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Density functional theory calculations were performed to determine the stability and 

properties of the formation of dinuclear zirconocene cation [(Cp2ZrMe)2(μ-Me)]+, a species 

formed during metallocene/cocatalyst (e.g., B(C6F5)3 or MAO) activated polymerization. To 

improve the catalytic system by minimizing catalyst dimerization, knowledge on the 

geometric and electronic properties of the process is required. Here, a series of metallocene 

catalysts were analysed as a function of their ligand structures, solvent and metal. Two 

different isomers (cis and trans) of the dimer were considered. The results show that in 

general the dimer structure in trans form is more stable than in the cis form. Changing ligand 

structures tend to destabilize the dimerization process, which is influenced by the steric 

hindrance on the ligand. The stability of the dimer structure is greatly affected by the choice 

of solvent polarity, i.e., the more polar solvent the less stability of the dimer. Substitution of 

Zr into Hf also shows the same trend with a more stable dimer. Vibrational frequencies were 

calculated for the dimers and the changes in frequencies of the Zr-(μ-Me) stretching vibration 

were found to correlate well with the dimerization energies (R2=0.88). Our study might 

facilitate future catalyst design in metallocene-mediated cationic polymerization.  
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1. Introduction 
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Cationic alkyl complexes of Group 4 metallocenes of the type [Cp2MR]+ (M = Ti, Zr or 

Hf, Cp = C5H5) have been recognized as the catalytically active species in olefin 

polymerization [1, 2] and cationic polymerization [3] of polar cyclic monomers such as 

lactones and cyclic carbonates [4-8]. There are relatively few reports for the latter reactions 

by these catalysts, despite the fact that earlier studies [5, 9-11] have shown that zirconocene 

complex catalyst can be effective for the cationic ring-opening polymerization (CROP) of 

cyclic ester monomers. Limited applications of the catalysts in the CROP are probably due to 

the nature of the cationic process which makes it intrinsically difficult to control the polymer 

molecular weight [3]. As pointed out by Bochmann [2], generation of cationic polymerization 

catalysts yields a complex equilibrium of various adducts rather than single-active species. 

Recently, a number of experimental studies have been conducted to characterize and/or 

improve the CROP activity by introducing ligand framework modification to the catalyst 

structure in combination of different catalytic systems [7, 12]. We have recently utilized 

density functional theory (DFT) calculations to probe the effects of ligand structure [13-15] 

and the ring size [6] on the activity of zirconocene-catalyzed CROP, providing atomistic 

description of all cationic species of the process. These studies focus on the role of ligand 

structure on the CROP using group 4 metallocene/coctalyst as a catalytic system, which 

involve the [Cp2MR]+ compound. However, this highly electron deficient cation may 

coordinate to the neutral group 4 metallocene compound and this phenomenon is called the 

dimerization, which reduces the catalyst performance.  

In order for the CROP reaction to take place, first the dimethylzirconocene (Cp2ZrMe2) 

compound has to be activated into monomethyl zirconocene (Eq. 1.1) by a cocatalyst (A) 

such as B(C6F5)3 [16, 17] or MAO (methylaluminoxane) which involves the formation of an 

ion-pair and the subsequent dissociation of the ion-pair to generate a naked cation species 

(Cp2ZrMe+). This cationic species then reacts with either a monomer to yield a polymer (see 

Eq.1.2) or the catalyst itself to form the dimeric complex having the general formula 

[(Cp2ZrMe)2(μ-Me)]+ (see Eq. 1.3). The nature of the dimer present in the CROP with 

metallocene/cocatalyst system is practically difficult to be handled and it contributes to some 

extent towards the catalyst performance and polymer yield.  

2 Cp2ZrMe2 + A → [Cp2ZrMe]+[MeA]- → Cp2ZrMe+ + MeA-  (A = MAO or B(C6F5)3) (1.1) 

Cp2ZrMe+ + Monomer → Polymer                                          (1.2) 

Cp2ZrMe+ + Cp2ZrMe2 → [(Cp2ZrMe)2(μ-Me)]+                        (1.3) 

Evidence for the presence of bridging μ-Me groups in the dimeric structure 

[(Cp2ZrMe)2(μ-Me)]+ has been reported in the literature by means of NMR studies by several 
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groups such as Bochmann [18], Brintzinger [19], Tritto [20, 21]. These studies successfully 

characterized different species in the mixture of dimethylzirconocene and anion cocatalyst 

(A- = MAO or B(C6F5)3), ([Cp2ZrMe]+, [Cp2ZrMe]+[MeA]-, [(Cp2ZrMe)2(μ-Me)]+[MeA]- and 

[(Cp2ZrMe)2(μ-Me)]+·····[MeA]-. The effect of concentration and conditions on monomer-

dimer equilibria was also described. A methylene-bridged complex [(Cp2ZrMe)2(μ-CH2)] was 

also reported [22]. 

Although the dimer structures have been measured experimentally, detailed theoretical 

investigations on the dimer formation occurring in the metallocene/cocatalyst polymerization 

are rather limited, especially how ligand structure influences this process. Klesing et al. was 

the first to point out that it is possible to predict the substituent pattern that favors 

complexation of monomers or reduce coordination of any adduct to cationic sites [23]. In 

particular, they showed that appropriate substituents in 4- and 6-position can minimize the 

formation of the dimer of a silicon-bridged bisindenyl zirconocene. Vanka et al. [24, 25] 

reported the DFT studies on the competing process between different species present in the 

olefin polymerization in solution. Similar study by Zurek et al. [26] was also reported for 

competitive processes of metallocene/MAO system. 

As inspired by the works of Klesing and Vanka, we continue our interest in better 

understanding the dimer formation occurring in the first step of metallocene-mediated CROP. 

This kind of information is nowadays limited for polymerization catalyst design. Besides, it is 

of interest to know how substituents and solvents affect the structure and stability of the 

catalysis in these reactions. Therefore, we herein describe the effects of the ligand structures 

on the formation of the dimeric complex [(Cp2ZrMe)2(μ-Me)]+, which were computationally 

modeled from a set of 38 zirconocene ligands (see Figure 1). The electronic structures and 

thermal stability of the dimers are then determined according to the analyses of geometric and 

electronic properties of these ligands. DFT methods have been widely applied in many 

related studies [6, 15, 27, 28] to provide a detailed description for the chemistry of the 

cationic ROP process. We also considered the catalytic route (Eq. 1.2) and the deactivation 

route (see dimerization in Eq. 1.3) as these two are competing processes during the CROP. 

By studying the dimerization properties of the potential catalysts we intend to provide 

guidelines for targeted modification of catalysts to enhance the performance of the CROP 

process.      
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2.  Computational details 

To probe the influence of ligand structure on the formation of the dimeric complex (Eq. 

1.3), 38 dinuclear zirconocene structures were built and optimized using the initial 

coordinates reported in the literature [15]. The choices of the catalysts were based on our 

recent study on the trimethylene carbonate polymerization [14]. In brief, 20 ligands were 

based on available X-ray crystallographic structures (denoted as Cn) and 18 ligands were 

computationally modeled here (denoted as Hn) for comparison purposes. For all catalysts in 

this paper, different ligand orientations around the metal were considered and the most 

energetically favorable one was selected for geometries and electronic investigations.  

Due to the stereochemistry of the dimeric complex, two possible isomers (cis and trans) 

of the dimer were considered along the Zr···(μ-Me)···Zr* plane as shown in Figure 2. The 

difference of the two isomers caused by the orientation of the two zirconocene substructures 

in the μ-Me complex with respect to each other as a function of their ligand structures. Thus, 

a total of 76 geometries were generated for the dimers.  

It should also be noted that this model is still a slightly crude approximation since, for 

example, we neglect the interactions between the B(C6F5)3 cocatalyst and the dimer. 

However, it was reported that the formation of zirconocene cation was independent of the 

cation generating agent such as B(C6F5)3 or [Ph3C][B(C6F5)4] [29]. Furthermore, it was 

suggested that the inactive Cp2ZrMe2 stabilized the [Cp2ZrMe]+ species more effectively than 

a solvent molecule or anion coordination [24, 25]. The latter was reported to happen in a 

weakly non-coordinating anion (i.e., [(Cp2ZrMe)2(μ-Me)]+·····[MeA]-) [30]. Thus, the 

cocatalyst was not considered in this study.   

DFT calculations were performed using the Gaussian 09 program [31]. Geometries of 

each species were fully optimized in gas-phase using M06-2X functional [32], which 

includes the dispersion corrections, and the def2-SVP basis set for all atoms with a 28-

electron relativistic effective core potential for Zr or Hf [33]. The basis sets were taken from 

the EMSL basis set exchange [34]. This M06-2X/def2-SVP method has a widespread 

application for transition metal complexes [27, 35]. This M06-2X method also proved to be 

accurate for obtaining dimerization energy of the dimer containing electron-deficient bridges 

such as μ-Me [36]. Frequency analyses were used to obtain Gibbs free energies (T = 298.15 

K, p = 1.013 bar) and to confirm that all located stationary points are minima on the potential 

energy hypersurface. The solvation model based on density (SMD [37]) as implemented in 

Gaussian 09, was performed at the same level of theory as the geometry optimization to 
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compute the molecular properties in solution. Hirshfeld population analysis [38] was used to 

analyze the charge distribution. Other atomic charges such as Mulliken and NBO were also 

analyzed (see SI).   

The Gibbs free energies for the dimerization or the dimer formation (denoted as ∆Gdim) 

in gas phase and in aqueous solution were estimated by the following equation:  

∆Gdim = G(com) – G(pre) – G(cat)                 (2) 

where ∆Gdim is the free energy change for the dimer formation in Eq. (1), while G(com), 

G(pre) and G(cat) are Gibbs free-energies for the dimer complex [(Cp2ZrMe)2(μ-Me)]+ and 

the two isolated species, i.e., pre-catalyst (Cp2ZrMe2) and cationic catalyst (Cp2ZrMe+). 

Thermodynamic properties (energies, enthalpies, and Gibb energies) and vibrational 

properties of the dimer formation of the studied complexes are provided in the Supporting 

Information (SI).  

For comparison purpose, we also calculated the Gibbs free energies for catalytic route 

(i.e., initiation/complexation and chain propagation as a rate-determining step [14]) and the 

results are given in SI, which indicate that there is a correlation between the dimerization 

energies and the activation energy of the CROP reaction for a series of ligand (see more 

details in SI).  

3.  Results and discussion 

3.1 Comparison with experiment 

Let us first compare the gas-phase and solution structures with the experimental 

structure of {(1,2MeCp)2ZrMe}2(μ-Me)+ [39], as shown in Table 1. This geometric data 

indicates that the gas-phase optimized structure of the trans dimer {(1,2MeCp)2ZrMe}2(μ-

Me)+ is more similar to the X-ray structure than the solution structures. For instance, the 

d(Zr–Zr*) in gas-phase (4.812 Å) is closer to the experimental value (4.821 Å) compared to 

the same distances in toluene and acetonitrile which yields these Zr–Zr* bond distances 

longer (4.885 and 5.089 Å, respectively). One can observe that the variations of the 

geometrical parameters originate from the cationic moiety of the catalyst. For example, when 

more polar solvent is used the Zr-Zr bond length increases from 4.823 Å in gas phase to 

4.877 Å and 5.180 Å in toluene and acetonitrile, respectively. Similarly, d(Zr*–μ-Me) 

increase from 2.463 Å to 2.522 Å in toluene and 2.859 Å in acetonitrile. The angle ∠Cp*Cp* 

also increases by about 1-6 deg. compared to the corresponding value in gas phase (data not 

shown). The torsion ∠CH3-Zr-Zr*-CH3 is unchanged significantly (≈ 120 deg), as shown in 

Table 1. Similar dipole moment (µ ≈ 18 D) is seen for both gas phase and solution.  

https://www.sciencedirect.com/topics/chemistry/enthalpy-of-formation


7 
 

 

3.2 Relative Stability and Structures of Cis and Trans Dimer  

To understand the effect of ligand structure, it is better to know the important feature of 

the unsubstituted one. This can be described from the gas-phase structures of the parent 

catalyst (or C1). The optimized structures of the C1 dimer in the formation of cis and trans 

dimers are shown in Figure 2 and their selected geometrical parameters are included in Table 

1. As shown, a Me group from Cp2ZrMe2 binds to a zirconium atom of Cp2ZrMe+ forming a 

bridging μ-Me group via an intermolecular Zr…H3C interaction, which is commonly present 

in metal methyl complexes [18, 19, 40, 41]. For both cis and trans dimers, the distances are 

calculated to be ⁓2.37 and ⁓2.46 Å for Zr–μ-Me and Zr*–μ-Me, respectively (Figure 2).  

Hirshfeld charge analysis (Table S2) further indicates that in the dimer complex higher 

positive charge is delocalised on Zr* atom (qZr*: 0.475-0.517e for trans and 0.478-0.520e 

for cis) compared to the Zr one (qZr: 0.459-0.501e for trans and 0.457-0.503e for cis), 

whereas these atomic charges become even larger in the isolated species (data not shown). 

This is in accordance with the the shorter Me-Zr bond in monomeric (avg. d(Zr*–μ) = 2.234 

Å) compared to that in dimer (avg. d(Zr–μ) = 2.256 Å). 

Table S2 presents the Gibbs free energy of dimerization and selected structural and 

electronic properties (distance, angle, Hirshfeld charge) of reactant (cation and precatalyst) 

and product (dimer) species (see Figure 1 for a set of 38 catalyst structures). The formation of 

the cis and trans forms is accompanied by similar change in Gibbs free energies (see Table 

S2; cis energies shown in parenthesis). In particular, in the case of 25 out of 38 complexes the 

trans form is more favorable (average ∆Gdim = –25.9 kcal/mol), while 13 out of 38 complexes 

favor the cis form (average ∆Gdim = –23.8 kcal/mol). Here, it is important to realize that as the 

formation of the cis and trans dimers are competing reactions, and the reactant side is the 

same for them, the obtained differences in dimerization energies are directly related to the 

relative energies of the cis and trans forms. Thus, through the example of C1, the 

dimerization energies are –28.3 kcal/mol for the trans form and –26.7 kcal/mol for the cis 

form. This implies that the cis form is (-26.7-(-28.3)) = 1.4 kcal/mol higher in energy than the 

trans form. Based on the Bell–Evans–Polanyi principle [42], the transition state for the cis 

form is likely to be only slightly higher for the trans form, and we can expect that the 

dimerization reaction is under thermodynamic control. A relaxed free-energy surface scan 

was also performed (Figure S6) for the CH3-Zr-Zr*-CH3 dihedral angle in gas-phase at the 

M06-2X/def2SVP level and it suggests that the cis and trans isomers are separated by a 

barrier of 5.5 kcal/mol, in favoring the latter. This, by taking into account the reliability of 
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our DFT calculations and the Boltzmann distribution of molecules, implies that the reaction 

mixture contains a mixture of isomers with a larger proportion of trans form.  

To analyze possible vibration mode that can correlate with the dimerization energies, 

the vibrational frequencies were computed for the optimized geometries of the zirconocene 

dimers at the same level as geometry optimizations. A good correlation (R2 = 0.8864; y=-

6.2844x+330.53) between the calculated ∆Gdim values and the vibrational frequency of Zr-(μ-

Me) bond stretching (Figure 3) for the trans dimer is observed. Besides, for Cp2 ligand the 

values of ∆Gdim grow lineary only when plotting against vibrational frequency of wagging 

vibration of C-H bond of the μ-Me group with the R2 value of 0.7 (Figures S7-S8). These 

results could also be useful as a qualitative descriptor to assess performance trend for the 

studied dimers. 

 

3.3 Ligand Structure Effect on the Stability of Dimer 

Substituent effects on the feasibility of the dimer formation can be predicted with the 

aid of DFT calculations, as was pointed out by Klesing et al. [23]. However, that work 

focused on a limited number of substituents and did not study ancillary ligand and/or bridge 

effects on the process. To further understand how the ligand structure may effect on the dimer 

formation in Eq. (2), 38 catalysts (Figure 1) were calculated to generate geometric and 

electronic properties for this dimerization reaction. Such ligand effect was analyzed and 

discussed through the following ligand substituents, ancillary ligands, and bridge subsections 

below.  

 

3.3.1 Ligand substituents. We begin with the substituent effects by considering different 

ligands (Cp or CpInd) substituted by methyl, alkyl, or phenyl groups. Addition of an 

increasing number of methyl groups to the Cp ring of the ancillary ring ligand (see C1, C3, 

and H1) destabilizes dimer formation when compared with the unsubstituted Cp by 

increasing the ∆Gdim values from –28.3 kcal/mol in C1 to –25.4 kcal/mol in C3 and –15.9 

kcal/mol in H1. A structural change was also observed here, e.g., the ∠CpCp/∠Cp*Cp*  

angles decrease with increasing steric demand of the ring ligands (48.4°/49.9° in C1 → 

45.7°/46.4° in H1). The repulsive interaction within the dimeric complex becomes stronger 

when adding more methyl group, as can be seen from the increasing of the Zr–Zr distance 

(d(Zr–Zr); 4.823 Å in C1 to 4.840 Å in C3 and 4.996 Å in H1). For linear alkyl chain (see C2 

and H2), its length slightly affects the dimer stability of both trans (–29.0 vs. –28.4 kcal/mol) 
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and cis forms (–25.1 vs. –28.9 kcal/mol). Remarkably, this effect is greater for the steric 

bulky ligand as can be seen by a two-fold increase in the ∆Gdim values for C4 compared to C1 

(–15.0 vs. –28.3 kcal/mol, respectively).  

The effect of phenyl substituents can be figured out from CpInd ligand by comparing 

C14 to H8, H9 and H11. The relative stability of the dimer also depends on the position of the 

substituent; it decreases in the order H9 (–28.0 kcal/mol) > H8 (–26.8 kcal/mol) > H11 (–23.0 

kcal/mol). The latter ligand (H11) shows a poor dimer stability in both cis and trans isomers 

(see Table S2), which is attributed to the strong repulsion between the phenyl ring attached to 

the six-membered ring of the Cp' ligands (see Supplementary). 

 

3.3.2 Ancillary ligand effect. The ancillary effects can be considered by increasing the size of 

the π-ligands (Cp2, CpInd, Ind2 and CpFlu). Extension of the size of the π-ligands leads to the 

destabilization of the dimer: ΔGdim values becoming less negative (from –28.3 kcal/mol in C1 

→–25.6 kcal/mol in C14 → –25.0 kcal/mol in H12 → –19.6 kcal/mol in H15). The same 

effect is also seen in C3, H7, H17 (from –25.4 to –22.6 and –12.8 kcal/mol, respectively). We 

also evaluate the electronic effect by reducing the resonance of the Cp’ and this effect is 

smaller compared to the π-ligand size. The electronic effect can further be seen by comparing 

H12 and H13. It is shown that substitution of the aromatic ring with a saturated one has only 

a minor destabilizing effect on the dimer formation: (–25.0 vs. –23.2 kcal/mol in trans and –

27.2 vs. –25.9 kcal/mol in cis). However, this effect becomes greater when adding a double 

carbon bridge in the Ind as seen in C16 and C17 (–28.0 vs. –23.7 kcal/mol in trans and –28.8 

vs. –16.9 kcal/mol in cis).  

 

3.3.3 Bridge effect. Finally, we evaluate the bridge effect by comparing the ∆Gdim values for 

the bridge system with respect to the corresponding values for the unbridged system. Table 

S2 shows that introduction of  the bridge ligand mostly stabilizes the dimer formation, as can 

be seen by the lower ΔGdim values: comparing C1 to C5, C6 (slightly decreasing from –28.3 

to –30.0 and –31.1 kcal/mol, respectively) and H1 to C10, C11 (decreasing from –15.9 to –

21.9 and –23.0 kcal/mol, respectively) for Cp, H2 to H3 (–28.4 vs. –31.1 kcal/mol) for 

substituted Cp, C14 to C15 (–25.6 vs. –26.3 kcal/mol) for mixed CpInd, H12 to H14 (–25.0 

vs. –24.9 kcal/mol) for Ind2 , and H15 to H16 (–19.6 vs. –25.1 kcal/mol) for CpFlu. The data 

also shows that the type of the bridge atom favors the dimer formation in the order of Ge > Si 

> C > P for unsubstituted Cp but an opposite trend (Si > Ge) was found for substituted Cp 

(e.g., C7 vs. C8 and C9 vs. C10). Apart from its role in influencing the electronic properties 
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and the stability of the dimer, the bridge significantly affects catalyst geometries. For 

example, for Cp ligand the bridge tends to increase the CpCp/Cp*Cp* angles (from 

48.4°/49.9° in C1 to 58.5°/57.2° in C6) and decrease the CpZrCp/Cp*ZrCp* angles (from 

132.8°/133.6° in C1 to 126.1°/126.1° in C6). Similar trend was also found for other ligands 

(CpFlu, CpInd, Ind2). 

 

3.4 Solvent Effect on the Stability of Dimer 

The polarity of the solvents considerably influences catalytic performance and 

polymerization yield [1, 43]. However, the role of the solvent on the dimerization is currently 

unknown. In this section, we aim to know more how solvent influence the stability of the 

zirconocene dimers (Figure 2). Here, we repeat the geometry optimizations of both monomer 

and dimer species using an implicit solvent model for toluene and acetonitrile, with the 

solvent dielectric constants set to ɛ = 2.374 and 35.688, respectively in the SMD calculations. 

These solvents are typically used in previous studies using cationic metallocene systems [5, 7, 

9, 44].  

Figure 4 and Table S8 give the dimerization energies of the selected dimer complexes 

in toluene and acetonitrile solvents in comparison with the gas-phase energies of the same 

dimeric complexes. In gas-phase, all the dimerization energies are highly negative showing 

that the reaction is highly exergonic. One can observe a relevant increase of the dimerization 

energies when passing from the gas-phase to more polar solvents. This drop is directly 

attributed to solvent effect that hampers the interaction between the cationic zirconocene and 

the neutral zirconocene. This solvent effect is more pronounced for acetonitrile. From Figure 

4, the dimerization energies of C5 is least affected by the polar solvent, whereas the 

corresponding energies of C14 is most affected by the polar solvent. It should be noted that 

the Gibbs free energies for the dimerization process to form the zirconocene dimers are all 

positive in acetonitrile, which indicates that the formation of these dimers is 

thermodynamically unfavorable in a polar solvent. 

The results clearly suggest that the feasibility of the dimerization strongly depends on 

the choice of the polar solvent, i.e., the more polar solvent the less stability of the dimer. In 

this case, acetonitrile is the best solvent among the solvent studied, which may be used to 

minimize the unwanted resting state species in the metallocene/B(C6F5)3 catalytic system.  
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3.5 Metal Effect on the Stability of Dimer 

To probe the metal effect on the dimer formation, we substituted Zr into Hf atom and 

their structures and energies were recalculated. Here, 12 catalysts showing a linear trend on 

the plot of Figure 3, i.e., ∆Gdim  vs.  v(Zr-μ-Me), were selected to probe this effect. The results 

shown in Table S12 indicate that the stability of the dimer structures are higher (i.e., more 

negative ∆Gdim value), the distance between the metal (M-M; M=Zr or Hf) become shorter, 

and the Hirshfeld charge distributions on the metal atom slightly increase when replacing Zr 

with Hf. 

 

 

Conclusion 

A detailed DFT analysis of the formation of dimeric product [(Cp2ZrMe)2(μ-Me)]+ 

formed by the cationic and neutral species of zirconocene was performed for a set of different 

catalyst structures (Figure 2) and their relative stabilities and relevant properties were 

evaluated. Two different configurations (cis and trans) on the dimer complex were 

considered. The effect of ligand structure on the stability and related properties during the 

formation of dimeric complex was systematically analyzed for 38 zirconocene complexes 

(Figure 3). The trans isomers are dominated by the number over the cis one but both trans 

and cis complexes are close in energy to each other, which can be readily converted to one 

another at room temperature. We found a linear correlation (R2=0.88) between the ∆Gdim 

values for trans form and the vibrational frequency of the Zr-(μ-Me) stretching vibration. 

Calculations indicate that modifying ligand structures tend to destabilize the complex in both 

isomers. The results of the solvent effect in Figure 4 shows that the dimerization is quite 

disfavor process in acetonitrile but it is a spontaneous process in both the gas phase and 

toluene. For metal effect, changing Zr to Hf tends to give a more stable dimer structure (Hf is 

more stable by ca. 1.5 kcal/mol). Thus, it is clear that the dimerization can be minimized in a 

more polar solvent, which can be used to promote efficient catalyst performance. 
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Table and Figure legends  

 

Table 1. Computed bond lengths (Å), angles (°), dipole moment (μ) of 

[{(1,2MeCp)2ZrMe}2(μ-Me)]+ and [(Cp2ZrMe)2(μ-Me)]+ (C1) in trans form. Calculated and 

experimental vibrational frequencies (v, cm-1) of out-of-plane deformation of the C-H bonds of 

the Cp ring are also included for C1. 

 

 
 

  [{(1,2MeCp)2ZrMe}2(μ-Me)]+  [(Cp2ZrMe)2(μ-Me)]+  

Parameters Expt.a Gas Toluene Acetonitrile Expt.b Gas Toluene Acetonitrile 

d(Zr–Zr*) 4.821 4.812 4.885 5.089 - 4.823 4.877 5.180 

d(Zr–μ-Me) 2.405 2.366 2.374 2.344 - 2.367 2.369 2.332 

d(Zr*–μ-Me) 2.432 2.475 2.527 2.760 - 2.463 2.522 2.859 

d(Zr–Me) 2.255 2.253 2.258 2.292 - 2.250 2.269 2.303 

d(Zr*–Me) 2.235 2.244 2.260 2.292 - 2.245 2.260 2.290 

∠Zr–(μ-Me)–Zr* 170.9 167.5 170.6 171.1 - 173.7 171.1 172.5 

∠(μ-Me)–Zr–Me 92.0 91.5 90.9 86.0 - 91.8 90.3 86.2 

∠(μ-Me)–Zr*–Me 93.7 92.6 92.9 95.4 - 92.1 93.8 97.6 

μ - 17.503 17.181 16.419 - 18.279 18.309 17.999 

v(cm-1) 
    818 

(803) 

842 

(821) 

821 

(816) 

819 

(797) 
a Taken from Ref [39]. 
b Frequency of out-of-plane deformation of the C-H bonds of the Cp ring for [(Cp2ZrMe)2(μ-Me)]+ and 

Cp2ZrMe2 (shown in parenthesis) which was taken from Ref [45].   
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Figure 1. Schematic ligand structures of the studied zirconocenes. 
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Figure 2. Possible cis/trans isomers of the dimeric complex [Cp2ZrMe2(μ-Me)]+. 
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Figure 3. Plot of linear correlation between ∆Gdim (trans) and the vibrational frequencies  

(cm-1) of two vibrations (wagging and Zr-(μ-Me) stretch) at μ-Me position (see also Figure 

S7). 
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Figure 4. Effect of solvent on the ∆Gdim values (in kcal/mol) for selected ligands   

 

 


