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The polymerization of a-olefins catalyzed by zirconium metallocene catalyst was systematically studied

through experiments and density functional theory (DFT) calculations. Having achieved an agreement

between theory and experiment, it was found that the effect of the catalyst ligand on the C]C insertion

reaction was significantly greater than that on the b-H elimination reaction. Therefore, the molecular

weight of polymers can be increased by improving the activity of the C]C insertion. In addition, in

comparison with propylene, the chain length of a-olefins can directly affect the stereotacticity of

polymerization products, owing to steric hindrance between the polymer chain and monomer.
Introduction

Poly-a-olens (PAOs) are oligomers of linear a-olens, which are
used as base stocks for synthetic lubricants in automotive and
industrial applications. Synthetic base stocks perform better than
conventional mineral base stocks in terms of viscosity index,
kinematic viscosity, pour point and volatility, thermal and
oxidative stability, etc. Synthetic base stocks can be used to
prepare all kinds of high-grade lubricating grease products.1–3

PAO synthetic base oil plays a key role in cutting-edge technology
elds such as the aerospace and military industries. It is also the
key raw material in the production of high-grade lubricating oil
used in advanced automobile, wind power, high-speed railway,
intelligent manufacturing, and other industries.4 At present,
synthesis of PAO base oils is primarily carried out through the
oligomerization of pure a-decenes by foreign companies.5

The appropriate selection of catalyst and reaction conditions
can aid in the production of PAOs with tailor-made properties.
Notably, a catalyst plays a key effect on the polymerization
activity, molecular weight, and branching degree.6 The
commonly used catalysts for a-olen polymerization mainly
include Lewis acid catalysts, Ziegler Natta catalysts, metallocene
catalysts, ionic liquid catalysts, etc.7–16 Among them, Ziegler
Natta catalysts are traditional and themost common catalyst for
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olen polymerization.17–19 However, because Ziegler Natta
catalysts have multiple active sites, olens have different growth
rates at different sites of catalyst, and the various properties of
polymerization cannot be effectively controlled.20 In compar-
ison to Ziegler–Natta, metallocene catalysts can control various
important parameters, such as co-monomer distribution,
molecular weight, molecular weight distribution, molecular
architecture, stereo-specicity, degree of linearity, and branch-
ing of the polymer, due to the single active sites available on the
metallocene catalysts.20,21 Thus, metallocene catalysts (with
group IV metal) have become a research hotspot in the recent
years and have been applied in industrial production owing to
their single reaction active center and high catalytic activity.22,23

There are four types of metallocene catalysts commonly used:
(a) monometallocene catalyst,24–27 (b) constrained geometry
catalysts (CGC),28–30 (c) unbridged metallocene catalysts,31,32 (d)
bridged metallocene catalysts33–35 (Fig. 1). Compared with other
types of metallocene catalysts, rigid bridging groups of bridged
metallocene catalysts can produce relatively stable spatial-
specic stereoscopic effects on chain propagation and coordi-
nation monomers, affording synthesis polymers with high
molecular weight and regular structure.31,36 Moreover, the
bridged rigid structure makes the connection between the
metallocene ring and the transition metal more stable, and the
metallocene ring does not slip at high temperatures.37 There-
fore, the bridged metallocene catalyst also shows high catalytic
activity at high temperatures.38,39 As has been reported in the
literature,40–43 different electronic or stereoscopic effects of
catalyst ligands can signicantly affect the polymerization
performance, but the relationship between the ligand of group
IV bridged metallocene catalysts and activity or the molecular
weight of a-olens (e.g. 1-decene), polymerization at the
molecular level remains poorly understood.44–50
RSC Adv., 2022, 12, 21111–21121 | 21111
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Fig. 1 Four common metallocene catalyst structures: (a) Monometallocene catalyst (b) Constrained Geometry Catalysts (CGC) (c) unbridged
metallocene catalyst (d) bridged metallocene catalyst.
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In general, the occurrence of polymerization requires MAO
to activate the metallocene catalyst precursor (Fig. 1) to obtain
active species with methyl groups, but the overall mechanisms
of metallocene catalyst activation are not precisely understood.
All computational studies dealing with the MAO activator suffer
from its elusive structure, thus the use of DFT model systems is
required (Fig. 2a). The starting point of this work was the acti-
vation of the dimethylated metallocene complexes, omitting the
preceding catalyst alkylation step. This study mainly focuses on
the systematic experimental comparison and theoretical calcu-
lation of the polymerization of 1-decene catalyzed by bridged
metallocene complexes 1 (ref. 51) and 2 (ref. 52) (Fig. 2a) in
order to explore the factors affecting both catalyst activity and
polymer molecular weight. The research results will provide us
with a theoretical basis for the design of high-efficiency cata-
lysts. Four possible modes of olen coordination insertion are
shown in Fig. 2b. Therefore, the four different insertion modes
were calculated and the results were compared, and the most
favorable reaction path was selected for further analysis.
Fig. 2 (a) The structures of catalysts andmonomers used for DFT calculat

21112 | RSC Adv., 2022, 12, 21111–21121
Computational details

All calculations were performed using the Gaussian 16
program.53 The B3PW91 hybrid exchange-correlation functional
was utilized for geometry optimization.54–56 Each optimized
structure was subsequently analyzed by harmonic vibration
frequencies for the characterization of a minimum (Nimag ¼ 0)
or a transition state (Nimag ¼ 1), providing thermodynamic data.
The transition state structures were used to connect the reactant
and product on either side via intrinsic reaction coordinate
(IRC) tracking. The 6-31G* basis set was considered for C, H
atoms. The Zr atoms were treated by the Stuttgart/Dresden
effective core potential (ECP) and the associated basis sets.57

This basis set was denoted as “BSI”. Such a computational
strategy has been widely used for the study of transition-metal
containing systems.58 To obtain more reliable relative ener-
gies, the single-point calculations of optimized structures were
carried out at the level of M06 (ref. 59)/BSII, taking into account
a solvation effect of toluene with the SMD60 solvation model. In
ion in this work (b) four possiblemodes of olefin coordination insertion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Polymerization of 1-decene by catalyst 1 and 2a

Cat. (mmol) [Al] : [Zr] Act.b Mnc

1 (10) 50 : 1 6.3 6875
2 (10) 50 : 1 11.1 14 802

a Conditions: 1-decene, 200 mL; [B] : [Zr] ¼ 1.5 : 1; 90 �C, 1 h. b 106 g
(mol Cat.)�1 M�1 h�1. c kg mol�1.
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View Article Online
the BSII, the 6-311G** basis set was used for the nonmetal
atoms, whereas the basis sets together with associated pseu-
dopotentials for Zr atoms were the same as that in geometry
optimization. Therefore, unless otherwise mentioned, the free
energy (DG, 298.15 K, 1 atm) in solution, which was used for the
description of energy proles, was obtained from solvation
single-point calculation and gas-phase Gibbs free energy
correction. The 3D molecular structures displayed herein were
created using CYLview.61

Results and discussion

Catalyst 1 and catalyst 2 have been synthesized according to the
procedure reported in the literature51,52 and are applied for 1-
decene (m) polymerization. The experimental results are
summarized in Table 1. It can be seen from the experimental
results that the activity and molecular weight of catalyst 2 form
are signicantly higher than that of catalyst 1. These differences
in activity and molecular weight suggest that the ligand of the
catalyst signicantly inuences the polymerization behavior of
1-decene. To systematically explore the factors affecting poly-
merization performance, density functional theory (DFT)
calculations provided additional insight into the polymeriza-
tion of m with catalysts 1 and 2.

Effects of catalyst ligands on polymerization activity
molecular weight

Firstly, four possible modes of m coordination insertion in
Cat.1 and Cat.2 systems were calculated (Tables S1 and S2†).
The computed results indicate that 1,2-insertion is both kinet-
ically and thermodynamically more favorable than 2,1-insertion
in the chain initiation stage. Based on this results, only 1,2-
insertion mode was considered here for the chain propagation
Fig. 3 Computed energy profiles for Cat.1 mediated chain initiation a
pathways are indicated in black and blue, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
stage. Next, all kinetically favorable paths of chain initiation
and chain growth stages are summarized in Fig. 3 and Fig. 4. As
shown in Fig. 3, the average insertion barrier of Cat.1 in the
chain propagation (second to fourth monomer insertion) was
11.6 kcal mol�1, which is 0.9 kcal mol�1 higher than that of
Cat.2 (10.7 kcal mol�1, Fig. 4). These results are consistent with
the experimental results shown above. In addition, For the rate-
limiting step (rst insertion), the energy barrier of Cat.1
(12.1 kcal mol�1) is slightly lower than that of Cat.2
(12.9 kcal mol�1), but the coordination complex of Cat.1
(�0.7 kcal mol�1) is signicantly higher in energy than that of
Cat.2 (�3.2 kcal mol�1). If taking Cat.1 and Cat. 2 as one system,
one can roughly estimate the probability ratio of the occurring
of the two rate-limiting steps via Boltzmann statistics62 on the
basis of the energies of the complexes and transition states. The
result indicates that the insertion probability ratio of the rst
monomer by Cat.1 and Cat.2, respectively, was calculated to be
5.4/94.6, suggesting the higher activity of Cat.2 compared to
Cat.1. Besides, the calculation results show that the isotactic
polymers (si-re-re-re) can be obtained by Cat.1 and Cat.2 (Tables
S1 and S2†). Moreover, the calculation results show that
dispersion correction does not affect the energetic signicantly
in this work (Fig. 3 vs. S1†).
nd chain propagation of m. The C]C insertion and b-H elimination

RSC Adv., 2022, 12, 21111–21121 | 21113
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Fig. 4 Computed energy profiles for Cat.2 mediated chain initiation and chain propagation of m. The C]C insertion and b-H elimination
pathways are in black and blue, respectively.
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Moreover, it can been seen that isomerization of the third
molecule insertion product is always easier to occur than next
C]C coordination (Fig. 3 and 4). It is worth noting that the
formation of the P3’1 intermediate (�29.7 kcal mol�1) is more
favorable than the m coordination (C41, -16.5 kcal mol�1) by
more than 13 kcal mol�1 (Fig. 3), thus potential wells (P3’1) may
be formed to reduce the polymerization activity. However, for
Cat. 2, it can be seen from Fig. 4 that the thermodynamic energy
difference between P3’2 (�30.5 kcal mol�1) and C42
(�23.2 kcal mol�1) is only 7.3 kcal mol�1. At the same time, the
b-H elimination is an obvious endothermic process, which
makes the b-H elimination is less favorable than C]C inser-
tion. Therefore, it can be further proved that the polymerization
activity of Cat. 2 is higher than that of Cat. 1, which can partially
explain the experimental results.

To obtain a deeper insight into the activity difference in
chain propagation, activation strain analysis63 was performed
for the corresponding two transition states (TS41 and TS42,
Fig. 5). For this purpose, the transition state (TS) structures were
divided into two fragments, viz., the catalyst part (cat.) and
monomer moiety (mono). The energies of the fragments in the
TS geometries were evaluated via single-point energy calcula-
tions. Such single-point energies of the fragments and the
energy (corrected by BSSE) of the TS were used to estimate the
interaction energy DEint between the two fragments. The single-
point energies, together with the energies of the respective
fragments in their optimal geometries, allowed for the estima-
tion of the distortion energies of the two fragments, DEstrain(-
cat.) and DEstrain(mono.). As the energy of TS, DETS, is evaluated
with respect to the energy of the two separated fragments, the
relation DETS ¼ DEint + DEstrain(cat.) + DEstrain(mono.) holds. As
21114 | RSC Adv., 2022, 12, 21111–21121
shown in Fig. 5, in the case of TS41, the interaction energy DEint
was signicantly stronger than that in TS42 (�71.7 kcal mol�1

vs.�34.1 kcal mol�1), but the total distortion energy of TS41 was
larger (67.2 kcal mol�1). Therefore, TS41 needed to overcome
the higher energy barrier 11.9 kcal mol�1. Therefore, the larger
steric repulsion between the metal center and monomer moiety
in TS41 accounted for its lower stability in comparison with
TS42.

When considering the polymerization behavior, it is neces-
sary to clarify the nature of the monomer and active species.
First, the frontier molecular orbital energy gap between m and
two active species (Cat.1 and Cat.2) was calculated. Generally,
the reactivity is strongly inuenced by the frontier molecular
orbital energy gap of the two reactants: the smaller the energy
gap between the two reactants, the higher the reaction activity.
As shown in Fig. 6, the energy gap between m and Cat.1 is
signicantly smaller than that between m and Cat.2; therefore,
there is a relatively strong interaction between m and Cat.1 in
TS41 (�71.7 kcal mol�1). The difference in the reactivity
between the two catalysts originates mainly from the steric
hindrance effect. However, the difference in activity is not
manifested in the topographical steric map analyses,64 because
buried volume%VBur of Cat. 1 and 2 are close to each other (81.7
vs. 82.3, Fig. S2†). Therefore, in the subsequent sections, we will
discuss the structures of the two transition states TS41 and TS42
in detail (Fig. 7). In TS41, the polymer chain has to be twisted to
a certain extent for coordination and insertion of the next
monomer, but the steric hindrance of the fused-ring on the
ligand of Cat.1 is large, resulting in a large repulsion between
the polymer chain and the fused-ring. As such, TS41 needs to
overcome the higher energy barrier. However, one of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Geometric structures (a) and activation strain analysis (b) of TS41 and TS42.

Fig. 6 Comparison of the frontier molecular orbital energy gap
between m and Cat.1(a)/Cat.2(b).
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metallocene rings of Cat.2 is cyclopentadienyl with small steric
hindrance. The above-mentioned repulsion does not exist in
this system, and thus, the energy barrier is relatively low.
Consequently, the polymerization activity can be improved by
reducing the repulsion between the ligands and polymer
chains.

Next, the effects of different catalyst ligands on the molecular
weight of polymers will be discussed. In general, the larger the
energy barrier difference of the C]C insertion and b-H elimi-
nation, the higher the molecular weight of the polymerization
products. In this study, the insertion of the fourth molecular
monomer and b-H elimination based on the third insertion
productmediated byCat.1 andCat.2were investigated (Fig. 3 and
4). The results showed that when the catalyst was changed from
Cat.1 to Cat.2, the C]C insertion barrier decreased by
1.8 kcal mol�1 and the b-H elimination energy barrier decreased
by 1.5 kcal mol�1. As a result, the energy barrier difference
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 21111–21121 | 21115
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Fig. 7 Geometric deformation of the transition states TS41 and TS42.
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between the C]C insertion and b-H elimination mediated by
Cat.2 was 0.3 kcal mol�1 higher than that by Cat.1, indicating
that C]C insertion is relatively easier when using Cat.2. These
Fig. 8 Computed energy profiles for 2 mediated chain initiation and ch

21116 | RSC Adv., 2022, 12, 21111–21121
results are consistent with the above-mentioned experimental
results (Table 1). In addition, the effect of changing the ligand on
C]C insertion is greater than that on b-H elimination. In other
ain propagation of propylene.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Activation strain analysis of si-TS32, re-TS32, si-TS32
P and re-TS32

P.
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words, the molecular weight of the polymerization product can
be increased by reducing the C]C insertion energy barrier.
Effect of monomer chain length on stereoselectivity

It has been reported in the literature52 that a syndiotactic poly-
merization product can obtained through the polymerization of
propylene catalyzed by Cat.2, which in contrast to what is
mentioned above, that isotactic products can be obtained through
the polymerization of m catalyzed using the same catalyst. To
further understand the effect of the monomer chain length on
stereoselectivity, propylene polymerization with Cat.2 was con-
ducted and the results are depicted in Fig. 8. The computational
results are consistent with those reported in the literature,52 and
syndiotactic polymerization products (si-re-si-re) were obtained.
Further, m and propylene showed different stereoselectivities at
the thirdmolecule insertion (si-re-re-re vs. si-re-si-re). Therefore, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
activation strain analysis for the TSs of the third insertion (bothm
and propylene) was performed. As shown in Fig. 9a, in the case of
re-TS32, the total distortion energy DEstrain is 60.5 kcal mol�1,
which could be partly balanced out by its DEint (�69.3 kcal mol�1)
leading to a DETS of �8.8 kcal mol�1. By contrast, a larger total
distortion energy (DEstrain ¼ 73.8 kcal mol�1) in the si-TS32 is
difficult to be compensated by the interaction energy of
�82.6 kcal mol�1, thus producing a slightly higher DETS (si-TS32,
�8.1 kcal mol�1). Therefore, the larger steric repulsion between
themetal center andmonomermoiety in si-TS32 could account for
its lower stability in comparison with re-TS32. In addition, as dis-
played in Fig. 9b, the interaction energy between themonomer and
catalyst in si-TS32

P and re-TS32
P are almost the same, and the large

total deformation energy of the monomer and catalyst in re-TS32
P

is the primary reason for the higher energy barrier
(13.0 kcal mol�1).
RSC Adv., 2022, 12, 21111–21121 | 21117
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Fig. 10 Geometric structures of si-TS33 and re-TS33.
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Based on the above-mentioned results, it was observed that
the different types of stereoselectivity in the polymerization of
m and propylene can be explained based on the steric
hindrance between the catalyst and monomer. Therefore, by
analyzing the geometric structure of the key transition states,
the main causes of different deformations can be explored. As
can be seen in Fig. 10, in si-TS33, due to the long monomer (m)
and polymer chain, it is easy to produce a large repulsion
between the monomer and polymer chain, resulting in a rela-
tively high energy barrier (11.4 kcal mol�1). However, in re-TS33,
the relative orientation of monomer insertion is changed from
si surface to re surface, effectively avoiding a large repulsion and
lowering the energy barrier (9.9 kcal mol�1). However, such
a steric repulsion does not exist in propylene polymerization
because the molecular chain of propylene is relatively short.
Therefore, syndiotactic products can be obtained by the poly-
merization of propylene.
Conclusion

In summary, the origin of activity and molecular weight met-
allocene difference in the polymerization of 1-decene, catalyzed
by various zirconium catalysts, have been computationally
elucidated. The obtained results indicate that the effect of
different catalyst ligands on b�H elimination is less than that
on C]C insertion. Therefore, these systems can be used to
indirectly regulate the molecular weight of polymerization
products, by changing the energy barrier of the C]C insertion.
The easier the C]C insertion, the higher the molecular weight
of the polymerization product. Moreover, improving the activity
of catalytic polymerization can be achieved by reducing the
repulsion between the catalyst ligand and the polymer growth
chain, such as reducing the steric hindrance of one aromatic
ring of the catalyst. In addition, through the analysis of the
transition state structure, the chain length of a-olens will
directly affect the stereoselectivity of polymerization products.
When the length of themonomer is short, syndiotactic products
are obtained, otherwise isotactic products are obtained. It is
worth noting that, in practice, a polymerization reaction system
is more complex. When the steric hindrance is regulated, the
electronic factors may also change accordingly. Therefore,
specic analysis must be carried out for specic systems.
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and N. Bahri-Laleh, Exploring Cocatalyst Type Effect on the
Ziegler-Natta Catalyzed Ethylene Polymerizations:
Experimental and DFT Studies, J. Polym. Res., 2022, 29,
197–208.

18 A. Piovano, M. D'Amore, K. Thushara and E. Groppo,
Spectroscopic Evidences for TiCl4/Donor Complexes on the
Surface of MgCl2-Supported Ziegler-Natta Catalysts, J. Phys.
Chem. C, 2018, 122, 5615–5626.

19 J. Kumawat and V. Gupta, Fundamental Aspects of
Heterogeneous Ziegler-Natta Olen Polymerization
Catalysis: an Experimental and Computational Overview,
Polym. Chem., 2020, 11, 6107–6128.

20 A. Shamiri, M. Chakrabarti, S. Jahan, M. Hussain,
W. Kaminsky, P. Aravind and W. Yehye, The Inuence of
Ziegler-Natta and Metallocene Catalysts on Polyolen
Structure, Properties, and Processing Ability, Materials,
2014, 7, 5069–5108.

21 S. Rahmatiyan, N. Bahri-Laleh, A. Hanifpour and
M. Nekoomanesh-Haghighi, Different Behaviors of
Metallocene and Ziegler-Natta Catalysts in Ethylene/1,5-
Hexadiene Copolymerization, Polym. Int., 2019, 68, 94–101.

22 W. Kaminsky, Highly Active Metallocene Catalysts for Olen
Polymerization, J. Chem. Soc., Dalton Trans., 1998, 1413–
1418.
© 2022 The Author(s). Published by the Royal Society of Chemistry
23 R. Stockland, S. Foley and R. Jordan, Reaction of Vinyl
Chloride with Group 4 Metal Olen Polymerization
Catalysts, J. Am. Chem. Soc., 2003, 125, 796–809.

24 J. Huang, T. Wu and Y. Qian, Ethylene trimerization with
a half-sandwich titanium complex bearing a pendant
thienyl group, Chem. Commun., 2003, 2816–2817.

25 K. Endo, T. Nomaguchi and Y. Tsuchiya, Control of
Molecular Weight in Polymerization of Vinyl Chloride with
Cp*Ti(OPh)3/MAO Catalyst, J. Polym. Sci., Part A: Polym.
Chem., 2010, 45, 3872–3876.

26 K. Endo and M. Saitoh, Polymerization of Vinyl Chloride
with Cp*Ti(OCH3)3 -Methylaluminoxane Catalyst, Polym. J.,
2000, 32, 300–302.

27 S. Gharajedaghi, Z. Mohamadnia, E. Ahmadi, M. Marefat,
G. Pareras, S. Simon, A. Poater and N. Bahri-Laleh,
Experimental and DFT Study on Titanium-based Half-
Sandwich Metallocene Catalysts and their Application for
Production of 1-Hexene from Ethylene, Mol. Catal., 2021,
509, 111636–111648.

28 J. McInnis, M. Delferro and T. Marks, Multinuclear Group 4
Catalysis: Olen Polymerization Pathways Modied by
Strong Metal–Metal Cooperative Effects, Acc. Chem. Res.,
2014, 47, 2545–2557.

29 A. McKnight and R. Waymouth, Group 4 ansa-
Cyclopentadienyl-Amido Catalysts for Olen
Polymerization, Chem. Rev., 1998, 98, 2587–2598.

30 U. Siemeling, Chelate Complexes of Cyclopentadienyl
Ligands Bearing Pendant O-Donors, Chem. Rev., 2000, 100,
1495–1526.
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