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ABSTRACT: The crystallization behavior of isotactic propylene-

1-hexene (PH) random copolymer having 5.7% mole fraction

of hexene content was investigated using simultaneous time-

resolved small-angle X-ray scattering (SAXS) and wide-angle

X-ray diffraction (WAXD) techniques. For this copolymer, the

hexene component cannot be incorporated into the unit cell

structure of isotactic polypropylene (iPP). Only a-phase crystal

form of iPP was observed when samples were melt crystal-

lized at temperatures of 40 �C, 60 �C, 80 �C, and 100 �C. Com-

prehensive analysis of SAXS and WAXD profiles indicated

that the crystalline morphology is correlated with crystalliza-

tion temperature. At high temperatures (e.g., 100 �C) the dom-

inant morphology is the lamellar structure; while at low

temperatures (e.g., 40 �C) only highly disordered small crystal

blocks can be formed. These morphologies are kinetically

controlled. Under a small degree of supercooling (the corre-

sponding iPP crystallization rate is slow), a segmental segre-

gation between iPP and hexene components probably takes

place, leading to the formation of iPP lamellar crystals with a

higher degree of order. In contrast, under a large degree of

supercooling (the corresponding iPP crystallization rate is

fast), defective small crystal blocks are favored due to the

large thermodynamic driving force and low chain mobility.
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INTRODUCTION Random copolymer is synthesized via
copolymerization of two or more monomers of different
chemical compositions, in which a statistically distributed
structure along the chain backbone is obtained. If there are
repulsive interactions among different species of the seg-
ments (this can be quantified using Flory’s interaction pa-
rameter, v), hierarchical textures can be formed through
micro-phase separation taking place at different length
scale.1–4 Thus, one can control the morphology of random
copolymer by adjusting the composition parameters such as
the comonomer ratio and sequence distribution.2,5,6 If one of
the components in the copolymer is crystallizable, the struc-
ture formation can become complicated since two types of
demixing processes can be involved, that is, micro-phase sep-
aration among the segments of different species and liquid-
solid (L-S) phase transformation between the crystalline and
amorphous phases.7,8 The interplay between the two proc-
esses controls the final morphology.

From the crystallization standpoint, random copolymer dif-
fers from homopolymer in two main aspects. First, by intro-
ducing noncrystallizable components randomly into crystal-

lizable backbone, the chain regularity as well as the ability
of chain sliding are decreased, which would lead to low crys-
tallinity. Second, the sequence length of the crystallizable
component in random copolymer also decreases, which
would lead to shorter lamellar thickness. As a result, crystal-
line in random copolymers always shows a lower melting
temperature and broader enthalpy change in differential scan-
ning calorimetry (DSC) measurement as compared with those
of homopolymers.7,9–11 These features make the properties
of crystallizable random copolymers very different from
homopolymers, and thus provide considerable commercial
potential.12,13

In this study, we have investigated the crystallization behav-
ior of propylene-1-hexene (PH) random copolymer using
time-resolved small-angle X-ray scattering (SAXS) and wide-
angle X-ray diffraction (WAXD) techniques. The in situ SAXS/
WAXD results have provided insightful information about
structure formation in a length scale ranging from several
angstroms (i.e., crystal unit cell) to several hundreds of
nanometers (i.e., crystal morphology). The relationship of
crystal morphology and crystallization kinetics under
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different crystallization temperatures could be correlated.
The results of this random copolymer may be quite universal
to other random copolymers containing different types of
olefin components.

EXPERIMENTAL

Materials and Experimental Procedures
The chosen PH random copolymer was synthesized by the
ExxonMobil Chemical Company. The number average molecu-
lar weight (Mn) of the chosen sample was 14,300 g/mol and
the polydispersity was 2.8. The mole fraction of the hexene
component was 5.7%. The sample showed a broad melting
peak ranging from 123.7 to 134.7 �C, with a peak position
located at 126.4 �C in DSC trace (with 10 �C/min heating
rate).

The temperature protocol for the synchrotron X-ray experi-
ment is as follows. The sample was first melted at 200 �C
for 5 min to remove all residual stress and thermal history.
After that, the sample was quenched (at a cooling rate of
�100 �C/min) to desired temperatures for the isothermal
crystallization experiment. An INSTECH hot stage equipped
with a precision temperature controller was used to heat
treat the samples, where the accuracy of the temperature
control was 60.1 �C. The isothermal crystallization process
was monitored in situ by time-resolved SAXS/WAXD techni-
ques, which will be described next. Four temperatures,
40 �C, 60 �C, 80 �C, and 100 �C, were chosen for the study.

Combined SAXS/WAXD Measurements
Combined SAXS/WAXD measurements were carried out at
the Advanced Polymer Beamline (X27C) in the National Syn-
chrotron Light Source (NSLS), Brookhaven National Labora-
tory (BNL). The wavelength of the X-ray beam was 1.371 Å.
All scattering and diffraction images were captured in situ by
2D MAR CCD detector, where the exposure time for each
image collection was 30 seconds. The sample-to-detector
distances were 1890.0 mm for SAXS measurement and
120.6 mm for WAXD measurement. The SAXS and WAXD
measurements were carried out separately with the same
sample and temperature protocol. The scattering angle of
the SAXS patterns was calibrated with silver behenate
(AgC22H43O2) and the diffraction angle of the WAXD signals
was calibrated by Al2O3. All images were corrected for beam
fluctuations and background scattering in the data analysis.

RESULTS AND DISCUSSION

The crystal structure of isotactic PH random copolymer can
be determined by the WAXD method. Figure 1 shows inte-
grated intensity profiles from the final 2D WAXD patterns of
PH copolymer fully crystallized under 100 �C, 80 �C, 60 �C,
and 40 �C, respectively. In these profiles, the integrated dif-
fraction intensity is plotted against the absolute value of
scattering vector s (s ¼ 2

k sin
h
2, where k represents the wave-

length and y is the diffraction angle). Although varied in
magnitude, all profiles in Figure 1 exhibit four diffraction
peaks located at the s values of 1.57, 1.87, 2.06, and
2.41 nm�1. These peaks match the characteristic reflections

from the a-phase crystal form of i-PP homopolymer14 and
they can be indexed as 110, 040, 130, and 111 reflections,
respectively. Earlier studies indicated that in PH random co-
polymer, the hexene moiety can be incorporated into the
crystal structure and form new crystal forms, different from
the known a, b and c forms of i-PP homopolymer, when the
hexene content is sufficiently high.15–17 For example, de Rosa
et al.16 reported that when the hexene content was above 10
mol %, a new crystal form with trigonal unit cell structure
became favorable, containing a threefold propylene-hexene
copolymer unit with R3c or R3c space group. In our case, no
new crystal form was observed under the chosen crystalliza-
tion conditions probably due to the low content of hexene
inclusion (5.7% mole fraction).

To investigate the crystallization kinetics, the evolutions of
crystallinity as a function of time at different temperatures
are shown in Figure 2(a). The degree of crystallinity was
estimated from the integrated WAXD profile, by dividing the
sum of the areas under all crystalline peaks by that of the
total area (this procedure was carried out by deconvoluting
the diffraction profile into crystalline and amorphous compo-
nents using a curve fitting program). The ‘‘crystallinity’’
obtained in this way should be termed as crystallinity index,
for it is not truly equivalent to the absolute value of crystal-
linity. Hereafter, such ‘‘crystallinity’’ will be used to show the
general trend of the crystallization process in this study. In
Figure 2(a). the crystallinity curve of sample isothermally
crystallized at 100 �C shows a typical behavior, containing
three stages: an early stage that can be called the induction
period where crystallinity equals zero; an intermediate stage
where crystallinity increases with time; and a late stage
where crystallinity reaches a plateau value, indicating crys-
tallization is fully accomplished. As the crystallization tem-
perature decreases, the crystallization kinetics becomes
faster. This can be clearly seen from Figure 2(b) which

FIGURE 1 Final integrated WAXD profiles of PH copolymer

fully melt crystallized at 100 �C, 80 �C, 60 �C, and 40 �C.
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displays induction time and crystallization half time obtained
from Figure 2(a) at different temperatures. Both parameters
increase (i.e., the slower crystallization rate) with crystalliza-
tion temperature. In Figure 2(b), the induction time was
determined by extrapolating the interception between the
early stage and intermediate stage, where the crystallization
half time is the time span that the sample requires to
achieve half of its final crystallinity. The highest crystallinity
achieved in the chosen sample was around 12% when sam-
ples were annealed at temperatures of 60 and 80 �C. This
might be due to the optimal coupling of chain mobility and
the crystallization driving force (i.e., degree of supercooling).
However, this crystallinity value is very low when compared
with that typically found in fully crystallized i-PP homopoly-
mer (>60%). This is because the non-crystallizable hexene
component has significantly hindered the crystallization abil-
ity of random copolymer, which will be discussed later.

The crystallization curves from samples crystallized at tem-
peratures of two opposite ends, that is, 100 �C and 40 �C,

are quite different and deserve a close examination. The dif-
ference in kinetics appears to be associated with the differ-
ent crystalline structure. Figure 3 shows the evolution of
SAXS profiles for PH copolymer annealed at (a) 100 �C and
(b) 40 �C, respectively. It is seen that SAXS profiles at 100 �C
[Fig. 3(a)] gradually exhibit a scattering maximum, corre-
sponding to a long period of about 18 nm. The correspond-
ing WAXD reflections also become intense and sharp. These
are classic features of the lamellar crystalline structure. In
contrast, SAXS profiles at 40 �C are featureless [Fig. 3(b)],
whereby the scattering intensity decreases monotonically
with s. The lack of the scattering maximum in the SAXS pro-
files at 40 �C indicates that the scatterers formed under this
condition have little or no correlation with each other.
Nevertheless, the corresponding WAXD profile in Figure 1
still exhibits four identifiable diffraction peaks, though weak
and diffuse compared with those at 100 �C, indicating the ex-
istence of crystal structure. The estimated crystallinity under
this condition is only about 5% (Fig. 2). The above results
indicate that the morphology of the PH sample annealed at

FIGURE 2 (a) Crystallinity versus time plots of samples crystal-

lized at 100 �C, 80 �C, 60 �C, and 40 �C. (b) Induction time and

crystallization half time obtained from each curve in (a) at dif-

ferent temperatures. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

FIGURE 3 Evolutions of SAXS profiles for samples crystallized

at (a) 100 �C and (b) 40 �C.
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40 �C probably consists of sparsely dispersed small blocks of
crystals with a large amount of defects imbedded.

Figure 4 represents the comparison of scattering invariant
(left y-axis) and crystallinity (right y-axis) changes as a func-
tion of time when samples were crystallized at 100 �C. The
scattering invariant Q was obtained from the SAXS profile
using the following expression.18

Q ¼
Z1
0

IðqÞq2dq (1)

The value of Q is proportional to the mean square density
fluctuations occurring in the system, where the fluctuations
include all phase changes leading to the inhomogenity of the
system (e.g., both crystallization and micro-phase separation
will contribute to the invariant). In Figure 4, it is seen that
at the crystallization temperature of 100 �C, PH copolymer
experiences an induction period of about 240 s, within
which no signal change in WAXD can be detected. However,
during this period, the SAXS scattering invariant continues to
rise; and the SAXS profiles at the end of the induction period
actually exhibit a broad shoulder indicating the existence of
a weak correlation of the formed texture. However, this tex-
ture may not contain crystalline structure since no reflection
peaks in WAXD were detected in the mean time. The physi-
cal origin of the increase of scattering invariant before crys-
tallization might be quite complicated. Our previous study
indicated that even for i-PP homopolymer, the crystallization
onset time determined from the SAXS method appeared ear-
lier than that from the WAXD method.19 In homopolymer,
the density fluctuations can be a driving force for the forma-
tion of a precursor structure that subsequently triggers fur-
ther crystallization. Similar results have also been reported
by other authors using different characterization techniques,
such as polarized light scattering and rheological measure-

ment.20–22 For the random copolymer, the factor of phase
segregation between two incompatible species should also
be considered to explain the SAXS signal at an early stage.
The micro-phase separation behavior in random copolymer
has been well predicted by several theoretical works2,5,6,23

and computer simulations24–26; and it has also been experi-
mentally verified.27,28 In this study, the hexene comonomer
cannot be incorporated into crystal structure; the density
fluctuation during the induction period could be a hybridiza-
tion of both processes, followed by subsequent crystalliza-
tion. To take a close look, the time-resolved SAXS profiles
[Fig. 3(a)] are divided into two parts, as shown in Fig-
ure 5(a,b). In Figure 5, all symbols represent the corrected
scattering data points and the solid lines represent the cor-
responding polynomial fitted curves. In the early stage
[Fig. 5(a)], the scattering profiles are generally weak, but
they do persistently exhibit a scattering peak (the first pro-
file showing the scattering peak is at t > 90 s) at a fixed

FIGURE 4 Scattering invariant (left) and relative crystallinity

index (right) versus time plot when sample was melt crystal-

lized at 100 �C. The two insets exhibit SAXS and WAXD pro-

files at 240s, which is in the end of the induction period. [Color

figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

FIGURE 5 Time-resolved SAXS profiles during crystallization at

100 �C (a) during the induction period, (b) after the induction

period. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]
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location (s ¼ 0.054 nm�1), which corresponds to a long
period of L ¼ 1/s ¼ 18.5 nm. After the induction period,
crystallization took place and the lamellar crystalline struc-
ture was subsequently formed. Figure 5(b) shows the evolu-
tion of SAXS profile during this period. It is found that the
intensity maximum is shifted toward a lower angle as crys-
tallization proceeds and is eventually fixed at s ¼ 0.044
nm�1. In homopolymer, once the general shape of lamellar
structure is formed, the position of the SAXS maximum usu-
ally remains unchanged in the early stage of the annealing.
In the late stage, very often, the scattering maximum can
move to a larger angle due to the interpenetration of new
lamellae induced by secondary crystallization. Thus, shifting
of the scattering maximum toward a lower angle, as
observed in our experiment, is probably caused by the con-
tinuous exclusion of hexene segments from the crystalline
structure, leading to an increase of long period. This should
not be surprising as the large hexene moiety may not be
incorporated into the crystal structure in our specimen. For
this reason, we believe that the segregation between hexene
and propylene segments may be the dominant factor respon-
sible for the increase of scattering invariant in the early
stage. Furthermore, this segregation process may play an im-
portant role in subsequent development of crystalline struc-
ture, that is, long annealing would favor the development of
conventional lamellar structure, whereas rapid quenching
would lead to disordered small crystal blocks.

In Figure 5(a), the peak position remains unchanged in the
induction period, but its magnitude increases with time,
which is shown in Figure 6. Generally there are two mecha-
nisms for phase separation, that is spinodal decomposition
(SD) and nucleation and growth (NG). In our study, it is diffi-
cult to conclude which one better fit the segregation process
because the scattering intensity in the early stage is too
weak for detailed analysis. In Figure 6, it is hard to judge
whether the relationship of peak intensity and time can be
described by exponential or power function. Trustworthy

analysis of the early stage density fluctuation process must
rely on a well-chosen model system, which should give good
phase contrast between segregated domains. Furthermore,
crystallization temperature must be carefully chosen so that
the induction time is long enough to generate sufficient data
points. At the final stage of crystallization, the peak fixates at
the position of s ¼ 0.044 nm�1, corresponding to the long
period of 22.7 nm. The lamellar thickness can be estimated
via the ideal two-phase model. In this case, the long period
represents the total length of the periodicity with combined
crystalline and amorphous layers. For this purpose, the la-
mellar thickness was calculated by multiplying the long pe-
riod with the crystalline fraction (i.e., 7.8% as shown in
Fig. 3), which resulted in a value of 17.7 Å. Even though the
two-phase model may underestimate the lamellar thickness
because of the possible existence of the transition layer, this
value is still very small as compared with the typical lamel-
lar thickness for i-PP homopolymer (�100 Å). Some recent
studies for random ethylene-based copolymer system7,9–11,29

reported the existence of thin lamellar structure because of
the lower melting temperature, which is consistent with our
findings. These results are different from Flory’s model,30

which prohibits chain folding in random copolymer.

Figure 7 illustrates the comparison of the crystallinity (from
WAXD) and invariant (from SAXS) for crystallization at 40
�C. Under this condition, due to the large degree of super-
cooling, the crystallization kinetics are greatly enhanced. It is
seen that both scattering invariant and crystallinity increase
with time in a similar trend. The diffraction peaks are
observed in the very early stage of crystallization, where the
pattern remains unchanged after 200 s. The insets in Figure
7 show the integrated profiles of SAXS and WAXD when
crystallization was completed. The reflection peaks in WAXD
are very weak and diffuse, where their positions can be
indexed to the a-form crystal (Fig. 1). The monotonically
decreased SAXS profile indicates that the system consists of

FIGURE 6 Change of peak intensity as a function of time dur-

ing the early stage of crystallization at 100 �C.

FIGURE 7 Scattering invariant (left) and relative crystallinity

index (right) versus time plot when sample was crystallized at

40 �C. The two insets exhibit SAXS and WAXD profiles at the

very beginning of the crystallization process.
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uncorrelated crystal blocks that are probably small and de-
fective. Dimension of the crystal block can be estimated by
using the Guinier’s method31–33 which correlates the scatter-
ing intensity and radius gyration of aggregate in dilute solu-
tion at low angles, as expressed in eq 2,

Is ¼ I0 exp �
R2
gq

2

3

 !
(2)

where Is is the scattering intensity and I0 is intensity of inci-
dent light. Rg is the radius of gyration, q is the wave vector
which has the same physical meaning as s (q ¼ 2p s). By
applying logarithmic operation on both sides, eq 2 can be
rewritten as

lnðIsÞ ¼ ln I0 �
R2
g

3
q2 (3)

Plotting ln(Is) against q
2 or s2 leads to a straight line and the

radius of gyration can be obtained from its slope. Figure 8
shows a series of Guinier plots obtained at different times
and crystallization temperature of 40 �C based on eq 3. The
radius of gyration calculated from all the Guinier plots is
around 27.5 nm, which remains almost unchanged during
crystallization (as shown in Fig. 9). The dimension of small
crystal block at 40 �C and that of lamellar crystalline struc-
ture at 100 �C are in the same order of magnitude. At this
temperature, crystal blocks were quickly developed into this
dimension due to a large driving force. The rapidly-formed
crystals could hardly grow further and perfect their struc-
ture because of the low chain mobility. These blocks are
highly disordered and therefore not stable, which can be
seen by comparing the melting behavior of both crystallites
formed at 40 �C and 100 �C. This experiment was carried
out by gradually melting (4 �C/min) the fully crystallized
sample after isothermal crystallization. The changes of crys-
tallinity derived by in situ WAXD experiments under both
conditions are illustrated in Figure 10. The hollow circles
represent the crystallinity change during heating of the sam-

ple fully crystallized at 40 �C. The initial crystallinity, as was
shown earlier, is 4.8% and it remains unchanged until at a
temperature of around 60 �C, indicating that the chains at
these low temperatures are still not sufficiently mobile.
From 60 to 100 �C the crystallinity increases notably due to
recrystallization process. After this period, the crystallinity
begins to decrease until the sample becomes completely
molten. The heating process of sample crystallized at 100 �C
is displayed as hollow squares, where the crystallinity
increases very slightly then begins to decrease with the
increasing temperature. Above 118.2 �C (point c), the crys-
tallinity of samples crystallized at two different temperatures
merges into the same trend, as represented by the solid line.
The extrapolated nominal melting point in Figure 10 is
140 �C. By intercepting the solid line with the initial stage of
melting (i.e., the horizontal dotted line), melting point for
samples crystallized at different temperatures can be

FIGURE 8 Guinier plots obtained from SAXS profiles of sample

crystallized at 40 �C.

FIGURE 9 Radius of gyration (obtained from Guinier’s plot)

change as a function of time (crystallization temperature was

40 �C).

FIGURE 10 The crystallinity change during heating (at a heat-

ing rate of 4 �C/min) of samples fully crystallized at 100 �C (h)

and at 40 �C (*).
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determined: melting point a at 108.4 �C for the sample crys-
tallized at 40 �C, and melting point b at 114.8 �C for the
sample crystallized at 100 �C. The difference of 6.4 �C indi-
cates the less stable crystalline structure formed at the lower
crystallization temperature, which is consistent with the
results from the structure analysis made earlier. In Figure
10, the crystallinity change from point c to zero is 7.1%,
whereas the crystallinity increase during heating from 40 to
100 �C is 5.4%, which is smaller. This indicates that during
heating, part of the crystals can be melted and recrystallized
into more stable lamellar crystals.

Without question, the morphology of PH random copolymer
crystallites is kinetically controlled. The process of segmental
segregation plays an important role in subsequent growth
and perfection of crystals. With the assistance of such a pre-
ordering process, the lamellar structure formation is favored
at high temperatures. While at low temperatures, the crystal-
lization rate is greatly enhanced. However, once parts of i-PP
crystallizable segments are segregated from the amorphous
matrix, driven by a large degree of supercooling, they are
rapidly crystallized into a less ordered structure. The formed
crystals are probably small block-like with no or little corre-
lation with each other.

CONCLUSIONS

The crystallization and melting behavior of isotactic propyl-
ene-hexene (PH) copolymer was investigated by using time-
resolved SAXS/WAXD technique. Based on the analysis, some
relevant conclusions on the morphology, structure and crys-
tallization kinetics can be summarized as follows.

1. The PH random copolymer with 5.7% mole fraction of
hexene content can only form a-phase crystal of i-PP
homopolymer. The hexene component cannot be incorpo-
rated into the unit cell under this concentration.

2. The kinetics of crystallization varies with temperature;
and it plays an important role in the development of crys-
talline structure. At high temperature (e.g., 100 �C), the
system exhibits a long induction period, during which seg-
mental segregation between propylene and hexene com-
ponent (often termed liquid–liquid phase separation)
takes place. The segregation can serve as a preordering
process and lead to the formation of thermally stable la-
mellar crystal structure. At low temperature (e.g., 40 �C),
the propylene component is rapidly crystallized from the
matrix and frozen into small crystal blocks as a result of
the low chain mobility and large supercooling.

3. The heating experiments confirmed that the crystallites
formed at 40 �C are less stable. Furthermore, upon heat-
ing, part of crystal blocks can be melted and recrystallized
into more thermally stable lamellar crystals.
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