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Abstract: In this work, an attempt is made to the theoretically substantiate the experimentally known facts of 
the influence of halogen concentration on the catalytic properties of the neodymium-based Ziegler–Natta 
system. Based on the structural and thermochemical data obtained using modern methods of quantum 
chemistry, the process of the 1,3-butadiene cis-1,4-polymerization under the model active centers of the 
neodymium Ziegler-Natta catalysts with different content of chloride ions was studied. Results are presented 
that explain the increase in the cis-stereospecificity and activity of the polymerization system with an increase 
in the content of the chloride ions in the neodymium catalytic system. There were established the reasons for 
the decrease in the concentration of active centers relative to the introduced Nd(III) with an excess of chloride 
ions and the occurrence of the anti-syn isomerization as a source of the formation of the trans-1,4-structures in 
the cis-1,4-polybutadiene. 

Keywords: DFT; ONIOM; 1,3-butadiene polymerization; stereospecificity; cis-1,4-polybutadiene; 
neodymium based Ziegler–Natta catalyst 
 

1. Introduction 

The creation of Ziegler-Natta catalysts laid the foundation for the industrial production of 
stereoregular synthetic rubbers [1,2]. Over the past three decades, technologies for the production of 
SR using lanthanide, primarily neodymium, ion-coordination type catalysts have been actively 
developed [3–8]. This is due to the unique capabilities of the neodymium catalytic systems, such as 
their versatility, high activity, stereoregularity and the ability to regulate the molecular weight 
characteristics of the synthesized polydienes [9–12]. In industrial practice, for the production of 
synthetic rubbers, as a rule, double [13–17] and triple [18–21] neodymium catalytic systems are used. 
Depending on the synthesis conditions and the type of initial catalyst components, the properties of 
the catalytic system and, accordingly, the polymer formed during the polymerization process can be 
varied over a wide range. 

Despite the diversity of the starting components of double and ternary lanthanide catalytic 
systems, researchers agree on similar models of the structure of active polymerization sites. In our 
opinion, Yu.B. Monakov’s group has advanced most deeply in understanding the structure of the 
neodymium catalytic systems for the polymerization of dienes [22–24]. They found that the 
neodymium based Ziegler–Natta catalytic systems are polycentered and can contain up to six types 
of active centers in their structure. Depending on the synthesis conditions, the catalytic system 
contains a certain set of active centers. At the same time, one of the key parameters is the halogen 
content, primarily chlorine, in the Nd(III) coordination sphere. It was found that the maximum cis-
1,4-stereospecificity of catalytically active centers corresponds to the structure with the highest 
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chlorine content in the Nd(III) environment and, on the contrary, decreases until inversion to trans-
stereospecificity with a decrease in the chlorine content in the active center [25,26]. 

This work is the continuation of the research using modern methods of quantum chemistry, in 
which, based on structural and thermochemical data, a theoretical justification of the existing 
experimental data is carried out [27,28] with the aim of further creating new effective industrial 
neodymium based Ziegler-Natta catalysts. 

The data given in Table 1 [29–31] were used as experimental kinetic parameters of the 
polymerization process of 1,3-butadiene and microstructure of the resulting polybutadiene obtained 
at various [Cl]:[Nd] molar ratios in the neodymium catalyst. 

Table 1. – Kinetic parameters of 1,3-butadiene polymerization and microstructure of polybutadiene 
obtained at different [Cl]:[Nd] molar ratios. 

1,2- 
content, % 

trans-1,4-
content, % 

cis-1,4-
content, % 

γNd, 
% 

kg, 
l/(mol min) 

Wp, 
mol/(l min) 

[Cl]:[Nd] 
 

1.1 3.4 95.5 18 520 0.03 1.0 
1.0 2.5-3.0 96.0-96.5 32-37 2900-2950 0.18-0.20 2.0 
1.0 1.9 97.1 27-29 4800-4950 0.25-0.28 3.0 
1.0 0.9 98.1 13-17 4800-5187 0.14-0.16 4.0 

where: Wp – polymerization rate; kg – growth rate constant; γNd – the proportion of neodymium in active centers. 

According to the data given in Table 1, in the studied range of [Cl]:[Nd] ratios, the catalytic 
system under consideration is cis-stereoregulatory. As the inner coordination sphere of Nd(III) 
becomes saturated with chlorine ions, the growth rate constant of the polymer chain monotonically 
increases. At the same time, the overall rate of the polymerization process changes extremely, 
reaching a maximum at the [Cl]:[Nd] ratio of 3, which is due to a change in the proportion of active 
centers (AS) relative to the introduced Nd(III). The microstructure of the polymer correlates with the 
chlorine content in the catalyst, an increase in which leads to an increase in the content of cis-1,4 
structures in the polymer. Experimental data indicate that each [Cl]:[Nd] ratio in the catalyst is 
characterized by its own set of active centers with a predominant content of centers of a certain type, 
which has its own kinetic parameters and forms a polymer with certain characteristics. 

In accordance with the analysis of literature data and experimental results [25–28], Figure 1 
shows models of the active centers of the neodymium catalytic system in which the chlorine content 
changes. Previously, in [27] a detailed structural and thermochemical analysis of the active center 
model – AS(IV) was carried out, and the mechanism of its catalytic action was studied. The results of 
the study not only confirmed the efficiency of the model, but also made it possible to propose a 
refinement of the classical mechanism of cis-stereoregulation of a growing polymer chain. 

 

 
AS(I) AS(II) 
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AS(III) AS(IV) 

Figure 1. – Models of the neodymium based Ziegler–Natta catalytic systems active centers (AS). P – 
growing polymer chain / i-C4H9. 

2. Computational Details 

Since this work is a direct continuation of our previous studies [27,28], the same methods and 
approaches were used here. 

Quantum-chemical calculations were carried out using the Orca 5.0.3 program package [32,33] 
in the framework of the ONIOM two layer (QM1/QM2) model [34], in which a part is allocated in the 
system under study, calculated using the high-level quantum chemical method QM1, and the entire 
system as a whole is calculated using the low-level QM2 method. Then the results of these two 
calculations are combined using a special technique. The hybrid density functional B3LYP [35,36] 
was used as a high-level method (QM1) in the calculations in combination with the second-generation 
split-valence triple-ζ atomic basis set def2-TZVP by Ahlrichs et al. [37,38]. The core electrons of 
neodymium atom were described using the def2-ECP pseudopotential [39] recommended for use 
with def2 basis sets. The tight-binding DFT (semi-empirical DFT) method XTB1 by Grimme et al. 
[40,41] was chosen as a low-level QM2 method. Since the Nd(III) ion has three unpaired electrons 
and the total multiplicity of all the complexes under study is 4 (confirmed by a series of additional 
calculations), the spin-unrestricted method was used for all calculations. 

A feature of the systems under study is that weak Van-der-Waals interactions play an important 
role in them, which were taken into account in the framework of D3 semiempirical model [42] by 
Grimme et. al. 

All calculations were performed with full optimization of molecular geometry without any 
symmetry constraints. Geometry optimization was carried out taking into account the influence of 
the solvent (hexane) in the continuum model ALPB — a method of analytical linearization of the 
Poisson-Boltzmann equation [43]. 

The calculations of vibrational spectra performed after geometry optimization did not contain 
imaginary modes. This means that the structures found correspond to minima on the total potential 
energy surface. These calculations were also used to estimate the thermal corrections needed to 
calculate the total Gibbs free energy of particles (at 298.15 K and 1 atm). 

To calculate the activation energies of the process, we used the standard procedure for searching 
for the transition state. The calculations of vibrational spectra performed after geometry optimization 
did not contain imaginary modes for minima and contained one imaginary mode for transition states. 
Each found transition state was checked for compliance with the considered chemical process using 
the internal reaction coordinate (IRC) procedure. 
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3. Results and Discussion 

In this work, the process of cis-1,4-polymerization of 1,3-butadiene under the action of model 
active centers AS(I), AS(II), AS(III) and AS(IV) containing 1, 2, 3 and 4 chlorine atoms in the Nd(III) 
coordination sphere, respectively was studied. The analysis of the structural characteristics and 
thermodynamic features of the formation of the AS(IV) complex with 1,3-butadiene, carried out in 
[34], and the calculation of changes in the activation energy and Gibbs free energy of the 
polymerization process in this system made it possible to quite reasonably assume the following 
stages of the formation of 1,4- polybutadiene. The first stage involves the coordination of η-trans-C4H6 
on the active site; then, in the case of the formation of cis-1,4-polybutadiene in the region of the 
coordination interaction, trans-cis isomerization of trans-1,3-butadiene occurs and, finally, the 
insertion of 1,3-butadiene into the reactive growing polymer chain takes place. Based on this, the 
main routes of the stages of initiation and growth of the polymer chain, taking into account the 
transition states for the systems under study during the formation of 1,4-polybutadiene, can be 
represented by the following schemes: 

1. Initiation stage: 
i-C4H9-AS-T → i-C4H9-AS-Т(TS2) → i-C4H9-T-AS (1) 
i-C4H9-AS-T → i-C4H9-AS-TС(TS1) → i-C4H9-AS-С → i-C4H9-AS-С(TS2) → 
→ i-C4H9-С-AS (2) 
2. Growth stage (insertion of 1,3-butadiene into the reactive growing polymer chain): 
i-C4H9-P-AS-T → i-C4H9-P-AS-T(TS2) → i-C4H9-P-Т-AS (3) 
i-C4H9-P-AS-T → i-C4H9-P-AS-TС(TS1) → i-C4H9-P-AS-С → i-C4H9-P-AS-С(TS2) → 
→ i-C4H9-P-C-AS  (4) 

where: AS – AS(I), AS(II), AS(III) or AS(IV); T – η-trans-C4H6 or π-syn-C4H6; C – η-cis-C4H6 or π-anti-
C4H6; P – growing polymer chain; TS1 – transition state caused by the trans-cis transformation of 1,3-
butadiene; TS2 – transition state caused by the insertion of 1,3-butadiene into the reactive growing 
polymer chain. 

Let’s consider the initiation step for AS(I), AS(II), AS(III) and AS(IV), where the calculated Gibbs 
free energies of reactions 1 and 2 are given in Table 2. 

Table 2. Gibbs free energy and activation energy (kJ/mol) of the initiation stage for AS(I)-AS(IV). 

Product ΔG 
(polymer) 

ΔG≠ 
(total) 

ΔG≠ 
(polymer) 

ΔG 
(trans-cis) 

ΔG≠ 
(trans-cis) 

Initial structure 

i-C4H9-С-AS(I) -38.0 75.3 64.9 10.4 41.4 i-C4H9-AS(I)-T 

i-C4H9-T-AS(I) -70.3 81.6 81.6   i-C4H9-AS(I)-T 

i-C4H9-С-AS(II) -66.6 69.6 56.8 12.8 43.9 i-C4H9-AS(II)-T 

i-C4H9-T-AS(II) -54.8 87.9 87.9   i-C4H9-AS(II)-T 

i-C4H9-С-AS(III) -61.9 70.6 59.2 11.4 41.1 i-C4H9-AS(III)-T 

i-C4H9-T-AS(III) -51.5 86.2 86.2   i-C4H9-AS(III)-T 

i-C4H9-С-AS(IV) -51.7 60.9 54.3 6.6 43.0 i-C4H9-AS(IV)-T 

i-C4H9-T-AS(IV) -55.1 67.0 67.0   i-C4H9-AS(IV)-T 

As can be seen from the data given in Table 2 for the AS(I), AS(II) and AS(III) complexes, the 
same trend is observed as for AS(IV), namely that the total activation energy of the initiation stage by 
introducing 1.3-butadiene in the cis-form is lower than when forming the i-C4H9-T-AS structure. 
Among other features, it should be noted that the trans-cis isomerization of coordinately bound 1,3-
butadiene on all active centers proceeds with approximately the same activation energy ~41-44 
kJ/mol, while the most favorable structure is characteristic of the active center with the maximum 
chlorine content. 
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The highest total activation energy for the process of the insertion of 1,3-butadiene into the 
reactive growing polymer chain, according to the reaction (2) is observed for AS(I). At the same time, 
AS(II) and AS(III) have approximately the same total activation energy, which is 5 kJ/mol less in 
comparison with AS(I). AS(IV) has the lowest total activation energy, which is approximately 10 
kJ/mol less than that of AS(II). Also, the highest total activation energy for the process of the insertion 
of 1,3-butadiene into the reactive growing polymer chain in the form of a trans-unit is observed for 
AS(II). For AS(III) this activation energy is lower by only 1.7 kJ/mol, and for AS(I) it is lower by 
another 5 kJ/mol. As in the case of reaction (2), for reaction (1) AS(IV) has the lowest activation energy, 
and this value is 14 kJ/mol lower than that of AS(I). As for the products of reactions (1) and (2), the 
following trend is observed here: for AS(IV), the cis- and trans-forms of the final polymer unit at the 
initiating stage have almost the same stability, with a slight (~ 3 kJ/mol) advantage trans-forms. For 
AS(II) and AS(III), the situation is similar, but the cis-form of the terminal unit has greater stability 
with an advantage of ~10 kJ/mol. At the same time, for AS(I) the situation is fundamentally different; 
here, the trans-form of the terminal unit is approximately twice as advantageous as the cis-form. This 
is consistent with the increase in the proportion of active centers relative to the introduced 
neodymium at [Cl]:[Nd] in the range from 1.0 to 2.0, but does not correlate with a further decrease in 
the AS concentration with increasing chlorine content (Table 1). To explain this, the energy 
characteristics of model AS structures were additionally studied by calculating the thermodynamic 
parameters of the reactions of a gradual increase in the chlorine content in AS. Diisobutylaluminum 
chloride was used as a model source of chlorine (see reactions 5-9): 

i-C4H9-AS(I)-T + Al(C4H9)2Cl → i-C4H9-AS(II)-T +Al(C4H9)3 (5) 
i-C4H9-AS(II)-T + Al(C4H9)2Cl → i-C4H9-AS(III)-T +Al(C4H9)3 (6) 
i-C4H9-AS(III)-T + Al(C4H9)2Cl → i-C4H9-AS(IV)-T +Al(C4H9)3 (7) 
i-C4H9-AS(IV)-T + Al(C4H9)2Cl → Cl-AS(IV)-T + Al(C4H9)3 (8) 
i-C4H9-AS(IV)-T + Al(C4H9)2Cl → i-C4H9-AS(IV)-Cl-Al(C4H9)2 + trans-C4H9 (9) 
In this case, reactions 5-7 represent a step-by-step transition from AS (I) to AS(IV), and reactions 

8 and 9 model the so-called “excess chlorination” of AS (IV) and represent the formation of complexes 
that are not active in the polymerization process (Figure 2). 

 
Figure 2. – Models of structures formed by reactions 8 and 9. P – growing polymer chain / i-C4H9. A 
fragment of the AS is shown in the right part of the picture for clarity. 

The obtained thermodynamic parameters of the reactions 5–9 are given in Table 3. It can be seen 
that all reactions are exothermic and also have a negative change in Gibbs free energy (with the 
exception of reaction 9), that is, they must proceed under standard conditions. Thus, structures with 
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the more chlorine content should be more stable. This is confirmed by an increase in the proportion 
of active centers during the transition from AS(I) to AS(II). However, a further increase in the chlorine 
content in the catalytic system and the transition from AS(II) to AS(III) and further to AS(IV) is 
accompanied by a decrease in the concentration of AS capable of reacting polymerization. Most 
likely, this is due to the formation of structures in which there is no possibility of the initiation stage 
occurring, namely the formation of structures in which the chlorinating agent displaces the terminal 
isobutyl fragment in reaction 8 or replaces 1,3-butadiene in reaction 9. As can be seen from the data 
obtained, reaction 8 proceeds quite efficiently, and reaction 9 is theoretically possible. It should be 
noted that the change in entropy in reactions 5–7 has a positive value and suggests that, according to 
calculations, the process of transforming of active centers from the AS(I) to AS(IV) state is irreversible. 
In general, the results presented in Table 3 for the first time reasonably explain the decrease in catalyst 
activity during “excessive chlorination” and can be the subject of a separate study, which will 
consider not only AS(IV), but also other types of AS. 

Table 3. Thermodynamic parameters of the reactions (5–9). 

Reaction 
parameter 

Reaction no. 

5 6 7 8 9 

ΔH0298, kJ/mol -33.5 -41.6 -89.1 -76.8 -8.4 

ΔS0298, J/(mol∙K) 18.1 13.3 15.6 -11.7 -33.6 

ΔG0298, kJ/mol -38.9 -47.5 -93.7 -73.3 1.5 

Summing up the consideration of the stage of the 1,3-butadiene polymerization process 
initiation under the influence of the model structures of the active centers AS(I), AS(II), AS(III) and 
AS(IV), we can conclude that the introduction of the first 1,3-butadiene molecule is already 
characterized by the formation of the π-anti-C4H6-AS complex, as a future fragment of the cis-1,4-unit 
of the polymer chain. An increase in the molar ratio [Cl]:[Nd] from 1.0 to 4.0 in the AS structure is 
accompanied by a decrease in the Gibbs energy of the resulting structures and a decrease in the total 
activation energy of the initiation stage, that is, an increase in its efficiency. At the same time, the 
observed decrease in the proportion of active centers relative to the introduced Nd(III) at the [Cl]:[Nd] 
ratio of 3.0 and 4.0 is explained by the formation of structures that are inactive during the 
polymerization process. 

Next, we considered the stage of polymer chain growth. Since it was previously shown that the 
stabilization of the calculated values of the energy parameters of the system occurs after the formation 
of the Kuhn segment, which is a polymer fragment of the three monomer units, it was decided to 
proceed directly to this stage. AS(IV) structures obtained in [34] were used as a model for the starting 
compounds. In order not to consider all possible complexes, it was decided to study only the process 
of adding of 1,3-butadiene to the i-C4H9-CC-AS and i-C4H9-CT-AS complexes. Additionally, for all 
AS, the formation of the i-C4H9-CCCC-AS structure was considered. The results obtained are 
presented in Table 4. 

Table 4. Gibbs free energy and activation energy (kJ/mol) of the polymer chain growth stage for AS(I)-
AS(IV). 

Product ΔG 
(polymer) 

ΔG≠ 
(total) 

ΔG≠ 
(polymer) 

ΔG 
(trans-cis) 

ΔG≠ 
(trans-cis) 

Initial structure 

i-C4H9-СCС-AS(I) -15.0 87.4 63.9 23.5 29.5 i-C4H9-СС-AS(I)-T 

i-C4H9-CССC-AS(I) -35.1 87.3 64.0 23.3 28.9 i-C4H9-ССС-AS(I)-T 

i-C4H9-ССT-AS(I) -58.7 102.8 102.8   i-C4H9-СC-AS(I)-T 

i-C4H9-CТC-AS(I) -18.4 82.3 60.8 22.5 32.1 i-C4H9-СT-AS(I)-T 
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i-C4H9-СTТ-AS(I) -56.6 90.9 90.9   i-C4H9-СТ-AS(I)-T 

i-C4H9-СCС-AS(II) -21.3 72.3 65.0 7.3 35.5 i-C4H9-СС-AS(II)-T 

i-C4H9-CССC-AS(II) -50.3 71.3 63.7 7.6 34.0 i-C4H9-ССС-AS(II)-T 

i-C4H9-ССT-AS(II) -53.7 95.7 95.7   i-C4H9-СC-AS(II)-T 

i-C4H9-CТC-AS(II) -29.0 78.0 60.4 17.6 23.2 i-C4H9-СT-AS(II)-T 

i-C4H9-СTТ-AS(II) -2.2 94.5 94.5   i-C4H9-СТ-AS(II)-T 

i-C4H9-СCС-AS(III) -27.3 66.8 51.5 14.8 29.9 i-C4H9-СС-AS(III)-T 

i-C4H9-CССC-
AS(III) 

-35.7 59.4 51.8 7.6 29.5 i-C4H9-ССС-AS(III)-T 

i-C4H9-ССT-AS(III) -51.7 104.0 104.0   i-C4H9-СC-AS(III)-T 

i-C4H9-CТC-AS(III) -2.8 82.2 56.0 26.2 32.1 i-C4H9-СT-AS(III)-T 

i-C4H9-СTТ-AS(III) -25.3 99.2 99.2   i-C4H9-СТ-AS(III)-T 

i-C4H9-СCС-AS(IV) -35.0 66.3 51.7 14.6 24.6 i-C4H9-СС-AS(IV)-T 

i-C4H9-CССC-
AS(IV) 

-60.4 60.5 54.2 6.3 24.7 i-C4H9-ССС-AS(IV)-T 

i-C4H9-ССT-AS(IV) -52.9 102.0 102.0   i-C4H9-СC-AS(IV)-T 

i-C4H9-CТC-AS(IV) -8.9 83.0 70.1 12.9 21.4 i-C4H9-СT-AS(IV)-T 

i-C4H9-СTТ-AS(IV) -40.3 77.5 77.5   i-C4H9-СТ-AS(IV)-T 

The analysis of the data presented in Table 4 can begin with a statement of the fact that for all 
model structures of active centers, the insertion of trans-1,3-butadiene into the reactive growing 
polymer chain occurs with a higher activation energy in comparison with the insertion of cis-1,3-
butadiene, which occurs in two stages. When considering of the cis-1,4-polybutadiene reaction 
formation in the series AS(I), AS(II), AS(III), AS(IV), a consistent decrease in the total activation 
energy is observed. However, for AS(I) and AS(II) the total activation energy value is almost the 
same. In almost all cases, the growing polybutadiene chain with a terminal trans-unit turns out to be 
thermodynamically more stable than the growing polybutadiene chain with a terminal cis-unit. This 
indicates that when the rate of polymerization of 1.3-butadiene decreases, anti-syn isomerization of 
the terminal unit becomes possible. The results obtained are in good agreement with the experimental 
data of Table 1, namely an increase in the rate constant of the polymerization reaction and the content 
of cis-1,4-units in the polymer upon transition from AS(I) to AS(IV). 

As noted above, all considered model active centers are cis-stereoregulatory. At the same time, 
the content of trans-1,4-units in polybutadiene can exceed 4.0% (Table 1). At the same time, for the 
physical and mechanical characteristics of the polymer, it is important how the “impurity” trans-1,4-
units are distributed. A comparison of the total activation energies of reactions (3) and (4) shows that 
the bonding of the cis-1,3-butadiene to the terminal cis-unit of the growing polybutadiene chain 
occurs with a lower activation energy than the insertion to the terminal trans-unit for all types of 
active centers studied. For AS(IV), these activation energies are close, but the bonding of the cis-1,3-
butadiene to the terminal trans-unit of the growing polybutadiene chain is somewhat more favorable. 
For the reaction (4) of the insertion of the cis-1,3-butadiene to the terminal trans-unit of the reactive 
growing polybutadiene chain, the total activation energy is almost the same for all active centers and 
is ~82 kJ/mol. This allows us to conclude that the appearance of a terminal trans-units in the growing 
polybutadiene chain in the case of AS(I), AS(II), and AS(III) should not lead to the appearance of the 
dyads of the trans-units. However, for AS(IV), the results obtained do not exclude the formation of 
small blocks of the trans-1,4 units. 
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It is also clear from the results in Table 4 that the total activation energies for the binding of 3 
and 4 units to the polymer chain differ very slightly and are stabilized for each type of center at its 
own level. Thus, for AS(I), AS(II), AS(III), AS(IV) this is ~87, ~71, ~60 and ~61 kJ/mol, respectively. 

Next, we will analyze the most characteristic, from our point of view, bond lengths between the 
Nd(III) ion and 1,3-butadiene, as well as between the Nd(III) ion and the terminal π-allylic units of 
the growing polymer chain for AS(I)-AS (IV) (Table 5). For convenience of presentation and 
discussion of materials, we will accept the following notations: С1, С2, С3 and С4 are the carbon atoms 
of coordinately bound 1,3-butadiene, and Cα, Cβ, Cγ and Cδ are the carbon atoms of the terminal link 
of the growing polymer chain, where С1 and Cα are the carbon atoms closest to the lanthanide. The 
analysis of the geometry of the initial complexes i-C4H9-AS+η-trans-С4Н6, characteristic of the 
initiation stage, did not reveal fundamental differences in the molecular parameters for catalytic 
complexes with different chlorine contents. From Table 5, it follows that for all types of AS, the 
distance between Nd(III) and carbon atoms in the 1,3-butadiene in the trans-form is ~3 Å. This 
indicates that the main role in the binding of Nd(III) to the 1,3-butadiene is played by π-bonds, as 
well as electrostatic (dispersion and van der Waals) interactions. 

Table 5. Characteristic distances between Nd(III), 1,3-butadiene and the growing polymer chain for 
the complexes i-C4H9-AS+η-trans-С4Н6 и i-C4H9-CCС-AS + η-trans-C4H6. 

AS (IV) AS (III) AS (II) AS (I) Characteristic distances, (R, Å) 
i-C4H9-AS+η-trans-С4Н6* 

2.414 2.377 2.387 2.431 R(Nd-C(i-C4H9)) 
3.513 3.261 3.244 3.504 R(Nd-C1(C4H6)) 
3.161 3.048 3.021 3.148 R(Nd-C2(C4H6)) 
3.111 3.151 3.143 3.190 R(Nd-C3(C4H6)) 
3.415 3.616 3.605 3.559 R(Nd-C4(C4H6)) 
3.571 3.460 3.476 3.634 R(C1(C4H6)-C(i-C4H9) 

i-C4H9-CCС-AS + η-trans-C4H6** 
3.161 3.309 3.380 3.295 R(Nd-C1(C4H6)) 
3.320 3.364 3.469 3.552 R(Nd-C2(C4H6)) 
4.147 4.014 4.190 4.310 R(Nd-C3(C4H6)) 
4.908 4.739 4.945 5.144 R(Nd-C4(C4H6)) 
2.609 2.659 2.628 2.617 R(Nd-Cα(C4H6)) 
2.670 2.682 2.690 2.702 R(Nd-Cβ(C4H6)) 
2.758 2.672 2.751 2.732 R(Nd-Cγ(C4H6)) 
3.349 3.052 3.186 3.077 R(Nd-Cδ(C4H6)) 
3.359 3.427 3.324 3.302 R(C1(C4H6)-Cα(C4H6) 

* Full optimized structures (Cartesian coordinates of atoms) are in the supplementary materials, Table S1. ** Full 
optimized structures (Cartesian coordinates of atoms) are in the supplementary materials, Table S2. 

For the chain growth stage, the geometry of the structures formed during the coordination of 
free 1,3-butadiene from the bulk of the reaction mixture to the i-C4H9-ССС-AS complex was 
calculated. Table 5 shows the structural characteristics for the complexes i-C4H9-ССС-AS(Mt)+η-
trans-C4H6. It should be noted that in this case the monomer is characterized by η-4-trans coordination 
in Nd(III), and the terminal link of the growing polymer chain is in the π-anti-configuration. The 
observed distances between Nd(III) and the carbon atoms of the monomer and the growing polymer 
chain for AS(I), AS(II), AS(III) and AS(IV) are close, i.e., do not depend on the chlorine content in AS. 
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Figure 3. Energy diagram of the formation of 1,4-polybutadiene on AS, where P is i-C4H9 or the 
terminal π-allylic units of the growing polymer chain, TS1 is the transition state due to the trans-cis 
transformation of 1,3-butadiene, Int is the intermediate of the cis-1,3-butadiene interacting with AS, 
TS2 is a transition state caused by the incorporation 1,3-butadiene into the polymer chain. 

4. Conclusions 

Using previously obtained experimental data, theoretical modeling of the stereoregular 
polymerization of 1,3-butadiene catalyzed by the model active centers with different chlorine 
contents in the neodymium based Ziegler–Natta system was carried out. As a result, previously 
unknown peculiarities of the catalysis mechanism were obtained and substantiated. Thus, it was 
shown that structures with a high content of chlorine in a neodymium catalytic system should be 
more stable and active. The decrease in the concentration of active centers relative to the introduced 
Nd(III) at a [Cl]:[Nd] ratio of 3.0 or more is explained by the formation of structures inactive during 
the polymerization process, in which there is no possibility of the insertion of 1,3-butadiene into the 
reactive growing polymer chain. 

For all considered model active centers during the 1,3-butadiene polymerization, the bonding of 
trans-1,3-butadiene to the reactive growing polymer chain occurs with a higher activation energy in 
comparison with the insertion of cis-1,3-butadiene. In this case, an increase in the [Cl]:[Nd] ratio is 
accompanied by a decrease in the activation barrier, which is consistent with an increase in the chain 
propagation rate constant and the content of cis-1,4 structures in the resulting polybutadiene. The 
higher thermodynamic stability of the terminal unit of the growing polymer chain in the trans-
configuration confirms the possibility of the anti-syn isomerization process as a source of the 
formation of trans-1,4 structures in the polybutadiene during slow polymerization. 

An important result is the analysis of the geometry of the complexes at the stages of initiation 
and growth of the polymer chain, where it was established that the reason for the difference in the 
activity of the complexes and their cis-stereospecificity is not the steric factor, but the energy route of 
the polymerization process. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Atomic Cartesian coordinates (in Å) for optimized structures of i-C4H9-
AS+η-trans-С4Н6, Table S2: Atomic Cartesian coordinates (in Å) for optimized structures of i-C4H9-AS+η-trans-
С4Н6 
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