar Thickening at Constant Annealing Tempera-
tures. The further SAXS experiments were performed at 54e
T e 58 °C to monitor the formation of the EC crystals. Figure
2 shows the two sets of SAXS profiles obtained atT ) 55 and
58 °C. (The data obtained atT ) 54, 56, and 57°C can be
found in Figure S2 in the Supporting Information.) There are
six scattering peaks in overall annealing process. The long
periods are 31.9, 16.3, 10.5, 8.5, 6.3, and 5.7 nm atT ) 58 °C.
These long periods remain constant in the time regime covered

in this experiment (see Figure S3 in the Supporting Information).
In Figure 2 the intensity increase of the first peak with a 31.9
nm long period indicates the formation and growth of EC
crystals with increasing annealing time. Its intensity increase
also results in the relative changes of other scattering peaks at
a certain extent.

Figure 3 illustrates the integrated intensities as a function of
the annealing time atT ) 58 °C. The integrated intensity of EC
crystals grows but that of 1FC crystals decays. Those can indi-
cate that EC crystals form and then grow while 1FC crystals melt.

Thickening Kinetics. To study the kinetics of thickening
process during isothermal annealing, a quantitative analysis of
the scattering intensity curves was carried out by the least-square
fitting. The measured scattering intensities,I1(q) ) I(q)q2, are
fitted well using the Lorentzian function for the crystalline peaks
and the exponential decay function for background scattering:

whereAn and tn are the parameters of background scattering,
Ai andWi are the areas and full widths at half-maximum, and
xc is the position of peak maximum.

The fitting result meets the experimental curve very well (see
Figure S4 in the Supporting Information). The areas,AEC and
A1FC,under theECand1FCscatteringpeaksare the integratedscat-
tering intensities,IEC and I1FC, which are proportional to the
contents of these crystals. Figure 4a displaysAEC ∼ t curves ob-
tained at different annealing temperatures. The relation between
AEC and t can be well described by an exponential equation:

Figure 2. Time evolution of Lorentz-corrected SAXS intensity profiles
for the samples annealed at 55°C (a) and 58°C (b).

Figure 3. Time dependences of the integrated SAXS intensities of
the first-order peaks of 1FC and EC crystals at 58°C.

Figure 4. (a) Time dependences of the integrated SAXS intensity of
extended chain lamellae at different annealing temperatures. The solid
curves are the fitting results using eq 2. (b) Arrhenius plot of the rate
constants and inversed absolute temperature. The activation energy is
224.4( 22.4 kJ/mol.
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whereA(T,t)0) is the peak area att ) 0 andk(T) is a rate
constant. According to Arrhenius theory, the rate constantk(T)
is a function of temperature

wherek0 is the temperature-independent preexponential factor,
∆E is an activation energy, andR andT are the gas constant
and the absolute temperature, respectively. The least-squares
linear regression of data of lnk against 1/T determines∆E/R
(see Figure 4b). The activation energy,∆E, is found to be 224.4
( 22.4 kJ/mol for the EC crystal formation.

Thickening Mechanism.The thickening observed is a typical
Ostwald ripining18 of lamellar crystals. Thermodynamic driving
force of the thickening is naturally to minimize the surface free
energy of the lamellar crystals. The high free energy of folded-
chain surface caused by chain folds dominates the total free
energy, so minimization of the free energy of folded-chain
surface becomes the key driving force of the thickening of
lamellar crystals. Because the low molecular weight PEOs prefer
integral chain folds to avoid defects of chain-end groups forming
within the lamellar crystals, the thickening is in a quantized
manner.

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 through an amorphous layer via
sliding motion along the crystallographicc-axis.3,6,7,9-11,14

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 recrystallization into thicker lamellae.2,4,7,8,14

In fact, these mechanisms clearly involve three important steps
as follows: The molecules leave or melt from thinner crystals
(the ordered but less metastable state). They enter and then
diffuse through the amorphous phase (disordered state) toward
thicker crystals. Finally, they enter or are absorbed by and
recrystallize in the thicker crystals (ordered and more metastable
or finally equilibrium state). The most difficult step of the three
will determine the entire thickening process.

In Figure 4a we have demonstrated that thickening process
can be well described by an exponential (see eq 2). It is
interesting to mention that this equation is totally the same as
that used to describe the center-of-mass diffusion. If the diffusion
through the amorphous phase was the key step, the mechanism
of controlling the entire thickening process might be a linear
chain motion. The high activation energy (224.4( 22.4 kJ/
mol) also reflects the motion difficulty of the long chain
macromolecules. Possibly, it is a cooperation process in which
a number of molecules move simultaneously.

Conclusion

In this work we have used quasi-time-resolved SAXS to
investigate the thickening process and kinetics of a PEO with
a molecular weightMh n ) 5000 g/mol. In the initial samples
once-folded lamellar crystals are the dominate structure. When
they were heated to 50°C, the once-folded chain lamellae started
to melt and then gradually formed extended-chain (EC) crystals.
The growth kinetics of EC crystals, obtained in isothermal
experiments at 54e T e 58 °C, show that the thickening
kinetics might be controlled by a center-of-mass diffusion with
an activation energy of 224.4( 22.4 kJ/mol. The suggested
mechanism is as follows: The molecules melted from thinner

crystals (the ordered but less metastable state) first enter the
amorphous phase (disordered state). Then they diffuse through
the amorphous phase toward the thicker crystals and finally are
absorbed by and recrystallize in the thicker crystals (ordered
and more metastable or finally equilibrium state).
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