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Abstract

The scientific and technical advances in the field of polymer science has been abundant in recent years. Amongst the various
polymeric materials available in market, synthesis of polyolefins has been in the forefront since decades. A major challenge
in this domain remains in attaining stereoregular polyolefins especially polypropylene (PP) and significant efforts were
carried out by synthesizing various internal donors (ID) aiding the catalysts involved in producing them. This short review
gives an overview of 1) various generations of Ziegler—Natta (ZN) catalyst systems ii) general classes of ID that has been
demonstrated by the researchers over the past decades iii) their influence on PP isotacticity and polymer properties. The
coordination modes of different donor classes on supported ZN system and comparative study especially between phthalate
and diether ID classes were also addressed here. This review also presents the studies carried out on phthalate catalyst struc-
ture analysis, detailed comparison study on phthalate and diether IDs in terms of PP isotacticity, regioselectivity, hydrogen
response, and also their cross combination study and competitive behavior. Further a brief description on other structurally
varied IDs like malonates, maleates, silyl diol esters, bifunctional donors, multi ether donors demonstrated for isotactic PP
were also presented. Studies conducted on compatibility of incorporation of two different classes of IDs on a single supported
ZN system for the fundamental understanding of the catalyst behavior; and also on how mixed donor approach enables in
tuning the catalyst for polymer properties were also presented. This review also provides an opportunity to the young minds
and the basic researchers from academic point of view by and large to create new polymeric materials with useful proper-
ties or modify the existing materials for new applications by incorporating new IDs for further improvisation of the stereo
regularity in obtaining the polymers.
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Introduction

Polypropylene (PP) is one of the most widely used ther-
moplastic resins soaring over the past few decades due to
its excellent performance [1]. The versatile nature of PP in
terms of its stiffness, transparency, tensile strength, low pro-
duction cost and ability to be recycled has made this PP to
find numerous applications in a wide variety of fields like
packaging industries, electrical, electronic, automobiles etc
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[2-5]. Generally, industrial manufacture of PP is derived
from Ziegler Natta (ZN) polymerization and ZN catalysts
remain the top priority in the olefin polymerization indus-
tries [6—10]. For industrial application, mainly three dif-
ferent classes of PP derived from ZN Catalyst are homo,
random PP and impact copolymer. Among homo PP, iso-
tactic polypropylene (iPP) has gained industrial importance
owing to its extremely high stiffness leading to applications
like injection molding, film, fiber etc. with the production
of nearly 50 million tons/year over the world. Most of the
commercial catalysts used for iPP manufacture are modified
versions of original ZN system. The integral part of modi-
fied catalyst is MgCl,-supported TiCl, constituents along
with Lewis base (LB); normally referred as electron donor
is the triggering factor for improving the stereoregularity of
PP. LBs which are integrated part of catalyst system with
directly bonding to the MgCl, support are typically named
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as internal donor (ID) [11-16]. Besides this for generating
iPP, another class of LB called external donor (ED) is added
in most cases since some of weakly associated ID leach out
during cocatalyst addition [17-21]. This ED not only bal-
ance the leached out ID but also helps in further enhancing
stereo regularity of PP chains by the concurrent effect of
poisoning non stereospecific site and activating isospecific
one [22]. However, ID candidates have a higher impact on
iPP since they intensely modify stereoregularity, regeoselec-
tivity, activity and molecular weight distribution (MWD). As
mentioned the IDs playing a key role in the ZN catalyzed
propylene polymerization, therefore, the new electron donor
development at present is one of the increasingly interest
area for PP research.

The inherent complexity of heterogeneous ZN system
along with distinctly rather complexities on ID and ED
behavior on MgCl, surface plus other features like hydrogen
effect and poisoning makes it very challenging for under-
standing the fundamental behavior of the system. Since
a few decades, the research work on ZN catalysts for iPP
both in industry and in academia has been focused on how
the structure of the IDs tailors the polymer properties like
xylene solubility (XS), molecular weight (MW), and MWD.

Isotactic polypropylene and Ziegler Natta
catalysts with different generations

Propylene being an asymmetric monomer; its different orien-
tations both on stereo regularity and region regularity during
polymerization lead to distinct chain configurations. Varying
degree of regioselectivity and stereoselectivity in PP enables
the resins ranging from amorphous to crystalline materi-
als at room temperature leading to atactic, syndiotactic and

Fig. 1 Representation of (a)
Isotactic (b) Syndiotactic and
(¢) Atactic PP (a)

(b)

(c)
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isotactic microstructures (Fig. 1); though iPP which melts
in the range 165-173 °C is by far the most relevant material
in commercial level.

Initial characterization of atactic and isotacticity of PP
was carried out by differential solubility methods by Natta
et al. [23]. n-alkanes with increasing boiling points like
n-heptane were particularly applied for measurement of
crystalline fractions. However, in the use of n-heptane solu-
ble fractions, atactic polymers were accompanied with low
MW isotactic fractions too. Earlier atactic content in iPP is
mainly determined by XS analysis where the dissolution of
the polymer in xylene is at 135 °C followed by precipita-
tion of amorphous fraction on cooling. Later sophisticated
analytical tools like CRYSTEF was designed to serve this
purpose. The more detailed information on PP tacticity was
determined by NMR measurements which is covered in
detail in the latter part of the review.

First generation (1°* Gen) catalyst

The commercial ZN catalyst called 1% Gen catalysts involved
8-TiCl;-0.33AICI; + AlEt,Cl applied for PP and showed low
productivity of 0.8—1.2 kgPP/gCat and isotactic index (II)
of 90-94% [24]. The mechanism of traditional ZN catalyst
involves activation of TiCl, by cocatalyst AlEt;. On the
crystal surface of TiCl,, titanium atom surrounded by five
chlorine atoms along with empty orbital to be filled. AlEt;
abstracts the chlorine from titanium center and chain initia-
tion begins with alkene-metal formation. Further alkene-
metal complex undergoes electron shuffling between Ti and
AlEt; and forms bond between ethyl group and methyl sub-
stituted carbon of propylene (Fig. 2).




Journal of Polymer Research (2021) 28: 402

Page30of 19 402
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PP manufacturers on early days required post treatment
process for getting rid of atactic fractions and residues from
transition metals and also chloride compounds.

Second generation (2" Gen) catalyst

In the early 1970s improvement in PP catalysts was mani-
fested by Solvay which latter named as 2"! Gen (Solvay) cat-
alyst with the employment of DEAC cocatalyst. The reduc-
tion of TiCl, with DEAC generates microstructure of TiCl;
with a spherical morphology, high surface area and narrow
MWD. These catalysts resulted in tremendous improvement
in activity of 10-15 kgPP/gCat and stereospecificity in the
increased range of 2-3% (II: 96-98) [24, 25].

Third generation (3'Y Gen) catalyst

In the conventional 1% Gen ZN catalyst and also Solvay
catalyst, Ti residing in the interior are inactive for
monomer and cocatalyst. The hidden titanium does not
transform into active species during polymerization,
subsequently only less amount of titanium centers triggers
the polymer production. Efforts in developing supported
catalysts started very early in the 60’s by utilizing
conventional supports with surface functional groups able
to anchor chemically on metal ions. Inorganic compounds
from different classes were tested as supports. Magnesium
compounds like MgO, Mg(OH),, Mg(OR), have been
used, however anhydrous MgCl, served to be attractive
for TiCl, due to their inherent similarities like radii, bond
lengths, lattices (radius; Mg 2*(0.65 A®) vs Ti ** (0.68
A%, bond length (Mg-Cl: 2.57 A° vs Ti-Cl: 2.51 AY),
lattice: isomorphic) [26]. In 1968 MgCl, supported TiCl,
catalyst later named as 3™ Gen catalyst was developed

[27, 28]. Due to the above mentioned features, MgCl,
enforces the titanium centres to bind on its surface,
enabling in stabilization of the transition metal leading
to the subsequent chemical reactions on the titanium
site. These supported catalysts improved the productivity
of PP (> 10 kg/gcat), however they brought down the
stereospecificity of PP (I <50%). Activated MgCl, (8
MgCl,) is typically applied and found to be beneficial
for supporting TiCl, [29-34]. Activation of MgCl, was
generally carried out by different methods which include
milling of MgCl,, MgCl, alcohol adducts, and chlorination
of alkyl or alkoxy magnesium compounds.

MgCl,.nEtOH + xsMCl, — MgCl, + n — EtOMCI, + n — HCI
M = Si, Sn, Ti; Et = C,H;
MgR, + 2SiCl, — MgCl, + 2RSiCl,

Mg(OEY), + 2MCl, — MgCl, + 2EtOMCl,

A disordered structure is often present in the activated
form, which is mainly due to the translation and rotation of
CI-Mg-Cl layers with respect to one another. In the activated
MgCl,, the most stable layer is 001 basal plane derived by
the cleavage of MgCl, stacking and is coordinately saturated
[35]. However, it has two unsaturated lateral planes (110 and
104 planes) with four and five fold coordinative unsaturated
Mg 2* jons respectively.

However, the problem of lowering stereospecificity was
later resolved by the addition of a third component, ID in
3™ Gen supported titanium catalysts, which dramatically
improved isotacticity. Monoesters typically ethyl benzoate
(EB) [36-38] were initially more successfully employed
ID in particular combination with ED (p-methyl toluate
or methyl anisate) added during polymerization process.
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The function of ED is to maintain the stereo regularity of
the sites where ID leaches out with cocatalyst addition.
MgCl,-supported donor modified catalyst is later treated as
the parent for the next few generations of catalysts.

Fourth generation (4" Gen) catalyst

In 1981-1982 a new supported catalyst with bifunctional
phthalate ID and organosilicon compound as ED was devel-
oped by Mitsui Petrochemicals with the use of TEAL as
cocatalyst as being less reactive to organosilicon compound
[39]. This catalyst increased the activity up to 50 kg/g.cat
and isotacticity reached 98%. This methodology was fur-
ther improved to increase the activity up to 100 kg/g.cat.
This 4" Gen catalysts with certain breadth on MWD with
polydispersity index (PDI): 4-7 have good performance on
temperature profile and also on H, sensitivity. Increase in
polymerization temperature, and also the H, concentration
improves activity with minimal effect on II relative to 3™
Gen catalyst.

Fifth generation (5'" Gen) catalyst

Researchers recognized donor molecules as the driving vehi-
cles for improving isotacticity and activity of PP catalysts;
and more focus then directed on varying the ID and ED
structures for customizing catalyst performance towards
specific needs. In 1981, Montedison researchers developed
supported ZN system with the use of 1,3-diethers as ID:

Fig. 3 Different classes of IDs
for ZN catalysts, Two different

co-ordination modes of AIEt, 0 oL o)

with DIBP R

Benzoate ID

3.98-4.01 ppm

O

AlEts: + -0

Phthalate ID

9,9’ -bis(methoxymethyl)fluorene(BMMF), 2,2’ -diisobutyl-
1,3-dimethoxypropene (DIBDMP) (Fig. 4) [40—42]. With 51
Gen ZN catalyst, very high activities and xylene insoluble
(XTI %) 95-99 were achieved. These catalysts exhibit high
hydrogen sensitivity (20 times the sensitivity of 4" Gen cata-
lyst) without the aid of ED. These features were directed in
bringing narrow MWD (PDI 3-5) [43]. Applications of this
type of catalysts include injection molding, fibers and very
high melt flow rates to the formed polymers.

Sixth generation (6" Gen) catalyst

Basell developed 6" Gen supported ZN catalyst with the
use of succinate ID (Fig. 3). These type of catalysts broaden
MWD (PDI: 5-15) [44]. By then responsibility of different
families of donors in bringing the stereospecificity in the
catalysts and improvements in the catalyst activity, hydrogen
response, MWD etc. were well understood. These genera-
tions of catalysts are summarized in the Table 1.

Different classes of internal donors

The use of electron donor (combination of ID and ED)
played significant role in ensuring the catalyst with satisfac-
tory activity and stereospecificity. In general, the requisite
for a complete supported ZN catalyst for iPP synthesis is
the involvement of ID (added during catalyst preparation)

o)
o R R R
/
R o R s
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Diether ID Succinate ID

4.85 ppm
AlEtz+ -+ 0O

4.77-4.99 ppm
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Table 1 Different generations of ZN catalysts

Generation Catalystcomposition Productivity I Remarks
(kgPP/gcat) (%)
st TiCls-0.33AICl; 0.8-1.2 90-94 Major fraction of atactic polymer
2ne TiCl,+DEAC (Solvay catalyst) 10-15 96-98 Spherical morphology, greater
stereochemical control
3rd MgClL/TiCls + AlR; >10 <50 Improved activity, very low stereo control
MgCl,/TiCls/Benzoate /AIR; 15-30 95-97 Improved stereo control, low H, response,
broad MWD
4th MgCl,/TiCl./Phthalate + 50-100 upto Spherical catalyst with controlled porosity,
AlRs/Silane 98 medium-high stereo control, medium H,
response, medium MWD
5th MgCl,/TiCl4/Diether 70-130 95-99 Same as 4™ generation butvery high
+ AlR,/Silane (opt.) activity, narrow MWD, excellent H,
response
60 MgCl,/TiCls/Succinate + 40-70 95-99 Same as 5™ generation but broad MWD

AlR,/Silane

and ED (added during polymerization) [45—47]. The char-
acterization of this heterogeneous catalyst involving LB is
long lasting challenge, interrupted with both experimental
and theoretical studies, but conclusive answers have not been
attained yet. The main group of IDs are benzoate, phthalate,
diether and succinate type (Fig. 3).

Benzoates internal donors

Monoester of aromatic carboxylic acid like ethyl benzoate
(EB) (Fig. 4) are more commonly used ID among this class.
Busico et al. [48], Yunxiang and Lin [49] and Zhang [50] used
different substituted EB in ZN catalyst for propylene polymeri-
zation and found that increasing the ester length can improve
the stereo specificity. The kinetic behavior of MgCl,/TiCl,/EB
in the presence of activator AlEt, for propene slurry polymeri-
zation was studied by Keii et al. [51]. The rate of polymeriza-
tion as a function of polymerization temperature showed maxi-
mum which is in alignment with the rate law. By employing
the inhibition method with carbon monoxide, the number of
active centers of catalyst were estimated in gas phase propene
polymerization. The performance of ethyl p-toluate (Fig. 4)
was relatively better, however the removal of atactic polymer
was still challenging.

Phthalate internal donors

Phthalate esters especially diisobutyl phthalate (DIBP) and
di-n-butylphthalate (DNBP) (Fig. 4) are most widely used
IDs [52]. Phthalate ID generally gives PP with medium
MWD and high activity (Table 2). These catalysts are sen-
sitive to ED as some amount of ID could leach out during the

addition of cocatalyst. The phthalate IDs enabled to function
on controlling the amount and distribution of TiCl, [52].
Phthalate-based ZN catalysts are potentially harmful to the
environment and, hence, regulated by REACH. In recent
years, many researches focus on discovery of more potent
electron donors for the 6™ Gen ZN PP catalysts. In spite of
the fact that the phthalate-based catalysts produce PP with
far lower phthalate content below the 0.3 wt% concentra-
tion limit in the REACH Regulation, a totally phthalate-
free solution is highly motivated and becomes a competitive
advantage.

Active centres of phthalate catalysts

Among phthalate ID, DIBP (Fig. 4) is the most studied
candidate by the Researchers. Phthalate IDs have affinity on
both coordinately unsaturated 110 and 104 planes of & MgCl,
[53]. Fan et al. used kinetic study for understanding the different
active centres of DIBP/MgCl,/TiCl,-TEA in presence of ED—
dicyclopentyldimethoxysilane (DCPDMS) [54]. Their study
typified that predominant role of phthalate is to change the active
center distributions (C*; (isotactic), C*; (medium isotactic) and
C#*, (atactic)) of PP catalyst, however the reactivity of activity
centres lie in nearly unchanged fashion. This was illustrated
by the introduction of phthalate donor which enhances C*| to
32% relative to 22% observed in blank catalyst. The addition of
DCPDMS used in the case study caused significant increase of
C*/C*, (C*=C*+C*_;+C*,) up to 54% and also reactivity
of C*;. These two combined kinetic effects overwhelming
dominance on iPP production. These results are in accordance
with the literature reports where addition of ED enhances
the isotacticity of PP in Phthalate/MgCl,/TiCl, system [55].
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Fig.4 Derivatives of benzoate, phthalate, diether and succinate IDs applied on ZN catalysts

Research groups at Boreskov Institute of Catalysis studied the
influence of DNBP on active centre amounts and rate constants
of propagation states for stereo specific and non-stereospecific
centres in DNBP/MgCl,/TiCl, system [56]. It was noted that
upon addition of DNBP for stereospecific centres, rate constant
of growth (K,) remain unchanged, however these values
dramatically decreased for non-stereospecific centres. It is more
reasonable to explain that ID blocks 110 face of MgCl, surface
where the adsorbed TiCl, has highly reactive low stereospecific
centres or non-stereospecific centres. It was also determined that
fractions of stereospecific centres improved by a factor 2 while
fraction of non-stereospecific centres decrease very slightly. This
was justified by decrease in K, for non-stereospecific centres and
low stereospecific centres.

Structure analysis of phthalate catalysts

Two main tools employed by Researchers for DIBP catalyst
structural analysis are FTIR and NMR spectroscopy [57-59].
In FTIR spectroscopy, three interesting bands studied are >CO

stretching band and C—O—C symmetric and asymmetric stretch-
ing frequencies [60]. The shifting of -C=0 stretching frequency
from 1728 cm™! to a broad peak at 1687 cm™! up on coordina-
tion with MgCl, was observed. The broadness of peak in the
catalyst is an evidence for the existence of various complexes
of DIBP with MgCl,. FTIR also gave the indication of other
side products formed on catalyst system, like the presence of
three peaks 1758, 1832, 1861 cm™ indicating the existence of
phthaloyl chloride at higher temperature. 'H and *C{'H} NMR
along with 2D 'H-'H and '*C- 'H correlation spectroscopy of
DIBP catalyst revealed the existence of other two phthalate
esters as side products along with DIBP [60]. Kissin et al. [61]
utilized both IR and 'H and '*C NMR spectroscopy for analyz-
ing the interactive behavior of DIBP with TiCl,/MgCl, in the
presence of cocatalyst. AlEt; and silyl ether (CyMeSi(OMe),
They illustrated the formation of different species on interaction
of DIBP with TiCl,/MgCl,: 1) DIBP-MgCl, complexes (domi-
nant species); 2) TiCl,-DIBP complex; 3) physisorbed phthaloyl
chloride (formed by the reaction of DIBP with TiCl,); 4) several
complexes of phthaloyl chloride with TiCl,.

C¢H,[C(-=0) — O — i — Bu, + TiCl, —» C¢H,[C(= O) — CI][C(= O) — O — i — Bu] + Ti(Oi — Bu)Cl,

C4H,[C(= O) — CI][C(= O) — O — i — Bu] + TiCl, — C4H,[C(= O) — Cl], + Ti(Oi — Bu)Cl,

@ Springer
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Table 2 Comparison of

properties of PP obtained with Benzoate ID PhthalateID  DietherID SuccinatelID
the aid of different IDs __ Productivity 0.5-0.8 1-2 >2 1-2
(10° Kg PP/g of Ti)
XS - -
3-5 1-5 2-5 1-5
(wt %)
PDI 6-9 6-8 4-6 >8

With the above mentioned analytical tools they figured
out that when these complex species reacted with AlEt; in
presence of CyMeSi(OMe),, all carbonyl groups which were
adsorbed reacts strongly with AlEt; leading to the complete
removal of all phthaloyl chloride and significant reduction
of DIBP/TiCl, and DIBP/MgCl, complexes. The order
of reactivity was found to be physisorbed phthaloyl chlo-
ride > phtholyl chloride/MgCl, complexes > DIBP/MgCl,
complexes ~ DIBP/TiCl, complexes. The results illustrated
by Kissin et al. [61] is in quite agreement with other litera-
ture data [62]. They also studied with the use of NMR ana-
lytical tool, the interactive behavior of ID with cocatalyst by
preparing model system DIBP-AIEt; (Fig. 3). Three distinc-
tive doublets in the range from 3.98—4.85 ppm correspond-
ing to a-CH, group were observed; justified all the esters
formed complexes with AlEt; while in free ester a-CH,
groups resonate as multiplet in the range 4.34-4.36 ppm
(Fig. 3).

Further FTIR tool was also applied for understanding
the quality of phthalate based ZN catalysts formed by over
activation/under activation/contamination with moisture or
hydroxyl groups; and thereby provide fairly good insights on
catalytic performance [63] For example with increased activation
temperature CO bands at 1700-1685 cm™' becomes sharper.
These bands were found to be weak for properly activated and
also under activated catalysts. For the under activated catalysts

phthalate

TiCl, complexed with donor was found to observe, which
was manifested by the presence of CO absorption maximum
at 1650-1640 cm™! being associated with additional bands at
435-430 cm™! The insufficiently dried raw materials generate
catalysts contaminated with hydroxyl and water impurities,
which shows absorptions at 3550-3520 cm™! for hydroxyl
impurities and 3370 cm™' and 1612 cm™! for water impurities.
FTIR spectrum was also used as a tool for understanding the
complex pattern on the interaction of TiCl, with EB. Martin
et al. used FTIR tool for analyzing the coordination behavior of
TiCl, with EB and elucidated the occurrence of three different
complexes (TiCLEB),, (TiCl,), EB and TiCl,(EB), [64] from
different modes of shifts in CO vibrations. For (TiCI,EB), the
most significant strong CO bands lie at 1560-1600 cm™" and
for (TiCl,), EB a strong band at 500 cm™" was observed which
is primarily due to excess TiCl, species. Piovano et al. [65]
have carried out the insitu demonstration of EB absorption on
MgCl, supported ZN catalyst by FTIR spectroscopy and with
DFT methods demonstrated the existence of TiCl,(EB) and
TiCl,(EB), complexes on different catalytically relevant MgCl,
surface.

Diether internal donors

With the development of 1,3-diether (Fig. 3) based PP cat-
alyst, this ID class have emerged as unique characteristics

O Diether (109)
B
U
Q "
£ K
BULK
[
® o o
cl cl Mg

Fig.5 Representation of (a) 104 and 110planes of MgCl, (b) Anchoring mode of phthalate ID on MgCl, surface (¢) Anchoring mode of diether

ID on MgCl, surface
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as these donors give PP with narrow MWD, high hydrogen
response and high isotacticity (Table 2). The ZN catalyst
with 1,3-diethers are in great demand for industrial purpose
due to their improved chemical stability toward TiCl,, AlEt,,
Ti-C and Ti-H bonds, and also with the consideration that
cocatalyst cannot extract these donor molecules from the
solid component of the catalyst. These catalysts exhibit good
stereospecificity and also good hydrogen response, making
them more significant in terms of polymer grades. The various
literatures and patents covering the functions carried out by
these donors for iPP have been reported [66—69]. Studies have
been devoted to the mechanism by which these donors interact
with other components in the catalyst and also from theoreti-
cal point, several models have been proposed for the structure
of isospecific and aspecific centers with these donors [70]. PP
generated by this catalyst have good physical, organoleptic
and better transparency with great appeal for applications like
fiber, health care products and packaging materials. 2,2-dis-
ubstituted- 1,3-dimethoxypropane and BMMF (Fig. 4) are the
most widely studied candidates among diether class [71, 72].
Substituents on the diether moiety also played a vital role in
improving the stereoselectivity and catalyst activity, which
will be conferring in the coming session. Preferred mode of
coordination of 1,3-diether compounds on MgCl, surface
is chelate mode (Fig. 5), which is very effective under the
action of AlEt; and thus, these molecules not leaching out
during polymerization and are relatively insignificant for ED
sensitivity.

Sterically hindered diethers

Several research works were attempted to deduce the
correlation between sterically hindered groups of diethers
and polymerization performance since two to three decades.
The active site’s steric environment is regulated by ethereal
moiety involving oxygen atom or methyl group or by bulky
groups exist on the central carbon atom of diether. Some studies
described that base is responsible to convert aspecific centres
into isospecific ones by introducing steric environment; the
base can adopt two modes of coordination: 1) bridge between
Mg and Ti, 2) bond to Mg atom adjacent to active Ti centre
[73]. The second mode of coordination is more supportive and
is in good agreement with spectroscopic studies on catalyst
component with electron donors [74-76]. For example direct
coordination of Ti center with base was excluded by IR [77-79]
and weakening of Ti-Cl bond suggesting electron donor
is coordinated to Mg atom adjacent to active Ti center. The
adsorption of Ti-Cl absorptions of inTiCl, at 386 and 495 cm™!
found to be disappear in the spectrum of MgCl,/TiCl, supported
catalyst, and a new absorption found to appear at 450 cm™'
that shifts to 420 cm™! in MgCl,-TiCl,-diether catalyst [80].
Morini et al. underwent the early study on 1,3-diether by using
dialkyl substituted propane diethers with different sterically

@ Springer

hindered groups (DIBDMP, DCPDMP and EBDMP) (Fig. 4)
on MgCl, supported ZN catalysts [80]. Their work enabled in
significant progress in understanding the correlation between
ID and ED from the catalyst analysis and stereo chemistry of
polymerization. DIBDMP and DCPDMP bearing branched
and bulkier groups performed good behavior on propylene
polymerization; however, linear and less bulky diether-
EBDMP was shown lower performance while considering
catalyst activity and stereospecificity.

More details on these three catalysts with respect to donor
free and traditional phthalate catalysts with respect to their
mechanistic performance and polymer tacticity would be
discussed in the below sections. Researchers have also
demonstrated the influence of change in diether content on
catalyst performance. A detailed study was performed with
two different catalysts (BMMF) and (CBB) (Fig. 4) with
variable diether/Mg ratio [27]. Irrespective of donor with
the increase of diether/Mg ratio, diether content increases
while Mg amount decreases, however the change is more
drastic for the catalyst with BMMF with respect to CBB
[diether/Mg ratio as 20/100, the decrease in Ti content
by ~4% (BMMF), ~2% (CBB) and increase in diether con-
tent by 49.17% (BMMF), 16% (CBB)]. BMMF with its suf-
ficient bulkiness, strong electron donating group would bind
strongly with Mg adjacent to the active site while compar-
ing with CBB having poor steric hindrance, strong tension
and relatively poor electron donating ability. When BMMF/
Mg ratio is below 20/100, the adsorption occurs on poorly
isospecific sites where Ti content decreases rapidly and
BMMF content increases greatly. With further increase in
BMMEF/Ti ratio, BMMF has to compete with highly stable
and highly isospecific active site (which was in kinetic equi-
librium with poorly isospecific site), where BMMF found
tedious to replace Ti in the site leading to smooth composi-
tion change in the catalyst.

Diether versus phthalate classes

While considering the literature reports, largely studies
were focused on development of new structurally diversi-
fied diethers (Fig. 4) and their comparison with existing
phthalate IDs on supported ZN catalyst system with respect
to their PP isotacticity, regioselectivity and ID/MgCl, ratio
on polymer properties with attempt to lighten the structural
modification of IDs.

PP isotacticity Morini et al. [80] for better characterization
of polymers obtained from three different catalysts of
structurally different diethers (DIBDMP, DCPDMP,
EBDMP) (Fig. 4), TREF analysis was performed in
conjunction with '>*C NMR stereo sequence distribution
of different fractions. TREF elution profiles of PPs are
generally considered as tacticity profiles, for example
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four fractions with different elution temperatures (T,))
obtained in their study; 1) atactic (T, <25 °C), 2) stereo
blocks (T, =26-99 °C, mmmm < 90%), 3) mainly isotactic
(100-108 °C, mmmm =90-95%), 4) highly isotactic (
T,;> 108 °C). In DIBDMP and DCPDMP catalysts, polymers
mainly comprise of highly isotactic fraction 4. The fraction
2 represented by stereo blocks can be reduced by donor
functioning in two ways a) saturating Mg atoms coordination
vacancy adjacent to isospecific dinuclear Ti adduct b)
saturating the vacancy of inactive Ti of Ti,Cls dimer. In
DIBDMP, DCPDMP and phthalate/silane catalyst systems,
the increase in isotactic productivity and high percent of
highly isotactic fraction 4 can be illustrated by increase
in dimeric Ti species or generation of new isospecific
Ti species, and decreased atactic fractions is caused by
selective complexation of tetra coordinated magnesium
atom. In comparison to donor free catalyst, EBDMP showed
higher isotactic index around 92%. In EBDMP, 53% polymer
represents mainly isotactic fraction 3. Both EBDMP catalyst
and donor free catalyst showed similar features in certain
cases: 4 fraction is completely absent, fraction 3 of both
catalysts have similar elution curves and melting point of
both polymers are same. Authors depicted two particular
reason for the absence of fraction 4 in EBDMP catalyst a)
stability constant of chelate complex on Mg atom is not
sufficiently high b) EBDMP with its linearity and less bulky
substituents not efficient enough to coordinate on Mg atom
adjacent to active Ti center for bringing highly isospecific
centers. This explanation was also supported by molecular
modelling calculation which have shown that Ti do not have
right chiral center for highly isotactic fractions due to the
lack of much bulky hydrocarbon substituents [68].

Regioselectivity and hydrogen response The influence of
hydrogen concentration on MW of polymer is dependent on
catalyst system. Diether type catalysts due to high hydrogen
sensitivity, MW control can be triggered by relatively little
hydrogen. The chain transfer with hydrogen after the occa-
sional secondary 2,1 insertion rather than usual 1,2 insertion
is responsible for this effect. Chadwick et al. [81] did analy-
sis for determining the regioselectivites of two different cata-
lyst systems-MgCl,/TiCl,/DIBP and MgCl,/TiCl,/diether.
The 2,1-inserted units is more pronounced with significant
level in the isotactic and weakly atactic fractions in diether
type (0.15% isotactic, 0.5% atactic) while comparing with
phthalate type (2,1-inserted units: 0.08% (weakly tactic)).
This result can be attributed to the fact that high hydrogen
response of the diether type catalyst resulted in uniform
distribution of 2,1-inserted units throughout the polymer
whether having isotactic or weakly tactic fractions. This pic-
turized that there exists no base rule for highly isospecific
diether type catalysts to be completely regiospecific. The
low content of 2,1-inserted units in isotactic fractions of

phthalate type catalysts revealed that low hydrogen response
of this catalyst. The occurrence of some highly regiospecific
active sites in this type of catalysts is responsible for hav-
ing fractions with high MW and broad MWD. The study
revealed fundamental implications on the effect of catalyst
regioselectivity on PP MWD; the catalyst having the active
species with very high regioselectivity would result in low
hydrogen response and thus broad MWD and the active sites
with lower regioselectivity at high hydrogen concentration
results in low MW fraction.

Cross combination study Saachi et al. investigated cross
combination study by treating three diethers: DIBDMP,
DCPDMP, EBDMP as EDs and DIBP (Fig. 4) as ID to
understand the mechanism of ID—ED correlations [70].
The results found cleared that similar isospecific centers are
generated when these diethers are used as ID or replaces
DIBP by adding diether as ED during polymerization. How-
ever, resulting in lower yields, which can be explained by
the occurrence of some poisoning effect on both aspecific
and isospecific sites when diethers are added as ED. A gen-
eral conclusion of reciprocal behavior of ID and ED on the
catalyst system was concluded since the similar effect was
also noted when the concentration of ED is increased beyond
certain values in MgCl,/phthalate/TiCl,-AlEt;/silane sys-
tem and rationalized a reaction model with the interactions
among the catalyst system components.

Cat.ID + AIEt; = Cat — [ ] + AIEt;.ID (1)
ED + AIEt, = AIEt;.ED 2)
Cat—[ ] + ED = Cat.ED 3)
Cat — [ ] + AIEt;.ED = Cat. AIEt;.ED 4)

Where Cat-[ ] is a free site.

Internal donor/MgCl, ratio A detailed study was
performed with BMMF and CBB (Fig. 4) catalysts with
variable diether/Mg ratio [27]. Irrespective of donor with
the increase of diether/Mg ratio, diether content increases
while Mg amount decreases, however the change is more
drastic for the catalyst with BMMF with respect to CBB
[diether/Mg ratio as 20/100, the decrease in Ti content
by ~4% (BMMF),~2% (CBB) and increase in diether
content by 49.17% (BMMF), 16% (CBB)]. BMMF with its
sufficient bulkiness, strong electron donating group would
bind strongly with Mg adjacent to the active site while
comparing with CBB having poor steric hindrance, strong
tension and relatively poor electron donating ability. When
BMMF/Mg ratio is below 20/100, the adsorption occurs on
poorly isospecific Type 1 active (illustrated in coordination
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mode section) where content of Ti decreases rapidly and
BMMF content increases greatly. With further increase
in BMMF/Ti ratio, BMMF has to compete with highly
stable and highly isospecific type II active site (which was
in kinetic equilibrium with Type 1 site), where BMMF
is challenging to replace Ti in the site leading to smooth
composition change in the catalyst.

Competitive behavior of diether/phthalate class Recently
in 2013, researchers in Russia pointed that the amount of
esters (EB, DNBP) adsorb on MgCl, surface are in simi-
lar amounts (280umol/g) while 1,3-diethers (DIPDMP or
DIBDMP) (Fig. 4) adsorb in relatively smaller amounts
(approx. 25% less) by adopting the general protocol for sup-
port synthesis [82]. This result gives a contradictory picture
that less adsorption capacity of 1,3-diether relative to esters
is the generic feature of 1,3-diether and substituents size
in position 2 of 1,3-diether does not have influence in the
adsorption behavior on MgCl, surface. They also stipulated
that unoccupied sites are present in the samples containing
1,3 diether, thus further treatment of 1,3-diether adsorbed
samples with esters (EB or DNBP) showed the adsorption of
these esters on the unoccupied sites (revealed from chemical
analysis). In the case of EB adsorbed 1, 3-diether sample,
there exist no change in diether quantity. This result clearly
typified that there exists some unoccupied sites in MgCl,
surface available for ester adsorption and also some sites are
not the right place for chelate coordination by 1, 3-diethers
and also it cannot be ruled out that some neighboring sites of
adsorbed 1, 3-diethers prevent the adsorption of esters. How-
ever, DNBP adsorbed 1, 3-diether sample shows a reduction
in diether content, which is due to the fact that DNBP com-
petes with diether for the same site. They tested the competi-
tive effect of esters and 1, 3-diethers for MgCl, surface by
performing experiments with pair of internal donors (EB/
DIBDMP, DNBP/DIBDMP). In the sample prepared from
EB/DIBDMP, EB does not show any influence in the adsorp-
tion of DIBDMP. This showed that DIBDMP forms stronger
complex with MgCl, surface. In the case of simultaneously
adsorbing DNBP and DIBDMP, it was found that more than
half-adsorbed donors being accounted by DNBP. This veri-
fied that complex strength of DNBP is not lower than that
of DIBDMP and thus DNBP competes with DIBDMP for
surface sites.

Succinate internal donors

Succinate type IDs (Fig. 3) with quite low hydrogen
response are particularly applied for iPP with large MWD.
For this type of IDs, owing to ester bonds, leaching is quite
significant in the presence of cocatalyst. The EDs would
normally add to this catalyst to maintain stereo specificity
of the polymer formed and the appropriate selection of
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EDs is required for fine tuning to improve the isotacticity
of the PP [83]. PP grades from this catalyst have good
processability with applications like injection molding
and pipes. Basell reported many specific substituted
succinates compounds like din-butyl succinate (DBS),
diethyl cyclohexyl succinate(DECS), diethyl-2-ethyl-
2-methyl succinate (DEEMS), diethyl-2,3-diisopropyl
succinate (DEDPS) and diisobutyl-2,3-disopropyl
succinate (DBDPS) as IDs (Fig. 4) in ZN catalysts [84].
Like diethers, here also sterically hindered derivatives were
found to be having increased activity and high isotacticty.
The activity of DBS as ID showed 530 kg/g Ti, and the
isotacticity of the obtained polymer was 96.2%; while
DEDPS and DBDPS catalysts have their activity 2333
(isotacticity: 98.5%) and 2533 (isotacticity: 98.8%) KgPP/
gTi respectively. J-Y Dong investigated different derivatives
of 9,10-dihydroanthracene-9,10-a,p-alkylsuccinates for
isotactic polypropylene with and without ED, and observed
that proper molar ratio of support and ID, and also molar
rate of ED and Ti are the triggering factors for improvement
in activity as well as isotacticity [85]. Among the tested
derivatives, ethyl and isobutyl versions were found to
shown broad MWD (PDI: 10.9-11.5).

The properties of obtained polypropylene with the aid of
phthalate, diether and succinate internal donors is compared
and given as Table 2 [86, 87].

Coordination mode of internal donors
on MgCl, support

Different IDs have varying preferences on binding on dif-
ferent planes of MgCl, surface, the prominent factors on
binding includes O-O distances, functionality of IDs, sub-
stitution patterns on ID. In MgCl, the two lateral planes
(110) and (104) are coordinately unsaturated with four and
five coordinated Mngr ions [35]. 1,3-Diethers have better
affinity towards (110) MgCl, surface as compared to other
IDs. Thus 1,3-diether was formed relatively higher on (110)
MgCl, surface rather than (104) surface while phthalate
donors have affinity on both (110) and (104) surface [53,
88, 89] (Fig. 5).

In the case of 110 faces of MgCl, layer, two types of coor-
dination geometry of 1,3-diether are visible [74—76, 77-79].
One of them represents 110 chelate in which both oxygen
atoms of the diether coordinated to a single Mg atom while
in the other representing 110 bridge two oxygen atoms of the
donor bond to two vicinal Mg atoms. For 1,3-Diether 110
bridge geometry is found to be higher in energy (more than
10 kcal/mol) with respect to 110 chelate geometry. This is
because of the inability of 1,3-diether moiety to stretch in order
to coordinate to two Mg atoms in vicinal positions which are
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6 A apart. The reverse is the case for phthalate type donors
where 110 bridge is found to be lower in energy with respect
to its 110 chelate mode of coordination.

Researchers have pointed out various explanation on the
influence of IDs on catalyst stereo specificity based on their
experimental and theoretical calculations. By considering
many reports on this basis, here we categorized and collate
the findings into a few hypothesis.

Hypothesis | In some studies two types of active sites; type
I (unstable and poorly isospecific) and type II (stable and
highly isospecific) on MgCl, were categorized and both
exhibited in a balanced form without the presence of ED.
The introduction of ID (diether) removes out part of the
unstable type 1 active site and new defects are formed on
MgCl, surface; where reform the stable type II active site
leading to the generation of a new equilibirium between type
I, type Il and ID [27]. Overall the introduction of ID enabled
to the decrease in Ti content and also the active sites, how-
ever the number of type II sites increases. Thus the addition
of Lewis base on MgCl, supported TiCl, system increases
the isotacticity of PP.

Hypothesis Il The one hypothesis on the role of IDs in sup-
ported ZN catalysis for stereospecificity of polymer is to
bring the aspecific centers inactive for polymerization. This
is achieved by TiCl, not coordinated to these aspecific cent-
ers. The IDs get capped on these centers, thus inaccessible
for the entry of Ti species towards aspecific centers.

Hypothesis lll Many other hypothetical understanding were
laid down from DFT study on the adsorption of both TiCl,
and ID on MgCl, surface. III a) Busico et al. postulated
that two faces 100 and 110 have different acidities with 110
face being more acidic [90, 91]. From the experimental
and theoretical calculations, they pointed out that TiCl, have
the ability to displace IDs from 100 face which are more
basic, where binuclear stereospecific centres can be formed.
Similar type of statements were drawn by Bukatov et al. on
the basis of number of active sites on the catalysts with
different electron donors [56]. III b) Monaco et al. [92] from
their theoretical calculations postulated that 110 planes of
MgCl, are the preferential sites for TiCl, and TiCl; species
adsorption with respect to 100 lateral cuts. However on the
lateral cut 100, the most energetically favoured species is
Ti,Clg while monomeric and Ti,Cl, species are energetically
unfavored. Further to monomeric and dimeric species, they
also postulated polynuclear Ti(III) species are energetically
favoured. These findings are in good agreement with the
initial results on generation of polynuclear titanium chloride
[93, 94]. III ¢) Recently D'Amore et al. [95] investigated
the adsorption of TiCl, on MgCl, surface by periodic
hybrid DFT methods and claimed that adsorption of TiCl,

on 104 MgCl, sites are too weak, with the contradiction
of earlier concept on many decades as 104 sites being the
most prominent site for PP stereocatalysis. Very recently
a new surface 015 for the coordination of TiCl, has been
discovered and is quite similar to traditional pentacoordinate
one with distorted C1-Mg-Cl bonds. Under the presence of
adsorbate, this 015 site plays unusual flexibility by detaching
Mg cations with chlorine underneath leading to unsaturated
site for TiCl, coordination [96]. III d) Taniike and Terano [97]
described that mononuclear Ti centres on 110 magnesium
surface are inefficient to identify the PP chain growth
orientation in donor’s absence and are totally aspecific.
They also pointed out that diether donors preferentially
adsorb on 110 MgCl,, while mono and diester type of
donors favorably adsorb on 110 and 100 MgCl, surfaces
respectively. In the case of EB donor, aspecific mononuclear
Ti species are dramatically modified to isospecific ones and
also inhibits the phenomena of chain transfer to propylene
leading to chain growth at mononuclear Ti species. Yet
another periodic DFT study also pointed that diesters adsorb
equally on 104 and 110 MgCl, surface and adopt stable
chelate coordination on 110 plane; and they reconstruct Mg
site while adopting chelate coordination on 104 surface. On
the other hand for diether, chelate coordination on 104 site
undergo reconstruction of Mg site and 110 surface is the
stable site for chelate coordination [98]. In a recent study
[29-34] Ti Solid state NMR spectra together with DFT
calculations were utilized to investigate the local structure
of TiCl, adsorbed on MgCl, surface [99].

Hypothesis IV Another hypothesis on the role of IDs for
catalyst stereospecificity is their efficiency in transforming
low isospecific sites into highly isospecific sites. This could
be achieved by introducing sterically hindered groups on
ID moiety [100, 101]. Steric hindrance of the coordinated
donor in the nearby active Ti center is responsible for the
formation of isospecific MgCl, sites. However, this process
of improving stereo specificity could be decreased by the
addition of cocatalyst during polymerization as cocatalyst
partly removes ID from the catalytic surface. In the case of
diether as ID, this mode of removal by cocatalyst is very
insignificant as diether strongly bond on the MgCl, surface
especially at 110 face.

Non phthalate internal donors
Glutarates
Glutarates are also applied as non phthalate ID for

supported ZN system [102, 103]. Among the glutarate
family, a-substituted glutarates and p-substituted glutarates
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are mostly studied. A few typical examples of f-substituted
glutarates as ID are diethyl-3-ethyl glutarate (DEG),
diethyl-3-npropyl glutarate (DPG), diethyl-3,3-dimethyl
glutarate (DDMG) (Fig. 6a) etc. When di-substituted
with larger substituents in glutaric acid esters groups
are used, the activity was found to be higher than with
single substituted groups. Diethyl-3,3-diisobutyl glutarate
(DDBG) (Fig. 6a) showed highest activity of 61 kg/g.
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cat with XI: 98%. The highest isotacticity was found for
DDMG with XI: 98.7% [104].

Silyl diol esters
Recently silyl diol esters (SDE) were also reported [105]

as ID for the production of iPP. The catalyst system with
these IDs provide high activity (25-42 kg/g.cat), high
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isotacticity (XS: 3.5-1.4%), broad MWD (6-7). Four
structurally different symmetrical and unsymmetrical
SDEs (SDE 1—SDE 4) were studied with varying substit-
uents on silyl backbone (Fig. 6a). The compounds struc-
ture is found to be different from conventional 4™ and
5™ Gen catalysts. A few representatives among this class
showed isotacticity above 96.3% even in ED absence.

Another study on SDE revealed that catalytic activity
increases with increase in Mg/SDE ratio and reaches to
a maximum at a particular Mg/SDE [106]. The similar
phenomenon was noted for II too. The authors utilized
active site model proposed by Soga et al. [73] involving
non-specific active site [ having two vacancies and isospe-
cific active site II with only one vacancy on MgCl, surface
for SDE behavior. Authors predicted that addition of SDE
results in new equilibrium formed among active site I, site
IT and SDE. With the introduction of SDE, even though
Ti content and overall sum of active sites decreased, the
amount of active site II is increased resulting in improved
activity and isotacticity. The addition of excess SDE (Mg/
SDE < 6), resulted in poisoning of isospecific site II lead-
ing to decline of activity.

Malonates

In the year 2012, Guo et al. [107] has used five new IDs
derived from diethyl malonate (Fig. 6a) which comes under
the class of non-phthalate diesters and were coordinated
with TiCl, and MgCl, for the polymerization of propylene.
The effect of ID on catalytic behavior includes ID struc-
ture’s steric hindrance, position of carbonyl groups, coor-
dination capability of oxygen and oxygen atoms distance
were investigated. Ti content (6.1%) of 1,1-cyclopentane-
carboxylic acid diethyl ester (CPCADEE) is little higher
than (diethyl malonate) DEM (5.4%), this is in respect to
larger steric hindrance of pentacyclic ring in CPCADEE
structure (Fig. 6a). While considering 1,1-cyclopentaned-
imethanol acetic diester (CPDMAD) (Fig. 6a), which can-
not load on MgCl, due to two obvious reasons: 1) bigger
steric hindrance imposed by carbonyl groups and penta-
cyclic ring, 2) the electron donating ability of CPDMAD
is quite weaker. While comparing 2,2-diethyl diethyl-
malonate (DEDEM) (Fig. 6a) and CPCADEE, Ti loading
of DEDEM (5.4%) is lower than that of CPCADEE (6.1%)
which could probably be due to its poor coordination ability
with respect to CPCADEE, even though steric hindrance
of ethyl of DEDEM is smaller than that of CPCADEE and
two oxygen atoms distance of DEDEM is smaller than that
of CPCADEE. While comparing DEDEM with CPDMAD,
coordination ability with Ti is almost similar, however oxy-
gen atoms distance is quite less in case of DEDEM, mak-
ing it more effective for Ti coordination with respect to

CPDMAD, which is demonstrated by high loading of Ti
(5.4%) as compared to CPDMAD (Ti: 5.0%). 1,1-biseth-
oxymethyl cyclopentane (BEMP) ligand which has shortest
oxygen atoms distance and highest electronegativity make
the strongest Ti coordination, which was in agreement with
high Ti loading (7.8%). The catalyst system with these IDs
were investigated for propylene polymerization with and
without ED. It was observed that CPCADEE and 2,2-die-
thyl-1,3-propanediol acetic diester (DEPDADE) (Fig. 6a)
catalysts, activity and polymer properties were improved by
the addition of ED.

1,3-diol esters

In the year 2002, a new class of PP catalyst were introduced
with 1,3-diol ester as IDs [108, 109]. The activity of ZN
catalyst in which 1,3-diol ester compounds used as IDs gave
high performance, easy to adjust the stereospecificity, with-
out the use of ED. PP obtained has high isotacticity, wide
relative MWD. In addition, changing the molecular structure
of 1,3-diol ester substituents on the structure can greatly
change the hydrogen sensitivity of the catalyst. This type of
catalyst has been used in a variety of polymerization process
on industrial scale. For example 2,4-pentanediol dibenzoate
(PDDB) [110] (Fig. 6a) was used as ID in ZN catalyst with
activity 70-73 kg/gcat and isotacticity 98.6%.

Mixed internal donors

Several experiments on compatibility of incorporation of
two different classes of IDs on supported ZN system were
performed for the fundamental understanding of the cata-
lyst behavior; and for learning, how it enables in tuning the
catalyst for polymer properties with varying ratio of different
IDs. While conducting mixed donor approach in ZN catalyst,
it may be assumed that the new catalyst developed with ID
having narrow or broad MWD would enable to tailor MWD
by fine-tuning of IDs ratio. In this review, a very few typical
examples of such studies are illustrated. Gao et al. [111] has
demonstrated mixed IDs DIBP and PDDB towards catalyst
activity, polymer isotacticity, microstructure and MWD.
They prepared four catalysts; Cat A: No ID, Cat B:DIBP, Cat
C: PDDB and Cat D: DIBP/PDDB and found that Cat D was
having two times higher activity with respect to Cat B and
Cat C. With respect to kinetic behavior, propylene consump-
tion rate follows the order Cat B < Cat C < Cat D regardless
of presence or absence of ED. In terms of isotacticity, mixed
donor Cat-D functions high isotacticity, (Il of PP has the
highest value of 95.7% even without ED) similarly, diether
does; makes it difficult to be removed from the catalyst even
in the presence of cocatalyst. Even the donor content of Cat
D was relatively much higher in the catalyst after treatment
with AlEt; while comparing with Cat B and Cat C.
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Another study was carried out by Makwana et al. [112]
with two different classes of IDs (EB and DIBP) as a mixed
donor approach with varying combinations of EB and DIBP.
By optimal combination of these two donors, PP with tai-
lored MW and MWD can be formed. The catalyst with
higher DIBP provides narrow MWD, which might be due to
more homogenous distribution of active sites. The improved
productivity with increasing DIBP concentration is due to
the fact that increased DIBP content stabilized the matrix.
While demonstrating the kinetic profile of polymerization,
DIBP alone follows steady kinetics whereas with increase
in amount of EB, kinetic profile changes from steady state
to decay state. With increase in amount of DIBP, higher
Mn values (molecular weight higher with reduction in num-
ber of chains) are obtained indicating increased homoge-
neity in chain length distribution. However with increase
in monoester content Mw increases (increase in the chain
length and also number of chains), which may be due to
the heterogeneity of active species in the support leading to
random chain propagation.

Patil et al. [113] also introduced mixed ID approach using
EB and sulfolane in anticipation of obtaining PP with broad
MWD. Sulfalone is expected to have the variation in active
species nature due to its linkage of O with S with respect
to the linkage of O with carbon in EB. The productivity of
the presented mixed donor catalyst is lower than EB class;
which might be attributed to the modification of the active
site of the catalyst pertaining to steric and electronic factors.
However, there is no significant change in isotacticity and
MEFI while considering with EB class.

Song and Thm [114] used phthalate (DIBP) and diether
(DIBDMP) as mixed IDs for forming MgCl, supported ZN
system. It was identified from the composition study of
the catalysts that not one donor is adsorbed on the surface
exclusively, however diether content was found to be higher
with respect to phthalate. This observation adds to the state-
ment that 1,3-diether had a better affinity than phthalate for
MgCl,.

Bifunctional internal donors

Chen et al. have synthesized [115] a new MgCl,-supported
TiCl, catalyst in combination with bifunctional donors
such as di(propylene glycol) dibenzoate (DPGB) and
tri(propylene glycol) dibenzoate (TPGB) (Fig. 6b) and com-
pared with classical DIBP. The Ti content of the catalyst
is higher in the case of DIBP with respect to bifunctional
ID. Both DPGB and TPGB showed similar activity typify-
ing that ester group chain length has less effect on catalytic
activity and their activity is higher than DIBP catalyst. As
described by Correa et al. [116] the coordination strength of
ID follows the order; DPGB ~TPGB > DIBP. This evidence
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further gave a confirmation that catalytic activity was gener-
ally influenced by ID type. Both DPGB and TPGB catalyst
showed II value 98.8 and 98.5% slightly higher than that of
DIBP catalyst having the value 98.2%. While looking into
the morphologies of these catalysts, both DPGB and TPGB
donor have loose structure with respect to DIBP catalyst
which might be attributed to chain flexibility in DPGB and
TPGB donor. Both DPGB and TPGB donors exhibit PP with
similar MW and their values are lower than that of DIBP cat-
alyst. And also bi-functional IDs provide broadened MWD
with respect to DIBP catalyst. Further, with the increase in
the ether chain length, decrease in Mw and MW broadening
were observed. This behavior on bifunctional catalyst might
be due to different active sites on the catalyst surface.

Maleate/alicyclic diesters

In the year 2014, Dang et al. [117] have reported a new
class of diesters as IDs, for propylene polymerization.
The two IDs, diisobutyl maleate (DBM) and diisobutyl
2,3-diisopropylmaleate (DBDPM) comes under maleate
class and the other two donors diisobutyl cyclohexane-
1,2-dicarboxylate (DBCHD) and diisobutyl cyclopentane-
1,2-dicarboxylate (DBCPD) comes under alicyclic ester
groups (Fig. 6b). The catalysts prepared with these donors
were used in propylene polymerization and their activity
was compared with the catalyst prepared using DIBP.
Catalysts with these four donor molecules have similar Ti
content with respect to phthalate catalyst. However, donor
content of this class of IDs was found to be lower than that
of DIBP catalyst. PP isotacticity of these catalysts ranges
from 83.5-97.1%. These catalysts exhibited lower MW
with broad MWD while comparing with DIBP catalyst.
Catalyst with DBDPM, DBCPD and DIBP were found
to be suitably better candidates as diesters in terms of
isotacticity and polymerization performance; would be
more in accordance with steric effects which follow the
order DBCHD > DBDPM > DIBP-DBCPD > DBM. 1t is
concluded that IDs with isopropyl substituents on the ortho
position of the ester function in diester compounds is found
to enhance the polymerization activity and also raise the
isotacticity of PP. It is also concluded that cyclopentanyl is
a better candidate than cyclohexyl in diesters in improving
the performance of the catalysts.

Multi ether internal donors

Mostly literatures on ether compounds as IDs are based
on two methoxy groups. Zehadi et al. [118] used first
multi ether ID 1-(2,2-bis(methoxymethyl)butoxy)-2,2-
bis(methoxymethyl)butane penta-ether (BBPE) (Fig. 6b) for
testing the synthesis of iPP. They prepared series of cata-
lysts (Cat A-Cat D) with varying amount of ID/Mg ratio and
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investigated the optimal behavior by varying ID/Mg ratio
for getting varying donor incorporation (ID/Mg: 0.07(Cat-
A), 0.13 (Cat-B), 0.21 (Cat-C), 0.29 (cat-D)). The range of
titanium contents were 3.1-3.4 wt %. The highest activity
was observed in Cat C with optimum ID/Mg ratio equal to
0.21 among the penta ether catalysts and the activity with
and without ED decrease in the order; Cat 0 (one without
ID) > Cat C>Cat D> Cat B> Cat A. These catalysts typi-
cally behave like diether class of compounds in terms of iso-
tacticity, even without EDs these penta ether catalysts show
good isotacticity compared to Cat ZN (phthalate based).
Penta ether catalyst provides low Mw with high MFI while
comparing with Cat ZN; indicating increased hydrogen
response ability for penta ether catalyst. With and without
ED, Mw and MWD of PP decreases in the order Cat A > Cat
D> Cat C>Cat B> Cat 0 and Cat 0> Cat B> Cat D > Cat
A > Cat C respectively. Among the pentaether catalysts with
and without ED, Cat C is the one, which produces narrow
MWD, while Cat B with broad MWD and lowest Mw.

The same group also investigated, a new tri-ether com-
pound namely 1-methoxy-2, 2-bis(methoxymethyl)butane
(MMB) (Fig. 6b) as ID and prepared a series of catalysts
(Cat A-D) with varying amount of ID for iPP synthesis with
and without the aid of ED [119]. The experiments were com-
pared with Cat 0, the one without ID. The titanium content
(2.6-3.3%) of the catalyst, Cat A-D (ID/Mg: 0.11 (Cat A),
0.22 (Cat B), 0.33 (Cat C), 0.44 (Cat D)) are almost similar
to each other, and a slight reduction is observed from Cat
0-Cat D, which is due to increase in content of ID. This is
probably due to the occupancy of IDs on more coordination
sites of MgCl, on which titanium would otherwise coor-
dinate. The isotacticity of PP produced from Cat B-D are
higher than that of conventional ZN catalyst with DIBP as
ID. The activity of the catalyst with triether ID follow the
order Cat 0> Cat B > Cat C>Cat D> Cat A and Cat 0> Cat
B > Cat D> Cat C> Cat A respectively. Decreased catalytic
activity with the addition of ID and ED is poisoning of aspe-
cific active sites of the catalyst while isotacticity of the PPs
increased. It was observed that for triether ID, optimal value
for ID/Mg is 0.22 for showing the highest activity (obtained
in the case of Cat B). The lowest activity was observed for
Cat A with ID/Mg ratio: 0.11 with and without ED. Catalyst
with triether ID with the aid of ED is exhibiting good hydro-
gen response, have low MW with respect to conventional
ZN catalyst and typically all these catalysts produce PP with
narrow MWD.

Eco friendly internal donors from bioresources

Since phthalate, IDs pose potential health risk on their
use in plastics, recently significant efforts have directed to
ecofriendly electron donors which generally derived from
biological resources too. Zhou et al. groups synthesized

catalyst with ecofriendly salicyclic acid esters (SID) as
IDs for iPP [120]. Salicylic acid which occurs as free acid
or esters in many plant species and also an ingredient of
aspirin; well known drug for aches. They synthesized and
used five salicylates with structurally differ in hydrocarbon
substituents as ecofriendly IDs. Authors judicially explained
multi type active centres for SID catalysts from the analysis
of wide PDI of PP (5.15-7.19) as the single active centres
would generally bring narrow MWD (2-3). They pointed
two key features from GPC results of PP produced with SID
and DIBP catalysts-1) relative content of similar type of
active centres that would bring similar MW vary in different
SID catalysts, 2) MW produced by SID catalysts (SID 1-5)
is lower than that of DIBP catalysts and also MW obtained
from each kind of active sites in SID catalysts is different
from that of DIBP catalyst illustrating active centres of
both DIBP and SID catalysts were different. With respect
to activities, SID catalysts with proper volume was shown
to have better performance than DIBP catalysts. Another
harmless bio derived diesters of alpha truxillic acid and
beta truxinic acid (having anti-microbial, anti-inflammatory
effects): dibutyl 2,4-diphenylcyclobutane-1,3-dicarboxylate
(24BPCC) and dibutyl 3,4-diphenylcyclobutane-1,3-
dicarboxylate (34BPCC) developed for their use as ID
(Fig. 6b) by Mattaa et al. was found to behave like phthalate
ID with similar activity and isotacticity along with similar
broad MWD [121]. These bio derived diesters shown
opposite H, response —-MWD enlargement in presence
of H,, which would be of industrial significance. Very
recently Jiaojiao Zhang et al. reported novel ecofriendly
ester based IDs called maleic rosinate tri-n-butyl and maleic
rosinate tri-n-octyl derived from forest resources having
anticancer and anti-inflammatory values [122]. These IDs
showed the isotacticity up to 97.85% and also featured high
optical transparency of the produced PP with 93.8% light
transmittance and 4.4% haze which otherwise can only be
achieved with nucleating agent [123].

Concluding remarks

Magnesium based ZN catalyst system holds the highest
share for the development of isotactic PP. The ingredients
of the catalyst are MgCl, as support for improving activ-
ity, TiCl, as catalyst precursor for active species generation
and Lewis bases as electron donors for tuning PP isotac-
ticity. Both Academic and industrial research on supported
ZN systems are continuously progressing and millions of
tons of polypropylene are produced annually and are still
in demand. Most of the commercial ZN catalysts are based
on phthalate IDs which are of potential risk for environ-
ment and health. Thus there is a need for the development
of non phthalate based ZN catalysts systems with increased
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activity and selectivity which could be achieved with the
help of electron donor combinations. The present tutorial
review represents the introduction on various classes of IDs;
and also on different non phthalate based organic structures
covering malonates, silyl diol ester, 1,3-diol ester, glutarates,
multi ethers and bifunctional compounds tested by Research-
ers over the past decades. The coordination mode of different
classes of IDs with special attention to diether and phthalate
classes was also briefly discussed in this contest. Finally an
introduction on mixed electron donor approach is also pre-
sented; a way to future strategies for tuning the PP catalyst
with requisite performance. This review leaves a scope for
the improvisation of the function of ZN catalyst system by
way of designing new IDs with better performance with the
aid of the knowledge of the already existing IDs as discussed
here.
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