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Understanding Ziegler–Natta Catalysis Through
Your Laptop
K Vipin Raj and Kumar Vanka
This article focuses on the diﬀerent components that make
up Ziegler–Natta olefin polymerization systems and shows
how investigating the interactions between these components
through computational approaches provide crucial information about the chemistry of these systems. Hence, the necessity of theory acting as a counterpoint to experiment is revealed, underlining the importance of computational chemistry in attacking important problems of the day.
Introduction
Ziegler–Natta (Z–N) olefin polymerization catalyst systems are
responsible for the industrial production of millions of tons of
polyolefins annually. They are, without question, the most essential heterogeneous catalysis process in the industry today. Therefore, there is a constant impetus to improve Z–N systems, to make
them more active and selective. This, however, is hampered by a
significant fact: Z–N systems, by their very nature, defy complete
understanding. There are several components to a Z–N system,
each vital to its function and eﬃciency. These include (i) the active catalyst, which is a variant of TiCl4 , (ii) the catalyst support
(currently, surfaces of MgCl2 ), (iii) the co-catalyst – AlR3 (where
R = alkyl groups), (iv) the olefin monomer that gets converted
to polymer during the reaction, and (v) donors – small oxygencontaining Lewis bases that are added to the Z–N system during the preparation (internal donors), or at a later stage (external donors). These diﬀerent components of the Z–N systems are
shown in Figure 1. Understanding how such a complex system
works through the interconnectedness of its various components
is a significant problem.
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Figure 1. The five principal
components of the Ziegler–
Natta (Z–N) catalyst systems. (i) TiCl4, (ii) MgCl2
surface model, (iii) AlR3 (R
= alkyl groups), (iv) olefin
monomer (e.g., ethylene),
(v) oxygen-containing donor
(e.g., ethyl benzoate).

(i)

(iii)

(ii)

(iv)

(v)

Z–N catalyst systems are not only complex but are also evolving constantly. Since their discovery in the 1950s, Z–N catalyst
systems have undergone several modifications. The crucial milestones in the evolution of Z–N catalysts are summarized in Figure
2. Evidently, Z–N systems have evolved through several generations. One of the principal factors driving the growth and development of Z–N systems in the last few decades has been the
discovery of donors – internal and external – that could give rise
to improved systems with higher activity and selectivity. This
gives rise to the questions: What exactly is occurring in Z–N systems? Why is the addition of Lewis base donors so significant?
How exactly do the other components interact with the donors
and with the MgCl2 surface? And, most importantly, how would
one go about investigating Z–N systems in order to obtain these
answers?
This, in essence, is what we discuss in this article. Understanding
the nature and behavior of Z–N systems requires a molecular level
understanding of the interactions taking place between the five
Z–N components. One of the most eﬀective tools for understand-
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Figure 2. The evolution of
ing such molecular level interactions is state-of-the-art computational methods. But what do we mean by computational methods? Put simply; they pertain to the use of computer software
for obtaining and analyzing chemical data and systems. In order to understand how molecules interact and how bonds break
or form, we have to take recourse to quantum mechanics – the
mechanics of atoms and molecules. Today, there exists quantum
mechanical software that can be installed on fast computers and
used to generate geometries and structures corresponding to the
molecules whose interactions we want to understand. With the
aid of these fast computers and software, we can pose diﬀerent
questions, such as: How do diﬀerent molecules interact? What is
the energy of the chemical reactions that ensue; are they endothermic or exothermic? What is the kinetics of the various processes
involved? and so on. Answering such questions gives us greater
insight into the nature of the chemical system being investigated.
This becomes especially relevant when one considers Z–N sys-
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Today, there exists
quantum mechanical
software that can be
installed on fast
computers and used to
generate geometries and
structures corresponding
to the molecules whose
interactions we want to
understand.
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Figure 3. An illustration of
a section of MgCl2 crystallite showing (110) and (104)
surfaces. The color scheme
is as follows:
orange–
magnesium, light green–
chlorine atoms.

tems, whose complexity makes it diﬃcult to study them using
conventional experimental methods alone.
In the next few sections, we will discuss how computational studies have allowed greater understanding of the nature of MgCl2
support, and of the role played by donors, understood through
their interaction with the MgCl2 support, as well as with the titanium catalyst center.

Understanding the Nature of MgCl2 Support
As mentioned earlier, one of the major components of Z–N systems is the MgCl2 based support (Figure 1(ii)). This support provides the molecular foundation upon which the Z–N catalysis can
occur. Specifically, it allows the titanium-based catalyst (Figure
1(i)) to bind to its surface, thereby stabilizing the titanium and
allowing subsequent chemical reactions to occur at the titanium
site.
1 Here

the
magnesium
atoms on the surface are
penta-coordinated.

2 Here

the
magnesium
atoms on the surface are
tetra-coordinated.
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The dominant surface in the MgCl2 crystallites is the (001) surface, which corresponds to a plane of chlorine atoms. This surface cannot bind TiCl4 . However, there exist two other significant
MgCl2 surfaces that indeed can bind TiCl4 – the more stable (104)
surface1 , and the less stable (110) surface2 (see Figure 3). Earlier
models suggested that the dimeric species Ti2 Cl8 can bind to the
(104) surface [1–5]. These models considered the (110) MgCl2
surface to be too active and therefore, prone to easy poisoning by
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donors, making the binding of TiCl4 unlikely on them [6]. However, recent studies have questioned the above-mentioned models. This is mainly because of two reasons. First, computational
calculations using a sophisticated modern day method called the
‘density functional theory’ (DFT), suggests that the binding of
TiCl4 on the (104) surface is weak compared to the binding on
the (110) surface [7–11]. Second, experimental studies have revealed that donors have a high influence on the ‘stereoregularity’
of the polymer. In eﬀect, what this implies is that the donor has
to be coordinated to the surface near the titanium center [12–15].
It is very easy to place a donor in the proximity of titanium on
the (110) surface [16–18], but such a coordination is not going to
happen on the (104) surface. Based on this computational and experimental evidence, the (110) surface has been deemed the most
favorable MgCl2 surface for TiCl4 binding in Z–N systems.

The computational group
of Luigi Cavallo
proposed the ‘unified
model,’ in which they
introduced the concept
of ‘step defects’ in (104)
surface.

However, these models were not able to explain all of the experimental observations in Z–N catalysis. It has been observed that
polymerization can take place even on the (104) surface, which
flies in the face of everything that computational results suggest
– that TiCl4 cannot bind to the (104) surface. This apparent contradiction was resolved to some extent in 2015, when the computational group of Luigi Cavallo proposed the ‘unified model,’
in which they introduced the concept of ‘step defects’ in (104)
surface (Figure 4 ) [19]. These step defects lead to an increase
in the binding ability of titanium to the (104) surface and also
allow Lewis bases to coordinate in the proximity of the active titanium center, which lead to polymers of the type observed in the
experiment.
Now that an understanding has been obtained vis-a-vis the nature
of the computational support, the next question would be about
the best means of modeling the support. One way would be to
create a model of an ‘infinite surface’, i.e., a surface that would
be repeating units of a standard surface. This can be achieved
by employing boundary conditions, and by assuming a general
homogeneity in surface composition. The alternative means of
modeling the surface would be to employ a ‘cluster model’ where
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Figure 4.

The unified
model proposed by Luigi
Cavallo’s group for the
MgCl2 surface. The part
indicated by ‘110’ in red
is the ‘step defect’ on the
(104) surface. The colour
scheme is as follows:
orange–magnesium, light
green–chlorine atoms.

only a chopped oﬀ portion of the MgCl2 surface would be looked
at. While this may appear to be just an approximate way to model
the support, it is, nevertheless, eﬀective for developing an understanding of the kinetics and thermodynamics of the polymerization processes at the titanium center.

It has been reported that
donors can poison the
Corradini site, because
the titanium is
penta-coordinated in the
Corradini site, meaning
that it has only one
vacant coordination site,
for either the monomer
or the donor.
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Having chosen a model for the MgCl2 support, the next question would be: How does the titanium species (predominantly
TiCl4 ) bind to the MgCl2 surface through Ti-Cl and Cl-Mg bonds
in order to form the active sites in the Z–N system? In order to
address this, diﬀerent active sites have been proposed in the Z–
N system. They are (i) the Corradini site, (ii) the edge site, and
(iii) the slope site (Figure 5). In the Corradini site, the titanium is
bound to the (110) MgCl2 surface through two bridging chlorine
atoms and two surface chlorine atoms. In the edge site, the titanium is bound to the (110) MgCl2 surface through two bridging
chlorine atoms to the same magnesium atom as well as through
a surface chlorine atom. In the slope site, the titanium is bound
to the (104) MgCl2 surface through two bridging chlorine atoms
and one surface chlorine atom.
It has been reported that donors can poison the Corradini site,
because the titanium is penta-coordinated in the Corradini site,
meaning that it has only one vacant coordination site, for either
the monomer or the donor [8]. However, in the edge site and the
slope site, titanium is tetra-coordinated, which means that two
vacancies are available for the monomer and the donor, which
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Figure 5.

(i)

(ii)

(iii)

would make them suitable (‘non-poisoned’) for Z–N catalysis.

Diﬀerent active sites proposed in the Z–
N systems. (i) Corradini
site, (ii) Edge site, (iii) Slope
site. The color scheme is
as follows: purple–titanium,
red–magnesium, and green–
chlorine atoms.

This brief synopsis provides a general overview of how researchers
have attempted to develop computational models to address one
of the essential components of the Z–N systems – the MgCl2 surface – without which the heterogeneous catalysis process would
not be possible. In the next section, we will look at another very
important component of Z–N systems – the donors, which have
driven the evolution of Z–N systems, giving rise to several new
generations of Z–N catalysts in the past twenty years.

Understanding the Role of Donors
Interactions with the MgCl2 Support
A great deal of development in Z–N catalysis in the past few
decades has been spurred by the discovery of new donors, both
internal and external, which have led to significant improvements
in the activity and selectivity of Z–N systems. Such discoveries
owe more to serendipity than to a rational search, but with the increased speed of computers and more eﬃcient software, it has become possible to probe more deeply into the nature of interactions
between the donors and the MgCl2 surface, as well as with the titanium center. With these insights, it is more and more likely that
one will eventually be able to design new systems where more
eﬀective donors can take the place of the existing ones. In this
section, we will discuss what has been discovered about the nature of interaction between the donors and the MgCl2 support.

With the increased speed
of computers and more
eﬃcient software, it has
become possible to
probe more deeply into
the nature of interactions
between the donors and
the MgCl2 surface, as
well as with the titanium
center.

Computational calculations have suggested that there are four ways
in which the donor can bind to the MgCl2 support. These are (i)

RESONANCE | November 2017

1031

GENERAL ARTICLE

Figure 6. The four diﬀerent binding modes of the phthalate donor to the MgCl2
surface. (i) Mono coordination, (ii) Chelate coordination, (iii) Bridge coordination, and (iv) Zip coordination.

(i)

(iii)

(ii)

(iv)

mono coordination, (ii) chelate coordination, (iii) bridge coordination, and (iv) zip coordination modes [16]. These are indicated
in Figure 6.

Binding of the donor to
the surface is significant
because the binding of
the donor close to the
titanium center provides
a significant steric
environment to titanium.
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Computational analysis show that the presence of an oxygen atom
in the donor enables the donation of electrons from the oxygen to
the magnesium atoms on the MgCl2 surface, thus allowing the
donor to bind to the surface. But why is the binding of the donor
to the surface significant? This is because the binding of the donor
close to the titanium center provides a significant steric environment to titanium. In this situation, the approach of the monomer
to the titanium center is hindered. An apt analogy in this context
is to consider two defenders ‘guarding’ an attacker in a game of
football so that the ball can be passed to the attacker only along
limited lines. In our analogy, the titanium center is the attacker,
the donors are the defenders, and the football is the incoming
monomer forced to enter through a limited space. This leads
to increased selectivity in the polymer product formed. Several
computational studies have indicated this to be the case [12–15].
It is also interesting to note that of the four modes of coordination
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to the MgCl2 surface, mono coordination is less favorable than
the others. This also helps to explain why donors having two oxygens are found to be more eﬀective than single oxygen containing
donors – the stability of binding to the MgCl2 surface is increased
with more oxygens, i.e., binding to MgCl2 through the modes (ii),
(iii), and (iv). Furthermore, what is interesting about the zip mode
of coordination (type (iv)) is that it allows the donor to act as an
adhesive between two diﬀerent blocks of MgCl2 (Figure 6). This,
in turn, enables the system to gain stability, by allowing diﬀerent
blocks of MgCl2 to remain close together [20]. This also hints at
other roles played by the donor in Z–N systems. One sees then
that new insights have been gained into the role of donors in Z–
N systems, something that has only become possible because of
the computational studies that have revealed new possibilities of
donor-surface interactions.

Interactions with the Titanium Center
The previous section discussed the means by which the donor can
influence selectivity in Z–N systems by binding close to the titanium center on the MgCl2 surface. However, there is another way
in which a donor can influence Z–N catalysis. This is by directly
binding to the titanium center. In doing so, the donor can change
the nature of the titanium center. This is significant because all
the actual chemistry in Z–N catalysis occurs at the titanium center. If it turns out that the chemical properties of the titanium
center can be modified through direct binding with the oxygen
atom of the donor, then it provides us with an expanded understanding of the role of donors in Z–N catalysis. Computational
calculations have shown that the donor indeed can bind to the titanium center, and by doing so, what is likely is that it fosters
the formation of higher molecular weight polymers [21]. In other
words, these computational studies imply that in the absence of
donor binding to the titanium center, only low molecular weight
polymers would form (Figure 7). This then leads to an interesting
question: How did Z–N catalysts work in the era prior to donors?
After all, high molecular weight polymers have been obtained in
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of the titanium center
can be modified through
direct binding with the
oxygen atom of the
donor.
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Figure 7.

(i) Titanium
with no donor attached to it
yields low molecular weight
polymer (ii) Titanium with
a donor attached to it yields
high molecular weight polymer.

(i)

(ii)

Z–N systems long before donors were introduced, i.e., in the first,
second, and third generation Z–N systems (Figure 2). The answer
to this lies in the fact that ‘donor’ is a loose definition. Anything
that binds to the titanium center can influence its activity, and it
does not have to be a donor molecule. For instance, species such
as AlEt2 Cl would also be present during Z–N catalysis, and these
too, can bind to the titanium center, much like a donor would, and
lead to the production of high molecular weight polymers. Since
such species would have existed from the very beginning in Z–N
systems, one begins to see that they would have had an influence
that only began to become visible with the probing that could be
done with computational studies.

Conclusions and the Way Forward

New understanding of
the nature of MgCl2
surfaces and their
interactions with
titanium species, as well
as with donors, has
emerged because of
computational studies.
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The main findings from computational studies of Z–N catalysis
can, therefore, be summarized as follows:
(1) New understanding of the nature of MgCl2 surfaces and their
interactions with titanium species, as well as with donors, has
emerged because of computational studies.
(2) Computational studies have provided insights into the stability
of Z–N systems due to the presence of donors. They have also
helped explain why donors having two oxygen atoms are more
eﬃcient than donors having a single oxygen atom.
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(3) It has become possible to understand the role of donors in
influencing the molecular weight distribution in Z–N systems.
This is because computational studies have shown that binding
of donors directly to the titanium center leads to an increase in
the molecular weight of the polymer produced.

A donor can actually
‘walk’ on the MgCl2
surface employing the
oxygen atoms as its
‘legs’.

There are, however, many other aspects of Z–N catalysis that requires careful analysis through computational investigations. One
issue that needs thorough study is how a donor might break up,
i.e., decompose at a titanium catalyst site, and what eﬀects such
donor decomposition can have on the eventual performance of the
Z–N systems. Donor decomposition has indeed been observed in
Z–N systems, and several decomposition routes have been suggested experimentally [22, 23]. Computational investigations of
such courses can provide a better understanding of how donor decomposition occurs in Z–N systems [24]. Furthermore, computational studies have revealed another interesting aspect of donor
chemistry. A donor can actually ‘walk’ on the MgCl2 surface!
This is because, if a donor has more than one oxygen atom, it can
move from one magnesium to another on the MgCl2 surface, employing the oxygen atoms as its ‘legs’ [25, 26]. There are likely,
many other fascinating properties of diﬀerent components of the
Z–N systems that might come to light as further strides are made
in understanding, to the fullest, the nature of Ziegler–Natta catalyst systems.
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