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Abstract New non-metallocene, bridged-zirconium cen-

ter catalysts were prepared by Schiff base condensations

reaction of two equivalents of appropriate 2-hydroxy-

benzaldehyde with one equivalent of 4,40-methylene bis(2-

methylcyclohexylamine), and subsequent metathesis reac-

tion with ZrCl4(THF)2, and tested for ethylene polymeri-

zation reaction at different conditions. Catalyst

productivities were found to be high, in the range of

29.5 9 103 kg/mole�Zr�h to 2.3 9 103 kg/mole�Zr�h,

dependents on the polymerization condition. The molecular

weight of the product, i.e. polyethylene, varied from

397,000 to 988,000. 13C NMR study of the polymers

indicate that fraction of branches and end groups percent-

age range from 0.01 to 0.55. X-ray diffraction analysis

showed that polyethylene samples had highly crystalline

structure within the orthorhombic space group (Pnam) and

carbon–carbon interatomic distance of 0.154061 nm and

the C–C–C angle of 112.192�.

Keywords Polyethylene � Zirconium � Single site

catalysts

Introduction

The area of olefin polymerization catalysis has endured a

remarkable increase in research outcome over the past

20 years, with many academic and industrial research centers

involving in the design of new organometallic precatalysts for

the controlled synthesis of polyolefin products. During that

period, studies on the Group 4 metallocenes afforded much

needed insight into the nature of the activated species. During

the first half of the 1990s, interest grew in developing new

generation ‘‘non-metallocene’’ catalysts, partly to avoid the

growing patent minefield in Group 4 cyclopentadienyl sys-

tems, but also because late transition metal systems also

offered the commercially attractive possibility of being able to

incorporate polar comonomers into polyolefin materials, to

give modified surface properties at low levels of comonomer

incorporation, to change the bulk properties of the polyolefin

at higher levels of incorporation.

The potential for this approach was realized with the

discovery in the late 1990s of highly active ethylene

polymerization catalysts based on iron, a metal with no

previous track record in olefin polymerization. Another

significant development over the past years or so has been

the introduction of systems capable of catalyzing the living

polymerization of olefinic monomers. The absence of

chain-transfer or chain-termination processes allows access

to polyolefinic materials with very high molecular weight

([600,000) and narrow molecular weight distributions

(typically \1.1), block copolymers, and polymers with

novel topologies [1, 2]. Ultrahigh molecular weight poly-

ethylene is an important material for production of high

performance fibers where the polymer chains are extended

and aligned as in the crystalline material. The performance

of polymers is improved as the chain length and crystal-

linity are improved [3].
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Polyethylene is the simplest possible polymer; however,

the simplicity of the molecular formula (–CH2–)n does not

reflect the real complexity of the material and its proper-

ties. Polyethylene is generally synthesized as a mixture of

crystalline and amorphous components. The physical

properties of the polyethylene are usually described using

at least a two-phase model consisting of crystalline blocks

in an amorphous matrix. [4] The crystalline phase ranges

from around 50 to [98 % and its concentration generally

increases with increasing molecular weight and decreases

with increasing chain branching. As the temperature of a

polymer is raised, the percentage of crystallinity diminishes

and above the melting point the structure is entirely

amorphous, and consists of a viscous liquid.

Polycrystalline polyethylene forms chained molecules

that are distributed on lattice points with a rigorous peri-

odicity, thus forming a long-range order crystalline struc-

ture. For the first time the basic structural features of

polyethylene were determined, by means of powder dif-

fraction, in 1939 by Bunn [5] who found that polyethylene

crystallizes in the orthorhombic structure (space group

Pnam) with two polymeric chains per unit cell. The

orthorhombic unit cell, which is identical to the crystal

structure of straight-chain alkanes, contains four CH2

groups. Paraffin’s are identical with polyethylene in regard

to their molecular structure except for their molecular

length; they crystallize in the same crystal form as the

polyethylene analogues.
13C NMR and X-ray powder diffraction (XRD) tech-

niques are widely used in polymer science. Solution and

melt 13C NMR has been established as a useful tool for a

quantitative determination of branch content of short- and

long-chain branched polyethylenes while XRD can reveal

important information on the morphology, structure and the

degree of crystallinity of polythene [6–8]. In the present

paper we report the synthesis of high molecular weight

polyethylene using Zr-based single site catalyst and results

of the use of melt-state 13C MAS NMR and X-ray dif-

fraction techniques for the determination of branch content

of long-chain polyethylene’s and their crystal structure.

Experimental

All operations involving air sensitive reagents and mate-

rials during catalysts precursor synthesis were carried out

under nitrogen atmosphere using standard Schlenk, vac-

uum or dry box techniques. Solvents were dried and dis-

tilled under nitrogen prior to use of by passing through a

column of activated alumina and a supported copper (Q5)

catalyst. Imino-ligands were synthesized by condensation

of two equivalents of appropriate 2-hydroxybenzaldehyde

with one equivalent of 4, 40-methylene bis(2-

methylcyclohexylamine), and subsequent metathesis with

ZrCl4(THF)2 [9].

The polymerization reactions were performed in stain-

less steel 1 L reactor, Polyclave Buchi glass uster. Solvent

(Toluene) and MAO were loaded in the reactor in a glove

box and removed after sealed. The reactor then was per-

ched with ethylene. After reaching the reaction tempera-

tures and pressure, catalyst was injected into the reactor.

The polymerization product was transferred to 1 L flask

with 100 mL methanol (5 % HCl). Polymer was isolated

by filtration and washed with acidic methanol and dried

under vacuum [10].
13C MAS NMR measurements of melted polymers were

performed using Varian Unity Inova 300 NMR Spec-

trometer operated at 75 MHz frequency and 2.58 kHz spin

rate. Powdered polyethylene samples were placed into

7.5 mm ceramic rotors and heated to 170 �C during mea-

surements. 13C spectra were recorded with acquisition time

of 100.0 ms, 90� pulse angle, 5 s recycle delay and 2,070

scans per spectra. Branch content was determined by

numerical peak integration of branching 13C NMR signals.

X-ray powder diffraction patterns of polymers were

recorded using a Philips PW3040/60 X’pert PRO Console

diffractometer equipped with a focus graphite monochro-

mator and two Soller slits, 1 mm divergence slit and a 0.2

receiving slit. The spectra were recorded using CuKa1

(1.5406 Å) incident radiation; the tube voltage was 45 mV

and tube current was 40 mA. The scan diffraction angle

varied from 5� to 100� 2h angular range and the samples

were scanned at a rate of 0.008�/min in 2h; the collection

time was 3 h. The spectra were recorded in air at 25 �C
using sample holders with a 1 mm deep depression filled

with polymer powders. The sample holder was rotated at a

rate of 0.5 Hz to enhance scattering signal.

Results and discussions

The ethylene polymerization activity of the zirconium

dihalide complexes was investigated using MAO as co-

catalyst. The activity of imino- of bridged-zirconium cat-

alysts was found to be 29.5 9 103 to 2.3 9 103

kg mmol-1 h-1 Zr-1, which is considerably higher than

the activities seen from (alpha-dimines) ZrCl2 mononu-

clear catalysts [11]. The molecular weight of the polyeth-

ylene product is also significantly larger ranging between

397,000 and 988,000 g/mol (Table 1).

Results of 13C MAS NMR of a series of molten poly-

mers performed at 170 �C are shown in the last column of

the Table 1. The total fraction of branches and end groups

of main chains was determined by calculating the ratio

between the area of peak at around 14.2 ppm (corre-

sponding to CH3 group shown as 1 in the scheme below) to
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the area of main carbon peak at 30 ppm, which corresponds

to long-chain CH2 groups (d and further carbons in the

scheme below). Peaks corresponding to carbons 2 and 3

(23 and 32.3 ppm, respectively) are visible in all spectra

and their observed intensities are the same as those for

terminal carbon labeled as 1.

As seen from Table 1, the fraction of branches and end

groups correlates well with molecular weight of polymers.

Samples for tests 1, 5 and 6 have smallest fraction of

branches and the largest molecular weight.

Typical results of X-ray diffraction measurements of

polyethylene samples are presented in Fig. 1. All samples

exhibit very similar diffraction patterns with sharp high-

intensity peaks at 21.5� and 23.9� in 2h and several lower

intensity peaks in the range of 30�–55� and 74�–82� in 2h.

The spectra in the range of 90�–100� are not shown in

Fig. 1 because they do not contain any well-defined dif-

fraction peaks. For all the samples studied it was found that

there are no appreciable changes in the position and the

width of crystalline peaks.

The indexing of polyethylene XRD pattern is presented in

Fig. 1 and agrees well with literature data [12]. All well

defined peaks are indexed within the Pnam space group with

the only exception of a weak shoulder at around 19� in 2h
which cannot be assigned to any hkl index within this space

group. Some authors attribute the peaked feature of the

maximum at about 19� in 2h to the presence of a small

amount of monoclinic polyethylene [13]. However,

according to Fontana et al. [14] the monoclinic polyethylene

phase can be formed only at high pressures (around 6 GPa)

and the formation of this crystallographic modification

during polyethylene synthesis (10–40 bar) is very unlikely.

It should be noted that both crystalline orthorhombic

polyethylene and amorphous polyethylene exhibit a dif-

fraction peak at 19� in 2h [15] and from our point of view,

the weak shoulder at 19� corresponds to a broad peak of

amorphous or semi-amorphous polyethylene phase.

Rietveld refinement of XRD spectra was performed

using the structure refinement program GSAS [16], with

the orthorhombic space group (Pnam) of crystalline

polyethylene reported by Bunn [17] as the structural

model. The peak shape was fitted with a convoluted

pseudo-Voigt function to allow for broadening induced

though finite crystallites. The preferred orientation of the

films was not accounted for at this stage and it was

assumed that the crystallite orientation in the polyethylene

powders is completely random. The results of the Rietveld

refinement of sample 5 are shown in Fig. 2 over the range

of 5� to 100� in 2h. Figure 3 displays refinement results

over an enlarged area between 28� and 60� in 2h. It is

seen that there is a very good agreement between exper-

imental and calculates intensities and positions of X-ray

peaks with the exception of one peak at 43.5� in 2h
(Fig. 3).

Figures 4a and b depict the projections of packing of

orthorhombic polyethylene chains along the c and b axes,

respectively. The two planes containing the skeletal carbon

chains within the unit cell are almost orthogonal to each

other while all-trans chains are parallel, as seen in Fig. 4a.

It has been shown that the setting angle of the molecular

packing u, i.e. the angle between the plane containing the

���C–C–C��� zigzag molecular chains and the b axis of the

unit cell (see Fig. 3a), is in the range 41�–46� [5, 17]. Such

differences may be attributed to the presence of an amor-

phous component that may significantly distort the dif-

fraction profile in both peak position and intensity [18].

While the crystalline constituent gives sharp diffraction

Table 1 Polymerization conditions, molecular weight and fraction of

branches and end groups in several polyethylene samples

Sample Polymerization

conditions

Molecular

wt (g/mol)

Fraction of branches

and end groups (%)

1 40 Bar–24 �C–10 MAO 610,000 *0.02

2 10 Bar–24 �C–20 MAO 397,000 0.22

3 10 Bar–60 �C–10 MAO – 0.21

4 10 Bar–24 �C–10 MAO 397,000 0.47

5 30 Bar–24 �C–10 MAO 696,000 0.04

6 20 Bar–24 �C–10 MAO 959,000 *0.01

7 10 Bar–40 �C–10 MAO – 0.08

8 10 Bar–24 �C–7 MAO – 0.15

9 10 Bar–24 �C–15 MAO 517,000 0.35

Fig. 1 XRD spectra of long-chain polyethylene samples 1, 2, 4 and 5

with all the diffraction peaks indexed within the Pnam space group
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peaks, the amorphous phase produces three broad diffuse

peaks at around 19�, 41� and 80� in 2H for CuKa radiation.

The orthorhombic unit cell of branched polyethylene is

expanded along axis a and, to a smaller degree, along axis

b. At room temperature the unit cell parameters or linear

polyethylene are a = 0.74069 nm, b = 0.49491 nm and

c = 0.25511 nm [19]. The difference in a unit cell

parameters might be due to a different degree of branching

in polyethylene samples used by different authors.

With rising temperature the dimensions of the a and

b axes change, while the c dimension does not change

appreciably since it is determined by the strong intra-chain

covalent C–C and C–H bonds unlike weak inter-chain van

der Waals interactions which determine lattice parameters

along the a and b axes. Due to a significant difference in

the attractive bond forces between atoms parallel and

perpendicular to the chain axis c the orthorhombic crystal

phase of polyethylene, like most other crystalline poly-

mers, has pronounced anisotropy of mechanical, optical

and dielectric properties.

The simulated crystal structure of polyethylene sample 5

along and perpendicular to the c axis is presented in Figs. 5

and 6.

The calculated lattice parameters of sample 5 are as

follows: a = 0.74510 ± 0.00003 nm, b = 0.49724 ±

0.00002 nm and c = 0.25573 ± 0.00004 nm. The lattice

parameters a and b are strongly affected by nonbonded

interactions between the chains and, potentially, by the

degree of branching. The c lattice parameter of polyeth-

ylene sample 5 which is mainly determined by the length of

���C–C–C��� zigzag chains is very close to the literature data

for polyethylene samples [19] while a and b lattice

parameters in sample 5 are significantly larger. On the

basis of our results on 13C MAS NMR investigation which

shoved very small degree of branching (*0.01 %) in this

sample it is unlikely that branching can explain larger

values of both a and b lattice parameters in sample 5

comparing to those reported in the literature, for example

a = 0.74241(7) nm and b = 0.49491(5) nm; c =

0.25534(1) nm [13]. One of the possible reasons could be

Fig. 2 Rietveld refinement of XRD spectrum of polyethylene sample

5. Red crosses experimental X-ray diffraction points, green line

Rietveld refinement results, pink line difference line, black ticks

calculated position of X-ray peaks

Fig. 3 Rietveld refinement of XRD spectrum of polyethylene sample

5. Enlarged area between 28� and 60� in 2h is shown

Fig. 4 Projection of polyethylene packing along the c axis a and along the b axis b. Polymer chain axes are parallel to axis c
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the fact that literature X-ray diffraction data were obtained

on re-melted polyethylene samples while we used as-syn-

thesised polyethylene powder.

The calculated carbon–carbon interatomic distance in

polyethylene sample 5 is 0.154061(1) nm and the C–C–C

angle is 112.191(7)�. The calculated unit cell volume is

0.09474(7) nm3 and calculated density of sample 5 is

0.9836 g/cm3 which corresponds to a very high density

polyethylene. Lattice parameters and densities of other

samples in Table 1 are expected to be very similar to those

of sample 5 as the positions of XRD diffraction peaks are

almost identical.

Conclusion

In the polymerization of ethylene, the activity of the cat-

alyst and the molecular weight of the polymer are highly

dependent on the nature of the metal and the sizes of the

group (R00) attached to the imino nitrogen atoms and the

ortho constituent R. Developed Zr-based single site cata-

lysts and optimized reaction condition enabled the syn-

thesis of very high density polyethylene samples with very

low branching content and high crystallinity.
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