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Abstract
An insight into the nature of carbonate-based electron donors in high-activity MgCl, supported Ziegler-
Natta (Z-N) catalysts has been studied and compared with conventional phthalate and diether systems
by employing density functional theory (DFT) calculations. In the catalyst activation (one of the
important processes to produce the active catalyst sites), the conventional monometallic and recently
characterized bimetallic (TiClx(Et)-CI-AlEt,) active site are studied in the presence/absence of electron
donors. These active sites were further investigated for olefin polymerization mechanisms using internal
donor (ID) and with/without external donor (ED), dicyclopentadiene(dimethoxy)silane (DCPDMS).
The current study also reveals that adding an alkoxysilane ED in Z-N improves the regio- and
stereoselective behaviour and molecular weight of the polymer. Also, noncovalent interactions (NCIs)
between the donor and the MgCl. surface and/or titanium catalyst are significant in investigating the
ID effect in Z-N. The hydrogen response for all the donor catalyst systems was also studied and
compared with conventional diisobutyl phthalate (DIBP) and diether donors. Therefore, these chemical
calculations provide useful insight in understanding the nature of active sites and olefin polymerization
mechanisms in Z-N.
interaction,
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INTRODUCTION

The biggest breakthrough after the discovery of Ziegler-Natta (Z-N) catalyst [1-4] was observed
when MgClI, was introduced as catalyst support [5, 6], and different Lewis bases [7] were introduced
as an electron donor in Z-N catalysis. These led to Z-N catalysts as one of the most important processes
for polyolefin production. Over the years, numerous
experimental and computational efforts have been
made to understand different aspects of the Z-N
catalyst system [8-25]. The advancement of Z-N
catalyst described in the form of different
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generations, where each successive generation leads
to improve the catalyst activity and stereoselectivity
of the Ti-catalyst in propylene polymerization.

The Z-N catalyst comprises the various
components such as (a) the MgCl, catalyst support,
(b) the TiCl, catalyst precursor, (c) the AIR3z, (R=
alkyl group) catalyst activator, and (d) the Lewis
base “donor”. The most commonly used electron
donors are: (i) internal donors (ID): donors added
during the catalyst preparation, e.g., ethyl benzoate
(eb) [9, 10, 26, 27], phthalates [28, 16, 29-32],
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diethers [16, 30-35], succinate [32, 36, 37], and tetrahydrofuran (THF) [38, 39]; (ii) external donors
(ED): the donors added during or after the alkylation, e.g., alkoxysilane [40—42]. Among all, the
structural change in electron donors played a vital role in Z-N catalysts. Therefore, recent generations,
especially the 4th, 5th, and 6th, differ by the nature of different electron donors such as phthalate,
diether, and succinates. The main role of the donor is to sit beside the active titanium centre on the
MgCl, surface and thereby influence the catalyst activity [43], regio- and stereoselectivity of the
titanium catalyst [43-46] and hydrogen response [34, 43].

In 2011, Coalter et al. have reported a series of carbonate-based Z-N catalyst systems for propylene
polymerization [46]. The performance of these carbonate-based donors is significantly higher compared
to the 4th, 5th, and 6th generation catalyst systems. Currently, in Z-N, the major challenge is developing
even more robust and advanced donors for the next generation catalyst with respect to the existing
donors because of its high demand and sustainability. In this regard, recently, many donor catalyst
systems have been examined by various groups such as bio-derived diesters by Taniike et al. [47],
bioderived maleic rosinate tri-n-butyl and maleic rosinate tri-n-octyl-based donors by Huang et al. [45],
multicarbonate-based donor by Gupta et al. [48], polyethylenimines-based multidentate donors by
Pakkanen et al. [49], salicylate-based donors by Parasuk et al. [50] etc. to develop an effective Z-N
catalyst system. To some extent, researchers have achieved the desired catalyst performance using a
different range of electron donors; but these are still less effective than the carbonate-based donor
catalysts as reported by Coalter et al. [46], to develop advanced robust catalyst systems, the structural
property relationship of these carbonates and other existing donor-based catalyst systems need to be
explored [43-45]. The systematic understanding of these donors, especially on surface stabilization,
nature of active sites, and olefin polymerization, including termination processes, is still limited.
Therefore, the detailed fundamental understanding of these existing donors in terms of different
functional groups and the incorporation of noncovalent interactions (NCIs) are worth exploring in Z-N.
Furthermore, NCls played an important role in influencing the catalyst performance confirmed in many
other catalysis studies such as asymmetric hydroformylation [51], catalytic asymmetric Heck-Matsuda
Arylation [51], organocatalytic Michael addition [52], cycloisomerization [53], and other catalytic
reactions [54]. Therefore, incorporation of these weak interactions in Z-N would help to understand and
develop the advanced catalyst systems. Though, there are numerous studies on the nature of active
titanium species in Z-N and their performance during olefin polymerization, researchers are exploring
fundamental understanding of the catalyst activation process and how the inactive Ti(IV) species
converts into the active Ti(lll) catalyst sites. Few studies reported on the catalyst activation process
where the AIR; species played an important role [9, 11, 55]; Cavallo et al. [11] have explained the
systematic catalyst activation mechanism through two consecutive steps: (i) Ti-Cl bond cleavage and
(ii) the transalkylation, where the transfer of one alkyl group from aluminium to the titanium and one
chlorine atom from titanium to the aluminium species occur simultaneously.

The “dormant” bimetallic (Cl.Ti(Et)-CI-AlEt,) active species in the absence of electron donor for
ethylene polymerization [55]. In Z-N, mainly internal and/or external donor-based catalyst systems are
considered for olefin polymerization. So, their effect on activation could be important to understand the
Z-N activation process. Kumawat et al. have shown the effect of various internal donors on the
monometallic catalyst activation mechanism [9], however, the effect of internal and/or external donors
on the catalyst activation process, especially on bimetallic active site and its comparison with the
monometallic active site could be explored. Since the electron donors are present in the Z-N system
during the time of the catalyst activation [38, 56, 57]. Thus, a systematic fundamental understanding of
the effect of electron donors on the catalyst activation mechanism and their (active sites) role in olefin
polymerization is worth exploring in Z-N catalyst system. Therefore, we have reported DFT
calculations that revealed the effect of different carbonate- and ester-based donors on donor
coordination, catalyst activation, and olefin (ethylene and propylene) polymerization, where NClIs
played an important role. For this study, different carbonate- (Donor_1, Donor_2, and Donor_3), ester-
based (Donor_4), and phthalate donors are considered (Figure 1).
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Figure 1. Different carbonate- and ester-based donors used in this study.

A) Front view B) Top view
Figure 2. Optimized MgCl, model employed in this study.

The mono- and bimetallic active sites are used for olefin polymerization. To investigate their
effectiveness, a comparative study with conventional donor families was also performed. In addition,
the effect of donors (ID and/or ED) on the regio- and stereoselective behaviour of the Ti-catalyst for
propylene polymerization was studied. Furthermore, the response of hydrogen as a chain terminating
agent was also considered for Donor_1, Donor_2, Donor_3, and Donor_4 and compared with
conventional phthalate and diether donors.

COMPUTATIONAL DETAILS
The Turbomole 7.0 suite of the program is considered for all the intermediates and transition state
optimizations [58]. For these calculations, the Becke and Perdew (BP86) functional [59-61], followed
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by single-point calculations with MO06 [62]/Def2TZVPP is carried out in Gaussianl6 [63]. The
resolution of identity (R1) [64] along with the multipole accelerated resolution of identity (MARIJ) [65]
approximations have been employed for an accurate and efficient treatment of the electronic Coulomb
term in the DFT calculations. The Gibbs free energy (AG) values that have been calculated in this study,
mainly contain the entropic, zero-point energy, and internal energy. For the correct transition state, care
has been taken to ensure the single imaginary frequency with correct normal vibration mode. Intrinsic
reaction coordinates (IRC) calculations were also performed to verify the transition state connections
with energy surface [66]. The quasi-Newton-Josephson method was considered for the transition state,
which is based on the restricted second-order method, which employs the Hessian shift parameters. In
this study, the unrestricted method was employed.

RESULTS AND DISCUSSION
Donor Coordination to TiCls Supported MgCl; Surface

Initially, the coordination of carbonate- and ester-based donors to the TiCls supported MgCl, surface
was investigated (Figure 1). For this study, the “MgCl> model” system was considered, which was
originally proposed by Cavallo et al. (Figure 2) [13]. This model is a combination of (110) and (104)
lateral cuts. For all the donor cases, the mono-, chelate-, and bridge-coordination possibilities to the
MgCl; surface were investigated. Among all, the bridge-coordination was found to be more favourable
(Table 1). The MgCl, surface has five-coordinated (104) lateral cuts, therefore, the binding of the donor
to the MgCl; surface through two oxygen atoms to single magnesium (as a chelate coordination) leads
to detachment of one of the Mg-Cl bond (due to more than six coordination on single magnesium atom)
resulted in destabilizing the MgCl. surface compared to the bridge-coordination. The optimized
structure of Donor_4 coordination to the MgCl; surface through chelate-coordination mode is shown in
Figure S1 as a representative example. Table 1 compiles all the coordination energies for all the donors.
The bridge-coordination energies are 34.1, 34.2, 33.1 and 34.0 kcal/mol for the Donor_1, Donor_2,
Donor_3 and Donor_4, respectively which is almost same for all the donor cases. Furthermore, to
understand the effect of different electronic and steric factors on donor coordination, a modification in
Donor_3 was studied where carbonate phenyl was replaced by cyclohexane, methyl and biphenyl group
that stabilized the surface by 26.4, 29.1 and 34.0 kcal/mol. These results suggest that on increasing the
steric bulk (cyclohexane), decrease in the surface stabilization was observed and increasing the
electronics away from the carbonate group does not improve the stabilization much. These donors
stabilized the MgCI;, surface more than two folds compared to the DIBP donor (15.7 kcal/mol).
Carbonate donors are more electronically rich as well as have a favourable interaction with MgCl.
surface that facilitate in stabilizing the Z-N system.

Table 1. Donor coordination to the TiCl, supported MgCl; surface.

S.N. | Donor | Coordination mode | AG (kcal/mol)
1 Donor_1 Mono -14.5
Bridge -34.1
Chelate -16.3
2 Donor_2 Mono -19.0
Bridge -34.2
Chelate -16.5
3 Donor_3 Mono -19.0
Bridge -33.1
Chelate -16.8
4 Donor_4 Mono -19.3
Bridge -34.0
Chelate -22.9
5 DIBP Bridge -15.7
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Catalyst Activation

Initially, the Ti(IV)Cls was adsorbed on the MgCI, surface and performed the six-coordinated
octahedral complex [9, 67, 68], which is one of the most accepted structures in Z-N. The addition of
AlEt; species into the Z-N starts the activation process. In this section, a detailed catalyst activation
mechanism, where the inactive Ti(IVV)Cl4 catalyst converts into the active catalyst sites (Ti(I11)Cl2(Et)
and/or Ti(Il)Cl2(Et).(Cl)AIEt,) [69] is discussed using AlEts. Moreover, the effect of donors (ID and
ED) on the catalyst activation mechanism was also investigated by coordinating to the MgCl, surface.
This catalyst activation mechanism was investigated in two consecutive steps: a) Ti-Cl bond cleavage
and (ii) the trans alkylation step [9, 10]. The nomenclature that has been given in Figures are 1, 2, 3,
and 4 for the without donor (wd), Donor_1, Donor_2, Donor_1 with alkoxysilane and Donor_2 with an
alkoxysilane, respectively.

Figure 3 shows the free energy profile for the catalyst activation mechanism using without donor
(wd) and ID (Donor_1 and Donor_2). As mentioned above, the titanium complex is present in the
octahedral form on the MgCl; surface. Initially, in the first step (Ti-Cl bond cleavage), the homolytic
cleavage of one of the Ti-Cl bond takes place in the presence of the AlEt; species. This step leads to the
two species, one is an intermediate having a vacancy on the titanium metal centre (1°a, 1a, and 2a), and
the AIEt:Cl radical (Figures 3 and 4). For this step, only the thermodynamics of a reaction was
considered as reported by other previous studies [9, 10]. This step is endergonic in nature by 21.0, 19.1,
and 16.7 kcal/mol for without donor (wd), Donor_1, and Donor_2 catalyst systems, respectively. In this
step, Donor_2 is comparatively lesser endergonic with respect to Donor_1. The reason is that in the
case of Donor_2, the phenyl ring of the donor is interacting to the titanium centre through metal-p
interaction to the vacant site, which is helping in stabilizing the 2a intermediate (Figure S2). Along with
the Ti-Cl bond cleavage, donor displacement was also studied (Figure S3).

In the next step, as Figure 3 shows, another AlEt; moiety coordinates to the titanium and leads to the
1’b, 1b, and 2b intermediates which is endergonic by 0.2, 2.3, and —0.9 kcal/mol. Afterwards, the 1°b, 1b,
and 2b intermediate rearrange and lead to the 1°¢, 1c, and 2c intermediate through a four-membered
transition states, TSyp-1e, TSib-1c, and TSap-2c. The energy barriers for this conversion are 12.9, 15.9, and
19.4 kcal/mol for the without donor (wd), Donor_1, and Donor_2, respectively. This step is the rate-
determining step for the catalyst activation for all the systems. These energy barriers suggest that the
reaction rate for the without donor (wd) case is slightly faster compared to IDs. Then, this (1’¢, 1c, and
2¢) intermediate leads to the 1°d, 1d, and 2d bimetallic intermediate species through a four-membered
transition state (TSye12a, TS1c-10, aNd TSzc-24), Which is stabilized by 15.5, 8.7, and 13.4 kcal/mol at energy
landscape (Figure 3). Recently, this bimetallic intermediate (1°d) is characterized [55] and claimed as a
“dormant” active species for ethylene polymerization (Figures S4-8).

mmsms Donor_1
mmmmm Donor_2

1a 0.0 2e
2a 0.0
1e
AIEt,CI

Figure 3. The free energy profile for the comparative study between without donor (wd), Donor_1,
and Donor_2 for the trans alkylation step.
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The energy barriers for the formation of this bimetallic species are 13.2, 13.9, and 9.6 kcal/mol for
without donor (wd), Donor_1, and Donor_2, respectively. For the wd, this barrier is comparable with
previous barrier. The bimetallic intermediate further converts into the final conventional active titanium
species (1%e, le, and 2e) and a AIEt,ClI species (Figure 3). The optimized transition state structures for
the catalyst activation mechanism for the without donor (wd), Donor_1, and Donor_2 systems are
shown in Figure 5. The formation of final conventional active titanium species is energetically
favourable by 4.6, 5.6, and 2.2 (endergonic) kcal/mol with respect to the starting point on the energy
landscape. However, this conventional active species is thermodynamically less favourable than the
bimetallic “dormant” active species (Figure 3). The final product (1’e, 1e, and 2e) consists of an ethyl
group on the titanium metal centre, which is the active catalyst species responsible for the chain growth
in Z-N olefin polymerization catalyst. The Ti-Cl bond cleavage and trans alkylation results suggest that
the Donor_1 and Donor_2 systems are slightly slower the catalyst activation process in MgCl.
supported Z-N catalysis.

Based on the mechanism of without donor (wd) and ID (Donor_1, Donor_2) outlined in Figure 3, we
also examined the catalyst activation mechanism by incorporating alkoxy silane ED (3 and 4) on
Donor_1 and Donor_2 catalyst systems. Figure S5 shows the full energy landscape for the 3 and 4
catalyst systems. Here, alkoxy silane coordination to the MgCl; surface just beside the titanium opposite
to ID is considered which stabilized the surface by 8.2 and 6.4 kcal/mol for the 3 and 4, respectively.
The Ti-Cl bond cleavage step is 17.3 and 14.0 kcal/mol endergonic in nature with respect to the 1 and
2 systems (19.1 and 16.7 kcal/mol). Figure S5 shows that for 3 and 4 also the first transalkylation step
is the rate determining step and the barriers for this step are 15.5 and 22.4 kcal/mol. The final catalyst
active sites are also exergonic in nature with respect to the starting points by 1.3 and 2.2 kcal/mol for
catalyst 3 and 4, respectively (Figures S5 and S6).
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Figure 4. Different intermediate and transition state structures that are indicated in Figure 3.

A) For without donor (wd)

B) For Donor_1

C) For Donor_2

Figure 5. Optimized transition state structures for the trans alkylation step, for (A) without donor
(wd), B) the Donor_1, and C) Donor_2 systems; all the MgCl; layers and hydrogen atoms are not

shown for the clarity.
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Overall, the catalyst activation mechanism was studied using without donor (wd), Donor_1, and
Donor_2 in the presence/absence of alkoxysilane external donor (Table S1; for comparative study
between 1°, 1, 2, 3, and 4 catalysts are shown in Sl file). These results suggest that the presence of
the donors (ID and ED) slows the activation process. And among ID and ED, the EDs even slowdown
the activation process compared to IDs. These active sites are responsible for the olefin
polymerization in Z-N (Figures S8-S10).

Ethylene Polymerization

The active catalyst species were observed during catalyst activation mechanism and considered for
the ethylene polymerization. Here, mono- and bimetallic active sites are considered for the ethylene
polymerization by following the Cossee-Arlmann mechanism [70]. Initially, the ethylene monomer
approaches on the titanium centre in both the active sites and forms the n-complexation. For both the
active species, the m-complexations are endergonic in nature by 1.5 and 12.5 kcal/mol.

The reason is that in the case of monometallic, the titanium has a five, coordinated with one vacant
site, where the incoming monomer formed the stable octahedral complex (Figure 6). Whereas, in the
case of bimetallic, the titanium already has a six-coordinated stable structure with no vacancy for the
incoming monomer. Therefore, during the m-complexation, the titanium displaces one of the surface
chlorine atoms, which leads to a distorted octahedral complex (Figure 6). Then, ethylene monomer
inserts into the Ti-Et bond and leads to the Ti-C4Hg product through a four-membered insertion
transition state. The energy barriers for this conversion are 7.9 and 25.1 kcal/mol for the mono- and
bimetallic active sites. Along with insertion, a competitive chain transfer to monomer termination
transition state is also studied and the barriers are 15.3 and 25.6 kcal/mol. The termination barrier is
higher with respect to the insertion due to more sterically hindered six-membered transition state [70].
The optimized structures for m-complex and transition states are shown in Figure 6. The 4X values
(termination-insertion barrier) are 8.9 and 0.5 kcal/mol for the mono- and bimetallic active sites. Also,
the energy barriers for the bimetallic active site are higher compared to the monometallic. Therefore,
above results suggest that the conventional monometallic active site is more effective towards ethylene
polymerization leading to high molecular weight polymer than the bimetallic active site, which only
leads to oligomers or low molecular weight polymer.

A) Monometallic Active Site

Insertion Chain transfer to monomer

n-complex transition state transition state

B) Bimetallic Active Site

Insertion Chain transfer to monomer

n-complex transition state transition state

Figure 6. Optimized n-complex, insertion, and chain transfer to monomer transition state structures
for ethylene polymerization using mono- and bimetallic active sites: All the MgCl, layer and
hydrogen atoms are not shown for the purpose of clarity.
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Effect of Donors on Ethylene Polymerization through Monometallic (TiCl.-Et) Active Site

Figure 7 shows the effect of donor on ethylene polymerization. For this study, only the monometallic
(TiCl,-Et) active site was considered. Table 2 compiles all the polymerization steps (n-complexation,
insertion, and termination transition state) energy values with all the donor catalyst systems. In case of
Donor_3, p-complexation is exergonic due to less sterically hindered iso-butyl group near MgCl. layer
and more favourable NCI interactions between both the phenyls and phenyl and titanium metal
(Figure 9) (Table S1). For Donor_1, the insertion and termination barriers are higher due to absence of
NCI interactions with respect to other donors (Figure 8). Table 2 shows the comparable AX values
~9.5 kcal/mol for all the donor catalyst systems which suggest that these donors lead to high molecular
weight polymer compared to the existing DIBP (AX=6.5 kcal/mol) [48]. Furthermore, the effect of
diverse electronic and steric factors on ethylene polymerization has also been considered by substituting
different alkyl groups on the Donor_3.

¥ ¥
o e
c=nel cI=Ti=cl
o cl._ ol
MgCl, Surface J MgCl, Surface
Transition state Transition state
(Insertion) (chain transfer to monomer)
TSp.d

vacant site

@ CI—Ti=Cl
I NN

MgCl, Surface

MgCl, Surface \\ Terminated product
Cl /TI<C|
cl
S AR
MgCl, Surface
n-complex C",Ti\‘CI
o _cl

MgCl; Surface

Ethylene inserted product
Figure 7. Energy profile for the insertion and termination (chain transfer to monomer) steps in
ethylene polymerization.
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Termination TS Termination TS
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B) For

Donor 2

Termination TS

(Chain transfer to monomer)

Figure 8. Optimized p-complexation and transition state (insertion and termination) structures for
Donor_1 and Donor_2; all the MgCl; layer and hydrogen atoms are not shown for the clarity.

Termination TS
(B-H elimination)

Table 2. Ethylene polymerization study using different internal donor catalyst systems.

Donor AG (kcal/mol)
— Insertion Termination AX (Lower
complex barrier Chain transfer to B—H elimination term_ination)_—
(®) (TSb-) monomer barrier (TSp-d) barrier (TSa) (Insertion barriers)
Donor_1 4.7 12.4 21.6 30.0 9.1
Donor_2 1.8 7.6 17.4 22.0 9.8
Donor_3 4.4 7.5 17.2 18.0 9.7
Donor_4 1.5 8.3 17.7 21.3 9.4
DIBP [71] -11.1 5.2 11.7 20.6 6.5

The effect of alkoxysilane external donor on ethylene polymerization compared to the lone internal
donors has been investigated. For this study, Donor_1 and Donor_2 systems are considered. Table 3
compiles the p-complexation, and insertion and termination barriers for the alkoxysilane coordinated
Donor_1 and Donor_2 catalyst systems.

Energy barriers for the chain transfer to the monomer are 23.4 and 22.3 kcal/mol, which is higher
compared to the b-H elimination, 18.2 and 19.1 kcal/mol due to a more sterically constrained six-
membered transition state with respect to less constrained four-membered transition state. The binding
of alkoxysilane on the MgCl, surface blocks some of the space of the titanium centre, which hindered
the insertion and termination process. The optimized transition state structures for the insertion and the
termination steps are shown in Figure 10. The DX value suggest that the adding the alkoxysilane donors
slightly reduces the molecular weight in ethylene polymerization.
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A) For Donor_3

Termination TS Termination TS
(Chain transfer to monomer) (B-H elimination)

B) For Donor_4

Termination TS Termination TS
(Chain transfer to monomer) (B-H elimination)

Figure 9. Optimized p-complexation and transition state (insertion and termination) structures for the
Donor_3 and Donor_4; all the MgCl; layer and hydrogen atoms are not shown for the clarity.

Table 3. A comparative ethylene polymerization study between lone Donor_1 and Donor_2, and
alkoxysilane containing Donor_1 and Donor 2 catalyst systems.

Donor catalyst system AG (kcal/mol)
~— Insertion Termination AX (Lower
complex (TSb<) | Chain transfer to B-H termination)-—
ID ED (b) monomer (TSpb-4) | elimination (Insertion barriers)
Donor_1 None 4.7 124 21.6 30.0 9.1
Donor_1 alkoxysilane 3.6 10.9 234 18.2 7.3
Donor_2 None 1.8 7.6 174 22.0 9.8
Donor_2 alkoxysilane 4.6 10.7 22.3 19.1 8.4
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1. Alkoxy silane containing Donor_1 catalyst system

Chain transfer to monomer TS

2. Alkoxy silane containing Donor_2 catalyst system

Chain transfer to monomer TS B-H elimination TS

Figure 10. Optimized p—complexation and transition state structures for the insertion and the
terminations steps using alkoxysilane containing Donor_1 and Donor_2 catalyst systems: all the
MgCl: later and hydrogen atoms are not shown for clarity.

H> Response

In Z-N, Hz molecules are usually introduced to terminate the polymer carbon chain from the titanium
centre [71, 46, 72]. It has been observed that adding an electron donor improves the hydrogen response
in Z-N [43]. Here, the H; response of Donor_1, Donor_2, Donor_3, and Donor_4 was investigated and
compared with existing DIBP and diether. Initially, the H, molecule coordinates to the titanium centre
and performed the s-complex in all the donor catalyst systems (Figure 11).

These coordination are less endergonic with Donor_2, Donor_3, and Donor_4 because of favourable
interactions between ligand and titanium species (Table 4 and Figures S9 and S10). In the next step, the
H, terminates the polymer chain by transferring one hydrogen to a carbon chain and another to the
titanium metal centre through a four-membered transition state (Figure 11). These results indicate that
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current donors have high hydrogen responses compared to DIBP and diether. Among DIBP and diether,
the diether has better hydrogen response, which is in accord with the experimental findings [43, 44]. In
all the carbonate donors, Donor_2 and Donor_3 have better hydrogen responses than the Donor_1
owing to NClIs, which is helping in stabilizing the s-complexes and transition states (Figures S9 and
S10). The optimized s-complex and transition state structures are shown in Figures S9 and S10. These
chemical calculations therefore indicate that carbonate donors exhibit a more effective hydrogen
response compared to the existing phthalate and diether donors, with the ligand framework playing a
key role in modulating their performance.

Propylene Polymerization

The regio- and stereoselectivity behaviour of the titanium catalyst on propylene polymerization has
also been studied using Donor_1, Donor_2, Donor_3, and Donor_4. For all the cases, four different
possibilities are considered for the insertion of a propylene monomer into the Ti-Et growing polymer
chain. These possibilities are 1,2-re, 1,2-si, 2,1-re, and 2,1-si, depending upon the orientation of the
methyl group of the propylene monomer (Scheme 1).

In propylene polymerization, the stereoselective nature of the polypropylene depends upon the
chirality of the Ti-complex, and this chirality can be labelled as A or A [73]. For the sake of ease, the
A configuration is considered for the octahedral titanium complex.

[ mb
H C—cH;,
Cl—Ti—cCl
..H Ha CI/ I\CI
H™ C~cCH, o
CI—/Ti\-C| MgCl, Surface
C[_/Cl ~ Transition state
MgCl, Surface
o-complex AGp
AG,
H--.H
N AG
0.0 a
vacant site H
ot Cl~1i-Cl . M
Bidentate __gu EK /C""CH3 cl \Cl CHs
donor Cl—Ti—-Cl e
7N MgCl, Surface
CI\F/CI )
MgCl, Surface Terminated product
2

Figure 11. Energy profile for the hydrogen response.

Table 4. Effect of donors on hydrogen response.

Donor DG (kcal/mol)

DGa DGb DGa + DGp DG
Donor_1 12.3 6.9 19.2 -14.3
Donor_2 55 10.7 16.2 -16.0
Donor_3 3.2 7.9 111 -14.7
Donor_4 7.4 8.8 16.2 -15.7
DIBP 10.9 12.4 23.3 -21.8
Diether 104 7.9 18.3 -12.2
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Scheme 1. Different p-complex, insertion and termination possibilities in propylene polymerization.

The stereoselective behaviour of mono- and bimetallic active sites have been considered in propylene
polymerization. As mentioned above, four different p-complexations (where re-near and re-far, and si-
far and si-near are energetically comparable) and insertion possibilities (1,2-re, 1,2-si, 2,1-re, and 2,1-
si) are studied (Scheme 1). The insertion energy barriers for bimetallic active species (in the range of
26.9-29.6 kcal/mol) is higher compared to monometallic (6.7-13.3 kcal/mol). The reason is the same
as mentioned in ethylene polymerization, stable octahedral titanium complex does not allow the olefin
monomer to bound on the titanium centre easily. The optimized insertion transition state structures of
all the possibilities are shown in Figure S11. These results suggest that the addition of aluminium in the
bimetallic active site does not improve the regio- and stereoselective behaviour of titanium catalyst.
Therefore, for further propylene polymerization study, only monometallic active site was considered.

Based on propylene polymerization mechanism discussed above, the effect of internal donors (IDs)
on regio- and stereoselective of titanium catalyst are also studied. Table 5 shows the insertion and chain
transfer to monomer energy barriers for propylene monomer with all the possibilities. The insertion
energy barriers for Donor_3 is slightly lower with respect to other donor systems which is in the range
of 8.0-9.7 kcal/mol. The 4X values are in the range of 8.1-9.7 kcal/mol for the Donor_1, 5.4—
9.7 kcal/mol for the Donor_2, 7.8-14.7 kcal/mol for the Donor_3, and 6.1-11.8 kcal/mol for the
Donor_4 (Table 5). These results suggest that all the donor catalyst systems lead to higher molecular
weight polymer in propylene polymerization. However, Donor_3 catalyst is producing slightly higher
molecular weight polymer and showing more stereoselective behaviour compared to other donor
catalyst systems. Figure 12 shows the more favourable energy barrier corresponding to the 1,2-re for
Donor_1, 1,2-re for the Donor_2, 1,2-si for the Donor_3, and 2,1-si for the Donor_4. The difference
between 1,2-insertion and 2,1-insertion (AG*gio) suggests the regioselective nature of the Ti-catalyst,
whereas enantioselective nature occurs due to differences in both the enantioselective (re/si) phases.
For all the donor cases, the titanium catalyst is less regioselective because of less difference between
1,2 and 2,1 phases. However, a more enantioselective nature of Ti-catalyst was observed for all the
donor catalyst systems (Figure 12).
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Figure 12. A bar graph for the comparative study of regio- and stereoselective behaviour of titanium
catalysts using Donor_1, Donor_2, Donor_3, and Donor_4.

Table 5. Effect of IDs on propylene polymerization.

S.N. | Catalyst system | Energy barrier AG (in kcal/mol)
1,2-re | 1,2-si | 2,1-re | 2,1-si
1 Donor_1 Insertion (x) 15.8 171 | 175 15.9

Termination (y) | 20.4 26.8 26.8 24.5
AX=(y)—(x) 4.6 9.7 9.3 8.6
2 Donor_2 Insertion (x) 11.6 142 | 136 135
Termination (y) | 17.9 196 | 233 19.8
AX=(y)—(x) 6.3 5.4 9.7 6.3
3 Donor_3 Insertion (x) 9.7 8.0 9.2 9.3
Termination (y) | 17.5 198 | 239 | 222
AX=(y)—(X) 78 | 118 | 147 | 129
4 Donor_4 Insertion (x) 16.8 16.8 | 183 15.1
Termination (y) | 22.9 | 25.7 | 245 | 269
AX=(y)—(x) 6.1 8.9 132 | 118

The effect of alkoxysilane external donor on the propylene polymerization has been studied compared
to the internal donor alone. For this study, Donor_1 and Donor_2 catalyst systems were considered.
Table 6 shows that the addition of alkoxy silane increases the insertion and termination barriers;
termination even more due to more constrained six-membered transition state. The reason is that the
addition of an alkoxysilane donor on the MgCl, surface blocks some of the space of the titanium centre,
which hinders the incoming monomer to approach on the titanium site. Therefore, overall, it increases
the DX values which are in the range of 7.7-10.5 and 7.8-11.6 kcal/mol for the alkoxysilane containing
Donor_1 and Donor_2 which is higher than the lone Donor_1 and Donor_2 donor, 8.1-9.7 and 5.4—
9.7 kcal/mol, respectively (Table 6). These results suggest that adding alkoxysilane external donor in
the Z-N system leads to the higher molecular weight polymer than the lone internal donor catalyst
systems, which is equivalent to the experimental findings [73].
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Table 6. Effect of alkoxysilane in propylene polymerization.

S.N. Catalyst system Energy barrier/Phase AG (kcal/mol)
ID ED 1,2-re | 1,2-si | 2,1-re | 2,1-si
1 Donor_1 None Insertion (X) 15.8 159 18.7 15.9
Termination (y) 204 | 25,6 | 26.8 | 245
AX=(y)—(x) 4.6 9.7 8.1 8.6
2 Donor_1 | Alkoxysilane Insertion (x) 16.6 145 | 183 15.7
Termination (y) 243 | 25.0 | 261 | 25.2
AX=(y)—(x) 7.7 10.5 7.8 9.5
3 Donor_2 None Insertion (x) 11.6 14.2 13.6 135
Termination (y) 17.9 196 | 233 19.8
AX=(y)—(x) 6.3 5.4 9.7 6.3
4 Donor_2 | Alkoxysilane Insertion (x) 15.3 145 | 181 16.4
Termination (y) 231 | 261 | 275 | 253
AX=(y)—(x) 7.8 11.6 9.4 8.9

Moreover, alkoxysilane containing Donor_2 produced a higher molecular weight polymer compared
to the alkoxysilane containing Donor_1, which further validates the experimental results [43, 44]. The
insertion range for the propylene monomer is 3.8 and 3.6 kcal/mol for the alkoxysilane containing
Donor_1 and Donor_2, which is almost same as lone Donor_1 and Donor_2 (2.9 and 2.6 kcal/mol).
These differences explain the regio- and stereoselective nature of the titanium catalyst. Figure S12 shows
the AGenantiomer is higher for the 2,1-insertion than the 1,2-insertion for all the donor catalyst systems. For
all the systems, the preferred path for the propylene monomer is 1,2-insertion. Among all, the
alkoxysilane containing Donor_1 and Donor_2 catalyst systems are observed to be more stereoselective
in nature for propylene polymerization compared to lone Donor_1 and Donor_2 systems.

CONCLUSION

The quantum chemical calculations have been carried out to study the role of carbonate- and ester-
based electron donors in MgCl. supported Ziegler-Natta (Z-N) catalysis. Initially, the internal donors’
(Donor_1, Donor_2, Donor_3 (carbonate-based), Donor_4 (ester—based), and DIBP) coordination to
the MgCl, surface was investigated through mono-, chelate-, and bridge coordination. We observed that
the bridge coordination mode was thermodynamically more favourable among the other coordination.
Furthermore, in the case of Donor_3 (as a representative example), the phenyl ring (mainly responsible
for the NClIs) was replaced by cyclohexane (Cy), methyl (Me) and biphenyl (Ph-Ph) groups for the
donor coordination, which significantly influence the surface stabilization.

The effect of electron donors on the catalyst activation mechanism was studied in the
presence/absence of an alkoxysilane external donor. The DFT calculations suggest that the presence of
electron donors, (ID) and (ED), slightly slows the catalyst activation process. The reaction rate for the
catalyst activation process has been observed in the following order: wd>ID>ED. In addition, a
comparative study of bimetallic (TiCl,-Et-CI-AlEt,), recently reported by Coperet et al. [69] and the
monometallic (TiCl,-Et) conventional active site was investigated for olefin polymerization. The
guantum chemical calculations suggest that the bimetallic active site is less effective for the olefin
polymerization than the conventional active site because of the stable octahedral titanium complex,
which is not allowing the ethylene monomer to bound on the titanium centre easily.

The role of various electron donors (Donor_1, Donor_2, Donor_3, and Donor_4) on ethylene
polymerization have been studied using the monometallic active site. It was observed that these donors
lead to higher molecular weight polymer compared to conventional phthalate (DIBP) donor [74-77].
Moreover, to investigate the effect of different alkyl substituents on ethylene polymerization, a
modification in Donor_3 was performed by replacing the phenyl with Cy, Me, and Ph-Ph. Some of
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these alkyl substituents are enhancing the polymerization process, where NCIs played a vital role.
Additionally, the effect of donors (ID and/or ED) on the regio- and stereoselective behaviour of the Ti-
catalyst was also studied in propylene polymerization. These results suggest that the addition of
alkoxysilane in the Z-N catalyst improves the molecular weight of the polymer and the stereoselectivity
behaviour of Ti-catalyst in propylene polymerization. The alkoxysilane external donor sits beside the
titanium centre on the MgCl. surface, and increasing the insertion and termination barriers; termination
even more due to a more constrained transition state. Alkoxysilane increases the molecular weight of
the polymer in Z-N which is validating the experimental findings [78-82]. Moreover, as observed in
experimental study [43, 44] that the alkoxysilane containing Donor_2 produced a higher molecular
weight polymer than the alkoxysilane containing Donor_1, which is also validated by DFT [83-90].

The hydrogen response for all the donor catalyst systems were also studied with respect to the DIBP
and diether. It was observed that these donors have a better hydrogen response than the conventional
DIBP and diether donor-based catalyst systems. Therefore, these chemical calculations provide
interesting insights into the nature of active sites and olefin polymerization mechanism that would help
the experimentalists to design a robust Z-N catalyst [91-100].
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SUPPLEMENTARY

Figure S1. Optimized structure for Donor_4 coordinated to the MgCl. surface through chelate fashion;
all the MgCl; layers and hydrogen atoms are not shown for the clarity.

Donor Displacement Study

A bar diagram for the relative thermodynamic values (DG) for the Ti-Cl bond cleavage and donor

displacement are shown in Figure S4. These results suggest that the Ti-Cl bond cleavage is
thermodynamically more favourable in comparison to the donor displacement in the presence of AlEts
moiety. As shown in Figure S4, the thermodynamic values are 19.1 and 16.7 kcal/mol for the Ti-Cl bond
cleavage, and 34.5 and 30.3 kcal/mol for the donor displacement for Donor_1 and Donor_2 cases,
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respectively. The reason is that the Donor_1 and Donor_2 bound to the MgCl, surface through two (C=0)
oxygen atoms in a bridge coordination fashion. Therefore, it is more difficult to displace from the MgCl.
surface in comparison to single Ti-Cl bond cleavage with the help of AlEt; moiety. The same results were
also observed with alkoxy silane external donor (ED) system (Figure S4). However, ED enhances the Ti-
Cl bond cleavage and donor (ID) displacement process due to more electronic rich system.

A) For Donor_2 B) For alkoxy silane containing Donor_2

2a 4a

Figure S2. Optimized structure for the catalyst activation mechanism step where the NCls of Donor_2
to the vacant titanium centre is shown in absence (2a) and presence of alkoxy silane (4a); all the MgCl,
layers and hydrogen atoms are not shown for the clarity.
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Figure S3. The Ti-Cl bond cleavage and donor displacement possibilities with (A)
MgCI./TiCl/ID/AIEt; and (B) MgCl./TiCl./ID/AIEts/ED systems.
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ID displacement
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A) MgClx/TiClg4/ID/AIEt3 B) MgClo/TiCly/ID/AIEta/ED

Figure S4. A bar graph for the comparative study between Ti-Cl bond
cleavage and donor displacement (ID and ED).

Electronic and Steric Effect on Donor_3 for Ethylene Polymerization

Based on the ethylene polymerization mechanism for donors outlined in Figure 12, we also examined
the effect of different substituents (cyclohexyl (Cy), methyl (Me) and biphenyl (Ph-Ph)) on propylene
polymerization. Here, Donor_3 catalyst system is used as a representative example. Table S2 compiles
all the steps for these substituted donor catalyst systems.

The insertion and termination barriers for the phenyl and biphenyl are lower compared to the
cyclohexane and methyl due to NCI interactions with is helping in stabilising the transition state
(Figures S7 and S8). However, phenyl and cyclohexane leads to higher molecular weight polymer with
respect to methyl and biphenyl.

mmmmm  Alkoxy silane with Donor_1

18.5 = Alkoxy silane with Donor_2
TS4p-4c

TS3p.3¢

AIEt,

3a 0.0
4a 0.0

3c
4c

AIE,CI

-14.7

Figure S5. The free energy profile for the comparative study between alkoxy silane containing
Donor_1 and the Donor_2 cases for the transalkylation step.
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Table S1. A comparative study on catalyst activation mechanism using different donor catalyst

systems.
Donor catalyst system DG values (kcal/mol)
x=1°,1,2,3 and 4
ID ED xa | xb | TSxbxc | Barrier XC T Sxe-xd xd xe
r None None 0.0 | 0.2 12.9 12.9 -139 | -07 | -155| -46

1 | Donor_1 None 00| 23 15.9 15.9 -115| -25 -8.7 | -5.6
2 | Donor_2 None 0.0 | -08| 186 194 -6.9 2.7 | -134 | 2.2
3 | Donor_1 | alkoxysilane | 0.0 | -0.5 | 15.0 155 -12.2 3.2 -10.2 | -1.3
4 | Donor_2 | alkoxysilane | 0.0 | -39 | 185 224 -14.7 2.0 -10.0 | -2.2

A) Donor_3 (Effect of Phenyl and cyclohexyl group)
i) Phenyl (Ph) group

Termination TS Termination TS
(Chain transfer to monomer) (B-H elimination)

ii) Cyclohexane (Cy) group

Termination TS Termination TS
(Chain transfer to monomer) (B-H elimination)

Figure S7. Optimized p-complex and transition state structures for insertion and terminations steps
using i) phenyl (Ph) and ii) cyclohexane (Cy) groups on Donor_3: all the MgCl; layer and hydrogen
atoms are not shown for clarity.
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Table S2. Ethylene polymerization steps for Donor_3 substituted catalyst systems.

Donor_3 AG (kcal/mol)
(substituents) Insertion Termination (Lower
m—complex | e Chain transfer to S-H elimination termination)-
(b) (TSp) | monomer barrier (TSb.d) barrier (TSa) %’;i?{;ﬁ)ﬂ

Donor_3 (Ph) -4.4 75 17.2 18.0 9.7
Donor_3 (Cy) 13 9.1 18.3 19.2 9.2
Donor_3 (Me) 6.2 9.8 18.1 18.0 8.2
Donor_3 (Ph-Ph) 0.2 5.4 12.6 154 7.2

iii) Two Methyl (Me) groups

Termination TS Termination TS
(Chain transfer to monomer) (B-H elimination)

iv) Two biphenyl (Ph-Ph) groups

Termination TS Termination TS
(Chain transfer to monomer) (B-H elimination)

Figure S8. Optimized p-complex and transition state structures for insertion and terminations steps
using iii) methyl (Me) and iv) biphenyl (Ph-Ph) groups on Donor_3: all the MgCl. layer and hydrogen
atoms are not shown for clarity.
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1. For DIBP

c-complex TS

2. For diether

c-complex TS

3. For Donor_1

c-complex TS

4. For Donor 2

o-complex
Figure S9. Optimized s-complex and transition state structures for the hydrogen response using
DIBP, diether, Donor_1, and Donor_2: all the MgCl; layer and hydrogen atoms are not shown for
clarity.
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5. For Donor_3

c-complex TS

6. For Donor_4

c-complex

Figure S10. Optimized s-complex and transition state structures for the hydrogen response using
Donor_3 and Donor_4: all the MgCl; layer and hydrogen atoms are not shown for clarity.

A) Monometallic Active Site
(i) 1,2-insertion

1,2-si

2,1-re 2,1-si
B) Bimetallic Active Site
(i) 1,2-insertion

1,2-re y . 1,2-si
Figure S11. (A and B) Optimized transition state structure for the 1,2- and 2,1-insertion using mono-
and bimetallic active site: All the MgCl; layer and hydrogen atoms are not shown for the clarity.
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01,2-re B81,2-si m2,1-re [@2,1-si
18

16
14
12

10

Energy barrier (in kcal/mol)

Donor_1 Donor_1_with_silane Donor_2 Donor_2_with_silane

Donor

Figure S12. A bar graph for the comparative study of stereoselective behaviour of titanium catalysts
using lone Donor_1 and Donor_2 as well as alkoxysilane containing Donor_1 and Donor_2 catalyst
systems.
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