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Summary

New method of investigation of active sites non-uniformity was developed.
The method is based on mass-spectrometric study of temperature programmed
desorption (TPD) products from the catalyst surface at initial stages of olefin gas-
phase polymerization. The conditions of polymerization allowed to obtain the short
macrochains on catalyst surface. Two well-resolved intense maxima in the
temperature ranges of 180-210°C and 280-320°C on the TPD curves from
SiOz/TiCl4/A1Et2Cl catalyst surface after polymerization were observed in a result
of thermal destruction of active Ti-C bonds and the evolution of hydrocarbon
molecules of different length (up to 14 monomer units in chain). One may conclude
that in this catalyst there are at least two types of active sites varying in the
activation energy of thermal destruction of Ti-C bonds. The distribution of active
sites over activation energy of Ti-C bond thermal destruction was calculated.

Introduction

The non-uniformity of active sites is an important feature of heterogeneous
catalysts of olefin polymerization. The non-uniformity of active sites leads to the
broadening of molecular weight distribution (1-3), non-uniformity of copolymers in
composition (4,5) .

The surface non-uniformity of Ziegler-Natta catalysts was studied by CO-
inhibition of the polymerization rate (2,6-8). By this method Keii (2) has shown a
surface heterogeneity of the propagation rate constant for propylene
polymerization. At step-wise inhibition of active sites the average value of the
propagation rate constant decreased from 238 dm 3/mol•s to 4.3 dm3/mo1•s for TiCls/
A1Et2Ci at temperature of
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40 °C and from 4300 dm 3/mol•s to 80 dm 3/mol•s for TiC14 /MgC12 / C6HSO00C2H5 /
AlEt3 at temperature of 38 °C. The distribution of the propagation rate constant
was described in terms of a distribution of the activation energy for the macrochain
growth (2). Also shown is an increase in the value of activation energy of propylene
polymerization on TiC13/AIEt2Cl at step-wise poisoning of more active sites by CO
from 8.5 kcal/mol for not inhibited polymerization to 10.8 kcal/mol and 14.6
kcal/mol at degree of polymerization rate inhibition (Ri/R °) of 0.34 and 0.13
respectively (9).

In the paper the new method of investigation of active site non-uniformity
was developed. The method is based on mass-spectrometric study of products of
temperature programmed desorption (TPD) from the catalyst surface at initial
stages of olefin polymerization. By this method the hydrocarbon (polyolefin)
molecules released in thermal degradation of active "Ti-polymer chain" bonds are
recordered when polymer chains are very short. Linear heating of the samples gives
the information describing the energy distribution of active sites. With the
developed method the initial stages of ethylene polymerization on
SiO2/TiCId/AlEt2Cl catalyst were investigated. The energy distribution of active
sites for this catalyst was obtained.

Experimental

Preparation of the catalyst.
The SiOI FiCla/AIEtzCI catalyst was obtained by sequential adsorption of

catalyst components in MacBain balance device (10). First TiC14 was adsorbed and
then AIEt2CI. The amount of chemisorbed TiC14 was equal to 1 µmol/mz. The
excess of TiC14 and then the excess of AIEt2CI were pumped out from the surface.
The mole ratio AIITi in catalyst complex produced on the surface was equal to 1,5.
The active sites of SiO2/TiCla/AIEt2CI catalyst are formed by alkylated Ti(III)
located separately on the aerosil surface by chemical bonding through oxygen (10).
The pre-formed catalyst was distributed in vacuum into microflasks for the study of
ethylene polymerization by TPD method. The catalyst in each microflask was
weighted and equal to 0.001-0.007 g.

The temperature programmed desorption /mass-spectrometric study (TPD /MS).
The products of temperature programmed desorption from the catalyst

surface were studied by mass-spectrometry prior to and after polymerization using
programmed linear heating of the samples. The sample of catalyst was placed in
special cell connected directly with mass-spectrometer MI-1201. The gas-phase
polymerization was carried out also in this cell. The samples investigated were
heated with the rate of 9.4 grad per minute from the room temperature to 500° C
temperature. A continuous cyclic scanning of mass-spectra in the range of m/z--10-
270 (10-400 in some experiments) were used. The ratio m/z is the mass to ion
charge ratio; as z in our experiments was equal to one, this ratio characterizes ion
mass. The time of mass-spectrum registration was less then 0.5 minute. Two series
of experiments were carried out: the TPD products were investigated prior to and
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after ethylene polymerization. The additional amount of A1Et2C1 was not injected.
The polymerization was conducted at ethylene pressure of 6.5. 10 -2-2.6 kPa and
room temperature. The polymerization time was 2-10 minutes.

Results and discussion

TPD prior to the polymerization.
The experiments with adsorption of lowmolecular hydrocarbons such as

decane and hexadecane at pure Si02 surface ( without catalyst) and with
subsequent their temperature programmed desorption were previously carried out.
The evolution of adsorbed hydrocarbons occurs in this case at the temperature of
about 100 °C and there is no evolution in the range of more high temperatures.

The curve 1 in Fig. I shows a typical curve of thermal desorption from pre-
formed Si02 / TiC14 / AIEt2C1 catalyst.

Fig. 1. Curves of TPD from the
surface of pre-formed catalyst prior
to and after ethylene
polymerization for m/z 140 as a
typical representative of C.H2 row
(unsaturated hydrocarbons).
1 - pre-formed catalyst prior to
polymerization;
2 - the catalyst after ethylene
polymerization; polymerization
conditions: room temperature,
ethylene pressure 2.15 kPa,
polymerization time 5 min.
3 - the catalyst after ethylene
polymerization when polyethylene
had already M„=20000.

Titanium and aluminum compounds are not observed in the spectrum. A
weak low temperature maximum on thermal desorption curves is observed at 120°C
for a number of mass-spectral lines with m/z = 29-265. The maximum is associated
with a desorption of physically adsorbed products. A set of mass-spectral lines with
m/z, multiple to 14 (m/z=14•n) is observed. The intensity of the lines decreases
quickly with an increase in "n". These lines may be attributed to the unsaturated
hydrocarbons CnH2n (11). The hydrocarbons were obtained by polymerization of
ethylene, evolved in reaction of the Si-O-TiC13 catalyst with adsorbed AIEt2Ci. The
hydrocarbons obtained are physically adsorbed.

Besides the low temperature peak, a weak maximum in the temperature range
of 400-450 °C is observed. This peak is typical for a row of lines within m/z=27-208.
An exact periodicity with an increment 14 for m/z that is typical for linear
hydrocarbons is not observed. It seams, the products of thermal destruction of
hydrocarbons are observed. Some of these lines may be attributed to CnH2n+2
chains (11), where 4<n<12 (Fig. 2, curve 1).
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Fig. 2. Curves of TPD from the
surface of pre-formed catalyst prior
to and after ethylene
polymerization for m/z=142 as a
typical representative of CnH2n+2
row (saturated hydrocarbons).
1 - pre-formed catalyst prior to
polymerization;
2 - the catalyst after ethylene
polymerization; polymerization
conditions are the same as in Fig. 1;
3 - the catalyst after ethylene
polymerization when polyethylene
had already Mn=20000.

The evolve of organic compounds in the temperature range of 210-2300 C was
very low.

TPD from a catalyst after polymerization.
The ethylene polymerization was carried out at low pressure and room

temperature for a short time to produce the short macromolecules on catalyst
surface and small amount of polymer. At monomer pressure of 2.15 kPa the
amount of polyethylene was equal to 0.7-0.8% of the catalyst weight. The average
lifetime of growing chains calculated by us from dependence of average-number
degree of polymerization on polymerization time in ethylene polymerization with
used catalyst at room temperature and ethylene pressure of 2.15 kPa covers not less
than 45 min.

The spectra of TPD products from the sample after polymerization are
significantly different from those of the initial catalyst and from results of TPD of
hydrocarbons ( decane and hexadecane) adsorbed at surface of pure Si02 (without
catalyst) in the temperature ranges of 180-210 °C and 280-320 °C. Two intense
maxima for m/z=27-252 are observed at temperatures 180-210 °C and 280-320 °C.
The TPD curve for m/z=140 is presented in Fig. I (curve 2). The curve 2 is typical
for the m/z range of 27-252. The plot of three-dimensional TPD surface for the lines
with m/z=14•n and n=5-16, is shown in Fig. 3. These two maxima seem to be a
weakly resolved superposition of several maxima, the relative intensities of which
change with an increase of m/z. At higher m/z the resolution of the peaks is
improved.

The most intense lines may be attributed to a family of unsaturated
hydrocarbons with a general formula CnH2n with n>3. The maximum value of "n"
was not determined. However, we can conclude that n,,, ax is not less than 28. When
the mass-spectral scanning range was elevated up to m/z=400 the line with
m/z=392 (the highest belonging to m/z=14•n family) was observed. The intensities
of this line was 5 times higher than the noise level. The lines of this family with a
probability more than 95% correlate with each other.



Fig. 3. Three-dimensional plot showing curves of thermal programmed
desorption after ethylene polymerization for mass-spectral lines with
m/z=14n (where n=5-16).

The intensity of the maximum at 280-320 °C is significantly (2.3 times) higher
at n< 14 than that of the lower temperature maximum. This ratio of the intensities
rises up to 3.1 times at n=19.

The intensities of TPD curves at 120 °C and 400-450 °C (Fig. 1, curve 2) are
relatively low. Low temperature maximum is associated with a desorption of
physically adsorbed hydrocarbon molecules. High temperature maximum may be
attributed to the thermal destruction of polyethylene which usually begins at
temperature higher than 350 °C (12). Actually, TPD spectra of high-molecular
polyethylene (M.=20000) synthesized on the same catalyst show an intense
evolution at temperature higher than 350 °C for lines with m/z up to 244 (Fig. 1,
curve 3 and Fig. 2, curve 3).

The presence of two well-resolved maxima of TPD at 180-210° C and 280-
320 °C from the catalyst surface after ethylene polymerization are due to evolution
of hydrocarbon molecules with different lengths in a result of thermal destruction
of Ti-C bonds in active sites. Mass-spectra of TPD products allowed to identify the
molecules with masses up to 400, that corresponds to 14 monomer units of
polyethylene chains.

The results enable to conclude that in SiO2/TiCl1/AlEt2C1 catalyst there are at
least two types of active sites varying in the activation energy of thermal destruction
of Ti-C bonds. Complex shape of both maxima indicates, that there is a
distribution of activation energy for both of centre types.
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The amount of saturated hydrocarbons in the products of thermal desorption
is significantly less than that of unsaturated ones. This conclusion is illustrated by a
comparison of the curve 2 in Fig. 1 and the curve 2 in Fig. 2.

The thermal destruction of metal-carbon bonds may occur both the radical
mechanism and the 13—elimination of hydrogen ion (13,14). The data for the initial
polymerization stages show that the thermal destruction products contain mainly
unsaturated hydrocarbons with a small amount of saturated products. Thus, 13-
elimination is the prevailing mechanism of thermal destruction of Ti-C bonds in
the case being considered.

Based on the experimental dependence of evolution rate of desorption
products on temperature, the activation energy of thermal destruction of "Ti-
polymer chain" bonds in active centres were calculated in the assumption that the
active site distribution over activation energy is continuous. The results obtained
for A=108 are submitted in Fig. 4. The energy spectrum (Fig. 4) calculated for
Si02/TiCl4 /AlEt2CI catalyst consists of two groups of energy peaks. The average
values of thermal destruction energies of "Ti-polymer chain" bonds in these two
groups of active sites differ about 1.5 times.

intensity
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18	 23	 28	 33
activation energy, kcal /mol

Fig. 4. Energy spectrum calculated on the base of TPD experimental data assuming
the continuous active site distribution over activation energies of thermal
destruction of Ti-C bonds.

Conclusion

The new method of investigation of active site non-uniformity was
developed. The method is based on mass-spectrometric study of temperature
programmed desorption (TPD) products from the catalyst surface at initial stages
of olefm polymerization. The method allows to obtain the information concerning
the energy non-uniformity of active sites in tirms of a distribution of active sites
over activation energy of Mt-C bond thermal destruction.
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