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1. Introduction

Supported Ziegler-Natta catalysts for olefin polymerization rep-
resent an example of catalysts which, formally heterogeneous,
exhibit all the features typical for molecular catalysis: initial chem-
ical species in them are known, and chemical reactions leading to
the formation of active centers are a subject of the arsenal of ana-
lytical methods common for the latter type of catalysis, NMR, IR,
etc. This paper describes chemical reactions leading to the forma-
tion of active centers in a fourth-generation supported TiCl4/MgCl2
catalyst designed for isospecific polymerization of propylene and
other �-olefins.

The catalysts of the fourth-generation contain alkyl esters of aro-
matic ortho-diacids (internal donor compounds) as components of
the solid catalysts and alkoxysilanes (external donor compounds)
as components of cocatalyst mixtures. In general, these catalysts
employ highly porous spherical particles of anhydrous MgCl2 as a
support/carrier. Several techniques were developed for the man-
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reactions between a fourth-generation solid Ziegler-Natta catalyst for
4/MgCl2/diisobutyl phthalate (DIBP), and cocatalyst mixtures containing
mpound, (Cy)(Me)Si(OMe)2. The solid catalyst component contains sev-
obutyl phthalate with MgCl2 and TiCl4, as well as complexes of MgCl2
h is formed in a reaction between DIBP and TiCl4. When the solid cat-
catalyst mixture, all these adsorbed carbonyl species react with AlEt3.
onyl groups of DIBP and lead to the formation of various dialkylalu-
f reactivity of the complexes in the reactions with AlEt3 is: phthaloyl
DIBP/TiCl4. These reactions result in a complete removal of phthaloyl chlo-
, in a significant reduction of the total content of the MgCl2/DIBP and
he reduction of surface TiIV species to TiIII. The second component of the
f (Cy)(Me)Si(OMe)2 with AlEt3, are strongly adsorbed on the surface of the
of the products of its reactions with excess AlEt3. The most probable coor-

es is surface Ti atoms, including the active centers in olefin polymerization

© 2008 Elsevier B.V. All rights reserved.

ufacture of MgCl2 particles suitable for the catalyst preparation

[1]. They include: (a) crystallization of molten MgCl2/alcohol com-
plexes in inert dispersants at low temperature [2]; (b) precipitation
of MgCl2 complexes with alcohols or other polar compounds from
solution followed by their thermal or chemical decomposition with
the formation of microcrystalline MgCl2 [2,3]; and (c) synthesis of
MgCl2 from alkylmagnesium compounds, by reacting them with
chloro-containing reagents such as HCl, RCl, SiCl4, TiCl4, etc. [4].
After the MgCl2 particles are formed, esters of aromatic ortho-
diacids and TiCl4 are deposited on their surface.

These catalysts are activated in polymerization reactions
with combinations of AlEt3 and alkylalkoxy or arylalkoxysilanes,
RxSi(OR′)4–x. The molar [Al]:[Si] ratio in the cocatalyst mixtures
varies from 10:1 to 20:1, and the molar [Al]:[Ti] ratio in the final
catalyst systems is ∼250 [5–10]. One group of such solid cata-
lysts is manufactured by BASF. Their productivity exceeds 50 kg of
polypropylene per gram of catalyst, and the yield of the crystalline
isotactic fraction in the polymers they produce ranges from 97 to
99%, depending on the type and the amount of an added silane
compound.

A number of publications describe chemical and spectroscopic
analysis of various solid components of these catalyst systems, as

http://www.sciencedirect.com/science/journal/13811169
mailto:ykissin@rci.rutgers.edu
dx.doi.org/10.1016/j.molcata.2008.02.026


r Catalysis A: Chemical 287 (2008) 45–52

Table 2
46 Y.V. Kissin et al. / Journal of Molecula

well as the structures of various model systems [10–14]. The present
paper is mostly devoted to the analysis of one final catalyst sys-
tem, the product of the interaction between the solid catalyst and
the solution of the cocatalyst mixture. These reactions lead to the
formation of active centers in olefin polymerization reactions.

2. Experimental

2.1. Solid catalyst

The catalyst was synthesized according to the earlier described
procedure [15–17]. The support was MgCl2 in a microcrystalline
form [16]. The particular example of the catalyst used diisobutyl
phthalate (DIBP) as a model internal electron donor at a molar
[DIBP]:[Mg] ratio of 0.25. The final composition of the solid is:
[Ti] ∼1.9 wt.%, [Mg] ∼18 wt.%, [Cl] ∼56 wt.%, [phthalate] ∼13 wt.%
[17]. In general terms, the catalyst can be viewed as micro-
crystalline MgCl2 containing Ti species at [Ti]:[Mg] = 0.055 and
different phthalate-derived species on the surface of MgCl2 crystals
[16].

The earlier microscopic and XRD analysis of the catalyst [16]
showed that its primary particles are spherical, 5–10 �m in
diameter, and consist of radically spreading, relatively narrow
(500–1000 Å) and relatively long (≤500 nm) rod-like structures
built of very small crystallites of MgCl2 ∼30–40 Å in size.

2.2. Chemical reactions

This solid catalyst was contacted with cocatalysts, mixtures of
AlEt3 and cyclohexyl,methyl dimethoxysilane, (Cy)(Me)Si(OMe)2.
These reactions were carried out under nitrogen in 10-cc and 20-
cc glass vials capped with rubber septa. Table 1 gives the reaction

conditions. In order to observe transformations of DIBP in the
catalyst systems, experiments 1 and 2 were carried out at low
[Al]:[Ti] ratios, which translate into very low [Al]:[phthalate] ratios.
Experiments 3–5 were carried out at high [Al]:[Ti] ratios, which
are similar to the ratios typically encountered in propylene poly-
merization reactions, although the AlEt3 concentration in these
experiments, 1 M, was much higher than in real polymerization
reactions.

A number of additional model experiments were carried out.
Their conditions are given in Table 2. Complexes of anhydrous
MgCl2 with DIBP, ethyl benzoate, and o-phthaloyl chloride were
prepared by dispersing MgCl2 crystals in solutions of the carbonyl-
containing compounds in n-heptane at 20 ◦C under nitrogen using
a high-speed stirring devise (Tearor) rotating at 35,000 rpm. Solid
materials in the mixtures were separated and thoroughly washed
with heptane.

2.3. Spectroscopic methods

IR spectroscopic studies were carried out on a Bio-Rad FTS
6000 FT-IR spectrometer. Two types of spectra were recorded,

Table 1
Conditions of reactions between solid catalyst, AlEt3, and (Cy)(Me)Si(OMe)2, reac-
tion time 20 min

Experiment [Al]:[Ti] [Al]:[(C O)] [Si]:[Al] Temperature (◦C)

1 24 2.4 1:10 20
2 30 2.8 1:11 70
3 184 19 1:10 80
4 180 18 1:10 80
5 173 18 1:10 80
cocatalyst mixture was not washed out
6 240 24 0 80
Reaction conditions for model mixtures

Experiment Composition of mixture Temperature (◦C) Time (min)

AlEt3 + (Cy)(Me)Si(OMe)2

7 [Al]:[Si] = 8.3 20 60
8 [Al]:[Si] = 8.3 70 30

AlEt3 + DIBP
9 [Al]:[DIBP] = 10.5 20 15 and 500
10 [Al]:[DIBP] = 10.5 70 30

MgCl2 + (Cy)(Me)Si(OMe)2

11 [Mg]:[Si] = 23 20 10

Solid catalyst + (Cy)(Me)Si(OMe)2

12 [Mg]:[Si] = 8.1 20 30

MgCl2 + DIBP
13 [Mg]:[DIBP]∼5 20 10
14–19 [Mg]:[DIBP] 0.6–7 20 1

MgCl2 + EB
20–24 [Mg]:[EB] 0.45 to ∼8 20 1

MgCl2 + PHTHCl
25, 26 [Mg]:[PHTHCl] 1, 2 20 1

transmittance spectra using slurries in dry inert media, Nujol and
Fluorolube, and diffuse reflectance spectra, using a SpectraTec dif-
fuse reflectance attachment. All IR samples were prepared in a
nitrogen glove box. The sample cavity in the diffuse reflectance
attachment was sealed inside the glove box to prevent exposure
of the catalyst samples to atmosphere.

1H, 13C, 29Si, and 27Al NMR spectra of soluble reaction products
were recorded on a Varian Mercury 300 NMR spectrometer and a
Varian Unity Inova 400 NMR spectrometer at 25 ◦C at the spinning
rate of 20 Hz. Deuterated chloroform in sealed glass inserts was
used as a reference and a lock solvent.

XPS spectra were recorded with a VG 220i XL photoelectron
spectrometer; standard charge compensation protocols were used
to eliminate charging effects. A pass resolution of 20 eV and a spot
size of 500 �m were used.

Diffuse reflectance UV–vis spectra were recorded on a Var-
ian 300 spectrophotometer equipped with an integrating sphere.
Packed Teflon power in an aluminum holder was used as a back-
ground. A quartz tube cell was used for the measurements with the
same background Teflon powder.

3. Results and discussion
Before the reaction products between the solid catalyst and
the cocatalyst mixtures are determined, the chemical compounds
present in each reaction component, the catalyst and the cocata-
lyst, have to be examined. Therefore, the experimental data below
are divided into three sections describing the chemical structures
of the solid catalyst, the cocatalyst, and, finally, the chemistry of
their interactions.

3.1. Solid catalyst: identification of carbonyl species

It is generally assumed that the internal electron donors in the
Ziegler-Natta catalysts of the fourth-generation are aliphatic esters
of ortho-aromatic diacids (DIBP in this study), the same compounds
that are used in the synthesis of the solid catalysts. IR spectroscopy
is the preferred technique for their analysis. Fig. 1 gives the IR spec-
trum of the solid catalyst in the 1900–1550 cm−1 spectral range.
It contains a complex envelope of �(C O) bands as well as two
narrow bands of the ortho-disubstituted benzene ring of DIBP at
1595 and 1582 cm−1. The literature [10–12,14] assigns the �(C O)
bands to several types of complexes: complexes of DIBP with



r Cata
Y.V. Kissin et al. / Journal of Molecula

Fig. 1. Transmission IR spectrum of solid catalyst, the �(C O) range.

MgCl2 and TiCl4, and complexes of MgCl2 with two derivatives of
DIBP, phthaloyl chloride (PHTHCl), and o-phthaloyl monochloride,
C6H4(COCl)(COOi-Bu). The last two compounds are the expected
products of reactions between DIBP and TiCl4, which take place in
the course of the catalyst synthesis at high temperatures:

C6H4[C( O)–O-i–Bu]2 + TiCl4
→ C6H4[C( O)–Cl][C( O)–O–i-Bu] + Ti(Oi-Bu)Cl3 (1)

C6H4[C( O)–Cl][C( O)–O–i-Bu] + TiCl4

→ C6H4[C( O)–Cl]2 + Ti(Oi-Bu)Cl3 (2)

We re-examined the chemical composition of carbonyl complexes
in the solid catalyst by separately preparing complexes of MgCl2
with two of the expected carbonyl-containing compounds, DIBP
and PHTHCl, as well as model complexes of MgCl2 and the external
donor in the catalysts of the third-generation, ethyl benzoate (EB).
These data, as well as the published IR spectroscopic information
[10–12,14] provided the basis for IR band assignment.

3.1.1. Model mixtures: ester/MgCl2 and PHTHCl/MgCl2 complexes
Mixtures of anhydrous MgCl2 with DIBP were vigorously agi-

tated at 20 ◦C (Table 2) and IR spectra of their solid components
were recorded. All these spectra are overlaps of the IR spectrum
of free DIBP physisorbed on the MgCl2 surface [a single symmetric
�(C O) band at 1733 cm−1] and the spectra of its complexes with
MgCl2. The latter are shown in Fig. 2. The MgCl2/DIBP complexes

Fig. 2. Comparison of two spectra in the �(C O) range: catalyst (solid line) and
MgCl2/DIBP complexes (dotted line). The spectrum of the complexes was produced
by subtracting the spectrum of free DIBP from the spectra of MgCl2–DIBP mixtures.
lysis A: Chemical 287 (2008) 45–52 47

Table 3
Complexes in DIBP–MgCl2 mixtures, IR data

[DIBP]:[MgCl2] (mmol/g) Fraction of DIBP in complexes (%)

0.14 91
0.19 64
0.42 80
0.43 55
0.98 68
1.63 28

produce an asymmetric envelope of �(C O) bands at ∼1695 cm−1.
Spectral resolution shows that two complexes of a similar strength
are represent, their IR bands are at ∼1710 and 1692 cm−1. The frac-
tion of DIBP in the complexes decreases with an increase of the
[DIBP]:[MgCl2] ratio in DIBP–MgCl2 mixtures (Table 3). An approx-
imate estimation shows that only 0.07–0.1 mmol of DIBP is present
on the MgCl2 surface in the form of the complexes at this level of
MgCl2 dispersion. EB in EB–MgCl2 mixtures (Table 2) forms com-
plexes of a similar type; their �(C O) bands are at ∼1700–1695,
∼1685, and ∼1665 cm−1. The similarity between the ��(C O)
values for the MgCl2 complexes with EB (which can only be a mon-
odentate ligand) and the MgCl2 complexes with DIBP suggests that
each carbonyl group in the latter complexes is also most probably
a monodentate ligand coordinated to a single Mg2+ ion. For exam-
ple, each of the two carbonyl groups in the DIBP molecule can be
coordinated either to neighboring Mg2+ cations on the (1 1 0) face
or on the (1 0 0) face of MgCl2 crystallites. Another possible coordi-
nation type of a DIBP molecule, as a bidentate ligand to a single
Mg2+ ion, is less probable, although the presence of such com-
plexes in the MgCl2–DIBP mixtures [their �(C O) band is expected
at ∼1720 cm−1] cannot be excluded.

Because PHTHCl can be formed in the course of the catalyst
synthesis (reaction (2)) [12], its complexes with MgCl2 were also
prepared. The IR spectrum of neat PHTHCl in the �(C O) range is
very complex; it contains nine bands: three small, at 1857, 1845, and
1815 cm−1, two dominant, at 1801 and 1792 cm−1, and four weaker
bands at 1777, 1758, 1741, and 1715 cm−1. IR spectra of the solid
products formed in vigorously agitated PHTHCl–MgCl2 mixtures
at [PHTHCl]:[MgCl2] ratios of ∼0.5 and ∼1 (Table 2) contain three
overlapping groups of bands, those of free PHTHCl, physisorbed
PHTHCl (at ∼1860, ∼1850, and ∼1825 cm−1), and PHTHCl/MgCl2
complexes themselves. The main �(C O) bands in the latter are at
1766 cm−1 (the dominant band), 1734 and 1694 cm−1. The ��(C O)
value for the main band of the complexes vs. that of the free PHTHCl

is in the range of 25–35 cm−1, a relatively small value indicating that
the C(Cl) O· · ·Mg2+ coordination in the complexes is weak.

3.1.2. Carbonyl-containing species in the solid catalyst
Fig. 1 shows resolution of the �(C O) envelope in the IR spec-

trum of the solid catalyst assuming the mixed Lorentz/Gaussian
shape of individual bands. The band assignment is based on three
sets of data: (a) the literature [10,12,14], (b) the above-described IR
data for surface complexes of MgCl2 with DIBP, EB, and PHTHCl, and
(c) the effects of the catalyst treatment with AlEt3 on the relative
absorbance of different bands (described in Section 3.3).

Several types of carbonyl species are present in the solid cata-
lyst. The species of the first type are complexes of DIBP and MgCl2.
In the literature [10,12,14], a group of medium-broad overlapping
bands with the maximum at 1720–1670 cm−1 is assigned to these
complexes. The IR band resolution suggests the existence of three
such species with the bands at ∼1700 and 1692 cm−1 and a shoul-
der at ∼1720 cm−1. The difference between the positions of the
two largest �(C O) bands, ∼10 cm−1, indicates that the two major
DIBP/MgCl2 complexes are quite similar. Fig. 2 compares the spec-
tra of the solid catalyst and that of the DIBP/MgCl2 complexes in
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the �(C O) range. The positions of the �(C O) bands in the spec-
tra of the DIBP–MgCl2 mixtures are very close to their positions
in the catalyst spectrum. Because the IR spectra of EB/MgCl2 com-
plexes (described above) also have the �(C O) bands at practically
the same wavenumbers, the similarity suggests that all DIBP/MgCl2
complexes in the catalyst have a similar chemical nature with
DIBP molecules as monodentate ligands, whereas the small band
at ∼1720 cm−1 (see Fig. 1) can be due to a bidentate DIBP/MgCl2
complex.

The second group of identifiable species in the catalyst
belong to PHTHCl: the bands at 1861, ∼1835, and 1761 cm−1.
The medium–strong band at 1761 cm− clearly belongs to the
PHTHCl/MgCl2 complex and two bands at 1861 and ∼1835 cm−1

to PHTHCl physically adsorbed on the MgCl2 surface. The extent of
reaction (2) during the catalyst synthesis is quite significant. If one
assumes that the integral absorbance coefficients for all �(C O)
bands are similar, 15–20% of DIBP is converted to PHTHCl. Over
70% of the produced PHTHCl forms complexes with MgCl2. In the
literature [12], the shoulder at 1720 cm−1 in the spectrum of a sim-
ilar catalyst is assigned to a complex of MgCl2 with o-phthaloyl
monochloride formed in reaction (1). However, the IR spectrum
of the DIBP/MgCl2 complex also contains a strong shoulder at
1720–1710 cm−1 (Fig. 2), and the assignment of the 1720 cm−1 band
in the spectrum of the catalyst (Fig. 1) to a DIBP/MgCl2 complex
appears more reasonable.

The third type of carbonyl species in the catalyst is the complex
of DIBP and TiCl4. Complexes of TiCl4 and esters of aromatic acids
are thoroughly described in the literature [12,13,18–20]. Two types
of such complexes exist in which the esters act as monodentate
or bidentate ligands. Esters of benzoic acid form strong monoden-
tate complexes with TiCl4 [18–20]; the ��(C O) value for them
ranges from 135 to 145 cm−1. Diesters of phthalic acid form 1:1
complexes with TiCl4 in which the diesters act as bidentate lig-
ands: both of their carbonyl groups are coordinated to the same Ti
atom [12]. The �(C O) bands in the IR spectra of the latter com-
plexes are at ∼1650 cm−1, i.e., the ��(C O) values are much lower,
∼75–80 cm−1. The complex of DIBP and TiCl4 in the catalyst has
a broad IR band at ∼1670 cm−1; its low ��(C O) value suggests
that DIBP forms a bidentate complex with TiCl4. The high width of
the band (see Fig. 1) indicates that it is probably an overlap of two
closely positioned bands of different TiCl4 complexes. The content
of DIBP in its complexes with TiCl4 accounts for ∼20% of all DIBP
molecules in the catalyst.

The investigated catalyst, as all Ziegler-Natta catalysts, is very

sensitive to moisture. Even a brief, 1–2 s, exposure of the catalyst to
air results in a noticeable spectral change: two broad bands appear
at ∼1655 and ∼1620 cm−1. The same bands are present in the spec-
tra of the solid catalyst treated with AlEt3 and briefly exposed to air.
The most probable assignment of these two bands is the �(H2O)
mode in MgCl2 hydrates. The attribution of these bands to very
strong complexes between the diesters and MgCl2 proposed in the
literature [14] does not agree with their absence in DIBP–MgCl2
mixtures (Fig. 2).

3.2. Composition of cocatalyst mixtures

Reactions between organoaluminum catalysts and silyl ethers
RnSi(OMe)4–n were studied earlier by 13C NMR and IR [26]. Our
NMR data mostly agree with the literature. Fig. 3 shows 1H spectra
of (Cy)(Me)Si(OMe)2 and the early products of its reaction with
AlEt3 at 20 ◦C (Table 2, experiment 7). Several complexes are rapidly
formed in the mixture of AlEt3 and (Cy)(Me)Si(OMe)2 at [Al]:[Si]
∼8. The complexes are strongly asymmetrical and exhibit several
characteristic features:
Fig. 3. 1H NMR spectra of (CH)(Me)Si(OMe)2 (A) and the early products formed in
(Cy)(Me)Si(OMe)2–AlEt3 mixture at 70 ◦C ((B) Table 2, experiment 7).

1. Four CH3–(O–Si) signals at 3.89, 3.96, 4.05, and 4.09 ppm in
the 1H NMR spectrum vs. 3.92 ppm for pure (Cy)(Me)Si(OMe)2
(Fig. 3).

2. CH3–(O–Si) signals at 50.6, 53.6, and 55.5 ppm and the CH3–(Si)
signal at −5.8 ppm in the 13C NMR spectrum vs. 49.7 and
−8.2 ppm for (Cy)(Me)Si(OMe)2, respectively.

Judging by the low intensity of the 49.7 ppm signal of free
(Cy)(Me)Si(OMe)2 in the 13C NMR spectrum, ∼70–80% of the silane
molecules in this mixture form complexes with AlEt3.

These (Cy)(Me)Si(OMe)2/AlEt3 complexes are not stable. As was
first noticed in Ref. [26], an exchange reaction takes place over time,
especially at elevated temperatures (Table 2, experiment 8):

AlEt3 + (Cy)(Me)Si(OMe)2 → AlEt2(OMe) + (Cy)(Me)(Et)Si(OMe)

(3)

This reaction is relatively slow and never comes to completion.
The silane molecule produced in reaction (3), (Cy)(Me)(Et)Si(OMe),
also forms complexes with excess of AlEt3.

Reaction (3) results in a number of changes in NMR spectra. A
complex CH3–(Si) signal pattern develops in the 1H NMR spectrum:
a new series of weak signals of the (Cy)(Me)(Et)Si(OMe)/AlEt3 com-

plexes appears in the 0.40–0.52 ppm range in addition to the signals
of the original (Cy)(Me)Si(OMe)2/AlEt3 complexes at 0.30, 0.33 and
0.36 ppm. The (Cy)(Me)(Et)Si(OMe)/AlEt3 complexes also give rise
to a new CH3–(O–Si) signal at 55.6 ppm in the 13C NMR spectrum
whereas 13C NMR signals of the original (Cy)(Me)Si(OMe)2/AlEt3
complexes decrease in intensity. The signals of the CH3–(O–Al)
groups from Et2Al(OMe) appear at 5.71 ppm in the 1H NMR spec-
trum (it is noticeable even at the early stages of the reaction, see
Fig. 3B) and at 51.2 ppm in the 13C NMR spectrum.

3.3. Reactions in the mixtures of the catalyst and the cocatalyst

The earlier analysis of the chemical composition of several cat-
alysts of third- and fourth-generation [25,34,35] indicated that
a contact between ester-based catalysts and cocatalysts contain-
ing AlEt3 and arylalkoxysilanes results in the removal of a large
fraction of the esters from the solids and their replacement with
alkoxysilanes. Our data provide several spectroscopic proofs of
these exchange reactions and identify both the extent and the
chemical structure of the leaving products (Sections 3.3.1 and 3.3.2)
and the deposition of new compounds on the catalyst surface.
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species remaining in the solid product is ∼35% of that in the original
catalyst. When the reaction between the catalyst and the cocat-
alyst is carried out under realistic polymerization conditions, at
[Al]:[Ti] = 180 and at 80 ◦C (experiment 4), only ∼20% of the ini-
tial carbonyl species remain in the solid. On the microscopic level,
the catalyst consists of relatively narrow rod-like crystallites built
of very small crystals of MgCl2 [16]. This morphologic feature signi-
fies that a fraction of DIBP molecules in the catalyst is buried inside
the MgCl2 crystallites and is inaccessible to the cocatalyst. Based
on the data on the amounts of DIBP remaining in the solid cata-
lyst after the reactions with the cocatalyst, one can conclude that
the surface of the final solid catalyst after the treatment with the
cocatalyst is essentially free of any carbonyl species.

The carbonyl complexes of different types have different reac-
tivities in reactions with AlEt3. The IR data (both transmission and
reflectance spectra) show the following changes when the solid cat-
alyst is reacted with AlEt3 under conditions of increasing severity:

1. Physisorbed PHTHCl exhaustively reacts with AlEt3 even under
the mildest reaction conditions, at [Al]:[Ti] = 24:1 at 20 ◦C. This
compound is not observed in any other solid reaction products
Y.V. Kissin et al. / Journal of Molecula

When slurry of the solid catalyst in an aliphatic solvent and the
cocatalyst mixture described in the previous section are brought
into contact, several chemical interactions take place. Some of the
final products of these reactions remain in the solid (they include
the active centers of polymerization reactions), other become
dissolved. Both these phases, the solid and the solution, were exam-
ined separately. Because the cocatalyst mixture has a large excess
of AlEt3 with respect to (Cy)(Me)Si(OMe)2 (the molar [Al]:[Si] ratio
in the cocatalyst is, typically, 10:1 to 20:1), the most evident of
such reactions are those between AlEt3 and different complexes
DIBP and PHTHCl on the surface of the solid catalyst, and reac-
tions between AlEt3 and TiCl4. Some of these reactions were studied
separately in model systems.

3.3.1. Model systems DIBP–AlEt3
Reactions between DIBP and AlEt3 are similar to the reactions

between monoesters of aromatic acids and organoaluminum com-
pounds [2]. They proceed through two distinct stages, the formation
of complexes and chemical reactions between the ester groups in
the complexes and free AlEt3.

Complexes between organic esters and organoaluminum com-
pounds are well described in the literature [21–25]. DIBP/AlEt3
complexes form very rapidly even at room temperature; they have
bright yellow color. Both the 1H NMR spectrum (recorded ∼15 min
after mixing DIBP and excess of AlEt3 ([AlEt3]:[ester] = 10), and
the 13C NMR spectrum (recorded over a period of several hours)
showed that all the ester in the mixture is converted into the com-
plexes. The complex formation most strongly affects the �-CH2
signal of the C( O)–O–CH2–CH(CH3)2 group in the 1H NMR spec-
trum. This signal in the spectrum of the free ester is a multiplet in
the 4.34–4.36 ppm range. The spectrum of the complexes contains
three doublets, 3.98–4.01, 4.77–4.79, and 4.83–4.85 ppm. The first
two of the doublets have equal intensities and can be tentatively
assigned to the 1:1 complex:

(4)

A doublet of a smaller intensity at 4.83–4.85 ppm probably repre-
sents the CH2 group in a 2:1 complex in which both carbonyl groups

are coordinated to Al atoms of AlEt3:

(5)

The formation of these two complexes also produces several
changes in the 13C NMR spectrum: the (CH2) signal is shifted from
71.3 ppm in the spectrum of the free diester to 72.5 ppm, and two
groups of (C O) signals of the complexes replace the 166.7 ppm sig-
nal of the free DIBP, one at 173.5 ppm (the 1:1 complex) and another
at 176.1 and 177.1 ppm (the 2:1 complex).

Both types of DIBP/AlEt3 complexes formed in reactions (4) and
(5) are unstable in the presence of excess AlEt3. Free AlEt3 reduces
carbonyl groups of DIBP with the formation of several Al alkoxide
species [24]:

Complexes AlEt3/DIBP + AlEt3 → Et2Al–O–CH2–CH(CH3)2

+ Et2Al–O–CEt2–(Ph), etc. (6)
lysis A: Chemical 287 (2008) 45–52 49

Reaction (6) accelerates at elevated temperatures (Table 2, experi-
ment 10). It can be easily followed by 1H and 13C NMR: the spectral
features of the complexes generated in reactions (4) and (5) grad-
ually disappear and new signals characteristic of diethylaluminum
alkoxides from reaction (6) appear at 3.9–4.0 and 5.7 ppm in the 1H
NMR spectrum and at 1.03 ppm [(CH3)–CH2–Al]; and at 70.8, 71.1,
72.5, 88.3, and 88.7 ppm [C–O–Al)] in the 13C NMR spectrum.

3.3.2. Reactions of catalyst with cocatalyst mixtures, solid
products

The interaction between the solid catalyst and AlEt3–(Cy)
(Me)Si(OMe)2 mixtures is a complex multi-stage process. Sev-
eral such reaction products were prepared under the condi-
tions of increasing severity; see Table 1. The effects of the
catalyst–cocatalyst reactions on the transmittance IR spectrum of
the solid products are shown in Fig. 4. The quantitative estimation
of the extent of these reactions (in Table 4) is based on the diffuse
reflectance IR spectra.

When the reaction conditions are mild, at [Al]:[Ti] = 30 and 70 ◦C
(Table 1, experiment 2), the combined content of the carbonyl
Fig. 4. Transmission IR spectrum [the �(C O) range] of reaction products of solid
catalyst with AlEt3–(Cy)(Me)Si(OMe)2 cocatalyst mixture at 70 ◦C. [Al]:[Ti] = 30,
[Al]:[Si] = 11 (Table 1, experiment 2).
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the expected products of reactions (3) and (6) were not observed
in the liquid layer either:

1. The signals of the expected product of reaction (3),
Et2Al(OMe), which are prominent in the NMR spectra of
model AlEt3–(Cy)(Me)Si(OMe)2 mixtures (5.71 ppm in 1H NMR,
51.2 ppm in 13C NMR), are absent from the solution over this
catalyst–cocatalyst mixture.

2. Signals of the expected products of reaction (6), Et2Al–O–
CH2–CH(CH3)2 and Et2Al–O–CEt2–(Ph) species (71–89 ppm in
13C NMR) are not present in the spectrum as well.

Both these observations suggest that most of the three expected
diethylaluminum alkoxides, Et2Al(OMe), Et2Al–O–CH2–CH(CH3)2,
and Et2Al–O–CEt2–(Ph), are nearly completely adsorbed on the cat-
alyst surface, in agreement with the XPS data for the solid products.

3.3.4. Reactions of the solid catalyst with cocatalyst mixtures,
reduction of Ti species

The reduction of Ti4+ species in supported Ziegler-Natta cata-
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Table 4
Reactions between TiCl4/MgCl2/phthalate catalyst and AlEt3 + (Cy)(Me)Si(OMe)2 co

Complex Total [C O] (%)

Initial catalyst 100
Mild reaction conditions, [Al]:[Ti] = 30, 20 ◦C ∼35
Standard reaction conditions, [Al]:[Ti] = 180, 80 ◦C ∼20

of the catalyst and cocatalysts either. This change in the make-up
of the solid catalyst could be expected based on the published
data on high rates of reactions between acid chlorides and AlR3
[27].

2. The complex of MgCl2 and PHTHCl also rapidly disappears from
the solid; see Table 4.

3. The only two carbonyl-containing species remaining in the cat-
alyst after the treatment with the cocatalyst are the DIBP/MgCl2
complexes and the DIBP/TiCl4 complex.

4. The relative fraction of the TiCl4/DIBP complex (Figs. 1 and 4, the
band at ∼1670–650 cm−1) in the solid catalyst remains approx-
imately the same in proportion to the MgCl2/DIBP complex:
the former complex accounts for 10–15% of all diester species
remaining in the reaction products. This conclusion is consistent
with the morphological data [16]: Mg and Ti species are dis-
tributed uniformly throughout the body of the original catalyst
particles.

These data give the following order of reactivity of carbonyl
species in the catalyst with AlEt3:

free PHTHCl > PHTHCl/MgCl2 complexes

> DIBP/MgCl2 complexes ≈ DIBP/TiCl4 complexes.

While a large fraction of the ester species is removed from the
solid catalyst after its reaction with the AlEt3–(Cy)(Me)Si(OMe)2
cocatalyst mixtures, XPS spectra of these solid products clearly
demonstrate that both Al and Si species are deposited on the sur-
face. Even when the reaction between the solid catalyst and the
AlEt3–(Cy)(Me)Si(OMe)2 mixture is carried out under very mild
conditions, at [Al]:[Si] = 24:1 at 20 ◦C (Table 1, experiment 1), the
surface of the treated catalyst contains significant amounts of Al
species [the Al(2p) signal at 75.5 eV] and Si species [the Si(2p) signal
at 102.3 eV]. The atomic [Al]:[Ti] ratio on the surface of this mix-
ture is ∼6 and the [Si]:[Ti] ratio is ∼2.4. The nature of the adsorbed

Al and Si species is discussed in Sections 3.3.3 and 3.3.5, respec-
tively.

3.3.3. Reactions of solid catalyst with cocatalyst mixtures, soluble
products

NMR analysis of soluble products from the reaction between
the catalyst and AlEt3–(Cy)(Me)Si(OMe)2 mixtures is complicated
by the fact that these solutions are quite dilute. Nevertheless, NMR
analysis of the liquids (Table 1, experiments 2, 3 and 6) in compari-
son with the spectra of model AlEt3–(Cy)(Me)Si(OMe)2 mixtures
described in Section 3.2 (Fig. 3) showed important differences
between the model systems and the real products of the cata-
lyst/cocatalyst interactions.

When these catalyst/cocatalyst reactions are carried out at high
[Al]:[catalyst] ratios, under conditions similar to those in polymer-
ization reactions, either with free AlEt3 (experiment 6 in Table 1)
the 10:1 AlEt3–(Cy)(Me)Si(OMe)2 mixture (experiment 3), the solu-
tions, as expected, mostly contain unreacted AlEt3 and very small
quantities of aluminum alkoxides produced in reaction (6). 1H,
13C, and 27Al NMR spectra of these liquids contain the same
but barely discernable signals of aluminum alkoxides as those in
lysis A: Chemical 287 (2008) 45–52

sts, amounts of carbonyl complexes remaining in solid products

MgCl2–PhCl (%) MgCl2–DIBP (%) TiCl4–DIBP (%)

30 53 17
∼4 ∼25 ∼4
∼3 ∼15 ∼3

the spectrum of the heated AlEt3–DIBP mixture (Table 2, experi-
ment 10). The liquid layer in experiment 3 also contains a small
quantity of AlEt3/(Cy)(Me)Si(OMe)2 complexes (reactions (4) and
(5)).

The catalyst/cocatalyst interaction in experiment 2 in Table 1
was carried out with the AlEt3–(Cy)(Me)Si(OMe)2 mixture at the
[Al]:[Ti] ratio of merely 30. NMR analysis of this solution in compar-
ison with spectra of similar model mixtures (Table 2, experiments
8 and 10) was expected to provide information about generation of
aluminum alkoxides (products of reaction (6)) in real catalyst sys-
tems. Indeed, a relatively low ratio between AlEt3 and the ester
groups in this experiment, ∼3, and a high temperature, 70 ◦C,
resulted in a significant conversion of AlEt3 in reaction (6): NMR
signals of free AlEt3 [signals of CH2 groups at 0.70–0.8 ppm in the
1H NMR spectrum, the CH2–(Al) signal at 0.42 ppm in the 13C NMR
spectrum] have disappeared from the solution spectra. However,
lysts upon contact with organoaluminum cocatalysts is described

Fig. 5. Diffuse reflectance UV–vis spectra: (1) original solid catalyst, (2) products of
catalyst interaction with AlEt3, (3) solid reaction products, (4) solution over reaction
products.
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in a large number of publications [28–31]. Most of these data were
produced by exhaustive hydrolysis of the catalysts and titration of
TiIV, TiIII, and TiII; they were supported by identification of different
TiIII species by ESR. These procedures provide information about
all titanium atoms in the catalyst, both the atoms positioned on
the surfaces of catalyst particles and those buried inside the MgCl2
matrix. The UV–vis internal reflectance spectroscopy also can be
used to examine the Ti reduction reaction. Although this technique
is only suitable for a qualitative determination of the valence state
of transition metal atoms, it has one advantage for the character-
ization of Ziegler-Natta catalysts: the UV–vis data mostly reflect
the valence of the Ti atoms on the catalyst surface. Fig. 5 compares
diffuse reflectance UV–vis spectra of the solid catalyst, the solid
phase of the catalyst/cocatalyst reaction products, and the solution
over these reaction products, as well as the spectrum of the com-
bined mixture. The original solid catalyst has a featureless spectrum
with the absorption gradually increasing from low energy to high-
energy wavelengths. Below 450 nm, the absorbance increases due
to DIBP coordinated to TiIV. After addition of AlEt3, this strong short-
wave absorption band in the spectrum of the solid significantly
decreases in intensity (because DIBP is converted in reaction (6), as
described Sections 3.3.1 and 3.3.2) while the absorption increases
in the whole visible spectral region. The bands appearing at 524,
608, and 706 nm in the spectrum of the catalyst after addition of
AlEt3 reflect the reduction of TiIV. In general, TiIII complexes have
absorption bands in the 550–750 nm range while TiII complexes
absorb at even lower energies, 700–1400 nm [32]. Fig. 5 shows that
the dominant reduced Ti species in the catalyst treated with AlEt3
is TiIII. The solution over the AlEt3-treated catalyst has a UV–vis
band below 550 nm, which is associated with the complexes of
carbonyl-containing compounds with AlEt3 (see reactions (4) and
(5)). The absence of reduced Ti species in the solution implies that
the Ti species do not leave the solid catalyst after the reaction with
AlEt3.

3.3.5. Complexes of (Cy)(Me)Si(OMe)2 with solid catalyst
component

As mentioned in Section 3.3.2, XPS spectra of solid products
formed in the mixtures of the solid catalyst and the AlEt3–
(Cy)(Me)Si(OMe)2 cocatalyst show that the surface of the treated
catalyst contains significant amounts of Al and Si species. The
NMR data support this observation. The 29Si spectrum of the
soluble products in experiment 2 in Table 1 ([Al]:[Si] = 30,

[Al]:[Ti] = 30, 70 ◦C) contains only traces of the signals associated
with AlEt3/(Cy)(Me)Si(OMe)2 complexes and the spectrum of
the soluble products formed at a much higher [Al]:[Ti] ratio
(experiment 3, [Al]:[Ti] = 180 at 80 ◦C) contains only weak signals
of these complexes. Together, these data agree with the XPS results
that most of the silane leaves the solution and is adsorbed on the
catalyst surface.

The adsorption of (Cy)(Me)Si(OMe)2 and its reaction products
with AlEt3 (reaction (3)) on the catalyst surface was further con-
firmed by IR. The IR spectrum of pure (Cy)(Me)Si(OMe)2 contains
a very strong �[C–O(Si)] band at 1093 cm−1. The high absorption
coefficient of this band makes the IR spectroscopic method a conve-
nient tool for detecting alkoxysilanes on the catalyst surface. The IR
spectrum of a model mixture of dry MgCl2 and (Cy)(Me)Si(OMe)2
vigorously co-ground in the Nujol medium (Table 2, experiment
11) is practically identical to that of pure (Cy)(Me)Si(OMe)2, i.e.,
(Cy)(Me)Si(OMe)2 does not form strong, easily observable com-
plexes with MgCl2, in contrast to MgCl2/ester complexes which are
easily formed under the same conditions (see Section 3.1.1) This
observation agrees with the literature. Although highly dispersed
MgCl2 can absorb significant amounts of arylalkoxysilanes in its
Fig. 6. IR spectrum [�(C–O) range] of catalyst treated with AlEt3–(Cy)(Me)Si(OMe)2

mixture at 70 ◦C (Table 1, experiment 2).

pores [25], the solid-state 13C NMR study of these mixtures showed
that the coordination between RSi(OMe)3 and MgCl2 is quite weak,
the silane compounds can be considered as inter-crystalline fluids
in the pores of MgCl2 microcrystals [33]. It should be also noticed
that any interaction between the silanes and the solid catalysts at
the beginning of polymerization reactions does not involve any vig-
orous mechanical mixing but merely a chemical reaction between
the silanes and the catalyst surface.

When the products of catalyst/cocatalyst interactions are exam-
ined by IR in the �[C–O] range, DIBP molecules coordinated to
different inorganic compounds should be taken into account. Neat
DIBP has two bands in this region, at 1122 and 1072 cm−1, and a
ground mixture of MgCl2 and DIBP (Table 2, experiment 13) con-
tains several overlapping bands at 1160–1140 cm−1 and a narrow
band at 1078 cm−1. The spectrum of the original solid catalyst con-
tains practically the same pattern: a broad band at ∼1155 cm−1

(an overlap of four small bands) and a narrow band at 1082 cm−1.
All these bands most probably originate from DIBP complexes
described in Section 3.1.1.

When a mixture of the catalyst and (Cy)(Me)Si(OMe)2 was
reacted under the same conditions (Table 2, experiment 12),
the IR spectrum of the mixture, in addition to the DIBP-related
bands, contained three other prominent features. The first of
them was a medium-intensity band at 1102 cm−1. Its position
is close to the band of free (Cy)(Me)Si(OMe)2 (at 1093 cm−1)

and its possible origin is a weak coordination complex between
(Cy)(Me)Si(OMe)2 and MgCl2, similar to weak complexes of
alkoxysilanes and MgCl2 described in the literature [33]. The
spectrum of the catalyst–(Cy)(Me)Si(OMe)2 mixture also con-
tained two strong, closely spaced bands at 1042 and 1026 cm−1.
These two bands can be tentatively assigned to complexes
of (Cy)(Me)Si(OMe)2 with TiCl4-derived species in the cata-
lyst.

Fig. 6 shows the IR spectrum (the 1250–950 cm−1 range) of
the solid products formed in the reaction between the cata-
lyst and the AlEt3–(Cy)(Me)Si(OMe)2 mixture (experiment 1 in
Table 1). This spectrum, as well as IR spectra of other solid products
from the catalyst reacted with AlEt3–(Cy)(Me)Si(OMe)2 mixtures
(experiments 2 and 3) shows the same two intense bands of the
(Cy)(Me)Si(OMe)2/Ti complexes at 1042 and 1026 cm−1, whereas
the narrow DIBP-derived band of the catalyst at 1082 cm−1 is
greatly diminished in intensity. These results confirm the data in
Section 3.3.2 (based on �[C O] data) that AlEt3 removes a large
part of DIBP from the catalyst. The ratio between the two sur-
face (Cy)(Me)Si(OMe)2/Ti complexes changes as the severity of the
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reaction between the catalyst and the AlEt3–(Cy)(Me)Si(OMe)2
mixture increases:
Reaction conditions ([Al]:[Ti]; temperature (◦C)) 2.4; 20 2.8; 70 ∼19; 80
Complex I (1042 cm−1)/complex II (1026 cm−1) 4.6 3.6 1.3
These data specify the nature of the transformations in the cata-

lyst make-up known earlier from chemical analysis [25,34,35]: the
ester molecules and acid chloride molecules (formed in reaction
(2)) are removed from their complexes both with MgCl2 and TiCl4.
In parallel, several silane complexes with the catalyst components
are generated, the most prominent of which are surface complexes
between the silanes and reduced Ti species in the catalysts.

4. Conclusions

The supported Ziegler-Natta catalyst of the fourth-generation
designed for propylene polymerization contains several species
derived from DIBP, the diester used in its synthesis:

1. Complexes of MgCl2 with DIBP (the dominant products).
2. A complex of TiCl4 with DIBP.
3. Physisorbed PHTHCl (this compound is generated in a reaction

between DIBP and TiCl4 during the catalyst synthesis, reaction
(2)).

4. Several complexes of MgCl2 with PHTHCl.

These results agree with the literature data [10–14].
When the solid catalyst is contacted with a cocatalyst, a
combination of AlEt3 and (Cy)(Me)Si(OMe)2, all these adsorbed
carbonyl species vigorously react with AlEt3. The reactions
include the reduction of the carbonyl groups of DIBP and the
formation of various dialkylaluminum alkoxides. The order of
reactivity of the carbonyl species in the reactions with AlEt3
is: physisorbed PHTHCl > PHTHCl/MgCl2 complexes > DIBP/MgCl2
complexes ≈ DIBP/TiCl4 complexes.

These reactions result in complete removal of all PHTHCl species
from the catalyst and in significant reduction of the content of the
MgCl2/DIBP and TiCl4/DIBP complexes. Taking into account that a
fraction of the ester complexes is buried inside MgCl2 crystallites
in the solid catalyst and is inaccessible to AlEt3, it is reasonable
to assume that practically all carbonyl species are removed from
the surface of the catalyst particles upon their treatment with
the cocatalyst. The catalyst–cocatalyst reactions also result in the
reduction of surface TiIV species in the solid material, predomi-
nantly to TiIII species.

Complexes of (Cy)(Me)Si(OMe)2 with AlEt3 present in the cocat-
alyst mixture are strongly adsorbed on the surface of the solid
catalyst and on the products of its reactions with AlEt3. The most
probable coordination site for the silane is reduced Ti species on
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the surface, including the active centers in olefin polymerization
reactions.
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