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Three-dimensionally ordered macroporous polyethylenes (3DOM PE) with pore size ranging from
135 nm to 410 nm were prepared using supported catalysts on the surface of silica microsphere as
template, followed infiltration of gaseous ethylene and polymerization. The morphology of 3DOM PE was
characterized by SEM and the reflectance spectrum was recorded by UV–vis. It is shown that the pores
are uniform, flexible and arranged in a highly ordered fashion. Reflectance spectrum of 3DOM PE also
provided verification of the uniform nature of the sample. Moreover, the effect of confined space on
polymerization was investigated by GPC and DSC. The results indicate that the porous PE possesses
higher Mw compared with bulk PE, and exhibits lower melting temperature and crystallinity than those
of bulk PE.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Increasing attention has been placed on the creation of three-
dimensionally ordered macroporous (3DOM) materials due to their
potential applications in photonic crystals [1–4], sensors [5–8],
separation and adsorbent media [9,10], catalytic surfaces and
supports [11–14], and chromatographic materials [15–17]. A variety
of porous materials such as metals [18,19], inorganic materials [20–
22], semiconductors [23,24] and polymers [25–32] have been
fabricated by replicating colloidal crystal templates. Fabrication
based on this approach is remarkable due to its simplicity, its
fidelity in transferring the structure from the template to the
replica, and precise control the size of the pores and the periodicity
[33]. Comparing metals and inorganic macroporous materials,
macroporous polymer materials have attracted more interests,
because they are flexible, liable to functional design, and facile to
prepare. So far, many 3DOM polymers have been prepared and
applied in above-mentioned application fields [25–32,34–36].

Scanning the whole procedure for the preparation of 3DOM
polymers using the colloidal template method, the key point lies in
the design of the method of the filling precursors into interstices of
colloidal crystals, which can have a significant effect on the final
structure and performances of resulting materials [33]. As far as the
preparation of 3DOM polymer is concerned, most of previous
preparation methods attempted to use liquid monomer as
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precursors via radical polymerization or crosslink by thermal
treatment or exposure to UV light [37–40], due to the limitation of
monomers and polymerization methods. However, it still remains
a great challenge in using more available infiltration and poly-
merization methods to fabricate other polymer materials by
template-directed synthesis.

Use of gaseous phase as the precursors have some advantages to
use gaseous phase as the precursors, such as filling rapidly, and
solvent can be avoidable, which can increase the filling defects
when the solvent was removed. Despite these advantages, to the
best of our knowledge there is only chemical vapor deposition
(CVD) [41–43], using gaseous phase as the precursors. Neverthe-
less, CVD method is in need of harsh conditions and limited to
fabricate inorganic 3DOM materials. For example, Blanco et al. [43]
fabricated 3DOM Si by means of CVD using disilane gas as
a precursor, whose deposition temperature is varied from 250 �C
for low filling fractions to 350 �C for high ones. Thus, a kind of
infiltration and polymerization easily available to construct the
3DOM polymer by template-directed method is very expectant.

Ethylene gaseous polymerization is well known in industry
catalyzed by catalyst supported on silica, which provide a possi-
bility to fabricate 3DOM PE using gas ethylene as a precursor. The
cases encourage us to fabricate 3DOM polyethylene (3DOM PE) via
gaseous phase infiltration of silica crystal templates. This method to
fabricate 3DOM PE gives the following advantages: 1) the organic
solvent is ignored in the fabrication process, which is more friendly
to environment; 2) the important procedure of peeling off bulk
polymer from the surface of composites during the typical prepa-
ration of 3DOM polymer is more convenient than that of in solution
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Scheme 1. Schematic diagram for fabricating 3DOM polyethylene by gaseous infiltration method.

Scheme 2. Supported reaction on the surface of silica microsphere.
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polymerization; 3) 3DOM PE with uniform pores and decrease of
the filling defects were obtained under efficient filling; 4) also, it
can be extended to using other gaseous phase olefins to fabricate
3DOM polyolefin by this method, such as 3DOM polypropylene and
3DOM polyisobutene.

Herein, three-dimensionally ordered macroporous poly-
ethylenes (3DOM PE) with pore size ranging from 135 to 410 nm,
arranged in a highly ordered fashion were reported using conve-
nient gaseous phase infiltration of silica crystal template strategy.
The process is described in Scheme 1. Resulting PEs obtained from
confined three-dimensionally ordered space were measured by
GPC and DSC.

2. Experimental

2.1. Materials

Ethanol, 25 wt.-% aqueous ammonia, and 40 wt.-% hydro-
fluoric acid (HF) purchased from Tianjin Chemical Reagent
Factory are reagent quality without further purification. Toluene
was refluxed and distilled from Na–benzophenone under dry
nitrogen before use. Tetraethoxysilane was commercially
obtained from Beijing Chemical Limited Company. Methyl-
aluminoxane (MAO, 10% solution in toluene) was purchased from
Arbemarle Company. Me2Si[Ind]2ZrCl2 and ethylene were
supplied by Yansan Sinopec company and used without further
purification. Monodispersed silica templates with average diam-
eter 190 nm, 275 nm and 520 nm were prepared according to
Stöber–Fink–Bohn technique [44]. The resulting pellets were
sintered at 600 �C for 2 h to enhance the connectivity between
the spheres and then cooled down to ambient temperature for
further use as templates.

2.2. Supporting procedures

The silica template was treated under vacuum for 2 h at 120 �C,
then cooled under argon and placed in the Schlenk flask. MAO
solution (5 ml) was injected into the flask under vacuum and kept
at 60 �C for 9 h, and then the solution was removed. After washing
with purified toluene for five times, the modified silica template
was dried under vacuum. Me2Si[Ind]2ZrCl2 (15.0 mg) was dissolved
in 5.0 ml of purified toluene at 35 �C. Afterwards, the solution was
injected into the flask loaded with silica template supported MAO
under vacuum and stirred slowly at 60 �C for 9 h. After removing
the solution, the resulting solid was washed for three times with
10 ml toluene every time, and dried under vacuum, then saved
under argon protection.

2.3. Preparation of 3DOM PE

The Schlenk flask loaded with silica template supported cata-
lyst was heated to the desired temperature (60 �C). Then the flask
was degassed, followed by continuous introduction of ethylene
gas flow at 0.1 MPa pressure. The polymerization was carried out
for 2 h at a constant temperature of 60 �C. The reaction was
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Fig. 1. SEM images of (a) silica template supported with MAO/Me2Si[Ind]2ZrCl2 catalytic system (the content of Zr is 0.14 wt.-%; diameter of silica microsphere: 275 nm), (b) silica
template supported with MAO/Me2Si[Ind]2ZrCl2 catalytic system (the content of Zr is 1.2 wt.-%; the same diameter with (a)), (c) PE/SiO2 composite, (d) 3DOM PE fractured in liquid
nitrogen (diameter: 210 nm), and (e) 3DOM PE incised at ambient temperature.
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terminated with acidified ethanol, and the product was the
composite of PE/silica. The composite was treated with 10% HF
solution for 10 min under ultrosonication and soaked overnight.
Thus, 3DOM PE was obtained. The resulting 3DOM PE was
washed with distilled water until neutral and dried at 80 �C under
vacuum.

2.4. Characterization

The content of Zr supported on silica template was measured by
spectrophotometric method (model Cary300 UV–Vis Spectropho-
tometer). The vacuum-sputtered samples with Au were character-
ized using scanning electron microscopy (Hitachi S-530 SEM). In
the SEM images, over 100 spheres or pores were measured to
determine their average diameters. The diffuse reflectance spec-
trum of 3DOM PE was recorded by Cary300 UV–Vis equipped with
diffuse reflectance accessory (DRA-CA-30I), the range of incidence
light 350–900 nm was used to measure the reflectance spectrum
and the size of 3DOM PE sample is 1�0.5 cm2. GPC measurements
were carried out via PL-GPC-220 in trichloro-benzene (TCB) at
140 �C. Differential scanning calorimetric (DSC) analysis was
performed on a Perkin–Elmer DSC at a heating rate of 10 �C/min
under nitrogen from ambient temperature to 150 �C. The level of
crystallinity of PE sample was determined by comparing the heat of
fusion for a PE sample to the heat of fusion for the completely
crystallized PE sample.
3. Results and discussion

Several procedures have been described to support metal-
locenes on silica [45–52]. According to a report by Chen and
coworkers [53], the process used to prepare the Zr/SiO2 catalyst
probably involves the following reactions (Scheme 2): the treat-
ment of SiO2 with MAO most certainly caused the reaction of
surface hydroxyls with AlMe groups in MAO to evolve methane.
Those AlMe groups not attached on silica can elicit an anionic
ligand from the zirconocene precursor to form the zirconocenium
species to initiate PE polymerization. As later demonstrated, the
content of Zr had significant influence on the fabrication of 3DOM
PE. Proper content of Zr is essential for achieving perfect 3DOM PE.
The excess Zr will obstruct the infiltration of gaseous monomers
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Fig. 2. SEM images of the templates with varied sphere sizes: (a) 190 nm, (b) 520 nm, and the corresponding 3DOM PE: (a0) 135 nm, (b0) 410 nm.
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into the interstitial voids of silica template and result in defective
3DOM PE.

Fig. 1a and b depicts SEM images of sintered silica templates
loaded with different Zr contents. Comparing Fig. 1a (the content of
Zr is 0.14 wt.-%) with b (the content of Zr is 1.2 wt.-%), it is obvious
that the higher content of Zr blocks the interstitial voids of silica
template, which possibly results in the monomer incomplete
infiltration into the voids, consequently, the defects would be
formed in the 3DOM polymer. Therefore, sintered silica template
loaded with proper content of Zr was selected as template to
prepare the 3DOM PE. Fig. 1c shows the morphology of the
composite of PE/silica, the spherical voids in the sample are all
matched with the size of starting silica template and maintained
their three-dimensional closed-packed structures, and it is
observed that some wire drawing appear on the surface of section,
they were generated during the procedure of fracture. As illustrated
by Fig. 1d, filling defects are greatly reduced, and the pores have
a periodic structure complementary to that of an opal – each of
them in a highly ordered fashion. At high magnifications shown in
inset of Fig. 1d, it is clearly seen that each pore is connected to its
twelve neighbors by a small ‘‘window’’. The center-to-center
distances between air microspheres in the resulting 3DOM PE are
about 210 nm, which are smaller than that of the pristine silica
template. This indicates that the 3DOM PE shrinks approximately
24% after removal of rigid silica template. Fig. 1e shows the fracture
Table 1
The results for preparation of 3DOM PE.

Sample Particle diameter
of silica template
(nm)

Zr loading
(wt.-%)

Pore diameter
of 3DOM PE
(nm)

Shrinkage
(%)

3DOM PE-1 190 0.21 135 30
3DOM PE-2 275 0.14 210 24
3DOM PE-3 520 0.12 410 21
section of 3DOM PE (same sample as in Fig. 1c), which was incised
at ambient temperature. The ordered pores transformed into ‘‘net’’,
indicating that the 3DOM PE inherits the flexible property of
polyethylene.

Moreover, 3DOM PEs with different pore sizes were fabricated
using the different silica templates by this method, the morphol-
ogies of the fractured silica templates with different sizes are
shown in Fig. 2a and b, the corresponding 3DOM PE are shown in
Fig. 2a0 and b0 as well. The pore sizes of corresponding 3DOM PEs
shrinked compared with average diameter of the silica templates.
The results for preparation of 3DOM PE were summarized in Table
1, revealing that the contraction increased with decreasing average
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Fig. 3. Typical reflectance spectrum of 3DOM PE sample: PE-2 sample (the pore
diameter is 210 nm).



Fig. 4. GPC curves of bulk PE sample and the 3DOM PE samples with different pore
sizes.

Fig. 5. DSC scans for the bulk PE and the 3DOM PE samples with different pore sizes.
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diameter of silica microspheres. The pore diameter contraction
after removal of the rigid template is common in the preparation
of 3DOM polymers [34–36,54,55], and can be explained in terms
of confinement effect of the polymer chains. When the coordina-
tion polymerization occurs in the small space between the rigid
silica microspheres, the polymer chains are strongly confined,
which results in accumulation of internal stress. Once the
confinement effect is weakened by removal of template, the
internal stress is released accompanied by the elastic recovery of
the polymer chains. This leads to decrease of the pore size. From
Table 1, it can be found that with the decrease of the diameter of
the silica microsphere, the confinement effect on the polymer
chains gets more drastic, which results in the shrinkage of 3DOM
PE increasing.

As analogous to some reported 3DOM polymers [2,26–29,39],
the 3DOM PE also exhibits optical characterization. The typical
reflectance spectrum of 3DOM PE-2 is shown in Fig. 3. The reflec-
tance spectrum exhibits a broad peak with a center wavelength of
394 nm, which indicates the diffractive properties of the matrix and
the high crystalline quality of this sample [2].

The effects of confined space on the chain sizes and thermal
properties of 3DOM PE were also investigated by GPC and DSC.
Fig. 4 and Table 2 present the results of the weight average
molecular weight (Mw) and molecular weight distribution (MWD)
of the bulk and the 3DOM PE samples with different pore sizes,
respectively. It reveals that 3DOM PEs possess much higher Mw

and broader MWD than the bulk one obtained under similar
conditions. The high Mw of polymer achieved is possibly assigned
to the effect of confined space, in which chain termination is hard
to occur, thus the Mw of PE polymerized in inner space is higher
than that in bulk space. The similar phenomena was also found in
the literature [56], in which an ultrahigh molecular weight and
a diameter of nanofibers PE were obtained by the polymerization
Table 2
GPC results for bulk PE and the 3DOM PE samples with different pore sizes.

Sample Mw (�10�4) MWD

bulk PEa 8.2 3.09
3DOM PE-1 47.2 9.5
3DOM PE-2 37.3 9.6
3DOM PE-3 29.1 7.4

a Experimental conditions: V (toluene)¼ 50 ml, n(Al)/n(Zr)¼ 2000,
n(Zr)¼ 2.0�10�6 mol, q¼ 30 min, T¼ 60 �C, P¼ 0.1 MPa.
of ethylene with a fibrous mesoporous silica supported titano-
cene catalyst in conjunction with MAO as a co-catalyst under
high pressure (1 MPa). Compared with PE obtained from homo-
geneous catalyst in bulk polymerization, the broader MWD of
3DOM PE possibly arise from the heterogeneous characteristics of
Me2Si[Ind]2ZrCl2/MAO catalysis system supported on the surface
of silica template. Moreover, it can be found that the Mw of the
3DOM PE is increased with the size of silica microspheres
reduced, which also confirms that confined space restricts the
chain termination, and this restriction is more intense with the
confined space reduced.

The DSC results for the 3DOM PE samples with different pore
sizes and bulk PE are shown in Fig. 5 and Table 3. Both melting
temperature (Tm) and the crystallinity of bulk PE are observed at
139.2 �C and 63.9%, respectively, higher than those of 3DOM PE
samples. As for crystallization behavior, there are some differences
with the literature [56], the growth of ethylene chains is severely
confined in a direction due to the linear channels of mesoporous
silica fibers, which induced the formed polyethylene fibers con-
sisted predominantly of extended-chain crystals. On the contrary,
we presume that the confined direction is multi-directions to the
growth of ethylene chains in the interstitial voids of silica
template, which possibly results in the lower crystallinity to the
polyethylene fibers. Moreover, according to the previous reports
[57–60], the strong polymer/inorganic interactions can restrict the
mobility of the bound polymer chains and prevent the polymer
from crystallizing. This may be responsible for the decrease of
crystallinity and Tm of 3DOM PE compared with bulk PE. In
addition, from Table 3, it can be found that the crystallinity and Tm

of 3DOM PE-3 are obviously higher than those of the others, which
should be attributed to the polymer/inorganic interactions weaker
with confined space increased. The results further indicate that
polymer/inorganic interactions effect on the crystallization of
polymer.
Table 3
DSC results for bulk PE and the 3DOM PE samples with different pore sizes.

Sample Tm (�C) Crystallinity (%)

bulk PE 139.2 63.9
3DOM PE-1 134.0 41.2
3DOM PE-2 135.3 43.4
3DOM PE-3 137.4 55.6
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4. Conclusion

A convenient and friendly method was offered to fabricate
3DOM PE with pore size in the range of 135–410 nm via infiltration
and then polymerization of gaseous ethylene. SEM micrographs
show that the pores are uniform, flexible and arranged in a highly
ordered fashion. Optical characterization also confirmed the
uniform nature of the 3DOM PE. The properties of 3DOM PE with
different pore sizes were characterized by GPC and DSC. GPC results
show that the porous PE possesses higher Mw and broader MWD
compared with bulk PE, and the Mw of the 3DOM PE is increased
with the size of silica microspheres reduced, which also indicates
that confined space restricts the chain termination, and this
restriction becomes more intense as the confined space reduced.
Moreover, DSC results reveal that 3DOM PE exhibits lower melting
temperature and crystallinity than those of bulk PE due to the effect
of polymer/inorganic interactions.
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