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Abstract: Copolymerization reactions of ethylene with three a-olefins, 1-hexene, 1-octene and 1-decene, were carried
out with a new post-metallocene catalyst based on Ti complex with a bidentate saligenin-type ligand | and two co
catalysts, MAO and a combination of AIEt,Cl| and MgBu,. Ability of the | - AIEt,CI - MgBu, system to copolymerize a-
olefins with ethylene is far superior to that of the | - MAO system. Reactivity of a-olefins in copolymerization reactions
with ethylene decreases in the sequence: 1-hexene>1-octene>1-decene. Both catalyst systems, | - MAO and | - AIEt,CI -
MgBu,, contain several populations of active centers that greatly differs both in the average molecular weights and in
composition of the copolymer molecules they produce. Active centers in both catalytic systems show significant

tendency to alternate monomer units in copolymer chains.
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1. INTRODUCTION

Copolymers of ethylene and linear higher a-olefins
are widely used in industry as general-purpose and
specialty plastics in film and container applications [1,
2]. They are usually synthesized using heterogeneous
Ziegler-Natta and metallocene-based catalysts. At the
present time, the point of attention in alkene
polymerization chemistry has shifted to post-
metallocene catalysts based on a variety of multi-
dentate complexes of transition metals [3-8]. Similar to
metallocene catalysis, post-metallocene catalysts also
afford the control of the chain microstructure,
copolymer homogeneity and morphology through the
choice of the multidentate ligands and polymerization
conditions. One of the advantages of many post-
metallocene catalysts compared to metallocene
catalysts is relative affordability and simplicity of their
synthesis. We have found earlier that a titanium
complex LTiCl,--MgCl, containing a saligenin ligand, {2-
[a,a-(CF3),-methanolato]-4,6-tert-Bu,-phenolato} TiCl, -
MgCl, (I) is an effective catalyst for polymerization of
propylene to a moderately isotactic polymer [9].
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Here we present the results of our investigation in
which complex | was employed as a catalyst for
copolymerization of ethylene with three linear a-olefins,
1-hexene, 1-octene and 1-decene. Two organometallic
cocatalysts were used to activate |, polymethyl-
alumoxane (MAO) and a combination of AIEt,Cl and
MgBu, at an [Al)/[Mg] molar ratio of 23. The efficiency
of the latter binary cocatalyst in polymerization
reactions of ethylene and various a-olefins with
different types of transition metal catalysts was
described earlier [9-12].

2. EXPERIMENTAL

2.1. Materials

The source of the bidentate ligand L in I, oxyphenol
2,4-tert-Bu,-6-(1,1,1,3,3,3-Fg-0xypropan-2-yl)phenol,
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was prepared from hexafluoroacetone and 2,4-di-tert-
butylphenol as described in [13].

Complex |

A two-necked flask equipped with a magnetic stirrer
was loaded with toluene (10 ml) and the oxyphenol
(0.19 g, 0.50 mmol) under argon flow and the solution
was cooled to -78 °C. MgBu, (1 M solution in n-
heptane, 1 ml) was added drop-wise and the mixture
was slowly heated to 20 °C and kept at 20 °C for 4
hours under stirring. Then the temperature was again
decreased to -78 °C, neat TiCl, (0.055 ml, 0.50 mmol)
was added to the mixture and the temperature was
increased to 20 °C causing precipitation of I. Complex |
was repeatedly crystallized from toluene and dried
under vacuum at 30 °C.

For C17H,0ClyFsO,Ti calculated (%): C, 41.75; H, 4.12;
Cl, 14.50; Ti, 9.79.

found (%): C, 41.69; H, 5.09; Cl, 14.65; Ti, 9.67.

'H NMR (toluene-dg), ppm: 7.89 (s, 1 H); 7.52 (d, 1 H,
J=2.2 Hz); 1.46 (s, 9 H); 1.27 (s, 9 H).

In the current research, complex | was used in
polymerization reactions without separating it from the
byproduct MgCl,,as suspension in toluene.

Cocatalysts

MAO was purchased from Witco as 10% solution in
toluene. AIEt,Cl and MgBu, were purchased from
Acros as 0.8 M and 0.5 M solutions in heptane,
respectively.

Toluene (analytic grade) was boiled over Na and
distiled in argon flow. 1-Hexene, 1-octene and
1-decene were also distilled over Na. Ethylene
(polymerization grade, 99.9%) was purchased from the
Moscow Oil Refining Plant and was used as received.

2.2. Copolymerization Reactions

Copolymerization reactions of ethylene and the
a-olefins were carried out at 50 °C in a stainless steel
reactor equipped with a stirrer. The reactions were
conducted in a toluene medium at the ethylene partial
pressure (Pg) of 3.8 atm and the ethylene
concentration in solution (Cg) of ~0.37 M. The reactor
was kept under vacuum for one hour and then toluene,
an a-olefin and a cocatalyst were introduced into it.
When the binary AIEt,CI - MgBu, cocatalyst was used,
its components were added to the reactor one after
another. The reaction mixture was saturated with
ethylene and then a sealed glass ampule with |
suspension was broken inside the reactor. The Pg was
kept constant throughout each run; the ethylene loss in
the reactor was compensated for by adding additional

Table 1: Copolymerization of Ethylene and Linear a-Olefins with Complex It

Run a-Olefin Monomer mixture Catalyst system Ethylene Copolymer
Cu™ M a-olefin, [Ti]-10°, | [AI/[Ti], [Al]/[Mg], | consumption, Yield, Cn,
mol. fraction M mol/mol mol/mol kg-moly™* kg-moly™ mol. %
Cocatalyst MAO
1-A - - - 1.79 410 - 732 735 0
2-A 1-Hexene 0.24 0.39 2.02 440 - 842 850 0.3
3-A 1-Hexene 1.6 0.81 2.27 460 - 552 696 8.0-9.0
4-A 1-Octene 0.26 0.41 2.16 410 - 1092 1010 -
5-A 1-Decene 0.26 0.41 1.94 460 - 903 902 0.4
6-A 1-Decene 1.7 0.82 1.61 460 - 1230 1233 0.7
Cocatalyst AIEt,CI - MgBu,
1-B - - 0 0.66 340 3.0 1727 1720 0
2-B 1-Hexene 0.24 039 0.66 340 3.0 1560 1666 3.5-4.0
3-B 1-Hexene 1.6 0.81 1.02 320 3.4 2098 2843 12.0-13.0
4-B 1-Hexene 4.4 0.92 0.75 360 3.2 1866 4266 20.0-22.0
5-B 1-Octene 0.26 0.41 0.62 360 3.2 1742 1774 1.7
6-B 1-Octene 1.7 0.82 0.77 350 3.2 2260 3545 9.0-10.0
7-B 1-Decene 0.26 0.41 0.75 360 3.2 1340 1400 1.3
8-B 1-Decene 1.7 0.82 0.82 330 3.2 2061 3292 8.0-9.0

'Reaction temperature 50 °C, Pg =3.8 atm, C¢ = 0.37 M.
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gas from a high-pressure vessel. The amount of
consumed ethylene was calculated from the pressure
drop in the vessel. The produced copolymers were
treated with a mixture of ethanol and 10% HCI, then
they were washed with water and ethanol and dried
under vacuum at 60 °C to a constant weight.

All the reaction conditions and the results of the
experiments are given in Table 1. Catalyst activity is
presented as a polymer yield with respect to one mole
of Ti (kg-moITi'1); the effective rate constant ke was
calculated as R+(Ce-Cr)” (I'molr-min™") where R is the
reaction rate (M-min'1), and Cg and Cy are the
concentrations of ethylene and I.

2.3. Polymer Characterization

IR spectra of the copolymers (thin films) were
recorded on the Perkin-Elmer FTIR spectrophotometer.
'3C NMR spectra of the copolymers (~5 wt. % solutions
in o-dichlorobenzene) were recorded at 100 °C on a
Bruker Avance-400 spectrometer at 10.613 MHz. The
relaxation delay was 15 s, the number of scans varied
from 500 to 2000. The signal assignment was based on
the literature data [14].

copol

The content of a-olefins in copolymers (Cy ",
mol. %) was calculated from the IR data, (from
A1330/A1353 and A1330/A722 absorbance ratios) using the
calibration curve in [15] and from *C NMR. In addition,
copolymer compositions were determined from
differences between the copolymer yields and ethylene
consumption in particular runs.

GPC analysis of the polymer samples was carried
out with a Waters GPCV-2000 chromatograph
equipped with two columns (PL-gel, 5 p n Mixed-C,
300x7.5 mm) and a refractometer. The analysis was
performed at 135 °C using 1,2,4-trichlorobenzene as a
solvent, the elution rate was 1 mlI‘min™". The separation
procedure of GPC curves into the curves of individual
polymer components (Flory components, the material
produced by a single type of active center) was
described earlier [16].

Melting curves of copolymers (3-5 mg) were
measured by the DSC method on a Perkin-Elmer DSC-
7 analyzer at two heating rates, 2and 10 °C'min”. The
data on the second melting of the samples, after slow
crystallization from 140 °C ata 0.5 °C -min”' rate, were
examined.

X-ray diffractograms of the polymers were
measured on a Dron-2 diffractometer (Ni-filtered CuK,

radiation) at a scanning rate of ‘I°(29)-min'1. The
crystallinity degree of the copolymers was determined
from the ratio of the integral intensity of the crystalline
component and the overall signal intensity.

3. EXPERIMENTAL RESULTS

3.1. Copolymer Synthesis

Table 1 gives experimental conditions of the
copolymer synthesis and the principal polymerization
results. Table 2 lists main physical properties of the
produced materials. When MAO was used as a
cocatalyst, the yield of the ethylene homopolymer (run
1-A) was ~735 kg-moITi'1, the value which practically
coincided with the ethylene consumption in the
experiment. Addition of a-olefins to the reactor in the
majority of experiments except for the 3-A run resulted
in a ~15-70% increase of the polymer yield. However,
the a-olefin content in most of these products was very
low, from 0.3 to 0.7 mol. % (1‘°’C NMR data). A
copolymer with a relatively high content of an a-olefin,
~8 mol. %, was produced only in one experiment (run
3-A) when the 1-hexene content in the olefin mixture
was >80 mol. %. Judging by the depressed melting
point of these products and their lower crystallinity
degree, there are true ethylene/ a-olefin copolymers.

The “comonomer effect’, an increase of activity in
catalytic polymerization reactions of ethylene caused
by addition of a-olefins, is well known both for Ti-based
heterogeneous Ziegler-Natta catalysts and for
metallocene catalysts [17-19]. Two alternative
explanations are usually proposed. The first
explanation is based on a purely mechanical effect:
polymer molecules surrounding the active centers can
create a diffusion barrier for ethylene and this barrier
can be lower in the case of copolymers which have a
lower crystallinity degree. An alternative explanation
proposes a chemical cause for the comonomer effect
[17, 20, 21]. The rate constant k' for ethylene insertion
into an active center at each step of chain initiation, the
>Ti—~CH,—CHj species,

>Ti—CH2—CH3 + CH2=CH2 —(k’)—)
>Ti—-CH,—~CH,—CH,—CHj, (1)

is lower in comparison with the rate constant k" for
ethylene insertion into an active center in all
subsequent steps of chain growth, ethylene insertion
into active centers carrying polymer chains,

>Ti—(CH2—CH2)n—CH2—CH3 + CH2=CH2—(k")—>
>Ti—(CH;—CHy)n+1—CH>—CH3; (2)
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Table 2: Molecular Weights and Properties of Ethylene/a-Olefin Copolymers
Run, Cu P, m,-10° M./M, Tn, °C* AHusion, 3-9™ Crystallinity degree, %
a-olefin mol. % (x-ray/DSC?)
Cocatalyst MAO

1-A, - 0 951 6.2 136.0 172.7 56/59
2-A, 1-hexene 0.3 128.7 1354 45/46
3-A, 1-hexene 8.0-9.0 311 8.5 118.6 53.45 21/18
4-A, 1-octene - 670 9.2 130.1 142.8 51/49
5-A, 1-decene 0.4 826 6.6 132.1 146.7 51/50
6-A, 1-decene 0.7 660 6.2 128.3 135.2 45/46

Cocatalyst AIEt,Cl/MgBu,

1-B, - 0 531 7.6 131.7 197.0 61/67
2-B, 1-hexene 3.5-4.0 278 10.8 121.8 113.6 48/39
3-B, 1-hexene 12.0-13.0 64 8.4 118.0 36.9 21/13
4-B, 1-hexene 20.0-22.0 74 9.6 118.5 7.4 amorph./~2
5-B, 1-octene 1.7 396 16.7 1249 126.3 52/43
6-B, 1-octene 9.0-10.0 70 9.7 118.8 30.1 10/10
7-B, 1-decene 1.3 123 8.8 125.2 146.7 51/50
8-B, 1-decene 8.0-9.0 85 10.4 118.6 39.9 25/14

"Measurement at 10 °C-min™ heating rate, second melting.
2(AHgusion/ AH tusion) 100, where AH usion = 293 J-g'.

The reason for the relative inertness of the
>Ti-C,Hs group is a stronger agostic interaction
between its B-CH; group and the Ti atom compared to
the agostic interaction between the B-CH, group and
the Ti atom in the Ti species in Reaction 2. In the
presence of an a-olefin CH,=CH-R (where R = C4Hy,
etc.), the initiation >Ti-CH,—CH3 species are partially
replaced with the >Ti—-CH,—CH,—R species which insert
ethylene with a rate constant comparable to k" and
higher than in Reaction 1):

>Ti—CH2—CH2—R + CHZZCHz—(k")—>
>Ti—CH2—CH2—CH2—CH2—R (3)

In our experiments, the correlation between an
increase catalyst activity and crystallinity degree of
produced products was absent. So the second
exlanation of comonomer effect seems more liklely.

The binary AIEt,CI - MgBu, cocatalyst is much more
effective in producing a catalyst system with expressed
copolymerization ability (runs of B series in Table 1).
This cocatalyst affords the synthesis of copolymers
with the a-olefin content ranging from ~3.5z to over 20
mol. %. The copolymer yields, 1666 to 4266 kg-moITi'l,
are also significantly higher than those in the
experiments with MAO.

As we proposed earlier [9, 22], the efficiency of the
AlEt,Cl - MgBu, combination as a cocatalyst is partially
related to a reaction between AIEt,Cl and MgBu;
leading to the generation of highly dispersedMgCl, with
the Lewis-acidic surface:

MgBUZ + 2A|R2C| - [MgC|2] + 2A|RzBU (4)

An LTiCl, complex with a bidentate ligand, such as
complex |, is alkylated to LTIiRCI either with AIR,CI
itself or with AIR,Bu formed in Reaction 4 and is
adsorbed on the MgCl, surface. The adsorbed LTiRCI
species can be ionized with the formation of an active
center, a cationic species containing the catalytically
active Ti'—C bond:

LTRICl + [MgCly] = [LTi"*~R]ags / [MgCl,---CI] (5)

Complex | already contains a small amount of highly
dispersed MgCl,, which is formed in the process of its
synthesis (see Experimental). The presence of much
larger quantities of MgCl,in all experiments involving
AlEt,CI-MgBu, combinations leads to catalyst systems
of a superior activity.

The second possible explanation proposed in [22] to
account for the high efficiency of AIR,CI-MgR’;
combinations in activating such diverse polymerization
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catalysts as metallocene complexes, standard
supported Ti-based Ziegler-Natta catalysts (which
already contain large fractions of highly dispersed
MgCl,) and various multidentate complexes of
transition metals (such as complex | in this research) is
the formation of ion pairs [MgR]" [A]” and [MgCI]" [A]”
from MgR’; or from MgR'CI (the intermediate product in
Reaction 4) with [A]” = [R;R2Al]” or [R;R'AICIAIR'R,]".
Such ion pairs efficiently convert mono-alkylated
complexes LTIiRCl into active species, for example:

LTIRCI + [MgRT [A] = [LTi'-R] [AT] + MgR'CI (6)

3.2. Comonomer Reactivity and Reaction Kinetics

A comparison of compositions of comonomer
mixtures (Ce™" = 0.37 M, Cy"™" values are given in
Table 1) and compositions of copolymers prepared with
AIEt,Cl - MgBu,cocatalyst (from Table 1) affords an
approximate evaluation of the average reactivity ratio
rq:

r1 = Kee/ke.w = (Ce/Cu) ***/(Ce/C) ™" (7)

where ke.g and kg are, respectively, the rate constants
for addition of ethylene and a given a-olefin M to a
growing polymer chain with the last ethylene unit,
Ti—CH,—CH,—Polymer. (Equation 7 is suitable for the r;
evaluation only for reactions which produce copolymers
with low C,™ values, typically below 10 mol. %
[1, 23])

Kege -10°. 1-(mol Ti-min) ™

o

O ] 1
0 20 40

. .60
Time. min

Monomer pair:

ethylene/1-hexene ethylene/l-octene ethylene/l-decene

r: 16-32 41-46 46-53

As one can expect, the r; value is significantly
higher than one (ethylene has the highest reactivity in
the chain grows reaction compared to all other o-
olefins) and its value gradually increases (the relative
reactivity of the olefin, ke.y vs. ke.g, decreases) as the
length of the linear alkyl group R in the CH,=CHR olefin
becomes larger. A similar effect was observed earlier in
ethylene/a-olefin  copolymerization reactions with
heterogeneous Ziegler-Natta catalysts [24].

Catalyst systems based on complex | are very
unstable under our copolymerization conditions (Figure
1). The instability is especially pronounced when the
AlEt,Cl - MgBu, combination is used as the cocatalyst:
the effective rate constant decreases approximately
ten-fold, from ~38,000 to ~3,900 I-(mol Ti- min)'l, during
the first 10 minutes of the polymerization reaction.

3.3. Molecular Weight Distribution

All  ethylene homopolymers and copolymers
produced with complex | have a broad molecular
weight distribution (Table 2), a consequence of the
presence of several different types of active centers in
the catalyst systems. Separation of GPC curves of
polymer products into their Flory components (the

Kegr +107. 1-(mol Ti-min)

0 20 40 60
Time, min

Figure 1: Kinetics of ethylene consumption with | - MAO (A) and | - AIEt,CI-MgBu, (B) catalyst systems.
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Figure 2: GPC curves of ethylene copolymers and their resolution into Flory components. A - ethylene/1-decene copolymer (run
7-B, Cv™°'~ 1.3 mol. %), B - ethylene/1-hexene copolymer (run 3-B, Cy“°**~13 mol. %).

Table 3: Flory Components in Ethylene/1-Hexene Copolymer Produced with Complex | Activated with MAO
Run: 1-A 3-A
Cw*, mol. %: 0 8.0-9.0
Flory components M,-10° Fraction, % M,-10° Fraction, %

| 0.08 2.6
I 0.28 2.2 0.30 13.2
1l 0.80 8.6 0.74 32.2
[\ 2.80 21.6 2.10 27.8
\% 8.90 46.1 6.00 17.6
Vi ~22.0 21.6 ~18.0 6.6

Average values M,*=9.5-10", M,*=3.1-10",

Mw/M,=6.2 Mw/M,=8.5

components produced by a single type of active center
in terms of its kinetic parameters [16] showed that all
the polymers produced with | consist of five or six Flory
components with different molecular weights. Two
examples of the GPC curve resolution are shown in
Figure 2 and molecular weights of the Flory
components are listed in Tables 3 and 4. The contents
of the Flory components with the highest molecular
weights (M, ~2.O-2.2-106) in PE prepared with MAO as
a cocatalyst are significantly higher than in PE
prepared with AIEt,Cl - MgBu,, ~22 % vs. ~9 %. As a
result, the average M, value for the former polymer,
~9.5-10°, is significantly higher than for the latter one,
~5.3-10°. Introduction of small amounts of a-olefins
invariably leads to a decrease of their average M,
values (Tables 3 and 4). Importantly, the contents of
different Flory components in the copolymers of a
comparable composition do not depend on the type of
the a-olefin used in the copolymerization reactions
(Table 4).

3.4. Compositional Distribution of Copolymers

Detailed analysis of DSC melting curves of semi-
crystalline polymers is a sensitive tool for determining
the level of their compositional and structural
uniformity. The procedure for resolution of multi-
component DSC melting curves into melting peaks of
individual components was reported earlier [25].
Analysis of DSC melting curves of the ethylene/a-olefin
copolymers prepared with the catalysts based on
complex | shows that different copolymer components
differ also with respect to their composition and the
crystallinity degree. Figure 3 shows DSC curves of
three polymer products produced with the | - AIEt,CI -
MgBu, catalytic system. Linear polyethylene formed in
run 1-B has a narrow melting peak with the maximum
at ~133°C. Both copolymers in Figure 4 have multiple
melting peaks, which are especially obvious in the case
of the copolymers with a high a-olefin content (Figure
4-C).
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Table 4: Flory Components in Ethylene/a-Olefin Copolymers Produced with Complex | Activated with AIEt,CI-MgBu;

Cocatalyst
a-Olefin: - 1-Hexene 1-Hexene 1-Hexene 1-Octene 1-Decene 1-Decene
Cu™?, 3.5-4.0 12.0-13.0 20.0-22.0 9.0-10.0 1.3 8.0-9.0
mol. %:
Flory M,-10° | Fr. |M,-10° | Fr., [M,-10° | Fr., |M,-10° | Fr., |M,10° | Fr., |M,-10° | Fr., |M,-10®° | Fr.,
components % % % % % % %
I 0.11 2.4 | 0055 | 35 0.02 48 | 002 2.6 | 0019 | 48 | 0.03 48 | 0019 | 35
I 0.50 9.1 | 020 | 114 | 0075 | 154 | 0.075 | 140 | 007 | 17.3 | 013 | 11.0 | 0.06 | 150
n 140 | 325 | 055 | 319 | 022 | 346 | 0.024 | 351 | 022 | 355 | 043 | 325 | 022 | 33.9
v 390 | 282 | 160 | 275 | 064 | 320 | 064 | 329 | 064 | 273 | 110 | 29.8 | 064 | 28.2
\% ~10.0 | 18.7 | 4.80 | 183 | 1.90 96 | 1.80 | 11.0 | 1.80 | 10.8 | 2.60 | 17.5 1.8 12.8
Y/ ~20.0 9.1 | ~170 | 7.4 4.60 35 | 5.40 4.4 | 5.40 43 | 7.00 4.4 5.4 6.6
Average MWaV: MWaV = MWaV = MWaV = MWaV = MWaV = MWaV =
values 5.31:10°%; 2.78:10°%; 0.63-10°%; 0.74-10°%; 0.70-10°%; 1.23-10°; 085-10°%;
Mu/Mq= 7.6 M,/M,= 10.8 My/M,= 8.4 Mu/M,= 7.7 Mu/M,=9.7 M,/M,= 8.8 Mu/M,= 10.4
dW/d[log(MW)] dW/d[log(MW)]
25 2
A B
2 1.6
15 1.2
1 0.8
05 0.4
: L,
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Temperature, °C Temperature, °C
dW/d[log(MW)]
0.4
C
0.3
0.2
0.1
0
20 40 60 80 100 120 140

Temperature, °C

Figure 3: DSC melting curves (2 °C.min* heating rate) and their resolution into melting curves of individual crystalline
components. A - Ethylene homopolymer (run 1-B), B - ethylene/1-hexene copolymer (run 2-B, Cy“*~3.5 mol. %), C -
ethylene/1-decene copolymer (run 8-B, Cy“°**~8 mol. %).
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Figure 4: BC NMR spectrum of ethylene/1-hexene copolymer produced in run 3-B and the signal assignment.

The results of the DSC curve

resolution are

presented in Table 5. They can be rationalized in the
following way:

1.

The | - AIEt,CI - MgBu, system has four sets of
active centers with different ability to
copolymerize a-olefins with ethylene with the
formation of semi-crystalline products (the only
polymer material detectable by DSC).

2. The first group of the centers
generates copolymer components with low o-
olefin content. These materials produce sharp
melting peaks at the highest temperatures, from
~133 °C in the homopolymer to ~122 °C in the
copolymer with the average Cy “°* value of ~8-9
mol. %.Judging by the composition of these
fractions, the reactivity ratio r; for these centers
is high, ~210.

Two groups of the centers, centers 3 and 4,
produce copolymers with much higher a-olefin
contents. Their melting points are significantly
lower and the respective peaks are broader. The
reactivity ratio for center 3 is ~95 and that for
center 4 is ~65.

Centers 2 have a medium-to-low ability to
copolymerize a-olefins with ethylene, r; ~160.
The melting peak of this component in the
copolymer with the average Cy ®" value of 3.5-

4.0 mol. % produced in run 2-B merges with the
melting peak of component 1.

Table 5 reports two values of “fractions”. The first
number gives the fraction with respect to the
total crystalline material. Because copolymer
components 1 and 2 are always more crystalline
than components 3 and 4, this fraction, which is
proportional to the areas under melting peaks,
overemphasizes the productivity of the
respective active centers. The second fraction
gives an approximate estimation of the combined
relative yield of both the crystalline and the
amorphous parts of the copolymer components
generated by each type of active center. This
estimation is based on the relationship between
the composition of ethylene/a-olefin copolymers
and their crystallinity level reported earlier [25].
The results for the copolymers in Table 5
indicate that relative productivity of the four types
of the centers does not depend much on the
presence of an olefin in the monomer mixture.
The introduction of the a-olefin merely reveals
the presence of different types of the centers,
which is unobservable in ethylene
homopolymerization reactions when all the
centers produce the same linear polymer chains.

A comparison of the average a-olefin content in
the copolymers in Table 5 and the olefin content
in different crystalline fractions suggests that the
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Table 5: Results of the DSC Curve Resolution for Four Polymer Products
Polymer: PE Ethylene/l-hexene Ethylene/l-octene Ethylene/l-decene
(runl-B) copol. (run 2-B) copol. (run 6-B) copol. (run 8-B)
Chex '=3.5-4.0 mol. % Coct'=9.0-10.0mol. % Cpec'=8.0-9.0 mol. %
Tm(1),°C 132.9 1241 121.9 121.9
(1), mol. % 0 1.7 1.9 1.9
Fraction (1) 1 0.41/0.29 0.19/0.08 0.21/0.08
Tm(2),°C 116.6 1185 1185
Cv™(2), mol. % 2.8 25 25
Fraction (2) 0.42/0.40 0.29/0.15 0.24/0.11
Tm (3),°C 97.5 98.8 98.7
Cv™™(3), mol. % 47 4.8 4.8
Fraction (3) 0.17/0.31 0.40/0.44 0.40/0.42
Tm(4),°C 70.4 79.5
Cv™'(4), mol. % ~7.0 ~7.0
Fraction (4) 0.12/0.33 0.15/0.38

copolymer mixtures contain not only partially
crystalline fractions but also completely
amorphous  components which are not
observable by DSC.

3.5. Microstructure of Copolymer Chains

Figure 4 shows the ¥Cc NMR spectrum of the
copolymer produced in run 3-B. The signals in the
spectrum are assigned according to [14]. Monomer
units in the chains derived from 1-hexene units (H) are
predominantly isolated in the copolymer chain as
“EHE™ sequences [large signals of CH(EHE) and
3B(EHE) triads, B,8"-CH,(EHEE) tetrad]. Only a small
fraction of the hexene units is positioned in HH diads
[o,0-CH, (EHHE) and B,8"-CH, (HHEE) tetrads,
CH(EHH) and 3B(EHH) triads].

The ability of active centers to alternate monomer
units E and M in E/M copolymer chain is usually
represented by the product of two reactivity ratios, rir;
[1, 23]. When rir, = 1, the relative probability of finding
a given monomer unit in the copolymer chain is
governed only by its reactivity and the comonomer
concentration but does not depend on the nature of the
preceding monomer unit in the chain. Such copolymers
are called random. If rir, < 1, the copolymerization
catalyst has a tendency to alternate monomer units in
copolymer chains and, at the limit, if the r, = ky.w/kye =
0, all the a-olefin units are isolated in the chains as
“EME" sequences. In the opposite situation, if ryr; > 1,
the copolymerization catalyst has a tendency to
produce blocks of the same monomer units.

¥3C NMR spectra of are the most sensitive tool for
the evaluation of the rir, value, for example by
comparing relative intensities of the signals of a-olefin
blocks, EMM and EMME, vs. the signal of isolated
olefin units, EME, or that of the isolated ethylene unit,
MEM. Necessary expressions for the fractions of
[MME], [EMME], [EME] and [MEM] as functions of
copolymer composition and the ryr, value are known
from the literature [1, 19]. The [EMME]/[MEM] and
[MME]/[MEM] ratios are especially suitable for the rir;

evaluation because these ratios are relatively
insensitive to copolymer composition. Statistical
expressions ‘for these two ratios, although

cumbersome, provide explicit relationships containing
two parameters, rir, and the copolymer composition
ratio f = Ce°Cy ™ = (100 - C™°)/Cy "

[EMMEJ/MEM] = ryrof /(rar, + 0.5 - 1 + [(f - 1) +

4-I’1I’2'f]0'5}) (8)
[MMEJ/[MEM] = 2-1yr, f/(0.5:4-1 + [(f-1)* + 4-r;r,f]>%}
©)

In the case of the ethylene/1-hexene copolymer with
Cn™ ~12 mol. % produced in run 3-B (Figure 4) the
[EMME]/[MEM] ratio is~0.49 and [MME]J/[MEM] = 1.08.
Estimations with Eqs. 8 and 9 show that there ratios
correspond to the rir, value in the 0.4-0.5 range. The
¥C NMR spectrum of the ethylene/1-octene copolymer
prepared in run 6-B (Cy°® ~10 mol. %, NMR data)
gives [MME]/[MEM] ~0.90, which also corresponds to
rir, ~0.4. Thus the active centers in the | - AIEt,CI -
MgBu, catalytic system which has the highest ability to
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copolymerize a-olefins with ethylene (such as centers 3
and 4 in Table 5) show a significant tendency to
alternate monomer units in the copolymer chains. This
tendency manifests itself in lower fractions of MM diads
and the practical absence of MMM triads compared to
those expected in purely random copolymers of the
same composition.

A very small signal of the (CH,)—CH, atom in the —
CH(C4Hg)-CH,—CH,—CH(C4Hg)— sequence at ~22.7
ppm in the spectrum in Figure 6 indicates that, on rear
occasions, 1-hexene units can enter copolymer chains
in the secondary orientation, as shown in Reactions 10
and 11:

Ti—~CH,~CHR—-CH>—CH,—Polymer + CHR=CH,—
Ti-CHR-CH,—CH,—CHR—-CH—CH—Polymer (20)

or

Ti~CHR-CH2—CH2—CHa—Polymer + CH,=CH,—
Ti~CH2—CHo—CHR—CH2—CHo—CHo—Polymer—

(+ CH2=CHR) —
Ti—~CH2—CHR-CH2—CH—CHR-CH2—CHa—CHo—Polymer (11)

4. CONCLUSIONS

1. Complex | with a bidentate saligenin-type ligand
reacts with two types of organometallic
cocatalysts, MAO and a combination of AlEt,Cl
and MgBu, at [Al]/[Mg]me>3 with the formation of
ethylene/a-olefin copolymerization catalysts.

2. Ability of the | - AIEt;CI-MgBu, system to
copolymerize a-olefins with ethylene is superior
to that of the | - MAO system.

3. Reactivity of a-olefins in copolymerization
reactions with ethylene decreases in the raw: 1-
hexene>1-octene>1-decene.

4. Both catalyst systems, | - MAO and | - AIEt,CI-
MgBu,, are multi-center catalysts, they contain
active centers that greatly differs both in the
average molecular weights and in composition of
the copolymer molecules they produce.

5. Active centers in both catalytic systems show
significant tendency to alternate monomer units
in copolymer chains.
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