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Crystalline nanofibers of linear polyethylene were formed through
ethylene confined polymerization with porous polymer
microsphere-supported titanocene. Polyethylene nanofibers (<70
nm) aggregated to form intertwined thicker fibers (300 nm to 22
um). The obtained PE has a high M,, and T,,. Interestingly, the high
T (142.4 °C) was maintained in the second stage of heating.

Over the last 50 years several large advances have been achieved in
polymer chemistry; one of these advances is the use of metallocene
catalysts for olefin ponmerization.l'3 This discovery re-ignited
scientific interest in the field of single-site catalysis, with
metallocenes at its vanguard. However, the use of homogeneous
metallocenes also has some disadvantages, such as high
methylaluminoxane (MAO) /metallocene molar ratio, bad polymer
morphology and reactor fouling, and activity loss.*®

Amorphous and porous SiO, at present is a good support for
metallocenes because of its high surface area, porous
microstructure, good mechanical property, stability and inertness
under reaction and processing condition.®” Recently, with the
development of nanotechnology, polymerization in a micro- or
nano-reactor has attracted considerable interest.®*° Polymerization
in confined space is a powerful method for controlling polymer
architecture over various hierarchical levels, such as microstructure,
morphology, and nano- and micro-object generation, thus accessing
properties that are distinctly different from those of the
corresponding bulk phases.u'12 For example, polymers synthesized
in nanoscale pores reportedly possess high electrical conductivity
and high modulus.”

Inorganic mesoporous materials are good nanoreactors for olefin
polymerization. However, the acidic supports with reactive surfaces
can cause catalyst deactivation."*® Meanwhile, inorganic supports
commonly show rigid and polar surface structures as opposed to
hydrocarbon materials that provide close analogs to the
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environment prevailing in homogeneous polymerization.

Hence, Roscoe et al®® designed insoluble polymer particles with the
appropriate catalyst to facilitate a nominally heterogeneous
polymerization in a microscopically homogeneous “solution-like”
environment.

To combine the advantages of polymerization in nanoreactors and
organic supports, we have designed and synthesized a porous
polymer microspheres (PPMs) support and it was further used as
support for Ziegler—Natta catalyst as well as Cp,ZrCl, catalyst in
ethylene polymerization.lg'ZO PPM-supported Ziegler—Natta catalyst
served as a nanoreactor in ethylene polymerization, while the PPM-
supported Cp,ZrCl, catalyst did not. This result can be attributed to
the different activities of these two catalysts. The starting activity of
PPM-supported Cp,ZrCl, catalyst was very high, and the support
was broken into fragments at the beginning of the polymerization.
In order to get a stable and controlled confined space polyerization
with PPM-supported metallocene catalyst, a lower activity
metallocene catalyst Cp,TiCl, was selected in this work.

The cyano-functionalized PPMs have a tri-modal pore structure of
interconnected macropores, mesopores and micropores, and have
a high surface area in the dry state.”® The morphologies of PPMs
and PPM-supported catalyst were shown in Fig. S1 (Supporting
Information), the spherical shape of the PPMs was maintained after
Cp,TiCl, loading. The structure parameters of the PPMs and PPM-
supported catalyst were demonstrated in Table 1. The N,
adsorption-desorption results indicated that the interconnected
pore structure was not destroyed after catalyst loading. The Sger
and V, of the PPM-supported catalyst apparently decreased from
278 mz/g to 25 mz/g, and from 0.418 cma/g to 0.083 cm3/g,
respectively, compared with those of the PPMs. Conversely, the
average d, increased from 9.05 nm to 25.4 nm, this can be
attributed to the decrease of micropores which were obstructed by
the supported catalyst. This deduction can be further confirmed by
the pore width distribution curves as shown in Fig. 1. ICP-AES result
showed that the Ti and Al contents of the supported catalyst were
0.0899 and 2.861 mmol/g, respectively (Table 1).
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Fig. 1 The N, adsorption—-desorption isotherms and pore size
distributions for PPMs and PPM-supported catalyst.

Table 1 The structure parameters® of the PPMs with/without
catalyst and the Ti and Al contents of the supported catalyst.

S v Ti Al
Sample BET I d, (hm)  (mmol/  (mmol/
(m“/g)  (em’/g) gcat)  gecat)
PPMs 278 0.418 9.05 / /
PPM-
supported 25 0.083 25.4 0.0899 2.861
catalyst

®The BET specific surface area (Sger), specific pore volume (Vp), and
average pore diameter (d,) were obtained from BJH adsorption
data.

XPS and FT-IR were used to investigate the formation process of the
polymer supported catalyst (Fig. S2). The cyano group (2240 cm'l)
was partially transferred to the imine group (1635 cm'l). This result
demonstrated the strong interaction between the PPMs and the
catalyst. Fig. S2b showed that a 0.5 eV increase occured in binding
energy of Ny, of the Modified PPMs compared with that of the
PPMs. This demonstrated that N of the support has a strong
interaction with MMAQO. Fig. S2c showed that the binding energy of
Tizpsz2 and Tiypy o in the PPM-supported catalyst were 458.0 eV and
464.0 eV. It increased 0.5 eV when compared with homogenerous
Cp,TiCl, reported in literature 2! and a similar phenomenon was
also observed in ethylene polymerization by PPM-supported
Cp,ZrCl, catalyst (increased 0.7 eV)ZO and MgCl, supported TiCl,
catalyst (increased 1.3 eV).ZZ That confirms titanium has been
transferred to a cationic active species. Thus, the structure of the
PPM-supported catalyst formed in the supporting processes can be
postulated as in Scheme S1.

Table 2 Results of ethylene polymerizations with the PPM-
supported and homogeneous Cp,TiCl, catalytic systems.

Run  Activity’ Tm/°C X%  Tm'/°C X% Tc/°C M, PDI
1 28.4 1441 45 1424 35 1101 33.8 2.09
2 80.6 1438 42 1422 38 1082 242 2.09
3 365.8 1386 70  137.7 52 1131 224 221

Polymerization conditions: in a 0.1 L autoclave, 60 mL hexane (#
homogeneous Cp,TiCl, catalyst); polymerization time: 0.5 h;
polymerization pressure: 5 atm; polymerization temperature: 50 °C.
? kg of PE/(mol of Ti h atm).

® the first T, of DSC scan.

“ the second T, of DSC scan.

d Weight-average molecular weight (M,,): x10* g/mol.

Consequently, ethylene polymerization was carried out with PPM-
supported Cp,TiCl,, and the results were shown in Table 2. The
polymerization activities were lower than corresponding PPM-
supported Cp,ZrCl, catalyst as we expected.20

The M,, of the PE produced by the PPM-supported catalyst ranged
within of 242 000-338 000 g /mol PE (Fig. S5), which was higher
than that of the PE obtained by the homogeneous catalyst in the
literature.” Ethylene polymerization synthesized by PPM-supported
Ziegler-Natta catalyst was also carried out, and their M,, and PDI
are 543 000 g /mol and 2.16, respectively. That result is consistent
with ethylene confined polymerization by PPM-supported Cp,TiCl,

catalyst and the literatures about confined polymerization.z‘l'26

PE nanofibers and microfibers with a diameter of 300 nm-22 um
were observed by SEM (Fig. 2a and 2b). The cross-section of the PE
fibers were further studied. Fig. 2c showed that the nanofibers
were consisted of thinner nanofibers (<1 um), and Fig. 2d displayed

the microfibers were consisted of nanofibers. This was a critical
25, 27

result of confined polymerization as was given in literatures.

Fig. 2 The SEM micrographs of the PE samples produced by PPM-
supported catalyst. (a-b), cross-section morphology of nanofibers
(c) and microfibers (d). Scale bars: (a) 5 um, (b) 20 um, (c) 5 um, and
(d) 20 um.

Table 3 DSC Results of the post-treated PE.
trichlorobenzene boiled for 80 h at

Run 180 °C
Tm1/°C Tm2/°C
1(heterogeneous PE) 143.6 141.6
2(heterogeneous PE) 141.4 141.2
3(homogeneous PE) 136.4 137.6
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The X-ray diffraction (XRD) spectra of the PE samples (Fig. S5a)
showed that they were typical orthorhombic crystal structures.”®
The ®C-NMR spectra (Fig. S5b) indicated that the resulting PE was a
linear sequence of the repeating ethylene without any branch
structures.

DSC results (Table 2 and Fig. S3) showed that the first scan melting
point was very high (up to 144.1 °C). Unexpectedly, the high melting
point was maintained in the second stage of heating and that high
melting point was also observed in the polyethylene synthesized by
PPM-supported Ziegler-Natta catalyst (143.8 °C), which was higher
than that of PE produced by homogeneous Cp,TiC, catalyst (Run 3)
and the PE reported in literatures (134~136 °C).29'30 Such a high
second scan T,, of nascent PE synthesized over heterogeneous
catalysts has not been reported.

The change of X, after first and second scans in Run 1 and Run 2 is
similar to the literatures.”® % That may be attributed to the
formation of folded-chain lamellar crystal structure and the
influence of supports.ls’ 26,29

The resultant PE was also boiled for 80 h by trichlorobenzene at 180
°C (Table 3). After that treatment the melting point of PE produced
by PPM-supported catalyst is still higher (141.6 °C) than that of
homogenous PE (137.6 °C). So that we can deduce that the high T,,
of PE produced by PPM-supported catalyst is their fundamental
character.

——homogeneous system(Run 3)
—— heterogeneous system(Run 1)
—— heterogeneous system(Run 2)

1 (a.u.)

0.32
g(nm™)

0.48
Fig. 3 The one-dimensional SAXS spectra of the PE samples
prepared with PPM-supported and homogeneous catalytic systems.

Table 4 The d,, d,. and d. of PE synthesized by different catalytic
systems.

catalytic

systems Tma/°C q dl/rm X% dS/nm
h°;;‘zgRi:e3°)“5 1372 0172 365 52 19.0
he;;"(ii’:ff)us 1424 0128  49.1 35 17.2
he;;"(iile;)us 1422 0130 483 38 18.4

adaczzn/q~; bdc=dac* Xe
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Scheme 1 Synthesis of PE nanofibers in PPMs reactors.

The PE with high T, were further investigated by Small-angle x-ray
scattering (SAXS). Fig. 3 and Table 4 showed the one-dimensional
SAXS profiles and the correlation function, respectively. The
thicknesses of amorphous layers (d,) and crystalline lamellae (d.) of
PE were derived from the SAXS and DSC results.**?

The effect of lamellar thickness (d.) and surface free energy (o.) on
the melting point (T,,) can be represented by the Gibbs-Thompson
equation (Equation 1).

20, ) (1)

d.AHY

Tm=Tr?1<1—

Where T3 is the equilibrium melting point, AH‘? is the enthalpy of
fusion per unit volume. In Table 4 the d. of PE were almost not
changed in different catalytic systems. The Gibbs-Thompson
equation indicates that the smaller the surface free energy is, the
higher the melting point becomes. The high T, in Run 1 and Run 2
was owing to the low surface free energy g.. That might be
attributed to the influence of the support. The PPMs support has a
tri-modal pore structure of interconnected macropores, mesopores
and micropores, then the interconnected pore structure leads to a
large content of entanglement chains of PE produced by PPM-
supported Cp,TiCl, catalyst.

Clearly, crystallites in homogeneous PE possess much more chain
ends than that of heterogeneous PE due to their entanglement
chains. During the heating process, the mobility devoted by a large
content of entanglement chains in heterogeneous PE (Run 1 and 2)
was evidently less intensive than the one contributed by chain ends
in homogeneous PE (Run 3), leading to a lower surface free energy
of stable crystallites in heterogeneous PE than the one in
homogeneous PE. Moreover, the entanglement chains are difficult
to unfold even they are boiled for 80 h at high temperature (Table
3). Hence, the entanglement chains in heterogeneous PE (Run 1 and
2) may be the reason that maintained the high T,, after first and
second scans. That is described in Men’s study.™

Basing on the above results, nascent linear PE with high T, and
nanofiber structure was obtained, ethylene polymerization with
porous polymer supported titanocene performed as critical
confined polymerization. Scheme 1 shows the concluded
mechanism of the confined polymerization with the PPM-supported
titanocene. In situ confined polymerization allowed the synthesis of
PE nanofibers, then the nanofibers aggregated to form thick PE
nanofibers and even microfibers.

In summary, Cp,TiCl, catalyst was supported into porous polymer
microspheres (PPMs), and then it was used for ethylene

This journal is © The Royal Society of Chemistry 20xxJ. Name., 2013, 00, 1-3 | 3
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polymerization. Linear PE with high T, and nanofiber structure was
obtained, ethylene polymerization with porous polymer supported
titanocene performed as a critical confined polymerization. The
high T,, in the second scan was owing to the low surface free energy
Oo. Moreover, the significant high T, of obtained polyethylene
may expand the application areas of polyethylene in some content.

EXPERIMENTAL

For equipment and materials, syntheses of PPMs, PPM-supported
catalyst, and ethylene polymerization and characterization, please
see Supporting Information.
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