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Abstract
Plastics, consisting of polymers and different additives, are an irremovable part of our daily life.
One of the most important group of synthetic polymers are polyolefins, a vast majority of which
are produced using heterogeneous Ziegler–Natta catalysts. Besides the precursor of active Ti
species and aluminum alkyl cocatalyst, MgCl2 support and Lewis bases (electron donors) are the
essential components of a modern Ziegler–Natta catalyst. Although the role of electron donors is
not completely confirmed, their coordination to MgCl2 is known to be crucial, as electron donors
can dictate the structure of MgCl2 support and affect the properties of active polymerization sites.
Comprehensive understanding of these effects would allow a more rational catalyst development.

In this study, the roles of multidentate ether and amine electron donors in the crystal structure
formation of magnesium chlorides were studied using experimental and computational
approaches.1,3-Dimethoxypropane, a simple diether, was unexpectedly found to be cleaved,
when used as an electron donor in Grignard–Wurtz synthesis of a magnesium chloride-electron
donor complex. The two-step cleavage reaction of diether is induced by a Grignard reagent and
results in the formation of methoxymagnesium chloride (MgCl(OMe)). Diether acts as a source
of methoxy groups in the reaction. Combined experimental and theoretical results indicate that
MgCl(OMe) possesses a layered structure similar to that of MgCl2. Calculations indicate a
thermodynamic feasibility of the MgCl(OMe) formation and suggest an energetic preference for
MgCl(OMe) to be structurally composed of alternating MgCl2 and Mg(OMe)2 stripes.
Coordination of ester electron donors on MgCl(OMe) is weaker than on MgCl2, whereas
coordination of TiCl4 is stronger in the case of methoxymagnesium chloride. MgCl(OMe)-TiCl4

catalyst exhibited a high activity in ethylene polymerization, highlighting the potential of
MgCl(OMe) as a support material for Ziegler–Natta type polymerization catalyst.

Crystalline magnesium chloride-electron donor complexes were formed in recrystallization of -
MgCl2 from excess of electron donor. The recrystallization products were identified as
[MgCl2(1,2-dimethoxyethane)]n, [Mg2Cl4(1,3-dimethoxypropane)2(H2O)] and [MgCl2(N,N’-
diethylethylenediamine)2] complexes. Crystal structures of the obtained complexes provide
detailed information about the bonding of chelating electron donors in MgCl2 supports. A
possible formation of crystalline complexes must be considered when preparing Ziegler–Natta
catalysts or modelling electron donor coordination on magnesium chlorides.

Polyethylenimines (PEIs), polymers bearing amino functionalities, were introduced as a new type
of internal electron donors for Ziegler–Natta catalysts. A major advantage of PEIs with respect
to conventional electron donors is their relative harmlessness. Both experimental and theoretical
results indicate a strong coordination ability of branched PEI to MgCl2. Based on computations,
the structural variations in PEIs significantly affect their ability to stabilize the lateral surfaces of
MgCl2. PEIs seem to favor coordination on the MgCl2 (110) surface and the coordination is
especially strong in the case of branched PEIs. The performance of MgCl2-PEI-TiCl4 catalyst in
the copolymerization of ethylene and 1-butene was good, indicating the potential of PEIs as
internal electron donors for Ziegler–Natta catalysts. In conclusion, the results obtained in the
study clarify the different roles of ether and amine electron donors in the crystal structure
formation of magnesium chlorides. Furthermore, a new potential support material and internal
electron donor for Ziegler–Natta type polymerization catalyst were introduced.
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Abbreviations
CP/MAS cross polarization/magic angle spinning
DEEDA N,N’-diethylethylenediamine
DFT density functional theory
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DME 1,2-dimethoxyethane
DMP 1,3-dimethoxypropane
DRIFT diffuse reflectance infrared Fourier transform
EB ethyl benzoate
EDTA ethylenediaminetetraacetic acid
GGA generalized gradient approximation
IR infrared
M06-2X meta-hybrid generalized gradient approximation functional of Zhao and Truhlar
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PXRD powder X-ray diffraction
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TZVP triple- -valence + polarization
XRD X-ray diffraction
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1. Introduction
Are we living in Plastic Age? Periods of human history have been defined based on materials and
technologies that have affected most the society. Because plastics have such an important role in
our everyday life, it is reasonable to argue that we truly are living in Plastic Age. Since the
discovery of first fully synthetic polymer, Bakelite, in 1900s, a vast number of plastic materials,
consisting of synthetic or semi-synthetic polymers and different additives, have been developed.1

Due to their lightness, versatility, and processability, plastics have replaced many traditional
materials in a large variety of applications, ranging from packaging and automotive industry to
artificial joints.1 The growing human population and rising standards of living have, nevertheless,
challenged scientists to develop more and more efficient polymerization processes and better
polymer products. A constant production of high-quality plastics is essential, if we are to maintain
our modern lifestyle.

Polyethylene and polypropylene are among the most produced synthetic polymers, thus,
possessing a vast commercial significance.2,3 Majority of these two polyolefins are produced
using heterogeneous Ziegler–Natta catalysts.2 The history of Ziegler–Natta catalysis began in
1950s, when Karl Ziegler discovered that TiCl4 combined with an aluminum alkyl polymerized
ethylene in low pressures and temperatures, resulting in highly crystalline linear polyethylene.3,4

Before this, polyethylene was produced in a high-pressure and high-temperature process, leading
to branched polymers with different physical properties.4 Shortly after Ziegler’s discovery, Giulio
Natta found that TiCl4/AlR3 catalyst was also able to produce isotactic polypropylene, starting
the era of stereoregular polyolefins.3 Since Ziegler’s and Natta’s discoveries, Nobel Prize worth
in 1963, numerous studies have been conducted in order to improve the performance of the
Ziegler–Natta catalysts and properties of the polymer products.5 Major breakthroughs in the field
have been immobilization of active titanium species on inorganic MgCl2 support and introduction
of Lewis bases (electron donors) to the catalytic system, resulting in notably enhanced activities
and also improved stereoselectivity for propylene polymerization.2,5 Especially in the last few
decades, researchers have also focused on obtaining fundamental understanding of the catalytic
system.5,6 The development of computational methods has played an important role in the
mechanistic studies.

Modern Ziegler–Natta catalysts are composed of a precursor of active Ti species (TiCl4),
supported usually on MgCl2, and an aluminum alkyl cocatalyst, enabling polymerization by
activating Ti centers through reduction and alkylation reactions.5,7,8 Typically Ziegler–Natta
catalysts also contain two types of Lewis bases.5 An internal electron donor forms together with
TiCl4 and MgCl2 support a precatalyst, which is activated with the cocatalyst in the presence of
an external donor.5 As a result of decades of intensive research, modern Ziegler–Natta catalysts
exhibit high activities and good stereoregulating properties.5 However, the research has so far
mostly relied on trial and error, because there is still no profound understanding on the operation
of the catalytic system.9 For example, the exact structure of active sites and the role of electron
donors are still not fully known. Solving these issues would allow a more rational development
of catalysts with new and enhanced features. Furthermore, arisen health concerns associated with
the use of certain plastic products and stricter regulation of chemicals have led to a need to find
alternatives for conventional electron donors.9–11 These are examples of the problems, which
motivate researchers around the world to continue studying this intriguing catalytic system.
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1.1. MgCl2 as a support for Ziegler–Natta catalyst
Conventionally the role of support material is to disperse the active component over a large
surface area, thus increasing the activity. The role of MgCl2 support in Ziegler–Natta catalysis is
more complex and MgCl2 has been proposed to participate in the formation of active
polymerization sites.12 In fact, the use of MgCl2 support increases both the number of catalytically
active sites and their activities.13 The crystal structure of MgCl2 is composed of Cl–Mg–Cl triple
layers packed in a lattice. The triple layers can be packed in a way that Cl atoms form a distorted
cubic close-packed structure ( -MgCl2) or a hexagonally close-packed structure ( -MgCl2)
(Figure 1).14–16 When used as a support, MgCl2 is usually in its activated form. This -MgCl2 is
characterized by a high structural disorder of Cl–Mg–Cl layers, a high number of unsaturated
lateral surfaces, and a small crystallite size.5,17,18 The suitability of MgCl2 as a support material
for active Ti species can be accounted for the similar crystal structures and lattice parameters of
-MgCl2 and -TiCl3.4 The lateral cuts of MgCl2 exposing unsaturated Mg atoms are especially

important, since they allow MgCl2 to perform its role as a support by enabling coordination of
active titanium species and electron donors.13 Figure 2 presents the catalytically relevant (104)
and (110) surfaces, which possess 5- and 4-coordinated Mg atoms, respectively, in comparison
to 6-coordinated Mg atoms of the bulk.19,20

Figure 1. The packing of Cl–Mg–Cl triple layers in the polymorphic modifications of MgCl2.
Green = Cl, yellow = Mg.

Figure 2. The structure of a single MgCl2 layer presenting the catalytically relevant (104) and
(110) surfaces. Green = Cl, yellow = Mg.
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-MgCl2 can be prepared by using mechanical or chemical activation methods or a combination
of them.5,21 In mechanical activation methods, ordered MgCl2 is grounded typically in a ball
mill.22 TiCl4 or Lewis bases can be added to the mixture in order to achieve even higher disorder.5

The most commonly used chemical method involves preparation of MgCl2-Lewis base (e.g.
ethanol) adducts.5 The removal of Lewis base by thermal or chemical treatment results in highly
disordered MgCl2.23 Another chemical route to activated MgCl2 utilizes Grignard and Wurtz
coupling reactions (Scheme 1).21,24 In this simple one-step method, magnesium metal reacts with
n-alkyl chloride producing -MgCl2, which exhibits a high degree of disorder, but also contains
a minor amount of alkyl magnesium compounds.21 The mechanical activation methods have been
widely replaced by the chemical methods, because they produce -MgCl2 with a higher degree of
disorder and also enable better control over the particle morphology.5,21

Scheme 1. Reactions of Grignard–Wurtz coupling. Reaction (1) describes Grignard reaction,
reactions (2) and (3) Wurtz coupling reactions, and reaction (4) Schlenk equilibrium.

1.2. Other support materials for Ziegler–Natta catalyst
Since its discovery, MgCl2 has been by far the most studied and utilized support material in
Ziegler–Natta catalysts, as MgCl2-supported catalysts have proven to possess the highest
activities and best stereoselectivities.5 However, there are also other potential support materials,
including e.g. MgBr2,5 MnCl2,5 polymers,25–27 SiO2

28,29 and magnesium alkoxides (Mg(OR)2)30.
Alkoxymagnesium chlorides (MgCl(OR)) are another interesting, yet rarely studied group of
support materials. Synthetic pathways leading to alkoxymagnesium chlorides and their use as
precursors or components of Ziegler–Natta catalysts have been reported, indicating their potential
as support materials.31–39 However, no studies on the structures of alkoxymagnesium chlorides or
their interaction with electron donors and TiCl4 have been published.

1.3. Electron donors
Electron donors are Lewis bases, which can dictate the crystal structure of MgCl2 by forming
either a surface or a molecular complex with it.40–43 Interaction of MgCl2 with electron donors
and TiCl4 has been extensively studied using both experimental and computational approaches.
The role of electron donors in the formation of MgCl2 crystallites is important, as they can
stabilize MgCl2 crystals by coordinating on the unsaturated surfaces.14,40,44–46 Electron donors can
thus promote the formation of small MgCl2 crystallites that is important for the activation of
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MgCl2.44 Furthermore, in some cases electron donors can direct the growth of MgCl2 nanocrystals
by selectively stabilizing certain lateral surfaces.15,43,47–52 In the absence of an electron donor, the
(104) surfaces with weaker Lewis acidities are predominating, but the presence of an electron
donor can make the formation of the (110) surfaces preferred.19,46,47,50,53 It must be noted that
surfaces in a real crystal are not always perfect, but may contain different types of surface defects,
including e.g. steps and kinks.54 The surface defects complicate the situation by highly increasing
the number of possible coordination sites.55–57 Some typical electron donors used in Ziegler–Natta
catalysts are presented in Figure 3.

Figure 3. Typical electron donors used in Ziegler–Natta catalysts. R represents an alkyl group.

Although the role of electron donors in the polymerization process is not completely confirmed,
it is evident that they play a key role. Electron donors significantly affect the properties of both
the catalyst (e.g. activity, stereoselectivity, hydrogen response) and polymer product (e.g. molar
mass, molar mass distribution, tacticity).5,6,13,45,58,59 Previously, it was assumed that the main
function of electron donors was to control the amount and distribution of active titanium species
in the catalyst. TiCl4 can form either a mononuclear (TiCl4) or a binuclear (Ti2Cl8) species on the
lateral MgCl2 surfaces.5 Electron donors were assumed to hinder the formation of less
stereoselective Ti species by selectively coordinating on the (110) surface.59 The precursor of
stereoselective active species was assumed to be Ti2Cl8 dimer coordinated on the (104) surface
of MgCl2.58,59 However, the latest experimental and theoretical studies have indicated the
instability of dimeric titanium species on the (104) surface.60 According to the current
understanding, the role of electron donors is rather to modify the local environment of active
titanium species by coadsorbing to their proximity.13,61–63 The precursor of active species is
assumed to be mononuclear TiCl4 coordinated on the (110) (or alike) surface.28,50,60,64,65

Furthermore, computational results by Credendino et al. suggest that the active titanium species
could be located also on the defected (104) surface.57

1.3.1. Diethers as electron donors

Diethers are industrially important bidentate electron donors bearing two ether groups (see
Figure 3). Uniquely, Ziegler–Natta catalysts with diether electron donors exhibit a high activity
in stereoselective polymerization of propylene, even in the absence of an external electron donor.5
In addition, these catalysts usually exhibit a high hydrogen response and good stability under the
polymerization conditions.6,66,67 The distance between coordinating atoms of a bidentate electron
donor has been proven to be a key factor in binding to MgCl2.6,68 1,3-Diethers have been found
to possess suitable oxygen–oxygen distances for coordination to MgCl2 (approximately 2.8–3.2
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Å) and, thus, are commonly utilized as electron donors.6,68 According to theoretical studies,
diethers prefer a chelate binding mode.45,62,69 Furthermore, both experimental and computational
studies have shown that diethers preferably coordinate on the (110) surface of MgCl2.5,41,45,49,70

1.3.2. Polymeric electron donors

Polymeric compounds bearing suitable functionalities (e.g. ether groups) can be used as electron
donors in Ziegler–Natta catalysts. Although polymers are interesting and potential alternatives
for conventional electron donors, they have not yet drawn much attention. Only the use of certain
polyethers (e.g. polyethylene glycols and polytetrahydrofurans) has been reported in the field of
Ziegler–Natta catalysis.71–73 Interaction of polyethylene glycol with MgCl2 has been more
extensively studied in the context of electrolytes.24,74,75 It can be assumed that the binding
properties of a polymeric electron donor are strongly influenced by the structural features (e.g.
the distance between electron donating atoms, polymer chain length, and branching). Hence, the
structural adjustments may offer a way to tailor the electron donating properties of a polymeric
donor suitable for various applications.

1.4. Crystalline magnesium chloride-electron donor complexes
In addition to the surface complex formation described above, electron donors can form also
molecular complexes with MgCl2. These magnesium chloride-electron donor complexes can be
considered as crystalline models, which provide detailed information about the bonding and
coordination modes of electron donors in MgCl2 supports. In addition, the crystal structures of
these complexes can provide further insight into the role of electron donors in the formation of
crystalline MgCl2 phases.16,76 For example the industrially important MgCl2-ethanol adducts
(MgCl2 nEtOH), which are often employed in the preparation of Ziegler–Natta catalysts, have
been thoroughly studied.23,77–82 Although ethanol is removed during the support preparation, the
initial composition and architecture of MgCl2-ethanol adduct affects the properties of the final
catalyst, making the structural information highly important.76,77 Certain MgCl2-ethanol adducts
have been found to possess polymeric structures.77 It has been proposed that the nanoporosity and
high surface area of chemically activated -MgCl2 results from the formation of these polymeric
MgCl2-electron donor complexes, which retain their structural framework despite the removal of
electron donor.76,77 MgCl2 complexes with other alcohols have been studied, as well.83–87

In addition to alcohols,77–79,86 the syntheses and crystal structures of magnesium chloride
complexes with various other electron donors, including e.g. tetrahydrofuran,88–90 alkyloxy
ethanols,91,92 pyridine,93 esters,94,95 and ketones96 have been reported. Also the crystal structures
of magnesium bromide complexes with ethers have been published.97–99 Despite the high
industrial relevance of diether electron donors, the syntheses and crystal structures of magnesium
chloride-diether complexes have been rarely reported.100 Crystalline magnesium chloride
complexes with other electron donors besides ethanol can also be used as components of Ziegler–
Natta catalysts, as Di Noto et al. and Pirinen et al. have demonstrated.101,102
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1.5. Ethylene polymerization
Polyethylene (PE) is a simple polymer having the chemical formula (C2H4)n. Polyethylene is
mainly produced using heterogeneous catalysis, most notably with Ti-based Ziegler–Natta
catalysts.103 The physical properties of PE depend on the structural features (e.g. molar mass and
molar mass distribution),104,105 which are highly dependent on the properties of the catalyst
utilized. For example the physical properties of catalyst particles (size, porosity, surface area),
the local environment of active sites, and the possible presence of electron donors are known to
have an influence on the properties of the final catalyst.40,106–109 Furthermore, the polymerization
conditions also affect the properties of polymer produced.110 Particular attention must thus be
paid during both the catalyst preparation and polymerization in order to obtain polymer with
desired properties.

Active sites of a Ziegler–Natta catalyst are typically heterogeneous (multi-site catalyst) that
results in widening of the molar mass distribution.109–112 The presence of an electron donor usually
decreases the activity of the catalyst in ethylene homopolymerization, but increases the molar
mass and narrows down the molar mass distribution of the polymer product.6 Similarly, the
presence of hydrogen, which is used to adjust the molar mass, decreases the activity of the
catalyst.6,108

Addition of -olefin (comonomer, e.g. 1-butene) into the reaction mixture during the
polymerization of ethylene results in the formation of short chain branches to the polyethylene
backbone chain. Branching significantly affects the physical properties (e.g. density, melting
point, crystallinity, tensile properties) of the copolymer product. In suitable conditions, the
polymer formed in such copolymerization is called linear low density polyethylene (LLDPE).105

The ability of a catalyst to incorporate comonomers into a growing polymer chain is highly
dependent on the nature of active sites.113 The use of electron donors typically enhances the
comonomer incorporation.6 The addition of a comonomer into ethylene polymerization system is
known to increases the rate of polymerization.6,108 A plausible explanation to this so-called
comonomer effect is the easier access of monomers to active sites.114 Furthermore, the presence
of -olefin besides ethylene may increase the number of active sites due to activation of otherwise
inactive centers or enhanced fragmentation of catalyst particles.108,114 On the other hand, the
presence of comonomers often decreases the molar mass of the polymer product.6,108

Although the nature of active polymerization sites is not completely confirmed, it is unanimously
assumed that a Ti–C bond plays a key role in the polymerization process.5 Formation of the active
metal–carbon bond most probably results from alkylation reactions of Ti centers by aluminum
alkyl cocatalyst during the catalyst activation.5,7,8 Furthermore, considerable reduction of Ti
centers from the initial oxidation state (+4) of TiCl4 is likely to occur during the activation
process, resulting in the formation of Ti3+ and even Ti2+ species.5 The polymerization of ethylene
by a Ti-based catalyst is generally accepted to proceed via Cossee–Arlman mechanism (Scheme
2).4,105,115 The active site is assumed to be a Ti center coordinated by four chloride ligands and an
alkyl group. The active site possesses also a coordination vacancy, where an ethylene molecule
can coordinate. An insertion reaction of ethylene between titanium and the alkyl group follows.
Meanwhile, a new vacant site is generated, enabling coordination of next ethylene monomer.
Repetitive additions of ethylene molecules produce a polyethylene chain.105 The most important
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polymer chain termination mechanisms include a chain transfer with hydrogen molecule (molar
mass modifier), monomer or cocatalyst.108 In addition, the chain termination can also occur
through -hydride elimination.108

Scheme 2. Mechanism of ethylene polymerization using a transition metal catalyst. Black box
represents a vacant coordination site.105

1.6. Aims of the study
This thesis focuses on supported, Ti-based Ziegler–Natta catalysts, some fundamental aspects of
which are still unclear. As highlighted in the previous chapters, electron donors can dictate the
structure of MgCl2 support, which notably influences the properties of the catalytic system. The
aim of the thesis is to study the effect of multidentate oxygen- and nitrogen-containing electron
donors on the formation of magnesium chloride structures utilizing both experimental and
computational approaches. Particular attention is paid to the interaction of electron donors with
magnesium chloride-based support materials. Diethers are chosen as electron donors due to their
industrial importance. In addition, their nitrogen-containing counterparts (diamines) are studied
to obtain a more comprehensive understanding of coordination of chelating electron donors to
magnesium chlorides. The electron donors included in the study are presented in Figure 4. The
knowledge of electron donor influence on the structure of magnesium chlorides can be useful in
the development and modelling of Ziegler–Natta polymerization catalysts.
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Figure 4. Structures of electron donors used in the study.

The effect of diethers on the structure of magnesium chlorides is studied using two different
synthesis approaches. Firstly, magnesium chloride is synthesized in the presence of diether
electron donors utilizing Grignard–Wurtz coupling reactions. Secondly, -MgCl2 is recrystallized
from excess of electron donor. The aim is to identify and characterize the reaction products and,
thus, to clarity the roles of bidentate electron donors in the crystal structure formation of
magnesium chlorides. Furthermore, the properties of the reaction products as support materials
for a Ziegler–Natta type polymerization catalyst are of interest.

Suitable alternatives for conventional electron donors are constantly sought. An important
criterion is that the new electron donors should be less harmful than the conventional donors. One
goal of the thesis is to pursue an idea of using nitrogen-containing polymers (structure 6 in Figure
4) as novel multidentate electron donors for Ziegler–Natta catalysts.
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2. Experimental
2.1. General considerations
Magnesium chloride supports and Ziegler–Natta catalysts are highly air-sensitive. Thus, the
preparation of the supports and precatalysts and the handling of the samples were conducted
strictly under a nitrogen or argon atmosphere using a glovebox and Schlenk techniques. The
glassware and autoclave used in the experiments were dried in an oven at 110 °C and quickly
transferred into the antechamber of the glovebox, when needed. The solvents and electron donors
were dried using 3 Å molecular sieves, with the exception of branched polyethylenimine (Mw =
800 g/mol), which was dried under vacuum at 120 °C overnight. Some materials and reagents
used in the experiments are highly pyrophoric and must be handled cautiously.

2.2. Preparation of supports and precatalysts
2.2.1. Synthesis of magnesium chloride supports

-MgCl2 was synthesized according to a method presented by Di Noto et al. with minor
modifications.21 Magnesium, 1-chlorobutane (in a molar ratio of 1:3), a few small crystals of
iodine and octane (solvent) were packed into an autoclave, which was heated at 130 °C for 2 h.
The solid product formed in the reaction (fine white powder) was separated, washed with octane
and dried under vacuum at room temperature.

Attempted syntheses of magnesium chloride-diether complexes were performed using the same
synthesis method as in the case of -MgCl2, but in the presence of a diether electron donor. A
Mg/donor molar ratio of 2:1 was used.

2.2.2. Addition of electron donors and TiCl4 to magnesium chloride supports

Addition of electron donors and TiCl4 to magnesium chloride supports were conducted in an
autoclave using toluene as the solvent medium. For the addition of electron donors, reagents were
packed into an autoclave, which was heated at 130 °C for 2 h. The solid products were separated,
washed with toluene and dried under vacuum. In the case of TiCl4, the reaction temperature was
100 °C for 2 h and a Mg/Ti molar ratio of 1:10 was used. TiCl4-containing products were washed
with both toluene and heptane and dried under reduced pressure.

2.2.3. Synthesis of crystalline magnesium chloride-electron donor complexes

Crystalline magnesium chloride-electron donor complexes were prepared by recrystallization of
-MgCl2 in the presence of chelating electron donors. -MgCl2 and a large molar excess of

electron donor were packed into an autoclave. Reaction temperatures (50–130 °C) and times (3–
14 days) were optimized for each electron donor in order to obtain large crystals of good quality.
After the reaction, crystalline solids were detected on the bottom and walls of the autoclave
(Figure 5). The liquid phase was removed and the solid product was dried under reduced pressure
at room temperature.
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Figure 5. Schematic presentation of the recrystallization process in an autoclave.

2.2.4. Preparation of MgCl2-PEI-TiCl4 precatalyst

A precatalyst containing branched PEI as internal electron donor was prepared by a sequential
addition of PEI and TiCl4 to a MgCl2-EtOH support116–118. First, PEI was added to a MgCl2-EtOH
adduct (a Mg/PEI molar ratio of 1.1) in an autoclave using toluene as the solvent medium (90
°C/22 h). Next, TiCl4 was added to the separated and toluene-washed MgCl2-EtOH-PEI support
in a glass reactor. A slurry of support and heptane was cooled to 10 °C, followed by a slow
addition of TiCl4 (n(Ti):n(EtOH) = 5.5). After 30 min, temperature of the system was slowly
raised to 110 °C. After 60 min of mixing at 110 °C, the solid product was separated and
extensively washed using TiCl4, toluene and heptane. The precatalyst obtained was dried under
vacuum at room temperature. Further details of the precatalyst preparation are presented in
Publication IV.

2.3. Characterization of supports and precatalysts
Powder X-ray diffractograms (PXRD) were recorded using Cu K  radiation (  = 1.5418 Å), a
measurement range (2 ) of 4–70°, a step size of 0.05°, and a time per step of 8 s. The samples
were protected from air by Mylar film. Single-crystal X-ray diffraction was utilized in the
structure determinations of crystalline complexes. The air-sensitive crystals were protected from
air by immersing them in Fomblin oil, mounted in a nylon loop, and measured at a temperature
of 120 or 150 K using Mo K  radiation (  = 0.71073 Å). Further details of X-ray structure
determinations are presented in Publication III.

13C NMR spectra of the solid products were recorded using cross polarization and magic angle
spinning (CP/MAS) and the following parameters: a spin rate of 4500 Hz, a relaxation delay of 5
s, a contact time of 3.0 ms and a number of scans of 10000. Glycine was used as an external
reference. IR spectra of the solid samples were recorded in a DRIFT (diffuse reflectance infrared
Fourier transform) mode using 32 scans and a resolution of 2 cm–1.

The magnesium content of the solid products was determined by a complexometric EDTA
(ethylenediaminetetraacetic acid) titration. The amounts of organic molecules and moieties in
complexes were determined by 1H NMR spectroscopy (a number of scans of 32 and a relaxation
delay of 10 s). Solid products were dissolved in D2SO4/D2O solution and sodium acetate was used
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as an internal standard. The titanium content of the products was determined by a
spectrophotometric method, in which solids were dissolved in H2SO4 solution and addition of
H2O2 gave solutions of a yellow complex.119 Absorbances of the solutions were read at 410 nm
wavelength.

2.4. Polymerizations
For ethylene homopolymerizations, a precatalyst, triethylaluminum (TEA) cocatalyst (an Al/Ti
molar ratio of 100:1), and heptane were packed into a 100 ml autoclave, which was heated to 50
°C. Pressure was maintained at a constant level (2.0 bar) by a continuous ethylene feed. The
polymerization was terminated after 60 min by ventilation of ethylene gas.

Copolymerizations of ethylene and 1-butene were conducted in a 3-liter semibatch reactor using
triethylaluminum as a cocatalyst (an Al/Ti molar ratio of 15:1). Propane, 1-butene and H2 were
added into the reactor, which was heated to reaction temperature (85 °C). An ethylene batch was
introduced into the reactor, followed by catalyst and TEA. Constant pressure was maintained by
a continuous ethylene feed. Polymerizations were stopped after 60 minutes by venting off
monomers and H2. Further details of the ethylene/1-butene copolymerizations are presented in
Publication IV.

2.5. Computational details
All calculations were performed using Gaussian09 program package.120 Both cluster models and
periodic models of magnesium chlorides and their donor/TiCl4 complexes were studied by the
means of DFT (density functional theory) methods. M06-2X meta-hybrid GGA (generalized
gradient approximation) functional121 was chosen to be used in the calculations, based on
benchmarking by Ehm et al.122 Optimized triple- -valence + polarization basis sets (TZVP),
derived from the def-TZVP basis sets of Ahlrics and coworkers,123 were used in all calculations.
Further details of the quantum chemical calculations are presented in Publications II and IV.
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3. Results and discussion
3.1. Diethers as electron donors in Grignard–Wurtz synthesis of MgCl2

The effect of diether electron donors on the structure of MgCl2, prepared utilizing Grignard–
Wurtz coupling reactions, was studied by performing Grignard–Wurtz synthesis in the presence
of 1,3-dimethoxypropane diether (structure 1 in Figure 4). Magnesium, 1-chlorobutane, and 1,3-
dimethoxypropane (in a molar ratio of 2:6:1) were used as reactants and octane as the solvent
medium (130 °C/2h). According to a PXRD study presented in Figure 6, the solid product formed
was highly disordered, but unexpectedly it did not possess the typical characteristics of -MgCl2.
In fact, based on IR, CP/MAS 13C NMR (Figure 7) and 1H NMR spectroscopic data, the product
was found to contain methoxy groups (OCH3 = OMe) and a minor amount 1,3-
dimethoxypropane. Based on 1H NMR analysis and EDTA titrations, Mg/MeO and Mg/1,3-
dimethoxypropane molar ratios were 1:0.82 and 1:0.047, respectively. The molar ratio of
magnesium to chlorine was 1:1.26. As a conclusion, most of the 1,3-dimethoxypropane had been
cleaved during the reaction and every mole of 1,3-dimethoxypropane produced approximately
two moles of methoxy groups. The product formed in the reaction was most probably
methoxymagnesium chloride (MgCl(OMe)), containing a minor amount of unreacted 1,3-
dimethoxypropane. Formation of other alkoxymagnesium chlorides in similar reaction conditions
from different sources of alkoxy groups has been previously reported.31,32,35,39

Figure 6. Powder X-ray diffractograms of the solid product from Grignard–Wurtz synthesis in
the presence of 1,3-dimethoxypropane (MgCl(OMe); solid line) and -MgCl2 (dashed line).
Reflections of the sample holder are marked with asterisks (*).
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Figure 7. CP/MAS 13C NMR spectrum of the solid product from Grignard-Wurtz synthesis in
the presence of 1,3-dimethoxypropane as electron donor (MgCl(OMe)). MeO = methoxy group,
DMP = 1,3-dimethoxypropane, oct = octane, ss = spinning sideband.

In addition to 1,3-dimethoxypropane, two other diethers, 2,2-dimethoxypropane and 1,1-
dimethoxyethane (structures 2 and 3 in Figure 4), were studied as electron donors in Grignard–
Wurtz synthesis using the same amounts of reactants and reaction conditions as in the case of 1,3-
dimethoxypropane. Based on PXRD and spectroscopic data, the solid reaction products consisted
mainly of methoxymagnesium chloride.

3.1.1. Ether cleavage during Grignard-Wurtz synthesis

The cause of ether cleavage during Grignard–Wurtz synthesis was studied by heating 1,3-
dimethoxypropane in the presence of 1-chlorobutane or -MgCl2 and using octane as the solvent
medium. The cleavage reaction was not observed in either of these two cases, indicating that heat
or the presence of -MgCl2 was insufficient to decompose 1,3-dimethoxypropane in the reaction
conditions (130 °C/2h). However, when commercial butylmagnesium chloride solution was
added to a partly crystalline magnesium chloride-1,3-dimethoxypropane complex, prepared by
addition of diether to prior-synthesized -MgCl2, a partial cleavage of 1,3-dimethoxypropane was
observed. Publication I includes further details. The result suggested that the Grignard reagent
formed in Grignard–Wurtz coupling reactions (Scheme 1) was likely responsible for the cleavage
reaction of diethers during Grignard–Wurtz synthesis.

In order to provide further insight into the reaction path of ether cleavage, Grignard–Wurtz
synthesis in the presence of 1,3-dimethoxypropane was repeated in a glass reactor at atmospheric
pressure using the same amounts of reagents and reaction temperature as in the case of autoclave
synthesis. The experimental set-up enabled sampling during the course of the reaction and, thus,
monitoring the progress of the reaction. The solid reaction products were separated, dissolved in
D2SO4/D2O solution, and analyzed by 1H NMR. The results are summarized in Figure 8, where
the amounts of 1,3-dimethoxypropane and methoxy groups in the solid products are presented as
a function of the reaction time. In the beginning of the reaction, the solid magnesium product
contained more 1,3-dimethoxypropane than methoxy groups. As the reaction proceeded, the
amount of 1,3-dimethoxypropane decreased rapidly and simultaneously the amount of methoxy
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groups increased. Diether most probably first binds to the solid magnesium product formed in the
reaction, and later undergoes a cleavage reaction producing methoxy groups.

Figure 8. The molar amounts of MeO and 1,3-dimethoxypropane per gram of the solid product
presented as a function of the reaction time. t = 0 corresponds to the starting time of the heating.

The liquid phase of the reaction mixture was also analyzed as a function of the reaction time
(Figure 9). The liquid samples were diluted in CDCl3 and analyzed by 1H NMR. In the early
stages of the reaction (t = 20 and 30 min), two new unsaturated compounds, identified as 3-
methoxy-1-propene and 1-heptene, were found to be present in the liquid phase. As the reaction
progressed, the amount of 3-methoxy-1-propene decreased, and in the end of the reaction (t = 120
min) there was virtually none left, whereas 1-heptene was still present. The results suggest that
the cleavage reaction of 1,3-dimethoxypropane probably first produces 3-methoxy-1-propene
intermediate, which reacts further producing 1-heptene. In both steps one methoxy group is
cleaved, resulting eventually in the formation of methoxymagnesium chloride. Analysis of the
gas phase of the reaction mixture (t = 120 min) by IR spectroscopy and gas chromatography
revealed another possible terminal alkene by-product, likely propene. The two observed by-
products indicate the existence of at least two parallel reaction paths for the diether cleavage.
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Figure 9. 1H NMR spectra of the liquid phase of the reaction mixture from Grignard–Wurtz
synthesis in the presence of 1,3-dimethoxypropane at different intervals from the beginning of
the reaction. Regions 3.8–6.0 ppm and 3.2–3.6 ppm are presented on a different intensity scale. t
= 0 corresponds to the starting time of the heating. MeOPr = 3-methoxy-1-propene, BuCl = 1-
chlorobutane, DMP = 1,3-dimethoxypropane.

The probable intermediate product 3-methoxy-1-propene was also studied as an electron donor
in Grignard-Wurtz synthesis using the same reaction conditions as in the case of 1,3-
dimethoxypropane (a Mg/donor molar ratio of 2:1). Spectroscopic data indicated the presence of
methoxy groups in the solid magnesium product. According to a PXRD study, the reaction
product was a mixture of MgCl(OMe) and MgCl2 phases due to high magnesium/methoxy molar
ratio of 2:1 used in the synthesis. The analyses of the gas and liquid phases of the reaction mixture
confirmed the formation of 1-heptene and propene by-products also in this case. The experiment
provided further support for 3-methoxy-1-propene being an intermediate product of the cleavage
reaction of 1,3-dimethoxypropane during Grignard–Wurtz synthesis.

A possible reaction path for the cleavage of 1,3-dimethoxypropane resulting in the formation of
1-heptene as a by-product is presented in Scheme 3. First step in the reaction path is an
elimination of OCH3 induced by a strong nucleophile BuMgCl.124 3-Methoxy-1-propene is
produced in the reaction along with methoxymagnesium chloride and butane, which is formed
via a -hydrogen abstraction. Second step in the reaction path involves a OCH3 substitution of 3-
methoxy-1-propene intermediate by butyl anion of BuMgCl. There are two possibilities how the
carbanion can attack 3-methoxy-1-propene, namely 1,2-addition and 1,4-addition.125,126 Both
ways result in the formation of methoxymagnesium chloride and 1-heptene.
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Scheme 3. A proposed reaction path for the cleavage reaction of 1,3-dimethoxypropane by
Grignard reagent, resulting in the formation of 1-heptene as a by-product.

The formation of propene, another observed by-product, has been reported in the cleavage of
allylic ethers.126 Kharasch et al. have studied the cleavage reactions of ethers by Grignard reagents
in the presence of metal halides.127–131 Propene formation was reported in the cleavage of phenyl
allyl ether by Grignard reagent in the presence of cobalt chloride. Furthermore, Ohkubo et al.
have reported the cleavage of allylic ethers in the presence of a low-valent titanium species,
magnesium chloride and magnesium metal.132 The reaction was proposed to result in the
formation of methoxy ion and allyl anion or allyl radical. Based on these literature results, heating
of 3-methoxy-1-propene was studied in the presence of magnesium metal and -MgCl2 using
octane as the solvent medium (130 °C/2h). 1H NMR analysis of the solid product dissolved in
D2SO4/D2O solution revealed partial cleavage of 3-methoxy-1-propene, indicating that the
presence of magnesium and -MgCl2 can cause the cleavage reaction even in the absence of a Ti
species. Analysis of the gas phase of the reaction mixture indicated possible presence of propene,
whereas 1-heptene was not found to be present in the liquid phase of the reaction mixture.

3.1.2. Structure of MgCl(OMe)

According to a PXRD study presented in Figure 6, methoxymagnesium chloride formed in
Grignard–Wurtz synthesis possesses a diffraction pattern similar to that of -MgCl2 prepared with
the same synthesis method, but in the absence of an electron donor. The congruence between X-
ray patterns indicate that methoxymagnesium chloride possesses a layer structure similar to that
of -MgCl2. The signals of MgCl(OMe) are wider than the signals of -MgCl2, indicating even a
higher structural disorder or a smaller crystallite size. Furthermore, a broad signal of methoxy
groups in the CP/MAS 13C NMR spectrum (Figure 7) at 54 ppm, as well as the broad absorption
of C–O stretching vibration in the IR spectrum at 1000 cm–1 indicate multiple possible chemical
environments of methoxy groups in MgCl(OMe).
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Computational approach was employed together with experimental methods in order to provide
further insight into general structural features of MgCl(OMe). To make a comparison to
analogous MgCl2 and Mg(OMe)2 structures, cluster of up to four MgCl(OMe) monomers were
studied in all possible configurations. The most stable MgCl(OMe) tetramer obtained closely
resembles the MgCl2 tetramer (Figure 10).133 The preferable distribution of methoxy groups in
the structure of MgCl(OMe) was studied by increasing the size of the cluster to construct a
hexagonal structure46 of 19 monomers and by altering the mutual arrangement of methoxy groups.
The most stable configuration (see Figure 10) shows that the methoxy groups favor positions
close to each other, resulting in the formation of alternating Mg(OMe)2 and MgCl2 stripes.
Furthermore, an energy comparison between MgCl2, Mg(OMe)2, and MgCl(OMe) clusters
(Table 1) indicated a thermodynamic feasibility for the formation of methoxymagnesium
chloride.

Figure 10. The most stable tetrameric [MgCl2]4 and [MgCl(OMe)]4 structures and a hexagonal
structure of [MgCl(OMe)]19 cluster viewed from two different orientations. Green = Cl, yellow
= Mg, red = O, gray = C.

Table 1. Energy ( E/Mg) and Gibbs energy ( G/Mg) for the reaction [MgCl2]x + [Mg(OMe)2]x

 2 [MgCl(OMe)]x as a function of the cluster size.

x E/Mg (kJ/mol) G/Mg (kJ/mol)a

1 –3.8 –10.7

2 –43.0 –41.5

3 –31.0 –30.0

4 –39.7 –38.0

19 –22.1 –22.0
aGibbs energies were calculated at T = 298 K and p = 1 atm.

A systematic study of MgCl(OMe) monolayer systems was conducted using periodic models in
order to verify the structure proposed by cluster calculations and to generalize the structural
features to analogous crystallites. The layers were described by a multiplication of a
Mg4Clx(OMe)y supercell, where x + y = 8. The most stable structure was obtained at equivalent
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composition Cl:OMe = 1:1 (x = y = 4), suggesting, in accordance with the cluster model
calculations, a preferable mixing of Cl and OMe units giving MgCl(OMe). In an optimized
structure, MgCl2 and Mg(OMe)2 units are arranged in a form of alternating stripes (Figure 11).
The energy of MgCl(OMe) with respect to pure MgCl2 is –48.3 kJ/mol per each Mg atom.
However, it is unlikely that the synthesized methoxymagnesium chloride possesses this neatly
ordered structure throughout the whole material. Most probably the product possesses, in addition
to layer stacking disorder, also intralayer disorder between Cl and OMe units, which would in
part explain the observed high disorder in PXRD.

Figure 11. The structure of a single MgCl(OMe) layer viewed from orientation parallel to the
basal (100) surface (left) and multilayer structure of MgCl(OMe) (right) based on periodic
quantum chemical calculations. Green = Cl, yellow = Mg, red = O, gray = C.

3.1.3. MgCl(OMe) as a support material

The properties of methoxymagnesium chloride as a support material for Ziegler–Natta type
polymerization catalyst were of interest. Hence, interaction of typical ester electron donors and
TiCl4 with MgCl(OMe) was studied by adding diisobutyl phthalate (DIBP), ethyl benzoate (EB),
and TiCl4 to MgCl(OMe). A Mg/donor molar ratio of 1:1 and a Mg/Ti molar ratio of 1:10 were
used. Chemical compositions of the reaction products are presented in Table 2. The amounts of
electron donors in MgCl(OMe)-donor complexes are low compared to similar MgCl2-donor
complexes,15,43 whereas the Ti content of MgCl(OMe)-TiCl4 complex is of same order as in the
case MgCl2-TiCl4 complex. Based on a PXRD analysis, introduction of ester electron donors or
TiCl4 did not notably affect the structure of MgCl(OMe). Also IR and 13C NMR spectroscopic
data showed that the addition of TiCl4 did not cause any major changes to the structure of
MgCl(OMe), although magnesium alkoxides are known to be reactive towards TiCl4. The result
suggests that methoxy groups of MgCl(OMe) do not react with TiCl4 under the reaction
conditions used, although some changes in the local environment of TiCl4 adsorption sites are
possible. In accordance with our results, a recent combined experimental and computational study
by D’Anna et al. showed a possible presence of EtO- ligands on the surface of MgCl2-TiCl4

precatalyst with ethanol as an electron donor.82
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Table 2. Chemical compositions (wt %) of MgCl(OMe), MgCl(OMe)-TiCl4, MgCl(OMe)-DIBP,
and MgCl(OMe)-EB complexes.

product wt %
(Mg)

wt %
(Cl)a

wt %
(OMe)

wt %
(DMP)b

wt %
(Ti)

wt %
(DIBP)

wt %
(EB)

MgCl(OMe) 24.5 44.9c 25.6 5.0 - - -

MgCl(OMe)-TiCl4 23.9 45.1 24.6 4.3 2.1 - -

MgCl(OMe)-DIBP 23.1 39.3 26.9 3.5 - 7.2 -

MgCl(OMe)-EB 24.6 37.1 26.5 3.6 - - 8.2

aCl content is based on calculations. bUnreacted 1,3-dimethoxypropane present in the products.
cMgCl(OMe) contains some residual octane (solvent), leading to overestimation of Cl content.

IR spectroscopy is known to be a powerful tool for investigating complexes of carbonyl
compounds, because the position of C=O stretching vibration is highly sensitive to coordination.
The IR study of MgCl(OMe)-ester complexes indicated coordination of DIBP and EB to
MgCl(OMe) through carbonyl group. C=O stretching bands of the complexes were deconvoluted
using the Levenberg–Marquardt algorithm and the Gaussian line shape for a detailed analysis of
ester electron donor coordination on MgCl(OMe) (Figure 12).

Figure 12. The deconvoluted carbonyl regions of IR spectra of MgCl(OMe)-DIBP (left) and
MgCl(OMe)-EB (right) complexes, accompanied with structures of DIBP and EB. The black
lines represent experimental spectra, the blue lines fitted individual peaks, and the red dashed
lines the sums of the fitted peaks.

The C=O stretching band of MgCl(OMe)-DIBP complex is composed of two superimposed
absorptions at 1725 and 1689 cm–1. For unbound DIBP, the absorption of C=O stretching
vibration is located at 1727 cm–1, giving (C=O) values of 2 and 38 cm–1 due to coordination to
MgCl(OMe). For MgCl2-DIBP-TiCl4 system and MgCl2-dibutyl phthalate complex, (C=O)
values as high as 72 and 78 cm–1, respectively, have been reported.15,43 The deconvolution of C=O
stretching band suggests also in the case of MgCl(OMe)-EB complex the presence of two
superimposed absorptions, which are located at 1719 and 1692 cm–1.  For  free  EB,  the
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corresponding absorption is located at 1719 cm–1, giving (C=O) values of 0 and 27 cm–1 due
to coordination. For MgCl2-EB-TiCl4 system and MgCl2-EB complex without TiCl4, (C=O)
values as high as 69 cm–1 and 71 cm–1, respectively, have been reported.15,43 The significantly
smaller C=O absorption shifts of MgCl(OMe)-electron donor complexes compared to those of
the corresponding MgCl2 complexes indicate notably weaker interaction of ester electron donors
with MgCl(OMe) than with MgCl2.

Coordination of TiCl4 and ester electron donors on selected MgCl(OMe) and MgC2 surfaces were
studied by the means of periodic quantum chemical calculations. In order to make a practical
comparison between the two support materials, the study focused on the catalytically relevant
(104) and (110) surfaces of MgCl2 and their analogous MgCl(OMe) counterparts, which are
referred as (104)-like and (110)-like surfaces. In this study, the MgCl(OMe) surfaces were
systematically cut in such a way that MgCl2 and Mg(OMe)2 surface units alternate in the periodic
direction, although also other possibilities exist due to striped structure of MgCl(OMe) and the
mixing of OMe and Cl units. Dimethyl phthalate was used as a model for DIBP in order to
simplify the alkyl chain rotations. The optimized structures of the TiCl4/donor coordinated
MgCl(OMe) surfaces are presented in Figure 13. Energies of the corresponding surfaces are
presented in Table 3, including a comparison to MgCl2. The energies are reported with respect
to a fully saturated crystalline layer and free adsorbates per surface length of an ångstrom in order
to account for the relative stabilities of the donor coordinated surfaces and to enable comparison
between different lateral surfaces.55

Table 3. Stabilities of the TiCl4 and donor coordinated MgCl2 and MgCl(OMe) surfaces.

       MgCl2a MgCl(OMe)a

adsorbate (104) (110) (104)-like (110)-like

none 13.5 17.3 15.7 22.8

TiCl4 –1.8 –2.5 –5.1 –7.7

dimethyl phthalate –11.1 –13.9 –2.6 –3.1

ethyl benzoate –20.7 –20.3 –6.8 –7.1

aThe energies are given relative to the respective crystalline monolayer and free adsorbates in
kJ/mol per a surface length of Å.
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Figure 13. Coordination of TiCl4 (top), dimethyl phthalate (middle) and ethyl benzoate (bottom)
on the MgCl(OMe) (104)-like and (110)-like surfaces. Green = Cl, yellow = Mg, red = O, dark
gray = C, light gray = Ti.

Computational results indicate that, as in the case of MgCl2,65 TiCl4 on MgCl(OMe) prefers an
octahedral 6-coordination on both of the studied surfaces. Hence, TiCl4 prefers a binuclear
binding on the (104)-like surface and a mononuclear binding on the (110)-like surface of
MgCl(OMe). Dimethyl phthalate binds in a bridging mode on the (104)-like and in a chelate
mode on the (110)-like surface of MgCl(OMe), whereas ethyl benzoate prefers coordination in a
monodentate mode on the (104)-like surface and in a dual monodentate mode on the (110)-like
surface of MgCl(OMe). Without TiCl4/electron donors, the formation of the (104)-like and (110)-
like surfaces of MgCl(OMe) is less favorable than the formation of the corresponding MgCl2

surfaces. Coordination of TiCl4 stabilizes MgCl(OMe) more than MgCl2, whereas ester electron
donors show an opposite effect, in accordance with the experimental results. TiCl4 favors
coordination on the (110)-like surface of MgCl(OMe), while no particular preference was found
in the cases of studied electron donors.
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3.1.4. Polymerization catalyst supported on MgCl(OMe)

Combined experimental and computational results indicated that the binding properties of
MgCl(OMe) support differ notably from those of MgCl2. On one hand, the stronger coordination
of TiCl4 on MgCl(OMe) with respect to MgCl2 holds the potential for a high surface coverage of
active titanium species and, thus, for a high activity in polymerization. On the other hand, the
weaker coordination of ester electron donors on MgCl(OMe) with respect to MgCl2 suggest that
methoxymagnesium chloride could be a suitable support material for a catalyst in which an
electron donor does not play a key role.

MgCl(OMe)-TiCl4 precatalyst was examined in ethylene homopolymerization. Titanium content
of MgCl(OMe)-supported catalyst was 2.1 wt %, which is a typical titanium content also in
MgCl2-supported precatalysts.15,28 The relatively low titanium content of MgCl(OMe)-supported
precatalyst can be explained by the presence of residual 1,3-dimethoxypropane in MgCl(OMe)
support, blocking part of the possible coordination sites. The activity of MgCl(OMe)-TiCl4

catalyst in ethylene polymerization was 470 kgPE/(molTih). For a comparison, the activity of
MgCl2-TiCl4 catalyst (2.0 wt % Ti) prepared with the same method was only 190 kgPE/(molTih),
giving almost 150% higher activity for MgCl(OMe)-supported catalyst. Overall, the experimental
and computational results together indicate the potentiality of methoxymagnesium chloride as a
support material for Ziegler–Natta type polymerization catalyst.

3.2. Crystalline magnesium chloride-electron donor complexes
Grignard–Wurtz synthesis in the presence of diether electron donors resulted in the cleavage
reaction of diethers and the formation of methoxymagnesium chloride. Consequently, another
synthetic procedure was needed to obtain magnesium chloride-diether complexes. The method
involved recrystallization of -MgCl2 in the presence of excess electron donor without using any
additional solvent and resulted in the formation of crystalline complexes. The products were
characterized using single-crystal X-ray crystallography and spectroscopic techniques. In
addition to diethers, a diamine was studied as an electron donor in order to obtain a more
comprehensive understanding of coordination of chelating donors to magnesium chlorides. The
electron donors used in the study included 1,2-dimethoxyethane (DME), 1,3-dimethoxypropane
(DMP) and N,N’-diethylethylenediamine (DEEDA) (structures 1,4, and 5 in Figure 4).

3.2.1. Magnesium chloride-1,2-dimethoxyethane complex

Based on a single-crystal X-ray structure determination, the recrystallization of -MgCl2 in the
presence of 1,2-dimethoxyethane results in the formation of a polymeric complex
[MgCl2(DME)]n (Figure 14). The structure consists of a zig-zag type helical polymeric chain, in
which adjacent Mg atoms are connected to each other with two bridging Cl ligands. In addition,
every magnesium atom possesses one DME molecule in a chelate binding mode, making Mg
centers 6-coordinated. Certain transition metal tetrahalides (e.g. TcCl4, ZrCl4, and OsBr4) are
known to possess similar edge-sharing octahedral chain structure.134 Both the experimentally
determined Mg/donor molar ratio (1.01) and PXRD data indicated homogeneity of the
recrystallization product
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Figure 14. The crystal structure of the [MgCl2(DME)]n complex. Thermal ellipsoids are shown
at the 50% probability level. Green = Cl, yellow = Mg, red = O, gray = C.

The relatively short Mg–O bonds (2.13 and 2.17 Å) of the [MgCl2(DME)]n complex together with
a short distance between coordinated oxygen atoms of DME result in the formation of a 5-
membered chelate ring possessing a small O–Mg–O bond angle of 74.9°. Consequently, the Mg
atoms of the [MgCl2(DME)]n complex possess a distorted octahedral coordination geometry. The
formation of the stable [MgCl2(DME)]n complex, despite the apparent ring strain, suggests a
strong coordination ability of 1,2-diethers on MgCl2.

The [MgCl2(DME)]n complex can be considered as a structural model for the layered MgCl2,
providing further insight into possible Mg coordination sites. There is a clear congruence between
the local coordination geometries of Mg atoms in the [MgCl2(DME)]n complex and Mg atoms of
the MgCl2 (110) surface with coordinated diether molecules. However, it must be noted that the
steric environment of these two coordination sites are different, as the adjacent coordination sites
on the (110) surface of MgCl2 point into same direction and on the [MgCl2(DME)]n complex are
arranged helically around the MgCl2 backbone chain. The crystal structure of the polymeric
[MgCl2(DME)]n complex provides further support for the preferential coordination of diethers on
the (110) surface of MgCl2 in a chelate binding mode.

The [MgCl2(DME)]n complex differs notably from another magnesium chloride-1,2-
dimethoxyethane complex with the formula [MgCl2(DME)2] earlier reported by Neumüller et
al.100 [MgCl2(DME)]n has a polymeric chain structure, while the crystal structure of the
[MgCl2(DME)2] molecular complex is composed of individual [MgCl2(DME)2] molecules
packed in a lattice. The structures of several polymeric magnesium chloride complexes containing
e.g. ethanol, THF, and esters as electron donors, have been published.76,77,89,94,95 However, none
of reported complexes contain chelating electron donors. The crystal structure of the
[MgCl2(DME)]n complex unambiguously shows that polymeric magnesium chloride-electron
donor species can be formed also in the case of industrially important diether electron donors.
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The CP/MAS 13C NMR spectrum of the [MgCl2(DME)]n complex (Figure 15) shows two distinct
carbon resonances for CH2 groups (C2 and C3), located at 71.4 and 70.7 ppm. The corresponding
signal for unbound DME is located at 71.8 ppm, indicating minor upfield shifts due to
coordination. The appearance of two CH2 carbon resonances can be rationalized by the solid-state
structure of the complex, in which the two ether groups were found to be crystallographically
nonequivalent with different local environments and Mg–O bond lengths (2.13 and 2.17 Å). An
IR study (Figure 16) provided further support for the different local environments of ether groups
in the [MgCl2(DME)]n complex, as the asymmetric C–O–C stretching vibration of free DME at
approximately 1110 cm–1 is replaced with multiple absorptions bands at lower wavenumbers in
the IR spectrum of the [MgCl2(DME)]n complex.

Figure 15. CP/MAS 13C NMR spectrum of the [MgCl2(DME)]n complex.

Figure 16. IR spectra (region 950–1350 cm–1) of DME in a solution of CCl4 (red line) and the
[MgCl2(DME)]n complex (black line).

3.2.2. Magnesium chloride-1,3-dimethoxypropane complex

The crystal structure of [Mg2Cl4(DMP)2(H2O)] complex formed in the reaction between -MgCl2

and 1,3-dimethoxypropane is presented in Figure 17. The X-ray structure determination revealed
two different types of Mg atoms. One of the Mg atoms has a tetrahedral coordination with four
Cl ligands, one of which is bridging between the two types of Mg atoms. In addition to the µ2-
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bridging Cl ligand, the other Mg atom possesses two DMP molecules in a chelate binding mode
and a water molecule, making it 6-coordinated. The longer O–O distance of DMP compared to
that of DME results in the formation of 6-membered chelate rings having more favorable O–Mg–
O bond angles of 86.6° and 86.3°. Thus, the 6-coordinated Mg atom of the [Mg2Cl4(DMP)2(H2O)]
complex is able to adopt a nearly ideal octahedral coordination geometry. Both the PXRD data
and Mg/donor ratio (1.18) indicated a presence of a minor amount of other compounds in the
recrystallization product.

Figure 17. The crystal structure of the [Mg2Cl4(DMP)2(H2O)] complex. Thermal ellipsoids are
shown at the 50% probability level. Green = Cl, yellow = Mg, red = O, gray = C.

Each unit cell contains four [Mg2Cl4(DMP)2(H2O)] complexes. A 1H NMR study revealed the
presence of residual water in 1,3-dimethoxypropane donor despite extensive drying, giving a
reasonable explanation for the origin of the water molecule in the [Mg2Cl4(DMP)2(H2O)]
complex. Both intramolecular and intermolecular hydrogen bonding between the hydrogen atoms
of the water molecule and chloride anions were found to be present, hence stabilizing the complex
and the crystal form. Other magnesium chloride-electron donor complexes with water molecules
in their structures have been previously reported.91,96

The CP/MAS 13C NMR spectrum of the [Mg2Cl4(DMP)2(H2O)] complex (Figure 18; left)
exhibits multiple overlapping resonances for -CH2 (C2, C4, C7, C9) and -CH3 (C1, C5, 67,
C10) groups of 1,3-dimethoxypropane molecules. In order to make a detailed analysis, the region
of -carbon resonances (58–76 ppm) was deconvoluted using the Levenberg–Marquardt
algorithm and the Lorentzian line shape (Figure 18; right). The deconvolution suggests that both

-carbon signals are composed of four distinct peaks with approximately equal integrals. All the
fitted peaks are shifted downfield with respect to corresponding resonances of free DMP. The
appearance of multiple -carbon peaks indicates a nonequivalency of the four ether groups in the
complex, which is in agreement with the structural data.
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Figure 18. CP/MAS 13C NMR spectrum of the [Mg2Cl4(DMP)2(H2O)] complex (left) and the
deconvolution of -carbon region (right). The black line represents experimental spectrum, the
blue lines fitted individual peaks, and the red dashed line the sum of the fitted peaks. ss = spinning
sideband of -CH3 and -CH2 groups.

The IR spectrum of the [Mg2Cl4(DMP)2(H2O)] complex is presented in Figure 19. The
asymmetric C–O–C stretching vibration of free DMP located approximately at 1120 cm–1 is
replaced with multiple absorptions at lower wavenumbers in the IR spectrum of the
[Mg2Cl4(DMP)2(H2O)] complex. The IR result indicates nonequivalent positions of ether groups
in the complex, consistent with the XRD and 13C NMR data. In addition, the IR spectrum of the
[Mg2Cl4(DMP)2(H2O)] complex exhibits absorptions at 1620, 3455, and 3500 cm–1, which are
probably due to water molecule present in the structure.

Figure 19. IR spectra (region 850–1250 cm–1) of DMP in a solution of CCl4 (red line) and the
[Mg2Cl4(DMP)2(H2O)] complex (black line).

3.2.3. Magnesium chloride-N,N’-diethylethylenediamine complex

The recrystallization of -MgCl2 in the presence of N,N’-diethylethylenediamine results in the
formation of a centrosymmetric complex with a molecular formula [MgCl2(DEEDA)2] (Figure
20). The structure consists of 6-coordinated Mg atoms having two Cl ligands trans to each other
and two DEEDA molecules in a chelate binding mode. The longer Mg–N and C–N bond lengths
of the [MgCl2(DEEDA)2] complex with respect to the Mg–O and C–O bond lengths of the
[MgCl2(DME)]n complex result in the formation of less strained 5-membered chelate rings.
Hence, the coordination geometry of Mg centers deviates only somewhat from an ideal octahedral
coordination geometry (N–Mg–N bond angle of 81.4°). The experimentally determined
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Mg/donor molar ratio (0.52) and PXRD data indicated homogeneity of the recrystallization
product.

Figure 20. The crystal structure of the [MgCl2(DEEDA)2] complex. Thermal ellipsoids are
shown at the 50% probability level. Green = Cl, yellow = Mg, blue = N, gray = C.

As in the case of the [Mg2Cl4(DMP)2(H2O)] complex, the CP/MAS 13C NMR spectrum of the
[MgCl2(DEEDA)2] complex presented in Figure 21 exhibits multiple partly overlapping -
carbon (CH2 groups directly connected to N) resonances. The deconvolution suggests the -
carbon region consists of three distinct peaks at 51.3, 46.2, and 44.9 ppm. The appearance of
multiple CH2 resonances indicates, in agreement with the structural data, nonequivalent positions
of amino groups in the complex. In addition, the CP/MAS 13C NMR spectrum of the
[MgCl2(DEEDA)2] complex exhibits two distinct resonances (16.3 and 14.5 ppm) also for the
crystallographically nonequivalent CH3 groups (C1 and C6).

Figure 21. CP/MAS 13C NMR spectrum of the [MgCl2(DEEDA)2] complex (left) and the
deconvolution of -carbon region (right). The black line represents experimental spectrum, the
blue lines fitted individual peaks, and the red dashed line the sum of the fitted peaks.
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The IR spectrum of the [MgCl2(DEEDA)2] complex (Figure 22) exhibits multiple sharp
absorptions in the region typical for C–N stretching vibration (1000–1200 cm–1). Some of the
absorptions have been shifted towards lower wavenumbers with respect to free DEEDA (1120
cm–1). Furthermore, the broad N–H stretching absorption (3280 cm–1) and C–H stretching
absorption of NCH2 group (2820 cm–1) of free DEEDA have been replaced with multiple sharp
absorptions due to coordination. Overall, the IR results are in agreement with the XRD and NMR
data, indicating coordination of DEEDA through N atoms to magnesium and nonequivalent
positions of amino groups in the complex.

Figure 22. IR spectra of free DEEDA (red line) and the [MgCl2(DEEDA)2] complex (black line).

3.3. Polyethylenimines as electron donors for Ziegler–Natta catalysts
Inspired by the formation of the crystalline [MgCl2(DEEDA)2] complex, polyethylenimines
(PEIs), polymers bearing amino functionalities, were studied as new possible multidentate
electron donors for Ziegler–Natta catalysts. A major advantage of PEIs in comparison to the
conventional electron donors (e.g. phthalates) is their relative harmlessness. As a matter of fact,
PEI is frequently studied in biochemical and pharmaceutical applications, particularly in a
gene/drug delivery.135,136 A commercially available, relatively low molar mass (Mw = 800 g/mol)
branched polyethylenimine was used in the study. The structure of branched PEI, containing
various primary, secondary, and tertiary amino groups, is presented in Figure 4 (structure 6).

3.3.1. Interaction of PEI with MgCl2

Interaction of PEI with MgCl2 support was studied by adding branched PEI to -MgCl2, which
had been prepared using Grignard–Wurtz coupling reactions. A Mg/donor molar ratio was varied
in order to obtain complexes with varying composition (Table 4). In the cases of molar ratios of
1:0.5 and 1:1, most of the polyethylenimine added to the reaction mixtures was also present in
the products, indicating a strong coordination ability of branched PEI. Increasing the amount of
PEI in the reaction mixture further (molar ratio of 1:5) did not result in a product with a
considerably higher PEI content, indicating saturation of MgCl2 surface with PEI. Based on
PXRD results (Figure 23), the addition of branched PEI to MgCl2 did not affect significantly the
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structure of -MgCl2, as all the prepared MgCl2-PEI complexes were highly disordered, showing
the typical characteristics of -MgCl2.

Table 4. Chemical compositions of MgCl2-PEI complexes.

reaction mixture product

n(Mg):n(PEI)a n(Mg):n(PEI)a wt % (Mg) wt % (PEI)

1:0.5 1:0.47 19.6 16.4

1:1 1:0.85 15.5 23.2

1:5 1:1.23 12.9 28.2
aMg/PEI molar ratios are given relative to repeating units of PEI (CH2–CH2–NH).

Figure 23. Powder X-Ray diffraction patterns of MgCl2-PEI complexes. Reference product
n(Mg):n(PEI) = 1:0 refers to -MgCl2, which was heated in toluene in the absence of an electron
donor. Reflections of the sample holder are marked with asterisks (*).

The branched structure of PEI enables its coordination to MgCl2 through different amino groups.
Based on 13C NMR results (Figure 25), the polyethylenimine used in this study contains primary,
secondary, and tertiary amino groups approximately in a molar ratio of 1.8:1.5:1, respectively.
The IR spectra of MgCl2-PEI complexes are presented in Figure 24. The C–N stretching
vibrations of MgCl2-PEI complexes (870–1180 cm–1) have shifted towards lower wavenumbers
with respect to unbound PEI (1000–1200 cm–1), indicating coordination of PEI through nitrogen
atoms on MgCl2 surface. Furthermore, the shifting and broadening of the C–N stretching bands
suggest that N atoms of all types of amino groups (primary, secondary, and tertiary) can
coordinate to unsaturated Mg atoms. The CP/MAS 13C NMR spectrum of MgCl2-PEI complex
(Figure 25) shows at least three partly overlapping signals in the region 35–65 ppm. The
broadening of all resonances indicates multiple possible chemical environments of primary,
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secondary, and tertiary amino groups in MgCl2-PEI complexes. Thus, the NMR data suggests, in
accordance with the IR results, coordination of PEI to MgCl2 using all the three types of amino
groups.

Figure 24. IR spectra of unbound PEI and MgCl2-PEI complexes.

Figure 25. 13C NMR spectra of unbound PEI (in a solution of D2O) and MgCl2-PEI complex
(solid state) (n(Mg):n(PEI) = 1:5). In the case of unbound PEI, sodium acetate (NaOAc) was used
as an internal standard.
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The structural and energetic features of MgCl2-PEI complexes were further investigated using a
computational approach. Coordination of linear and branched polyethylenimines on the
catalytically relevant (104) and (110) surfaces of MgCl2 were studied by the means of periodic
calculations. Several different models of polyethylenimine (Figure 26) were employed in the
calculations to simultaneously account for the effect of branching and stereochemical
configuration of PEI (isotactic and syndiotactic forms). In addition, dimethyl phthalate was also
included in the study to enable a comparison of the MgCl2 surface stabilization by
polyethylenimines to the surface stabilization by the conventional bidentate electron donor. The
optimized structures of PEIs coordinated on the (104) and (110) surfaces are presented in Figure
27 and the corresponding stabilization energies of the electron donor coordinated surfaces in
Table 5. As in the case of calculations concerning the interaction of electron donors with
MgCl(OMe) support, the energies are reported with respect to a fully saturated MgCl2 layer and
free adsorbates per a length of surface (Å) in the periodic direction.55

Figure 26. Fragments of infinitely long a) isotactic linear PEI, b) syndiotactic linear PEI, c)
isotactic branched PEI, and d) syndiotactic branched PEI models employed in the periodic
calculations. Blue = N, gray = C.

Table 5. Stabilities of the electron donor coordinated MgCl2 surfaces.

electron donor (104)a (110)a

dimethyl phthalate –11.1 –13.9

isotactic linear PEI –5.8 –9.0

syndiotactic linear PEI –10.5 –17.9

isotactic branched PEI –15.2 –27.9

syndiotactic branched PEI –16.1 –33.8

aThe energies are given relative to crystalline monolayer and free electron donors in kJ/mol per a
surface length of Å.
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Figure 27. Coordination of a) isotactic linear PEI, b) syndiotactic linear PEI, c) isotactic branched
PEI, and d) syndiotactic branched PEI on the MgCl2 (104) and (110) surfaces. Green = Cl, yellow
= Mg, blue = N, gray = C.

The theoretical results obtained suggest that the structural variations significantly affect the
ability of PEI to stabilize the lateral surfaces of MgCl2. The isotactic form of linear PEI possesses
surface stabilization energies somewhat lower than those of dimethyl phthalate. Lower surface
stabilization energies are due to poor matching of polymer N–N distances and surface Mg–Mg
distances. In addition, the short distance between polymer backbone chain and MgCl2 surface
results in strong repulsion further destabilizing the surface. The stabilization energies increase
from the (104) to the (110) surface due to longer Mg–Mg separation of the (110) surface, which
offers a greater fluxionality and, thus, reduced strain. The matching of polymer N–N distances
and surface Mg–Mg distances is better for syndiotactic linear PEI and the chain configuration of
syndiotactic linear PEI allows simultaneous coordination of two polymer chains on the (110)
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surface, making surface Mg atoms 6-coordinated. The resulting relatively high stabilization
energy of –17.9 kJ/mol/Å suggests that the intermolecular dispersive interactions play an
important role in the surface stabilization.

Coordination of branched PEIs stabilizes the (104) and (110) surfaces of MgCl2 significantly
more than either dimethyl phthalate or linear PEIs. The higher stabilization energies are most
probably due to higher flexibility of branched structure and larger separations between polymer
backbone chains and MgCl2 surfaces, resulting in reduced repulsion. Intramolecular and
intermolecular dispersive interaction on the (104) and (110) surfaces, respectively, further
stabilize the surfaces. Intermolecular interactions of polymeric chains on the (110) surface are
stronger, and especially strong in the case of syndiotactic branched PEI, resulting in a high
stabilization energy of –33.8 kJ/mol/Å.

3.3.2. Polymerization catalyst with PEI as internal electron donor

In order to evaluate the effect of branched PEI as internal electron donor on the polymerization
performance of an industrially relevant MgCl2-supported Ziegler–Natta catalyst, a MgCl2-PEI-
TiCl4 precatalyst was prepared by a sequential addition of low molar mass branched PEI and
TiCl4 to a MgCl2-EtOH adduct116–118. A precatalyst containing 24.4 wt % of PEI, 12.6 wt % of
Mg, 4.2 wt % of Ti, and 1.5 wt % of EtO was obtained. The high amount of PEI present in the
product indicates that even extensive washing cannot remove PEI from the precatalyst. The
spectroscopic data indicated coordination of PEI through nitrogen atoms to MgCl2 also in the
case of MgCl2-PEI-TiCl4 precatalyst.

The MgCl2-PEI-TiCl4 catalyst performed well in the copolymerization of ethylene and 1-butene.
The activity of the MgCl2-PEI-TiCl4 catalyst (9.5 kgpolymer/(gcath)) was 40 % higher than that of a
MgCl2-supported reference catalyst containing bis(2-ethylhexyl) phthalate as an internal electron
donor (6.7 kgpolymer/(gcath))137. However, the MgCl2-PEI-TiCl4 catalyst exhibited somewhat lower
comonomer response than the phthalate-containing reference catalyst137. In conclusion, the
polymerization results indicate the potential of branched polyethylenimine as an internal electron
donor for Ziegler–Natta type polymerization catalysts.
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4. Conclusions
The structure of magnesium chloride support and the coordination of electron donors are known
to be important factors for the performance of Ziegler–Natta catalysts. The use of suitable electron
donors is essential for obtaining a catalyst with desired properties. Conventionally electron donors
are assumed to coordinate on the lateral surfaces of MgCl2 and, hence, affect the structure of
support material and properties of active polymerization sites. However, in the case of certain
electron donors also crystalline magnesium chloride-electron donor complexes can be formed. In
this study, the effect of industrially important diether electron donors on the crystal structures of
magnesium chlorides was investigated. Also multidentate amine electron donors were included
in the study to generalize the results for nitrogen-containing electron donors.

When a simple diether, 1,3-dimethoxypropane, was used as an electron donor in Grignard–Wurtz
synthesis of a MgCl2-electron donor complex, it was unexpectedly observed to undergo a
cleavage reaction, resulting in the formation of methoxymagnesium chloride. Diether acts as a
source of methoxy groups. The solid reaction product (MgCl(OMe)), was found to possess a layer
structure similar to that of MgCl2. Combined experimental and theoretical results highlight the
potential of MgCl(OMe) as a support material for a Ziegler–Natta type polymerization catalyst,
in which electron donors do not play a key role. On the other hand, the possible cleavage of
diethers can be adverse and must thus be taken into account when preparing Ziegler–Natta
catalysts with diether electron donors.

Recrystallization of -MgCl2 in the presence of chelating electron donors resulted in the formation
of crystalline magnesium chloride-electron donor complexes. In the case of 1,2-dimethoxyethane,
the recrystallization product was a polymeric complex [MgCl2(DME)]n, which can be considered
as a structural model for the building unit of layered MgCl2. In the cases of 1,3-dimethoxypropane
and N,N’-diethylethylenediamine, recrystallizations resulted in the formation of
[Mg2Cl4(DMP)2(H2O)] and [MgCl2(DEEDA)2] complexes. The results obtained clearly show,
how diether and diamine electron donors can dictate the crystal structure of MgCl2, not only by
coordinating on the lateral surfaces, but also by forming crystalline complexes.

Polyethylenimines were studied for the first time as electron donors for Ziegler–Natta catalysts.
Experimental and computational results together indicate a strong coordination ability of
branched PEI on MgCl2 surfaces through N atoms. According to quantum chemical calculations,
the structural variations in PEI notably affect its ability to stabilize the lateral surfaces of MgCl2,
suggesting that the binding properties of polyethylenimines can be tailored through structural
modifications. The MgCl2-PEI-TiCl4 catalyst showed a relatively high activity in ethylene/1-
butene copolymerization, highlighting the potential of polyethylenimines as alternatives for
conventional electron donors.

In conclusion, the study revealed interesting aspects of the roles of multidentate ether and amine
electron donors in the crystal structure formation of magnesium chlorides. The electron donors
can react to other compounds during support preparation, form a crystalline magnesium chloride-
electron donor complex or coordinate on the lateral surfaces of MgCl2. The role, which an
electron donor takes in the crystal structure formation, is highly dependent on the functionality
of the electron donor, as well as on the synthesis method and reaction conditions utilized. The
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simple diethers and diamine used in the study seem to favor the formation of crystalline
magnesium chloride-electron donor complexes, if able to withstand the reaction conditions. In
the case of a polymeric amine electron donor (PEI), the formation of MgCl2-donor surface
complex seems to be preferred. Surface complex formation has been reported to take place also
in the case of substituted 1,3-diethers.69 The results suggest that, in addition to functionality, also
other structural factors of an electron donor can play a key role in the crystal structure formation
of magnesium chlorides. The different behavior of electron donors can have important
implications from the catalyst point of view and must thus be considered when preparing or
modelling Ziegler–Natta catalysts.
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