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Abstract—The polymerization of ethylene and propylene and the copolymerization of ethylene and hexene-1
with a Ti(O-iso-Pr),—AIR,Cl/MgBu, catalyst system have been studied. The advantages of this system over
metallocene and postmetallocene catalysts are high activity, low cost, and ease of synthesis. The resulting
polymers and copolymers are characterized by a broad molecular-mass distribution, which reflects the
heterogeneity of the active sites with respect to kinetic parameters. As a consequence, the ethylene/hexene-1
copolymers exhibit compositional heterogeneity. The active sites of the system produce copolymers with a
pronounced tendency toward alternation of monomer units. The propylene polymerization product is mostly

amorphous atactic polypropylene.
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INTRODUCTION

Titanium alkoxides Ti(OR), are commonly used
for the synthesis of multidentate complexes of tita-
nium that are used as postmetallocene catalysts of var-
ious types. However, Ti(OR), compounds taken alone
are not effective olefin polymerization catalysts. In
1955, K. Ziegler discovered that, mixtures of Ti(OR),
and AIR; do not polymerize ethylene but effective
dimerize it to butene-1 [1]. The reaction mechanism
includes the formation of metallocycles as intermedi-
ates [2—4]; it is crucially different from the mechanism
of polymerization of alkenes where the incorporation
of the double bond of an alkene occurs via the transi-
tion metal—carbon bond. In addition, the activity of
the combination of Ti(OR), and AIR,Cl in the eth-
ylene polymerization reaction is extremely low; it is
completely absent in the case of propylene [5]. How-
ever, we have found that the addition of a mixture of

AIR,Cl and a MgR'2 organomagnesium compound at
a molar ratio of [Al]/[Mg] > 2.5 to Ti(OR), leads to
the formation of a very active ternary catalyst system of
olefin polymerization. In general, a combination of
AIR,Cl and MgR'2 is a universal cocatalyst for hetero-

geneous Ziegler—Natta catalysts and metallocene and
postmetallocene complexes [6—8].

In this study, the results of a systematic investiga-
tion into the catalytic activity of the Ti(O-iso-Pr),—
AlEt,Cl/MgBu, system in the polymerization of eth-
ylene and propylene and the copolymerization of eth-
ylene and hexene-1 are described.

EXPERIMENTAL
Materials

Polymerization purity grade ethylene and propyl-
ene (99.9 vol %) manufactured at the Moscow Refin-
ery were used without further purification. Special
purity grade toluene and hexene-1 were refluxed over
Na and distilled under argon. Ti(O-iso-Pr),, AlEt,Cl
(0.8 mol/L solution in heptane), and MgBu,
(0.5 mol/L solution in heptane) purchased from Acros
were used without further purification.

Polymerization

All the polymerization reactions were carried out in
a 200-mL steel reactor equipped with a stirrer. Before
the experiments, the reactor was evacuated at the
test temperature for 1 h. In the case of polymeriza-
tion of ethylene and copolymerization of ethylene
and hexene-1, the reactor was filled with toluene or

152



A NOVEL EFFICIENT Ti(O-iso-C;H;)4,~-BASED OLEFIN POLYMERIZATION

a toluene/hexene-1 mixture; the amount of the liquid
phase was 100 mL. After that, AlEt,Cl and MgBu,
were successively introduced into the reaction mix-
ture. The resulting mixture was saturated with eth-
ylene; after that, ampule with Ti(O-iso-Pr), was bro-
ken inside the reactor. During the experiments, the
pressure in the reactor was maintained constant
(4.1 atm); the consumption of ethylene was compen-
sated via feeding from a calibrated vessel. The concen-
tration of ethylene and hexene-1 in the solution was
determined with a computer program for the calcula-
tion of thermodynamic equilibrium in multicompo-
nent mixtures of hydrocarbons.

Propylene polymerization was conducted via com-
plete filling of the reactor with a liquid monomer as
described in [9].

The resulting polymers and copolymers were
exposed to a mixture of ethyl alcohol and HCI (10%
solution) and then repeatedly washed with water and
alcohol and dried to constant masses.

The catalyst activities in ethylene polymerization
reactions were estimated from the effective polymeriza-
tion rate constant ks = v,,/(CeCry) (L/(mol Ti min)),
where v, is the polymerization rate (mol/(L min)) and
Cg and Cyy; are the concentrations of ethylene and
Ti(O-iso-Pr), (mol/L), and from the polymer yield
per mole of Ti(O-iso-Pr), (kg/mol Ti). The catalyst
activities in ethylene polymerization reactions at dif-
ferent temperatures were compared according to the
yield with respect to moles of Ti(O-iso-Pr), and with
respect to ethylene concentration [kg/(mol Ti Cg)].

Analysis of Polymers

Gel permeation chromatograms of the polymers
were recorded on a Waters GPCV-2000 instrument
equipped with a PL-gel column (5 p, Mixed-C,
300 mm X 7.5 mm) and a refractometer. Analysis of
the polymers was conducted in 1,2,4-trichloroben-
zene at 135°C and an elution rate of 1 mL/min. The
average molecular masses of the products were calcu-
lated from a universal calibration curve with the use of
PS standards with a narrow molecular-mass distribu-
tion (MMD); for PS, K= 2.80 x 10~*and a. = 0.64; for
PE, K= 6.14 x 10~* and a = 0.67. The procedure for
the separation of GPC curves into curves of individual
Flory components (polymer products produced by
one type of active site) was described in [10, 11].

BC NMR spectra of the polymers (5% solutions in
o-dichlorobenzene) were recorded at 110°C on a
Bruker Avance-400 spectrometer (frequency,
100.613 MHz; relaxation time, 15 s; number of record-
ings, 500—2000). The assignment of signals in the *C
NMR spectra of the ethylene/hexene-1 copolymers
and the polypropylene (PP) was conducted in accor-
dance with data from [12—16]. The IR spectra of the
2016
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polyethylene (PE) and the copolymers were recorded
on a Bruker Tensor 27 FTIR spectrophotometer.

copol

The hexene-1 contents in the copolymers, Cy
(mol %), were determined from the *C NMR and IR
spectroscopy data according to the ratios of absor-
bance of the bands at 1380, 1368, and 722 cm™!
(D1350/ D365 and D340/ D55,) With the use of calibration
curves [17].

The DSC melting curves of the polymers (samples
with masses of 3—5 mg) were recorded on a Netzsch
DSC 209-F1 analyzer at a heating rate of 10 K/min.
The compositional and structural heterogeneity of the
copolymers was analyzed in detail with the use of the
data derived during the second melting of the samples
at a heating rate of 2 K/min after slow crystallization at
a rate of 0.5 K/min beginning from 140°C.

The deformation behavior of the polymers sub-
jected to uniaxial tension was studied with an Instron-
1122 machine at rates of extension of 20 mm/min for
the PE and copolymer samples and 50 mm/min for
the PP. Bilateral blades with a working area of
35 mm X 5 mm were cut from 1-mm-thick plates pre-
pared via hot pressing under a pressure of 10 MPa at
160 (PE, copolymers) and 190°C (PP). The results of
determination of elastic modulus E, yield strength oy,
respective yield elongation &, minimum stress after
necking o,,;,, minimum stress after elongation €,,;,,
ultimate strength o,, and ultimate elongation g, were
averaged over 10 to 14 samples. The measurement
error did not exceed 10% for F and o, and 20% for ¢,.
Residual elongation ¢, was calculated as €., = (L; —
L,)/L, < 100%, where L, is the sample length after
unloading at an elongation of 100% and L, is the initial
sample length.

RESULTS AND DISCUSSION

Homo- and Copolymerization of Olefins
over the Ti(O-iso-Pr) —AlEt,Cl/MgBu, Catalyst System

Ethylene polymerization. Table 1 shows the eth-
ylene polymerization conditions and the main results.
The use of a combination of Ti(O-iso-Pr), and
AIEt,Cl (without MgBu,) leads to the formation of
only traces of the polymer; this result is in agreement
with previously published data [1, 5]. However, the
addition of MgBu, at a molar ratio of
[AIEt,Cl]/[MgBu,] ~ 3 results in a sharp increase in
the PE yield: At 50°C, it was ~1.5 t/mol Ti or
~3.6 t/(mol Ti Cg).

The ethylene polymerization kinetics exhibits a
pronounced nonsteady-state behavior (Fig. 1).
At 50°C, about 60% of the total polymer product is
formed in the first 10 min, while effective polymeriza-
tion rate constant k.; decreases about 65-fold over
60 min.
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Table 1. Ethylene polymerization over the Ti(O-iso-Pr),—AlEt,Cl/MgBu, system

Polymer yield
T, °C | Cg, mol/L | [Ti] x 10°, mol | [Al] X 103, mol | [Mg] x 103, mol -
g kg/mol Ti [kg/(mol Ti Cg)
50 0.41 2.36 7.91 0 trace — —
30 0.50 1.78 5.65 1.75 9.3 520 1040
40 0.44 1.17 4.07 12.5 9.2 790 1790
50 0.41 0.62 2.26 0.75 9.0 1460 3570

Polymerization in toluene; liquid phase volume, 100 mL; overall reactor pressure, 4.1 atm; reaction time, 1 h.

Table 2. Copolymerization of ethylene and hexene-1 over the Ti(O-iso-Pr),—AlEt,Cl/MgBu, system*

Cr", mol/L | C°", mol/L | [Ti] x 10°, mol ﬁljﬂﬂl [ﬁl{%g Yield, kg/mol Ti| c{P°!, mol %**
0.42 0 0.62 370 3.0 1480 0
0.42 0.25 0.80 290 3.0 940 0.9
0.43 0.60 0.84 320 3.2 840 1.3
0.44 0.90 0.84 320 3.2 2430 8.4
0.44 1.50 0.79 290 3.0 3010 15.8

*Temperature, 50°C; liquid phase volume, 100 mL; total reactor pressure, 4.1 atm; reaction time, 1 h.

##13C NMR data.

According to IR spectroscopy, the resulting PE is a
linear polymer: The spectra of the samples do not
exhibit absorption bands of methyl groups in the
branches (1378 cm™!).

Copolymerization of ethylene and hexene-1. The
Ti(O-iso-Pr),—AlEt,Cl/MgBu, catalyst system was
efficient also for the synthesis of ethylene/hexene-1
copolymers (Table 2). In the presence of this system,

copolymers with a hexene-1 content (C°™°') from

~1 to ~15 mol % were synthesized. At 50°C, the copo-
lymer yield lies in the range 0.85—3.0 t/(mol Ti h),
depending on the composition of the monomer mix-
ture. At a molar ratio of hexene-1 and ethylene 0.6 and
1.4, the activity of the system decreases. However, a
further increase in the hexene-1 concentration leads to
a significant activation of the catalyst: In these cases,
the copolymer yield is 1.5—2.0 times higher than that
in the ethylene polymerization.

This increase in catalyst activity in ethylene polym-
erization reactions with the addition of a-olefins is
well known both for heterogeneous Ziegler—Natta and
chromium oxide catalysts and for metallocene and
postmetallocene catalysts [11, 18—20].

There are two alternative explanations for this phe-
nomenon. The first is based on a purely mechanical
effect: the polymer molecules surrounding the active
sites can act as a diffusion barrier to ethylene, which is
lower in the case of copolymers with lower degrees of
crystallinity. In fact, the degrees of crystallinity of the
copolymers prepared at a high hexene-1 concentra-

tion (the last two examples in Table 2, C{°** of ~8 and
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~16 mol %, respectively) are significantly lower than
the degree of crystallinity of the PE (Table 3).

The second explanation involves a chemical mech-
anism [18, 20]. This mechanism is based on the fact
that the rate constant for the incorporation of ethylene
into the Ti—C bond in the Ti—CH,—CHj; active site at
each stage of the polymer-chain initiation is lower
than the rate constant of the incorporation of ethylene
in the case of the Ti—(CH,—CH,),—C,H; active site at
all subsequent stages of chain propagation. The reason
for the relative inertness of the Ti—CH,—CHj site is a
stronger agostic interaction between its 3-CH; group
and the Ti atom compared to the agostic interaction
between the -CH, group and the Ti atom in the
Ti—CH,—CH,—polymer sites. In the presence of
a-olefin CH,=CH—R (in the case of hexene-1, R =
C,Hy), the Ti—CH,—CHj; initiation site is partially
replaced with the Ti—CH,—CH,—R site into which
ethylene is incorporated at the same rate constant as
that for the incorporation of ethylene into the Ti—
CH,—CH,—polymer site.

A “comonomer” effect is characteristic of any
copolymerization reactions of ethylene and a-olefins,
including high-temperature reactions in solutions and
reactions involving nonreactive a-olefins [19, 20], that
is in better agreement with the chemical explanation.

Comparison of the compositions of the monomer
mixture and the copolymer (Table 2) provides an
approximate estimate of the effective reactivity ratio
r = kg_g/ke_n ~ (Cg/Cy)*/(Cg/Cy)™", where kg_g
and ky_y; are the rate constants for the addition of eth-
2016
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Fig. 1. Kinetic curves of ethylene polymerization at (/) 30,
(2) 40, and (3) 50°C.

ylene and hexene-1 to the growing polymer chain with
the last ethylene unit, >Ti—CH,—CH,—polymer. At a
low hexene-1 concentration in the reaction mixture,
the r, value is fairly high: ~60 (that is, the reactivity of
ethylene is 60 times higher than that of hexene-1.)
As the hexene-1 concentration increases, the r; value
decreases to 30. This change can be attributed to the
multicenter nature of the catalyst, which is discussed
below. The introduction of hexene-1 leads to the acti-
vation of additional active sites that exhibit a higher
reactivity toward hexene-1 than that of the active sites
formed in the presence of only ethylene.

Molecular-mass heterogeneity and compositional
heterogeneity of PE and the ethylene/hexene-1 copoly-
mers. The data listed in Table 3 show that increase in
the hexene-1 contents in the copolymers lead to
decrease in the molecular masses and effective melting
temperatures 7., of the copolymers and to sharp
decrease in melting heats AH,,, and degrees of crystal-
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Fig. 2. (a) GPC curves of (/) the PE and (2, 3) the copoly-
mers with cﬁ"p"‘ = (2) 1.3 and (3) 8.4 mol % and (b) sep-

aration of the GPC curve of the copolymer with Cﬁo’ml =
8.4 mol % into the Flory components. The points and the
lines denote experimental and calculated data, respec-

tively.

linity x. These features are typical for the copolymer-
ization of ethylene and a-olefins in general [11, 20].

According to GPC data, both the PE and the eth-
ylene/hexene-1 copolymers have broad MMDs, an
outcome that suggests the catalyst contains different
types of active sites responsible for the formation of
macromolecules with different average molecular
masses (Fig. 2a). Figure 2b and Table 4 show the
results of the separation of the MMD curves into Flory
components.

Analysis of the results suggests that the introduc-
tion of hexene-1 into the polymerization medium
leads to two effects: a decrease in the M,, value of each
Flory component and an increase in the fraction of
active sites that provide the formation of macromole-
cules with relatively low molecular masses (Flory
components III and IV).
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Table 3. Molecular-mass and structural characteristics of the PE and the ethylene/hexene-1 copolymers

CEoP! mol % M, % 107 My/M, T*,°C AHE,J/g* x> %™
0 446 24 133 190 65
0.9 369 25 128 135 46
1.3 400 19 127 125 43
8.4 354 11 123 44 15
15.8 142 20 - 16 ~6

*Heating rate, 2 °C/min, second melting.

**Degree of crystallinity according to DSC, x = (AHm/AH&) % 100, where AHS1

=293.0J/g.

Table 4. Results of separation of the GPC curves of the PE and the ethylene/hexene-1 copolymers synthesized at 50°C*

M, x 1073 | Content, % | M,, x 10~3 | Content, % | M,, x 10~ |Content, % | M,, x 1073 | Content, %

Flory component

CiP' =0 mol % i = 1.3 mol % CiP! = 8.4 mol % CiP°' = 15.8 mol %
1 1.8 2.1 1.8 2.0 1.6 0.4 2.0 7.4
11 7.6 4.3 7.2 5.6 6.7 4.3 7.5 17.4
111 28 10.8 27 10.4 26 15.6 23 27.0
v 86 19.1 81 19.1 77 25.0 60 22.6
\" 254 29.0 225 29.9 222 25.3 175 15.2
VI 660 20.4 600 20.0 550 16.4 570 7.4
VII 1700 14.3 1600 13.0 1600 13.0 1600 3.0
Average values™ | prav » 19-3 = 470 M x 1073 =418 MY x 1073 = 363 MY x 1073 = 1388

M, /M, =24 M, /M, =22 M,/M, = 14.5 M,/M, =21

*The synthesis conditions for the PE and the copolymers are given in Tables 1 and 2.
**Calculated from the M,, values of the Flory components and their content.

The presence of different types of active sites makes
it possible to assume that the macromolecules differ
not only in molecular-mass characteristics but also in
composition [11].

This assumption was verified through the DSC
method. It was previously shown that the melting tem-
peratures of ethylene/a-olefin copolymers and the
shapes of the DSC melting curves depend on the com-
positions and degrees of compositional heterogeneity
of the copolymers [20]. Copolymers synthesized over
single site metallocene catalysts exhibit relatively nar-
row melting peaks, while the melting peaks of copoly-
mers prepared in the presence of multicenter hetero-
geneous Ziegler—Natta catalysts are broader. It is evi-
dent from Fig. 3 that an increase in the hexene-1
content leads to a change in the shape of the melting
curve and a rapid decrease in melting heat AH,, (see
also Table 3).

Compositional heterogeneity is particularly pro-

nounced in the case of the copolymer with C5"°' =

8.4 mol %, whose amorphous fraction is 85% (Fig. 3,
Table 3). In addition, it contains two small low crystal-
linity components. One exhibits a broad melting peak
at ~100°C (according to [20], it contains ~4 mol % of

POLYMER SCIENCE, SERIES B

hexene-1); the other component exhibits a weak melt-
ing peak at ~123°C (C5™°' ~ 1.7 mol %). In addition,

the melting peaks of the copolymers with C5>*°' = 0.9
and 1.3 mol % are slightly broader than the melting
peak of the PE; this fact indicates the presence of
copolymer components with different hexene-1 con-

tent and 7}, values.

This statement is confirmed by the results of simu-
lation the melting curves of copolymers via the
method described in [20]. For example, Fig. 4 shows
the results of simulation of the melting curve of the

copol

copolymer with C;"" = 1.3 mol %, which suggest that
this product is a mixture of five components with dif-
ferent compositions.

Microstructuring of the copolymers. Figure 5 shows
the BC NMR spectrum of the ethylene/hexene-1

copol

copolymer with C;;*" = 15.8 mol % in the region of
22—42 ppm, which exhibits signals of all the protons of
the ethylene and hexene-1 units except that of the
methyl group, which occurs at 14.1 ppm. The assign-
ment of signals was conducted according to [12]. The
results—strong signals of triads CH(EHE) at
2016
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Fig. 3. DSC melting curves of (/) the PE and (2—4) the ethylene/hexene-1 copolymers with C;"p"‘ =(2)0.9, (3) 1.3, and (4

8.4 mol %.
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Fig. 4. (1) Experimental DSC melting curve of the ethylene/hexene-1 copolymer with C;ODOI = 1.3 mol %; (2—6) the separation

of the curve into components with C;OPOI =(2) 1.2, (3) 1.5, (4 1.8, (5) 2.2, and (6) 2.5 mol %; the relative contents of the com-
ponents are 0.41, 0.24, 0.16, 0.11, and 0.09, respectively; (7) the sum of curves 2—6.

38.1 ppm, triads 3B(EHE) at 29.5 ppm, and tetrads
B,0"-CH,(EHEE) at 27.3 ppm—suggest that hexene-
1 is mostly in the form of isolated monomer units (H)
in the EHE sequences (see the strong signals of triads
CH(EHE) at 38.1 ppm, triads 3B(EHE) at 29.5 ppm,
and tetrads 3,6"-CH,(EHEE) at 27.3 ppm). Only a
slight fraction of the monomer units of hexene-1 is in

POLYMER SCIENCE, SERIESB  Vol. 58 No.2 2016

HH dyads: tetrads a,a-CH,(EHHE) at 40.1 ppm, tet-
rads 3,6*-CH,(HHEE) at 27.1 ppm, triads CH(EHH)
at 35.7 ppm, and triads 3B(EHH) at 29.3 ppm.

The ability of the active sites to alternate monomer
units can be estimated from the product of reactivity
ratios rr,y, where r| = kp_p/kg_y and r, = ky_p/ku_g
[20]. If ,r, = 1, the relative probability of occurrence
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Fig. 5. Fragment of the Bc NMR spectrum of the ethylene/hexene-1 copolymer with Cy =

of signals.

of a given monomer in the chain depends only on the
monomer content in the copolymer, not on the nature
of the preceding monomer unit (random copolymers).
If r,ry < 1, the catalyst exhibits a tendency to alternate
monomer units in the copolymer chains (alternating
copolymers); in the limit at », = 0, hexene-1 is present
in the copolymer chains only in the form of isolated
units.

BC NMR spectra are the most sensitive tool to
determine r,r,. This value can be found via compari-
son of the relative intensities of the signals of the
blocks of hexene-1, EHH and EHHE, and the signal
of the isolated hexene-1 units, EHE, or the signal of
the isolated ethylene units, HEH.

Expressions required for calculating the contents of
the EHH, EHHE, EHE, and HEH sequences as func-

copo

tions of copolymer compositions Cy "and r,r, values
are known from the literature [11]. The
[EHHE]/[HEH] and [EHH]/[HEH] ratios are con-
venient for estimation of the r,r, value because they are
not particularly sensitive to the composition of a copo-
lymer:

[EHH]/[HEH] = 2riry(1 + IN)/(rir; + IN), (1)

POLYMER SCIENCE, SERIES B

Chemical shift, ppm

copol — 15 8 mol % and the assignment

[EHHE]/[HEH] = r,rIN(1 + IN)/(r,r, + IN), (2)

where IN = 0.5{f — 1 + [(f — 1) + 4rryf1°3} and f =
CEODOI/C;()DOI — (100 _ C;ODOI)/C;;ODOI-

For the ethylene/hexene-1 copolymer at C5"°' =
158 mol %, |[EHH]/[HEH] ~ 091 and
[EHHE]/[HEH] ~ 0.34. In this case, the rr, values
calculated from Egs. (1) and (2) via the program
Mathematics 8 lie in the range 0.35—0.45. These rr,
values suggest that the active sites of the studied cata-
lyst system exhibit a tendency toward alternation of
monomer units in the chains.

Propylene polymerization. It was previously shown
that the Ti(O-iso-Pr),—AlEt,Cl/MgBu, system pro-
vides efficient polymerization of propylene [21]; in the
case of polymerization in a liquid monomer, the PP
yield is ~10 t/mol Ti h (Table 5). The resulting poly-
mers are characterized by M = (50—100) x 103 and a
broad MMD. In these polymers, the content of the
amorphous fraction soluble in boiling heptane is more
than 80%. The boiling heptane insoluble fraction con-
tains also ~50% amorphous atactic PP with a higher
molecular mass.

2016
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Table 5. Propylene polymerization over the Ti(O-iso-Pr),—AlEt,Cl/MgBu, catalyst system [23]*
o Ti] % 10° [All/[Ti], | [All/[Mg], | Yield, kg/ | Amorphous _
Too, °C | Cp mol/L| | ; s mym,
pob> pry mol/ mol mol/mol mol/mol mol Ti  |fraction, %** My > 10 w/ My
30 11.9 1.42 220 3.4 2250 82.5 50.9 4.2
40 11.4 1.00 350 3.5 5000 84.7 87.7 6.9
50 11.2 0.62 350 3.5 9680 86.2 98.4 8.1
*Polymerization in liquid propylene; reaction time, 1 h.
**Boiling heptane soluble fraction.
Table 6. Signals of the CH; groups in the '3C NMR spectrum of the boiling heptane soluble fraction of the PP
Triads mm Triads mr Triads rr
pentads chemical shift, content, % | pentads chemical shift, content, % | pentads chemical shift, content, %
ppm ppm ppm
mmm 21.30 21.4 mmrr 20.50 14.7 rrrr 19.76—19.84 4.4
mmmr 21.02 14.1 mmrm 20.28 26.8 mrrr 19.54—19.61 5.8
+ rrmr mrrm 19.30—19.46 5.0
rmmr 20.76 4.0 rmrm 20.0—20.1 ~2.7

The PP was prepared in liquid propylene at 50°C.

As an example, Fig. 6 shows the *C NMR spec-
trum (region of signals of methyl groups) of the boiling
heptane soluble fraction of PP and the spectral resolu-
tion into signals of various stereo-sequences. The
position of each signal and the relative contents of ste-
reo-sequences are listed in Table 6. The *C NMR data
suggest that this fraction mostly has a head-to-tail
structure [21]; the 7,,, and Tj, signals of regio-errors at
about 38 and 31 ppm [22] are fairly low. The polymer
is almost atactic: it contains all the possible stereo-
sequences in comparable amounts. The distribution of

22 21

stereo-sequences in this sample is similar to the distri-
bution characteristic for the soluble fractions of the PP
prepared with the use of supported titanium—magne-
sium catalysts [23—25]. For instance, along with irreg-
ular sequences, the amorphous fraction contains a
certain amount of isotactic pentads; the [mmmm]
value is ~0.21 (Fig. 6).

Atactic PP is an important commercial product; it
is used to manufacture construction adhesives, filler
pastes, sealing mastics, road pavement, and adhesive
films [25—26]. The possibility of targetedly synthesiz-

20 19

Chemical shift, ppm

Fig. 6. Bc NMR spectrum of the boiling heptane soluble fraction of the PP (derived at 50°C) in the region of signals of methyl
groups and the spectral resolution into signals of various stereo-pentads and heptads (see Table 6).
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Table 7. Mechanical properties of the polymers

RISHINA et al.

Sample E, MPa oy, MPa | &, % | Opin, MPa | &40, % | 0y, MPa | £, % | €, %
PE 890 24.1 12.6 20.3 77 30 385 80
Amorphous PP 16 — — — — 2.3 550 25
Ethylene/hexene-1 copolymer 12 — — — — 0.9 80 —

ing amorphous PP with the use of the Ti(O-iso-Pr),—
AlEt,Cl/MgBu, system is of practical interest.

Mechanical Properties of the Polymers

Figure 7 shows the uniaxial stress—strain diagrams
ofthe PE, PP, and ethylene/hexene-1 copolymer with

gation of the PP ends at € ~ 0.7%; after that, the stress
nonlinearly increases to a limiting value. The patterns
of deformation of the ethylene/hexene-1 copolymer
and the PP are similar; differences are observed only
in the ultimate-strength and ultimate-elongation val-
ues. These stress—strain diagrams are typical for elas-
tomeric materials [27].

Clc{opol — 15.8 mol % that were synthesized in this .Atactic PP has low vgllues qf ela}st.ic mogiulus F and
study. ultimate strength o,,, while maintaining a high value of

The resulting PE is a typical semicrystalline HDPE
[27]; the stress—strain curve exhibits yield strength o,
and an extended necking region with o,,;,, ~ 0.85 oy,
after which the polymer undergoes uniform strain
hardening. The deformation behaviors of the atactic
PP and the copolymer are different: Deformation
occurs without necking. Unlike isotactic PP, whose
deformation is similar to that of PE, amorphous PP
does not have a yield point; the linear region of elon-

o, MPa Ji

20

10

500
€, %

100 200 300 400

Fig. 7. Uniaxial stress o—strain € diagrams for (/) the PE,
(2) the amorphous PP, and (3) the ethylene/hexene-1

copolymer with lel°p°1 = 15.8 mol %.

POLYMER SCIENCE, SERIES B

ultimate elongation ¢, (Table 7). Residual elongation
€, for the PP is 25%. The elastic modulus of the
amorphous ethylene/hexene-1 copolymer (x ~ 5%) is
comparable with that of the amorphous PP (yx ~ 7%);
however, the ultimate-strength and ultimate-elonga-
tion values are significantly lower.

Thus, the mechanical properties of the amorphous
PP and the ethylene/hexene-1 copolymer prepared
over the Ti(O-iso-Pr),—AlEt,Cl/MgBu, catalyst sys-
tem are similar to those of elastomeric materials. Poly-
mers of this type can be used in composites with rigid
plastics in order to increase the elasticity and improve
the mechanical characteristics of these materials.

Chemical Aspects of the Ti(O-iso-Pr) —AIEt,Cl/MgBu,
Catalyst System

Both previously published data [1, 5] and our
results (Table 1) show that combinations of Ti(OR),
and such organoaluminum compounds as AIR,Cl or
AlR; are not olefin polymerization catalysts. However,
owing to the addition of MgR',, combinations of
Ti(OR), and AIR,Cl become highly active catalysts.

Reactions between Ti(OR), and organoaluminum
compounds were described in detail previously [28—
31]. These reactions lead to the alkylation of Ti(OR),
to (RO);Ti""—R and (RO),Ti'VR,; the reduction of
these compounds to Ti'"'(RO); and (RO),Ti'"—-R; and
the formation of Ti'' complexes with AIR,(OR) or
AIR(OR)CI, such as [Ti"(OR);]2AIR,(OR),
[Ti'"'(OR);]AIR,(OR), and [(RO),TiV—
RJAIR(OR)CL.

The active sites of olefin polymerization are cat-
ionic complexes of Ti'" or Ti'"! that contain a Ti*—C
bond [11]. The efficiency of combinations of AIR,CI
and MgBu, in the formation of these complexes can be
most probably attributed to two factors. First, AlEt,CI
Vol. 58

No.2 2016
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and MgBu, rapidly react to form highly dispersed
MgCl,, with the Lewis-acidic surface [6, 8]:

MgBu, + 2AlEt,Cl —» [MgCl,] + 2AlEt,Bu.  (3)

The cocatalyst used in this study was prepared at
[AIEt,Cl]/[MgBu,] > 3 (Tables 1, 2). Ti(O-iso-Pr), is
added to the mixture at the last stage of catalyst prepa-
ration; it can react with both excess AlEt,Cl and
AIEt,Bu. Once the (RO);Ti"V—R and (RO),Ti'""-R
products or their complexes with organoaluminum
compounds are adsorbed on the acidic surface of
MgCl,, they can be ionized to form Ti*—C polymer-
ization sites on the MgCl, surface:

(RO);Ti-R + [MgCl,]
- [(RO)ZTi+—R]adS/ [MgCl,-OR],
(RO)2 Ti-R +[MgCl,]
— [(RO)Ti"-R ],4/ [ MgCl,~OR] .
The second possible cause is the formation of the
contact ion pairs [MgBu]* [Et,Bu,Al]~ and [MgBu]*
[EtBuAICI-AlBuEt,]~ from MgBu, or MgBuCl (the
intermediate in reaction (3)) [6, 8]. These ion pairs

can convert (RO);Ti"™V—R or (RO),Ti'"-R into active
sites of an other type: for example,

(RO), Ti-R + [MgBu]"[Et,Bu,Al]”
— [(RO), Ti"—R][Et,Bu,Al]” + MgBu(OR).

Ti(OR),—AIR,Cl/MgBu, catalysts contain active
sites of various types, which differ in both Kinetic
parameters (they produce polymer fractions with dif-
ferent M,, values) and copolymerization ability. It can
be assumed that these active sites are formed from dif-
ferent compounds of (RO),Ti—R and (RO),TiR, that

contain both Ti!V and Ti'!.

4

%)

(6)

CONCLUSIONS

The Ti(O-iso-Pr),—AlEt,Cl/MgBu, system is an
effective catalyst for the polymerization of ethylene
and propylene and the copolymerization of ethylene
and hexene-1. The advantages of this system over
metallocene and postmetallocene catalysts are high
activity, low cost, and ease of synthesis. All compo-
nents of the system are commercial products soluble in
aromatic and aliphatic hydrocarbons. The reaction
products are linear PE, amorphous generally atactic
PP, and ethylene/hexene-1 copolymers containing
from 1 to 16 mol % hexene-1. Each of the resulting
polymers is characterized by a broad MMD, which
represents the heterogeneity of the active sites with
respect to kinetic parameters. In addition, the eth-
ylene/hexene-1 copolymers exhibit compositional
heterogeneity. The active sites of the system have a
pronounced tendency toward alternation of monomer
units in the copolymer chains.
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