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In this paper, which is the first part of a more extended work, we elucidate the molecular level structure
of a highly active SiO2-supported Ziegler-Natta precatalyst obtained by reacting a dehydroxylated silica
and a solution of an organomagnesium compound with TiCl4. The synergetic combination of Ti K-edge
and Ti L3-edge X-ray Absorption spectroscopy (XAS) and diffuse reflectance UV–Vis spectroscopies, com-
plemented by Density Functional Theory (DFT) simulations, indicate that small TiCl3 clusters similar to b-
TiCl3 coexist with isolated monomeric Ti(IV) species. Ti K-edge Extended X-ray Absorption Fine Structure
(EXAFS) Spectroscopy allows the quantification of these two phases and demonstrates that the Ti(IV)
sites are 6-fold coordinated (either by six chlorine ligands or by five chlorine and one oxygen ligands),
but highly distorted, similar to what is modelled for TiCl4-capped MgCl2 nanoplatelets. Finally, IR spec-
troscopy suggests that the MgCl2 phase has a molecular character (Far-IR) and that the only accessible
Mg2+ sites are uncoordinated cations acting as Lewis acid sites (IR of CO adsorbed at 100 K). Based on
these experimental findings, we propose the co-existence in the precatalyst of small TiCl3 clusters and
of mixed oxo-chloride magnesium-titanium structures deposited at the silica surface. The evolution of
the precatalyst in the presence of the activator and of the monomer is discussed in the second part of this
work.
� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Silica-supported titanium-based Ziegler–Natta (ZN) catalysts
play a very important role in the polymerization of ethylene, nota-
bly in particle forming processes like gas-phase and slurry tech-
nologies. The first patents reporting the synthesis and catalytic
performances of silica–magnesium–titanium catalysts date back
to the beginning of the 1980s [1–3]. At that time, the adoption of
silica carrier was envisioned as an alternative method with respect
to ball-milling to make amorphous and disordered MgCl2. More-
over, since the beginning it was also found that modifying the silica
surface (for instance, by changing the calcination temperature)
allowed to finely tune the polymer properties in terms of molecu-
lar weight distribution, evidently affecting the catalytic sites [4]. In
particular, dehydroxylated silicas resulted in more performant
catalysts, especially when chemically dehydrated, e.g., with
hexamethyldisilazane [5]. This indicates that the silica is not only
an inert carrier but plays a direct role in the definition of the active
sites [2].

Although there exist many procedures to synthesize free-
flowing silica–magnesium–titanium precatalysts highly active in
ethylene (co)-polymerization, one of the most common consists
in reacting (dehydroxylated) silica with solutions of organomagne-
sium compounds, which later can react with TiCl4 [6-9]. Already in
1973 it was demonstrated by Haward and co-workers [10] that
Grignard reagents (such as butyl magnesium halides, or dibutyl
magnesium) in combination with an ether can completely reduce
TiCl4, to give soluble complexes of the type TiCl3�MgCl2�ether.
These catalysts were more active by a factor of 3–10 compared
to the first generation of ZN catalysts, prepared by reducing TiCl4
with alkyl aluminum compounds [10]. Combination with silica
also gave a better control on the particle size and morphology
[11,12], making these catalysts very attractive for commercial
use. Later on, it was also discovered that the incorporation of alco-
hols (e.g. 1-butanol) in the formulation gives lower molecular
weight polyethylene, suggesting that alcohols act as efficient
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modifiers altering their chemical structure [1,13-15]. In particular,
for catalysts obtained upon reacting dibutyl magnesium (MgBu2)
with TiCl4, it was proposed that a primary function of alcohol is
to scavenge alkyl aluminum that is usually added to increase
MgBu2 solubility in hydrocarbons, giving a product which does
not substantially reduce TiCl4 at 25 �C. In fact, trialkyl aluminum
reagents classically react with alcohols liberating alkanes and gen-
erating alkoxides [10].

A comparison between alcohol-modified and alcohol-free silica-
magnesium-titanium catalysts is reported in an early work of Hoff
and co-workers [15], who investigated the effect of increasing
amount of 1-butanol on both reactivity and polyethylene proper-
ties. They found that the butanol-modified catalysts give lower
molecular weight and have reactivities slightly greater than the
alcohol-free catalyst. In agreement with the role of alcohol dis-
cussed above, in the butanol-free catalyst 94% of the Ti is Ti(III)
(as determined by titration), while the remaining is tetravalent.
The room temperature EPR spectrum of the butanol-free precata-
lyst shows a single absorption at g = 1.948 value which does not
change at 77 K, indicating the presence of a single type of EPR
active Ti(III) species having restricted rotation. The percentage of
Ti(III) in the precatalyst decreases almost linearly upon increasing
the 1-butanol content, up to only 3.2% for BuOH/Mg = 2.0. At the
same time, a second signal appears in the EPR spectra at about
g = 1.97, which changes at 77 K and indicates the presence of at
least one other form of Ti(III) with more freedom of rotation. The
role of 1-butanol as a scavenger for the alkyl aluminum contained
in MgBu2 solution is further confirmed by the observation that,
when it is added to the reaction mixture after TiCl4 the fraction
of Ti(III) remains very high (86%) [15].

As far as the role of 1-butanol in determining the structure of
the Ti sites, no hypothesis are present in the pioneering work of
Hoff and co-workers [15], but only the observation that neither
the amount of Ti(III) nor that of Ti(IV) correlate with reactivity or
melt index; the maximum reactivity and maximum melt index
occurring for a BuOH/Mg ratio equal to 1. It is also important to
notice that the precatalyst needs to be activated by alkyl aluminum
compounds for developing activity in ethylene polymerization,
which means that the Ti(III) species in the precatalyst are not alky-
lated or in any case not accessible to the monomer.

In this work we systematically investigate the properties of the
best performing silica-magnesium-titanium precatalyst reported
by Pullukat and Hoff [1] by means of a multi-technique approach
comprising structural, electronic, and vibrational methods, com-
plemented by DFT simulation. As previously demonstrated
[16,17], a multi-technique spectroscopic investigation has the
potential to clarify the mutual interactions among all the compo-
nents constituting ZN catalysts, contributing to enhance their
mechanistic understanding. For example, a multi-technique
approach allowed unravelling the nature of the active TiClx phase
in model and industrial-like MgCl2-supported catalysts [18–26],
as well as in silica-supported ZN catalysts [27–35], both before
[36,37] and after [23, 24] interaction with the alkyl aluminum acti-
vator. Herein, we confirm the co-presence of both Ti(III) and Ti(IV)
species, as suggested in the early literature, in combination with
small MgCl2 clusters. Moreover, we determine the structure of
the supported titanium chloride species at a molecular level and
their accessibility to incoming probe molecules. The second part
of this work [38] will focus on the role of the trialkyl aluminum
activator in determining the properties of the titanium sites in
the activated catalyst, as well as on the behaviour of the catalyst
during ethylene polymerization. Altogether, the two parts of this
work offer one of the most comprehensive studies on a class of
heterogeneous catalysts with a huge industrial impact, but which
are often left at the margins of interest of researchers involved in
catalysts characterization.
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2. Experimental

2.1. Precatalyst synthesis and reference samples

The ZN precatalyst was provided by SABIC and synthetized
according to procedure described in US 4374753 patent [1]. Briefly,
the synthesis consists in five subsequent steps. (1) SiO2 (ES70X,
specific surface area = 295 m2/g, pore volume = 1.6 mL/g, average
particle size 50 lm) was dried at 200 �C for 2 h under inert flow.
(2) Dried silica was then chemically dehydroxylated by hexam-
ethyldisilazane (HMDS) at 25 �C, followed by removal of unreacted
HMDS and NH3 by-product. 3) The so dehydroxylated silica was
reacted with a heptane solution of dibutyl magnesium + trialkyl
aluminum (TEAl), MgBu2�xAlEt3, Mg/Al = 6.1. In this regard, it is
important to notice that neat MgBu2 is an extended polymer
[39,40] scarcely soluble in organic solvents, whose solubility can
be increased upon addition of a small amount of alkyl aluminum
compounds, which reduce the molecular weight by capping the
MgBu2 oligomers. Hence, the presence of TEAl in this synthetic
mixture is unavoidable. 4) 1-butanol was added to the reaction
mixture at 25 �C. 5) Finally, TiCl4 was added, followed by drying
at 90 �C to obtain free flowing powder. The amount of MgBu2 com-
plex was such that there was 0.8 mmol of MgBu2 per gram of silica;
the Mg/Ti molar ratio was set to 1.0 ± 0.1, resulting in 3.8 ± 0.2 wt%
of Ti in the final catalyst.

Two reference samples have been measured along with the pre-
catalyst: the b-TiCl3 polymorph kindly donated by Prof. V. Busico
(University of Naples); a MgCl2-supported ZN precatalyst with
dibutyl-phthalate (DBP) as internal donor was synthetized at JAIST
and was object of an extensive characterization in our previous
work [22,23]. The two reference samples will be referred to as b-
TiCl3 and ZNC(DBP), respectively.
2.2. Characterization methods

2.2.1. Ti K-edge X-ray absorption spectroscopy (XAS)
For the Ti K-edge X-ray Absorption Spectroscopy (XAS) mea-

surements, the precatalyst sample was measured in the form of
pellet, diluted in dehydrated boron nitride to optimize the Ti con-
centration in such a way that the edge jump was around 0.4, which
is the best compromise between edge-jump and total absorption
for this composition. Due to the air sensitivity, the pellet was done
in the glovebox and sealed inside a Low-Density Polyethylene
(LDPE) envelope under vacuum. The envelope with the pellet
was mounted on the XAS sample-holder inside the glovebox. The
sample holder was then extracted out of the glovebox, rapidly
transferred to the measurement chamber at the beamline, and
put under high vacuum. The whole procedure avoided exposure
of the sample to air. A similar procedure was adopted for the
two reference samples.

The measurements were performed at the XAS beamline at the
Elettra Sincrotrone Trieste facility. The white beamwas monochro-
matized using a Si(111) double crystal. Harmonic rejection was
performed by detuning the second crystal of the monochromator
of 50%. The spectra were acquired in transmission mode using ion-
ization chambers for the detection of the reference and transmit-
ted X-rays. A third ionization chamber recorded a Ti foil
reference for energy calibration. The XAS spectra were recorded
at the Ti K-edge with a beam size of ca. 6.0 � 1.5 mm (H � V).
The energy range was scanned from 4700 to 6500 eV, with an
energy step of 5 eV and an integration time of 1.2 s/point in the
pre-edge region, 0.25 eV step and 2.0 s/point in the XANES region,
and with a 3 eV step and an integration time that linearly increases
as a function of k to account for the low signal-to-noise ratio at
high k values in the Extended X-ray Absorption Fine Structure
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(EXAFS) region. Each spectrum required an acquisition time of
about 30 min.

The X-ray Absorption Near Edge Structure (XANES) spectra
were aligned and normalized with the Athena software, by means
of standard procedures. EXAFS data analysis was performed using
the Arthemis software. The k2v(k) functions were Fourier trans-
formed (FT) in the Dk = 2.0–10.0 Å�1 interval. The fit was per-
formed in R-space in the DR = 1.2–5.0 Å�1 range. Phase and
amplitudes were calculated by FEFF6.0 code.
2.2.2. Ti L2,3-edge NEXAFS spectroscopy.
Ti L2,3-edge Near Edge X-ray Absorption Fine Structure (NEX-

AFS) spectra were collected at the APE-HE beamline of the Elettra
Sincrotrone Trieste facility, adopting the total electron yield (TEY)
mode. To ensure the electrical conductivity, the samples in powder
form were pressed inside a thin indium plate and fixed inside an
ambient-pressure (AP) NEXAFS cell, which allows to perform mea-
surements in the presence of gases [41]. This step was done inside
a N2-filled glove box to prevent contamination. The AP-NEXAFS cell
was then inserted inside the high vacuum chamber of the APE-HE
beamline and connected to a gas line, equipped with a liquid nitro-
gen trap to remove adventitious water contaminations. All the
measurements were performed under a 5 mL min�1 He flow at
1 bar.

The spectra were collected with an energy step of 0.1 eV and an
integration time per step of 0.18 s. The so collected data were pro-
cessed using THORONDOR software [42].
2.2.3. DR UV–Vis-NIR spectroscopy
DR UV–vis spectra were collected with a Varian Cary5000 spec-

trophotometer, equipped with a diffuse reflectance sphere. The
samples were measured in the powder form, inside a custom-
made bulb cell in optical quartz (suprasil) filled inside the glove-
box. The spectra were collected in reflectance mode (R%) and suc-
cessively converted as Kubelka–Munk F(R) function. The
precatalyst and ZNC(DBP) reference samples were measured undi-
luted, while b-TiCl3 was diluted with dehydrated Teflon powder.
2.2.4. IR spectroscopy
Transmission IR spectra of the precatalyst were collected in

both Mid-IR and Far-IR regions at a resolution of 2 cm�1 by means
of a Bruker Vertex 70 spectrophotometer, equipped either with a
MCT or a DTGS detector. In the Mid-IR region, the sample was mea-
sured in the form of a thin, self-supported, pellet, prepared in the
glovebox and inserted into a custom-made cell allowing to perform
measurements either under vacuum or in the presence of a con-
trolled pressure of gases and at controlled temperature. CO adsorp-
tion at 100 K was performed as follows. After measuring the
spectrum of the precatalyst at room temperature, CO was admitted
in the cell at an equilibrium pressure PCO = 50 mbar, and the tem-
perature was slowly decreased by using liquid nitrogen. After
reaching the CO saturation level, an IR spectrum was acquired. At
that point, PCO was decreased stepwise, and an IR spectrum was
collected at each step by keeping the temperature constant. The
IR spectra are shown after subtraction of that collected prior CO
dosage.

For Far-IR measurements, the sample was measured in the form
of a thin deposition on a silicon wafer using the same experimental
strategy described in our previous work [24]. Briefly, the sample
deposition was done in the glovebox and transferred into a
custom-made cell equipped with two polyethylene windows,
which allows performing the measurement without exposing the
sample to air. The same procedure was applied for measuring b-
TiCl3.
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2.3. Computational details

Calculations presented in this work have been performed by
density functional theory (DFT) through the ORCA (v5.0.3) code
[43]. The hybrid-GGA B3LYP functional [44,45] was adopted in
conjunction with the Ahlrichs def2-TZVP basis set [46] for either
geometry optimization and simulation of electronic spectra,
namely optical, L3-edge and K-edge absorption spectra. In the case
of L3- and K-edge spectra simulations, the zeroth order relativistic
approximation (ZORA) [47] was included in the Hamiltonian to
account for relativistic effects, expected to be relevant as the elec-
tronic transition involves core electrons in this type of spectro-
scopies. The specific ZORA-def2-TZVP(-f) basis set was preferred
to the standard one for these specific simulations. Resolution of
identity approximation was adopted to speed-up the calculations,
adopting the general def2/J as auxiliary basis set (SARC/J for calcu-
lations including relativistic corrections).

Two minimal models, representative for Ti(III) in b-TiCl3 and Ti
(IV) supported on MgCl2, where considered (Fig. 1): the former is
constituted by a single chain of TiCl3 featuring 6 Ti(III) atoms (for-
mula Ti6Cl18); according to the literature, the single TiCl3 chain has
been treated with antiferromagnetic spin polarization [48]. The
hexacoordinated Ti(IV) has been derived from that proposed in
our previous publication and shown herein to better reproduce
the isolated Ti(IV) species in a precatalyst [22], by decreasing the
size of the MgCl2 support to a minimal cluster with overall compo-
sition TiMg3Cl10. The computed electronic spectra were convoluted
with Gaussian functions (FWMH = 1 eV for L- and K-edge, 0.5 eV
for optical spectra), normalized in intensity per number of Ti atoms
in the model and rescaled in energy with a multiplicative factor to
match the experimental results (1.0690 for optical, 1.0271 for L3-
edge and 1.0088 for K-edge absorption spectra).
3. Results and discussion

3.1. Electronic properties: co-presence of isolated Ti(IV) and highly
dispersed Ti(III) phase

Fig. 2 shows the Ti K-edge XAS, Ti L2,3-edge NEXAFS and the DR
UV–Vis-NIR spectra of the precatalyst, compared to those of the
two reference compounds. Roughly speaking, the three techniques
are all based on electronic excitations, but differ in the type of
excited electrons (which depend on the energy of the incoming
beam), while the arrival state is the same [49]. With Ti K-edge
XAS, hard X-rays excite the Ti(1s) electrons, which are promoted
either to localized states (unoccupied Ti(3d), Ti(4p) levels or Cl(p)
levels, XANES region) or to the continuum (EXAFS region)
[27,28,50]. In Ti L2,3-edge NEXAFS, soft X-rays excite the Ti(2p)
electrons to Ti(3d) levels [22,51]. Finally, in UV–Vis spectroscopy,
photons in the UV region promote electron transfer from ligand-
centred molecular orbitals (MOs) to Ti-centred MOs (charge-
transfer transitions), while photons in the Vis range excite Ti(3d)
electrons from filled to empty 3d levels [17,22,52-54]. Since the
electronic structure of the Ti sites depends on their local symmetry
and oxidation state, it is clear that the three techniques offer com-
plementary information on these two aspects.

Starting the discussion from the highest energy excitations,
Fig. 2A shows the normalized Ti K-edge XANES spectra of the three
samples. The spectrum of the SiO2-supported precatalyst shows a
weak pre-edge peak at 4968.8 eV (inset in Fig. 2A), which is not
observed in the spectrum of b-TiCl3, while is present in that of
ZNC(DBP), although slightly shifted at higher energy. This peak is
assigned to the Ti(1s) ? Ti(3pd) localized transition, and is allowed
only for titanium sites with a low symmetry and/or highly sym-
metric titanium sites but lacking the inversion centre (e.g. perfect



Fig. 1. The two minimal models adopted to simulate the electronic properties of Ti(III) in b-TiCl3 (part A) and Ti(IV) supported on MgCl2 (part B). Ti, Cl and Mg atoms are
represented in blue, green and orange, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Normalized Ti K-edge XANES spectra (part A), normalized Ti L2,3-edge NEXAFS spectra (part b) and DR UV–Vis-NIR spectra (part C) of the SiO2-supported precatalyst
(orange), compared to those of b-TiCl3 (brown) and ZNC(DBP) (yellow) reference samples. The inset in part A shows a magnification of the pre-edge peak, while that in part C
highlights the region characteristic of d-d transitions. The main features of each spectrum are also indicated (for the assignment refer to the main text) and the colour code is
the same in the three parts. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tetrahedral), while it is forbidden for titanium sites in an almost
perfect octahedral symmetry (as in the case of b-TiCl3). This assign-
ment is confirmed by Fig. 3A, which shows the simulated Ti K-edge
XANES spectra for two minimal models representative for Ti(III) in
b-TiCl3 and Ti(IV) supported on MgCl2, the latter being character-
ized by a highly distorted geometry as predicted by machine
learning-aided simulation for TiCl4-capped MgCl2 nanoplates
[55]. Observation of the pre-edge peak in the spectra of the two
precatalysts indicates that in both cases the majority of the tita-
nium sites do not have a perfect octahedral symmetry, even
though the low intensity (about 0.2 in normalized absorption)
points toward high coordination numbers (e.g. distorted 6-fold
or 5-fold coordination). In the ‘‘edge” region, the spectrum of the
SiO2-supported precatalyst shows a ‘‘double” absorption edge at
4974.7 and 4977.0 eV (evaluated as the maxima of the first deriva-
tive), which are assigned to Ti(1s) ? Cl(4p) dipole-allowed transi-
tions [17,28,50,56,57]. Similar features in the same position are
observed also in the XANES spectrum of b-TiCl3, but much more
intense, because they are enhanced by the multiple scattering con-
tributions arising from collinear Cl-Ti-Cl scattering paths, which
are characteristic of Ti(III) sites in an almost perfect octahedral
coordination. The energy position of these features indicates the
presence of a Ti(III) phase in the SiO2-supported precatalyst. For
comparison, the spectrum of the ZNC(DBP) precatalyst is pretty
similar to that of the SiO2-supported precatalyst but shifted of ca.
1.4 eV, as expected in the presence of Ti(IV) species only. Notably,
both the pre-edge and edge features together with the energy shift
are well reproduced by the simulation on the two above men-
tioned models (Fig. 3A). The much lower intensity of the Ti
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(1s) ? Cl(4p) features in the XANES spectrum of the SiO2-
supported precatalyst suggests that the multiple scattering contri-
butions are limited, likely because the Ti(III) sites have lower
symmetry.

Fig. 2B compares the Ti L2,3-edge NEXAFS spectra of the three
samples discussed so far, after normalization to the intensity of
the second feature. It is worth noticing that the TEY acquisition
mode renders the measurements highly surface sensitive, the
probing depth being typically of a few nm. Generally speaking, a
Ti 2p NEXAFS spectrum originates from the 2p63dn ? 2p53dn+1

electronic transition; the L3 edge corresponds to the 2p3/2 /excita-
tions and is generally more defined than the L2-edge, which origi-
nates from the 2p1/2 excitations. As widely discussed in our recent
work [22], the L2,3-edge is split into two main peaks that, within
the molecular orbital picture for a Ti site in a distorted octahedral
symmetry, are related to electronic transitions from the Ti 2p orbi-
tals to the dt2g and deg orbitals. Focusing the attention on the L3
edge, the spectrum of the precatalyst is very similar to that of
ZNC(DBP), with two main differences. 1) The peak associated to
the dt2g orbitals (at 458.3 eV) is less intense, which is expected in
the presence of a fraction of Ti(III) sites. In fact, for Ti(III) sites
the low-lying dt2g orbitals are already occupied by one electron,
hence the probability for this electronic transition is lower than
for a Ti(IV) site, where the dt2g orbitals are totally empty. 2) An
additional weak peak is observed between the two main ones, at
about 459.1 eV, which indicates the presence of a fraction of Ti
(III) species [22]. These assignments, as well as the presence of a
fraction of Ti(III) sites belonging to the b-TiCl3 phase, are confirmed
by simulated L-edge spectra shown in Fig. 3B. Interestingly, the



Fig. 3. Simulated Ti K-edge XANES (part A), Ti L3-edge NEXAFS (part B) and UV–Vis (part C) spectra of two minimal models representative for b-TiCl3 (Ti(III)6Cl18) and MgCl2-
supported Ti(IV) (Ti(IV)Mg3Cl10); the latter is the same employed as initial structural guess for EXAFS fit (vide infra). The simulated spectra are compared to the experimental
one for the precatalyst.

J. Zarupski, A. Piovano, M. Signorile et al. Journal of Catalysis 424 (2023) 236–245
spectrum for the Ti(III)6Cl8 model nicely matches the low energy
components of the experimental NEXAFS spectrum of b-TiCl3
(main peak at 458 eV and small shoulder at ca. 456 eV), whereas
the second intense peak at higher energies (459.5 eV) is missing
in the simulation. A possible explanation is the presence of impu-
rities in the measured b-TiCl3 sample (e.g. Al), that could alter the
electronic features and the local environment around the
absorbers.

Finally, to complete the description of the electronic properties
of the Ti sites in the precatalyst, Fig. 2C shows the three DR UV–
Vis-NIR spectra normalized to the intensity of the most intense
band for a better comparison. The DR UV–Vis-NIR spectrum of
the SiO2-supported precatalyst is characterized by three main
bands, at about 9900, 18700 and 27700 cm�1, responsible for the
brownish colour of the sample. The position and intensity of the
absorption band at 9900 cm�1 indicate that it is due to a localized
(Laporte forbidden, but spin allowed) t2g ? eg d-d transition for Ti
(III) sites in a distorted octahedral symmetry [58]. The energy posi-
tion of the d-d absorption band (corresponding to the octahedral
crystal field splitting, DCF(UV)) depends on the type of ligand coor-
dinated to the cation, according to the spectrochemical series. A
band centred around 12,000 cm�1 was reported for hexahaloti-
tanates, where the TiCl6- anion is compensated by different cations;
while crystal field splitting of about 19000 cm�1 is typical of a vari-
ety of O-bonded Ti(III) complexes [59]. A band as low as
10000 cm�1 was never reported for isolated Ti(III) sites, whereas
a very weak band at about 11500 cm�1 is observed in the spectrum
of b-TiCl3 (inset in Fig. 2A). The energy position of the band at
19000 cm�1 is also typical for a d-d transition, but its intensity is
anomalously high, since it approaches that of charge-transfer tran-
sitions. Similarly intense absorption bands occurring after the first
spin-allowed transition and overlapping with other ligand-field
bands up to the charge-transfer edge, have been reported for the
a and b phases of TiCl3 [17,22,53,60,61]; for example, a similar
band is observed at 23000 cm�1 in the spectrum of b-TiCl3. The
most common interpretation is that of inter-site hopping transi-
tions of the type 2(3d1) ? 3d0 + 3d2 involving two Ti(III) sites
bridged by a common chloride ligand, and this is confirmed by
our simulation, reported in Fig. 3C. Indeed, the natural transition
orbitals analysis of acceptor states for these electronic transitions
indicate that they are centred on vicinal Ti atoms bridged by chlo-
rine ligands.

These two observations together corroborate the hypothesis
that a fraction of the Ti sites in the precatalyst are in the form of
small Ti(III) clusters resembling b-TiCl3 (but not the same),
whereby the Ti(III) are able to communicate each other by
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exchanging a d electron through bridging chloride ligands. In this
respect it is worth remembering that, according to the pioneering
works of Natta and co-workers [62], the chemical composition of
the TiCl3 phase obtained upon reaction of TiCl4 with AlR3 com-
pounds strongly depends on the molar ratio: low Al/Ti molar ratio,
as in the present case, should favour amorphous TiCl3 products
containing appreciable amounts of aluminum. A remaining frac-
tion of Ti, however, is not reduced and accounts for the dominant
band at 27700 cm�1, where the spectrum of the clustered Ti(III)
phase should have a minimum. Notably, this band falls in a very
similar position to that observed in the spectrum of ZNC(DBP),
which was assigned to ligand-to-metal charge-transfer transitions
of the type Cl(p) ? Ti(dt2g) involving Ti(IV) sites in a (distorted)
octahedral coordination [17,22,23,27,28,52–54]. The assignment
is corroborated by the simulated UV–Vis spectrum for hexacoordi-
nated Ti(IV) over MgCl2, also reported in Fig. 3C. It is worth noting
that the scarce reproduction of the relative intensities is due to the
fact the experimental results have been obtained in reflectance
mode, so that their intensity is affected by additional factors, such
as a different penetration depth of the photons as a function of
their energy and scattering-related phenomena due to the mor-
phological features of the samples. Conversely, calculations
approaches the optimal conditions achieved in transmission mea-
surements, with a constant sampled volume and negligible scatter-
ing phenomena.

3.2. Local structure of the Ti sites

Additional information on the local structure of the Ti sites and
on the surface species in the precatalyst come from FT-IR spec-
troscopy, in both Mid and Far-IR regions (Fig. 4A and B) and EXAFS
spectroscopy (Fig. 5). Beside the bands characteristic of silica, the
IR spectrum of the precatalyst shows a series of absorption bands
assigned to the vibrational modes of alkyl chains, both in the
stretching region (2000–2800 cm�1) and in the bending region
(1500–1350 cm�1). In particular, the band at about 2970 cm�1 is
indicative of the presence of -O-R species, likely -OBu species.
Broad bands are also observed at 3660, 3500 and 3250 cm�1, which
indicate the presence of a few H-bonded –OH groups [63,64],
despite the silica support was chemically dehydroxylated. Both -
OBu and –OH surface species are clearly a consequence of the addi-
tion of 1-butanol during the synthesis.

In the Far-IR region (Fig. 4B), the only transparency window is
below 350 cm�1, since at higher wavenumbers SiO2 contributes
with very intense absorption bands. In that region, the spectrum
of the precatalyst shows a very narrow band centred at



Fig. 4. Mid-IR (part A) and Far-IR (parts B and B’) spectra of the precatalyst (orange), compared to those of b-TiCl3 (dark yellow), MgCl2(thf)1.5 [53] (black) and ball-milled
MgCl2 (gray) [24] reference samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. k2-weighted |FT| (part A) and Imm(FT) (part B) of the EXAFS function for the
precatalyst, compared to those of b-TiCl3 and ZNC(DBP) as references. It is worth
noticing that the spectrum of b-TiCl3 has been divided by three for a better
comparison.
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252 cm�1, with a tail at 277 cm�1 and a triplet of weaker bands in
the 210–120 cm�1 range. The latter features are very similar to
those observed in the spectrum of b-TiCl3 (brown spectrum in
Fig. 4B), which confirms the DR UV–Vis-NIR results. The very nar-
row band at 252 cm�1, instead, falls in a region characteristic for m
(Mg-Clbridge) vibrations involving bridging chlorine species. For
comparison, Fig. 4B’ shows the Far-IR spectra of two reference
compounds, previously reported in the literature, namely the
MgCl2(thf)1.5 molecular complex [53] and a ball-milled MgCl2 sam-
ple characterized by crystals of nanometric dimension [24] (black
and grey spectra, respectively). It is evident that the full-width-
at-half-maximum of the m(Mg-Clbridge) band is very narrow for
the molecular complex, while the same vibration for bulk MgCl2
gives rise to a very broad band extending in the whole 350 –
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140 cm�1 region. The spectrum of MgCl2(thf)1.5 shows also a nar-
row band centred at 312 cm�1, which is attributed to the m(Mg-
Clterminal) vibration of terminal chlorine species. Hence, the Far-IR
spectrum proves that the MgCl2 phase in the precatalyst has a
molecular character, very much similar to that displayed for exam-
ple by the MgCl2(thf)1.5 complex, where bridged Mg-Cl-Mg chlo-
rine species dominate over the terminal Mg-Cl ones. We
speculate that these MgCl2 ‘‘quantum dots”, formed during reac-
tion of MgBu2 with TiCl4 in the presence of 1-butanol, are stabi-
lized not only by adsorbed titanium chlorides, but also by the
surface butoxide groups which act as capping functional groups.

Ti K-edge EXAFS spectroscopy, which is element selective,
allows us to clarify which is, in average, the local structure of the
titanium sites. Fig. 5A shows the modulus of the Fourier-
Transformed k2-weighted EXAFS function of the precatalyst, com-
pared to those of b-TiCl3 (divided by a factor of 3) and ZNC(DBP)
references, while Fig. 5B shows the corresponding imaginary parts.
A first relevant observation is that the spectrum of the precatalyst,
as well as that of ZNC(DBP), are much weaker than that of crys-
talline b-TiCl3, approximately 1/3. This is clearly not explainable
only by considering smaller coordination numbers in the titanium
coordination sphere (which would mean less than 3 ligands per
each titanium sites) and/or a reduced dimensionality of the tita-
nium phase. A similar behaviour was previously reported by some
of us for both unsupported and silica-supported ZN catalysts syn-
thetized from tetrahydrofuranate precursors [17,27,28,50,53],
and explained as due to the presence of several ligands at similar
distances in titanium coordination sphere, whose contributions
are at least partially out-of-phase. A second important observation
is that the spectrum of the precatalyst shows two peaks at 1.35 and
2.07 Å (phase-uncorrected) separated by a dip, in contrast to that
of b-TiCl3, which shows a single intense peak at 1.93 Å. ZNC(DBP)
has an intermediate behaviour, since it shows a dominant peak
at 1.74 Å, with a shoulder at 1.19 Å, more visible in the imaginary
part. These differences clearly indicate that the local structure
around the titanium sites is not the same in the three cases. A rig-
orous fit of the EXAFS signal for both the SiO2-supported and ZNC
(DBP) precatalysts is made difficult by the relatively short k-range
that can be safely used in the analysis, by the co-presence in the
titanium coordination sphere of several ligands contributing at
similar distance but partially out-of-phase and, for the SiO2-
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supported precatalyst, also by the co-presence of at least two
structurally different titanium phases (as demonstrated in previ-
ous section).

The EXAFS data analysis for the precatalyst was performed
through a two-phase two-step fit. The optimized parameters are
summarized in Table 1, while Fig. 6 shows the two best fits and
the most relevant scattering paths contributing to the fit. At first,
the fraction of Ti(III) in the form of TiCl3 clusters was determined
by fitting the 2.2–5.0 Å region, which is dominated by the multiple
scattering (MS) contributions of collinear Cl-Ti-Cl scattering paths.
It accounts for 41% of the total (‘‘fraction” in Table 1), and is in very
well agreement with the early paper of Hoff et al. [15], where the
Table 1
Optimized parameters in the analysis of the EXAFS spectrum for the SiO2-supported preca

Ligand Nd DE (eV) Fractione

FIT1b Cls 2 �2.1 ± 0.5 0.59
Clm 2
Cll 2
Clcluster 6 0.41

FIT2c O 1 �1.6 ± 0.6 0.59
Cls 1
Clm 2
Cll 2
Clcluster 6 0.41

a Nind = 2DkDR/p > 10.
b FIT 1 was performed by considering the contribution of three couples of chlorine li

(short, medium, and long).
c FIT 2 was performed by considering the contribution of five chlorine ligands (1 at s
d The coordination numbers were fixed to those of the models, while the amplitude

compounds (S02 = 0.8).
e The fraction � of Ti(III) in the form of TiCl3 clusters was determined by fitting the 2
f Average Ti-Cl distances determined form DFT are reported in brackets.

Fig. 6. Analysis of the EXAFS spectrum for the SiO2-supported precatalyst. Parts A and A
phase-uncorrected FT of the k2v(k) EXAFS function is shown in both modulus and imagin
fit (red lines). The relevant scattering paths are also shown, vertically translated for clarity
an oxygen ligand instead of a chlorine at short distance. The inset in part A shows the mo
the previous one upon substituting a Cls ligand with an oxygen (of a butoxide moiety). Ti,
interpretation of the references to colour in this figure legend, the reader is referred to
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percentage of Ti(III) in a precatalyst with similar composition was
estimated by titration to be 43% of the total. The first shell average
Ti-Cl distance for this Ti(III) phase is that typical of TiCl3 poly-
morphs (2.48 ± 0.02 Å), with a slightly large Debye-Waller factor
(0.010 ± 0.008 Å2) probably induced by the small size and hetero-
geneity of the clusters. In the second step, the structural parame-
ters related to the TiCl3 phase were fixed, and a first shell fit of
the remaining 59% of titanium was attempted. Reasonable fits
were obtained only upon including three different Ti-Cl contribu-
tions at short, medium, and long distances (Cls, Clm and Cll, respec-
tively), as suggested by the Ti(IV)Mg3Cl10 DFT optimized model.
Interestingly, this is also the case for Ti(IV) sites in a series of
talyst according to two different structural models.a

R (Å)f r2 (Å2) Rfactor

2.105 ± 0.014 (2.170 ± 0.001) 0.010 ± 0.003 0.022
2.279 ± 0.013 (2.372 ± 0.005) 0.009 ± 0.003
2.67 ± 0.04 (2.75 ± 0.03) 0.034 ± 0.010
2.48 (2.44 ± 0.13) 0.010

1.827 ± 0.058 0.006 ± 0.010 0.017
2.099 ± 0.118 0.014 ± 0.030
2.239 ± 0.030 0.011 ± 0.007
2.70 ± 0.057 0.034 ± 0.008
2.48 0.010

gands around the absorber, each couple characterized by a different Ti-Cl distance

hort, 2 at medium and 2 at long distance) and one oxygen ligand.
reduction factor S02 was fixed to that obtained by fitting the data of TiCl3 reference

.2–5.0 Å region; the fraction of the remaining Ti(IV) sites was fixed as (1 � x).

’: FIT1, which includes the contribution of only chlorine ligands. The experimental
ary parts (dotted curves in parts A and B respectively), overlapped to the result of the
. Parts B and B’: same as parts A and A’, for FIT2, which includes the contributions of
del used in FIT1, as reported in Ref. [55], while that in part B has been obtained from
Cl, Mg and O atoms are represented in blue, green, orange and red, respectively. (For
the web version of this article.)



Fig. 7. FT-IR spectra (in the m(CO) region) of CO adsorbed at 100 K on the
precatalyst as a function of CO coverage b (from bmax in orange colour to zero in
dark grey). The spectra are shown after subtraction of the spectrum prior the dosage
of CO. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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machine learning-aided models of TiCl4-capped MgCl2 nanoplates,
where the six chlorine ligands around Ti(IV) sites can be classified
in three couples with different Ti-Cl distances, being the terminal
chlorine species at shorter distance than the bridged ones [55].
Two equally good fits (FIT1 and FIT2 in Table 1) were obtained,
either considering 6 chlorine ligands (FIT1), or 5 chlorine and 1
oxygen (FIT2), the latter model having been stimulated by the
observation of abundant alkoxy species at the catalyst surface.
Both situations are compatible with the results discussed so far
and suggest that, beside the highly dispersed TiCl3 phase, the
remaining 60% of the titanium is present as monomeric Ti(IV), with
a distorted octahedral symmetry determined mainly by chlorine
ligands, but possibly also by one butoxide ligand. The fitted Ti-Cl
distances for FIT1 are in good agreement with the DFT results, fur-
ther supporting the reliability of the structural hypothesis for the
Ti(IV) sites.

In this respect, the presence of alkoxy ligands in the Ti coordi-
nation sphere of ZN catalysts has been object of discussion in the
specialized literature. In fact, one of the most common preparation
routes for industrial ZN catalysts, i.e. the conversion of a Mg(OEt)2
precursor to MgCl2 by reaction with TiCl4 in the presence of an
internal donor (ID) [37], is known to produce titanium ethoxy com-
pounds of the type TiCl4–x(OEt)x, which may remain adsorbed at
the catalyst surface as impurities [65]. This is similar to what is
proposed here for the butoxide ligands generated during the cata-
lyst synthesis. The role of these alkoxy ligands in olefin polymer-
ization catalysis has been questioned since long time, and so far,
a definite answer has not been achieved yet. However, several
independent experimental observation point toward a negative
correlation between the alkoxy content and the catalyst perfor-
mance (both in terms of activity and stereoregularity of the
polypropylene produced) [66–68]. This was recently confirmed
by a systematic work from Taniike and co-workers [69], who con-
cluded that titanium alkoxy compounds are poisonous by-products
of ZN catalysts for PP production, increasing the amorphous frac-
tion of the polymer and decreasing the stereoregularity of the
remaining highly crystalline fraction.

3.3. Accessibility of the surface sites

Finally, the accessibility of the surface sites at molecular level
has been investigated by means of IR spectroscopy of CO adsorbed
at 100 K, as successfully reported in the literature for different
classes of high-surface area materials [70–72], including polyolefin
catalysts [20,24,73–77]. CO was chosen as a probe molecule since it
is a soft base able to specifically probe surface sites of different
strength [72,78]. Moreover, CO was confirmed to be a good probe
molecule for different model MgCl2-supported ZN catalysts
[18,20,24,25,73,74] as well as for SiO2-supported ZN catalysts
[27,29].

Fig. 7 shows the FT-IR spectra (in the v(CO) region) of CO
adsorbed at 100 K on the precatalyst after subtraction of the spec-
trum collected prior CO dosage, as a function of the CO coverage.
The spectrum collected at hmax is characterized by three intense
and sharp bands at 2136, 2155, and 2181 cm�1, which behave dif-
ferently as a function of the equilibrium pressure (PCO). The band at
2136 cm�1 is the first one to disappear upon decreasing PCO, indi-
cating a weak interaction, and is attributed to physisorbed CO [70].
Also, the band at 2155 cm�1 decreases in intensity quite rapidly
upon decreasing the CO coverage, almost without shifting, and is
attributed to CO adsorbed on rather weak Lewis acid sites [79]. A
band in a similar position was observed upon CO adsorption at
100 K on bare MgCl2, and is ascribed to CO on 5-fold coordinated
Mg2+ cations [18,20]. In contrast, the band at 2181 cm�1 is more
resistant to degassing and shifts up to 2186 cm�1 at the lowest
CO coverage. This band can be ascribed to CO adsorbed on stronger
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Lewis acid sites, as previously reported for CO on 4-fold coordi-
nated Mg2+ cations [18,20]. Importantly, no bands are observed
around 2100 cm�1, where CO in interaction with Ti(III) sites should
contribute [25,73,80]. This indicates that the Ti(III) sites present in
the SiO2-supported precatalyst are not accessible to incoming
molecules.

Overall, this result is in very well agreement with the scenario
obtained with the other characterization techniques, which
demonstrated that both the Ti(IV) and the Ti(III) sites are 6-fold
coordinated, and hence do not display a coordination vacancy
available for CO coordination.
4. Conclusions

Herein we reported a detailed investigation of the physico-
chemical properties of a Ziegler-Natta precatalyst, selected as a
prototype for the family of silica-supported ZN catalysts prepared
by reacting dehydroxylated silica with a solution of an organomag-
nesium compound and TiCl4. These catalysts are largely employed
in fluidized-bed gas-phase ethylene polymerization, which is one
of the polymerization technologies most applied worldwide.
Although developed in the 1980s, the specialized literature does
not report any hypothesis on the structure of the catalyst at a
molecular level, but only a few observations on the co-presence
of both Ti(IV) and Ti(III) species, in a relative amount which
depends on the catalyst composition, but that does not correlate
neither with the activity nor with the properties of the produced
polyethylene.
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By synergically coupling a series of advanced characterization
methods complemented by DFT simulations we have been able to
disclose the structural, electronic, and vibrational properties of
the precatalyst at a molecular level. We confirmed the co-
presence of both Ti(III) and Ti(IV) species, whose relative concen-
tration is in very well agreement with that determined by titra-
tion in the early work of Hoff et al. [81]. We found that the Ti
(III) species have electronic properties similar to those of Ti(III)
in the b-TiCl3 polymorph, but they are highly dispersed. The Ti
(IV) sites, instead, are monomeric and surrounded mostly by chlo-
rine ligands, but possibly also by one butoxide ligand, with a dis-
torted octahedral symmetry characterized by at least three
different Ti-ligand distances. Both Ti(III) and Ti(IV) species are
inter-connected with nanometric MgCl2 seeds having a molecular
character, which are at least partially stabilized also by butoxide
moieties. The only sites of these molecular clusters which are
accessible to CO as molecular probe are uncoordinated Mg2+

cations. Regarding the interaction of these nanometric clusters
with the silica surface, they are probably simply deposited on
it. In fact, we do expect that the silica surface dehydroxylated
by HMDS contains a very low amount of free silanols, as well
as siloxane bridges, which are known to be the surface species
reactive towards MgR2, AlR3 and TiCl4 reagents.

At a more general level, the results reported in this work
demonstrate the potential of a multi-technique approach in unrav-
elling the molecular structure of complex industrially relevant cat-
alysts synthetized by reacting together many components and
constituted by multiple phases. As the follow-up, the silica-
supported ZN catalysts obtained upon activation of here studied
precatalyst with alkyl aluminum were investigated by applying
the same spectroscopic approach also under polymerization work-
ing conditions [38].
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