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Abstract—The possibility of using R,P(O)(CH,0R"); _,, (R = alkyl, R' = methyl or acyl, n = 0—2) polyden-
tate phosphine oxides as external electron donors for the titanium—magnesium catalysts for isotactic
polypropylene synthesis is demonstrated for the first time. The kinetics of propylene polymerization in liquid
monomer at 70°C and the isotacticity and molecular-weight characteristics of the resulting polypropylene are
studied as functions of the nature of the substituents at the phosphorus atoms in the external donor and the
molar ratio of the cocatalyst AlEt; to the external electron donor. Among the compounds examined,
isoamyldi(methoxymethyl)phosphine oxide (R = iso-Am, R' = Me, n = 1) is the most efficient. The isotac-
ticity index of the polypropylene (PP) synthesized on the titanium—magnesium catalyst with this external
donor is as high as 94—95%, and the activity of the catalyst (Cat) in the absence of hydrogen is 5.0—6.5 (kg
PP) (g Cat)~' h~!. With the optimum combination, the activity of this catalyst is ~5 (kg PP) (g Cat)~' h~! and
the isotacticity index is 94%. These parameters are close to those obtained for propylene polymerization in
the absence of hydrogen on the same titanium—magnesium catalyst with phenyltriethoxysilane (external
donor used in the industrial synthesis of PP): the activity is 5.6 (kg PP) (g Cat)~! h~!, and the isotacticity
index is 95%. The introduction of hydrogen into the reaction zone makes it possible to efficiently control the
molecular weight of PP, increases the catalyst activity by a factor of 1.5—2.5, and somewhat decreases the iso-

tacticity index (from 94 to 91-92%).
DOI: 10.1134/S0023158410020102

Supported TiCl,/MgCl, catalysts are modified with
electron-donor compounds to enhance their ste-
reospecificity in propylene polymerization. The mod-
ifier is introduced at the stage of preparation of the
TiCl,/MgCl, catalyst (internal donor, D;) and, in com-
bination with the cocatalyst (AlEt;), at the propylene
polymerization stage (external donor, D,). According
to the results of numerous studies [1—4], the role of
electron donors is to selectively block the active sites of
the catalyst on which the atactic polymer forms and to
enhance the stereospecificity of the active sites that
produce polypropylene with low stereoregularity. To
execute these functions, electron-donor compounds
should be at least bidentate and should form stable
chelate complexes with tetracoordinated magnesium
atoms on the MgCl, surface. The most efficient inter-
nal donors known at present are phthalates, diethers,
and 2,3-substituted succinates [2]. Diethers can
simultaneously serve as external donors.

It is necessary to use external electron-donor mod-
ifiers, because, on contact of the TiCl,/MgCl,/ D, cat-
alyst with AlEt;, the internal donor sorbed on the cat-
alyst surface passes partially into the solution to form
complexes with AlEt;, thus reducing the stereospeci-
ficity of the catalyst. This effect is compensated for by

the introduction of another bidentate electron-donor
compound—external donor—simultaneously with
AlEt;. Alkylmethoxysilanes are among the most effi-
cient external donors employed in the industrial syn-
thesis of isotactic polypropylene (PP).

In this work, we studied the possibility of using
polydentate phosphine oxides as external donors for
the titanium—magnesium catalysts (TMC) in the syn-
thesis of isotactic PP. The electron-donor (coordinat-
ing) centers of the phosphine oxides are the phospho-
ryl group (P=0) and oxygen atoms in the substituents
at the phosphorus atom [5]. Organophosphorus com-
pounds of this type were suggested earlier for use only
as solvating additives [6] or polar solvents [7].

EXPERIMENTAL
Materials

The commercial TMC (Moscow Petroleum Refin-
ery) containing 2.06 wt % Ti and dibutyl phthalate as
the internal donor was used as the catalyst. The cocat-
alyst was AlEt; (Aldrich). Propylene was polymeriza-
tion-purity grade (Moscow Petroleum Refinery).
Phenyltriethoxysilane was purchased from Aldrich.
n-Heptane (Aldrich) used in the preparation of the
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Fig. 1. (/) Activity of the TMC with the external donor iso-
AmP(O)(CH,0CH3), in propylene polymerization in liq-
uid monomer and (2) the isotacticity index of polypropy-
lene as a function of the Al/ D, molar ratio (polymerization
temperature of 70°C).

TMC suspension and solutions of catalyst compo-
nents was dried by distillation from sodium. Hydrogen
was passed through columns with molecular sieve 4A
and the Ni—Cr catalyst to remove the water and oxy-
gen traces. Phosphine oxides were used as solutions in
n-heptane.

Synthesis of Substituted Phosphine Oxides

Samples of the following polydentate phosphine
oxides were used in tests as external donors for the
TMC: Me,P(O)CH,OMe (I), MeP(O)(CH,OMe),
I, Bu,P(O)CH,OMe (III), BuP(O)(CH,OMe),
(Iv), (MeOCH,);P(0O) (V), iso-AmP(O)(CH,0OMe),
(VI), Me,P(O)CH,0Ac (VII), Bu,P(O)CH,CH,OMe
(VIII), [Bu,P(O)CH,],0 (IX). Tetrakis(hydroxyme-
thyl)phosphonium chloride was used in the synthesis of
compounds I, II, and IV-VII [§—11]. Compounds IIT
and VIII were prepared from dibutylphosphonous acid
[5]. Diphosphine dioxide (IX) was synthesized by the
reaction of 1,2-dichlorodimethyl ether with the potas-
sium salt of dibutylphosphonous acid in anhydrous
tetrahydrofuran (7, = 212—214°C/1 Torr). Commer-
cial tributylphosphine oxide (X) was purified by distil-
lation. The structures of all compounds were con-
firmed by recording 'H NMR spectra (CDCl;) on a
Bruker WM-250 spectrometer. The purity of the com-
pounds was at least 98%.

Propylene Polymerization

Propylene was polymerized in liquid monomer in a
0.25-1 stainless steel reactor fitted with a temperature-
controlled jacket; a stirrer (up to 3000 rpm); and a sys-
tem for introduction of catalyst components, mono-
mer, and admixtures. Polymerization was carried out
in under complete filling conditions, which made it
possible to measure the polymerization kinetics in lig-
uid propylene. The reactor was prepumped at 70—
90°C for 1 h and was purged several times with gaseous
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propylene. Next, the preset amount of hydrogen from
a calibrated volume (if necessary) was introduced into
the reactor filled with liquid propylene. Solutions of
AlEt; and an external donor (separately or together)
and a suspension of the Ti—Mg catalyst in #n-heptane
were added. Fore polymerization was carried out at
30°C for 2 min. Subsequent polymerization was car-
ried out at 70°C. The polymerization time was usually
1 h. The amount of TMC per run was 0.0035—
0.0050 g, which corresponded to a TMC concentra-
tion of 0.014—0.020 g/1. The Al/Ti molar ratio was
400—600. The molar ratio of AlEt; to the external
donor (AlEt;/D,) was varied between 9 and 50. At the
polymerization temperature of 70°C, the propylene
concentration was 11 mol/I.

Characteristics of Polypropylene

The isotacticity index (I.1.) of polypropylene was
determined as the amount of the polymer fraction
insoluble in boiling n-heptane. Molecular-weight
characteristics were measured with a Waters 150 gel
permeation chromatograph at 135°C in o-dichlo-
robenzene. The macrotacticity parameter of the iso-
tactic fraction of polypropylene was determined by IR
spectroscopy from the ratio of band intensities at 998
and 973 cm™! (Dygg/ Dy75).

RESULTS AND DISCUSSION

The activity of the TMC in propylene polymeriza-
tion, kinetics of propylene polymerization in liquid
monomer, and the stereoregularity and molecular-
weight characteristics of the resulting polymer were
studied with different types of synthesized phosphine
oxides, which were used as external donors, and at dif-
ferent AlEt;/D, molar ratios. The electron-donor
(coordinating) centers of the organophosphorus com-
pounds R,P(O)(CH,OR');_, include the phosphoryl
group (P=0) and oxygen atoms in the substituents at
the phosphorus atom. The properties of the synthe-
sized compounds as external donors were compared
with those of phenyltriethoxysilane, which is among
the efficient external donors employed in the synthesis
of isotactic polypropylene. The results of these studies
are presented in Table 1 and in Figs. 1 and 2.

As s clear from these data, the maximum isotactic-
ity index of polypropylene obtained on the TMC in
the presence of substituted phosphine oxides is 93—
95% at Al/D, ~ 9—20 mol/mol, which is nearly equal
to the I.I. value achieved on the TMC used with the
external donor phenyltriethoxysilane, 95% (Table 1,
entry 1). The degree of isotacticity of the polymer
decreases for all phosphine oxides as the Al/D, ratio
increases, i.e., as the D, concentration decreases at a
constant AlEt; concentration, as is demonstrated in
Fig. 1 (curve 2) and Fig. 2 (curve 2) for the donors iso-
AmP(O)(CH,0OMe), and (MeOCH,);P(O), respec-
tively.

KINETICS AND CATALYSIS Vol. 51 No.2 2010
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Table 1. Properties of the TMC in the presence of polydentate phosphine oxides and phenyltriethoxysilane as external donors

in propylene polymerization in liquid monomer at 70°C

Entry T™MC, g onll//El)l rrlill//?ri(’)l (kg PPI;‘E;“S;%)*I h! LI, % M, x 1073 M, /M,
PhSi(OEt),
1 0.0034 \ 417 \ 20.0 \ 5.6 | 95.0 1000 \ 8.6
Me,P(0)CH,OMe (I)
2 0.0037 448 8.3 1.4 93.0 600 7.5
0.0037 415 20.0 2.6 89.0 1000 5.0
MeP(0)(CH,0Me), (II)
0.0048 496 12.0 1.8 93.9 830 7.0
5 0.0039 524 23.2 1.5 90.2 960 9.6
Bu,P(0)CH,OMe (III)
0.0048 508 13.0 2.1 90.6 - -
0.0048 473 26.0 5.0 87.5 - -
BuP(0)(CH,0Me), (IV)
0.0039 509 10.0 2.2 93.0 650 8.0
0.0048 491 37.5 6.8 90.8 - -
(MeOCH,);P(0) (V)
10 0.0052 481 21.7 3.6 93.5 — -
11 0.0048 497 45.3 4.6 92.2 900 11.0
iso-AmP(O)(CH,0OMe), (VI)
12 0.0052 503 13.5 2.8 94.0 — —
13 0.0046 532 16.3 4.7 93.9 - —
14 0.0050 502 20.3 5.8 92.1 — -
Me,P(O)CH,0Ac (VII)
15 0.0049 504 10.0 1.7 99.0 — —
16 0.0055 625 20.0 2.7 96.0 - -
Bu,P(0)CH,CH,0OMe (VIII)
17 0.0049 536 20.2 3.8 92.3 — —
18 0.0049 517 31.5 5.3 89.3 - -
[Bu,P(0)CH,],0 (IX)
19 \ 0.0056 \ 565 \ 20.0 3.3 | 87.8 \ - \ —
Bu;P(0) (X)
20 | 0.0048 | 459 | 22.5 | 14.4 | 71.4 | — | -

The nature of substituents in R,P(O)(CH,0OR'); _,,
affects the properties of the catalysts. An increase in
the number of methoxymethyl groups (—CH,0OMe) in
the donor molecule from 1 to 3 and the corresponding
decrease in the number of alkyl substituents (R = Me,
n-Bu) afford a more isospecific catalyst (Table 1,
entries 2—11). For example, for Bu,P(O)(CH,OMe)
(Table 1, entries 6, 7), the 1.1. value of polypropylene
is  90.6—-87.5% at Al/D, = 13-26. For
BuP(O)(CH,OMe), (Table 1, entries 8, 9), I.I. =
93.0-90.8% at Al/D, = 10-37.5. For
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(MeOCH,);P(O) (Table 1, entries 10, 11; Fig. 2,
curve 2), I.I. = 93.5-92.2% at Al/D, = 21.7—45.3.
When the phosphine oxide molecule contains no
methoxymethyl groups, the isospecificity of the cata-
lyst is much lower, as is demonstrated by the data
obtained for Bu;P(O) (Table 1, entry 20).

The volume of the alkyl substituent in the
R,P(O)(CH,OR');_, (R = Me, n-Bu, iso-Am) mole-
cule also affects the stereospecificity of the forming
catalyst. The bulkiest substituent isoamyl, which
causes some steric hindrance to monomer coordina-
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Fig. 2. (1) Activity of the TMC with the external donor
(CH3;0CH,;);P(0O) in propylene polymerization in liquid
monomer and (2) the isotacticity index of polypropylene
as a function of the Al/D, molar ratio (polymerization
temperature of 70°C).

tion on the active site, leads to the highest isospecific-
ity of the catalyst at all Al/D, ratios examined. The
maximum L.I. value for iso-AmP(O)(CH,OMe), is 95—
94% at Al/D, = 9.3—16.3 (Fig. 1, curve 2). As was
shown above, a similar result was obtained for
(MeOCH,);P(0O) (Fig. 2, curve 2).

The macrotacticity parameters of the isotactic
fractions of polypropylene determined from the
Dygg/Dg75 tatio in the IR spectra in the case of the
donors iso-AmP(O)(CH,0OMe), and (MeOCH,),P(O)
were 96—98%. This parameter for the isotactic frac-
tion of the polymer synthesized on the same TMC
with phenyltriethoxysilane as D, was also 97%.

The catalyst activity in propylene polymerization,
like stereospecificity, depends on the nature of substit-
uents in phosphine oxide and the AlEt;/D, molar
ratio, all other polymerization conditions being equal.

The data presented in Table 1 and in Figs. 1 and 2
show that the highest activity of the TMC is achieved
with phosphine oxides containing one iso-Am or n-Bu
group, two MeOCH, groups, and three MeOCH,
groups. The optimum combination of the activity and
isotacticity index for the donor iso-
AmP(O)(CH,0Me), (VI) in polymerization without
hydrogen is about 5 (kg PP) (g Cat)~! h~! and 94%,
respectively, which is similar to the results obtained on
the same TMC with the standard donor phenyltri-
ethoxysilane as D, without hydrogen: activity of
5.6 (kg PP) (g Cat)~' h~'and I.I. = 95%.

The dependences of the catalyst activity in propy-
lene polymerization in the presence of the donors iso-
AmP(O)(CH,OMe), (VI) and (MeOCH,);P(0O) (V)
on the AlEt;/D, ratio are plotted in Figs. 1 and 2
(curves 1), respectively. As can be seen from Fig. 1, in
the case of donor VI, the activity increases to 5.0—
6.5 (kg PP) (g Cat)~! h~! with an increase in Al/D, to
16—22. As Al/ D, is further increased to ~42, implying
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Fig. 3. Kinetics of propylene polymerization in liquid
monomer on the TMC with the external donor iso-
AmP(0)(CH,0CH3), at Al/D,, molar ratios of (1) 9.3, (2)
13.5,(3) 16.5, and (4) 20.3 (polymerization temperature of
70°C).

a decrease in the external donor concentration, the
catalytic activity changes insignificantly. When donor
VI is used, a catalytic activity of about 6.5 (kg PP) (g
Cat)~! h™! is achieved at Al/D, ~ 20 (Fig. 1). With
donor V, the same activity is attained at much larger
Al/D, ratios of 45—49.

The nature of R' in the substituent (—CH,OR') in
phosphine oxide also exerts an effect on the catalytic
properties of the TMC. At similar Al/D, ratios, the
replacement of methyl in this group with acyl
(—CH,0Ac) increases the isotacticity index without
affecting the catalytic activity, as is evident from a
comparison of the results obtained for D, =
Me,P(O)(CH,0OAc) (Table 1, entries 15, 16) and
Me,P(O)(CH,OMe) (Table 1, entries 2, 3).

The substitution of the methoxyethyl group (donor
VIII) for methoxymethyl group in
Bu,P(O)(CH,0OMe) leads to some increase in the cata-
lyst isospecificity at the same Al/D, (Table 1, entries 17,
18). This is possibly due to the formation of a more
optimal chelate. However, this substitution reduces
the catalytic activity.

The diphosphine dioxide [Bu,P(O)CH,],0 (IX) is
a less efficient D, than the polydentate phosphine
monoxides (Table 1, entry 19).

The kinetic curve of propylene polymerization in
liquid monomer at 70°C at different Al/D, molar
ratios for iso-AmP(O)(CH,0OMe), are shown in Fig. 3.
In all cases, the maximum polymerization rate is
achieved rapidly and then decreases with time. These
kinetic data reflect the above-discussed effect of the
Al/D, ratio on the catalytic activity. Note that Al/D,
has some effect on the rate of decrease of the catalytic
activity with time at a constant AlEt; concentration.

Hydrogen, which is used in olefin polymerization
as a chain termination agent for molecular weight con-
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Table 2. Influence of hydrogen on propylene polymerization on the TMC in the presence of polydentate phosphine oxides and
phenyltriethoxysilane as external donors (polymerization in liquid monomer at 70°C)

N T I R S T Pt P
PhSi(OEt),

1 0.0034 417 20.0 0 5.6 95.0 1000 8.6
2 0.0039 724 24.0 0.8 11.4 94.8 375 6.0
Me,P(O)CH,OMe (I)

3 0.0037 415 20.0 0 2.6 89.0 1000 5.0
4 0.0039 458 18.0 0.8 3.1 87.7 230 6.0
MeP(O)(CH,0Me), (II)

5 0.0055 519 39.5 0 1.9 88.7 800 9.0
6 0.0039 515 35.5 0.8 3.0 81.3 180 5.6
(MeOCH,);P(0O) (V)

7 0.0048 497 45.3 0 4.6 92.2 900 11
8 0.0048 475 43.5 0.8 6.7 89.3 190 5.3
iso-AmP(O)(CH,0OMe), (VI)

9 0.0052 503 13.5 0 2.8 94.0 — —
10 0.0052 515 13.2 0.8 5.8 92.1 - —
11 0.0046 532 16.3 0 4.7 93.9 — —
12 0.0046 611 16.7 0.8 8.9 91.1 — —

trol, usually exerts an activating effect on the polymer-
ization process [2]. In the case of phenyltriethoxysi-
lane as the external donor, the activity of the TMC
increases by a factor of 2—2.5 upon the introduction of
0.8 x 1072 mol/I of H, (Table 2, entries 1, 2). When
polydentate phosphine oxides are used as D, for the
TMC, the introduction of hydrogen into the polymer-
ization zone also allows one to efficiently control the
molecular weight of polypropylene and increases the
polymerization rate. The corresponding data for the
donors examined here are listed in Table 2 (entries 3—
12). As can be seen, in the presence of hydrogen (0.8 x
102 mol/1), the catalytic activity increases by a factor
of 1.5—-2.5, depending on the nature of substituents in
the phosphine oxide. The kinetic curves of propylene
polymerization in liquid monomer in the presence and
absence of hydrogen for isoamyl donor VI at two Al/D,
ratios (Fig. 4) also demonstrate the catalyst activation
effect. The rate of propylene polymerization, which
begins to decrease with time after reaching its maxi-
mum, falls more rapidly in the presence of hydrogen
than without it. Note that, for the phosphine oxides
examined, as distinct from silane, the introduction of
hydrogen decreases the isotacticity index of polypro-
pylene. For isoamyl donor VI, the I.I. value decreases
from 94.0 to 91.1-92.1 (Table 2, entries 9—12).

Thus, the structure-related regularities revealed in
the influence of polydentate phosphine oxides as
external donors on the properties of the TMC in pro-

KINETICS AND CATALYSIS Vol. 51
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pylene polymerization show the way to structurally
optimal phosphoryl-containing electron donors com-
bining high activity and stereospecificity parameters.
It seems most promising to study phosphine oxides
containing methoxymethyl and acetoxymethyl groups

1

kapp> 1(8 Ti)~! min~
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10

I‘ |
60 70
Time, min

Fig. 4. Activating effect of hydrogen on the kinetics of pro-
pylene polymerization in liquid monomer on the TMC
with the external donor iso-AmP(O)(CH,0OCH3),: (1, 2)
propylene polymerization without hydrogen and (3, 4)
polymerization in the presence of hydrogen at [H,] = 0.8 x
1072 mol/l. The polymerization temperature is 70°C.
Al/D, = (1,3) 13.5and (2, 4) 16.5.
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as substituents at the phosphorus atom in combination
with branched alkyls.
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