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The influences induced by various terminal substituents and solvents on the reaction mechanism and chemical dynamics

of complexing ethylene with Ni dithiolene are theoretically studied by using B3LYP method and Onsager model. It is

shown that the reaction should be a two-step process, and the first step is the rate-determining step. We find that the rate

constant of the rate-determining step becomes small when the electron-donating ability of the substituents is increased,

while it becomes large when the electron-withdrawing ability of the substituents is increased. Subsequently, we consider

the solvent effects on the reaction adding ethylene to the simplified hydrogen-substituted nickel dithiolene. It is found

that the solvents will make slight changes to the geometries of the reactants, transition states, intermediates and products.

However, the corresponding molecular dipole moments become large with the increase of the solvent polarity, which is

beneficial to accelerate the reaction. Moreover, we show that, as the solvent polarity becomes large, the activation

energies of the reaction decrease exponentially, while the reaction rate constants increase exponentially. These results

demonstrate that in polar solvents, the reaction complexing ethylene with Ni dithiolene may become easier and faster to

occur, and the product rate is improved. We believe that this research can be seen as a reference for complex and solvent

selection in olefin separation process.

Keywords: substituent effects; solvent effects; activation energy; rate constant

1. Introduction

As the largest volume feedstock in petrochemical

industry, olefins are extensively applied to the production

of polymers, acids, esters and ethers [1,2]. Therefore, the

separation of olefins, especially ethylene, has become an

important industrial process. Usually, olefins can be

separated by either cryogenic distillation [3] or chemical

gas absorption approach [4–8]. However, disadvantages

of high energy consumption or low reagent selectivity

exist in the above separation methods.

Recently, Wang et al. [1,9] proposed an effective

method for olefin separation. They found that 1,2-

enedithiolate (dithiolene) complexes can reversibly and

selectively react with simple aliphatic olefins to form 1/1

adducts under mild conditions by the experimental method

of UV–vis spectroscopy. They also discovered that this

reaction is not poisoned by hydrogen, carbon monoxide,

acetylene or hydrogen sulphide, which are commonly

present in olefin streams, presumably because olefin

binding occurs through the sulphur ligand rather than the

metal centre. In addition, many researches have demon-

strated that dithiolene complexes also display unusual

structural, electronic, optical and redox properties [10,11].

Schrauzer et al. [12] reported that M(S2C2Ph2)2 (M ¼ Ni,

Pd, Pt; Ph ¼ phenyl group) reactswith norbornadiene, and

Wing et al. [13] proposed that Ni[S2C2(CF3)2]2 reacts with

norbornadiene and 2,3-dimethyl-1,3-butadiene to form 1/1

olefin adducts, where the olefin binds to ligand S atoms

rather than the metal atoms.

Theoretically, Fan et al. [14] using density functional

theory with B3LYP [15,16] investigated the reaction

process of ethylene and Ni(S2C2R2)2 (R ¼ H, CN, CF3)

in gas phase. It was found that this reaction is a two-step

process, and the electron-withdrawing substituents can

lower the barrier for the association of olefins and Ni

dithiolene complexes, and can stabilise the intermediates

and products relative to the reactants. However, there are

few reports of the solvent effects on such reactions. It is

necessary to study the solvent effects on the reaction of

olefins and Ni dithiolene complexes, considering that

solvents may present their influences on the geometries

and electronic structures of molecules, and thus the

processes of chemical reactions [17].

In the present work, we use the B3LYP method and

Onsager model to study the effects of substituents and

solvents on the reaction between ethylene and Ni
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dithiolene. The optimisations of all the stagnation points

existing in the reaction potential profiles are carried out

with different substituents (ZCH3,ZH,ZCN andZCF3)

on dithiolene in gas phase and toluene. Subsequently, a

detailed analysis and optimisation of all the points are

also performed with the simplified hydrogen-substituted

dithiolene in 11 polar and nonpolar solvents, respectively.

It is shown that this reaction is a two-step process with the

first being the rate-determining step. The rate constants

may increase with the increase of electronegativity of

substituents. In addition, it is found that the overall

mechanism does not change no matter what solvent is

used. However, as the polarity of the solvent is increased,

the activation energies of the reaction are reduced

exponentially, while the corresponding molecular dipole

moment (MDM) and the reaction rate constants will

increase exponentially to be saturated, which is beneficial

to accelerate the reaction. These demonstrate that the

reaction of complexing ethylene with Ni dithiolene may

become much easier and faster, and can attain a higher

product rate in the strong polarity solvents, in agreement

with a great many experimental studies [1,9].

2. Computational methods

The substituent (e.g. ZCH3, ZH, ZCN and ZCF3)

effects and the solvent effects (e.g. benzene, toluene,

tetrahydrofuran, dichloromethane, 1,2-dichloroethane,

acetone, ethanol, methanol, 1,2,3-propanetriol, dimethyl-

sulfoxide and water) on the reaction of Ni(S2C2R2)2
þ C2H4 ! Ni(S2C2R2)2·C2H4 (R ¼ ZCH3, ZH, ZCN

and ZCF3) at temperature T ¼ 298.15 K and pressure

P ¼ 1 atm are considered in the present work.

All of the calculations are performed with Gaussian03

program package [18]. The optimisations of the

geometries of reactants, transition states, intermediates

and products, as well as the corresponding frequency

calculations, are achieved by means of density functional

theory with B3LYP. A slightly modified version of Hay

and Wadt’s LANL2DZ [19] with the two outermost p

functions replaced by a new function with (41) split [20],

and a relativistic effective core potential [21] are used for

Ni, while the 6-31G(d) basis set is utilised for all of the

rest atoms in the simplified hydrogen-substituted model.

Furthermore, an f-polarisation function [22] is added to

nickel atoms in the cyano- and trifluoromethyl-substi-

tuted complexes. The 6-31G(d) basis set is also used for

all atoms (C and N) in cyano substituent, and the 6-31

basis set is used for all atoms (C and F) in trifluoromethyl

substituent. In addition, the nature of all transition states

is characterised by the imaginary frequency and verified

by the intrinsic reaction coordinate approach [23].

Moreover, the influences of different solvents have been

investigated based on Onsager model [24], and all of the

energies have been modified by zero point corrections.

In order to find the rate constant of the reaction at

temperature T, the general statistical thermodynamics

[25] and Eyring transition state theory [26] are used to

calculate the rate constants from partition functions:

kðTÞ ¼
NAkBT

h

Q–
TS=VTSQ

i ðQRi=VRiÞ

� �
exp 2

DE0

RT

� �
; ð1Þ

where NA ¼ 6.022 £ 1023 mol21 is the Avogadro

number, kB ¼ 1.380662 £ 10226 kJ K21 the Boltzmann

constant, h ¼ 6.626176 £ 10237 kJ s21 the Planck’s

constant, R ¼ 8.314 £ 1023 kJ mol21 K21 the gas con-

stant, Q–
TS and QRi (VTS and VRi) represent the molecular

total partition functions (molar volume) of transition

state and reactant i, and DE0 the energy barrier of

activation after zero point corrections.

3. Results and discussions

The reaction mechanism of complexing ethylene with Ni

dithiolene is schematically presented in Figure 1. It is

shown that this reaction belongs to a two-step process,

and the intermediate (or product) is in trans-structure (or

cis-structure). The first step of this reaction is

coordinating the ethylene molecule to S atoms in

dithiolene to form a trans-structural intermediate Ni(S2-
C2H2)2·C2H4. In this process the empty 3p orbit of S

atoms in dithiolene, an electron acceptor, will attack the

p-electron of ethylene. This can be understood well

according to the matching principle of symmetry in the

frontier orbit theory, and the shapes of HOMO and

LUMO of ethylene and Ni dithiolene. The second step is

that the trans-structural intermediate is quickly trans-

formed into the steady cis-structural product, since the

trans-structural intermediate is unstable.

Figure 1. Optimised geometries of all the stagnation points in
the reaction of complexing ethylene with nickel dithiolene.
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3.1 Substituent effects

The electronegativity effects of substituents in terminal

ligands on the complexing reaction in gas phase and

toluene are given in Table 1. In the solvent of toluene,

the rate constant of the rate-determining step for

R ¼ ZCF3 is found to be 13.91 £ 1024 lmol21 s21,

consistent with the related experimental value

(9.0 £ 1024 lmol21 s21) obtained by Wang et al. [1,9].

It can be found that when the hydrogen-substituent is

replaced by the electron-withdrawing substituent ZCN

(ZCF3), the rate constant k1 for the first step is increased

from 5.851 £ 10211 to 2.999 £ 1024 l mol21 s21

(13.91 £ 1024 l mol21 s21). However, k1 is decreased

from 5.851 £ 10211 to 3.050 £ 10213 l mol21 s21 when

ZH is replaced by ZCH3 (an electron-donating

substituent). Obviously this phenomenon is also the

case in the gas phase. It is demonstrated that the rate

constant of the first step will increase (decrease) with the

increasing (decreasing) of the substituent electronega-

tivity. These are because the electron-withdrawing

substituents can lower the barrier for the first step of

the reaction, and stabilise both cis- and trans-products

relative to the reactants through stabilising the LUMO of

the Ni complexes [14]. Therefore, the introduction of the

electron-withdrawing substituents is favourable for the

complexing of ethylene and Ni dithiolene. This implies

that the reaction rate in the practical olefin separation can

be adjusted by selecting suitable electronegative

substituents on the Ni dithiolene.

3.2 Solvent effects

3.2.1 Molecular geometries and dipole moment

The influences on main bond lengths of optimised

geometries andMDM induced by solvents, corresponding

to the reactants (R), intermediates (I), transition states

(TS1 and TS2) and products (P) of the reaction occurring

in different solvents, are presented in Tables 2 and 3,

respectively.

In Table 2, two typical solvents with dielectric

constants 1 ¼ 1 (gas phase) and 78.39 (water) are

considered. Since the calculations are performed on the

basis of Onsager model and the reactants have the D2h

symmetry, the geometry parameters of the reactants are

kept constant, as expected [24], even in different solvents.

It is obvious that, for the case of gas phase, the ethylene

CZC bond length R14,15 in product (0.1533 nm) is longer

approximately by 0.02 nm than that in reactants

(0.1331 nm), and the average length of dithiolene CZS

bonds (R4,8 and R5,9) is increased by 0.0048 nm during the

reaction process, in agreement with the results obtained

by Fan and Hall [14]. Furthermore, it can be found by a

simple calculation that the solvent-induced variation rate

(Ri, j 2 RGas
i; j )/Ri, j

Gas is not larger than 0.5% for any bond,

which indicates that the whole geometry structures of the

reactants, intermediates, transition states and products are

slightly changed. This is also the case for the other

solvents studied in the present work. Therefore, it can be

readily concluded that the solvents will make slight

effects on the whole geometries of the reactants,

transition states, intermediates and products.

By a comprehensive analysis on the MDM presented

in Table 3, two apparent characteristics can be found:

(i) the reaction of complexing ethylene with nickel

dithiolene is a MDM-increasing process in any solvent,

and (ii) the MDM of transition states, intermediates and

products will increase monotonically with the increasing

of the solvent polarity. For example, the MDM Þ of

reactant, transition states, intermediates and products will

increase from the initial 0 Debye (R) to 5.527 (TS1), 7.604

Table 1. The rate constants of the rate-determining step k1 (in
unit of l mol21 s21) in the reaction adding ethylene to Ni dithiolene
with different substituents.

Solvent ZCH3 ZH ZCN ZCF3 ZCF3

– k1 £ 1014 k1 £ 1011 k1 £ 104 k1 £ 104 k1 £ 104

Gas phase 6.894 1.177 1.012 5.458 –
Toluene 30.50 5.851 2.999 13.91 9.0a

a This is the experimental result from Refs. [1,9].

Table 2. Main bond lengths (nm) of reactants (R), intermediates (I), transition states (TS1 and TS2) and products (P) in typical
solvents. Ri, j (i, j ¼ 1, 2, . . . , 15) represents the distance between atoms i and j.

Species Solvent R1–2 R1–3 R4–8 R5–9 R6–7 R3–14 R14–15

R Gas phase and water 0.2206 0.2206 0.1706 0.1706 0.1378 – 0.1331
TS1 Gas phase 0.2219 0.2183 0.1727 0.1733 0.1366 0.2377 0.1411

Water 0.2224 0.2181 0.1729 0.1734 0.1365 0.2407 0.1407
I Gas phase 0.2235 0.2239 0.1748 0.1771 0.1353 0.1860 0.1532

Water 0.2244 0.2234 0.1756 0.1772 0.1350 0.1861 0.1531
TS2 Gas phase 0.2260 0.2151 0.1744 0.1772 0.1348 0.1834 0.1542

Water 0.2268 0.2150 0.1753 0.1775 0.1347 0.1839 0.1541
P Gas phase 0.2229 0.2295 0.1739 0.1769 0.1349 0.1871 0.1533

Water 0.2235 0.2291 0.1745 0.1771 0.1347 0.1872 0.1532

Molecular Simulation 633

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



(I), 8.131 (TS2) and 9.603 Debye (P), when the reaction

occurs in gas phase, which implies that the molecular

structures evolve from symmetrical into asymmetrical

one. It can be readily found that the solvent-induced

variation rates of MDM ðÞsolvent2 ÞgasÞ=Þgas, e.g. in

water, are 34.7% (TS1), 35.6% (I), 38.1% (TS2) and

34.0% (P), respectively. This phenomenon verifies that

obvious variations on MDM have happened when the

dielectric constant of solvents increases from 1 (gas

phase) to 78.39 (water). Actually, one of the most eminent

phenomena induced by MDM in solvent medium is that

the MDM is able to produce the inducted dipole moment

(IDM) of medium. It is the interplay between MDM and

IDM that will stabilise the system of the molecule in the

medium. Obviously, the stabilisation of the molecule

system should promote a reaction to be carried out more

easily. Therefore, the 1-induced increase in MDM will

make the product more stable in medium, which is

beneficial to accelerate the reaction.

3.2.2 Activation energy and rate constants

Figure 2 schematically shows the potential energy

surfaces of the reaction of complexing ethylene with Ni

dithiolene in gas phase (1 ¼ 1), toluene (1 ¼ 2.379),

tetrahydrofuran (1 ¼ 7.58) and water (1 ¼ 78.39). The

energies of transition states (TS1 and TS2) in gas phase

are higher than those of R, I and P, implying that two

barriers are formed in the reaction process. It is clear that

the barrier corresponding to TS1 is higher than that

corresponding to TS2. As the polarity, in other words, the

dielectric constant 1 of solvents increases, both barriers

corresponding to TS1 and TS2 will be lowered. This

phenomenon indicates that polar solvents are more

favourable for the reaction. It can also be found that the

energies of the products will decrease with increasing 1,

indicating that the products become more stable in polar

solvents. This result can also be found from the MDM

variation of the product in Table 3.

More detailed calculations of the activation energies,

rate constants and equilibrium constants of the reaction

in gas phase and in benzene, toluene, tetrahydrofuran,

dichloromethane, 1,2-dichloroethane, acetone, ethanol,

methanol, 1,2,3-propanetriol, dimethylsulfoxide and

water are presented in Table 4. It can be found that the

activation energy of step-1 D–E1 will decrease from

123.0 to 113.4 kJ mol21, when the dielectric constant 1 of

solvents increases from 1.000 to 78.39, while the

activation energy of step-2 D–E2 will decrease from

89.90 to 65.31 kJ mol21. A more thorough comparison

shows that both D–E1 and D–E2 will present sharp

variations when 1 is approximately less than 20, and they

will mildly approach to certain thresholds as 1 is

increased to the values larger than 20. The variations of

the activation energy D–E1 and D–E2 as functions of 1

are further plotted in Figure 3 for clarity. The relationship

of activation energy and dielectric constant of solvents

can be expressed mathematically in an exponential

manner as

D–Ei ¼ ai exp 2
1

bi

� �
þ bi: ð2Þ

Here, D–Ei (i ¼ 1, 2) is the activation energy correspond-

ing to the reaction process of step-i, 1 is the dielectric

constant of solvents, ai, bi and bi (i ¼ 1, 2) are the

correlation parameters. For step-1, a1 ¼ 11.24 kJ mol21,

b1 ¼ 113.8 kJ mol21 and b1 ¼ 3.609, while a2 ¼ 19.29

kJ mol21, b2 ¼ 65.87 kJ mol21 and b2 ¼ 6.156 for step-2.

It also can be seen from Table 4 that the rate constants

of step-1 (k1) and step-2 (k2) improve from

1.177 £ 10211 l mol21 s21 to 89.45 £ 10211 l mol21 s21

and from 0.1923 to 1.398 s21, respectively, as 1 increases

from 1.000 to 78.39. Furthermore, the sharp variations of

rate constants can be observed when 1 is approximately

less than 20, and the variations of rate constants will

become mild as the value of 1 is larger than 20.

The variation of rate constants can also be described with

Figure 2. Schematic presentation of potential energy surface
of the reaction in different solvents. Only four cases
corresponding to gas phase, toluene, tetrahydrofuran (THF)
and water are shown for clarity.

Table 3. MDMs (Debye) corresponding to the reaction process
in different typical solvents. TheMDM’sofR indifferent solvents
are always kept to be zero (not presented here).

Solvents (1) TS1 I TS2 P

Gas phase (1.0) 5.527 7.604 8.131 9.603
Benzene (2.247) 6.272 8.654 9.315 10.42
THF (7.58) 7.027 9.722 10.54 11.23
Acetone (20.7) 7.310 10.12 11.01 12.57
DMSO (46.7) 7.411 10.26 11.17 12.65
Water (78.39) 7.445 10.31 11.23 12.87
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an exponential function as

niki ¼ ai exp 2
1

bi

� �
þ bi: ð3Þ

Here, ki (i ¼ 1, 2) is the rate constant corresponding

to step-i, 1 is the dielectric constant of solvents, ai, bi

and bi (i ¼ 1,2) are the correlation parameters. For

step-1, n1 ¼ 10211, a1 ¼ 260.10 l mol21 s21, b1 ¼

56.21 l mol21 s21 and b1 ¼ 12.25, while n2 ¼ 1, a2 ¼

21.263 s21, b2 ¼ 1.336 s21 and b2 ¼ 7.986 for step-2.

The exponential functions for k1 and k2 with 1 are

presented in Figure 4, which illuminates that the

influences of 1 on the rate constants are sensitive in a

certain range of 1, and the rate constants will be immune to

1 when 1 is larger than approximately 20. The controlling

of the reaction rate in actual industrial process, therefore,

is possible by employing solvent with polarity in a certain

range of 1. On account of k1 ,, k2, step-1 should be the

rate-determining step of the reaction, and the intermediate

will be promptly transformed into product once it comes

into being. This result can also be observed from Figure 2,

since the barrier of TS1 is larger than that of TS2.

4. Conclusion

In conclusion, the mechanism and chemical dynamics of

the reaction complexing ethylene with Ni dithiolene, and

the influences induced by the terminal substituents on Ni

dithiolene and solvents are theoretically studied. It is

shown that the reaction complexing ethylene with Ni

dithioloene is a two-step process with the first being the

rate-determining one. The rate constant becomes large

with the increase of the electronegativity of the

substituent on Ni dithiolene. In addition, the solvent-

induced variation rate of any bond length is no larger

than 0.5%, demonstrating that slight changes of the

geometries of reactants, transition states, intermediates

and products will be made by solvents. However, the

reaction of complexing ethylene with nickel dithiolene is

a MDM-increasing process in any solvent, and the MDM

of transition states, intermediates and products will

Figure 3. Variations of the activation energies of TS1 (1) and
TS2 (2) with the dielectric constants 1. All the calculated data
are further fitted and plotted.

Table 4. Thermodynamic and dynamic parameters of the reaction adding ethylene to Ni dithiolene in different solvents. Here the unit
of energy (D–E1, D–E2 and DE) is kJ mol21, while that of the rate constant k1 is l mol21 s21, and that of k2 is s21.

Solvents 1 D–E1 D–E2 DE k1 £ 1011 k2 £ 10

Gas phase 1.000 123.0 89.90 23.706 1.177 1.923
Benzene 2.247 119.3 80.50 29.079 5.318 3.931
Toluene 2.379 119.0 79.91 29.413 5.850 4.122
Tetrahydrofuran 7.580 115.5 70.77 214.42 24.84 8.728
Dichloromethane 8.930 115.2 69.94 214.86 28.33 9.356
1,2-Dichloroethane 10.36 114.9 69.28 215.21 31.41 9.900
Acetone 20.70 114.1 67.08 216.39 44.37 11.98
Ethanol 24.55 113.9 66.72 216.58 46.99 12.37
Methanol 32.63 113.7 66.22 216.84 50.76 12.91
1,2,3-Propanetriol 42.50 113.6 65.86 217.03 53.68 13.32
Dimethylsulfoxide 46.70 113.5 65.76 217.09 95.99 13.45
Water 78.39 113.4 65.31 217.32 96.45 13.98

Figure 4. Variations of the rate constants corresponding to the
first (1) and second (2) step reactions with the dielectric
constants 1. All the calculated data are further fitted and also
plotted.
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increase monotonously with the increase of solvent

polarity. It indicates that the strong polar solvents may

increase the stability of the molecules in medium and

accelerate the reaction. The activation energies of step-1

and step-2 processes will decrease exponentially when

the dielectric constant of solvents increases, indicating

that the barriers of the reaction potential energies will

decrease and the reaction becomes easier to occur.

Moreover, the rate constants of step-1 and step-2

processes will increase exponentially with increasing

the polarity of solvent. This demonstrates that the

reaction rate may be adjusted by selecting the terminal

substituents on dithiolene and the solvents.
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