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The metal atom net charge correlation (MANCC) method was developed in prediction of catalyst activity 
of asymmetric late-transition metal complexes, 2-quinoxalinyl-6-iminopyridine Ni (II), 2-imino-1, 
10-phenanthroline Co(II) and 2-methoxycarbonyl-6-iminopyridine Pd(II) complexes, from the net charge 
of the metal atom for ethylene polymerization. Dreiding force field was modified according to the X-ray 
diffraction data. We found that the asymmetric structure of the complexes resulted in a charge differ-
ence between two halogen atoms coordinated to the metal atom. In order to remove such contribution 
we introduced the effective charge Qeff, which was obtained by the charge equilibration (QEq) approach. 
The results verified the successful introduction of Qeff and showed that the catalytic activities of dif-
ferent complexes are related to central metal atom effective charge. 
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1  Introduction 

Polyolefins are among the most important forms of 
commercial plastics due to their low cost and versatile 
properties[1]. The discovery of catalysts for the synthesis 
of such materials remains a challenging problem[2]. 
Among the catalysts employed, late-transition metal 
catalysts are thought to be the most promising ones[3]. 
There have been enormous efforts on exploiting the late- 
transition metal catalyst for olefin polymerization[4] 
since the discovery of highly active Ni(II) and Pd(II) 
catalysts containing α-diimine ligands by Brookhart and 
co-workers in 1995[5]. Recent advances in late-transition 
metal catalysts for olefin polymerization are mainly 
based on nickel[6], cobalt[7], iron[8] and copper[9]. 

The influence of ligand on catalytic activity towards 
ethylene polymerization has been studied by several 
groups. For example, Olivé[10] concluded that there are 
four factors affecting the catalyst activity the most: the 

transition metal-olefin interaction, the metal-alkyl bond 
stability, the influence of other ligands and substituents 
attached to the rings, and the steric effect. By studying 
the influence of central metal atom charge and steric 
effect on catalytic activity of Zr-based metallocenes, 
Möhring and Coville[11] pointed out that the electronic 
effect can contribute as much as 80% of the change  
in polymerization activity. There are several methods 
such as ab initio[12,13] and density-functional theory  
(DFT)[14－17] to study the influence of electronic effect of 
metal atoms on the catalyst performance. The ab initio 
method is an accurate simulation of molecular behavior 
based on Gaussian program, while the basic notion of 
DFT is that the energy of an electronic system can be 
expressed in terms of its density. In most cases, due to 
                      
Received March 21, 2008; accepted May 9, 2008; published online November 6, 
2008 
doi: 10.1007/s11426-008-0112-6 
†Corresponding author (email: yangx@iccas.ac.cn) 
Supported by the National Natural Science Foundation of China (Grant Nos. 
90612015, 20674090, and 20474073), and 973 Project (Grant No. 2004CB720606) 

Sci China Ser B-Chem | Jan. 2009 | vol. 52 | no. 1 | 48-55 

mailto:yangx@iccas.ac.cn


 

the complex reaction mechanism, it is difficult to deter-
mine a good starting point of the catalyst molecules to 
search the transition state. So in both methods, a huge 
amount of transit-guided Quasi-Newton (STQN) calcu-
lations has to be calculated for seeking the transition 
state of the polymerization, which is too demanding to 
be carried out in general laboratories, especially for 
large catalyst molecules. 

It was observed by our group that early-transition 
metallocene catalyst activity increased with decreasing 
metal atom charge[18,19]. For late-transition metals such 
as Ni- and Fe- based catalyst complexes, we found the 
catalytic activity was also correlated to metal atom 
charge[20－22]. Based on these observations, we hypothe-
sized that the metal atom charge is most important in 
terms of affecting late-transition metal-based catalyst 
performance. Consequently, we developed an empirical 
method named the metal atom net charge correlation 
(MANCC) to relate the catalytic activity and the net 
charge[21, 22]. MANCC method consists of a classical and 
the empirical method, that is, molecular mechanics (MM) 
and the charge equilibration (QEq). By using this corre-
lation method, catalytic activity can be semi-quantita- 
tively predicted as long as the net charge of the central 
metal atom in the catalyst is obtained. When MANCC 
method is used to predict catalytic activity, the key point 
to provide accurate catalytic activity result is to set up an 
appropriate force field for the catalyst molecule, which 
is not difficult as long as X-ray diffraction data of the 
catalyst molecule are obtained. In addition, a large 
amount of time can be saved by using QEq approach to 
obtain metal atom charge. In this sense, it is both time-
saving and accurate to use MANCC method to simulate 
large catalyst molecule behavior. 

Ethylene polymerization mechanism includes the 
precoordination of the monomer to a free site of the ac-
tive catalyst, followed by a simple alkyl migration to the 
monomer to form the new carbon-carbon bond[23,24]. 
MANCC method has been successfully applied to sym- 
metric catalyst that has two equivalent sites for ethylene 
to coordinate with. However, the asymmetric catalyst 
complexes recently drew more attention in the olefin 
catalyst area[22,25,26], and has no C2 symmetry axis as 
shown in Figure 1. The asymmetric structure results in 
different net charges on the two halogen atoms. In this 
case, if we want to extend MANCC method to predict 
catalyst activity of the asymmetry complexes containing 

two halogen atoms, further investigation is needed. 
In the present study, we extended MANCC method 

for 2-quinoxalinyl-6-iminopyridines Ni (II), 2-imino-1, 
10-phenanthroline Co(II) and 2-methoxycarbonyl-6- 
iminopyridine Pd(II) asymmetric catalyst complexes. A 
new concept named effective charge Qeff is introduced in 
this paper for the first time to modify MANCC method, 
in which the electronic difference between two halogen 
atoms attached to the central metal atom was taken into 
consideration. The net charge of central metal atom was 
given by Materials Studio software with QEq and 
Dreiding force field. The catalytic activity was obtained 
from published results[26－28]. Then the relationship be-
tween effective charge and catalytic activity was ob-
tained. The purpose of this research is to provide a thor-
ough knowledge of late-transition metal catalyst com-
plexes used for olefin polymerization, which is poten-
tially useful for catalyst design. 

2  Methods 

Figure 1 presents the structures of catalyst complexes 1
－6, 2-quinoxalinyl-6-iminopyridines Ni (II). Different 
complexes differ in substituent R groups and halogen 
atoms attached to the Ni atom.  

 

 
 

 1 2 3 4 5 6 

R Me Et i-Pr Me Et i-Pr 

X Cl Cl Cl Br Br Br 

 
Figure 1  2-Quinoxalinyl-6-iminopyridines Ni (II) complexes 1－6. 

 
The structures of catalyst complexes 7－15 and 16－

20 are shown in Figures 2 and 3, respectively. 
Molecular models were built up by Materials Studio 

software (version 3.1) as explained below. Dreiding 
force field was employed here due to its capability of 
providing accurate geometries for a large number of 
molecules with parameters deliberately restricted to very 
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Figure 2  2-Imino-1,10-phenanthroline Co(II) complexes 7－15. 

 

 
 

 16 17 18 19 20 

R1 Me Et F Cl Br 

R2 H H H H Me 

 
Figure 3  2-Methoxycarbonyl-6-iminopyridine Pd(II) complexes 16－20. 

 
simple rules[29]. The coordinated Ni, Co and Pd parame-
ters were not included in Dreiding force field, so that 
modification has to be made on the field. The modifica-
tion of Dreiding force field for all the complexes fol-
lowed the same way. For example, for complexes 1－6, 
new type named Ni5+2 was added, which shared the 
same parameters with metal Ni. For bond stretch and 
angle bend, harmonic function type and cosine-harmonic 
function type were chosen as follows, respectively: 

Ebond stretch = 1
2

× Kr (r − r0)2, 

where Kr is the force constant, r is the bond length and 
r0 is the equilibrated bond length. 

Eangle bend = 1
2

× Kθ (θ − θ0)2, 

where Kθ is the force constant, θ is the bond angle and 
θ0 is the equilibrated bond angle. 

The modified parameters for bond stretch and angle 
bend of Ni(II) complexes are listed in Tables 1 and 2, 
respectively. For the sake of simplicity, only 4 of the 6 
complexes are listed in the tables. 

 

Table 1  Selected bond stretch parameters for complexes 1, 3, 5 and 6 

Bond stretch Kr R0 (Å) 1 R0 (Å) 3 R0 (Å) 5 R0 (Å) 6

Ni5+2-N_Rx 700.0000 2.134 2.176 2.189 2.179

Ni5+2-N_Ry 700.0000 1.945 1.968 1.973 1.965
Ni5+2-N_2 700.0000 2.163 2.147 2.135 2.162
Ni5+2-X 700.0000 2.2206 2.2802 2.3675 2.4255
Ni5+2-X_ 700.0000 2.3014 2.2427 2.3996 2.3733
N_Rx-C_R 1050.0000 1.3400 1.3400 1.3400 1.3400

N_Ry-C_R 1050.0000 1.3400 1.3400 1.3400 1.3400
 

Table 2  Selected angle bend parameters for complexes 1, 3, 5 and 6 

Angle bend Kθ θ0 (o) 1 θ0 (o) 3 θ0 (o) 5 θ0 (o) 6

N_Rx-Ni-N_Ry 100.0000 74.55 72.40 71.88 72.33

N_Rx-Ni-N_2 100.0000 151.51 154.55 153.42 154.53

N_Ry-Ni-N_2 100.0000 77.20 77.53 76.99 77.71

N_Rx-Ni-X 100.0000 92.84 86.35 102.42 85.91

N_Rx-Ni-X_ 100.0000 90.44 99.55 90.20 99.76

N_Ry-Ni-X 100.0000 128.13 99.09 142.68 98.11

N_Ry-Ni-X_ 100.0000 102.23 136.63 100.50 137.76

N_2-Ni-X 100.0000 99.36 101.87 100.06 102.60

N_2-Ni-X_ 100.0000 98.00 95.63 95.22 95.26

X-Ni-X_ 100.0000 129.15 124.08 111.83 123.91
 

The charge of central metal atom was obtained by the 
combination of charge distribution and energy optimiza-
tion. To be specific, the charge of each atom was distrib-
uted according to QEq method, followed by the optimi-
zation of potential energy of the conformer. And then the 
two steps were repeated until the charge on each atom 
remained constant. QEq approach is employed here be-
cause of its capability of predicting charges of large 
molecules based only on geometry and experimental 
atomic properties. QEq approach allows the charges to 
respond to changes in the environment and it can be ap-
plied to any material[30]. 

The catalytic activity was obtained from published 
results, which is listed in Table 3 (1－6 as example). 

 
Table 3  Ethylene oligomerization with complexes 1－6/Et2AlCl 

Oligomers distribution (%) 
Complex Activity a)

C4 C6

1 6.9 96.7 3.3 

2 6.1 89.6 10.4 
3 5.3 85.9 14.1 
4 7.4 84.2 15.8 
5 6.3 89.1 10.9 

6 5.2 97.4 3.6 
a) 105 g⋅mol−1(Ni)⋅h−1. 

50 ZHANG XiongFei et al. Sci China Ser B-Chem | Jan. 2009 | vol. 52 | no. 1 | 48-55 



 

3  Results and discussion 

3.1  Comparison of MM and X-ray results 

Since the parameters for coordinated metal atom are not 
included in Dreiding force field, we have to modify the 
force field in order to simulate the structure of the com-
plexes in the present study. The results obtained by MM 
for complexes 4－6 are listed in Table 4, and X-ray data 
are also included. The largest bond length error is less 
than 0.01 Å, which is 0.5% of typical bond length. The 
maximum bond angle error is 5.0o, N1-Ni-N3 angle in 
complex 4, which lies within the acceptable angle error 
range. The average angle errors for each complex are the 
same, i.e., 2.2o, which indicates that the experimental 
errors for each molecular model are nearly the same. 
The similar results were also observed for other com-
plexes, which are not shown here for the sake of sim-
plicity. The comparison proves that the modified Dreid-
ing force field has been successfully applied to simulate 
the structures of catalyst complexes. 

3.2  Asymmetric ligand and asymmetric electron 
distribution 

Ethylene polymerization mechanism is shown in 
Scheme 1. Complex 1 is chosen to illustrate the mecha-

nism. Due to the asymmetric nature of the ligand, the 
charges on 2 Cl atoms are not equivalent. They are  
– 0.545, and – 0.535, respectively. The rate-determining 
step of ethylene polymerization is the alkyl migration to 
the monomer, the chain propagation step[31]. For the al-
kyl group to migrate, the Ni－R bond (the Ni atom to 
the monomer bond or to the alkyl bond) should have 
suitable stability. According to Olivé’s concept[10], the 
electron-donating or the electron-withdrawing ligand 
connected to the metal atom (M) will reduce or increase 
the positive charge on the metal atom, thus decreasing or 
increasing the bond stability of M－R. As a result, the  
M－R bond becomes more active or inactive. Therefore, 
asymmetric ligand results in different Ni-R bond 
strength and activities. 

3.3  MANCC modification 

To successfully predict catalytic activity, it is crucial to 
obtain the charge on metal atom correctly. Metal atom 
QCM is given by QEq, which gives charge results on the 
basis of molecular geometry. Since the two Ni－X (Cl, Br) 
bonds in 2-quinoxalinyl-6-iminopyridines Ni (II), which 
are the free sites for ethylene monomer to coordinate 
with, are not equivalent, their contributions to metal 
atom charge are thus not equivalent. Since the net charge 

 
Table 4  Selected bond lengths and angles for complex 4－6 

4 5 6 
Bond and angle 

X-ray MM X-ray MM X-ray MM 

Bond lengths (Å) 

Ni－N1 2.239 2.243 2.219 2.221 2.199 2.193 

Ni－N2 1.991 1.994 1.983 1.989 1.975 1.980 

Ni－N3 2.128 2.126 2.150 2.155 2.172 2.169 

Ni－Br1 2.3095 2.310 2.3675 2.366 2.4255 2.421 

Ni－Br2 2.4259 2.424 2.3996 2.397 2.3733 2.374 

Bond angles (o) 

N1－Ni－N2 76.43 79.601 76.88 81.141 77.33 81.298 

N1－Ni－N3 152.31 155.122 153.42 154.117 154.53 156.381 

N2－Ni－N3 76.27 76.589 76.99 75.476 77.71 75.952 

N1－Ni－Br1 118.93 113.934 102.42 100.732 85.91 82.944 

N1－Ni－Br2 80.64 75.846 90.20 92.007 99.76 98.069 

N2－Ni－Br1 147.68 145.896 147.68 150.726 98.11 95.255 

N2－Ni－Br2 100.50 100.331 100.50 98.075 137.76 140.769 

N3－Ni－Br1 91.52 91.058 97.06 94.449 102.60 105.197 

N3－Ni－Br2 103.18 101.380 99.22 102.025 95.26 95.573 

Br1－Ni－Br2 111.83 113.330 111.83 110.981 123.91 123.749 
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Scheme 1  Mechanism of ethylene polymerization. 
 

of the central metal atom is influenced by molecular 
orbital hybridization of the complex, the asymmetric 
ligand structure results in different M－R bonds as in-
dicated by the charge difference ΔQ on the two chlorine 
atoms. Therefore, the net charge on the metal atom QCM 
is not only for tuning the stability of the two M－R 
bonds but also for the asymmetry. It appears that effec-
tive charge for adjusting the bond stability has to be 
measured by removing the contribution of the structural 
asymmetry. That is, Qeff = QCM – ΔQ. In which QCM and 
ΔQ can be obtained by QEq approach. Thus Qeff is the 
central metal atom net charge excluding the electron 
effect from two halogen atoms. For symmetric catalyst 
ΔQ is equal to zero and Qeff = QCM. It is thus concluded 
that MANCC method has been developed from the 
symmetric complexes to asymmetric ones. And the 
structural asymmetry has been included in Qeff. 

3.4  Verification of Qeff concept 

Relationship between QCM and Qeff for complexes 1－6 
is listed in Table 5. When QCM is used to characterize the 
central metal atom net charge, it is easy to find the QCM 
changes in the order of 0.433 (4) < 0.443 (5), which 
contradicts the fact that the electron donating ability of 
methyl group in 4 is weaker than that of ethyl group in 5. 
However, Qeff changes in the following order: 0.479 (1) 
> 0.469 (2) > 0.429 (3); 0.413 (4) > 0.394 (5) > 0.385 
(6), which is in accordance with the sequence that the 
electron donating ability increases from methyl to iso-

propyl groups. It is concluded that effective charge is 
successful in modifying MANCC method to character-
ize asymmetric catalysts.  

The plots of catalytic activity versus QCM and Qeff are 
shown in Figures 4 and 5, respectively. In both plots, the 
catalytic activity increases with metal charge, regardless 
of the halogen species. Complexes 1－3 have higher net 
charge than complexes 4－6, due to the higher electron 
withdrawing ability of Cl than Br. In Figure 4, spots are 
widely spread especially for the complexes containing 

 
Table 5  Relationship between nickel atom net charge and effective 
charge 

No. 1 2 3 4 5 6 
QCM 0.489 0.482 0.458 0.433 0.443 0.406 
Qeff 0.479 0.469 0.429 0.413 0.394 0.385 

 

 
 

Figure 4  Catalytic activity vs. QCM for complexes 1－6. 
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Figure 5  Catalytic activity vs. Qeff for complexes 1－6. 

 
Br atom. However, the spots have a more linear rela-
tionship for complexes 1－3 and 4－6 in Figure 5. The 
plots demonstrate the accuracy of using Qeff to correlate 
catalytic activity. 

3.5  Correlation between catalytic activity and Qeff 
for Ni(II), Co(II) and Pd(II) complexes 

In our previous study, it was found that catalytic activity 
of early-transition metal complexes (Ti and Zr metallo-
cenes) increases with the decreasing net charge on metal 
atom[18,19], which is in agreement with Olivé’s concept. 
In addition, the 4-coordinated salicylaldiminato Ni(II) 
complex and α-diimino Ni(II) complexes showed an 
increasing trend in catalytic activity with metal atom 
charge in the charge range of 0.244－0.264[21]. The dif-
ferent relationships between catalytic activity and metal 
atom charge for those early-transition and late-transition 
metal catalyst complexes are due to different d-orbital 
configurations. Ti and Zr hold 3d 2 configuration while 
Ni holds 3d 8 configuration. Ni is electron-rich compared 
with Ti or Zr. So the Ti－R or Zr－R bond is considered 
to be stable and Ni－R bond is considered to be already 
too unstable for ethylene to coordinate with. Both M－R 
bonds have to reach a suitable stability to get high cata-
lytic activity. For Ni－R bond, the better electron do-
nating ligand results in lower metal atom charge and 
excessive unstability of Ni－R bond, thus reducing 
catalytic activity, which is the reason why Ni-based 
complexes had an increasing trend in catalytic activity 
with the increasing metal atom charge. 

In the present study, 5-coordinated 2-quinoxalinyl-6- 
iminopyridine Ni(II) catalyst system also showed an 
increasing trend in catalytic activity with the increasing 

metal atom charge, which can be seen from Figure 5. 
The reason can also be attributed to the rich electron 
effect in Ni atom.  

The relationship between catalytic activity and Qeff 
for complexes 7－15 is shown in Figure 6. It is obvi-
ously observed that catalytic activity of these 9 com-
plexes decreases with the increasing effective charge for 
each series of catalysts, which agrees with Olivé’s con-
cept. The relationship curve for complexes 13－15 has 
the highest slope within the three curves. So it is safe to 
draw the conclusion that the electron donating ability of 
R1 group affects how fast the catalytic activity decreases 
with decreasing effective charge. Furthermore, it can be 
seen from Figure 6 that the catalytic activities of com-
plexes 13－15 are higher than those of complexes 7－12. 
These three series of complexes differ in R1 substituents. 
The conjugation effect of phenyl group in complexes 13
－15 stabilizes the charge on Co atom, which makes 
Co-Cl bond easier to break. So that the catalytic activi-
ties of these three complexes are higher than those of 
complexes 7－12. 

 

 
 

Figure 6  Catalytic activity versus metal atom charge for 2-imino-1, 
10-phenanthroline Co(II) complexes. 

 
The catalytic activity of complexes 16－20 increases 

with increasing metal atom effective charge, as shown in 
Figure 7. The R1 groups in complexes 18－20 are F,  
Cl and Br, respectively. Compared to the alkyl groups  
in complexes 16 and 17, the stronger electron with- 
drawn ability of R1 group corresponds to the higher 
charge on central metal atom. Pd lies within the same 
group as Ni does, and Pd(II) complexes have the similar 
relationship between catalytic activity and Qeff as Ni(II)  
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complexes do, which can be attributed to the similar 
reason. Based on Figure 7, it can be concluded that elec-
tron withdrawn ability results in higher catalytic activity 
for Pd-based catalyst complexes in the charge range of 
0.505－0.584. 

 

 
 
Figure 7  Catalytic activity versus metal atom charge for 2-methoxy- 
carbonyl-6-iminopyridine Pd(II) complexes. 

4  Conclusion 

Dreiding force field was modified to contain coordinated 
metal atom and successfully used to simulate Ni(II), 
Co(II) and Pd(II) catalyst complexes. Then QEq was 
used to examine the net charge on the central metal atom 
of the complexes. Because of asymmetry of the com-
plexes, asymmetric electronic structure was formed. In 
order to remove the asymmetric contribution from the 
charge of the metal atom, we introduced effective charge 
concept Qeff, excluding the charge difference ΔQ of the 
two halogen atoms, to modify the MANCC method. The 
modified MANCC method is successfully extended to 
asymmetric catalysts. The catalytic activity increases 
with increasing Qeff for 2-quinoxalinyl-6-iminopyridines 
Ni (II) and 2-methoxycarbonyl-6-iminopyridine Pd(II) 
complexes. While the activity increases with decreasing 
Qeff for 2-imino-1,10-phenanthroline Co(II) complexes. 
The difference in variation trend is due to the different 
electronic configurations. 
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