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The activation of MgCl, through the formation of MgCl,-nEtOH adducts is considered the principal step for the
preparation of high performance Ziegler-Natta catalysts for olefins polymerizations in industry. Despite this
importance, due to the complicated microstructure of the adducts, the precise structural characterization of these
compounds has been left behind. In this research, four MgCl,.nEtOH adducts (with n = 0.6, 1.0, 1.8, and 3.2)

were prepared by melt quenching procedure and assessed thoroughly by different techniques. Despite the
multiple peaks in TGA analysis, similar FTIR spectra were recorded, and the adducts with n = 3.2 revealed sticky
nature in SEM pictures which enhanced their particle size and broadened SPAN. According to the XRD spectra,
the adducts showed distinct peaks related to the lateral cuts of distorted MgCly, in which the ratio of a-MgCls to
p-MgCl, form enhanced by increasing the EtOH content, that was further confirmed by DFT calculations, even
though it must be accepted that it is only a minimalist exercise in terms of a clear characterization of the adducts.

1. Introduction

Today, polyethylene (PE) and polypropylene (PP) are considered the
largest volume synthetic polymers in the world. Their related business
accounts for over than 60% of the total plastics market with an annual
production of more than 160 million tons [1,2]. The demand for these
plastics is steadily growing [3], thanks to the facile availability of raw
materials, the low production expense, and the excellent polymer
characteristics which enable their simple adaption for vast kinds of
applications ranging from packaging, films, piping, to the pharmaceu-
tical, oil and automotive industries [4-7].

The advent of Ziegler-Natta catalysts for the polymerization of
ethylene and propylene in 1953 is undoubtedly one of the major events
of the 20th century that influenced the polymer industry [8,9]. The so
called catalysts have a fundamentally heterogeneous nature [10],
employed for the industrial production of different types of PEs and PPs,
thanks to their prodigious catalyst activity, easy and economically
preparation  process, suitable polymer morphology, good
stereo-selectivity and high polyolefin molar mass control ability
[11-13]. Despite great achievements in the industrial production of
advanced polyolefin materials and advent of new high performance
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technologies [14], an intimate understanding of the catalysts nano-
structure has remained elusive until now [15,16]. This shortcoming
arises from the multisite nature of the final catalyst, which itself origi-
nates from the complex structure of the related support [17,18]. Indeed,
the catalyst particles behavior during polymerization as well as final
properties of furnished polymer originates mainly from the nano-
structure of primary support, according to the well-known replication
phenomenon [19,20]. In fact, the Ziegler-Natta catalysts’ extraordinary
success in polyolefin industry is due to the usage of MgCly support
comprising multigrain and porous spherical particles [21-23], apart
from other (early) transition metal based catalysts [24-27], particularly
with high interest on polyalphaolefins [6,28-31]. This special kind of
structure of MgCl, imposes a controlled fragmentation during the
polymerization experiment that results into the formation of polymer
particles with favorable morphology [32-34].

It is generally accepted that MgCl, can exist in nature in three
different crystalline forms including o, f and &. According to the liter-
ature, commercial MgCl, contains either o structure in which the Cl
anions are packed into a face-centered cubic (fcc) unit, or the  form in
which the Cl anions are packed in a hexagonal close packing (hcp) unit
[35-37]. As a consequence, the arrangement of the chlorine atoms in the

E-mail addresses: h.abedini@ippi.ac.ir (H. Abedini), albert.poater@udg.edu (A. Poater).

https://doi.org/10.1016/j.molstruc.2023.136098

Received 16 May 2023; Received in revised form 23 June 2023; Accepted 24 June 2023

Available online 25 June 2023

0022-2860/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:h.abedini@ippi.ac.ir
mailto:albert.poater@udg.edu
www.sciencedirect.com/science/journal/00222860
https://www.elsevier.com/locate/molstr
https://doi.org/10.1016/j.molstruc.2023.136098
https://doi.org/10.1016/j.molstruc.2023.136098
https://doi.org/10.1016/j.molstruc.2023.136098
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2023.136098&domain=pdf
http://creativecommons.org/licenses/by/4.0/

R. Bazvand et al.

Journal of Molecular Structure 1291 (2023) 136098

100
— Add-33
Add-47 7 Add-33
Add-61
80
’; 4
=
Add-47
z 0
2 -
.; 60
= T Add-61
40 + i
20 T T T T T T T ~ r -
0 100 200 300 400 500 0 100 200 300 400 500

Temperature (°C)

Temperature (°C)

b)

Fig. 1. (a) TGA and (b) DTGA curves obtained from thermal analysis.

stacking direction differs from ABCABC in the a form to the ABAB in the
B form [38].

Primary MgCl; is not active for TiCly adsorption, as the active site of
the Ziegler-Natta catalyst, considering experimental [39-41] or theo-
retical insights [42]. Its activation via chemical or physical routes leads
to the formation of small MgCl, crystallites with a large surface area and
special crystalline surfaces. Among the possible lateral cuts termination
of MgCly, the (001), (110), (015) and (104) facets are the most classi-
cally considered ones in the literature [20,43]. These surfaces encom-
pass various electronic environments that imposes different behavior on
the furnished MgCl,/TiCly active sites [44-46].

Among the suggested procedures for the MgCl, activation, the
chemical route employing a Lewis base compound, generally ethanol
(EtOH), is well accepted in both industry and academy [47,48]. Via this
method, appropriate MgCly-EtOH adducts suitable for catalyst impreg-
nation are prepared. In this regard, the ethanol extent plays a dominant
role in tuning the pore texture in the final Ziegler-Natta catalysts. The
identification of the molecular structure of MgCly crystallites relevant
for the synthesis of Ziegler-Natta catalysts has been the subject of several
experimental and computational investigations [40,49-51] so far.
However, the more challenging topic of this subject still remains the true
microstructure of MgCl,-EtOH adducts containing different amounts of
alcohol, particularly their characterization [35,44,52-57]. In the cur-
rent research we will try to fill this gap. It should be pointed out that the
word "microstructure” is used here for the structure of the MgCl,-nEtOH
catalyst adducts, which would generally be a term formally referring to
polymers obtained by heterogeneous Ziegler-Natta (ZN) systems [38,
58]. In this regard, the microstructure of four adducts with different
ethanol contents is assessed by different analytical tools to unravel the
effect of alcohol treatment on the overall characteristics. In addition, to
stress that the preparation of suitable adducts may have significant ef-
fects also on the TiCly active site dynamics on the ZN surfaces [59-61].

2. Experimental
2.1. Materials
All the chemicals were purchased from Aldrich Co, Germany. Hexane

and toluene were distilled over Na/ benzophenone, prior to use. The
other materials were used in as received form.

2.2. Adducts preparation experiments

Preparation of adduct samples was accomplished according to the

method described in our recent publication [62]. In a brief procedure,
three round bottom glass balloons were utilized consecutively. 10 g
(105 mmol) MgCly is melted in 19.6 mL EtOH (336 mmol,
EtOH/MgCl,=3.2) at the first balloon containing 10 g silicon oil, at T =
67 °C during 8 h. the temperature was raised to 110 °C, 25 g silicon oil
was added to the mixture with continuous stirring to reach a homoge-
nous dispersion. After 2 h, the content of first balloon was transferred
into the second balloon containing 500 mL of cold hexane at T=-15 °C.
After 1 h continuous stirring, the solvent above solid product was
evacuated. The solid product was washed with cold hexane and then
underwent thermal dealcoholation in a fluidized reactor utilizing Ng
flow, to furnish final MgCl,.nEtOH adducts.

2.3. Characterization

Particle size and adduct distribution were measured applying a
Malvern Zetasizer Nano ZS instrument (United Kingdom) according to
ISO 13,320-2 standard. X-ray diffraction (XRD) analysis was performed
using Siemens p-5000 X-ray diffractometer (USA) at 40 kV and 25 mA
with a copper target (1 = 1.54 A) and at a scanning rate of 3°/min. SEM
images of the synthesized adducts and also EDX maps were acquired
using SEM model S-3000 N, Hitachi (Japan) instrument. Thermogravi-
metric analysis (TGA) was conducted to obtain EtOH content of adducts,
utilizing Mettler Toledo Inc. (Switzerland) instrument under Ny atmo-
sphere with a heating rate of 10 °C/min. The specific surface area of
adducts was calculated employing Brunauer-Emmett-Teller (BET)
analyzer using a BELSORP Mini II instrument.

Fourier transform infrared spectroscopy (FTIR) was performed
employing the BRUKER, EQUINOX 55 tool instrument using KBr pellets
prepared in the glove-box to avoid humidity impact.

It is worth noting that, to avoid water contamination during the
characterizations, all sample preparations were performed in the glove
box under a nitrogen atmosphere.

2.4. Computational details

Density Functional Theory (DFT) calculations were carried out with
the Gaussianl6 package [63]. The geometry optimizations were per-
formed without symmetry constraints via the spin-restricted Kohn-Sham
(RKS) formalism and employing the B3LYP-D3, hybrid GGA functional
of Becke-Lee, Parr, and Yang [64-66], with the Grimme D3 correction
term to the electronic energy [67]. The triple-zeta polarization basis set
Def2-TZVP keyword was used for all atoms [68,69]. Frequency calcu-
lations were carried out to approve the nature of the stationary points
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Table 1
Particle size data of the studied adducts.
EtOH (%) n' d10 (um)>  d50 (pm)®  d90 (um)*>  SPAN®
Add-22 22 0.6 18 35 70 1.5
Add-33 33 1.0 20 36 67 1.3
Add-47 47 1.8 20 38 70 1.3
Add-61 61 3.2 10 40 111 2.5

! molar ratio of ethanol to MgCly,.

2 d10, d50 and d90 represent the size point below which 10, 50 and 90% of
adducts are contained, respectively.

3 SPAN=(d90-d10)/d50.

(minima without imaginary frequencies). Geometry optimizations were
performed with and without solvent effects. When they were considered,
the approach was based on the polarizable solvation model (SMD),
variation of IEFPCM of Truhlar and co-workers [70], using ethanol as
solvent.

3. Results and discussion

Four different MgCly-nEtOH adducts, with various MgCly/EtOH
molar ratios, were prepared according to the method mentioned in a
previous study by some of us [62]. To examine the amount of adsorbed
alcohol, in Fig. 1a TGA analysis was employed under nitrogen atmo-
sphere, while in Fig. 1b DTGA thermograms were obtained by differ-
entiating TGA thermograms. By employing TGA curves, various ethanol
extent with n = 0.6, 1.0, 1.8, and 3.2 were calculated for Add-22,
Add-33, Add-47 and Add-61, respectively. According to the curves,
two distinctive weight losses were indicated for the adducts with n<1 at
the temperatures of 189 and 230 °C, corresponding to the desorption of
EtOH from MgCl, support. On the other hand, in the Add-47 and Add-61
cases comprising a higher content of ethanol (n>1.8), some other peaks
were observed at lower temperatures of < 140 °C indicating a loose
binding of ethanol to the support. In fact, in the case of adducts with
higher stoichiometry ratio of alcohol, lower ethanol dissociation tem-
perature was detected. The temperature is close to the boiling point of
free ethanol, which confirms a very weak association of ethanol with the
matrix comprising a high ethanol content. It causes the free movement
of ethanol between MgCl, surfaces even at room temperature [71].

Dynamic light scattering (LPS) analysis was employed to investigate
adducts particle sizes and their related distributions, that is reported as
the SPAN parameter in Table 1 and Fig. 2. Notably, no significant dif-
ference was found in the d10, d50, d90 and SPAN of the adduct samples
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containing less than 47 wt.% of ethanol. Indeed, these adducts had an
identical d50 of 35-38 pm and a narrow SPAN of 1.3-1.5, which are
normal for appropriate commercial gas phase polyolefin catalysts.
However, in the Add-57 case, d10 decreased, while d90 increased at
larger particle sizes, due to the sticky nature of the adducts with high
ethanol content. It causes agglomeration of small size particles with the
others during LPS analysis as well as their storage resulting in deformed
structures. The advent of a small peak at the large particle sizes in the
Add-61 sample (Fig. 2a) confirms this deduction which was further
confirmed by widening the SPAN value to 2.5.

SEM analysis was employed to unravel the morphology of the stud-
ied adducts. It is clear from Fig. 3 that all adduct samples have a
spherical shape, which is privileged for industrial sectors, due to easy
handling and transport of catalyst and polymer particles in the gas phase
polymerization reactors as well as related down-stream sectors. In
particular, the agglomeration of adduct samples containing 61% ethanol
is clear in the related SEM picture (Fig. 3c), due to their extremely sticky
nature. This phenomenon may be the origin of the peak observed at
larger particle diameters in LPS diagram of Add-61 sample (Fig. 3a). Asa
consequence, special caution should be taken for the storage and
handling of adducts comprising a large amount of ethanol.

In the EDX mappings in Fig. 3, the presence of Mg, Cl, and C is
confirmed in which Mg and Cl are indicative of the MgCl, support and C
corresponds to the ethanol precursor. All maps disclosed the uniform
dispersion of elements in adduct textures.

XRD analysis was performed on the studied adducts and the patterns
were compared with those of primary MgCls. In the XRD pattern of neat
MgCly, some distinctive peaks can be observed at 20 angles of 16 °
(correlated to the Cl-Mg—Cl triple layers along the crystallographic di-
rection which represents (003) plane), 31, 33, 34 and 50 ° (correspond
to the (012), (011), (104) and (110), respectively) [72], Fig. 4. Among
those facets, the (003) surface is correlated to the basal plane comprising
only Cl atoms, so, it is not considered as suitable plane for TiCl4 adoption
[21]. Moving to the adduct samples, the stacking order affected the
(003) diffraction peak. Indeed, the (003) peak almost disappeared, while
some peaks were emerged at 20 angles in the range of 20-30° It was
demonstrated that the complete shift of the peak at 20 =16° is indicative
of Cl-Mg-Cl mono layers [7]. On the other hand, the intensity of the peak
at 20 =34°, correlated to the (004) plane, enhanced in favor of catalyst
precursor impregnation. In fact, in the (104) and (110) planes the Mg+2
ions have a penta- and tetra-coordinated nature, respectively, corre-
sponding to one and two vacancies relative to the 6-coordinated mag-
nesium atoms in the (003) plane and in the bulk [23].

Our finding here is in agreement with the accepted idea that
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Fig. 2. Adducts particle size distribution.



R. Bazvand et al.

SEMHV:2000kV  WD: 164750 mm
SEM MAG: 500 x Det: SE 100 pm
Date(m/dly): 02/13/22 ~ supervisor

VEGAW TESCAN

Polymer & Petrochemical Institute u

b)

SEMHV:2000kV  WD: 16.6720 mm
SEM MAG: 500 x Det: SE 100 pm
Date(m/d#y): 021322 supervisor

VEGAW TESCAN

Polymer & Petrochemical stnute I

SEMHV:2000kV  WD: 14.8480 mm
SEM MAG: 500 x Det: SE 100 pm
Date(m/dty): 08/30/21 supervisor

VEGAW TESCAN

Polymer & Petrochemical Institute n

)’ 20bmMg Ka1" 20limCl Ka1 20lmC Ka1_

20imMg Ka1" 20limCl Ka1 20limC Ka1_

20imMg Ka1" 20lmCl Ka1 20limC Ka1_

Journal of Molecular Structure 1291 (2023) 136098

Fig. 3. SEM images and EDX mapping of the adducts (a) Add-22, (b) Add-33 and (c) Add-61.

activated magnesium chloride particles contain MgCl,-monolayers pil-
led irregularly, with exposure of nearly (110) and (104) surfaces [24,
25].

According to the literature, at ambient conditions (pressure and
temperature), magnesium chloride exits in the following two crystalline
polymorphs: a- and f forms, the first form being the most common form
and consisting in CdCly-type crystals with fec unit, while p-MgCly crys-
tallizes in the CdIp-type crystals with hep crystalline unit. In fact, both
crystalline forms can be detected in the neat MgCl,. At high pressures
and temperatures [73], as well as during MgCl, modification by Lewis
bases and ball milling, the polymorphic concentration ratio can be easily
changed. Via the so called processes, the thickening and thinning of the

lateral cuts in the crystallites are detected. Despite some previous re-
ports on the broadening of XRD patterns by MgCl, activation and
dealcoholation [11,74] no broadening is observed in XRD spectra of
studied adducts here, similar to the findings of some other researchers
[75,76]. Another important issue, needing special care, concerns the
hygroscopic nature of MgCl,.EtOH adducts. In fact, up to 6 molecules
with a Lewis base structure can be bonded to a MgCl, molecule. It affects
not only the morphology and crystalline structure of adduct, but also
deteriorates final catalysts performance. According to the Huang et al.
[77] appearance of peaks at 20=21 and 31° can be correlated to the
MgCly.H20 structure. The peak at 20=31° coincides with the charac-
teristic peak of the (012) lateral plane in MgCl, structure and cannot



R. Bazvand et al.

Journal of Molecular Structure 1291 (2023) 136098

(003) (012)

Intensity

Add-61

Add-47

35 40 45 50 55

20(°)

Fig. 4. XRD patterns of the studied adducts and pristine MgCl,.

Table 2
Structural features of the studied adducts and primary MgCl, obtained from XRD
patterns.

Sample Parameters 26 (°) and correlated plane type a/p
label 16 31 32 34 50 ratio
(003) (012) (011) (104) (110)
MgCl, d-Spacing 5.7 2.9 2.7 2.6 1.8 0.34
[A°]
FWHM [°] 0.26 0.24 0.32 0.31 0.41
Crystallite 308 343 259 268 214
size [A°]
Int.% 4340 4331 1959 669 1033
Add-22 d-Spacing 5.6 2.9 2.7 2.6 1.8 0.86
[A°]
FWHM [°] 0.39 0.82 0.79 0.78 1.25
Crystallite 206 100 105 106 70
size [A°]
Int.% 82 178 334 287 168
Add-33 d-Spacing 5.8 2.8 2.7 2.6 1.8 0.94
[A°]
FWHM [°] 0.38 0.80 0.53 0.67 0.92
Crystallite 211 103 156 124 95
size [A°]
Int.% 83 180 276 260 185
Add-47 d-Spacin 5.7 2.8 2.8 2.7 1.8 1.05
[A°]
FWHM [°] 0.36 0.35 0.45 0.58 0.86
Crystallite 219 135 164 172 178
size [A°]
Int.% 85 189 294 287 191
Add-61 d-Spacin 5.8 2.8 2.7 2.6 1.8 1.31
[A°]

FWHM [°] 0.35 0.34 0.46 0.45 0.41
Crystallite 229 244 180 183 213
size [A°]

Int.% 110 356 361 473 286

give any hint about the presence of water molecules. On the other hand,
the peak at 26=21 ° is due to the H»0, it was not considerable in the XRD
spectra of the studied adducts. Therefore, according to the spectra, the
water content of the adducts was not considerable. Furthermore, the
presence of - and a-MgCl, can be rationalized from the peaks at 26 = 32
and 34° correlated with the hexagonal close packing of the (011) facet in
-MgCl,, and the cubic close packing of (104) facet in a-MgCl, structure,
respectively. The ratio of « to p structures was acquired from the related
peaks intensities at 34 and 32° It is clear from Table 2 that o/ ratio
enhances from 0.34 in pristine MgCly to a value in the range of
0.86-1.31 for various adducts, so that increasing the ethanol content
improves the o/p ratio. Additional ethanol appears to provide more
structurally deformed MgCly structures, however, by thermal treatment;
their structure approaches the pristine MgCl, texture.

The p-spacing, full width at half-maximum (FWHM), crystallite size,
and peaks intensity at various 26 angles of 16, 31, 33, 34 and 50° are
gathered in Table 2. Obviously, in the primary MgCl, the share of the
(110) surface is high, which decreases in the adduct samples. Further-
more, the crystallite sizes decrease by ethanol content for all investi-
gated lateral cuts. Moreover, the primary MgCly and investigated
adducts revealed similar p-spacing in each 20 angle, while this value
varied with the changing 20 angle.

The disordered extent of the adducts and primary MgCl, was then
evaluated using the Williamson-Hall equation (eq-1) based on the data
obtained from XRD analysis.

. kA
B x cos(d) = C x sin(6) +I 1)

In which, B, A, k, and L represent the total broadening, the wave-
length, a constant (~1), and grain size, respectively. It is worth
mentioning this method is a common route to model the broadening [78,
79] of XRD peaks, almost originated from the stacking disorder of the
constituent crystals (denoted as C in the formula) and the crystal size. In
this method, by plotting p x Cos(0) versus Sin(0), C can be obtained from
the slope of the fitted line, Table 3. It is clear from the obtained results
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Table 3
The Williamson-Hall Equation constants and calculated grain size of the studied
adducts.

Sample Slope Intercept Crystallite size (nm)
MgCl, 0.0450 0.0025 72.4
Add-22 0.0074 0.0030 47.6
Add-33 0.0270 0.0033 43.5
Add-47 0.0024 0.0056 32.5
Add-61 0.0022 0.0061 23.8
Table 4
Porosity characteristics of the studied adducts.
Sample Total Surface Total pore Average Pore
label absorbed gas area (m?/ volume pore shape
in STP (cm3/ g) (cm3/g) diameter
g) (nm)
Add-22 3.2 14.1 0.087 24.5 NI!
Add-33 2.6 11.4 0.058 20.4 NI'
Add-47 1.8 7.9 0.036 18.2 WI*
Add-61 1.1 5.0 0.026 16.0 S

! W.I. = Wide Inlet;
2 N.I. = Narrow Inlet.

that the stacking disorder and crystallite size diminish in adduct sam-
ples, compared to neat MgCl,. It is worth mentioning that stacking
disorder has direct relationship with particle fragmentation and in-
creases with it.

The porosity of the studied adducts was assessed by Ny adsorption-
desorption measurements method and represented as pore volume,
pore diameter, pore shape and total surface area characteristics in
Table 4. The pore size distribution of adducts, acquired via BJH curve,
revealed an enhancement in pore diameter from 16.0 to 24.5 nm pro-
ceeding the thermal dealcolation from Add-61 to Add-22. In deep ana-
lyses, only small pores with a diameter ranged from 5 to 25 nm is
detected in the related BJH curve, Fig. 5a. On the other hand, in the case
of other samples, especially in the most dealcolated one, i.e. Add-22,
beside mentioned pores, some larger meso-pores with the r, of 25-40
nm can be clearly observed. These meso-pores cause an enhancement in
the surface area of the highly dealcolated samples from 5.0 m2/g in Add-
61 to 14.1 m?/g in Add-22. Using the hysteresis type of BET curves,
Fig. 5b, good information about the shape of pores is achieved which is
collected in Table 4. In particular, all adducts have a similar amount of
hysteresis, but with different pore diameters that reveals a wide inlet
type in Add-47 and Add-61, while narrow inlet type in Add-22 and Add-
33 samples.

According to the FTIR spectra in Fig. 6, peaks around 3400 cm ™' are
attributed to O—H stretching, 1408 due to C—C stretching, and 1041
cm ! is correlated to the C—O stretching of ethanol. According to Fig. 6,
no considerable variation in the location of the mentioned peaks is
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detected, which confirms the weak interaction of ethanol as a Lewis acid
with MgCl, support [11]. It is clear that the intensity of peak at 1041
cm ! is lower in the Add-33 sample, when comparing with the other
spectra. However, no clear explanation was fount for that. Furthermore,
the similar crystalline structure of the studied adducts comprising the
same lateral cuts, although with slightly different intensities, imposes
the same interaction with ethanol. It confirms the similar FTIR spectra
obtained for different adducts with various ethanol extent.

To study the lability of MgCl, aggregates with ethanol, DFT calcu-
lations were run. A systematic study of the interaction of the single
MgCl, unit with a range of 1 to 4 ethanol units, as well as metal clusters
of up to 4 MgCl, units, was carried out. In addition, the calculations were
repeated with and without implicit solvent effect, since the real situation
is intermediate once the aggregates are used. It is worth mentioning that
the structural simplicity from 1 to 4 MgCl, units leads from a structure
with C2v symmetry to one of C2h type, following previous computa-
tional studies, where the last MgCl; unit joins not to form a Mg4Cl, cubic
center, but that extending its length, thus repeating 2 units of Mg4Cly
contiguous joined by a square planar MgyCl, bridge.

The bond energies in Table 5 allow us to understand that the limit of
ethanol molecules is between 3 and 4 units, observing the dichotomy
between the optimization results in gas and in solvent. Thus, in solvent 3
units would be the limit, while in gas the monomer of magnesium oxide
can reach up to 4 units around it.

Apart from the gain of entropy [80], structurally it is necessary to
highlight the fact that with 4 units of ethanol it is only possible the
presence of 4 Mg-O bonds only with the MgCl, monomer, while from the
dimer (MgCly)2 it is no longer possible, placing one Mg---O interaction to
almost 4 A, but stabilized by 2 of the other ethanol molecules through
O---H type H bonds. Therefore, there is a clear trend that magnesium can
embrace up to 4 EtOH in the first coordination sphere, however 3 would
be the most reliable value.

In addition to the clusters of MgCly, from one to four units, we pro-
ceeded to do the exercise to see how much more unstable it is to arrange
the ethanol molecules in a single magnesium center, than not distrib-
uting them with the rest of magnesium centers. Thus, for 2 units of
magnesium in the gas phase this structure was 11.1 kcal/mol more
stable, a value that increases to 9.7 kcal/mol with 4 metal centers. But
with this last operation, the multiplier effect of increasing ethanol units
is overestimated. In order to avoid this error, if we compare with only 2
units of ethanol, we see that the increase is more modest, of only 1.6 and
1.1 kcal/mol, with 3 or 4 ethanol units, respectively. In addition,
knowing that for (MgCly)s-(EtOH)4 there is an ethanol ligand not
bonded to any magnesium, we wondered if for (MgCly)s-(EtOH)3 the
same could occur, bearing 2 ethanol ligands on a magnesium center and
the third stabilized by strong H-bonds with the two bonded ethanol li-
gands. Anyway, this species was located 7.4 kcal/mol above in energy.
Actually, due to entropy effects [80-82], results with more than 4
ethanol molecules were not included, as they were all found to be higher
in energy by at least 6.1 kcal/mol in the best system.
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Fig. 5. (a) N, adsorption-desorption isotherms plot, (b) BET diagram and (c) BJH curves of the studied adducts.
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Fig. 6. FTIR spectra of studied adducts containing various amounts of ethanol.

Table 5
Relative Gibbs energies (in kcal/mol) of the (MgCly)y clusters with n EtOH
molecules, in gas and in solvent; and Mg-O distances (in A) in gas.

AGgas  AGgolvent — d(Mg- d(Mg- d(Mg- d(Mg-
0) 0)2 0)3 0)4

MgCl, 0.0 0.0

~19.0 -9.0 2.030

-30.4 -15.4 2.062 2.076

-349 -10.8 2.132 2.126 2.167

—437  —9.0 2.141 2111 2.131 2.124
(MgCly), 0.0 0.0

-17.6 9.4 2.031

—242 127 2.067 2.101

-36.3 -16.7 2.132 2.055 2.312

—412 -156 2.082 2.211 2.226 3.712
(MgCly); 0.0 0.0

-102 -6.1 2.041

-286 —11.1 2.082 2.062

—40.7 265 2.086 2.096 2.129

—42.4 -243 2.088 2.121 2.083 3.906
(MgCly)s 0.0 0.0

-19.8 -10.1 2.022

-359 -18.3 2.045 2.045

—40.9 -21.8 2.065 2.063 2.109

—459 -16.0 2.069 2.024 2.167 3.795

The second and most important computational objective is embodied
in the results of Table 6, referring to the IR spectra. The agreement of the
results with those arranged in Fig. 7 is such that it was not even
necessary to apply the typical correction factor to the computational
results. In addition, the structural difference between the optimizations
in gas or solvent are minimal (see Table S1), and this is also reflected
again in the IR spectra (see Table S2). However, it should be noted that
the O—H signal has an error of 5-8% with respect to the experimental
values at 3400 cm ™2, in line with previous studies. Interestingly, the IR
results help corroborate that inserting more ethanol units into the Mg
center does not significantly alter the strength of the Mg---O interaction
with 1 to 4 units. To give more emphasis to this factor, already struc-
turally verified in Table 5, the results of the MBO (Mayer Bond Order)
[83] for the Mg---O interaction reinforce this statement, and thus fixing

Table 6
Computed IR values (in cm ™) of the (MgCly)x clusters with n EtOH molecules in
gas, for the C—0, C—C and O—H moieties.

n C-0 c—C O-H
MgCl, 1 1038.1 1444.3 3771.3
2 1035.1 1450.1 3742.7
3 1036.2 1431.9 3729.6
4 1049.9 1427.9 3666.2
(MgCly), 1 1023.5 1434.3 3790.0
2 1057.3 1431.3 3654.5
3 1042.1 1434.3 3701.3
4 1036.1 1434.4 3589.7
(MgCly)s 1 1028.8 1427.8 3757.9
2 1028.0 1452.1 3764.3
3 1033.0 1432.9 3754.6
4 1037.1 1428.3 3616.9
(MgCly)4 1 1024.0 1408.3 3762.0
2 1031.8 1430.5 3773.8
3 1043.2 1456.2 3432.8
4 1048.8 1457.6 3464.6

the role of the ethanol as a Lewis acid [84]. The MBOs of the Mg-O bonds
with MgCl, have values of 0.287 with 1 EtOH; 0.251 and 0.274 with 2
EtOH; 0.248, 0.231 and 0.240 with 3 EtOH; 0.272, 0.268, 0.239 and
0.265 with 4 EtOH; thus, when adding more EtOH molecules there is a
slight reduction of the strength with average MBOs of 0.263, 0.240 and
0.261. And with the largest cluster with a non bonded ethanol molecule
to any magnesium center, i.e. (MgCly)s, there is a remarkable value of
0.157 for the O---H interaction of the non bonded ethanol.

NCI plots developed by Contreras et al. [85,86], and included in
Fig. 7 were carried out to reveal that the interaction of MgCl; derivatives
with ethanol is not a simple Mg—O covalent bond [87,88], but also a
complex lattice of bonds by hydrogen bonding including a good number
of Cl---H interactions. In addition, it is necessary to mention a hydrogen
bond of O---H nature of extraordinary strength for (MgCl2)4-(EtOH)4,
with a blue color instead of green [89]. In fact, it is almost assimilable to
a bond, and it is also assimilable for the smaller (MgCly)2 and (MgCly)3
clusters.
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gradient (blue is attractive while red is repulsive).
4. Conclusions

Microstructure of four different MgCly-nEtOH adducts with 0.6 < n
< 3.2, prepared through melt quenching method, were analyzed by
different techniques. It is worth mentioning that the knowledge about
these adducts is not obvious, for example, regarding the disordered
modification or the size of the crystalline domains, but it is a step for-
ward as for the first time this paper provides some of the clues following
characterization, after the seminal works that tried in the past in the
same line [35,44,52-57,71,74,76]. The adducts with n = 1.8 and 3.2
revealed multiple EtOH desorption pathway in TGA analysis, revealing
both the loosely and semi-tightly bonding of ethanol molecules into the
MgCly surface. Despite different types of EtOH bindings, studied adducts
demonstrated similar FTIR spectra, arisen from not-strong interactions
between precursors. In the XRD patterns, although the adducts exhibited
similar lateral cuts, however, the ratio of o/f phases of MgCl, changed
by altering EtOH content. Besides, the variation of pore amount and
shape by alcohol content was significant. The overall results confirm the
importance of alcohol content on the microstructure of MgCly-nEtOH
adducts which influence final Ziegler-Natta catalysts behavior in terms
of comonomer incorporation and polymerization kinetic. This is under
consideration in our next research, apart from mechanistic calculations
by DFT that here perfectly fit with experiments to unveil the importance
of both the MgCl, and EtOH moieties and their consistent interaction in
the MgCly-nEtOH adducts.
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