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ABSTRACT: The conformational ordering in spherulites of isotactic polypropylene during growing process is
studied with in situ infrared microspectroscopic imaging. A comparison between the intensity distribution of
bands representing crystal and conformational ordering indicates that large concentration of conformational
ordered segments exist in the growth boundary region of spherulites, which suggests that conformational
ordering takes place before packing into crystal lattice in the growth boundary layer. The width of the growth
boundary layer is sensitive to temperature but keeps relative constant during isothermal crystallization
process. Though the interchain organization of the conformational ordered segments is not clear yet, con-
formational ordering in the growth boundary layer is assigned to be a preordering step of crystallization.

Introduction

Polymer crystallization is a long-standing challenge of polymer
physics, which has been attracting great efforts owing to its fun-
damental interest and industrial importance, as two-thirds of the
industrial polymers are crystallizable. During last 60 years, though
different theories or models have been developed to elucidate
molecular picture of polymer crystallization, no full agreement is
reached yet.'~'” One crucial issue is whether a preordering stage
exists before the onset of crystallization.

Lauritzen-Hoffman (LH) theory>® with nucleation and growth
as a stepwise process assumes a direct transition from entangled
polymer chains with random coil state to crystal occurring at the
growth front without any preordering stages, which has been
dominating the discussion of polymer crystallization during last
60 years although criticisms are always accompanied since its
establishment. Since 1990s, increasing evidence show that inter-
mediate processes via metastable structures take place durlng the
transformation from the entangled melt to the final crystal. *~
A spinodal-assisted process in induction period is concluded from
observations with small-angle X-ray scattering (SAXS), depolar-
ized light scattering (DPLS), and Fourier transform infrared
(FTIR). The observed orientation fluctuation is considered to be
nematic structure which is composed of conformational ordered
segments (CORS) in amorphous state before crystallization.'* !¢
Olmsteld et al. further developed a more general theory of spin-
odal assisted-crystallization.'” During last 10 years, evidence from
experiments and computer simulations have been collected to
support or oppose thisidea.'’ >* Instead of concerning the induc-
tion period, Strobl et al. proposed a multistage growth model. A
preordered structure is suggested to form at the growth front
which transforms to a granular cr¥stal state. Evidences from
atomic force microscope (AFM), the comparison of crystal-
lization and melting lines and etc., support the multistage process
with the existence of preordering.g’
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Though the detailed interchain organizations are different from
different models, it is generally accepted that conformational or-
dering must be a necessary step for both preordering mechanism
and nucleation theory.' ' Polymer ordering includes intrachain
conformational ordering and interchain orientational and posi-
tional ordering. The essential difference between crystallization
via a preordering step and the traditional view of nucleation and
growth model is whether intra- and intermolecular orderings
occur in sequence or simultaneously. Ideal crystal requires that all
orders are long-range, while preordering structures contain one
or two of them in which intrachain conformational ordering
seems to be essential. Thus, tracing intrachain conformational
ordering is the first step to unveil the complex ordering process of
polymer crystallization, which has been conducted by some
groups.” In the induction period, conformational ordering
has indeed been observed before the occurrence of crystallization.
It is natural to conjecture that conformational ordering should
also take place at the growth front of crystal. The existence
of conformational ordering may not directly support Strobl’s
model, but it certainly provides a different view from LH theory.
However, directly detecting the conformational ordering at the
growth front is a grand challenge, as it requires a spectral method
with spatial resolution in nanometers and time resolution in
seconds.

In this work, an indirect approach is employed to check the
existence of conformational ordering at the growth front, where
the conformation ordering and the growth of spherulite are
tracked with in situ FTIR microspectroscopic imaging. Instead of
detecting the growth front of spherulite, we extract information
on conformational ordering inside spherulite as the growth front
of spherulite is hard to define. The growth of spherulite proceeds
by branching and splaying of the dominant lamellae, which
provide the framework of spherulite within which plenty of melt
exists. A filling process is followed through a transformation
from melt to subsidiary lamellae.>' ~** This kind of geometry
sleads to tremendous difficulties in the investigation of the growth
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front of a spherulite as the relative content of dominant lamellae
is small. Our approach is to detect whether conformational
ordering exists in the melt within the framework of spherulite
during the filling process. A comparison between the bands rep-
resenting crystal and conformational ordering indicates that
conformational ordering does occur in the melt within spherulite.

Experimental Section

High-molecular-mass isotactic polypropylene (iPP) used in this
study was kindly supplied by SABIC-Europe. It has a melt flow
index about 0.3 g/10 min (230 °C/2.16 kg, ASTM D1238) and an
average M, and M,, of about 150 and 720 kg/mol, respectively.
The melting point is around 165 °C.

The IR imaging measurement was performed on IR spectros-
copy and microspectroscopic imaging endstation at National
synchrotron Radiation Laboratory. The endstation equips with
a Bruker HYPERION 3000 microscope coupled to Bruker IFS
66v FTIR spectrometer. With a 64 x 64 elements Focal Plane
Array (FPA) detector, 250 um x 250 um areas can be measured
fast. A homemade hot stage with a temperature uncertainty of
+0.1 °C is developed for the in situ experiment.

The iPP film of ca. 200 um thickness was put onto a ZnSe
window and heated up to 210 °C for 10 min to erase possible
memory effects. Then the film was cooled to 135 °C to initiate
nucleation. Then sample was heated up again to the required tem-
perature for isothermal crystallization and kept for 10 min to
reach the stably growing state before growth kinetic test. IR
spectra at a resolution of 4.0 cm™ ! were immediately collected
following the snapshot of optical imaging. For all experiments,
the measured spectrum wavenumber range was 3900—700 cm ™!
and 128 scans were taken for averaging. The baseline of spectra
was carefully adjusted uniformly using OPUS 5.5 package. Height
of peak is considered as integral intensities of the conformational
bands in all of IR data in this study.

Results

IR microspectroscopic imaging has been employed to investi-
gate the evolution of helical sequences of iPP with high spatial
and time resolution under different isothermal crystallization con-
dition. Herein, two conformational characteristic bands are used
for analysis. The one at 1303 cm ™' is taken to stand for crystal, as
it appears after the onset of crystallization, which has been as-
signed to helices with 13 monomers.””* The band at 998 cm™!
refers to conformational ordering as it exists in melt and increases
intensity sharply with the onset of crystallization, which has been
assigned to helices with 10 monomers.>”*> After the onset of crys-
tallization, the intensity of 998 cm™' band is contributed by both
crystal and melt. If a preordering including conformational order-
ing takes place, the intensity of 998 cm ™' band also contains the
contribution of preordering. For the convenience of description,
we define these three contributions as crystal, conformational
ordered segments from normal melt (CORS,,) and conforma-
tional ordered segments from preordering (CORS,,).

A typical optical microscope image is shown in Figure 1A,
which was caught in an isothermal process at 145 °C (Figure 1A).
The corresponding IR spectra were also collected by FPA detec-
tor simultaneously. Absorption spectra in Figure 1B are taken
from the 64 points marked along a red line in Figure 1A, which
covers both melt and spherulitic zones. A series of conforma-
tional bands are clearly observed. The bands at 1220, 1167, 1303,
998, 1153, and 973 cm ™! correspond to helical structures with
degree of order from high to low. 283035973 1153, and 998 cm ™!
bands appear both in melt and the spherulite. 1303, 1167, and
1220 cm™ ! bands emerge only in spherulitic zone. Intensities of
1153 and 973 cm™" bands are higher in melt zone than those in
spherulite. This trend indicates population of short helices de-
creases in spherulite due to their transformation to longer helices,
while the formation of long helices leads to the appearance and
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Figure 1. (A) Optical microscope image of two impinged spherulites;
(B) Series of IR single spectra at the positions marked along red line in
part A. The corresponding contour map (C) and 3-D image of intensity
distributions of 998 cm™! band (D), respectively, are given. (The scale
bar is 50 um.)
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Figure 2. In-situ optical microscope images of a single spherulite
(set of A) and the corresponding 3D images of intensity distribution of
different conformational bands (Sets of B and C refer to 1303 and

998 cm ™' bands, respectively. 1—3 are collected at different times during
isothermal crystallization at 142 °C. The scale bar is 50 um.)
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increase of intensities of 1303, 1167, and 1220 cm ™! bands. The con-
tour map and 3-dimensional (3D) image of the intensity distribu-
tion of 998 cm ™' band related to the optical microscope image
(Figure 1A) are presented in Figure 1C and 1D, respectively. The
change of color from deep blue to pink (Figure 1C) and the
increase of height (Figure 1D) reflect the increase of the integral
intensity of the conformational band. Clearly, CORS exists in the
melt outside spherulite (M) and increases sharply in spherulite,
which is fully in agreement with previous studies about melt crys-
tallization of iPP.>”?® On the basis of the microspectroscopic
imaging, not only the geometry of the spherulites but also the
distribution of helices with different orders is unveiled, which dem-
onstrates one of the advantages of IR microspectroscopic imag-
ing for this study.

Optical microscope images (set of A in Figure 2) exhibit the
kinetic progress of a growing spherulite at 142 °C. The corre-
sponding in situ IR spectra are also collected. After the imaging
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Figure 3. Inten51ty distributions of 998 cm ™" (black squares) and
1303 cm ™' (blue triangles) bands against radial distance x.
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Figure 4. (A) Lateral sectional scheme of a growing spheruhte em-
bedded in melt matrix; (B) average intensity of 1303 cm " in unit height
(I1303(x)/2(R? = x°)! 2) vs radial distance; (C) K vs radial distance;
(D) o p(x) vs radial distance calculated from Figure 3.

techmque treatment, the spatial distribution of intensities of
998 cm ™! (set of C) and 1303 cm ™' (set of B) bands are presented
in Figure 2 as 3D images. The intensity of 998 cm ™' band in melt
zone keeps relatively constant during the whole crystallization
process, which is obviously weaker than that in the spherulitic
zone. Comparing the kinetic process of 998 cm ! band with optical
microscope images, it is clear that 998 cm ™' band is more sensitive
to reflect the growth of spherulite. Intensity of 998 cm™' band
gradually increases in both the boundary and the central zones,
which are attributed to the expansion of dominant lamellae and
filling process, respectively. The signal of 1303 cm ™' can only be
resolved inside the growing spherulite, which is also consistent
with the early studies on melt crystallization of iPP with normal
FTIR.>"*® The different Spdtlal distributions of the intensities of
998 cm ™' and 1303 cm ™' bands reflect the distribution of differ-
ent degrees of orders during the growth of spherulite.

In order to quantitatively analyze the distribution of confor-
mational ordering and crystallization, we calculate the average
intensities of 998 and 1303 cm™ ' against the radial distance x of
the spherulite. The results of 2B and 2C in Figure 2 collected at
142 °C are taken as an example which is shown in Figure 3. The
center of spherulite has the highest intensity of 998 cm™" band,
which decreases with the increase of radial distance and reaches a
plateau in the melt zone. Accordingly, the intensity evolution of
1303 cm ™! band gives the similar trend as 998 cm ™' band. The
intensity evolution is ascribed to two factors. (I) Geometric fac-
tor: the thickness of the spherulite in the vertical direction decreases
via a circle function against the radius as illustrated in Figure 4a.
(IT) Structural factor: the crystallinity decreases along the radial
axis due to the filling process. Our concern is the structural factor
(IT), namely the crystallinity and conformational ordering in the
filling process. Thus, we first eliminate the geometric factor (I).
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The geometry of target spherulite is an approximately regular
sphere in the test iPP film. Through a simple geometric calcula-
tion, we have

d =2VR*—x?

the thickness of the crystallized zone, where R refers to the radius
of the spherulite and x is the radial distance in horizontal direc-
tion as marked in Figure 4A. According to the Beer—Lambert
law, the absorbance is directly proportional to thickness of a sam-
ple. Thus, the geometric factor (I) can be corrected with absor-
bance dividing the corresponding thickness. After the geometric
correction, the variation of absorption intensity can be solely
attributed to structural factor.

The intensity of 1303 cm ™" band in unit height (;303(x)/2(R> —
X)) is plotted against radial distance x in Figure 4B, where
I1305(x) is the intensity of 1303 cm ™! band as a function of radial
distance x from Figure 3. The value of ;393(x)/2(R*> — x*)'/? shows
a relative flat region and then decreases sharply with the increase
of radial distance x, which reflects the average content of crystal
in unit height. In other word, the crystallinity in unit height keeps
relatively constant with x < 30 um and decreases sharply at larger
radial distance x.

After estimating the crystal distribution through the intensity
of I1303, we come to calculate the content of CORS through
the intensity of 998 cm™! band. The total absorption intensity of
998 cm ™! band (gos—ora(x), see Figure 3) is contributed by crys-
tal and CORS inside and outside spherulite (M;, and M, stand
for the melt inside and outside spherulite, respectively.) (as illus-
trated in Figure 4A). Denotln% the film thickness as /, the thick-
ness of My is /y— 2(R . Focusing on the absorption from
spherulitic zone, the contrlbutlon by M, can be removed as:

—2VR? —x?) (1)

In left side of eq 1, Io9g(x) is the absorption intensity of
998 cm ™! band from the spherulitic zone. The second term in the
right side is the absorption intensity of Mgy 140 stands for the
absorption intensity per unit height of 998 cm™! in melt, which
can be measured at the position without crystal on the same sam-
ple and at the same conditions. If no any preordering takes place,
Ioog(x) is contributed by CORS,,, in M, and crystal. Without pre-
ordering the concentrations of CORS,, in the M;, and M, are
the same and Iyog(x) can be formulated as follows:

Togs (x) = Tc—g9g(x) + 1402V R? = X2[1 — ¢ (x)] (2)

Toos(x) = Toos— rorat(X) — Lao(Iy

where I-—g9g (X) is the absorption intensity contributed by crystal,
which is proportional to I1303(x) since both I—_g9g (x) and 7;393(x)
originate from the same crystal. Thus, their relationship can be
written as k11303 (X) = Ic—9og (X), where k is a constant. ¢¢ (x) is
the crystallinity which is also varied with radial distance x and can
be expressed as

_ klzo3(x)
pe(x) = 71@2 R

Iy means the absorption of 998 cm™! band per unit height of
crystal. Kisdefined as K = k (1 — o), where o= Ixo/Ico. Ask, Ico
and 14 all are constants, K = k(1 — o) should be a constant too.
On the basis of eq 2, K is given by:

1998()() - IA[)QV R2 - X2
T1303(x)
in the case when no preordering takes place.

Figure 4C plots of K vs radial distance x. K slowly goes up with
the increase of radial distance x first, which rises sharply near the

K= (3)
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boundary of spherulite. The deviation of K from a constant is due
to the assumption that no preordering takes place inside spher-
ulite, and M;, and M, have the same concentration of CORS.
The increase of K along radial distance x suggests M;, > Mgy
and extra CORS or preordering structure (defined as CORS,,
before) exists within spherulite. Considering the contribution by
CORS,, eq 2 is modified as follows:

Igos(x) = Te—g9s(X) + 1102V R? = X2[1 — ¢ (x) — dp(x)]
+Ipo2V R — x*¢p(x) (4)

where the last term at right side of eq 4 is directly contributed by
CORS,,. ¢p(x) is the relative concentration of CORS, and Ipy is
the absorption intensity of CORS,, per unit height. To obtain
¢p(x) directly, eq 4 is expressed as:

(K/ _K)Il 0): ()C)
Borlx) = = —mmm (5)

where K = k (1—a) is constant.

Iggg(x) - IA()Z\/ R2 - X2
L303(x)

varies with radial distance x, which can be calculated from
Figure 3 directly. Though the expression of K’ is the same as
that of K, the definition of K’ is at the situation that preordering
occurs. As 8 = (Ipy — 140) is constant, S¢pp(x) represents the
concentration of ¢p(x) directly. As K is not available directly at
this moment, the value K given by eq 3 is carefully selected from
our experimental data. We take K = 2.0 to calculate the evolution
of ¢ p(x) along with radial distance x and plot in Figure 4D. This
K value is estimated with eq 3 at the central region of the spher-
ulite crystallized at 135 °C, which gives the lowest K value in this
work and has the lowest content of CORS,. This K value is also
the closest to the real K value. The evolution of S¢p(x) indicates

K =
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Figure 5. Series of S¢p(x) vs radial distance curves at different crystal-
lization time during isothermal process at 142 °C.
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the existence of CORS,, within the spherulite, which increases
with radial distance x.

Following the same data treatment procedure in Figure 4, we
analyze the content of CORS,, during isothermal crystallization
process at different crystallization time at 142 °C, which is pre-
sented in Figure 5. All f¢p(x) curves show similar trend, which
increases slightly with x in the central region of spherulite and has
a sharply level-up at the growth boundary of spherulite. The aver-
age level-up zones during the isothermal crystallization process
keep relative constant of about 20 um, which suggests that the
growth boundary with large content of CORS,, is an intrinsic
character of polymer crystallization. The average f¢p(x) in the
center of spherulite decreases slightly with crystallization time.

We further check the evolution of S¢p(x) at different crystal-
lization temperatures. In order to obtain spherulites with similar
size, the isothermal crystallization times at different temperatures
are different, which are 12, 38, 46, 70, and 167 min at temperature
of 135,140, 142, 145, and 150 °C, respectively. Spectra from spher-
ulites growing isothermally at different temperatures with similar
size are collected and analyzed using the same methods. The plots
of B¢ p(x) vs radial distance x show similar trend as that at 142 °C,
which are presented in Figure 6A. However, f¢p(x) in the central
region of spherulites varies with temperature, which does not
follow a monotonic trend. In the central region of spherulite, S¢ p-
(x) is the largest at 142 °C, while both higher and lower temper-
atures give a lower value of S¢p(x). The average values of S¢p(x)
near the center of spherulite are plotted against temperature in
Figure 6B, which gives a direct indication on the relative content
of CORS;, in spherulites crystallized at different temperatures.

Discussion

The evolution of S¢p(x) during isothermal crystallization pro-
cess at various temperatures (Figures 5 and 6) suggests the exis-
tence of CORSp, which leads to the content of CORS in My, is
larger than that in M, per unit height. In another word, in
addition to crystallization, extra CORS exists inside spherulite.
We will first discuss the origin of this extra conformational order-
ing, and then try to construct a molecular picture on the growth of
spherulite or lamellar crystals.

Related to crystallization, the extra conformational ordering
inside spherulite can be either a consequence of crystallization or
a prestep or preordering of crystallization. It is no doubt that crys-
tallization will induce conformational ordering in the melt around
lamellar crystals. The long-chain nature of polymers lead to a
unique crystal growth fashion, during which one single chain can
pack portion of chain into crystal lattice, while leaves rest part in
the melt. At the end, the single chain goes through several lamel-
lar crystals and interlamellar amorphous regions. This growth
fashion creates entangled polymer brush if we take the lamellar
crystal as substrate. On the basis of either early Zachmann’s cal-
culation® on the surface model of lamellar nuclei or theory on the
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Figure 6. (A) Series of B¢ p(x) vs radial distance curves in isothermal process at different temperatures. (B) Average values of S¢p(x) near the central

region of spherulites against temperature.
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Figure 7. Schematic illustration of a growing spherulite with boundary
layer containing large concentration of conformational ordered seg-
ments.

conformation of crowded brush,>”*® chains with fixed end will

lose freedom or entropy, which corresponds to conformational
ordering. The reeling force introduced in LH theory leads to the
same conclusion, as stretching chain to a larger end-to-end dis-
tance increases the content and the length of CORS.>? Thus,
interlamellar amorphous should have higher content of CORS
than that outside spherulite, which even leads to the concept of
rigid amorphous.®® Thus, crystallization induced conformational
ordering around lamellar crystals certainly exists during crystal-
lization process, which may also be defined as a prestep or pre-
ordering for crystallization.

If all the extra conformational ordering in the melt around
lamellar crystals is originated from the brush model, we would
expect the concentration of CORS,, in the melt is proportional to
the crystallinity, which, however, does not consist with the above
results. In the central region of the spherulite, the average crys-
tallinity is certainly higher than that in the boundary region, as a
filling process of subsidiary lamellae happens during the growth
of spherulite. After corrected by the geometric factor, the inten-
sity of 1303 cm ™! in Figure 4B clearly supports the spherulitic
picture with higher crystallinity in the central region. In contrast,
results in Figure 5 and Figure.6 show ¢ p(x) increases with radial
distance x and has a sharp level-up in the boundary region of the
spherulite, which indicates that the boundary region of spherulite
has higher volume fraction of CORS,, than that in the center. A
direct conclusion is that preordering does not correlate with the
concentration of lamellar crystals. Thus, in addition to the con-
tribution of the brush model discussed above, a true preordering
takes place in the growth boundary region of spherulite.

The evolution of S¢p(x) along with radial distance x suggests
the boundary region of growing spherulite contains high con-
centration of CORS,, or preordering. This conclusion is also
supported by the results on the growth at different crystallization
time and temperatures (see Figure 5 and 6). A schematic illustra-
tion of a growing spherulite is presented in Figure 7, where a
boundary layer with high concentration of CORS,, or preorder-
ing is highlighted with yellowish-brown color.

There are two transformation processes in the supercooled
melt: the formation of CORS,, and the transition from CORS, to
crystal, thus the width of the boundary layer depends on the com-
petition between the rate of formation of CORS, (/) and the
transition from CORS,, to crystal (/.;y). In another word, the
width of the boundary layer depends on Al = I.o, — Iy rather
than individual rate alone. Though both rates increase with the
decrease of crystallization temperature or increase of supercool-
ing AT, they have different temperature dependence. The forma-
tion of CORS,, starts at lower supercooling AT than crystal-
lization does, while upon decreasing temperature I, increases
faster than /., does. At temperatures higher than 142 °C, though
Iy isslow, I, is also slow, which keeps AZat a low level and leads
to a thinner boundary layer. On the other hand, at temperatures
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lower than 142 °C, though I, increases, I, is even accelerated
more, as implied by fast crystallization rate. This also leads to a
low concentration of CORS,, (a thinner boundary layer). The
competition between Iy and I, results into a maximum of Al
(at 142 °C) along with the decrease of crystallization temperature
(see Figure 6B). This can also explain the reduction of - ¢ p(x) at
the central region of the spherulite. As illustrated in Figure 7, the
boundary layer covers the whole spherulite. 5@ p(x) is an averaged
value over the spherulite height 2(R*> — x%)"/%. As the boundary
layer has high concentration of CORS,, the averaged value
P p(x)is determined by the relative thickness between the bound-
ary layer and the central region of the spherulite. During the growth
process, the boundary layer keeps a relative constant thickness
and the central region of spherulite grows with time, which
reduces the weight factor of the boundary layer and leads to a
decrease of fp(x).

As IR spectroscopy method is only sensitive to intramolecular
conformational ordering of iPP, we can only draw a conclusion
that the existence of the boundary layers with large content of
CORS, in the growing spherulites. The current results did not
provide any evidence on the intermolecular organization of these
CORS,,. If these CORS,, pack parallel at the growth front of
lamellar crystal, it will be the model proposed by Strobl.* This
can be highly possible, as stabilization of high concentration of
CORS,, requires extra interactions and intermolecular ordering
can be a good source. On the other hand, if the parallel packed
CORS,, domains locate around the top and bottom surface, it
may be the starting points for subsidiary lamellae. This may
explain the branching mechanism during the growth of spher-
ulite, where some subsidiary lamellae do not have any direct
contact with dominant lamellae at all.*>

Conclusions

With in situ IR microspectroscopic imaging technique, con-
formational ordering at the growth front of spherulite of iPP is
studied during isothermal crystallization process at different tem-
peratures. Comparing the intensity distribution of bands repre-
senting crystals and CORS, a boundary layer with high concen-
tration of CORS is observed around the growth front of spher-
ulite, whose thickness is determined by the competition between
the rates of preordering and its transformation to crystal. As the
concentration of CORS in the boundary layer is not correlated
with local crystallinity, conformational ordering in this layer may
represent a true preordering of crystallization, though the inter-
action among these CORS is not clear yet.
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