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Abstract

Polyethylene reactor powders prepared under different conditions were characterized using transmission electron microscopy, 1H nuclear mag-
netic resonance and X-ray diffraction techniques. The molecular weight of the polyethylene reactor powders was around 1� 105. A unique do-
main morphology, quite different from the usual melt- or solution-crystallized lamellar structure, was observed, independent of polymerization
temperature (Tpoly). Annealing of reactor powders caused the aggregation of these crystalline domains, due to the significant molecular motion of
the amorphous chains, before melting. The critical temperature was 20 �C higher than each Tpoly, and corresponded to the temperature at the active
catalyst site producing the chain growth. The morphologies of powders prepared at the lower Tpoly contained smaller crystals that exhibited a con-
strained monoclinic form. In contrast, only usual orthorhombic crystals of larger size were found within the powder prepared at the higher Tpoly.
These results suggest that the competitive processes of chain propagation and crystal growth upon polymerization may lead to unique variations of
the crystalline and amorphous phases, but with similar intermediate components in the phase that connects them.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The as-polymerized reactor powder structure has been in-
vestigated especially for semi-crystalline polymers. One moti-
vation for such investigations lies in the scientific interest
concerning structural formation during polymerization. Poly-
merization of polyolefins and fluoro-polymers is usually
performed at a temperature much lower than their usual
melt-recrystallization temperature, and the resulting chain seg-
ments crystallize one another. Polyethylene (PE) has the high-
est crystallization rate among the polymeric materials, and its
crystallization starts before the chain growth is completed.
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The resultant structure of the PE reactor powder has a non-
equilibrium state, which is not achieved under typical crystal-
lization conditions [1e18]. It is quite different from the
conventional spherulite morphology formed through melt-
recrystallization or single crystal stacking prepared by solution
crystallization, where all the mature polymer chains participate
in the structural formation. A detailed investigation of the
reactor powder morphology may provide us information
about the characteristic crystallization mechanism during
polymerization.

Another motivation lies in the effective application of its
less entangled state. This mainly relates to industrial interests
in direct film processing from reactor powder [19,20]. The im-
mediate crystallization with chain growth prevents the entan-
glement formation even under polymerization conditions
producing a higher molecular weight. This unique structure
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of the reactor powder is very advantageous for ultra-drawing
processing, resulting in high-performance PE materials [12,
21e25]. Similar preparations of high-performance materials
from the reactor powder state are also possible for polypropyl-
ene [26] and polytetrafluoroethylene [27,28]. The resultant
mechanical properties approach 70% of the theoretical values.
For effective manufacturing of high-performance materials
from the reactor powder, the processing temperature is often
restricted below the melting temperature in order to retain
the less entangled state. Therefore, better adhesion between
the powder particles is a key for the resultant high
performance. Powder adhesion is sometimes improved by
a pre-annealing procedure before calendar rolling into the
film [19].

One of the notable characteristics of the reactor powder
structure is the presence of an intermediate phase included
with the conventional crystalline and amorphous phases. The
higher ductility of PE reactor powders suggested the coexis-
tence of less entangled amorphous phases [12,13,16] locating
between the crystalline and amorphous phases. Therefore, this
intermediate phase is defined as the linker component that ties
the former two phases for the reactor powder morphology. The
non-equilibrium crystallization during polymerization, as
mentioned above, could be the source of such intermediate
structures in the reactor powder state. These different phases
were characterized using a solid-state nuclear magnetic reso-
nance (NMR) technique [13,16]. An advantage of solid-state
NMR measurements is their simultaneous detection of differ-
ent phases as distinguished by the characteritic molecular
motion [29e45]. A combination with the morphological ob-
servations obtained by transmission electron microscopy
(TEM) demonstrates the apparent relationship between struc-
tures and molecular motions for as-polymerized morphol-
ogies. In this study, the morphological and molecular motion
changes upon annealing of PE reactor powder were compared
using these TEM observations and solid-state 1H NMR
measurements. These results were used to predict the phase
development mechanism during polymerization.

2. Experimental section

2.1. Samples preparation

Two polyethylene reactor powders were prepared by slurry-
polymerization at Tpoly¼ 20 �C and 70 �C in heptane with the
same Ziegler catalyst system. Both polymers had a weight
average molecular weight of w 1� 105 and a similar particle
size around 100 m. The sample densities were 0.94 g/cm3 for
Tpoly¼ 20 �C powder and 0.96 g/cm3 for Tpoly¼ 70 �C pow-
der. These reactor powders were placed in a glass tube, and
the air was removed. A purging N2 gas was introduced, and
the tube was sealed. These sealed sample tubes were isother-
mally annealed for 30 min in a silicone oil bath maintained
at temperatures (Ta) ranging from 40 to 160 �C. After this an-
nealing procedure, the sample tube was removed from the oil
bath and cooled under atmospheric conditions.
2.2. Measurements

TEM images were produced using a JEOL 1200EMX elec-
tron microscope operated at 80 kV. The powder samples were
usually stained with RuO4 vapor at 60 �C. The samples an-
nealed below 50 �C, including the original reactor powders,
were stained with RuC13 vapor at room temperature to elimi-
nate the annealing effect during sample preparation. These
stained powder samples were embedded in epoxy resin. The
assembly was cut into thin sections 60 nm thick, using a
Reichert UltraCut S. microtome.

In-situ NMR measurements during annealing of reactor
powders were preformed using a JEOL MU-25 solid-state
pulse NMR spectrometer equipped with a 25 MHz magnetic
field. The free induction decay (FID) profile was recorded
using the solid-echo method. The data were collected every
0.2 ms. Dead time before signal sampling was 2 ms. The mea-
surement temperature was raised from room temperature up to
the sample’s melting temperature. Before signal sampling, the
sample temperature was held isothermally for 5 min to achieve
the homogeneous temperature distribution with a sample
probe. Sample powder was placed in a glass tube with 7 mm
diameter.

Conventional wide-angle X-ray diffraction (WAXD) pat-
terns were recorded using a RAD-IIIA X-ray generator
(Rigaku, Japan) with monochromized Cu Ka radiation at
room temperature. The sample powder was mounted on a stan-
dard glass holder. The crystallite size of the powder was deter-
mined from the half-width of the reflection peak by employing
the Scherrer equation assuming that there was no disorder in
the arrangement of the lattice planes [46]. In-situ WAXD mea-
surements during annealing of reactor powders were also per-
formed with synchrotron radiation at station BL9C of the
Photon Factory at the High-Energy Accelerator Research
Organization (KEK), Tsukuba, Japan. The wavelength of the
synchrotron beam was 1.50 Å. A 1 mm diameter glass tube
of the sample powder was placed in a heating chamber set
at the beam line. WAXD profiles were continuously recorded
with a 29 s exposure time for each pattern and a 1 s time inter-
val. A position sensitive proportional counter (PSPC) (Rigaku,
PSPC-10) was used to detect diffraction intensity. The diffrac-
tion angle was represented by the PSPC detector’s raw pixel
corresponding to 2q ranging from 17� to 27�. The heating
rate was around 2 �C/min.

3. Results and discussion

3.1. Morphological change during annealing

The PE reactor powders used in this study were prepared at
different Tpolys but with the same catalyst system and similar
resultant MW. Fig. 1 presents the TEM images for the series
of Tpoly¼ 70 �C powders annealed at a Ta ranging from 80 �C
to 130 �C, which is higher than the preparation Tpoly. At
Ta¼ 80 �C (Fig. 1a), the typical lamellar morphology of a
melt- or solution-crystallized sample does not appear. Rather,
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Fig. 1. TEM images of Tpoly¼ 70 �C powder annealed at Tas (a) 80 �C, (b) 90 �C, (c) 100 �C, (d) 110 �C, (e) 120 �C, and (f) 130 �C. Enlarged images are attached

at bottom right.
crystalline domains 15 nm in size are distributed throughout
the powder. The image of the un-annealed sample stained at
room temperature exhibits the morphology similar to that in
Fig. 1a. Even the increase in Ta to 90 �C does not generate
any significant change. However, at Ta¼ 100 �C and greater,
the morphological change is gradually revealed. The image
contrast in Fig. 1c becomes striking, due to increases of the
brightness for the crystalline regions and darkness for the
amorphous region. This means that the crystalline and amor-
phous phases were aggregated. As Ta continues to increase,
the phase aggregation is further accelerated, resulting in the
gradual increase in the crystalline domain size. Tas beyond
120 �C produces the lamellar structure, which is formed
through melting by annealing and subsequent re-crystallization
during cooling, as discussed later.

The annealing effect on the resultant morphology was also
examined for the Tpoly¼ 20 �C powder samples. Figs. 2 and 3
compare the morphologies obtained when powder annealing
was performed at the higher Ta range from 80 �C to 130 �C
and the lower Ta range from 40 �C to 70 �C. Fig. 3 also in-
cludes the morphology of the un-annealed Tpoly¼ 20 �C pow-
der. As seen in Fig. 2, the lamellar formation begins at Tas
exceeding 110 �C, which is a little lower than the correspond-
ing Ta of 120 �C for the Tpoly¼ 70 �C powder. The WAXD
data recorded while these reactor powders were heated suggest
a lower melting point for the Tpoly¼ 20 �C powder than for the
Tpoly¼ 70 �C powder, as discussed later. This difference in the
lamellar-forming Ta is attributed to the smaller size of initial
crystalline domains within the un-annealed Tpoly¼ 20 �C pow-
ders displayed in Fig. 3. However, the phase arrangements
were quite similar for both powder morphologies, exhibiting
a homogeneous distribution of the crystalline domains. It is
reasonable to conclude that this morphology is one of the uni-
versal characteristics of the PE reactor powders, independent
of Tpoly, at least in this study. The boundaries between the
crystalline and amorphous phases become clear as Ta in-
creases, especially when Ta exceeds 40 �C, and the crystalline
domains begin to aggregate into the larger size. These mor-
phological transformations are quite similar to those observed
for the corresponding Ta of 90 �C for the former Tpoly¼ 70 �C
powder. No structural change is detectable below these critical
Tas, so they are ascribed to the maximum temperatures to
which each reactor powder was exposed during the polymeri-
zation process. Since both of these critical Tas are 20 �C higher
than that of the preparation Tpolys, the domain-aggregating Tas
correspond to the temperature near the active sites on the
catalyst surface where the chain growth is progressive.

3.2. Crystalline transformation

Crystalline modification of the reactor powder is signifi-
cantly affected by the preparation Tpoly [12]. WAXD profiles
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Fig. 2. TEM images of Tpoly¼ 20 �C powder annealed at Tas (a) 80 �C, (b) 90 �C, (c) 100 �C, (d) 110 �C, (e) 120 �C, and (f) 130 �C. Enlarged images are attached

at bottom right.
of the reactor powders examined in this study were recorded
using a conventional X-ray facility. Fig. 4 compares the
WAXD profiles for the un-annealed powders. Only peaks of
(110) and (200) reflections assigned to the usual orthorhombic
form are observed in the Tpoly¼ 70 �C powder. In contrast, the
Tpoly¼ 20 �C powder exhibits the additional (010), (200) and
(210) reflection peaks. These latter sets of reflections are as-
cribed to the constrained monoclinic form [47], which is often
obtained within PEs drawn or compressed at lower tempera-
tures [48,49]. A recent study [12] revealed that PE reactor
powders also contain this monoclinic form at polymerization
below 60 �C. The peak separation procedure was applied to
the WAXD profiles and provided component ratios of the
amorphous, monoclinic and orthorhombic crystalline phases.
An analysis of the results suggests that the monoclinic form
accounts for half of the crystalline phase portion within the
Tpoly¼ 20 �C powder. The crystallinity of the Tpoly¼ 20 �C
powder, calculated from the sum of these crystalline portions,
is 65%, while the Tpoly¼ 70 �C powder exhibits a crystallinity
of 75%. The crystalline sizes estimated from the widths of the
reflection peaks are 10 nm for the orthorhombic form and
5 nm for the monoclinic form in the Tpoly¼ 20 �C powder.
These are smaller than the 17 nm sizes for the orthorhombic
form within the Tpoly¼ 70 �C powder and coincident with
the morphological features in TEM images, where the
Tpoly¼ 20 �C powder exhibits a smaller domain size.
These different crystalline forms transform during anneal-
ing. Fig. 5 compares the changes in the series of in-situ
WAXD profiles obtained during heating the Tpoly¼ 20 �C
and Tpoly¼ 70 �C powders. The reflection intensities are repre-
sented by a color gradation with blue as the lowest, then green,
yellow, red, and white, the highest. For the Tpoly¼ 20 �C pow-
der, the intensity of the initial monoclinic (010) reflection is
maintained until 60 �C but begins to decrease beyond 70 �C.
The simultaneous growths of the orthorhombic (110) and
(200) reflections are synchronized with the reduction in the
monoclinic reflection intensity. At 100 �C, the monoclinic re-
flection almost disappears. These features suggest that the
transformation from the monoclinic to the orthorhombic
form is completed in the temperature range from 70 �C to
100 �C. In contrast, the orthorhombic (110) and (200) reflec-
tions in the Tpoly¼ 70 �C powder decrease in intensity during
the initial stage of annealing below 80 �C. However, their re-
flection intensities increase at temperatures above 90 �C. Sim-
ilar initial decreases and subsequent increases of the reflection
intensities were confirmed when the sum of the crystalline in-
tensities for both the monoclinic and orthorhombic reflections
was traced as a function of temperature for the Tpoly¼ 20 �C
powder. The critical temperature, where the total crystalline
intensity was minimized, was 80 �C, independent of the pow-
ders. Such phenomena are closely related to the crystallinity
change during heating, which will be discussed later.
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Fig. 3. TEM images of Tpoly¼ 20 �C powder (a) un-annealed and annealed at the lower Tas of (b) 40 �C, (c) 50 �C, (d) 60 �C, and (e) 70 �C. Enlarged images are

attached at bottom right.
3.3. Relaxation characteristics of different phases

The reactor powder structures were also characterized by
solid-state 1H NMR measurements. The solid-echo technique

Fig. 4. WAXD patterns for the original powders prepared at Tpoly¼ (a) 20 �C
and (b) 70 �C. Measurement was taken at room temperature. The subscripts

‘‘o’’ and ‘‘m’’ indicate the crystal modifications of orthorhombic and mono-

clinic of PE.
was applied in this study. Fig. 6 compares the FID profiles
recorded at room temperature for the Tpoly¼ 20 �C and
Tpoly¼ 70 �C powders. The component at the shorter time
scale corresponds to the rigid component, i.e. the crystalline
phase. The longer time scale corresponds to the soft compo-
nent, i.e. the amorphous phase. The plots in the intermediate
time region ranging from 30 to 50 ms are the same in both
FID profiles, but the regions in the shorter and longer time
scales exhibit a higher intensity for the Tpoly¼ 20 �C powder
than for the Tpoly¼ 70 �C one.

Profile resolution was performed, assuming three relaxation
components corresponding to the shorter, intermediate and
longer time regions. The Weibull/Sine function [16] is known
to successfully handle this type of three-component FID reso-
lution of various PE samples crystallized under different con-
ditions. A remarkable advantage of this function lies in its
universality. It includes all of the typical relaxation functions
of the Gauss/Sine equation [50] for the crystalline phase,
the Weibull equation [33,51] for the intermediate phase, and
the Lorentz equation for the amorphous phase, which is the
most popular for NMR spectrum analysis. The intermediate
Weibull equation covers the typical Gauss function. Resolu-
tion of the observed FID profile provides evaluations of the
molecular motions for different phases. Fig. 7 depicts the
three-component resolution results for both reactor powders.
High fitting reliabilities could be confirmed from these data.
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Each component profile obtained from this three-phase resolu-
tion method was Fourier-transformed into a broad-line spec-
trum with the frequency scale, and its integral peak width
(the length of the horizontal line that equally divides the total
area of the peak) was then estimated [13,16]. Here, the spin-
spin relaxation time, T2, was defined as the reciprocal of the
estimated integral width. The obtained T2 values for these
three phases are summarized in Table 1. Similar T2 values
were obtained for the intermediate phase, independent of Tpoly,
while those of the crystalline and amorphous phases exhibit
large differences. Namely, the lower value of the crystalline
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T2 was obtained for the Tpoly¼ 70 �C powder, but the lower
value of the amorphous T2 was evaluated for the Tpoly¼ 20 �C
powder. These results suggest that the crystalline phase is
more rigid for the Tpoly¼ 70 �C powder, but the amorphous
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phase is more rigid for the Tpoly¼ 20 �C powder. The
detailed assignments of these different T2 values are discussed
later.

3.4. Changes in molecular motions during heating

These 1H NMR relaxation behaviors change gradually with
heating, similar to the TEM and WAXD results discussed
earlier. Fig. 8 compares the FID profiles recorded during heat-
ing for the Tpoly¼ 20 �C and the Tpoly¼ 70 �C powders. The
FID profiles of both reactor powders exhibit gentler slopes
with increasing temperature, suggesting enhanced molecular
motion. Three-component resolution using a universal Weibull/

Table 1

Summarized spin-spin relaxation times T2, calculated as the inverse of the

integral width, for the different components resolved from 1H NMR FID

observed at room temperature for the original powders prepared at

Tpoly¼ 20 �C and 70 �C

Tpoly (�C) Crystalline (ms) Intermediate (ms) Amorphous (ms)

20 17.2 30.8 45.3

70 15.5 31.2 125
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Sine function was performed for these series of FID profiles.
The obtained results are summarized in Fig. 9, where each
molecular motion is represented by the original value of
the integral width. The highest value was obtained for the
crystalline phase, and the lowest value for the amorphous
phase. The middle value corresponds to the intermediate
phase. Crystallinity was also calculated as the integral inten-
sity for the crystalline phase as a percentage of the sum of
the whole. During an early stage of heating, crystallinity
decreases and exhibits a minimum value around 60 �C,
then increases again for both powders. These decreases and
subsequent increases in crystallinity coincide with those of
the reflection intensities observed for WAXD profile changes
during heating in this temperature range. However, the criti-
cal temperature at which the minimum crystallinity was
obtained was different for these analytical techniques. This
is attributed to the analytical basis of each technique. The
NMR measurements using the solid-echo method detect 1H
spin-spin relaxation, which concerns with the smaller spatial
size on the atomic scale. In contrast, WAXD measurements
focus on the density periodicities within the crystalline do-
mains on the nanometer scale. The larger size of the spatial
targets for WAXD measurements causes the detection delay
of the transition of the crystalline domains.

Further heating produces maximum crystallinity at 120 �C
for the Tpoly¼ 20 �C powder and at 110 �C for the Tpoly¼
70 �C powder in Fig. 9. The abrupt drops in crystallinities be-
yond these temperatures are attributed to the sample melting.
These temperatures exhibiting the maximum crystallinities
coincide well with the temperatures at which the lamellae ap-
pear in the series of TEM observations presented above. These
results indicate that the lamellar formation originates from
melt-recrystallization on annealing and subsequent cooling.

The integral widths of the three different phases also
change with increasing temperature for both powders. The
trend of the intermediate phase is quite consistent, independent
of the preparation Tpoly. In contrast, the integral widths of the
other two phases, i.e. crystalline and amorphous, exhibit
remarkable differences within the entire temperature range,
depending on Tpoly. Fig. 10 compares the integral width
changes during heating for each phase. There are only negligi-
ble difference between the Tpoly¼ 20 �C powder and the
Tpoly¼ 70 �C powder above 90 �C in the crystalline phase,
but the value is always lower in the Tpoly¼ 20 �C powder be-
low this temperature. Our recent solid-state NMR results [13]
indicated that the larger crystallite size gives the higher
integral width for the UHMW-PE samples prepared under
different crystallization conditions. In this study, the smaller
crystallite size of the monoclinic crystals within the
Tpoly¼ 20 �C powder is attributed to the lower integral width
value. This difference in the integral width of the crystalline
phase continues from room temperature to 60 �C. However,
both powders exhibit similar crystalline widths above 90 �C
because the aggregation of the crystalline domains into the
larger size is completed at the higher temperature with crys-
tal/crystal transition from the monoclinic to the orthorhombic
forms, as indicated by TEM and WAXD results.
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In contrast, the integral width of the amorphous phase is
always larger for the Tpoly¼ 20 �C powder than for the
Tpoly¼ 70 �C powder below 90 �C. This means that the molec-
ular mobility of the Tpoly¼ 20 �C powder is lower, due to the
more restricted progress of the structural formation at
the lower Tpoly, as discussed above. It should be noted that
the integral width of the Tpoly¼ 70 �C powder coincides
with that of the conventional melt-recrystallized PE [13], indi-
cating the so-called randomly coiled state of the amorphous
chains. Additionally, the amorphous width in the Tpoly¼ 70 �C
powder is constant below 90 �C. However, that of the
Tpoly¼ 20 �C powder begins to decrease at 40 �C, and finally
duplicates those of the Tpoly¼ 70 �C powder above 90 �C. The
critical temperature at which the aggregation of the crystalline
domains is evident in the TEM observations is 40 �C for the
Tpoly¼ 20 �C powder (Fig. 3). This synchronization of the
morphological and molecular mobility changes suggests that
the spatial motion of the amorphous chains induces an in-
crease in the size of the crystalline domains during annealing.
In contrast, the corresponding changes for the Tpoly¼ 70 �C
powder occur at 90 �C. Similar coincidence of the critical tem-
peratures for the morphological and molecular mobility
changes for both reactor powders supports the above assign-
ment of the phase development mechanism during annealing.
The constrained molecular motion of as-polymerized amor-
phous chains surrounding the crystalline domains is released
when the annealing reaches the critical temperature, which al-
ways exceeds the maximum temperature experienced during
polymerization. This molecular motion of the amorphous
phases unlocks the crystalline domains so they can be aggre-
gated into the larger spatial area.
3.5. Structural development mechanism of reactor
powder

The structural development model in Fig. 11 is a combina-
tion of all the information obtained from TEM observation,
WAXD and NMR measurements. The results of the morpho-
logical changes during annealing demonstrate that the actual
polymerization commenced when the temperature was 20 �C
higher than the preparation Tpoly for each of the reactor
powders. This slight temperature difference corresponds to
an exothermic reaction near the active sites on the catalyst,
where continuous chain growth occurs. Rapid crystallization
occurs for the lower Tpoly as soon as the shorter chains are pro-
duced at the active sites, and the resultant crystalline domains
retain the constraints of the molecular chains. Therefore, the
crystalline phase of the lower Tpoly powder contains a larger
amount of the monoclinic form within a smaller domain.
The molecular mobility of the amorphous phase is also re-
stricted in the reactor powder prepared at the lower Tpoly. In
contrast, the higher Tpoly generates the stepwise processes of
the initial chain growth and subsequent crystallization of the
grown chains. Therefore, larger crystalline domains with the
usual orthorhombic form are produced with a less-constrained
amorphous phase. After these reactor powders are annealed
beyond the temperature experienced during polymerization
near the active site, the amorphous chains surrounding the
crystalline domains become mobile. This amorphous chain
motion characteristically unlocks and induces the aggregation
of the crystalline domains by releasing the lattice constraint.
These phase changes in the crystalline and amorphous phases
are synchronized through the intermediate phase that connects
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Fig. 10. Summarized changes in the integral width during heating of Tpoly¼ 20 �C and 70 �C powders. The results of (a) crystalline, (b) intermediate and (c)

amorphous components obtained in Fig. 9 are compared.
them. Thus, the molecular motion of the intermediate phase
exhibits a gradual change during heating for both reactor pow-
ders. Further annealing gives the partial melting, as confirmed
by the reduction of crystallinity, and destroys such domain-
aggregate structure. However, cooling after annealing induces
the usual lamellar crystallization, which is recognizable in the
resultant powder morphology.
4. Conclusions

This study investigated the structural changes during an-
nealing of PE reactor powders prepared under different Tpolys
using a combination of TEM observation, WAXD and 1H
NMR measurements. TEM results suggest that the reactor
powder morphology is composed of unique crystalline
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domains that are formed during polymerization. Beyond each
critical temperature, corresponding to 20 �C higher than that
of the preparation Tpoly, the crystalline domains begin to
aggregate for both reactor powders. These results mean that
the critical temperatures are the maximum temperatures expe-
rienced during polymerization near the active sites on the cat-
alyst, where both chain growth and crystallization proceed.
NMR results indicated that the enhancement of the amorphous
chains induces the above-mentioned morphological changes in
PE reactor powders. WAXD results demonstrated that the
lower Tpoly powder contains a larger amount of the monoclinic
crystals within the smaller size. A similar restriction of the
molecular mobility was also detected for the amorphous phase
of the lower Tpoly powder. These results imply that phase de-
velopment during polymerization of the lower Tpoly proceeds
with the constraint state. At the lower Tpoly, rapid crystalliza-
tion is repeated one after another even when the shorter chain
segments grow at the active sites, meaning that the rate-
determining step of the phase development is the chain growth
during polymerization. In contrast, the crystallization after the
longer chains grow is expected at the higher Tpoly, meaning
that the crystallization is the rate-determining step in this
case. This competitive mechanism composed of the chain
growth and crystallization is thought to be the cause of the
characteristic reactor powder morphologies, depending on
the preparation Tpoly.
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