
lable at ScienceDirect

Polymer 50 (2009) 3810–3818
Contents lists avai
Polymer

journal homepage: www.elsevier .com/locate/polymer
The effect of temperature on nascent morphology of polyethylene polymerized
over solution-phase flat model catalysts

Shidong Jiang a, Bin Kong a, Wei Han b, Peter C. Thüne b, Xiaozhen Yang a, Joachim Loos b,**,
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The structure and morphology of polyethylene (PE) produced during solution polymerization using
bis(imino)pyridyl metal catalysts supported by flat SiO2/Si(100) wafers were investigated by atomic force
microscopy (AFM) and electron diffraction. Depending on the polymerization temperature, ranging from
RT to 85 �C, different morphologies of the nascent PE have been observed. ‘‘Sea weed’’ like super-
molecular structures are the predominant nascent morphologies of the PE polymerized at low
temperatures. This should be associated with the high PE yield and high nucleation rate at low
temperature; the catalyst is highly active and the PE macromolecules have low solubility in toluene and
nucleate immediately after formation. With increasing polymerization temperature, e.g. at 60 or 70 �C,
larger single crystals with roughly a lozenge shape but saw-tooth-like facets have been created. The
multilayer overgrowth of the PE crystals demonstrates that the generated PE materials exceed what is
required for single layer crystal growth. At 85 �C, decreasing crystal growth rate results in the formation
of small PE single crystals. At the same time, the high solubility of the PE in toluene results in continuous
diffusion of the macromolecules to the existing PE crystals and therefore single crystals in regular
truncated lozenge shape have been formed. Electron diffraction indicates that in the whole temperature
range, PE crystallizes in flat-on crystals in chain-folded structure with different chain folding stem
length.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The morphology and structure of crystalline polymers have
been extensively studied during the past several decades. The
morphological development of polymers during crystallization
from quiescent states is relatively well understood on the lamellar
as well as on the spherulitic scale [1]. However, these investigations
have been limited almost exclusively to crystals obtained by crys-
tallization from the solution and melt of pre-synthesized polymers.
In the early 1980s, Geil and coauthors have found that the particle
morphology, including the size and shape, has significant effect on
the properties of a processed polymer [2,3]. It has also been
recognized that the defects in the crystals of the nascent polymer
also plays an important role in the physical properties and pro-
cessing behavior of the final products [4]. Understanding the
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morphological development during polymerization, especially the
effect of the catalyst and polymerization conditions, is the main
topics in the study of the nascent polyolefin morphology. To date,
several papers have been published on the morphology of nascent
polyolefin. The development of nascent state morphology of PE is
documented reasonably well on the micrometer level [5–16].
However, in contrast to the process of melt crystallization, the
nascent state and the associated polymerization–crystallization
processes which govern morphology development, are not well
understand.

A number of morphologies for nascent polyolefin have been
observed depending on catalyst systems and polymerization
conditions. The polymers produced with heterogeneous Ziegler-
Natta catalysts were found to have a fibrous texture similar to
shish-kebabs [17]. Fibrillar structures are even observed in samples
polymerized under quiescent conditions [18]. Polyethylene
prepared with the soluble catalyst system bis-(cyclopentadienyl)-
titanium dichloride under a variety of polymerization conditions
has, however, a chain-folded lamellar structure over a wide range of
catalyst concentration, as described by Georgiadis and Manley[11].
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Scheme 1. Preparation of the SiO2/Si (100) model surface.

S. Jiang et al. / Polymer 50 (2009) 3810–3818 3811
In the case of another soluble catalyst system VOCl3/(C2H5)2AlCl,
dual morphological structures, including folded-chain lamellar
crystals and fibrillar crystals, have been reported [19]. It has been
concluded that in heterogeneous systems, owing to the close
proximity of active sites on the surface of the catalyst substrate,
fibrillar crystals are grown by an intermolecular crystallization of
polymer chains emanating from adjacent active sites. Moreover,
subsequent stretching of the just formed crystals caused by catalyst
fragmentation and polymer particle grow is another factor that
causes formation of fibrillar crystals during heterogeneous
polymerization.

The overall particle morphology, as prepared in the reactor by
the important industrial processes such as catalyst replication, is
difficult to characterize on the molecular scale using microscopy
techniques [20–22]. Recently, flat Phillips model catalysts have
been introduced [23–25]. They are based on silicon (100) single
crystals covered with a thin layer of silica (20 nm) with a surface
roughness below 1 nm. These single crystals are used to support
the flat Phillips model catalysts [26]. As a result, the nascent
morphology of polyethylene polymerized by this flat Phillips model
catalysts has been investigated [15,27]. Through scanning electron
microscopy (SEM) investigations, it was found that the nascent
morphology of PE samples polymerized by this flat Phillips model
catalysts at 25 �C and 70 �C consists of pillar-like stacked spherical
entities, which are loosely connected with each other.

Recently, the flat model silica-supported bis(imino)pyridyl
iron(II) polyolefin catalyst has been successfully developed [16]. In
Scheme 2. Preparation of anchored b
this case, since the iron catalyst is covalently anchored onto the flat
SiO2/Si(100) surface, it shows a very high activity towards ethylene
polymerization. The concentration of the surface-silica-supported
bis(imino)pyridyl iron(II), which is the active site, can be controlled
independently by adjusting the concentration of the catalyst in
solution. Since the number of active sites on the model catalyst
surface is well controlled, it can prevent interference between the
growth of neighboring nascent islands or crystals. On this basis,
a proper amount of polymers are formed on the silica surface that
are suitable to study the initial nascent morphology of individual
crystals by AFM observation.

In the present paper, we examine the morphology and structure
of nascent polyethylene polymerized with the silica-supported
bis(imino)pyridyl Iron(II) polyolefin flat model catalysts. Polymer
samples were prepared at different temperatures and studied by
AFM combined with electron diffraction. The effect of polymeri-
zation temperature on the nascent morphology and structure of PE
is discussed based on the morphological features obtained.
2. Experimental details

2.1. Materials

All manipulations of air or water-sensitive compounds were
performed using standard Schenk or glovebox techniques. All
chemicals were purchased from VWR or Aldrich and used as
received. Initially HPLC-grade solvents were taken from an argon
flushed column packed with aluminum oxide. The solvents were
stored with 4 Å molecular sieves. The allyl-modified bis(imino)
pyridine ligand was prepared according to the procedure described
in the literature [28].
2.2. Catalyst preparation and polymerization procedure

The synthesis of the immobilized iron(II) catalyst precursor is
summarized in Ref. [16]. As shown in Scheme 1, the SiO2/Si(100)
wafer was prepared as described in the literature (calcination at
750 �C, followed by etching with H2O2/NH3) to obtain a layer of
amorphous silica (20 nm) on a single-polished silicon (100) wafer
[29]. The wafer was then partially dehydroxylated at 500 �C in hot
is(imino)pyridyl iron(II) complex.
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air for 16 h and kept under nitrogen. The SiO2/Si(100) wafer was
subsequently transferred into the glovebox and then placed in
a solution of the ligand (0.001 mg/mL) in THF. The reaction mixture
was stirred at room temperature for 2 h. After that, the wafer was
thoroughly washed with THF, toluene, and dried under nitrogen.
The ligand-modified wafer was treated with a THF solution of
FeCl2$4H2O (1 mg/mL) at room temperature for 1 h. The detailed
preparation process of anchored bis(imino)pyridyl iron(II) complex
is shown in Scheme 2. After the reaction, the wafer was again
thoroughly washed with THF and toluene. Polyethylene polymeri-
zations were performed at different temperatures in a reactor with
80 mL toluene and the reactor was equipped with a magnetic
stirrer. Our polymerization setup consists of two stainless steel
autoclave reactors, each of which is 100 mL in volume and equip-
ped with a magnetic stirrer. Independently in both reactors, the
temperature can be set between room temperature and 150 �C and
pressure can be set up to 10 bars. A metal holder was designed to
hold wafer samples in the reactor. One reactor serves as a pre-
mixing reactor, in which toluene with co-catalyst (e.g., TIBA) is
pressurized with ethylene at a desired pressure and temperature.
Another reactor is the actual polymerization reactor, where the
SiO2/Si(100) wafers with supported catalysts are located. A tube
connects both reactors. After the toluene with co-catalyst is satu-
rated with ethylene in the pre-mixing reactor, it is transferred to
the polymerization reactor through the tube and the polymeriza-
tion starts immediately. This procedure yields a well-defined start
point of the polymerization. The polymerization is performed at
various temperatures in the actual reactor with the ethylene
pressure maintained at 3 bar. Releasing the ethylene pressure and
removing the wafer samples from the solution stops the polymer-
ization at the desired time of 5 min for all experiments performed
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Fig. 1. (a) and (b) AFM images of a nascent sample prepared at room temperature taken und
pattern of the ‘‘sea weed’’ aggregate. (d) The cross-sectional height profile corresponding t
and subsequently the wafer is washed with toluene. No polymer is
identified on the surface of a blank wafer.
2.3. Polymer characterization

The evolution of the nascent morphology of PE is followed by
AFM observation using a Smena P47H instrument (NT-MDT Ltd,
Moscow, Russia), which is specially designed for scanning force
microscopy measurements. The AFM was operated in intermittent
mode in air using silicon cantilevers with spring constant kZ11-
15 N/m, which are coated with a gold layer for higher laser beam
reflectivity. Typical resonance frequencies are 210–230 kHz. The
AFM was calibrated using a 25 nm height standard grating
produced by NT-MDT Ltd.

The preparation technique for TEM examination of the diffrac-
tion pattern is as follows: Firstly, a super-thin carbon film is coated
onto the surface of the prepared sample in vacuum, then a proper
quantity of poly(acrylic acid), 35wt.% solution in water, is dropped
onto the surface of the samples. After the evaporation of the water at
room temperature for two weeks, the remaining solid poly(acrylic
acid), together with the carbon coated PE sample layer, are dis-
engaged from the surface of silicon wafer. Again, another carbon
film is coated onto the new surface of the sample so as to decrease
the damage of the electron beam. The solid poly(acrylic acid) sup-
ported double carbon coated sandwich layers with the new surface
on top are carefully floated on the surface of distilled water. After the
complete dissolution of poly(acrylic acid) into water, the remaining
double carbon coated samples are mounted on 400-mesh electron
microscopy copper grids. For the selected area electron diffraction
work, a Hitachi H-800 operated at 100 KV was used.
position (µµm)
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er amplitude and height modes, respectively. (c) The corresponding electron diffraction
o the white line shown in the part (b).
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3. Results

Fig. 1a and b present the AFM images of a PE sample prepared at
room temperature under 3 bars for 3 minutes. Fig. 1a was taken
under amplitude mode, while Fig. 1b shows its corresponding
height image. From parts a and b of Fig. 1, we see a ‘‘sea weed’’
aggregate of the produced PE materials. The ‘‘sea weed’’ is
composed of island domains with a size of more than 2� 2 mm2.
Electron diffraction taken from the observed ‘‘sea weed’’, as shown
in Fig. 1c, presents a typical electron diffraction pattern of the PE
crystals, indicating the occurrence of crystallization during poly-
merization. The appearance of the strong (110) reflections together
with the (200) and (020) reflections as discontinuous diffraction
rings tells us that the crystalline entities are composed of flat-on PE
crystals. The AFM height profile shows that most of the PE flat-on
crystals on the silica surface exhibit approximately the same height
of 10 nm. There are two small regions, as shown in Fig. 1d, where
the PE film thickness is doubled. This may indicate that a second
layer of PE flat-on crystals has been created during crystallization.
In the discussion part of our study we will explain in detail how
creation of the nascent chains, their solubility in the solvent, their
diffusion at the catalyst surface and in the amorphous layer of
already laid crystals, and insertion at the crystal growth front
determine the crystal morphology.

Increasing the polymerization temperature to 45 �C, at a coarser
length scale, a similar morphology is formed as for room temper-
ature conditions. Fig. 2a and b present two typical AFM images of
the nascent PE sample polymerized at 45 �C under 3 bar for
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Fig. 2. AFM images of a nascent sample prepared at 45 �C under (a) amplitude and (b) heig
shown in the part (b).
5 minutes. The size of the domains now reaches a size of some
4� 4 mm2. The corresponding height profile (see Fig. 2c) shows that
the PE ‘‘leaf-like’’ structures are also of a uniform height. Moreover,
overlaps with doubled height have been observed frequently. The
average thickness of each layer polymerized at 45 �C (ca. 8 nm) is,
however, somewhat thinner than that of the samples prepared at
room temperature.

The effect of increasing the polymerization temperature to 60 �C
under 3 bars for 5 minutes on the crystallization behavior as well as
on the crystalline morphology of PE becomes more apparent. As
shown in parts a and b of Fig. 3, now the nascent PE polymer
exhibits straight-edged but multifaceted lenticular crystals as
described by Georgiadis and Manley[11]. Most of the PE crystals
exhibit an irregular lozenge shape with saw-tooth-like edges; such
morphology is discussed in detail in Ref. [30]. This clearly indicates
the formation of PE single crystals. In the electron diffraction
pattern, Fig. 3c, the appearance of sharp and well defined (110),
(200), (020) together with other (hk0) reflection spots further
confirms that the PE chains pack in an orthorhombic unit cell with
the chain axis parallel to crystal thickness direction, namely
forming a single crystal structure [31–33]. There are overlaps of the
PE single crystals, which has often been observed for solution
grown PE single crystals. Height profile demonstrates that the PE
crystals in each layer have similar thickness of ca. 10 nm, see Fig. 3d.
This demonstrates that the obtained single crystals exhibit a chain-
folded molecular structure with fold stem length of about 10 nm. In
the present case, extended chain crystal growth can be excluded
because the length of the polymerized macromolecules is much
5;
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Fig. 3. AFM images of a nascent sample prepared at 60 �C under (a) amplitude and (b) height modes. The part (c) shows the corresponding electron diffraction pattern of the single
crystal, while the part (d) illustrates the corresponding cross-sectional height profile along the white line shown in the part (b).
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longer than the thickness of the crystals [16]. The existence of
multilayer PE single crystals with approximately identical thickness
implies that the upper PE single crystal layers are also formed
during the polymerization process rather than after taking the
samples out of the reactor, which would cause uncontrolled crys-
tallization and results in smaller thicknesses of the crystals or even
edge-on lamellar structure, which has most frequently observed for
solution cast and spin coating samples.

When the polymerization conditions were set at 70 �C, larger,
lozenge shaped, lamellar single PE crystals have been observed by
AFM under both amplitude and height modes, as shown in parts
a and b of Fig. 4. These single crystals contain multilayer over-
growths. Comparing the single crystals shown in Figs. 3 and 4, one
may find that the single crystals grown at 70 �C exhibit also rela-
tively more regular lateral facets. This indicates that at 70 �C, the PE
polymerized chains pack more regularly onto the crystal growth
front than at lower polymerization temperatures, e.g. 60 �C. The
height profile in Fig. 4c tells us that the thickness of PE single
crystals in each layer is about 12 nm, which is thicker than the
single crystals produced at 60 �C. Unfortunately, the chosen
imaging conditions have caused the wave-like background pattern,
which is an artifact but doesn’t interfere with the above presented
results. The increase in lamellar thickness should be related to the
enhanced crystallization temperature.

Looking to the morphologies created for low polymerization
temperatures, all crystals have in common that a central seed and
corrugation lines are absent. This may indicate that the crystals are
directly formed on the catalyst substrate during polymerization
rather than first forming the hollow pyramidal shape typical for
solution grown PE single crystals. Otherwise, collapse during
deposition on a substrate will form the corrugation lines as
reported by Bassett et al. [31,32].

Fig. 5a and b show the typical nascent crystalline morphologies
of samples produced at 85 �C; again the polymerization
temperature and time is equal to the crystallization temperature
and time. Several features of the generated single crystals should be
pointed out. First of all, the single crystals exhibit quite regular
truncated lozenge shape with regular facets. This leads to single
crystals having four well defined (110) and two (200) growth fronts.
Second, the size of the single crystals formed is much smaller than
that of single crystals formed at 70 �C. This unambiguously indi-
cates that the synthesized PE chains deposit very slowly onto the
growth facet of the truncated lozenge small crystals in a perfect
way just like the case of dilute solution crystallization. Third, the
single crystals are much thicker than those formed for low
temperature polymerization/crystallization, as can be clearly seen
from the AFM height profile shown in Fig. 5c. Furthermore, in
contrast with the crystals grown at lower temperatures, one can
find ridges similar to the common corrugation lines caused by
collapse of the hollow pyramidal single crystals, as reported by
Bassett and Keller et al [31,32]. Considering that the corrugations
from pyramids are parallel to 310, not 110, the ridges may be
associated to the changes in fold period corresponding to decrease
in crystallization temperature; possibly occurring as residual
polymer in solution crystallized when the sample was removed. All
these features indicate that the crystals were probably formed as
conventional solution grown single crystals close to the catalyst
surface and subsequently, after terminating the polymerization,
deposed on the catalyst surface. Moreover, numbers of the ‘‘spots’’
can be found in the background of the samples. They might be the
primary nuclei formed latter during the polymerization process.

From the above description, the nascent crystalline morpholo-
gies of PE produced during polymerization processes at different
temperatures can be summarized as follow. At low temperature,
e.g. room temperature or 45 �C, microcrystallites are the observed
morphology. These microcrystallites connect together forming ‘‘sea
weed’’ structures. When the polymerization/crystallization
temperature is increased to 60 �C, single crystals with smooth top
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Fig. 4. AFM images of a nascent sample prepared at 70 �C. The images were taken under (a) amplitude and (b) height modes, and (c) the corresponding cross-sectional height
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surface and relatively regular facets are obtained. The facets
become more and more regular with increasing polymerization
temperature. When the polymerization temperature reaches 85 �C,
small single crystals with quite regular truncated lozenge shape
and lateral facets are formed directly after the polymerization.
Electron diffraction demonstrates that all of the nascent PE crystals
are seen flat-on. The thicknesses of the flat-on crystals are,
however, different from each other.

4. Discussion

According to the obtained experimental results, two aspects
should be addressed. The first one concerns thicknesses of the flat-
on crystals, while the other one concerns the mechanism and
shapes of the crystals grown from the as-produced PE chains during
polymerization. To illustrate the thickness evolution with poly-
merization temperature, the thicknesses of the nascent samples
polymerized at different temperatures under otherwise unchanged
polymerization conditions, e.g. pressure and time, were estimated
via AFM cross-section height profiles. For minimizing the
measurement errors, several sets of samples were used and an
average value of the layer height was calculated. Fig. 6 shows a plot
of layer height as a function of polymerization temperature. From
Fig. 6, one can see that, except for the sample prepared at room
temperature, the PE layer thickness increases with increasing of
polymerization temperature. This is in agreement with well-
established small angle X-ray data and AFM data of single crystals
grown in concentrated solution [34,35]. The exception, i.e. the
thicker PE layer produced at room temperature with respect to that
generated at 45 �C, may be explained in the following way. It is well
known that polymers cannot be fully crystallized owing to their
long chain character. Therefore, crystalline and amorphous phases
always coexist in the same sample. The amorphous phase is located
at the lower and upper chain fold surfaces. In the present case, the
PE crystalline lamellae are all lying flat-on on the catalyst substrate.
Therefore, it is reasonable to suggest that there is an amorphous
interface between the single crystal and the catalyst substrate. That
is to say that the AFM height data reveals the overall height,
including the core crystal thickness and the amorphous layers on
each side of the core crystal. The crystallizability of the samples
polymerized at room temperature may be lower than at higher
temperatures. Moreover, the experimental results show that the
polymerization rate of ethylene at room temperature is much
higher than at elevated temperature [36]. This may also lead to the
formation of thicker amorphous layers. It is these thicker amor-
phous layers that may result in the height increase of the samples
polymerized at room temperature. Another possibility explaining
the thickness of the crystals might be that the PE polymerized and
crystallized at room temperature possesses only a sea weed
structure composed of microcrystallites. These microcrystallites
reflect mainly the primary nucleus parts of the flat-on crystals,
which can be much thicker than the later on grown single crystals
[37,38].

As for the mechanism and shapes of the crystals, a mass of work
has been devoted to the crystallization behavior of polymers from
dilute solutions. In our case, considering the low temperature used,
it is reasonable to assume that the crystallization of the polymer-
ized PE could take place immediately during polymerization and
forms the nascent crystals on the surface of the catalyst substrate
immediately. This is to say that during polymerization the gener-
ated macromolecule may precipitate after reaching a critical length
rather than produces complete macromolecules first, which
dissolves in the solvent, and then crystallizes from the solution.
This is somewhat different from the case of solution crystallization
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since the polymerization and crystallization occur simultaneously.
In this case, as illustrated in Fig. 7a, one end of the freshly created PE
chains is anchored to the active site, while the other end is free in
the solvent at the beginning. With further growth of the PE chains,
crystallization starts (Fig. 7b). At the early stage, intermolecular
crystallization should be predominated. As long as the molecular
chain involved in crystallization, both ends of the freshly produced
PE chain are then fixed. Thereafter chain folding takes place
(Fig. 7c). Taking these features into account, the shapes of the
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obtained single crystals should be associated to the growing of
macromolecular chains, the mobility of nascent chains in the
vicinity of catalyst surface, their solubility in the solvent and the
characteristics of polymer crystallization for the given temperature.
The dependence of morphology on the polymerization tempera-
ture indicates that temperature is important both for ethylene
polymerization and polyethylene crystallization. It is found during
our synthesis experiments that the activity of the catalyst decreases
with increasing polymerization temperature, which is in good
agreement with the results in ref. 36. At lower temperatures, e.g.
room temperature, the high activity of the catalyst will lead to
abundant PE polymer chains accumulating in the vicinity of the
active site. The freshly created polymer molecules are expected to
be insoluble when they are beyond a certain length of about few
tenths of monomers since the temperature used is far below the
solubility temperature of PE in toluene. This results in a high
nucleation rate of PE polymers at the active site. On the other hand,
the crystal growth should be very slow due to the lower mobility of
nascent PE chains diffusing along the catalyst surface. These factors
suggest that the crystallization of nascent PE at low temperature
should be a nucleation controlled process. Therefore, as sketched in
Fig. 7d, large numbers of crystalline nuclei or microcrystallites have
been created and aggregated together. At relatively higher poly-
merization temperature, e.g. at 60 �C or 70 �C, the mobility of the
just formed nascent chains along the catalyst surface is enhanced,
leading to an increment in crystal growth rate while a reduction in
nucleation ability. This leads to the formation of larger and more or
less a lozenge shaped PE single crystals, see Fig. 7e. At 85 �C, the
highest temperature used in the present work, the production of PE
is decreased and the solubility of the nascent PE chains in the
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toluene is increased. In this case, as sketched in Fig. 7f, some of the
freshly created chains can swim freely in the toluene after disen-
gaging from the active site. This leads to a further reduction in
nucleation ability and a decrease in crystal growth rate, as can be
judged from the smaller crystal size compared with those formed at
lower temperatures. Moreover, there should be more PE chains
dissolved in the toluene, which can be easily inserted at the growth
fronts of the single crystals. Under such condition, single crystals in
regular truncated lozenge forms are grown as it occurs also for
conventional solution growing at elevated temperatures.

For the multilayer growth of the single crystals, the molecular
segments accumulated on the upper surface of the PE crystallites
should be considered. The amount of these chain segments
depends on the crystallization rate and the polymerization effi-
ciency. These materials may exist in amorphous or in crystalline
states depending on the thermal conditions. It seems that they are
most probably in amorphous phase at lower temperatures, while
create a multilayer crystal growth at higher temperatures, e.g. at
temperatures ranging from 45 to 75 �C. An exact understanding on
the origin of the multilayer crystal growth is still under study.
5. Conclusion

Polyethylene has been successfully polymerized from solution
at temperatures ranging from RT to 85 �C with the help of bis-
(imino)pyridyl metal catalysts supported by SiO2/Si(100) flat
wafers. Crystallization of the formed PE polymers takes place
during the polymerization process. Nascent morphologies of the
polymerized PE materials serve as indicators for illustrating the
crystallization process of the PE chains during polymerization.
The electron diffraction experiments demonstrate that in all cases
the PE forms flat-on crystals. AFM observations indicate that
morphology of the PE formed during polymerization process
depends strongly on the chosen polymerization temperature, i.e.
the crystallization temperature.

At low polymerization temperatures, e.g. at room temperature,
the activity of the catalyst is very high, which results in mass PE
materials being created immediately after the polymerization
started. On the other hand, since the temperature is far below the
solubility temperature of PE in toluene, the growing macromole-
cules would be expected to be insoluble beyond a certain length
and stick at the location where they are created. This will lead to the
formation of substantive nuclei. The growth of the crystals is,
however, slow due to the lower chain mobility of the nascent
polymers. Therefore, ‘‘sea weed’’ like supermolecular structures are
the observed morphologies.

At relatively higher polymerization temperatures, e.g. 60 �C or
70 �C, the crystal growth rate increases while the nucleation ability
decreases due to the higher chain mobility of PE polymer chains.
This leads to the formation of larger PE single crystals with more or
less a lozenge shape with saw-tooth-like lateral facets. The irreg-
ularity of both the crystal shape and the saw-tooth-like facets can
be associated to the amount of nascent PE chains present at the
crystal grow fronts and the given polymerization temperature that
is equal to the crystallization temperature. Moreover, the fact that
the single crystals overgrowth in multilayers indicates that the
amount of in-situ polymerized PE materials far exceed the need for
single layer crystal growth.

When the polymerization was set at 85 �C, not only the mobility
but also the solubility of the nascent PE chains in the toluene is
enhanced remarkably. This will lead to slow crystal growth. On the
other hand, a uniform solution of the extra PE materials surrounded
the existing PE single crystal so that, as a consequence, small
regular truncated lozenge shaped PE single crystals were produced.
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