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XAS and XES Techniques Shed Light on the Dark Side of
Ziegler-Natta Catalysts: Active-Site Generation**
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The local structure and the electronic properties of the active
Ti sites in heterogeneous Ziegler-Natta catalysts, generated
in situ by interaction of the precatalyst with different Al-alkyl
activators, were investigated by combining X-ray absorption
and valence-to-core X-ray emission spectroscopy (XAS and vtc-
XES), coupled with UV/Vis, FTIR, and DFT theoretical calcula-
tions. Irrespective of the activator used, the active system was
found to be a highly dispersed TiCl;-like phase in which the Ti
sites are surrounded, not only by bridged chlorine ligands
(with the same bond length of bulk TiCl;), but also by terminal
chlorine ligands, at a much shorter distance. These results set
Ziegler-Natta catalysts in the category of complex nanomateri-
als. Despite the observation that the investigated catalysts
polymerize ethylene, cutting-edge XAS and XES techniques do
not yet offer unequivocal proof for the presence of any alkyl
chain attached to the Ti sites, as a consequence of the small
fraction of the active sites.

Heterogeneous Ziegler-Natta (ZN) catalysts are among the
most productive and versatile catalytic systems in use in the
chemical industry and are used increasingly in the polyolefin
production sector (approaching 150 MTons per year)'"®. Their
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versatility can be traced to the complexity of their chemical
composition. The actual generation of heterogeneous ZN cata-
lysts consists of multiple components,”® including the follow-
ing: i) The active phase, which is usually a transition-metal
halide of group 4 of the periodic table; ii) a poorly crystalline
MgCl,-based phase that increases the dispersion of the active
phase; iii) electron-donor molecules, which influence the selec-
tivity in the polymerization of a-olefins, and iv) the cocatalyst,
which is usually an aluminum alkyl (such as AIR;, R=alkyl
chain). The exact role of each component and their intercon-
nection is far from being understood, and the development of
these catalysts is still more driven by trial-and-error approaches
than by a rational design.”

One of the important, but still unanswered, questions con-
cerns the structure (at the molecular level) of the active sites in
the catalyst obtained after interaction of the precatalyst with
the Al-alkyl activator. Indeed, this step is usually performed di-
rectly inside the reactor in the presence of the olefin monomer,
so that the generation of the active sites is immediately fol-
lowed by polymerization. According to the pioneering works
of Cossee and Arlman,® % the essential role of AIR; is the alky-
lation of the titanium ions where chlorine vacancies are avail-
able. Although universally accepted, this statement relies en-
tirely on quantum chemical principles and on the crystal
chemistry of transition-metal-chloride structures; direct experi-
mental evidence of the structure of the active sites is still miss-
ing. Several reasons account for this lack of information,
among which the most critical reasons are the rapid deactiva-
tion (i.e. rearrangement of the Ti—R bond, which undergoes an
easy [-elimination reaction) and the small fraction of the active
sites,"" along with the difficulty in handling the AIR; activator.
All of these problems contribute towards rendering the active
sites elusive to most experimental techniques.'? As a matter
of fact, the majority of experimental data on ZN catalysts refer
to the precatalyst or to aged catalysts.

Herein, we focus on a particular class of heterogeneous ZN
catalysts, based on Ti and Mg chloride tetrahydrofuranates,
which were patented a long time ago for polyethylene produc-
tion™ and have been recently “rediscovered” for basic studies
by means of multiple experimental methods."*'® The specific
goal is to gain insights into the electronic properties and the
local structure around the Ti active sites (in terms of number
and type of ligands, and of coordination distances), and to pro-
vide direct evidence (if possible) of the presence of a Ti—alkyl
bond. Therefore, we combined two synchrotron-based tech-
niques that have the advantage of being element selective:
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Figure 1. a—c): k>-weighted y(k) functions and corresponding Fourier transforms (in both modulus and imaginary parts) of the TiMg precatalyst (1) and of the
same sample after interaction with TOAI (2) and TEA (2'). The spectrum of violet TiCl, (3), multiplied by a factor of 0.66, is shown for comparison. The spectra
were vertically translated for clarity. d) Summary of the fitted Ti—Cl distances (A) and of the corresponding coordination numbers (Ng), resulting from the data
analysis of the EXAFS data shown in (a—c). Grey boxes highlight the contributions of two different chlorine ligands, at shorter (Cly,,) and longer (Cl,,,,) bond
distances. e) Evolution of the Ti—Cl bond distances for central and terminal titanium atoms during the geometry optimization, carried out at the DFT level on
the cluster shown in (f). Bridged chlorine, terminal chlorine, and titanium atoms are shown in dark grey, light grey and violet, respectively. Arrows indicate the

bonds that were being monitored.

19,20

) Ti K-edge X-ray absorption spectroscopy (XAS)"*?” and ii) va-
lence-to-core X-ray emission spectroscopy (vtc-XES).?"?? The
XAS and XES experiments were performed at the BM26A®
and ID26 beamlines at the ESRF facility (Grenoble, France), re-
spectively. Both measurements required challenging experi-
mental set-ups. In particular, to overcome the experimental dif-
ficulties caused by beam drift and minute sample inhomoge-
neities intrinsic to XAS experiments on heterogeneous catalysts
at these low X-ray energies, it was necessary to develop a feed-
back mechanism on the X-ray optics of BM26.?* Moreover, be-
cause of the high photon flux adopted during vtc-XES meas-
urements (more than 10" photons per second), the samples
were found to suffer from radiation damage on a fast time-
scale (~10s). To circumvent this problem, each point of the
vtc-XES spectrum was collected on a different sample spot irra-
diated for 2 seconds, and the intensity was normalized to the
total fluorescence-yields signal recorded with a solid-state de-
tector. The micrometric size of the beam allowed us to have
sufficient fresh points on the sample (1.3 cm diameter pellet)
to collect a full vtc-XES spectrum. Manipulation and measure-
ments of all the samples were performed under strictly inert
conditions. Further experimental details are given in the Sup-
porting Information. The XAS-XES data were complemented
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with diffuse-reflectance (DR) UV/Vis and FTIR results, as well as
with DFT theoretical calculations.

The precatalyst (hereafter TiMg) was obtained by reaction of
[MgCl,(thf), 5] and [TiCl,(thf),] precursors in THF, as reported in
the Experimental Section.” For a Mg/Ti molar ratio equal to 2,
a crystalline bimetallic adduct was formed: [TiCl,(thf),] removes
a ClI” ion from [MgCl,(thf), 5] to form the [TiCls(thf)]~ anion; the
counter cation is a dimeric Mg-chloride tetrahydrofura-
nate.™?>?% The local structure around the Ti atoms was eluci-
dated by the extended X-Ray absorption fine structure (EXAFS)
data (Figure 1). The Fourier transform (FT) of the k*-weighted
x(k) function (Figure 1a,b) is dominated by a first shell peak
centered around 1.8 A (not phase corrected), which is the
result of the sum of the six single-scattering contributions de-
riving from the first shell ligands (i.e. 10 belonging to the thf
moiety at 2.19+0.08 A, 1Cl at 2.28+0.08 A and 4Cl at 2.34+
0.08 A, see Section S3 of the Supporting Information for a de-
tailed analysis). In the resulting TiMg bimetallic salt the Ti sites
have a +4 oxidation state and show a six-fold coordination,’?
as monitored by DR UV/Vis, X-ray absorption near-edge struc-
ture (XANES), and KB-XES spectroscopy (Figure 2). In particular,
) the intense absorption around 25000 cm™' in the DR UV/Vis
spectrum (Figure 2a) is assigned to fully allowed Cl(p)—Ti(d)
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Figure 2. a) Diffuse-reflectance UV/Vis (in Kubelka-Munk units), b) normalized Ti K-edge XANES, and c) normalized vtc-XES spectra of the TiMg precatalyst (1)
and of the catalyst obtained after interaction of TiMg with excess of TOAI (2). The spectra of violet TiCl; are also shown for comparison (3). Inset in (b) shows
a magnification of the pre-edge region in the XANES spectra. Inset in (c) shows a magnification of spectra 2 and 3 in the 4950-4956 eV region. The main
peaks in the vtc-XES spectra are also assigned. The KB3“ and K@, 5 regions are indicated by grey boxes.

ligand-to-metal charge-transfer transitions, in which the excit-
ed electron is associated with one of the nearest ClI™ anions
and the transferred electron goes into a 3d orbital of the Ti**
ion;1*%3% i) the weak pre-edge peak at 4970.6 eV (shoulder at
4968.3 eV) in the XANES spectrum (Figure 2b), that precedes
the absorption edge at 4979eV, is due to 1s—pd transi-
tions;"**"=% jjj) the two KB” lines present in the vtc-XES spec-
trum (Figure 2¢) at 4947 and 4953 eV are due to transitions
mainly involving molecular orbitals having primarily O(2s) and
Cl(3s) character, and thus identify the presence of oxygen and
chlorine ligands in the first coordination sphere of the Ti
sites.5>~37)

The catalysts were obtained from the above-mentioned pre-
catalyst upon interaction with the AIR; activator. To limit cata-
lyst deactivation, excess AIR; was used, and this step was per-
formed immediately before the spectroscopic measurements.
In some cases triethylaluminum (TEA, Aldrich, pure) was used,
in others trioctylaluminum (TOAI, Aldrich, 25% diluted in hep-
tane) was used. As proof that the obtained catalyst is active in
ethylene polymerization, Figure 3 shows the FTIR spectrum
(collected in attenuated-total-reflection mode) of TiMg+ TEA
after polymerization of C,D, at room temperature. Deuterated
ethylene was used to clearly detect the presence of polyethy-
lene by IR spectroscopy, without interfering with the vibration-
al modes of the AIR; activator. The spectrum, dominated by
the IR absorption bands of TEA and residual tetrahydrofuran,
clearly shows the characteristic v(CD,) bands of deuterated
polyethylene at 2193 and 2088 cm™' (inset in Figure 3).

The effects of Al-alkyls on the precatalyst are remarkable,
and involve both the local structure, as revealed by EXAFS
(Figure 1) and the electronic properties, as detected by DR UV/
Vis, XANES, and vtc-XES (Figure 2). EXAFS spectra of the two
catalysts obtained after interaction of TiMg with TOAI and TEA
(Figure 1a) are substantially different from that of TiMg. This
observation provides evidence that AIR; causes a drastic struc-
tural change in the precatalyst. This finding is valid not only

for the MgCl, phase, as previously demonstrated by X-ray
powder diffraction (XRPD),"**! but also for all the Ti species,
whose structure can not be elucidated by XRPD because of
the absence of a long-range order. The effect is the same irre-
spective of the activator used. Moreover, the spectra of the
catalysts are very similar to that of violet TiCl;, although 1/3
less intense, suggesting that the local structure of the new Ti
phase is analogous to that of TiCl;. A closer inspection of the
FT of the k*-weighted y(k) functions (Figure 1b,c) reveals that
the first shell signal is split into two components, evidenced as
a beat at 1.6 A in the Im(FT). The additional contribution at
low distance values might be due to a carbon atom belonging
to an alkyl chain, in agreement with the postulated Cossee-
Arlman mechanism.®'? Unfortunately, any attempt to fit the
experimental spectrum with a Ti—C contribution yielded unsat-
isfactory results (see Section S4 of the Supporting Information).
Instead, good results were obtained by considering that two
types of chlorine ligands, at shorter (Ti—Cl,,,) and longer (Ti—
Cliong) distances, exist and contribute to define the coordination
sphere around the Ti sites.

A summary of the fitted Ti—Cl distances and of the corre-
sponding coordination numbers (Ng) is shown in Figure 1d.
Coordination numbers of approximately 5.3 for TiMg+TOAI
and 5.1 for TiMg+ TEA were obtained, compared with 6.0 for
violet TiCl;. Coordination numbers smaller than the reference
indicate that a fraction of the Ti atoms (those at the surface)
do have at least one vacancy in their coordination sphere (i.e.
a fraction of Ti atoms have less than six chlorine ligands).
Within the experimental error, the Ti—Cl,,,, distances were
found to vary in the range of 2.40-2.50 A, and are slightly
shorter for the catalyst prepared with TOAI than with TEA (ap-
preciable also in the rough FT data, Figure 1a,b). It is worth
noting that the characteristic Ti—Cl distance for bridged chlor-
ine ligands in violet bulk TiCl; is 2.42 A, whereas in bulk TiCl, it
increases to 2.50 A. Therefore, the longer Ti—Cl,,,, distance
found for TiMg+TEA catalysts suggests the presence of Ti*"
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Figure 3. IR spectra, collected in ATR mode, of the TiMg + TEA catalyst
before and after polymerization of C,D,. The inset shows a magnification of
the v(CD,) absorption bands.

species, in agreement with the XANES and DR UV/Vis results
(see below).

Additional chlorine ligands at a distance shorter (Ti—Clg,,)
than that characteristic of bridged chlorine ligands in violet
TiCl; characterize the Ti coordination sphere in the two cata-
lysts. Similar results have been previously reported for similar
systems (TiCl,/MgCl,%* and TiCl,/MgCl, +TEA®¥), although with
small coordination numbers. In these works,®**® the short Ti—
Cl distances were interpreted in terms of close interaction of
the highly dispersed TiCl; phase with the MgCl, phase, which
occurs through a bridged chlorine species. However, we no-
ticed that Ti—Cl distances of approximately 2.20 A are charac-
teristic of terminal chlorine ligands.

We carried out a DFT geometry optimization (Figure 1e) of
a TiCl; nanocluster containing 13 Ti and 39 Cl atoms (Fig-
ure 1f); the cluster was cut from the a-TiCl; bulk structure
with R3 symmetry reported by Troyanov et al.*® D, symmetry
for the cluster was enforced, mimicking the symmetry of the
bulk material. One chlorine ligand was removed for each Ti
atom at the border, to maintain the TiCl; stoichiometry and to
simulate the presence of coordination vacancies. No other re-
strictions were imposed. In the initial model all the Ti—Cl dis-
tances were equal to 2.42 A. However, in course of optimiza-
tion the Ti—Cl distances evolved differently for bridged and ter-
minal chlorine ligands (Figure 1e). Chlorine ligands bonded to
the central (bulk-like) Ti atom were not significantly shifted
compared to the initial positions; the resulting Ti—Cl bond
length was 2.45 A. On the contrary, for terminal chlorine li-
gands the Ti—Cl distances were significantly contracted com-
pared to the bulk ones; optimization yielded the values of
2.2040.01 A depending on the terminal Ti site. It is worth
noting that virtually the same results were obtained for a clus-
ter fully terminated with chlorine ligands. Hence, the Ti—Cl dis-
tances do not seem to be affected by the presence of a vacan-
cy around the terminal titanium sites. The simple cluster
shown in Figure 1f does not have the ambition to represent
the active TiCl, phase in the investigated catalyst. For example,
it does not take into account the presence of the MgCl, phase
that is surely involved in the definition of the active phase. In
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this respect, it must be noted that Cl ligands bridged to one
Mg and one Ti instead of two Ti atoms are expected to have
very similar Ti—Cl distances. Nevertheless, this simple cluster
allows interpretation of the EXAFS data. In particular, the fol-
lowing statements can be safely made: 1) The AIR; activators
transform the molecularly well-defined TiMg precursor into
a TiCl, phase having a local structure very similar to that of
violet TiCl;, but a much larger fraction of terminal chlorine li-
gands, as a consequence of reduced dimensions; 2) the termi-
nal Cl ligands are characterized by a much shorter Ti—Cl dis-
tance; and 3) at least a fraction of the Ti sites do have a coordi-
nation vacancy.

Regarding the electronic properties, in the DR UV/Vis spectra
(Figure 2a and Figure S5a), a broad absorption appears in the
visible region, which is typical of d-d transition for Ti** species
in a six-fold geometry."? Simultaneously, the intense absorp-
tion around 25000 cm™' shifts upward, as expected for a de-
crease in the Ti oxidation state. In the XANES spectra, the edge
shifts to lower energy (Figure 2b and Figure S5b), suggesting
that the Ti oxidation state is less than +4.'” The pre-edge
peak becomes less intense and structured into three bands at
4967, 4969, and 4971 eV (inset in Figure 2b). Finally, the vtc-
XES spectrum of the catalyst (Figure 2¢c) no longer shows the
KB” lines characteristic of oxygen and chlorine ligands. Taken
all together, these data provide evidence that AlR; reduces Ti**
sites (mainly to Ti*" for TOAI, and perhaps to a mixture of Ti*"
and Ti’" for TEA), in agreement with literature results.""’ The
EXAFS, DR UV/Vis, XANES, and vtc-XES spectra of the catalysts
have strong similarities with the spectra of violet TiCl; (spectra
3 in Figure 2), with some differences that are discussed in the
following:

1) In the UV/Vis spectrum of the catalysts (Figure 1a and Fig-
ure S5a), the intense band higher than 30000 cm™" with
pure ligand-to-metal charge-transfer character, is the same
as that of TiCl;. On the contrary, the spectra of the catalysts
differ from that of TiCl; in the visible range, where the ab-
sorption bands are less intense and broader. In this respect,
it should be noted that for TiCl; the assignment of the ab-
sorption bands in the 12500-14000 cm™' region (Jahn-
Teller split d—d transitions of Ti*" sites in a distorted six-fold
geometry) and higher than 30000cm™" (fully allowed
charge transfer p-d transitions) is firmly established.2%4%"
However, the nature of the bands at approximately 19000
and 27000 cm™', with an intensity between that of local-
ized d-d transitions and that of charge-transfer transitions,
has been a matter of discussion in the literature. Absorp-
tion bands in this region are characteristic of many 3d' and
3d? transition-metal halides, and often overlap to produce
a relatively unstructured absorption that is responsible for
a prevalence of black materials. The most common inter-
pretation is that they are due to inter-site hopping transi-
tions of the type 2(3d")—3d°+ 3d? involving couples of Ti
sites bridged by chlorine ligands.***” The much lower in-
tensity of these bands in the UV/Vis spectrum of the cata-
lyst might be an indication that they are mainly due to lo-
calized (intra-site) rather than inter-site d—d transitions. This
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implies that, although bridged by chlorine ligands (as re-
vealed by the charge-transfer band higher than
30000 cm™), the reduced Ti sites in the catalyst do not
“communicate” to each other. On the other hand, the
broadness of the bands in the visible region reflects
a larger heterogeneity of sites. Both conclusions (more lo-
calized transitions and heterogeneity) are in agreement
with the hypothesis of a TiCl, phase having reduced dimen-
sion.

2) In the XANES spectrum of the catalyst (Figure 2b and Fig-
ure S5b), the pre-edge features (which are due to localized
transitions) overlap well with those of TiCl;. On the contrary,
the XANES spectrum of TiCl; has a much more structured
edge than that of the catalyst. In particular, a sharp feature
is observed at 4980 eV (with a shoulder at 4977 eV), which
was assigned to allowed Ti(1s)—Cl(4p) transitions, en-
hanced by the multiple scattering contributions characteris-
tic of crystalline materials.*>***? These features are absent
in the XANES spectrum of the catalyst, suggesting that the
multiple scattering contributions are limited. This observa-
tion is again in favor of a low-dimensional TiCl, phase.

3) Finally, the vtc-XES spectrum of the catalyst and of violet
TiCl; show very similar KB, 5 lines (Figure 1c), which are due
to transitions involving molecular orbitals with mainly
a ligand p character.®** Hence, the new TiCl, phase
formed in the catalyst should have the same valence orbi-
tals as violet TiCl;. On the contrary, a weak peak at approxi-
mately 4952 eV is observed in the vtc-XES spectrum of the
catalyst (inset in Figure 1c), which is not present in that of
TiCl;. In principle, transitions involving CI(3s) molecular or-
bitals could contribute in this energy region (as indicated
by the label for the TiMg precatalyst), provided that they
also have a Tip contribution.?*3**! Also, C ligands with sp?
hybridization can contribute in the same energy region. As
an example, the vtc-XES spectrum of TiC (Figure S6) shows
a prominent band at 4954 eV, which identifies the sp>-hy-
bridized carbon ligands. Hence, the weak band at 4952 eV
observed in the vtc-XES spectrum of the catalyst might
identify both chlorine and carbon ligands. We tried to dis-
criminate between the two possibilities by DFT theoretical
calculations conducted on the same TiCl; nanocluster
adopted to validate the EXAFS data analysis (Figure 1f).
However, simulation of the XES of TiCl; was very challeng-
ing, in line with the results reported in the study of Semen-
ta etal.,” and no decisive conclusions could be drawn
from them. Therefore, at the present stage, we are not able
to unequivocally assign the weak band at 4952 eV observed
in the vtc-XES spectrum of TiMg treated in excess of TOAI.

In summary, the experimental and theoretical data discussed
above contributes to the understanding of the role of alumi-
num alkyls in Ziegler-Natta catalysis. It was found that AIR; ac-
tivators reduce the Ti** sites originally present in the precata-
lyst, mainly to Ti*" for TOAI, and probably to a mixture of Ti*"
and Ti*" for TEA. The well-defined molecular structure of the
TiMg precatalyst is completely destroyed by the activators, and
a new highly dispersed TiCl;-like phase is formed, in which the
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Ti sites are quite heterogeneous. Indeed, as a consequence of
the limited particle size, the Ti sites are surrounded not only
by bridged chlorine ligands (with the same bond distance of
bulk TiCl;), but also by terminal chlorine ligands, at a much
shorter distance. Moreover, a consistent fraction of the Ti sites
contain a vacancy in the coordination sphere. The high disper-
sion of the active TiCl;-like phase is testified by the observation
that electronic transitions involving d electrons are more local-
ized than for bulk TiCl;. Despite the observation that the inves-
tigated catalysts polymerize ethylene, at present XAS and XES
techniques do not offer unequivocal proof of the presence of
any alkyl chain (i.e. carbon ligand) attached to the Ti sites. This
might be an indication that the number of Ti sites carrying the
alkyl chain (i.e. the active sites in ethylene polymerization) is
too small a fraction of the total Ti sites, and thus below the de-
tection sensitivity of the adopted techniques. Even though the
active Ti-alkyl sites were not unequivocally identified, it was
experimentally observed that the active phase originates from
an extensive reconstruction of a well-defined TiMg precatalyst,
and it is composed of TiCl;-like nanoclusters (terminating with
chlorine ligands with Ti—Cl bond distances much shorter than
in the bulk). This finding potentially has many implications for
the more common Ziegler-Natta catalysts obtained from the
activation of the much less-defined MgCl,/TiCl, precatalysts, for
which an even larger TiCl, dispersion could be predicted.
Hence, these results definitely set Ziegler-Natta catalysts in the
category of complex nanomaterials, which is not yet complete-
ly recognized in the literature. In this respect, any attempt to
optimize these systems should start from the awareness that
they need to be treated with adequate experimental and theo-
retical tools. Finally, it should be noted that the problems en-
countered in this work are common to most heterogeneous
catalysts; hence, the strategies here followed can offer some
hints for the investigation of other catalytic systems.

Experimental Section

The TiMg precatalyst was synthesized by dissolving the [TiCl,(thf),]
and [MgCl,(thf), 5] precursors separately in thf, followed by mixing
both solutions (Mg/Ti=2:1) and stirring for 3 h at room tempera-
ture. The solid product was recovered by evaporation of the sol-
vent, washed with dry pentane, and dried under vacuum. The
yellow solid obtained gave the following elemental analysis: Ti
5.9%; Mg 6.4%; Cl 32.4%.™ The catalysts were obtained from the
above-mentioned precatalyst upon interaction with the AIR; activa-
tor, as discussed above.

Ti K-edge XAS and vtc-XES spectra were collected at the BM26A
(DUBBLE) and ID26 beamlines at the European Synchrotron Radia-
tion Facility (ESRF, Grenoble, France), respectively. For both XAS
and vtc-XES experiments, the samples were measured in the form
of self-supporting pellets after mixing the powder with paraffin
(transparent to X-ray), inside a homemade quartz cell equipped
with two kapton windows. All the samples were manipulated in
a controlled atmosphere, inside an argon-filled glove-box. Argon
was removed from the cell before the measurement because it ab-
sorbs a high fraction of the incoming beam at the low energy of Ti
K-edge. Further experimental details are given in the Supporting
Information.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemcatchem.org

.@2 ChemPubSoc
_x Europe

UV/Vis-NIR spectra were collected in diffuse reflectance mode on
a Cary5000 Varian spectrophotometer. All the samples were mea-
sured in powdered form (diluted in Teflon) inside a cell with an op-
tical window (suprasil quartz) and allowing measurements to be
performed in a controlled atmosphere. IR spectra were collected
on a Bruker Alpha instrument, equipped with an attenuated total
reflection (ATR) accessory (diamond crystal), and placed inside the
glove-box. The spectra were collected in the 4000-500 cm™' wave-

number region, at a resolution of 2 cm™".

DFT calculations were carried out by using ADF2013 code.”’*®

Perdew-Burke-Ernzerhof exchange-correlation functional® com-
bined with D3 Grimme dispersion correction®™ was used. Slater-
type basis sets were chosen for all atoms: TZ2P for chlorine and
TZ2P + with additional d orbitals for titanium.*" Relativistic effects
were dealt with employing ZORA approach.”? Frozen-core approxi-
mation was used, thus neglecting the changes occurring to core
orbitals (up to 2p for both Ti and Cl) upon the formation of chemi-
cal bonds. Convergence criteria were set to 0.001 Hartree for
energy, 0.001 Hartree/A for gradients, and 0.01 A for bond distan-
ces.
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