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Genesis of MgCl,-based Ziegler-Natta Catalysts as Probed with

Operando Spectroscopy

Alessandro Piovano,™ Paul Pletcher,” Marjolein E. Z. Velthoen,™ Silvia Zanoni,™ Sang-Ho Chung,

[b.c]

Koen Bossers,™ Maarten K. Jongkind,™ Gianluca Fiore, Elena Groppo,*® Bert M. Weckhuysen*"

Abstract: Ziegler-Natta catalysts for olefin polymerization are
intrinsically complex, multi-component systems. The genesis of the
active sites involves several simultaneous and sequential steps,
making the individual steps and interconnections difficult to be
unraveled in an unambiguous manner. In this work, we combine X-
ray diffraction and spectroscopy to probe each step of the birth and
life of a MgCl,-based Ziegler-Natta catalyst, namely the formation of
high surface area MgCl, by dealcoholation of an alcoholate
precursor, the TiCl, grafting, and the subsequent activation by
triethylaluminum as co-catalyst. The so-prepared catalyst was tested
towards ethylene polymerization, leading to the production of mainly
crystalline high-density polyethylene. The use of operando
characterization techniques allowed for probing the transient details
that are difficult to be dissected in the aftermath, but can radically
affect the overall catalytic process.

Introduction

Nowadays, operando spectroscopic techniques are becoming a
mature technology to gain fundamental knowledge at the
molecular level of catalytic reactions taking place under
industrially relevant conditions, which include gas or liquid phase
conditions, reactions in the presence of solvents, at high
temperatures and pressures.*® Notable examples can be found
in recent literature about some industrial catalytic systems that
were implemented thanks to the know-how derived from the
operando spectroscopic approach. For instance, operando
spectroscopy helped in understanding and facing the
deactivation of some hydrogenation catalysts by CO, as
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byproduct,”® in defining the operating potentials necessary to
replace platinum with iron into the oxygen reduction reaction
(ORR) catalysts,*® and in improving the recyclability of the
selective catalytic reduction (SCR) catalysts by identifying the
side reactions responsible for hydrothermal aging. ¥ In each of
these cases and in many others, the use of operando
spectroscopic techniques rationally resolved the important
technical problems, that were compromising the effectiveness of
the catalytic processes.

In contrast, olefin polymerization catalysts, in particular the
Ziegler-Natta catalysts, have not been the topic of interest in
operando spectroscopic studies yet, despite their tremendous
impact in modern chemical industry.***® The high dilution and
the intrinsic heterogeneity of the catalytic sites, the co-presence
of spectator species and the high air sensitivity of the catalysts
and their activators are among the main reasons for the lack of
Ziegler-Natta operando spectroscopic studies.'® For these
reasons, despite sixty years of industrial practice, the structural
and electronic properties of the active sites and their functioning
during the olefin polymerization reaction are still subject of
debate,””?* and most of the advances in this field are still based
on a trial and error approach.?* %! Recently, operando
spectroscopies were successfully applied to disclose the
genesis of the Cr active sites in the Cr"/SiO, Phillips catalyst®®
and the molecular-level properties of Phillips-type catalysts
modified by aluminum-alkyls,?®?® demonstrating that these
methods have progressed enough to meet the technical
challenges posed by olefin polymerization catalysts. This
stimulated us in applying the same ensemble of characterization
techniques to investigate the genesis of the active sites for the
MgCl,-supported Ziegler-Natta catalysts, the topic of this work.

Generally speaking, Ziegler-Natta catalysts are multi-
component systems, whose synthesis involves several steps
directly inside the reactor, through the sequential addition of
different building blocks onto the support material.”® *? As far as
the MgCl, support is concerned, its introduction to the
composition of Ziegler-Natta catalysts in the 1970s marked the
beginning of the so-called third generation of catalysts and the
consequent exponential increase in the polyolefins world
production.?*Y Historically, the reason for the success of MgCl,
as a dispersing phase for TiClx was explained on account of the
similarity between its crystalline structure and that of the a and y
phases of TiCl;, which were the main constituents in the
previous generations of catalysts.*>* However, this concept
progressively evolved simultaneously with the discovery of the
active role of MgCl.in the olefin polymerization process. Indeed,



the exposed MgCI, surfaces affect the stereo- and electro-
chemical properties of the grafted TiCly species, thus influencing
the stereo-regularity of the obtained polypropylene,®>*" the
molecular weight distribution® 3! and the particles
morphology®“® “Y of several polymers, as well as the co-
polymerization behavior of different monomers,*? approaching
the same relevance as the ancillary ligands in homogeneous
catalysis.[*

Within this context, the MgCl, pre-treatment plays a
dominant role in determining the specific surface area of the
material and the morphology of the nanocrystals (i.e. the main
exposed surfaces). As a matter of fact, the distribution of the
active phase has already been proved to depend on the relative
extent of the surfaces exposing either 4-fold coordinated Mg
sites, as the (110) surface, or 5-fold coordinated Mg®* sites, as
the (104) one."* %! In the industrial practice, several procedures
are adopted to produced MgCl—based materials, including the
mechanical ball-milling of MgCl, in the co-presence of TiCl, and
suitable electron donors, the decomposition of previously
synthesized adducts between MgCl, and Lewis bases (such as
alcohols or ethers) in the presence of TiCls, and the direct
chlorination of Mg and Ti alkoxides with AIR,Cls., compounds.®*
4551 The latter method was recently proved to promote the
formation of MgCl, nanocrystals whose morphologies depend on
the starting alcoholic adduct.*® %% |n the past, Thune and
coworkers monitored by FT-IR spectroscopy in ATR mode the
direct transformation of the alcoholate precursor into the Ziegler-
Natta pre-catalyst in the presence of TiCl, and an electron
donor.®"

Complementary information about the chemically activated
MgCl, material can be achieved through a detailed investigation
of the complete thermal dealcoholation process. Such a
procedure is quite unusual in the industrial practice, but it is
fundamental to unravel the whole sequence of chemical
reactions taking place during the formation of the MgCl, support
material, affecting its final properties. So far, most of the
research efforts in this sense have been mainly focused on the
synthesis and the static analysis of a series of MgCl,-nROH
adducts (where ROH is usually ethanol) with different
stoichiometry, mimicking the progressive dealcoholation by
decreasing the n value from 6 to 0. Among the most relevant
studies, we cite the pioneering work of Di Noto et al. reporting a
detailed XRD and FT-IR characterization of several MgCl,-
NnEtOH adducts,®® followed by the Raman spectroscopic
investigation of Tewell et al.® the particle size distribution
analysis of Ye et al.,®" and the NMR structural characterization
of Sozzani et al, who first proposed also an analytical
methodology to recognize the pure MgCl,-nEtOH compounds
within a mixture.® All of these works agree in identifying n = 2
as the stoichiometric value that separates the compounds
containing Mg atoms octahedrally coordinated to the oxygen
atoms of ethanol (n > 2) from those in which a ionic structure is
already recognizable (n < 2). For this reason, D’Anna et al.
adopted exactly the MgCl,-2EtOH adduct as the model system
to study the successive titanation step and the structure of the
Ziegler-Natta pre-catalysts.®® All these studies represent a
fundamental benchmark for investigating the formation of MgCl,

from alcoholate precursors, though the industrial situation is
complicated by the co-presence of several intermediate states.
In this sense, the works of Bart and Roovers and of Jalali Dil et
al.®” %8 are much closer to the industrial scenario. The former
reports an ex situ XRD study on the adducts obtained upon
step-by-step dealcoholation of MgCI,-6EtOH performed in
accordance with thermogravimetric analysis (TGA), pointing out
the co-presence of several metastable intermediate phases at
each step. Three main structures were described: structures
with only discrete mononuclear species (either ionic or covalent),
polymeric polynuclear structures resulting from the association
of mixed Mg(EtOH),Cle.ny octahedra (with the CI ligands as
bridges), and more complex polynuclear structures with an
intermediate stoichiometry.®” Jalali Dil et al. reported a scanning
electron microscopy (SEM) investigation of some differently
dealcoholated MgCl, materials and of the polypropylene
produced by the corresponding MgClz-supported Ziegler-Natta
catalysts. It was found that the porosity of the MgCl,
progressively increases upon decreasing the alcohol content,
and consequently the polymer morphology changes from
eggshell to porous with an internal network.*®

As far as the active phase is concerned, it is generally
constituted by TiCls, as a precursor, which is then activated by
the co-catalyst, typically an Al-alkyl. The most used Ziegler-
Natta co-catalyst is triethylaluminum (TEA), although several
other organo-aluminum compounds can be used to vary the
electronic properties and the catalytic activity of the metal
centers. The activator is an integral part of the active phase, and
significantly influences the activity and the stability of the catalyst,
the polymerization kinetic profile, and the polymer molecular
weight and stereoregularity.”™ ® The reaction between the Ti**
chloride species on the pre-catalyst surface and the Al-alkyl
compound is generally described as constituted by two steps:
the formation of an organo-bimetallic complex and its
dissociation, with the concurrent reduction of Ti** to Ti®* and the
exchange of a Cl ligand with an alkyl group in the coordination
sphere of the titanium."® Further reduction to Ti?* is normally
prevented because of the steric hindrance of the surrounding
chlorinated Al-alkyl byproducts,’ although it is possible in the
presence of a very large excess of AlRs. In such a case, the role
of the Ti*" species in olefin polymerization is still controversial
and strongly depends on the catalytic process considered.*"
Despite some theoretical studies about the energy barriers and
the thermodynamic stability of the intermediate species within
the redox circuit including the Ti** precursor, the active Ti**, and
the deactivated over-reduced Ti?*, 7 the scientific community
is still looking for an experimental evidence that could shed light
on the activation mechanism at the molecular level.

The present work aims at sequentially characterizing the
steps that lead to the genesis of the active sites in a Ziegler-
Natta catalyst by employing complementary spectroscopic
methods, in order to identify the transient intermediate species.
This represents a fundamental step for the elucidation of the
relationship between structure and performances.”” As a part of
this investigation, we studied the thermal dealcoholation of
MgCl,-ROH adducts into high surface area MgCl,. It is worth
remarking that such a process do not necessarily pass through a



sequence of compounds with well-defined stoichiometry,

conversely to those characterized in the above-mentioned works.

To the best of our knowledge this is the first attempt to monitor
with an operando multi-technique approach the evolution of the
MgCl>-nROH adducts to MgCl,. Two different alcoholate adducts
were considered as precursors: MgCl,-nMeOH and MgCl,-
nEtOH. While the former was recently demonstrated by
Thushara et al. to generate the most suitable MgCl, material for
a surface science investigation in terms of specific surface area,
nanoparticles morphology and distribution of the catalytic
sites,*® % the results obtained starting from the ethanol adduct
serve as an indispensable connection with previous literature.
Similarities and differences between the two cases are duly
pointed out in the text. Afterwards, the investigation is focused

on the Ti species, which are the catalytically relevant active sites.

In particular, we report some direct observations on the TiCl,
grafting on the MgCl, surfaces, the reaction with the TEA
activator, and the activity towards ethylene polymerization.

Results and Discussion

Synthesis of a high surface area MgCl, from MgCl,-nROH
adducts

Figure 1 shows the thermogravimetric analysis (TGA) conducted
on the MgCl,-nROH adducts. In both cases, a systematic and
gradual loss of alcohol molecules occurs throughout the whole
temperature range from 25 °C to 250 °C, as evidenced by the
presence of sharp and quite well-defined peaks in the derivative
curve.
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Figure 1. Thermogravimetric (black line) and differential thermogravimetric
(grey line) analysis of MgCl,-6MeOH (part a) and MgCl,-6EtOH (part b) under

N flux (50 mL/min), collected at a heating ramp of 2 °C/min. The colored dots
delimit the temperature steps corresponding to the loss of one alcohol
molecule. These steps have been taken as references for the successive
measurements.

In the case of the adduct with methanol (part a), the total
weight loss observed at the end of the dealcoholation process
(67%) is in excellent agreement with the one calculated on the
basis of a starting MgCl,-6MeOH stoichiometry, within an error
of + 2%.7® Besides, a more refined analysis of the TGA profile
revealed that, although the weight loss begins already at room
temperature, the first methanol molecule is completely lost only
around 70 °C, and that almost five out of the six alcohol
molecules are lost below 150 °C. Comparable results were
obtained from the TGA of the adduct with ethanol (part b).
Indeed, also in the latter case the complete dealcoholation is
achieved at 250 °C and the observed total weight loss (73%) is
compatible with an initial MgCl,-6EtOH stoichiometry. The main
difference is that the MgCl,-6EtOH adduct loses only four out of
the six ligands below 150 °C, in agreement with previously
published data,® possibly due to the lower volatility of ethanol
with respect to methanol.

b)

Intensity

10 15 20 25 30 35 40 45 50 55 60
20 (deg)
Figure 2. Evolution of the X-ray powder diffraction (XRPD) patterns upon

dealcoholation of MgCl,-6MeOH (part a) and MgCl,-EtOH (part b), under N,
flux (20 mL/min) at increasing temperatures (2 °C/min), from 25 to 250 °C. The



color code is the same as in Figure 1 (25, 60, 90, 120, 150, 200 and 250 °C for
MgCl,-MeOH, and 25, 50, 80, 120, 170, 200 and 250 °C for MgCl,-EtOH).

The MgCIl,-ROH dealcoholation process was successively
followed by means of structural (XRPD) and spectroscopic (DR
UV-Vis and DRIFT) methods under operando conditions. For
each adduct we have defined six temperature steps,
corresponding to the most relevant weight losses as determined
by TGA (colored dots in Figure 1), at which we have been
collecting XRPD patterns and DR UV-Vis spectra, while the
DRIFT spectra were collected continuously during the
temperature ramp.

Figure 2 shows the evolution of the XRPD patterns during
the dealcoholation of the MgCl,-6ROH adducts under N, flow at
increasing temperatures. In the case of MgCl,-6MeOH (part a),
pattern 1, collected at room temperature, is characteristic of a
solid solution in which both the Mg?* cations and the CI~ anions
are surrounded by six alcohol molecules in the first solvation
shell,l”® ®! thus confirming the stoichiometry resulting from the
TGA. In this sense, the structure of the solid MgCl,-6MeOH
adduct can be considered as an arrangement of discrete
octahedra with Mg®" ions in the centers and MeOH molecules in
the corners, and with the chloride ions excluded from the Mg**
coordination sphere as counterions.®) Upon increasing the
temperature, the appearance, transformation and disappearance
of several (broad) diffraction peaks are clearly evident and testify
the formation of different intermediate crystalline phases as a
function of the alcohol content. In particular, the disappearance
of the two peaks at 19° and 21° (triangles in Figure 2a) and the
appearance of a very weak peak at 12.5° in pattern 4 (star in
Figure 2a) are associated with the transition from predominantly
solvated ionic structures to covalent MgCl, long chains, featuring
chlorine bridges connecting the Mg atoms.%? ®¥ The final XRPD
pattern (pattern 7) is that of a layered 6-MgCl, phase
characterized by an extensive structural disorder, in agreement
with the literature findings,®* ¥ although the sporadic alternation
of only partially converted MgCI(OMe) layers cannot be
excluded.’® In particular, the diffraction peak around 26 = 15° (d
= 5.90 A) corresponds to the (001) basal plane, and its
broadness is related to the nano-sized dimensions of the
crystalline domains. Moreover, very broad and weak peaks at 26
values around 30-35° and 50° indicate the presence of the
catalytically relevant (104) and (110) planes, respectively.® For
the MgCl,-6EtOH sample, a slower evolution of the XRPD
patterns is observed (Figure 2b). The diffraction peaks
associated with the intermediate crystalline phases disappear at
higher  temperatures, in fair agreement with the
thermogravimetric profile (Figure 1b). However, the final pattern
is the same as that obtained from MgCl,-6MeOH. This is a clear
limit of the XRPD technique, which is unable to reveal subtle
structural differences for nano-sized and disordered materials.®®

DR UV-Vis-NIR spectroscopy was applied to monitor the
evolution of the electronic properties during the transition from
the MgCl,-6MeOH and MgCl,-6EtOH precursors to the activated
MgCl, (Figure 3). The spectra of the starting MgCl,-6ROH
adducts (spectra 1 in Figure 3a and b, respectively) show two
main bands at ca. 31000 and 38500 cm™, which are assigned to

charge-transfer (CT) transitions involving the Mg*" centers and
the ROH ligands, while the bands observed below 10000 cm™?
(very narrow) are the overtones and combinations of the
vibrational modes of the ROH molecules. Upon dealcoholation,
the bands below 10000 cm™ progressively disappear, while the
CT bands are gradually modified both in intensity and in position.
In particular, a new intense absorption band gradually appears
at ca. 42000 cm™, which is tentatively ascribed to the charge
transfer transition from a CI” ligand to a highly uncoordinated
Mg>" center, in analogy to what reported by Zecchina et al. for
defects on MgO.¥ A second envelope of bands is detectable in
the final spectrum (spectrum 7) at 33000 and 23500 cm™, which
are responsible for the goldenrod yellow color of the samples
and are compatible with the presence of trapped electrons, i.e.
color centers.®! This phenomenon is more pronounced for the
MgCl-EtOH.z50 sample (Figure 3b). These bands are not
affected by the successive adsorption of molecules (including
H20), suggesting that the color centers are buried in the bulk of
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Figure 3. Evolution of the diffuse reflectance (DR) UV-Vis spectra upon
dealcoholation of MgCl,-6MeOH (part a) and MgCl,-EtOH (part b), under N,
flux (20 mL/min) at increasing temperatures (2 °C/min), from 25 to 250 °C. The
color code is the same as in Figure 1 (25, 60, 90, 120, 150, 200 and 250 °C for
MgCl,-MeOH, and 25, 50, 80, 120, 170, 200 and 250 °C for MgCl,-EtOH).



Finally, Figure 4 shows the evolution of the DRIFT spectra
during the dealcoholation of MgCIl,-6ROH at increasing
temperature. In the case of MgCl,-6MeOH (Figure 4a), the initial
spectrum is dominated by the absorption bands of the methanol
molecules entangled within the material. The spectrum of liquid
methanol (reported in Figure 4a for the sake of comparison) is
characterized by the v(OH) band at 3330 cm™, the asymmetric
and symmetric v(CHs) at 2943 and 2832 cm™, the 5(CHs) at
1450 cm™, the 3(OH) at 1420 cm™, Socking(OH) at 1115 cm™,

1Y
—

Kubelka-Munk (K.M.)

the v(C-O) at 1022 cm™, and a very weak and broad band at
2600-2500 cm™ including several combinations of the bending
and rocking modes.®® In the v(OH) region, the spectrum of
MgCl>-6MeOH is very similar to that of liquid methanol. This is in
agreement with the NMR data reported by Butler et al,
indicating that the MeOH molecules in the solvation shell of Mg
halides are perturbed in a similar way as the MeOH molecules in
the liquid phase.
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Figure 4. Evolution of the diffuse reflectance infrared Fourier transform (DRIFT) spectra upon dealcoholation of MgCl,-6MeOH (part a) and MgCl,-EtOH (part b),
under N; flux (20 mL/min) at increasing temperatures (2 °C/min), from 25 to 250 °C. The color code is the same as in Figure 1 (25, 60, 90, 120, 150, 200 and
250 °C for MgCl,-MeOH, and 25, 50, 80, 120, 170, 200 and 250 °C for MgCl,-EtOH). Both sequences of DRIFT spectra are compared with the spectra of

respective liquid alcohols collected in attenuated total reflectance (ATR) mode.

In the v(CHy) region, the bands due to the asymmetric and
symmetric v(CH3;) modes are more spaced to each other (at
2960 and 2795 cm™) because of the interaction with the CI”
counterions, and three new bands are present at 2980, 2867
and 2750 cm™. The three bands are respectively assigned to
the asymmetric and symmetric v(CHs) and to the overtone of the
5(CHs) for methoxy ligands coordinated to the Mg?".°* ° During

the dealcoholation process, the v(OH) band reduces in intensity
and progressively shifts up-ward to ca. 3620 cm™, because of
the continuous loss of the H-bonding interaction among the
alcohol molecules in the coordination sphere of the Mg?* ions. In
the v(CHy) region, the spectra gradually simplify, and the bands
associated to the methoxy species are the only ones remaining
in the final spectrum, although with a very low intensity. As a



matter of fact, spectrum 7 is characterized by a very low
absorption in the whole spectral range (as expected, since neat
MgCl, should be completely transparent in the Mid-IR region).
The few residual bands indicate the persistence of a small
number of alcohol-derived moieties, strongly bound to the MgCl..
The most intense band (out-of-scale in DRIFT) is centered
around 750 cm™, and indicates the formation of Mg-O covalent
bonds. These results are in good agreement with the recent
findings, which pointed out the formation of methoxy groups
during the synthesis of methanol-shaped Ziegler-Natta catalysts
through the thermal deprotonation of the outgoing MeOH
molecules.® Finally, it should be also noted that a weak band at
1620 cm™ starts growing during the first steps of the
dealcoholation, but rapidly decreases at temperatures above
120 °C. This band is assigned to the 8(OH) vibrational mode of
physisorbed water,® which derives from very small impurities in
the N flux despite the optimization of the experimental setup.
This adventitious water cannot adsorb until the MgCl, surface is
covered by the alcohol and is easily removed at temperatures
above the boiling point.

An analogous sequence of DRIFT spectra was also
observed upon dealcoholation of the MgCl,-6EtOH adduct
(Figure 4b). Also in this case the first spectrum is dominated by
the spectroscopic manifestations of the pure alcohol, whereas

the last spectrum presents only a few bands due to residual
ethoxy byproducts, whose formation has already been assessed
in literature. ¢ %3

The whole set of experimental data discussed in this
section converges in showing that the stepwise dealcoholation
of the MgCl,-6ROH adducts occurs through the formation of a
large number of intermediate species (some of them crystalline)
and following a series of side reactions often neglected in the
specialized literature. The slightly different evolution of the two
alcoholate precursors may explain the different properties of the
produced MgCl,, in terms of specific surface area, particles size
and morphology.[8 5 94 I

Genesis of the active sites on MgCl,

The reactions of the high surface area MgCl, with TiCl, and TEA,
leading to the active Ziegler-Natta catalyst, were followed by
operando DR UV-Vis and DRIFT spectroscopic techniques.
Qualitatively, no significant differences are observed between
the spectra collected on the sample derived from the MgCl,-
6MeOH and the spectra collected on the sample derived from
the MgCl,-6EtOH, indicating that the different precursors affect
only the content and the distribution of the Ti centers, but not
their intrinsic properties.
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Figure 5. Evolution of the operando diffuse reflectance (DR) UV-Vis-NIR (Part a) and diffuse reflectance infrared Fourier transform (DRIFT) (Part b) spectra upon
titanation of MgCl,.250 at 90 °C with injections of hexane-diluted TiCl, in N, flux (from spectrum 1 to spectrum 2), and upon activation of MgCl,.250/TiCls.q0 at 25 °C
with injections of hexane-diluted TEA in Ny flux (from spectrum 2 to spectrum 3). Inset of part b shows a magnification of the DRIFT spectra in the 1500-1000 cm™
region; the spectra are compared with the spectrum of liquid triethylaluminum (TEA) collected in attenuated total reflectance (ATR) mode.

Upon dosage of a stoichiometric amount of TiCl, at 90 °C,
two intense absorption bands at 42000 and 35500 cm™ (with a
well-defined shoulder at 28000 cm™) appear in the DR UV-Vis
spectrum (spectrum 2 in Figure 5a). These bands are assigned
to charge transfer transitions from the Cl ligands to the Ti metal
centers of the newly formed TiCly species. According to the
Jorgensen rules on the optical electronegativities of transition
metals and their ligands,®® °7 the band at 28000 cm™ is
univocally ascribed to 6-fold coordinated Ti** sites, while at
higher wavenumbers also 4-fold coordinated Ti** sites give a

contribution.®® Interestingly, the band at 28000 cm™ has a
slightly slower dynamics than the other bands. This observation
can be related to an initial step of physisorption of TiCls, which is
arranged in tetrahedrons both in the liquid and vapor phases,
followed by chemisorption in a more stable configuration, where
Ti centers assume an octahedral geometry, as well established
in the literature.™* °°1°2 This spectral sequence is in agreement
with the observations of Brambilla et al. for ball-milled MgCls-
TiCl, complexes.’®™ On the contrary, a few changes are
observed upon titanation of MgCl,2s0 in the MIR region



(spectrum 2 in Figure 5b). A slight decrease of the v(OH)
absorption band at around 3500 cm™ indicates that TiCl, reacts
with residual alcohol-derived species and/or with traces of
adventitious H,O on MgCl, surface. Such a reaction is also
accompanied by the appearance of a very weak band at around
1100 cm™ (clearly visible in the inset), which is attributed to the
formation of Ti alkoxide byproducts.%%

During the activation with TEA at 25 °C, an extensive
absorption slowly appears in the DR UV-Vis spectra in the d-d
region (from spectrum 2 to 3 in Figure 5a), showing the
reduction of the Ti* centers to Ti**.*® In particular, two bands
are distinguishable at 21000 and 14500 cm™. These bands are
quite broad and relatively intense (ca. 1 K.M. unit), despite the
low concentration of Ti (1 wt%), suggesting that most of the Ti**
sites are not isolated but rather aggregated into small clusters,
as it was first proposed by Brant and Speca on the base of
quantitative EPR measurements.% %! As a matter of fact, such
a spectrum resembles those of the violet a and y-TiCls, % 107
which present two intense bands at 18300 and 13800 cm™. The
latter band is ascribed to an intersite *T,;—’Ey d-d transition
involving two Ti** sites bridged by a CI ligand, thus gaining
intensity from the Cl — Ti CT transition at higher energy.%® The
slight blue-shift to higher wavenumbers of the MgCly-250/TiCls-
o/TEA spectrum with respect to that of bulk TiCl; can be
explained in terms of the smaller sizes of the TiCly aggregates,
but it is also compatible with the presence of alkyl ligands in the
coordination sphere,*® in accordance with the spectrochemical
series of the ligands.*'? It is worth noticing that the DR UV-Vis
spectra shown in Figure 5a neither exclude the presence of
isolated Ti** sites (that should contribute at around 12000 cm~
11081 or higher if alkylated,**" @ put with a much weaker
intensity), nor the presence of over-reduced Ti** sites (that
should contribute in an extended spectral range, but with a very
weak intensity).***! We are tempted to exclude Ti over-
reduction on account of the low amount of TEA used during the
experiment (Al:Ti=2:1),*® but the co-presence of both isolated
TiCly species and Ti clusters, each one expressing a specific
activity,**") is plausible and cannot be discarded at all.

DRIFT spectra upon TEA dosage in Figure 5b are
dominated by the absorption bands of the hexane solvent, but
they are no more present in the final spectrum after flushing the
cell with N2 (spectrum 3). In that spectrum TEA dosage is
testified by the appearance of some absorption bands in the

v(CH,) (2950-2800 cm™) and 5(CH,) (1500-1350 cm™) regions,
which are related to the vibrational modes of the alkyl chains
deriving from TEA. These bands are very similar to the
fingerprints of pure TEA (inset in Figure 3b),**® and account for
the coexistence of alkylated TiClRy species, AIRCl, byproducts,
and unreacted AlR3, as already observed for other Ziegler-Natta
catalysts.**® 2 Unfortunately, a clear distinction among all the
different species could not be addressed here. Finally, a few
changes are observed in the range between 1100 and 1000 cm™
1 likely associated to the reaction of TEA with the above
mentioned Ti alkoxide species.

Ethylene polymerization

The activity of the MgCl,.250/TiClsgo/ TEA catalyst towards
ethylene polymerization was tested by contacting the catalyst
with ethylene (20 mL/min, 25 % of CyH; in N;) at room
temperature and atmospheric pressure. Under these conditions,
the catalyst is quickly submerged by a thick layer of polyethylene.
This is well-evident in Figure 6, which shows the picture of the
sample in the DRIFT cell before (part a) and after (part b)
ethylene polymerization (10 minutes). The powder enormously
increases in size, up to an overflow from the sample holder. As a
consequence, no significant information can be achieved
anymore by DR UV-Vis spectroscopy, because such a polymer
coating changes the light scattering properties of the catalyst
particles under study, shielding the catalytic sites from the
incident light and negatively affecting the overall absorbance of
the spectra, as clearly illustrated by Barzan et al. when studying
ethylene polymerization on the Phillips catalyst?® The
occurrence of ethylene polymerization is also clear by evaluating
the evolution of the DRIFT spectra in Figure 6c, analogously to
what recently observed on industrial catalysts.™? After flushing
the cell with pure N to remove from the spectra the roto-
vibrational contributions of gaseous ethylene (centered at 3105,
2990 and 1445 cm™), spectrum 3 in Figure 6c is dominated by
the signals of growing polyethylene, that are the off-scale
asymmetric and symmetric v(CH) and 6(CH,) modes (at around
2920, 2855 and 1470 cm™, respectively), and the very weak
overtones and combinations (e.g., Vasym(CH2)+8(CH2) and
Veym(CH2)+8(CH>) at 4320 and 4250 cm™, respectively), further
demonstrating the formation of polyethylene by the catalyst
system under study.*?" 1%

Figure 6. Parts a and b) Pictures of the MgCl,.2s0/TiCls.o/ TEA catalyst within the Harrick Praying Mantis diffuse reflectance infrared Fourier transform (DRIFT) cell

before and after ethylene polymerization. Part c) Evolution of the operando FT-IR spectra upon ethylene polymerization (N,:C,H,4 = 75:25, 20 mL/min) on the
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MgCl,.250/TiCls-0o/ TEA catalyst (from spectrum 1 to spectrum 2) and after flushing the cell with pure N, flux (spectrum 3). The spectra upon ethylene polymerization

were collected every minute for 10 minutes.

Conclusions

The individual steps for the synthesis of a Ziegler-Natta catalyst
were successfully monitored, pointing out all the intermediate
transitions that could not have been detected otherwise, but are
crucial for the final composition of the catalyst. Although the
adopted procedure is unusual for the industrial practice, where
most of the reactions take place all at once within the reactor,
some important remarks were achieved on the genesis of the
Ziegler-Natta catalysts. The dealcoholation of MgCl,-nMeOH
and MgCl,-nEtOH adducts to arrive at a high-surface area MgCl,
evolves through a considerable number of intermediate phases
(some of them which are found to be crystalline), resulting in the
formation of alcohol-derived by-products strongly bound to the
material. Such an observation substantiate the different
properties reported in literature for MgCl, derived from different
alcoholate precursors. Then, the titanation of the so formed
MgCl, support material appears to be divided into two sequential
steps, in which TiCly is first physisorbed onto the surface and
then strongly chemisorbed on MgCl,. Finally, the activation of
the pre-catalyst by triethylaluminum clearly causes the formation
of Ti clusters through the partial aggregation of the surface TiClx
species, although the concurrent presence of isolated Ti centers
cannot be discarded. The resulting Ziegler-Natta catalyst,
synthesized through a surface science approach, presented a
valuable activity towards ethylene polymerization, hence it can
be considered as representative for industrial catalysts.

The reported data clearly demonstrate that operando
spectroscopy allow appreciating transient details, that otherwise
would not be revealed. Such information can be complementary
with the fundamental studies under static conditions already
present in literature, highlighting expediencies and criticalities
intrinsic to the catalytic process, but which are often neglected.
In this way it is possible to acquire a more complete knowledge
of Ziegler-Natta catalysis.

Experimental Section

Materials Synthesis

Anhydrous MgCl, powder (299%), methanol (99.8%) and ethanol
(299.8%), toluene (99.8%), hexane (95%), TiCls (99.9%), and
triethylaluminum (TEA, 93%) were used as received from Sigma-Aldrich.
All the compounds were handled in a glove-box and treated under N flux
(>99.998%, Rivoira), in order to avoid possible contaminations. Solvents
were dried under activated molecular sieves.

All experimental steps are summarized in Scheme 1 and described
in detail in the following paragraphs.

The MgCl,-nROH adducts were synthesized through an azeotropic
distillation method (step a in Scheme 1), stirring for 3 h at 95 °C under
inert atmosphere a solution of MgCl, in alcohol (either methanol or

ethanol, 12 mL per gram of MgCl,) and toluene, according to a procedure
well established in the literature,™ ¥ and in the same way as reported
in previous works."* 9 At the end of the process, the precipitation of the
MgCl-nCH3OH or MgCl,-nCH3;CH,OH powders occurred, in agreement
with the MgCl, solubility models proposed by Zeng et al.*?4

The controlled dealcoholation of the MgCl,-nROH adducts (step b)
was achieved in Nz flux (20 mL/min), heating the samples with a
temperature ramp of 2 °C/min up to 250 °C, followed by 30 min of
isotherm at the same temperature. The final temperature of this thermal
treatment was chosen on the basis of the thermogravimetrical analysis
(TGA), to assure the complete removal of all the alcohol molecules. The
activated high-surface area MgCl, will be referred to as MgCl..2so.

For the titanation of activated MgCl, (step c), a stoichiometric
amount of TiCls, necessary for achieving a final Ti content of 1 wt%, was
diluted in hexane (50 % v/v in hexane) and injected through a septum in
the N flux (20 mL/min). Then the TiCl, vapors reach with the activated
MgCl, at 90 °C. The employed setup is similar to that described in
previous work.?” The final amount of titanium that is grafted on MgCl,
with this procedure is close to 1.0 wt%, as determined by ICP analysis. "
The so formed pre-catalysts will hereafter be referred to as MgCl,.
250/ TiCls-g0.

The activation of the MgCl,.250/TiClsgo pre-catalyst (step d) was
accomplished by using a diluted solution of TEA (1.25 M in hexane),
attaining an average Ti:Al stoichiometry of 1:2, with respect to the total
TiCl, injected. TEA was dosed at room temperature, following the same
procedure described for TiCl, dosage. The resulting active catalyst will be
referred to as MgCl,.250/ TiCla.go/ TEA.

Both TiCl, and TEA dosages are followed by a mild washing of the
catalyst by injecting some pure solvent into the N, flux through the
sample.

a) azeotropicdistillation (MgCl, in ROH and toluene)

» MgCl,-nROH

b) dealcoholation at 250 °C (N, flux or vacuum)

> MgCl, 550

¢) TiCl, dosage at 90 °C

> MECl, e/ TiCl, o0

d) TEA dosage at room Temperature (Al:Ti=2:1)

l > MgCl, 550/ TiCl, o0/ TEA

e) ethylene polymerization

Scheme 1. Sequence of the experimental steps for the whole catalytic
process under examination. All stages are labeled as in the main text,
following the same color code in the next figures.

Ethylene polymerization (step e) was performed flowing through
the measurement cell at 20 mL/min a 75:25 mixture of N, and C;Hs
(>99.9%, Linde), at room temperature and atmospheric pressure.

Materials Characterization and Testing

Thermogravimetric analysis (TGA) measurements during the MgCl,-
nROH dealcoholation were performed with a TA Q600 instrument at a
heating rate of 2 °C/min in a temperature range between 30 and 300 °C,



under Nz flux (50 mL/min). Operando X-ray powder diffraction (XRPD)
measurements were performed using a PANalytical X'Pert diffractometer
(Cu Kq radiation), inserting a flat sample (Bragg-Brentano geometry) into
an Anton Paar XRK 900 reactor chamber equipped with a hot stage and
gas fluxing system. A sequence of isothermal measurements was
performed in the range 25-250 °C, following the temperature steps
derived from the TGA analysis (the heating rate between each isotherm
was 2 °C/min). Operando FT-IR spectra were collected in diffuse
reflectance mode (DRIFT) with a spectral resolution of 2 cm™ with a
Perkin-Elmer 2000 spectrometer equipped with a DTGS detector. The
samples were positioned inside a Harrick Praying Mantis DRIFT
accessory equipped with ZnS windows, connected with a gas flow
system. The UV-Vis-NIR spectra were collected in diffuse reflectance
(DR) mode using a Varian Cary5000 spectrophotometer, equipped with a
perfectly white reflectance sphere. The samples were placed inside a
quartz cell with an optical quartz window (“Suprasil”). The spectra were
collected in reflectance and successively converted into Kubelka-Munk
units.

Keywords: Ziegler-Natta catalyst ¢ operando spectroscopy e
ethylene polymerization » MgCl,
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Operando X-ray diffraction and DRIFT and DR UV-Vis spectroscopies were applied to get information
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