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Abstract

The FT-Raman spectra of a series of mechanically prepared MgCl,—TiCl, samples with increasing content of TiCl, have been recorded. Raman
scattering lines in the range 600—100 cm™! reveal the formation of TiCl, molecules complexed on the lateral cuts of activated MgCl, crystals. This
pattern of lines suggests that atleast three types of complexes are formed during the grinding process and their relative concentration depend on the
starting concentration of TiCly. Two types of these complexes have been shown to be unstable and easily removed when the samples are washed
with n-hexane. In the former two cases TiCl, molecules are seemingly physisorbed and/or weakly complexed on MgCl,. The remaining complex
is stable and it is found in every sample also after washing. This stable complex shows Raman lines which can be interpreted as originated from the
complexed TiCl,; molecules with the Ti atoms in an octahedral coordination. On the other hands also monomeric TiCl, species complexed along
the (1 10) lateral cut or dimeric TiCl, species complexed along the (1 00) lateral cuts of the MgCl, crystal can take up a geometry with the Ti in
an octahedral coordination. Both these structures have been considered in this work. Calculated Raman spectra, molecular energy considerations
and Raman lines intensity ratios strongly support the fact that the stable complexes are the monomeric TiCl, species complexed along the (1 10)

MgCl, lateral cuts. A spectroscopic quantitative determination of the complexed TiCly for this class of material is proposed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Modern Ziegler—Natta catalysts for the industrial produc-
tion of polyolefins are based on TiCls supported on activated
MgCl, [1]. The role of MgCl, is not only the dispersion of
the titanium atoms over a high surface area, thus increasing
the number of active sites, but it is also able to activate the
polymerization reaction by increasing the propagation constant
with respect to the older TiClz-based systems. The bonding of
TiCls molecules on MgCl; surface and the structure of the gen-
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erated sites active in polymerization are still not completely
clear. Starting from experimental evidence, the formation of
preferential cuts on MgCl, crystallites corresponding to (100)
and (1 10) planes was suggested [2]. On these coordinatively
unsaturated Mg?* ions the chemisorption of TiCl; molecules
is likely to occur and a variety of active site structures have
been proposed [3,4]. However, the experimental validation of
some of these catalytic complex structures is still missing. In
fact, most of the infrared studies [5—11] have been devoted
to define the complexes between the catalyst precursors and
the electron donors added in order to improve the stereospeci-
ficity in 1-olefin polymerization. Recently, the specific inter-
actions between TiCls and metallic Mg films grown on Au
surface have been studied by means of X-ray photoelectron
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spectroscopy (XPS) [12] and reflection absorption infrared spec-
troscopy (RAIRS) [13].

In our previous paper [14] the application of Raman spec-
troscopy to the study of TiCls complexes on a co-milled
MgCl,/TiCly catalyst precursor was presented. The interpreta-
tion of the spectrum was carried out with the help of vibrational
spectroscopic correlations and quantum chemical calculations.
These preliminary results indicated the formation of an octahe-
dral TiCly species on the (1 10) lateral cut of MgCl,.

The aim of this study is to find further support to our previous
result by focussing our attention on a series of catalyst precursors
with different content of TiCly (Mg/Ti molar ratio in the range
from 15.7 to 46 mol/mol). The effect of different preparation
method on the MgCl,/TiCls complexes is also considered.

Raman spectroscopy turns out to be a very powerful technique
to study this system, giving detailed and selective information at
molecular level that have been interpreted with the help of high
level quantum chemical calculations.

2. Experimental

All samples have been prepared and handled in an inert atmo-
sphere. Pure MgCl; and TiCly were purchased from Aldrich and
used without further purification.

2.1. Co-milled MgCly/TiCly

Under inert atmosphere about 10 g of MgCl, and the amount
of TiCly needed to reach the desired Mg/Ti ratio (see Table 1)
were charged in a ball mill. The milling of the mixture was car-
ried out for 4 h and then discharged. Part of every samples was
washed with hexane and carefully dried under vacuum. Elemen-
tal analyses to determine Ti and Mg contents were carried out
only on the washed samples.

2.2. Samples from chemically activated MgCl,

In a flask 350mL of dibutyl magnesium (1 M solution in
n-heptane) and 350 mL of chlorobenzene were charged under
inert atmosphere. The solution was cooled to 5 °C and gaseous
HCI (obtained by slowly dropping an aqueous solution of HCI,

Table 1

36% (wlv), to concentrate HySO4) was continuously fed over
5 h. The temperature remained between 5 and 10 °C all the time.
The HCl feeding was then stopped and the suspension warmed
up to room temperature. After 1h, the solid was recovered by
filtration, washed with hexane and dried under vacuum.

In a flask, 12 g of the obtained MgCl, was suspended in
170 mL of hexane. The desired amount of TiCly (see Table 1)
was added and the temperature raised to 70 °C. After 1h the
solid was recovered and a portion of the solid was washed four
times with hexane and carefully dried.

2.3. Sample from MgCly-xEtOH

In a flask 5 g of a MgCl,/EtOH complex (EtOH =25 wt.%)
was added to 125 mL of TiCly at 0°C. The temperature was
raised to 120 °C and the solid was stirred for 1 h. At the same
temperature, two more treatments with fresh TiCly were carried
out. The solid was recovered, washed four times with hexane
at 60 °C, one time at room temperature and finally dried under
vacuum.

2.4. Analysis of the solid catalyst precursors

Titanium and magnesium were determined via inductively
coupled plasma (ICP) spectrometry.

X-ray diffraction (XRD) spectra were recorded to determine
the crystallite width and thickness from the intensity of the D110
reflection and of the D003 reflection, respectively [1].

The samples for the Raman analysis were prepared in a con-
trolled atmosphere and sealed in NMR tubes suitable for Raman
spectroscopy. FT-Raman spectra were recorded with a Nicolet
FT-Raman module (512 scans, 4 cm~! resolution and 240 mW
of laser power and intensity corrected with white light internal
correction). Raman spectra were recorded with a Dilor XY spec-
trometer using a 514.5 nm exciting line of an Ar* laser. The laser
power at the sample was kept at few mw in order to avoid sample
degradation. No spectral changes or samples burns induced by
the laser were observed during the acquisitions of the spectra.

Quantum chemical calculations on molecular models were
also carried out: programs and level of theory used will be spec-
ified in the text.

Preparation and characterization of MgCl,/TiCly samples analyzed with Raman spectroscopy

Samples Preparation method Mg/Ti? (mol/mol) Mg (wt.%) Ti® (wt.%) CI° (wt.%) Mg/Ti (mol/mol) X-ray diffraction
D110 D003
Cson (1 50 23.4 1 73.3 46.0 114 99
Cson (1) 30 237 1.6 73.6 29.1 83 53
Caori 1) 20 21.9 22 72.4 19.6 90 47
Cion (1) 10 21.5 2.7 71 157 54 68
Cehem! ) 2 21.4 3.1 70.3 13.6 50 12
Cehem2 2 200 237 0.2 72.1 233.1 nd nd
Caeal 3) 19.8 4.5 71.8 8.6 nd nd

Experimental conditions: (1) MgCl, and TiCls co-milled 4 h in a ball mill; (2) activated MgCl, (obtained from Mg dialkyl and HCI) treated with TiCly at 70 °C in

hexane; (3) MgCl,/ethanol complex + neat TiCly at 120 °C.
% Mg/Ti molar ratio charged in the ball mill or in the reactor.

b Chemical analysis on samples washed with hexane (residual solvent <1.5 wt.%).
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To summarize (see Table 1), the samples considered in this
work are:

e samples with nominal Mg-Ti ratio of 50/1, 30/1, 20/1 and
10/1 (hereafter referred in the text as Cso/1, C3g/1, Coo/1 and
Cion)s

e the same samples washed with n-hexane;

e samples Ccpem and Cehemn prepared via chemical reaction
starting from alkyl Mg;

e sample Cyey obtained from an MgCly/EtOH complex.

3. Spectroscopic results

3.1. FT-Raman and visible Raman spectra of co-milled
precursors

The Raman spectra of the MgCl,-TiCls samples before and
after washing with n-hexane are shown in Fig. 1. In every spec-
trum the characteristic Raman lines at 240 and 152cm™! of
crystalline MgCl, [14-16] can be easily seen. Their occurrence
confirms the crystalline nature of the MgCl, support in every
sample independently from the TiCly content.

In these spectra other lines which cannot be assigned to
MgCl, are clearly observed near 450, 386, 290, 170 and
120 cm™!. Necessarily, the origin of these lines has to be ascribed
to the occurrence of TiCly molecules somehow complexed or
physisorbed on the MgCl, crystal (no other chemical species
have been introduced). Comparing the spectra of unwashed sam-
ples in Fig. 1 it is possible to notice the evolution in number
and intensities of these lines when the relative amount of TiCly
increases.

Starting from the Raman spectrum of the sample with the
lowest Ti content (Csq/1) only the lines near 450 cm™!, forming
a broad and structured peak, are easily seen. Moreover, it is
also possible to guess the occurrence of other lines at 290 and
170 cm™! in spite of their weak intensity. In the spectrum of the
C30/1 the lines at 450, 290 and 170 cm™! become stronger with
a more detailed shape. In the spectrum of Cy¢/; two new lines at

arbitrary units
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Fig. 1. Comparison between the FT-Raman spectra of washed (solid line) and
unwashed (dotted line) samples: Cjo/1, Ca0/1, C301 and Csgyq from top. The
Raman lines that change after washing are indicated by arrows.

386 and 120 cm™! are observed in addition to those at 450, 290
and 170 cm ™. In the spectrum of Cjqy, all the lines at 450, 386,
290, 170 and 120 cm™~! are present with appreciable intensities.

On the contrary the FT-Raman spectra of the washed samples
show the same spectral pattern independently from the Ti content
and only the lines near 450, 290 and 170 cm—! of the complexed
TiCly [14] can be observed. Necessarily, the washing procedure
should have removed those TiCly molecules which are either
physisorbed or weakly complexed with MgCl, lateral cuts.

A direct comparison of the spectra of washed and unwashed
samples in Fig. 1 shows that with no doubt, the lines at 386
and 120cm™! are removed by the treatment with the solvent.
These lines can be safely assigned to TiCly molecules that are
physisorbed or weakly bound to the MgCl, crystal keeping the
tetrahedral structure [14].

Moreover, all the washed samples show slightly lower inten-
sities of the complex lines near 450 cm™! with respect to the
240cm~! MgCl, line taken as internal reference. This can be
better seen when the Raman spectra with laser exciting line at
514.5 nm of washed and unwashed C,q; and Cjq,; are consid-
ered (Fig. 2). In these spectra, it is possible to identify three
lines that contribute to the intensity of the 450 cm™~! broad peak,
localized at 471, 458 and 448 cm™!. The washing of the samples
shows a small decrease of the intensity of the 450 cm~! line and,
in particular, the component at 458 cm™! is reduced more than
the component at 448 cm™!.

The dependency on washing of the lines near 450 cm ™! sug-
gests that atleast two different types of complexes are present:
one stable which survives the washing and one less stable (or
unstable) which is removed by the solvent.

It becomes apparent that the lines located near 450 cm ™! (and
particularly the components that survive the hexane treatment)
and 290 cm™! (not affected by the solvent) are the main spectro-
scopic markers of the stable TiCl4 complex whose identification
requires a careful spectroscopic analysis.

In Fig. 3, the Raman spectra with exciting line at 514.5 nm
of pure TiCly and Cjp¢/; are shown. As reported earlier [14],
the strongest lines near 450 cm™! of the stable complex derive
from the triply degenerate F» mode originally at 511 cm™! in the
spectrum of pure TiCly (tetrahedral symmetry, Tq point group).

arbitrary units
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Fig. 2. Comparison between the Raman spectra with exciting line at 514.5 nm
of washed (solid line) and unwashed (dotted line) Cj¢; (a) and Cygy; (b).
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Fig. 3. Comparison between the Raman spectra with exciting line at 514.5 nm
of pure TiCly (a), pure TiCly expanded in intensity (b) and washed Caqy; (c).

This band is shifted in frequency and enhanced in intensity by
the interaction with MgCl,. This behaviour has been satisfac-
torily explained by quantum chemical calculations [14] as due
to a change in the geometry of TiCly from T4 to Cpy when it
complexes with MgCl,.

Some further spectroscopic considerations can be used to
explain more in detail the scattering lines near 511cm™! for
pure TiCly and near 450cm™" for the TiCly complexed on
MgCl,. As in the case of neat CCly also for neat TiCly [17] the
triply degenerate Ti—Cl stretching v4(F») at 511 cm™!, happens
to be accompanied at close frequencies by a binary combina-
tion of modes v1(A;) at 386cm™! and v3(F,) at 140cm™!
(346cm™! +140cm ™! =526 cm™ 1), thus generating a doublet
which is indeed observed near 510cm™! in the experimental
spectrum (spectra a and b in Fig. 3). For the isolated molecule
the combination level occurs near the fundamental of F; species
and the symmetry conditions A; ® F» =F, allow the existence
of Fermi resonances with the fundamental of F; species.

On the other hand, upon complexation the frequency of
v1(A1) lowers and also the symmetry of the system lowers from
Tq to Cyy and each of the F; levels vs and v4 splits into a triplet
of A, By and B; species [18]. A more detailed description of
this phenomenon is reported in a previous paper [14].

The vibrational analysis of the spectrum in this frequencies
range is complicated by the fact that when a complex is formed
we have to account for the splitting of the F, levels together
with the occurrence of the overtone levels, all occurring in a
narrow frequency range with possible complications of Fermi
resonances which generate intensity borrowing. This kind of
situation, associated to a complexed TiCly unit, must be expected
for both the monomeric and the dimeric octahedral species we
are considering in this work.

3.2. FT-Raman spectra of chemically prepared precursors

FT-Raman spectra have been recorded also for MgCl,/TiCly
samples obtained via chemical process. One of the samples was
based on the TiCly treatment (at 70 °C in hexane) of a solid
MgCl, obtained in an activated (high surface area) form via
HCl treatment of a dialkyl magnesium compound. In Fig. 4a, the
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Fig. 4. (a) FT-Raman spectra of sample prepared from alkyl magnesium.
Unwashed sample (1), washed sample (2) and unwashed Cio/1 (3). (b) FT-
Raman spectra of sample prepared from dealcolated MgCl, (upper spectrum)
and unwashed Cj(;. Arrows indicate the lines attributable to complexed TiCly
species.

Raman spectra of unwashed and washed (in hexane) sample are
compared with that of the C;¢y; . In the FT-Raman spectra of these
samples, the same spectroscopic features of the mechanically
prepared samples are found: Raman lines at 450, 386, 290,170,
137 and 120 cm™! are observed and after washing only the bands
at 450, 290 and 170 cm™! survive.

One sample prepared starting from an MgCl,/EtOH complex
(more similar to an industrial catalyst synthesis) has been also
considered. It shows a less clear FT-Raman spectrum with a high
fluorescence emission (see Fig. 4b), but the signals which can
be ascribed to TiCly species complexed on MgCl, with Raman
lines at 450, 386 and 290 cm™! are still observed.

3.3. Experimental spectroscopic evidence

To summarize, from the experimental Raman spectra we
derive the following spectroscopic information:

(a) the complexes TiCl4;—MgCl, show characteristic Raman
lines in the region 600—100cm™"! clearly distinguishable
from those of the MgCl, crystal;
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(b) the Raman lines of the complexes originate from vibrations
which are mostly localized on the TiCls molecules;

(c) atleast three different types of complexes are detected
namely the stable complex with lines at 450, 290 and
170cm™"!, the unstable complex with a strong line near
450 cm™! and the free species (physisorbed) with lines at
386 and 120cm™!;

(d) the washing process removes some unstable (less stable)
complexes and the free species;

(e) the lines assigned to the stable complex are always observed
in the Raman spectra of samples from different preparation
techniques namely mechanical, chemical and industrial.

4. Discussion
4.1. Calculated Raman spectra

Torationalize the experimental results presented above, quan-
tum chemical calculations have been carried out on a few molec-
ular models. In our previous work [14] the study of a sample
similar in preparation and Ti content to Csp/; was presented. In
that case a satisfactory agreement between the theoretical and
experimental Raman data was obtained assuming a model of the
complex along the (1 10) MgCl, lateral cut with the Ti atom in
an octahedral coordination.

A concept so far not sufficiently stressed was that the Raman
spectral pattern of the complex (i.e. number, frequencies and
intensities of scattering lines) could be mainly determined by
the geometry of the TiCly molecule in going from the tetrahedral
(free molecule) to the “new” structure (in the complex) with the
Ti atom in an octahedral coordination geometry.

Starting from our previous results, new calculations have
been carried out on models similar to those proposed by Cor-
radini et al. [19] and generally accepted as the most plausible
structure of the catalytic sites [2].

In particular, the existence of TiCly momeric and TiyClg
dimeric species complexed along the (1 10) and (1 00) lateral
cuts have been introduced to account for the different stere-
ospecificity (ability to form isotactic polypropylene) of the cat-
alytic site. Corradini and co-workers proposed that the epitactic
placement of dimeric TioClg species (derived from the reduc-
tion of Ti»Clg with aluminium alkyls) on the (1 00) lateral cut
could lead to the formation of stereospecific active sites [2,19],
while the aspecific sites could be generated from monomeric
TiCls molecules complexed on the (1 10) lateral cut. On the
basis of this model and in absence of Lewis bases, the (100)
lateral cuts should be mostly covered by TiyClg stereospecific
site, whereas non-stereospecific sites should occur on the (1 10)
lateral cuts [2]. The dimeric octahedral complex is so far the most
accepted conceptual model for the isospecific catalytic sites in
the Ziegler—Natta catalysts.

We have performed several DFT calculations with PC-
GAMESS [20] and GAMESS [21] ab initio quantum chem-
istry programs on the free tetrahedral TiCls molecule in order
to chose the functional that assures the best fit between cal-
culated and experimental data. Different functional, namely:
B88, XPBE96, CPBE96, VWNS5, PBEPWO91, B3LYP and

PBE1PWO1 (as reported in GAMESS and PC-GAMESS man-
uals) with the 631 g bases set, have been tested. All the
calculated Raman spectra show spectral patterns very sim-
ilar and in agreement with our previous results [14]. The
PBE1PWO1 (Perdew—Burke—Ernzerhof 1996 + Hartree—Fock
exchange, Perdew 1991 non-local + Perdew—Wang 1991 LDA
correlation) functional with 631 g basis produce a very good
fit between calculated and experimental Raman spectra of free
TiCly; we have adopted this level of theory for the calculation
on our molecular models. More accurate results can be obtained
using higher basis set. A slightly better fit was obtained using
the same functional with a McLean/Chandler triple split but this
choice was not applicable for calculations on larger complex
models. Since the values of the calculated vibrational frequen-
cies and the absolute vibrational infrared and Raman intensities
are obviously basis set dependent, we use as a reliable structural
tool only the qualitative trend and the qualitative intensity ratios
and no arbitrary scaling factor has been applied to the calculated
frequencies.

In our theoretical models, necessarily, only a finite num-
bers of atoms have been used to describe the complexes. The
effect of the increasing size of the MgCl, cluster on the spec-
troscopic properties of the complexes has been critically inves-
tigated. In spite of this over-simplification the results turn out
to be consistent showing the existence of vibrations localized
on the TiCly and weakly influenced by those of the MgCl,
cluster.

Raman spectra were calculated after a partially constrained
geometry optimisation, i.e. the internal coordinates of the
MgCl, cluster (Mg—Cl bond length =2.49 A; CI-Mg—CI bond
angle =90°) have been keep fixed in order to mimic the MgCl,
crystal structure of the support while those of TiCly were left
free to change.

The models studied in this work were:

e Model 1. TiCls molecule complexed along the (1 10) MgCl,
lateral cut with the Ti atom in an octahedral coordination
(Fig. 5a);

e Model 2. TiCls molecule complexed along the (1 1 0) MgCl,
lateral cut with the Ti atom in a tetrahedral coordination
(Fig. 5b);

e Model 3. Dimeric TiCly species (TipClg) on the (1 0 0) MgCl,
lateral cut with the Ti atoms in a tetrahedral coordination
(Fig. 5¢).

The fact that in both models 1 and 3 the TiCly; molecules
appear with the Ti atoms in an octahedral coordination cannot
be neglected. This is discussed more in depth below.

In order to elucidate the influence of the size of the crystalline
substrate, different clusters of MgCl, have been considered for
case 1. In Fig. 6a, the calculated Raman spectra are reported (for
clarity we show only the few lines that originate from vibrations
mostly localized on the TiCl4 molecule, as indicated by calcula-
tions). The Raman active modes localized on the TiCls molecule
show the same spectral pattern with two main lines located near
460 and 300 cm ™! and the intensities increase as the dimensions
of the MgCl; clusters increase.
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Fig. 5. Molecular models used to calculate the Raman spectra: model 1, TiCly
molecule complexed along the 1 10 MgCl, lateral cut in an octahedral coordi-
nation; model 2, TiCly molecule complexed along the 1 1 0 MgCl, lateral cut in
a tetrahedral coordination; model 3, dimeric TiCly species (TipClg) on the 100
MgCl, lateral cut. Colours: Ti (@), Mg (@) and C1 ().

The effect of the local rearrangement of the geometry of the
MgCl; cluster has also been considered for model 1. For this pur-
pose the four Mg and Cl atoms facing TiCly have been allowed
to change their position during the geometry minimization pro-
cess and the calculated Raman spectrum is displayed in Fig. 6b.
Also in this case we found two lines near 460 and 300 cm™!
that can be ascribed to vibrations localized on TiCly. The many
other lines calculated and shown in the spectrum of Fig. 6b are
due to the finite dimensions of the MgCl, cluster considered
and turn out to be Raman active because the size of the crystal
is relatively small. As matter of fact in the real MgCl, crystal,
because of translational symmetry, only the two k=0 phonons
at 240 and 152cm™! involving the cooperative motions of all
Mg and Cl atoms can be Raman active.

It is apparent from these spectra that the dimensions as well
as the geometrical parameters of the MgCl, cluster basically
do not affect the vibrational properties of the complexed TiCly
molecule.

In Fig. 7, the calculated spectra of the three models of the
complexes (only the lines originating from the TiCly vibrations
are displayed) and the experimental spectra of Cj¢/) are reported.

For model 1 the fit between calculated (lines at 464 and
315 cm™!) and experimental Raman spectrum of the stable com-
plex is quite satisfactory.
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Fig. 6. (a) Calculated Raman spectra of TiCly molecule complexed along the
110 MgCl, lateral cut in an octahedral coordination with increasing MgCly
cluster dimensions. Only the lines mostly localized on the TiCl4 molecule, as
indicated by calculations, are drawn. (b) Calculated Raman spectra of model 1
with the position of the four Mg and Cl atoms directly facing to TiCls optimized
(1). In (2) only the lines mostly localized on the TiCl4 molecule, as indicated by
calculations, are drawn.
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Fig. 7. Comparison between experimental Raman spectra of Cj¢; (washed sam-

ple dotted line and unwashed sample solid line) and calculated Raman spectra
of models 1, 2 and 3.
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The calculated Raman spectrum of model 2 fits very well
with the lines at 386 and 120cm™!, already ascribed to free or
physisorbed TiCly: model 2 certainly is not the stable complex.

Model 3 shows a strong Raman activity only in the region
near 459 cm™!: other weak lines are spread over a wide range
of wavenumbers (322, 276, 234, 204, 191, 124 and 100 cm™! ).

An interesting issue arises by the fact that the calculated spec-
tra for models 1 and 3 turn out to show some similarity mainly
with the strongest Raman line near 450 cm™!; as already stated
above this is obvious because in both models the Ti atoms are
in an octahedral coordination. On the other hand, this could
be a preliminary very important conclusion namely the Raman
lines occurring in the spectra of TiCl4/MgCl, complexes can be
explained only by taking into account species where Ti has an
octahedral geometry.

However, the spectral pattern of model 1 with only two
strong lines at 464 and 315 cm™! (intensity ratio 464/315=3) is
favoured with respect to that of model 3 where, besides the lines
at 459 and 322 cm™!, many other lines of comparable intensity
are observed and the line at 322 cm™~! is weaker with respect to
that of the model 1 (intensity ratio 459/322 =8). Moreover, if
the spectrum of model 1 with the position of Cl and Mg atoms
directly complexed with the TiCls have been minimized (see
Fig. 6b), the fit turns out to be more acceptable.

In the literature many theoretical studies [22—25] and experi-
mental works with different techniques namely extended X-ray
absorption fine structure (EXAFS) [26,27], XPS [12,28], small
and wide angle X-ray scattering (SAXS WAXS) [28-30], elec-
tron spin resonance (ESR) [31-33] and low energy electron
diffraction (LEED) [34] have been devoted to investigate the
nature of the catalytic site, often with divergent results. Recently
energy calculations on molecular models similar to those stud-
ied in this work [22], indicate that the formation and the stability
of TiCly monomeric species complexed onto MgCl, are much
more favoured with respect to the dimeric species. This conclu-
sion turns out to be in accordance with our theoretical results on
the Raman spectra.

4.2. Integrated intensity ratios of Raman lines of co-milled
precursors

Additional information on the nature of the TiCl4—MgCl,
complexes are obtained form the study of the integrated inten-
sities of the Raman lines of the stable and unstable complexes.
We focus our attention on three Raman lines:

(1) the 240cm™! of the bulky MgCls, chosen as internal refer-
ence;

(2) the 450cm™! of the complexed TiCls with contributions
from the stable and unstable complexes;

(3) the 290 cm™! assigned to the stable complexes only.

The experimental Raman line intensity ratios I450/I249 and
Iroo/lh40 at different Ti/Mg concentrations for the washed and
unwashed samples are plotted in Fig. 8.

In Fig. 8, a linear relationship of the intensity ratios versus
the Ti content chemically determined from elemental analysis

06
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0.3+

0.2 4

0.14
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Fig. 8. Experimental values of integrated Raman intensity lines ratios: l450/1240
(O) and Igo/Ih40 (O) for washed and 1450/l240 (A) and Ir90/ 1249 () forunwashed
samples at different Ti/Mg values (solid and dotted line are only guides to eyes).

can be clearly seen and from a least squares fitting of the data
we obtain the following equations:

I Ti

450 _ 703 <1> +0.02 )
D40 Mg

I Ti

40 _ 40 <1) —0.01 )
40 Mg

for the washed samples and

I Ti

1450 _ 5 o (1) 1014 3)
Do Mg

1 Ti

50 _ 174 <1> —0.01 )
D40 Mg

for the unwashed samples.

In the first case (Eqgs. (1) and (2)) only the stable complexes
can contribute to the intensity of the Raman lines; the linear
dependency in a wide range of Ti content can be related to
the linear increase of the number of sites where complexa-
tion takes place when the mean dimensions of the crystallites
decrease (see Table 1) and nicely shows that the lines at 450 and
290 cm~! originate only from a single chemical species (stable
complexes).

In the second case both stable and unstable complexes can
contribute to the intensities of lines near 450 cm~!. Whereas
the values of Ir9p/l>49 ratios are practically similar to the first
case (confirming that the lines at 290 cm™~! originate only from
the stable complexes) the values of I450/I240 are systematically
higher (approximately 0.14) Fig. 8. The removed species, nec-
essarily, must have been complexed at sites different from those
of the stable species; moreover, the relative number of these sites
does not increase with the activation process.

It can be concluded that the contribution to the intensity of the
lines at 450 cm™! due to the removed species is practically con-
stant for every sample, thus indicating that the relative number
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of these complexes is independent both from the Ti content and
the dimensions of the MgCl, crystallites.

From the experimental X-ray data [35] it is reported that
lateral cuts corresponding to the planes (1 10) and (100) are
formed during the milling process. Theoretical energy calcula-
tions of the electrostatic energies on the MgCl, crystal indicates
that the formation of (1 1 0) lateral cuts is favoured with respect
to (1 00) lateral cuts [2]. Recently, a high resolution transmis-
sion electron microscopy (HRTEM) study on ball milled MgCl,
[36] provides some evidence that most of the exposed coordi-
natively unsaturated Mg atoms lie along the (1 1 0) lateral cuts.
Such considerations suggest that the number of (1 1 0) sites has
to increase with the milling time or activation grade of the MgCl,
more rapidly than the number of (1 0 0) sites, and can account for
the two observed trends in the Raman intensities ratios. The sta-
ble complexes, whose number increases with increasing TiCly
content, are formed along the (1 1 0) lateral cut while the unsta-
ble complexes, whose number remains approximately constant
with increasing TiCly content, are complexed along the (10 0)
lateral cut. Necessarily, along the (1 0 0) lateral cut the molecules
of TiCly have to complexed as dimers [19].

The linear dependency of the 1450/124¢ ratio with the measured
Ti/Mg ratio for the washed samples (Eq. (1)) could be proposed
as master curve to determine, with a simple FT-Raman experi-
ment, the TiCls content in a sample.

Indeed we can express the recorded intensity for the lines at
450cm~! as:

I450 = Nric1, @450 (5)

where Nricy, is the molar ratio of TiCly units and a4sq is the
Raman scattering coefficient of a single unit. Similarly for the
MgCl, line at 240 cm™! we can express the intensity as:

Dr4p = Mwmgct, 0240 (6)

thus the ratio turns out to be:

Lss0 450 Nricl
e Gl & @
D40 o240 ) \ Mwmgcl,

It is thus possible to obtain the percentage content of TiCly
in a generic sample using the relation:

I 1 1
TiCly (%) = (450> (“2“0) % 100 = (450> — % 100
Do Q450 o) 7.93
3
where the value aysg/ap49 =7.93 is taken from the linear fit of

the experimental data (Eq. (1)) and the I450/124¢ value has to be
experimentally measured.

5. Conclusion

Starting with the analysis of the experimental FT-Raman
spectra evidences are found that during the precatalyst prepa-
ration the TiCls molecules “react” with MgCl, forming three
different types of complexes. Two of these (the unstable ones)
are easily removed by washing with solvent while the remaining
(the stable one), is the only one that can be found in the washed
samples.

The Raman signals characteristic of these complexes are:

(i) lines at 450 and 290 cm ™! (stable complex);
(i) lines at 450cm~! removed by washing with n-hexane
(unstable complex);
(iii) lines at 386, 137 and 120 cm™~! (free or chemisorbed TiCly
molecules).

From the values of the intensity ratios of the lines at 450 and
290 cm~! with respect to the 242 cm ™! of MgCl, chosen as inter-
nal reference, it is possible to derive a further clear indication of
the occurrence of different complexed species that contribute to
the intensity of the 450 cm~!; the stable complexes contribute
linearly with the increasing content of titanium, while the unsta-
ble complexes seem to contribute with a relative constant value.
It is a noteworthy fact that Eq. (1) (unwashed samples) and Eq.
(3) (washed samples) differ only for the intercept, suggesting
that (i) the number of the stable complexes is not lowered by the
washing process and (ii) stable and unstable complexes have, to
lie on different crystal sites.

DFT quantum chemical calculations have been carried out
on molecular models to predict the Raman spectra. The cal-
culated Raman spectra of models 1 and 3 are similar and can
explain the experimental Raman lines, but some important dif-
ferences can be observed: namely model 3 shows a strong
line only near 460cm™! (many other weak lines are spread
in a wide region), whereas model 1 in addition to the intense
460 cm™! shows a line with appreciable intensity at 290 cm™!;
the simultaneous occurrence of these two lines in the experimen-
tal spectrum can be interpreted as the finger print of the stable
complex.

As a matter of fact, in the experimental spectra of both
unwashed and washed samples the line near 290 cm ™~ is clearly
detected and its intensity remains unchanged after the solvent
washing. This observation is in line with a probable more stable
TiCly complex on 1 1 0 lateral cuts of MgCl, crystallites (model
1). The less stable and minority species could be the dimeric
Ti,Clg complexes on the (1 00) cuts (model 2).

Quantum chemical energy calculations [22] support these
hypotheses because the monomeric species along (1 10) lat-
eral cuts were found to have an higher complexation energy on
MgCl; crystal with respect to the dimeric species on the (100)
lateral cuts.

The experimental observations can then be summarized as
follows:

e during the milling process monomeric and dimeric species
are formed;

e the monomeric species easily complex along the (1 1 0) lateral
cuts;

e the dimeric species hardly complex along the (100) lateral
cuts;

e as a consequence the number of complexes along the (110)
increases with the Ti content while the number of complexes
along the (1 00) lateral cut remains nearly constant;

e the dimeric species are removed by washing with solvents;
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e the monomeric species that are stable originate the character-
istic Raman spectrum with the “finger print” lines at 450 and
290cm™!;

e the same spectral pattern is also found in samples prepared
by chemical reactions;

e the monomeric species are therefore the prototype of the com-
plex of TiCls with the MgCl; also in the true catalytic systems.

The suggested model for the active sites in MgCly/TiCly
catalyst precursors heavily relies on the reading of the Raman
spectrum which, however, turns out to be straightforward since
it consists of a few lines whose origin is confidently and reason-
ably assigned by DFT calculations.
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