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The structural development during cold crystallization of poly (i-lactide) has been explored by time-
dependent Fourier transform infrared spectroscopy and depolarized light scattering, respectively. It is
indicated that the conformation-sensitive 956 cm~! band changes first during induction period, followed
by formation of 105 helix sequence (921 cm~! band) in the disordered crystals; after that, the inner
structure of new-formed disordered crystals is further perfected, giving rise to frequency shift of 871 cm™!
band to higher wavenumber. Moreover, the formation and subsequent perfection of disordered crystals
are also evidenced by the sharp transition of integrated scattering intensity revealed by depolarized light
scattering measurements. It is strongly suggested that the cold crystallization of poly (L-lactide) follows
a sequential ordering or multi-step process at atomic scale. Furthermore, such a sequential ordering is
independent of crystallization temperature and the thermal history (melt cooling rate) of samples prior
to cold crystallization. Increasing crystallization temperature or decreasing melt cooling rate just
shortens the onset time related to above-referred each step.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Though extensive efforts, the molecular mechanism regarding
that how random coils of a crystallizeable polymer is arranged into
three-dimensional ordered crystal still remains mysterious [1-8].
In a common sense, this arrangement during polymer crystalliza-
tion must involve intermolecular positional and orientational
ordering as well as intramolecular conformational ordering at
atomic scale, except for some specific cases where these ordering
process are not necessarily coupled to each other [9]. Naturally,
a question arises: do these ordering processes occur simulta-
neously or sequentially during polymer crystallization? In the
classical crystallization theories, it is assumed that intramolecular
and intermolecular ordering occurs simultaneously while a poly-
mer chain is adsorbed on the crystal growth front to fit into the
crystal lattice. In contrast, a few experiments indicate that the
intramolecular conformational ordering is prior to intermolecular
ordering, suggesting sequential ordering with respect to formation
of ordered crystals. An example is originated from the spinodal-
assisted crystallization [10,11], where the liquid-liquid separation
prior to crystallization involves the coupling of density fluctuation
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and intramolecular conformational ordering. Another instance of
sequential ordering comes from the idea of conformational regu-
lation and pre-ordering before onset of crystallization [12,13]. It is
indicated that the structural adjustment during polymer crystalli-
zation is not only cooperative but also sequential. In spite of
quiescent conditions, furthermore, intramolecular conformational
ordering can be decoupled with intermolecular ordering during
polymer crystallization under external force [14,15], for instance
shear-induced crystallization.

The evidences of sequential ordering strongly suggest that
formation and growth of the ordered crystallites is not a one-step
process but follows a multi-step route. Recently, Strobl has
proposed that the formation of lamellae also involves a multi-step
process, i.e. from the melt via mesomorphic and granular crystal-
line layers to lamellar crystallites [16,17]. It is suggested that the
layer at crystal growth front is composed of stretched sequences
with conformational defects in a liquid-like intermolecular
packing. Thus, the density and anisotropy in the layer is slightly
above that of the isotropic melt, away from the value in the crystals.
With elapse of crystallization time, it is conjectured that the extent
of ordering in this imperfect layer, including intramolecular
conformational and intermolecular orientational ordering, can be
further improved, giving rise to ordered crystals finally.

In this study, the structural changes during cold crystallization
of PLLA have been monitored by time-dependent Fourier transform
infrared spectroscopy (FTIR) and depolarized light scattering
measurements, respectively. Our results indicate that the cold
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crystallization of PLLA follows a multi-step route at atomic scale.
The intramoleuclar conformational ordering sets in first during
induction period, followed by formation of 103 helix sequence in
the disordered crystals; after that, further perfection of new-
formed disordered crystals is brought out with elapse of time,
giving rise to significant frequency shift of 871 cm~! band as well as
steep increasing of integrated scattering intensity.

2. Experimental
2.1. Material and sample preparation

A commercial poly (i-lactide) (PLLA), supplied by Brightchina
Industry Corporation, China, was used in this study. It had
a viscosity-average molecular weight of about 100 kg/mol, a melt
flow index of 17g/10 min and a melting point of about 153 °C. Films
with thickness of about 50 pum for the following FTIR, depolarized
light scattering and X-ray diffraction measurements were melt-
pressed in a hot stage at 190 °C. After being held for 5 min, films
were quenched into ice water (referred to q-PLLA) or cooled at
10 °C/min to room temperature (designated as 10c-PLLA), respec-
tively. Note that to avoid any possible aging effects all films were
freshly prepared prior to cold crystallization measurements.

2.2. Fourier transform infrared spectroscopy (FTIR)

The as-prepared film was first inserted between two ZnSe plates
and then the sandwich was fixed in the hot stage, which was placed
in the sample compartment of a Thermo Nicholet FTIR spectrom-
eter. Thereafter, the sample was heated rapidly to the desired cold
crystallization temperature and held isothermally during cold
crystallization. The IR spectrums at each cold crystallization
temperature were collected at a resolution of 4 cm™! and a total of
16 scans were added.

2.3. Depolarized light scattering (DPLS)

A polarized solid laser with a wavelength of 532 nm was applied
vertically to the as-prepared film sandwiched between two glass
coverslips in the hot stage that was same to that used in the FTIR
measurements. The scattered light was passed through an analyzer
and then onto a highly sensitive charge-coupled device (CCD)
camera. Note that a small cylinder was used as a beamstop. Only
depolarized Hv geometry was used for all measurements in this
study, i.e. the optical axis of the analyzer was set perpendicularly to
that of the polarizer. The experimental procedures of cold crystal-
lization in the DPLS measurements were identical to those used in
the FTIR measurements. The input data from the CCD camera was
digitized and stored in a personal computer for further analysis. The
integrated intensity over the scattering plane with q range between
0.3 and 3.2pm~! was adopted to explore the formation of aniso-
tropic objects during the early stage of cold crystallization. Note
that for all data analysis the background scattering was subtracted.

2.4. X-ray diffraction (XRD)

The as-prepared films were first isothermally cold crystallized at
selected temperature in the above-referred hot stage for desired
period, and then quenched into ice water again. XRD measure-
ments were conducted on an X-ray diffractometer equipped with
an X-ray generator and a goniometer at room temperature. The
X-rays were generated at 35 kV and 60 mA and the wavelength of
the monochromated X-ray from CuK, radiation was 0.154 nm.

3. Results and discussion
3.1. Cold crystallization of q-PLLA

Fig.1is the time-dependent IR spectra in the wavenumber range
between 980 and 820 cm ™! during cold crystallization of q-PLLA at
90 °C. It is indicated that three absorption bands, located at 956,921
and 871 cm™, respectively, change significantly with elapse of time.
The bands at 956 and 921 cm™, arising from the coupling of C-C
backbone stretching [v(C-COO)] and the CHs rocking mode [r(CH3)],
show inverse intensity change while their peak positions remain
nearly intact. According to pioneering studies [18,19], the bands at
921 and 956 cm ™ lare ascribed respectively to the crystalline a(or o)
form with a 103 helix conformation and to the amorphous phase in
the PLLA. In contrast, the increase of intensity, accompanied by peak
shifting to higher wavenumber, is observed for the band at 871 cm™!
that is assigned to the C-C backbone stretching [v (C-COO)]. The
high frequency shifting of the band at 871 cm™! is originated from
the dipole-dipole interaction in the crystal lattice, an indicator of
formation of ordered structure during crystallization [19,20].

To further describe the structural changes, evolution of peak
intensity of above-referred bands with respect to time is deduced
from the IR spectra and corresponding results are collected in Fig. 2.
The intensity of each band changes little at the beginning, and then
follows monotonously upward (921 and 871 cm™!) or downward
(956 cm™1) trend, respectively, suggesting the proceeding of crys-
tallization. Finally, at the end of crystallization each band levels off.
For better understanding the intensity variation during the early
stage of crystallization, an enlarged view is also given in Fig. 2. The
onset time corresponding to the intensity change is determined by
the interception method, as adopted by other researchers [1]. It is
indicated that the intensity change of above-referred bands does
not occur synchronously but follows a sequential order with time.
The intensity of the band at 956 cm™! changes first, followed by
that at 921 cm~! and then at 871 cm~!, which is in accordance with
other observations [18,19].

Previous studies have indicated that, in addition to the v(C=0)
stretching vibration around 1760 cm™! and thev (C-0-C) skeletal
vibration in the wavenumber range of 1300-1000 cm!, the
vibration at 956 cm~! involving the coupling of C-C backbone
stretching [v(C-COO)] and the CHs rocking mode [r(CH3)] can be
qualitatively correlated with the change of conformational state
during induction period, though the conformation-sensitive bands
in the FTIR spectrum of PLLA have not been clearly assigned at
present [19]. Since the intensity change of 956 cm~! precedes that
of 921 cm™! crystalline band, it can be deduced that the confor-
mational adjustment in the entangled amorphous phase precedes
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Fig. 1. Time-dependent IR spectra during cold crystallization of q-PLLA at 90 °C.
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Fig. 2. Intensity change of indicated bands with time during cold crystallization of
q-PLLA at 90 °C: (a) global view, and (b) enlarged view.

the formation of helix sequence in the crystals. As stated in the
introduction section, conformational adjustment and pre-ordering
prior to formation of crystals have been confirmed by FTIR during
crystallization of poly (bisphenol A-co-decane ether) [21] and
syndiotactic polystyrene [13] according to the asynchronous
change between conformation- and crystalline-sensitive bands.
Moreover, it has been demonstrated that during cold crystallization
of PLLA at low temperature the conformational adjustment is also
prior to the formation of 103 helix sequence arranged in the crystal
lattice [19]. Considering the conformational state and conformer
distribution of PLLA [22,23], furthermore, it is suggested that
conformational rearrangement of PLLA from gg to gt occurs during
induction period.

The conformational adjustment prior to crystallization can also
be deduced from the room temperature XRD profiles of PLLA cold
crystallized at 90 °C for desired period. Fig. 3 presents such results.
Consistent with the structural evolution in the FTIR measurements,
during induction period no crystalline diffraction peak can be
observed from the XRD profiles. Until the intensity of 921 cm™!
crystalline band changes is the reflection of (200)/(110) crystal
lattice brought out, further suggesting that the formation of 103
helix sequence is accompanied by the intermolecular ordering in the
unit cell. The crystals formed at low temperature are imperfect, and
intramolecular conformational and intermolecular orientational
ordering is highly perturbed in the crystal lattice. It is manifested by
periodically distorted 103 helical conformation and reduced specific
interactions between neighboring chains [24-26]. Therefore, it is
expected that further structural ordering in the crystals will proceed
with elapse of time, which in turn gives rise to the emergence of
other diffraction peaks, in addition to the reflection of (200)/(110)
crystal lattice at later stage of cold crystallization (see Fig. 3). Note
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Fig. 3. Room temperature XRD profiles of q-PLLA after cold crystallization at 90 °C for
desired period (indicated by the number in the legend).

that from XRD profiles it is impossible to determine the precise
onset time related to such an ordering process because of significant
background noise. However, the perfection of initial disordered
crystals during crystallization, on the other hand, manifests itself by
the lagged intensity change of 871 cm~! band shown in Fig. 2. As
demonstrated by Zhang et al. [18], both 871 and 921 cm~! bands are
belong to the 103 helix conformation of PLLA and their sequential
order during crystallization is attributed to the different critical
sequence length of helix unit (the critical sequence length is shorter
for the 921 cm~! band than 871 cm™~' band). Later, with further
considering the frequency shift to higher wavenumber of 871 cm™!
band, Pan et al. has suggested a transition to an ordered structure
during crystallization of PLLA [19]. Its rationale lies in that the
frequency shift to higher wavenumber is originated from the tran-
sition dipole coupling interactions between chains contained in the
unit cell of PLLA [20]. Increasing the relative orientation of inter-
acting groups can give rise to enhanced strength of dipole-dipole
interactions and thus frequency shift of 871 cm~! band. Hence, it can
be expected that the rotational and longitudinal defects in the initial
disordered crystals have been further improved in the subsequent
process of cold crystallization.

Perfection of initial disordered crystals, furthermore, is evi-
denced by the time-dependent depolarized integrated scattering
intensity, as shown in Fig. 4. During induction period no change of
integrated scattering intensity can be observed. While the crystal-
lization sets in the orientation fluctuation from the anisotropic
crystals under polarized Hy, conditions gives rise to the increased
integrated scattering intensity above background [1,27,28]. This
argument is based on the fact that the onset time t; obtained from
depolarized light scattering measurements is consistent with that
corresponding to the intensity change of 921 cm™~! band. Note that
the scattering patterns are isotropic during the desired period of
crystallization where the crystallinity deduced from the XRD
profiles is no more than 4% (the four-leaf clover pattern is observed
only at late stage of cold crystallization). As mentioned above, the
new-formed crystals are composed of stretched sequences with
conformational defects in a liquid-like intermolecular packing, and
the anisotropy (birefringence) is slightly higher than that of back-
ground. With proceeding of crystallization perfection of the initial
disordered crystals can result in significant birefringence and thus
the steep increasing of integrated scattering intensity can be
expected. Note that at the early stage of cold crystallization it seems
impossible to correlate the steep increasing of integrated scattering
intensity with sharp increased volume fraction of formed crystals,
i.e. crystallinity (see the intensity of 921 cm~! band in Fig. 2). It is
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Fig. 4. Time-dependent integrated scattering intensity during cold crystallization of
q-PLLA at 90 °C.

the fact in this case, and the onset time ¢, is exactly same to that
related to the intensity change of 871 cm~! band shown in Fig. 2. It
further confirms a transition of initial disordered crystals to
ordered ones at later stage of cold crystallization of PLLA.

Evidence of sequential ordering during cold crystallization of
g-PLLA is also supported by the results obtained at higher
temperature than 90 °C, as shown in Fig. 5. It is indicated that at
each selected temperature the intramolecular conformational
adjustment (956 cm~! band) is always prior to formation of 103
helical conformation (921 cm~! band), followed by a transition of
initial disordered crystals to ordered ones (871 cm~' band).
Moreover, the onset time t; and t; related to the sharp transition of
integrated scattering intensity are consistent with those corre-
sponding to intensity change of 921 and 871 cm™! band, respec-
tively. Increasing crystallization temperature has no effect on the
sequence of above-referred ordering processes and only accelerates
the intramolecular conformational ordering as well as intermolecular
ordering due to enhanced chain mobility at high temperature.

The above results explicitly illustrate the cold crystallization of
q-PLLA follows a sequential order, as schematically shown in Fig. 6:
1)intramolecualr conformational ordering, 2) formation of 103 helix
sequence as well as disordered crystals, 3) a transition of initial
imperfect crystals to ordered ones. It means that the formation of
ordered crystals during cold crystallization of q-PLLA involves

401 % o 956 (IR)
© 921 (R)
A 871 (R)
£ 30 - + t(LS)
£ X X t,(LS)
[
Eol| ¥
-
% &
2 R %
o 104 O ¢
o o +
[m]
0 T T

90 95 100 105 110 115

Temperature (°C)

Fig. 5. Comparison of onset time of indicated bands during cold crystallization of
q-PLLA at various temperatures. The onset time t; and t; related to the sharp transition
of integrated scattering intensity obtained from DPLS measurements at the same
conditions is also included.
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Fig. 6. Schematic diagram of sequential ordering at atomic scale during cold crystal-
lization of PLLA.

a multi-step process. However, this multi-step process refers to the
structural evolution in the unit cell at atomic scale, which is different
from that proposed by Strobl [16,17]. In his crystallization model the
multi-step process describes the formation of lamellar crystals at
nanometer scale. May be the mesomorphic layer at the growth front
of lamellae, composed of stretched sequences with conformational
defects in a liquid-like intermolecular packing, is similar to the
disordered crystals described in our case. And a transition of the
mesomorphic layer to the granular crystals with ordered inner
structure is somewhat in accordance with the perfection of disor-
dered crystals shown in Fig. 6.

3.2. Cold crystallization of 10c-PLLA

PLLA cannot crystallize upon cooling from the melt even at
10 °C/min, giving rise to formation of amorphous glass. Even so, the
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Fig. 7. Time-dependent absorbance (a) and integrated scattering intensity (b) during

the early stage of cold crystallization of 10c-PLLA at 90 °C. Its XRD profile prior to cold
crystallization measurements is also included in (b).
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subsequent process of cold crystallization of such a sample can be
accelerated as compared with that of quenched one [29]. It seems
that the conformational adjustment and ordering occur during
cooling though no crystals are formed, which further suggests the
intramolecular conformational ordering can be decoupled with the
intermolecular ordering related to formation of crystals. Similar
arguments can also be found in a study dealing with the effect of
physical aging on the crystallization kinetics and induction period
of PLLA [19]. It is believed that the conformational rearrangement
occurs during aging process [19,30], which in turn shortens the
induction period of PLLA during subsequent cold crystallization. To
further clarify this, the structural change during cold crystallization
of 10c-PLLA (cooled at 10 °C/min from the melt) is monitored in this
case by FTIR and DPLS measurements, respectively. The corre-
sponding results are presented in Figs. 7 and 8. Note that the
sample cooled at 10 °C/min from the melt is amorphous, indicated
by absence of any diffraction peaks in the XRD profiles shown as
inset in Fig. 7. Similar to that of quenched ones, as expected, the
cold crystallization of 10c-PLLA also proceeds via a multi-step

process, indicated by the sequential change of intensity of 956,921
and 871 cm~!, respectively. Moreover, the formation and subse-
quent perfection of disordered crystals are also evidenced by the
sharp transition of integrated scattering intensity obtained from
the DPLS measurements. The difference of crystallization behavior
between 10c-PLLA and q-PLLA is that decreasing melt cooling rate
shortens onset time of each step, due to increased available time for
conformational rearrangement during cooling process, especially
while the cold crystallization temperature is no more than 105 °C (as
shown in Fig. 8). At 115 °C the onset time related to each step is nearly
independent of previous melt cooling rate, which may be due to the
enhanced chain mobility at such a high temperature. The accelerated
crystallization may overwhelm the structural pre-adjustment
expected in the 10c-PLLA that cooled at 10 °C/min from the melt.

4. Conclusion

Time-dependent FTIR and DPLS measurements have explicitly
confirmed that the cold crystallization of PLLA follows a sequential
order at atomic scale: 1) intramolecualr conformational ordering,
2) formation of 103 helix sequence as well as disordered crystals, 3)
a transition of initial imperfect crystals to ordered ones. Moreover,
increasing crystallization temperature or decreasing melt cooling
rate has no influence on the sequence of above-referred ordering
processes, and only shortens the onset time of each step in such
a multi-step process.
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