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ABSTRACT

Although the formation of nanosized and defective 6-MgCl; is essential for the performance of
Ziegler-Natta catalysts, the process has not sufficiently been elucidated due to certain
limitations in characterization. Here, the formation of nanostructures and active surfaces of
Ziegler-Natta catalysts were investigated in detail based on a multifaceted set of
characterization techniques represented by X-ray total scattering and various spectroscopies,
in correlation with chemical composition analysis and polymerization tests. Solid samples were
extracted in the course of the catalyst preparation from Mg(OEt)2, and subjected to the analysis.
Several interesting results were found. The addition of TiCls almost spontaneously converts
Mg(OEt), into MgCl> seeds mainly exposing the {001} basal surface, whose dimensions are
below 2 nm; a large Ti amount stays on the material as physisorbed 4-fold coordinated
TiClL(OEt)s.» species. The heating treatment removes the physisorbed TiCl,(OEt)s.x and/or
convert them into chemisorbed 6-fold coordinated TiCl(OEt)s.., while the subsequent addition
of an internal donor (here dibutyl phthalate, DBP) promotes a substantial reconstruction and
growth of MgCls seeds to almost the same size as the final catalyst (ca. 6 nm), with the exposure
of the more catalytically relevant lateral surfaces. DBP is in one part adsorbed on MgCl>
surfaces and in the other part complexed with Ti sites. This complex is only partially removed
in the following steps of the synthesis. The second TiCls addition replaces the chemisorbed
TiCL(OEt)s., with 6-fold coordinated TiCl4 species, but it also causes side reactions with DBP,
as testified by the formation of phthaloyl chloride (POC). After activation by triethylaluminum
(TEAL), the activity per Ti for ethylene was almost constant throughout the whole preparation
process after the initial TiCl4 addition, whereas the activity for propylene was negligible before
the addition of the donor and increased dramatically in the subsequent steps of the preparation.
This was further investigated based on spectroscopies for TEAl-activated samples, in order to

individuate the active Ti species responsible for the catalysis and to monitor the fate of DBP
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upon TEAI reaction. The multifaceted characterization approach allowed us to integrate
information on the formation of 6-MgCl,, their surfaces, and adsorbed species, providing us
with deep insights into the meaning of each step within an industrial catalyst preparation

method that has been empirically refined over a long history.

1. INTRODCUTION

After almost seventy years since Karl Ziegler and Giulio Natta broke the monopoly of Nature
on the synthesis of stereoregular polymers, Ziegler-Natta (ZN) catalysts are nowadays
responsible for 99% of the world polypropylene (PP) production as well as one fourth of that
of high-density polyethylene (HDPE).! The economic turnover of this industrial process
brushes the verge of 300 billion dollars in 2020 and is forecasted to still grow at a compound

annual growth rate of 6 % in the next decade.’

From their original and quite simple composition, ZN catalysts have evolved along several
generations characterized by a gradually improved activity and stereoselectivity, up to the
current multi-component composition: TiCls (the active phase) is dispersed with organic Lewis
bases (the internal donors) on MgCl, (the support material) and activated by AIR3 (the co-
catalyst), together with other organic Lewis bases (the external donors).>¢ The internal/external
donors are considered to be located at the vicinity of the Ti active species and to improve
stereospecificity through steric hindrance. Such complex composition allows, by means of
catalyst design, finely controlling the structure of the produced polymer across multiple scales,
from the molecular architecture of the polymer chains to its distribution critical for actual

properties, and finally to the morphology of the polymer particles.
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In industrial practice, two main routes have been developed to integrate TiCls, MgCl,, and
an electron donor into a single solid material, usually called pre-catalyst.? Note that the electron
donor in the pre-catalyst is termed as internal donor to distinguish it from the external one,
which is added directly in the reactor along with the AIR3 activator. The former route
(traditional) is based on the mechanical ball-milling of highly crystalline MgCl, (a form) with
the internal donor and/or TiCls.”'* The latter route (advanced) employs the chemical
transformation of a MgCl-precursor into nanostructured and highly defective MgCl (& form)

by TiCls itself in the presence of the donor,'*?

and generally leads to more disordered and
more active nanostructures.*3? In a typical chemical preparation route, all the components are
intimately connected to each other. TiCls promotes the chlorination of the precursor into MgClz
and exerts a capping effect on the newly formed MgCl» nanoparticles.*® The electron donor not
only influences the MgCl> morphology by stabilizing specific surfaces,?* >? but also interacts

3437 or more plausibly through coadsorption.*® By-

with the Ti sites through direct coordination
products formed during the chlorination must not be overlooked as these products could adsorb

on MgCl, surfaces, and work as catalytic poisons unless properly removed.*

All the above-mentioned events parallel in the catalyst preparation to determine the final
structure of ZN catalysts at multiple length scales and, in turn, the catalyst performance.
Therefore, monitoring the evolution of the catalysts along the synthesis is the only way to
elucidate all the inter-connections between their components, laying the groundwork for a
future rational design of new and more efficient catalytic systems. In this work, we focus on
the ZN catalyst obtained from a Mg(OEt), precursor, using dibutyl phthalate (DBP) as an
internal donor. The Mg(OEt);-based ZN catalysts are among one of the most employed
catalysts in industrial PP production, because of their high activity and stereoselectivity. The
difficulties of this investigation rely not only on the chemical lability or air sensitivity of

samples, but also on the multi-technique approach needed to face such a multi-scale
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complexity, ranging from the local structure of the Ti sites to the textural properties of MgCl»
particles. Only a few pioneering works in the literature dealt with the evolution of the material
during the ZN catalyst synthesis from Mg(OEt)>, where a series of samples were extracted from
the reactor, and characterized for their chemical composition, structure, and activity.**4?
According to Jeong et al., the activity towards propylene polymerization increases linearly with
the increase in the number of TiCls addition, while the presence of an internal donor affects
drastically the stereospecificity of the catalyst (enhancing the isotacticity of the produced PP
from less than 50 % up to 95 % in mmmm).** More in details, Chumachenko et al. found out
that the reaction at early stages between Mg(OEt). and TiCls leads to a mixture of MgCl, and
TiCl3(OEt) with very high surface area (415 m*/g) but low activity and stereospecificity, while
the subsequent addition of DBP causes the removal of inactive TiCI3(OEt), the growth of
MgCl: crystallites (the surface area decreases to 211 m*/g), and a significant increase of the
overall activity and stereospecificity.*’ Finally, Kim et al. mostly focused on the mutual

reactions between Mg(OEt)2, TiCls and the benzoyl chloride (BzCl) used as an electron donor

or its precursor, demonstrating the high interchangeability of (OEt)” and CI™ anionic ligands.*!

Recently, we proposed a combination of cutting-edge characterization techniques to clarify
the identity of 6-MgCl,, which includes X-ray total scattering for defining the nano-sized and
disordered structure,*® and vibrational spectroscopies for determining the exposed surfaces and
their relative extension.* In this study, the same approach has been adopted, but complemented
by chemical analysis, polymerization tests and UV-Vis spectroscopy, in order to elucidate the

chemical reactions and structural evolution taking place during the ZN catalyst preparation.

2. EXPERIMENTAL

2.1. Reagents
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Mg powder was purchased from Merck, KGaA. Ethanol (purity > 99.5%, Kanto Chemical)
was dried over 3A molecular sieve with N> bubbling. lodine (Lo, purity > 99.999%, FUJIFILM
Wako Pure Chemical) was used as a halide initiator. n-Heptane (purity > 99.5%, ), toluene
(purity > 99.5%), and di-n-butylphthalate (DBP, purity > 98%) were purchased from
FUJIFILM Wako Pure Chemical and dried over 4A molecular sieve with N> bubbling.
Triethylaluminium (TEAI) was donated by Tosoh Finechem.
Cyclohexylmethyldimethoxysilane (CMDMS) was purchased from Sigma-Aldrich and
purified by vacuum distillation. Propylene was donated by Japan Polychem Corp., and ethylene

was purchased from Sumitomo Seika Chemicals Co., Ltd.

2.2. Catalyst Synthesis

All the manipulations and storage were performed under a N> atmosphere to prevent moisture
contamination. The starting material, Mg(OEt)2, was synthesized according to a previously
reported method.**¢ Briefly, 2.64 mmol of I, and 25.0 g of ethanol were introduced to a 500
mL jacket-type flask equipped with a mechanical stirrer rotating at 180 rpm. After dissolving
> in ethanol at 75 °C, 2.5 g of Mg powder and 25.0 g of ethanol were added. The same amount
of Mg powder and ethanol were repeatedly added with sufficient intervals between individual
additions. The total amount of Mg powder and ethanol were 25.0 g and 125 g. The resultant
solid product was recovered by washing with 200 mL of ethanol and dried in vacuo at below

40 °C.

The procedures for catalyst preparation and sampling are shown in Scheme 1. A three-necked
flask (500 mL) equipped with a mechanical stirrer and purged with N2 was charged with 20 g
of Mg(OEt), powder and 136 mL of toluene. 20 mL of TiCls was dropwise introduced by
keeping the temperature of the mixture below —5 °C. The mixture was gradually heated, and

when the temperature reached 60 °C, 4.3 mL of DBP was dropped in the flask. The mixture
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was further heated, and kept at 110 °C for 2 hours. The solid product in the flask was washed
with toluene twice by a decantation method, and then 16 mL of TiCls and 68 mL of toluene
were introduced. The mixture was heated and aged at 110 °C for 4 hours. Note that the aging
time after the second addition of TiCls is usually set to 2 hours, while the duration was extended
to 4 hours in this study for the sake of characterization. Finally the mixture was sufficiently
washed with toluene and n-heptane to obtain the catalyst. At several key points in the above
preparation, samples were extracted from the flask using a syringe. The amount of each
extraction corresponded to ca. 3 g of solid. The extracted solid was washed thoroughly with n-
heptane, dried in vacuum at 80 °C, and stored under N for characterization. The timing of the
extraction and the corresponding sample codes are as follows: (A) after the first TiCls addition,
(B) immediately before the addition of DBP, (C) when the temperature of the mixture reached
110 °C, (D) after being kept at 110 °C for 2 hours, (E) after 2 hours of the aging, and (F) the
final catalyst. All the extracted samples were adequately washed with dehydrated n-heptane

and then dried in vacuum at 80 °C.

Scheme 1. Schematic description of the main steps upon ZN catalyst preparation, with

indication of sampling points.
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2.3. Ethylene and Propylene Polymerization

Polymerization tests were carried out in semi-batch mode. A mechanically stirred 1 L
autoclave reactor was charged with 300 mL of heptane and 3.0 mmol of TEAI for ethylene
polymerization, or with 300 mL of heptane, 3.0 mmol of TEAI, and 0.30 mmol of CMDMS
for propylene polymerization. Either ethylene or propylene was introduced to the reactor and
saturated at 0.4 MPa and 70 °C. The polymerization was initiated by the injection of a catalyst
(10-50 mg) into the reactor and continued for 30 minutes, where the temperature, the monomer
pressure, and the stirring speed were maintained at 70 °C, 0.4 MPa, and 500 rpm, respectively.
The obtained polymer powder was recovered by filtration and vacuum drying at 60 °C for 6

hours.

2.4. Catalysts Activation by TEAI

In order to investigate the activation process, some selected samples (A, B, C, and F) were
separately reacted with TEAI The activation of the catalysts was carried out in glove-box by
impregnating at room temperature the powders with TEAI (diluted 10 v/v % in hexane) at an

Al:Tiratio of 2:1. Afterwards, the solvent was removed by degassing under vacuum.

2.5. Characterization
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2.5.1. Chemical Composition

The chemical composition of the samples was analyzed as follows. The Ti content was
measured by a colorimetric method, where ca. 50 mg of a sample was dissolved in an aqueous
solution of HCI/H2SO4, and then H2O» solution was added to develop the color. The absorption
intensity of the band at 410 nm was recorded on a UV—vis spectrometer (V-670 JASCO), which
was used to calculate the titanium content based on external calibration.** Organic contents
were analyzed by '"H NMR on a Bruker AVANCE III 400 MHz spectrometer according to our
previous study.** 10-30 mg of a sample was dissolved in 0.7 mL of DMSO-ds with 40 pg of
1,1,2,2-tetrachloroethane as an internal standard. The morphology of the catalyst particles was
observed by scanning electron microscopy (SEM, Hitachi Ltd., S-4500). In order to minimize
the risk of moisture contamination during sample transfer, sputter coating was omitted. The

acceleration voltage was set to 1 kV to suppress a charge-up effect.

2.5.2. Polymer Characterization
The obtained polymers were subjected to differential scanning calorimetry (DSC, Mettler
Toledo DSC 822) under a nitrogen atmosphere. About 8 mg of polymer in an aluminum pan

were heated to 230 °C and then cooled down to 25 °C (20 °C min'). The cooled sample was
then heated up to 230 °C at a heating rate of 20 °C min ! to determine the melting temperature

(T») and the crystallinity (X.) from the melting endotherm.
Gel permeation chromatography (GPC, Tosoh Co., HLC-8321GPC/HT) measurements were
performed at 140 °C using o-dichlorobenzene as a mobile phase. Polystyrene standards were

used for calibration.

2.5.3. X-ray Total Scattering
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X-ray total scattering data were acquired at the BL0O4B2 of SPring-8 (Hyogo, Japan). Each
sample in the powder form was filled in a quartz glass capillary with a diameter of 2 mm and
a wall thickness of 0.01 mm, placed in a vacuum chamber, and irradiated with the X-ray beam
at an energy of 61.4 keV (A=0.202 A). The diffraction patterns were recorded in transmission
mode and in the horizontal scattering plane by using solid-state array detectors. The upper limit
of the scattering vector (Q) was 25.7 A™!. The measured X-ray scattering data were corrected
for polarization, absorption, and background. The contribution of Compton scattering was
subtracted using standard analysis procedures.*’ The calculated total structure factor S(Q) was
converted into reduced pair distribution function (PDF) G(r) via Fourier transformation with a

Lorch modification function.*®

2.5.4. IR Spectroscopy

IR spectra were collected with a Bruker Vertex70 FT-IR spectrophotometer, equipped with
a DTGS detector for the Far-IR region and a MCT detector for the Mid-IR region (hereafter
generically referred to as IR).

For the Far-IR measurements, the samples were prepared directly inside a No-filled glove-
box as thin layers deposited on a highly pure Si wafer (from a suspension in hexane), and placed
inside a quartz cell with PE windows, allowing to measure the spectra without exposing the
samples to air. Far-IR spectra were acquired at a resolution of 4 cm™, and are shown after
subtracting the weak contributions of both the Si wafer and the PE windows.

For the IR measurements, the samples were diluted in anhydrous KBr, compressed in the
form of thin self-supporting pellets (with a resulting density of 10 mg of sample per cm?) inside
the glove-box, and placed inside a quartz cell with KBr windows. The IR spectra were acquired
at a resolution of 2 cm™!. The curve fitting of the spectra in the v(C=0) region was carried out

by OPUS software (Bruker), imposing the Gaussian shape to the contributions.

10
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2.5.5. DR UV-Vis Spectroscopy

UV-Vis spectra were collected in diffuse reflectance mode (DR), with a Varian Cary5000
spectrophotometer, equipped with a reflectance sphere. The powder samples were directly
placed inside a bulb-shaped cell made of optical quartz (Suprasil) within the glove-box, and
successively measured in N> atmosphere. The spectra have been collected in reflectance mode

and then converted in the Kubelka-Munk function.

3. RESULTS AND DISCUSSION

In this study, we performed a multi-faceted characterization of solid samples extracted at
different steps of catalyst preparation for addressing two key questions: 1) how catalyst
nanostructures are generated and shaped during the preparation, and 2) which are the mutual
interactions between all the catalyst components. The structure of the Section is as follows: in
Section 3.1 the chemical composition of all the samples is discussed; Section 3.2 describes the
performances of each intermediate as well as of the final catalyst in olefin polymerization after
activation by TEALI; then the results of individual characterization methods are explained and
discussed in Sections 3.3-3.6, and finally all the results are combined to give a conclusive

picture in Section 4.

3.1. Chemical Composition

The evolution of the chemical composition along the ZN catalyst synthesis is summarized in
Table 1. In general, it has been reported that Mg(OEt); is chlorinated by TiCls4 to produce
MgCl; and TiCl(OEt)s... The OEt group remains in the catalyst to a greater or lower extent
due to both/either incomplete chlorination of Mg(OEt), and/or persistence of surface

TiCL(OEt)s., species, which greatly reduces the activity and stereospecificity of the catalyst.

11
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Here, the OEt group was quantified by the methylene peak in 'H NMR, so the OFEt residual can
be associated to either Mg(OEt); or TiClx(OEt)4. Initially (A,B), the Ti content is pretty high
(about 2.5 mmol g ') and the Ti:OEt molar ratio is about 1:1. By introducing DBP and heating
up to 110 °C, the Ti content is reduced to less than half (C), and to a further half by the aging
(D), whereas the Ti:OEt molar ratio is kept almost constant. Hence, it is plausible that in the
early stages of catalyst preparation, Ti is present almost exclusively as TiCl3(OEt). Heating
with DBP causes a reduction in the amount of TiCl3(OEt). The second TiCls treatment has
almost no impact on the Ti content (E,F), but the OEt further decreases to below 0.2 mmol g ',
suggesting that TiCl«(OEt)s.« species are replaced by TiCls. Concerning DBP, its content at the
end of ZN catalyst synthesis (F) converges to about 0.6 mmol g !, which corresponds to a
molar amount comparable to that of Ti. Finally, it is worth noticing that in ZN catalysts
containing DBP as an internal donor, phthaloyl chlorides (POC) are known as typical by-
products, which are produced by a reaction of DBP and TiCls at an elevated temperature. In
our analysis, POC were not observed during the first TiCls treatment (C,D), but was slightly
observed (column Cl in Table 1) after the second TiCls treatment (E,F), which suggests that

the fresh TiCly is more reactive towards the surface adsorbates.

Table 1. Evolution in the chemical composition along the synthesis steps.

Sample Ti“ OEt? Pthalate ¢
[mmol g'] [mmol g!] - Bu Bt Cl Phthalate
(total)
[mmol g'] [mmol g!'] [mmol g!] [mmol g ']

A 2.42 2.09

B 2.53 2.49

C 1.07 0.89 1.70 0.09 n.d.? 0.89

D 0.56 0.47 0.97 0.56 nd.? 0.77

12
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E 0.63 0.18 0.73 0.48 0.03 0.63
F 0.56 0.18 0.68 0.46 0.04 0.61

“ Determined by titration.
b Determined by 'H NMR.

¢ The n-Butoxy groups of DBP is known to be substituted by ethoxy groups as well as
chlorine atoms during catalyst preparation. The total phthalate amount was calculated as half
of the total amount of possible substitutional groups: (n-Bu + Et + Cl)/2.

4 Not detected.

3.2. Performance in Olefin Polymerization

Samples A—F have been used as catalysts for ethylene and propylene homopolymerization
after activation by TEAI. Table 2 summarizes the activity data, while Figure 1 shows the
activity normalized per Ti-mol. The reactivity is completely different for the two monomers,
suggesting that the composition and structural features required for ethylene and propylene
polymerization are completely different. The ethylene polymerization activity (per Ti-mol) was
almost constant throughout the catalyst synthesis, i.e. insensitive to the composition and
structural features. In contrast, propylene polymerization was found to be sensitive to the stage
of the catalyst preparation: no polymer was obtained before DBP was added and heated up to
110 °C (A,B), but then the activity increased significantly along with the synthesis. The

characterization of all the produced polymers is summarized in Table S1 and Figure S1.

13
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Figure 1. Ethylene and propylene polymerization activity of the samples extracted at different
stages in the course of catalyst preparation. Reaction conditions: monomer pressure = 0.4 MPa,
catalyst = 10-50 mg, n-heptane = 300 mL, TEAI = 3.0 mmol, 70 °C, 30 min, CMDMS (for

propylene polymerization) = 0.30 mmol.

Table 2. Evolution of the activity towards ethylene and propylene polymerization.

Activity in ethylene polym. Activity in propylene polym. ¢
Sample
[g-PE g-cat '] [g-pe mmol.ri ' h™'] [g-pp gcat ' h7'] [g.pp mmol.ri ' h™']
A 4300 1900 n.d. n.d.
B 4800 1800 n.d. n.d.
C 840 800 420 400
D 880 1500 600 1000
E 1100 1800 2100 3300
F 820 1500 2300 4200

“ No polymer was obtained when A or B was used as the catalyst.

14
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3.3. Formation of Nanostructure Along the Synthetic Steps
3.3.1. PXRD

The solid samples extracted in the course of catalyst preparation (A to F), as well as the
Mg(OEt), starting material, were subjected to X-ray total scattering measurements. The X-ray
diffraction patterns are shown in Figure 2. The pattern of Mg(OEt), exhibits two strong peaks
at 20 = 9 and 11°. The structure of Mg(OEt), has not been clearly identified yet, but it is
believed that it resembles that of Mg(OH) (Brucite, P3m1), where the H atoms are substituted
with ethyl groups, and the split peaks correspond to (001) reflection.?’”>*->° That is, the O-Mg-
O layers are stacked across a layer of -C>Hs groups, and hence the peaks at 260 =9 and 11° are
most likely originated from the stacking of the O-Mg-O layers. A broad peak centered at 26 =
10° is also observed in the pattern of A (right after the first TiCls addition), which suggests that
the structure of A memorizes the layered structure of Mg(OEt), to some extent. The same
pattern, however, also contains weak reflections at 26 = 27-40° and 50°, which correspond to
the (012)/(104) and (110) reflections of MgCl, and indicate that the MgCl, seeds are already
formed at the very initial stage of the synthesis. The peak at 26 = 10° becomes weaker when
the temperature is increased up to 60 °C (B), and eventually disappears after the addition of
DBP and heating up to 110 °C (C). Instead, the peak corresponding to the C1-Mg-Cl stacking
along the c-axis emerges at 15°. In the following steps of the preparation (from D to F), the
broad peak in the 27-40° range becomes stronger, reflecting the growth of the MgCl»
crystallites both in the lateral and vertical directions. The patterns of C—F are typical for 8-
MgCly: three broad peaks are observed at around 15°, 27-40°, and 50°, which correspond to
(003), (012)/(104), and (110) reflections. The broadness of the peaks indicates the nano size of
MgCl: in all the dimensions, while the merge of the (012) and (104) reflections into a single
broad peak (in particular for C) dictates the total lack of periodicity in the stacking of C1-Mg-

ClI layers.® Hence, PXRD measurements clearly indicate that the MgCl, crystallites or their

15
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seeds are formed just after the first TiCls addition, and they gradually grew through the
subsequent steps of preparation, maintaining a disordered structure along the CI-Mg-Cl

stacking direction.
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Figure 2. Powder X-ray diffraction (PXRD) patterns of the samples extracted at different steps
of the synthesis and of the Mg(OEt), starting material. The X-axis was scaled with the
wavelength of Cu Ka (A=1.5418 A) for comparison with the literature. The typical diffraction

peaks of a-MgCls are denoted by dotted lines. The patterns are vertically shifted for clarity.

The SEM images of the catalyst samples are shown in Figure S2. The spherical Mg(OEt); is
an aggregate of plate-like particles with a length of several micrometers.’! The surface of A,
just after contact with TiCls, is notably rough since the plate-like particles partially retain their
shape. In B, the macroparticles became smoother and more spherical due to the fusion of plate-
like particles. After adding the donor (C), the surface became even smoother, and the plate-

like particles were completely fused. From C to F, no significant changes were observed. In
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addition, the macroparticles seem to grow slightly from A to C, which is probably due to the
fusion of small Mg(OEt), macroparticles or the growth of the catalyst primary particles. Such
ripening phenomenon has been reported previously, where the resultant catalyst particles were

about 10% bigger in diameter than the original Mg(OEt), particles.** >

3.3.2. PDF

The total scattering data were converted into PDFs. Figure 3 shows PDFs of the extracted
samples (A—F) as well as of Mg(OEt), and a-MgCl, in the long-range (part a) and short-range
(part b) regions. PDFs directly correlate with the atomic configuration in the real space: 1) peak
positions correspond to atomic distances; ii) the broadness represents their distribution,
including the thermal vibration effect; iii) the relative abundance of the atomic pairs can be
estimated by the intensity of the peaks; therefore, the distance at which the amplitude becomes
completely negligible corresponds to the crystalline dimensions.*> For Mg(OEt),, a weak
oscillation can be observed from around 0.5 to 6 nm; however, this is not due to the local atomic
configuration, but to density fluctuation originated from a nanostructure, that is most plausibly
caused by O-Mg-O layers.>* The fact that limiting the Omin to 1.0 A™! completely diminishes
the fluctuation also supports this hypothesis (Figure S3). From A to F, the distance at which
the amplitude disappears gradually increases (as marked in yellow in Figure 3a), from » = ca.
2 nm (A,B) to ca. 4-5 nm (C) and to ca. 5.5-6.5 nm (D,F), suggesting that the MgCl; crystallites
slowly grow during the synthesis.

In the shorter region (Figure 3b), the pattern of Mg(OEt)> shows a prominent peak at 0.20
nm, which is attributed to the Mg-O atomic pair. For comparison, the distance between Mg and
O in Mg(OH); is estimated at a very close value, ca. 0.21 nm. The PDF pattern of A does not
exhibit such peak, providing evidence that the Mg-O bond is immediately converted to Mg-Cl

by contacting Mg(OEt), with TiCls. Although there is no traceable Mg-O in the PDF, there is
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a remnant of the periodic structure formed by Mg(OEt), in the PXRD. Such a memory of the
precursor structure on PXRD has also been reported in the formation of 6-MgCl, from
MgCly/Lewis base adducts.*> ¢ The positions of the most relevant peaks in the patterns of the
extracted samples are similar to those of a-MgCl,, for example, the peaks at 0.25, 0.35, 0.58,
0.63, and 0.97 nm. This fact indicates that the local structures of the extracted samples were
almost identical to that of the a-MgCl> even at the stage of seeds formation (A). The relatively
weak peak intensity of A and B over » = 0.5—1.0 nm is due to its finite crystal dimension (<2

nm).
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Figure 3. Part a) Atomic pair distribution functions (PDFs) of the extracted samples in the

long-range region. Part b) Those in the short-range (part b) region. Omin was set as 0.1 A™!. The

PDFs of Mg(OEt): and highly crystalline a-MgCl, (acquired at AichiSR, Omax=15 A™!. See

ref’?) are also provided for comparison purpose. The patterns are vertically shifted for clarity.

3.3.3. Quantitative Structural Determination

The structure of 8-MgCl» in the extracted samples was quantitatively determined by PXRD

fitting and cross-validated by PDF fitting, following the same approach discussed in our
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previous work.>® Table 3 summarizes the structural parameters of MgClz nanoparticle models
as determined by PXRD fitting, where L,=L5 correspond to the lateral size in the ab plane, L.
is the crystallite dimension in the basal direction, and P. is the probability of finding a-MgCl,
sequences as an indicator of the amount of stacking disorders ranging from 25 to 100%; the
accuracy of the fit is also provided in terms of R,, defined as the residual between the
experimental and the simulated patterns. A typical fitting pattern is shown in Figure S4a.

In A, obtained just after contacting Mg(OEt), with TiCls, the MgCl, seeds have a lateral
dimension of 1.8 nm and a vertical dimension of 0.3 nm, corresponding to a single Cl-Mg-Cl
layer. Heating up to 60 °C (B) brings no significant change in the structure of MgCl, seeds.
The addition of donor and heating up to 110 °C (C) significantly promotes the growth of the
MgCl; seeds both in the lateral and vertical directions (4.0 nm and 1.4 nm, respectively).
Further heating for 2 hours (D) induces further growth in the lateral direction (from 4.0 nm to
5.5 nm) as well as a decrease in the stacking disorder (P. increases from 25% to 40%). The
second TiCls addition and further aging (E,F) do not cause a significant structural change,
which is consistent with the fact that the amount of Ti and phthalate on MgCl» is almost kept
constant from D to F (Table 1). It is likely that the presence of DBP (only in the first TiCls
treatment) is a primary factor to promote the growth of MgCl..

The obtained MgCl, nanoparticle models were cross-validated using PDF fitting. Simulated
patterns and fitting parameters therein are shown in Figure S4b and Table S2. All the PDF
patterns are reasonably fitted with the PXRD-determined nanoparticle models. The fitting
accuracy for A and B was relatively poor (Rw,rpr=0.374 and 0.377), which is likely attributed

to the relatively low periodicity (i.e. weaker signals).

Table 3. MgCl, nanoparticle models derived via PXRD fitting and cross-validated by PDF

fitting with the aid of software, DISCUS,>” PDFgui,*® and DShaper.>® L, = L: lateral size in ab
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406  plane; L.: crystallite dimension in the basal direction; P.: indicator of stacking disorder; R,:

407  indicator of the fitting accuracy.

Sample Ls = Ly Lc[nm] P [%] Ry pxrD Ry pDF
Name [nm]

1.8 0.3 n.a.? 0.162 0.374
B 1.8 0.3 n.a.? 0.106 0.377
C 4.0 1.4 25 0.151 0.318
D 5.5 1.4 40 0.115 0.278
E 5.8 1.4 46 0.165 0.270
F 6.1 1.4 49 0.143 0.221

408 “ P. was not specified as the particle model is composed of a single C1-Mg-Cl layer.
409

410  3.4. Morphology of MgCl> Nanoparticles Along the Synthetic Steps

411 Far-IR spectroscopy has been applied to all the extracted samples to retrieve information on
412  the morphology of the MgCl, nanoparticles. As a matter of fact, we have previously
413  demonstrated that the vibrations in the region of 600 — 100 cm™!, which are due to both intra-
414  layer displacement of the atoms in the ab plane and inter-layer displacement along ¢ axis, are
415  sensitive to the relative extension of the different MgCl, surfaces.*> Moreover, vibrations
416  1involving Ti-Cl, Ti-O and Mg-O also fall in this spectral range, so that Far-IR can provide
417  information also on the adsorbates at MgCl, surfaces, including the Ti species.

418 Figure 4 displays the evolution of the Far-IR spectra along the synthetic steps, together with

419  the spectrum of the Mg(OEt) starting material.

21



420
421

422

423

424

425

426

427

428

429

430

431

432

433

434

T 250
0.5 280
i 365
405
F
. 365 f 2350 E
3
S
Q
Q
c
14
o]
_
@]
wy
e}
<
A
Mg(OEt)2

600 500 400 300 200 100
Wavenumber [cm ]

Figure 4. Far-IR spectra of the extracted samples and of the Mg(OEt), precursor. The spectra

are vertically stacked for clarity.

The Far-IR spectrum of Mg(OEt); is characterized by two main absorptions centered at 330
and 450 cm’!, very broad and overlapping to each other. Similar bands have been already
observed in the past for different MgCl, adducts with alcoholates and alkoxides, and assigned
to the vibrations of Mg-O bonds.®* As observed in the PDF analysis for the same sample,
these bands are no more observed already at the first step of the synthesis, while they are
replaced by the vibrational modes characteristic of MgCl,. The spectrum of A shows a main
absorption band centered at 235 cm™!, together with two weaker bands at 525 and 360 cm™.
The sharp band at 235 cm’! is assigned to the basal (001) surface,** in well agreement with the
PXRD analysis according to which the first MgCl» seeds are mostly formed as monolayers.
The band at 525 cm™, instead, is attributed to the v(Ti-O) vibrations of 4-fold coordinated

Ti(OEt)xClsx species (vide infra).®® The relatively high intensity of this band is in well

22



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

agreement with the high and nearly equimolar Ti and OEt percentages in A (2.42 and 2.09
mmol g, respectively). Finally, the band at 360 cm™! is attributed to a few ethoxide residues
on the MgCl, seeds.

In the spectrum of B, the main absorption band is still located at 235 cm™!, indicating that
even after heating at 60 °C MgCl, particles mainly expose the basal surface (001). The band at
525 cm’! is no more observed, while a new band with similar intensity is present at 435 cm™.
This band is assigned to v(Ti-Cl) of 6-fold coordinated Ti species,!! and indicates that a fraction
of the Ti ethoxy chloride complexes are chemisorbed on the MgCl, seeds during the warm-up
process up to 60 °C. Unfortunately, the destiny of this band in the following steps of the
synthesis cannot be further investigated because of the drastic decrease of the Ti loading (to
0.56 mmol g ! in F), which makes the band too weak in intensity.

The addition of DBP (C) causes a significant change in the Far-IR spectrum: the main
absorption band upward shifts to 250 cm™ (with a shoulder at 280 cm™') and a sharp and intense
band appears at 365 cm! (with a pronounced hump at 405 cm™). According to previous
calculations, both manifestations can be associated to a morphological reconstruction of the
MgCl: crystallites, which now do not expose anymore exclusively the basal (001) surface. In
particular, the (110) surface is the principal responsible for the main signals at 250 and 365 cm™
!, while both the (012) and (015) surfaces significantly contribute at 280 and 405 cm™.*

From D on, all the Far-IR spectra are similar to each other and to the spectrum of the final
ZN catalyst (F). The features of the spectra are the same as already discussed in our previous
work.* Briefly, with respect to the spectrum of C, the main absorption band at 250 cm’!
undergoes a slight enlargement and the band at 365 cm! slightly decreases in intensity. Overall,
the spectrum indicates that MgCl> nanoparticles expose a large variety of surfaces, among
which the relatively most abundant is the (110) one. It is worth noticing that such a surface has

been claimed to be one of the most catalytically relevant ones.**
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3.5. Surface Species Along the Synthetic Steps

The evolution of the surface species during ZN catalyst synthesis was investigated by IR
spectroscopy in the Mid-IR region, as reported in Figure 5a. The spectrum of Mg(OEt); is
analogous to the spectra of Mg alkoxides already reported and described in literature.%® ¢
Briefly, most of the bands are due to the vibrational modes of the OEt moieties: the v(CHy)
bands at 2800-3000 cm™!, the 8(CH.) and §(CH3) bands at 1450 and 1380 cm™!, v(C-O) at 1120
cm™, v(C-C) at 1050 cm™! and some rocking modes at 890 cm™'. Below 600 cm™! the tail of the
absorption band due to the v(Mg-O) vibrations, contributing in the Far-IR region, is also

observed.
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Figure 5. Part a) IR spectra of the extracted samples, normalized to the optical thickness of the
pellets. Part b) Magnification of the C-F spectra in the v(C=0) region. Part ¢) Curve fitting in

the v(C=0) region for F (the black curve is the sum of all the calculated contributions). Part d)
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Evolution of individual v(C=0) components along the synthetic steps. The components are
liquid-like physisorbed DBP, DBP on MgCl, surfaces, DBP on defective Mg?* sites, DBP on

Ti**, and POC.

The original bands due to the Mg-ethoxide groups are no more observable in the spectrum
of A. Nevertheless, the spectrum still contains intense bands in the v(CHy), 8(CHy), v(C-O) and
v(C-C) regions, which correspond well to those observed in the spectra of tetrahedral
Ti(OEt)Clz and Ti(OEt);Cl complexes.®® Hence, at this stage most of the ethoxide groups look
associated into TiClL(OEt)s., species rather than incompletely chlorinated Mg(OEt).Cly...
Beside the ethoxide bands, the spectrum of A displays a weak and broad band in the v(OH)
region (around 3400 cm™'), which is due to a small amount of moisture contamination. The
spectrum of B, obtained after heating A up to 60 °C, shows only small changes in the position
of the bands ascribed to the ethoxide species, which are compatible with the chemisorption of
the Ti ethoxide chloride complexes and a change in the coordination of the Ti cations from
tetrahedral to octahedral.

The IR spectra radically change after the addition of DBP in the reaction mixture (C).” Most
of the bands associated to the ethoxide groups drastically decrease in intensity after the addition
of DBP (C), indicating that the ethoxide groups are mostly removed, in perfect agreement with
the chemical composition of the sample in Table 1. The spectra of C to F are all dominated by
the vibrational features of DBP, with the characteristic v(C=0) band around 1700 cm™ (as
magnified in Figure 5b). The analysis of the v(C=0) region allows to obtain information on the
coordination modes of DBP at the MgCl, surfaces and hence, indirectly, on the types of
exposed sites. A curve fitting of the v(C=0) region has been performed for the spectra of C-F,
as frequently reported in the literature, where each computed band has been assigned on the

basis of the literature. By way of example, Figure Sc displays the curve fitting of the spectrum
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of the final catalyst (F), which includes all the possible v(C=0) contributions: for liquid-like
DBP at 1728 cm™,’" 72 DBP in interaction with different Mg?" sites at 1657, 1680 and 1707
cm™!,”""* DBP in interaction with TiCls at 1634 cm™,”> 76 and the POC produced by a side
reaction between DBP and TiCly at 110 °C*? at 1758, 1836 and 1862 cm™! (identical bands were
observed by directly co-milling MgCl, and POC).”® "7 The fit is completed by including the
two ring vibrations of the ortho-disubstituted phenyl ring at 1581 and 1595 cm™,”® and an
additional band at 1615 cm™! ascribable to §(OH) of water traces. Focusing on the three bands
due to DBP in interaction with different Mg?" sites, the band at 1707 cm™! can be assigned to
DBP both in a chelate configuration on 4-fold coordinated Mg** sites (the most
thermodynamically favored configuration for DBP on the (110) surface) and monodentate on
5-fold coordinated Mg?* sites,”® 3 the band at 1680 cm! is ascribed to monodentate DBP at 4-
fold coordinated Mg?" sites,”®- % whereas the band at 1657 cm™ is due to DBP on defect sites.”"
7374 1t is important to notice that, at a difference than what happens with ethylbenzoate, it is
not possible to quantify the DBP coordinated at 4-fold and 5-fold Mg?" sites, but only to
discriminate between DBP adsorbed at MgCl, surfaces and defects.

By estimating the integrated areas of each v(C=0) band in the series of spectra for C-F, it
has been possible to estimate in a semi-quantitative way the relative abundances of each species
at the different synthesis steps, as reported in Figure 5d.3! A few conclusions can be drawn as
follows.

1. As soon as DBP is added (C), some DBP molecules are trapped as liquid-like in the
interparticle pores of the material (blue line). This is compatible with the porosity data
reported by Chumachenko et al.** The amount of liquid DBP slightly decreases in the
following steps.

ii.  Moreover, as soon as DBP is added to the reaction mixture (C), a non-negligible

amount of a complex with TiCls (orange line) is formed at MgCl, surfaces. The
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thermodynamics driving this process was evaluated in the past by experimental
calorimetric measurements®? and by theoretical calculations.®> An analogous behavior
has been already observed upon dosing ethyl benzoate (EB) on MgCl,/TiCls from the
vapor phase.?* According to the trend in Figure 5d, some of these complexes are washed
away during the successive steps of the catalyst synthesis, but not all of them.

iii.  DBP on MgCl, surfaces (grey line) are the most abundant species in all the samples,
although their amounts slightly decrease along the series in favor of DBP on defective
sites (light grey line), likely because their formation and stabilization is promoted by
DBP itself.*®

iv.  Finally, after the second addition of TiCls (E), some DBP molecules are converted into
phtaloyl chloride,** which was not present at all upon the first addition of TiCls. This

process increases over time upon aging the sample at 110 °C in the reaction mixture

(F).

3.5. Local Structure of the Ti Centers Along the Synthetic Steps

Finally, DR UV-Vis spectroscopy has been applied to monitor the evolution of the Ti species
from an electronic point of view during the ZN catalyst synthesis (Figure 6). Even though the
oxidation state remains the same (+4), the DR UV-Vis spectra change along the series,

reflecting changes in the titanium coordination sphere.
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Figure 6. DR UV-Vis spectra of the extracted samples and of the Mg(OEt), precursor. The

spectra are vertically stacked for clarity.

Whereas the spectrum of Mg(OEt), displays no absorption in the whole UV-Vis region, the
spectra of the extracted samples are dominated by intense absorptions above 30000 cm™!, due
to several charge transfer (CT) transitions involving the Ti metal centers and their ligands.
Since many contributions overlap to each other at high energy and hence cannot be clearly
identified, the analysis will focus on the absorption band at lower energy, which is more easily
identifiable and straightforwardly assigned to a Cl(mr)—Ti(d) CT transition.®®®” Moreover, on
this band the Jorgensen semi-empirical rule on the optical electronegativity of transition metals
and their ligands can be applied.®

The spectrum of A shows the maximum of the first absorption at ca. 32000 cm™', which is
compatible with a charge transfer transition from CI~ ligands to a 4-fold coordinated Ti*"
(expected around 34500 cm™! according to the Jorgensen rule).®® This indicates that most of the
Ti in A is present as physisorbed 4-fold coordinated TiClx(EtO)as.« species,® in fair agreement

with both Far-IR and Mid-IR data, and compatibly with the sequence proposed by Brambilla

et al. for TiCls chemisorption on MgCly.!? Then, after heating at 60 °C (B), the main absorption
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downward shifts to ca. 29000 cm™' and a new sharp band appears at 24500 cm™'. The downward
shift of these bands is associated to a change in the coordination of the Ti ions from 4-fold to
6-fold (the theoretical value for the CT transition from C1~ ligands to octahedral Ti*" is 28200
cm™),% indicating that 4-fold coordinated TiCl.(EtO)a., species at 60 °C have adjusted in the
more stable 6-fold coordinated octahedral configuration on the nascent MgCl, surfaces. This
is again in agreement with the analysis of the Far-IR and Mid-IR spectra. Notably, an analogous
trend was observed during TiCls chemisorption from the vapor phase onto bare MgCl».%* The
two bands, which differ of ca. 4500 cm™, might arise from the same Cl(m)—Ti(d) CT transition
localized on slightly different Ti species (for example with a different number of ethoxide
ligands) and/or from two Cl(n)—Ti(d) CT transitions on the same Ti cation from two different
Cl species (e.g. axial and equatorial Cl atoms with respect to the ethoxide ligands).”

The successive synthetic step (C) is dominated by the introduction of DBP, which not only
coordinates to the MgCl, surfaces and defects, but also directly to the Ti centers, as revealed
by the IR spectra in Figure 5c. The corresponding UV-Vis spectrum shows an intense band
peaked at 26500 cm’!, which is always ascribed to a Cl(m)—Ti(d) CT transition for 6-fold
coordinated Ti sites, but with a slightly different environment than before. Indeed, IR
spectroscopy revealed that, at this step, most of the ethoxide ligands have been removed, and
TiCls-DBP complexes are formed. Most of the TiCls-DBP complexes are then removed from
MgCl, surfaces in the following steps of ZN catalyst synthesis because of the several washes
with toluene, and that absorption band is almost no more present in the following spectra.
Therefore, spectra of D, E, and F are all dominated by the absorption bands typical of
Cl(n)—Ti(d) CT transitions for Ti* in a 6-fold coordination, with small differences due to

slight distortions in the geometry and minor changes in the effective charge distribution.3¢

3.6. Evolution of the samples upon TEAI activation
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TEALI activation has been investigated with an Al:Ti ratio of 2:1, in order to simulate the
excess of activator used in the polymerization tests in Section 3.2. Figure 7 displays some

significant results obtained by DR UV-Vis and IR spectroscopies.
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Figure 7. Part a) DR UV-Vis spectra of samples A, B, C and F, before and after TEAI
activation. Part b) Magnification in the v(C=0) of the IR spectra of C before and after TEAI
activation. Curve fitting is also shown for activated C. Part b”) Difference spectrum calculated
by subtracting to the spectrum of activated C the spectrum before TEAI activation. Parts ¢ and

¢’) same as in parts b and b’ for F.

In the UV-Vis spectrum of A, the position of the main absorption (that was assigned to a
Cl(n)—>Ti(d) CT transition) upward shifts at 38400 cm™, which is compatible with the
reduction of the Ti sites from +4 to +3 oxidation state.®® At the same time, a broad absorption
grows up centered at about 24000 cm!, whose position corresponds to a Ti*" d-d transition, but

whose intensity is much higher. Similar bands have been already observed in the past for TEAI-
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activated ZN catalysts and assigned to intersite d-d transition involving two Ti*" sites bridged
by a CI” ligand, thus assuming a partial charge transfer character;’! for this reason, they have
been considered as proof of the formation of TiCls clusters. In A, the formation of TiCl; clusters
is favored by the high mobility of physisorbed TiClx(OEt)sx species.

An analogous trend is observed also in B, although in this case the two bands at 29000 and
24500 cm™! remain unaltered, revealing that the fraction of 6-fold coordinated TiClx(EtO)sx
species responsible for those bands are evidently less reactive towards TEAL.

The spectrum of activated C is characterized by two very intense and well-defined absorption

bands at 38400 and 17800 cm'. The former is assigned to a Cl( ¢ )—>Ti(d) CT transition for a

Ti in the +3 oxidation state (as already discussed for A), while the latter is very peculiar, quite
different from the fingerprint of the TiCls clusters typically observed in TEAl-activated ZN
catalysts. Instead, that band recalls the UV-Vis spectrum reported in the literature for a
[TiCla(thf)2]1[MgCla(thf)1 5]> adduct after reaction with an Al-alkyl (trioctyl-aluminum, in that
case).”® Therefore we can imagine the formation of DBP-bonded TiCls.

Finally, the DR UV-Vis spectrum of activated F is characterized by the almost complete
erosion of the bands at 33600 and 28400 cm™! that were present before the reaction with TEAL,
leaving the place for an intense CT transition absorption band at 40100 cm™ and a quite weak
band at 21700 cm’!, which is attributed to isolated, 5-fold coordinated and alkylated Ti**
species (although the broadness of the band reveals a certain heterogeneity of the sites, in terms

of slightly different structural parameters and chemical surroundings).”?

According to the data
of polymerization activity shown in Figure 1, those species are thus the main responsible for
propylene polymerization.

On the contrary, IR spectroscopy provides new insights on the fate of the donor after TEAI

activation, which is one of main open questions in ZN catalysis. As a matter of fact, depending

on the temperature a more or less large fraction of DBP is known to be cleaned up by TEAI (a
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minimal fraction at room temperature, almost the totality at about 100 °C),”® but the state of
the molecules remaining on the catalyst surfaces is still unclear. Figure 7b and Figure 7c
display the magnification of the v(C=0) region for C and F before and after TEAI activation
at room temperature, revealing an analogous trend for the samples corresponding to the initial
DBP addition and to the sample at the end of the synthesis (the quantification of the integrated
areas for all the individual v(C=0O) components are reported in Table S3).

The fraction of liquid-like DBP is roughly constant, indicating that DBP molecules trapped
within the pores during ZN catalyst synthesis are not washable and not accessible even for
TEAL. The fraction of DBP adsorbed on Mg?" sites drops down (especially for surface Mg>"
sites), together with the fraction of POC in F, in the face of the appearance of a new component

at ca. 1625 cm’!, which can be reasonably assigned to DBP in interaction with the AI**

centers,
coming from both the TEAI molecules in excess and the AICIxEts.x by-products adsorbed on
the catalyst. Finally, the fraction of DBP in interaction with the Ti centers is almost constant,
but the position of the band shifts at higher frequencies (from 1634 to 1640 cm™), likely
because of the reduction from Ti*" to Ti*". This suggests that the TiCls-DBP complexes that
are formed on the catalyst surface and remain after the following thermal and chemical

treatments, they do remain even after TEAI activation and are actually activated, so that a

possible role in the overall catalytic process cannot be discarded.

4. Conclusions

The multi-technique investigation presented in this work sheds light on the chemical
reactions and structural evolution taking place during the formation of an industrial-like
Ziegler-Natta pre-catalyst, starting from the Mg(OEt), precursor and in the presence of DBP
as an internal donor. Five intermediate samples have been extracted from the glass reactor at

different stages, plus the final catalyst, and analyzed in terms of structure, morphology, and
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surface species. All the techniques converge in demonstrating that as soon as Mg(OEt) is
contacted with TiCls, all Mg-O bonds are converted into Mg-Cl ones, forming the first seeds
of MgClb, which appear as C1-Mg-Cl monolayers with a lateral dimension of below 2 nm, and
releasing TiCl(OEt)4x as by-products (first physisorbed as 4-fold coordinated, and then
chemisorbed as 6-fold coordinated). Those species efficiently polymerize ethylene but not
propylene.

The addition of the DBP electron donor significantly promotes the growth of MgCl> seeds
with the preferential exposure of lateral surfaces, including those relevant for the catalysis; as
a matter of fact, only after the DBP addition the catalyst becomes active in propylene
polymerization. Most of DBP is coordinated to MgCl, surfaces, corroborating the hypothesis
that the influence of the electron donors on the stereoselectivity of ZN catalysts is mostly due
to a steric modulation of the Ti surroundings. However, a non-negligible fraction of DBP is
actually complexed to the Ti ions, and some of these species remain in ZN catalyst even at the
end of the synthesis and can be effectively activated by TEAI (at least at room temperature,
further investigation will be needed to monitor the activation process at higher temperatures).

Finally, the second addition of TiCls is mostly chemisorbed as 6-fold coordinated on MgCl>
surface largely replacing the TiClL(OEt)s.x species, although a fraction of TiCls is also
consumed in a side reaction with DBP, as testified by the formation of phthaloyl chlorides. The
newly formed Ti species are remarkably more active in propylene polymerization (the
production of polypropylene per hour per Ti mole almost triples at this step). It is worth
noticing that the aging at 110 °C allows a further rearrangement of the species in the material
(both in MgCl> morphology, and in DBP disposition, and in the local structure of the Ti sites),
further increasing the activity towards propylene polymerization, which is attributed to

isolated, 5-fold coordinated and alkylated Ti** species. This demonstrates the positive effect of
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the final thermal treatment to afford truly performant ZN catalysts. All these findings are
schematically summarized in Figure 8.

More in general, this unprecedented knowledge of all the chemical reactions and structural
evolution at each step of ZN catalyst synthesis will drive the choices of the researchers from
both academia and companies that aim at the optimization of this complex multicomponent

material.

Mg(OEt),

| TiCl, addition

* Full conversion of Mg(OEt), into MgCl,
seeds of ca. 2 nm
* Most of Ti species exist as TiCl (OEt),_,

Heating up to 60 €

* Conversion of physisorbed 4-fold
coordinated TiCl (OEt),, into chemisorbed
6-fold coordinated ones

DBP addition, heating up to 110 €

* Seeds growth with {110} exposure (ca. 4nm)

* Replacement of TiCl (OEt),, with
chemisorbed 6-fold coordinated TiCl,

* Adsorption of DBP on both MgCl, surfaces
and Ti sites

C

1110 Cfor2h

* Seeds growth almost completed (ca. 6 nm).

* Partial removal of physisorbed liquid-like DBP
and DBP-Ti complexes

* Further replacement of TiCl,(OEt),_, with TiCl,

* Further reconstruction of MgCl, particles, affecting
the effective charge distribution on the Ti sites

* Side reactions between TiCl, and DBP producing POC

* Further replacement of TiCl,(OEt),, with TiCl,

Figure 8. Schematic representation of catalyst formation from Mg(OEt),. The MgCl
nanoparticle models were drawn by atomistic system rendering software Speck with the aid of

Vesta.”
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