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Abstract: The reaction mechanism of carbon monoxide substitution at the tetracarbonyl nickel 

complex was studied in depth by DFT calculations. Substituents used in these reactions were 

hydrogen cyanide, pyridine, trimethylamine, trimethylphosphine, triphenylphosphane, and 

trimethylarsine, as well as carbon monoxide for the carbon monoxide exchange reaction. To 

investigate the reaction mechanism, reaction energy, reaction force, and reaction force constant 

profile were calculated. Additionally, changes of electron density at bond critical points of a 

breaking and a forming bond were monitored along the reaction. All gathered data were further 

statistically analyzed in order to find a possible correlation between them. Results gained in this 

way point out details that could not be observed by conventional experimental investigations of 

reaction kinetics and mechanisms but certainly should be taken into account in further designing 

of suitable complexes for desirable reactions. 

Keywords: Nickel tetracarbonyl complex, reaction force analysis, reaction electronic flux (REF), 

AIM topology analysis, Data analysis. 

 

1. Introduction 

Nickel tetracarbonyl [Ni(CO)4], also known as nickel carbonyl, is a key compound in 

the industrial process of refining nickel and producing nickel-based catalysts. It is used 

in the Mond process, which involves nickel ore reacting with carbon monoxide to form 

nickel tetracarbonyl, which is then decomposed to produce high-purity nickel. 

Additionally, nickel tetracarbonyl serves as a catalyst precursor for various chemical 

reactions, including the production of polyethylene and other plastic. Therefore, 

understanding the chemical reactions in which nickel tetracarbonyl plays a significant 

role (as a reactant or catalyst) can be regarded as a cornerstone for further development 

and improvement of akin reactions. Thus, in this report we have performed a thorough 

in silico investigation of carbon monoxide substitution at the nickel tetracarbonyl 

complex by CO, HCN, Pyridine (Py), trimethylamine (NMe3), trimethylphosphine 

(PMe3), triphenylphosphane (PPh3) and trimethylarsine (AsMe3) ligands. These 

reactions were studied in detail by applying conceptual density functional theory. This 

approach enabled us to gain further insight into the underlying reaction mechanism at 

the microscopic level (involving only direct participants of the reaction, without the 
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influence of solvent) and to put the concept of the reaction mechanism on a quantitative 

basis. 

2. Methodology 

Optimization of all complex structures (reactants, products, and transition states) for 

comprising reasons was performed at b3lyptheory level in combination with the 6-

311+g(d,p) basis set. All structures were characterized as local minima or true transition 

states by computation of vibration frequencies at the same theory level combinations. 

The minimum energy path going from the reactant to the product was calculated at the 

b3lyp/6-311+g(d,p) through the intrinsic reaction coordinate (IRC). The GAUSSIAN suite 

of programs was used. Topology analysis was performed using AIMAll software. 

 

3. Results and Discussion  

The reactions of carbon monoxide substitution at the tetracarbonyl nickel complex 

by selected ligands were studied throughout the reaction path presented in Figure 1. 

 

 
 

Figure 1. Reaction path of CO ligand substitution reactions at Ni⁰ tetracarbonyl complex. 

 

Calculated reaction energy profiles have provided us with reaction activation energies 

(ΔE‡) and the reaction energies (ΔE°). From reaction energy profiles, the reaction force 

profiles and reaction force constant profiles have been calculated. Reaction force profiles 

provide natural partitions of the reaction diagrams into three chemical regions, which 

gives the possibility to put the concept of reaction mechanisms on a quantitative basis. 

Each of these regions is predominantly (but not exclusively) governed by different 

chemical events, wherein in the transition state regions most of the electronic events 

(such as bond breaking/forming and charge redistribution) are accentuated, while the 

geometrical events (changes in bond lengthening, rotations, etc.) are mainly emphasized 

during the reactant and product regions. The amount of energy involved in all those 

stages might be quantified through the amount of work done on the system within 

different regions. Reaction works W1 and W4 are defined in the reactant and product 

regions, they are mostly accounting for structural rearrangements, whereas W2 and W3 

defined within the transition state region, are mostly due to electronic effects. Calculated 

values of described reaction work energies together with reaction activation energies 

and the reaction energies are summarized in Table 1. Additionally, changes of electron 

density at bond critical points of a breaking (bond Ni-C) and a forming (bond Ni-L) 

bond were monitored along the reaction. It was observed that those changes follow an 
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exponential decay or growth pattern, so they were accordingly fitted, and the 

exponential parameters were presented in Table 1. 

 
Table 1. Calculated energetic properties associated with the reactions under study together with 

exponential fitting parameters of electron density change at BCPs for presented bonds. 

Ligand 
Energy (kcal/mol) bond Ni-C bond Ni-L 

ΔE‡ ΔE° W1 W2 W3 W4 aa bb aa bc 

CO 19.37 0.00 6.64 12.73 -11.20 -8.17 0.46 7.71 0.00 7.71 

HCN 19.34 12.47 6.74 12.60 -4.20 -2.67 0.53 7.40 0.00 6.51 

Py 17.99 9.34 9.56 8.43 -4.61 -4.04 1.12 8.98 0.00 4.75 

NMe3 18.00 10.93 9.19 8.81 -3.60 -3.47 0.94 7.30 0.00 3.83 

PMe3 16.82 0.94 10.21 6.61 -9.80 -6.08 1.96 7.75 0.00 4.26 

PPh3 17.38 1.97 9.40 7.98 -9.27 -6.14 3.69 9.63 0.00 4.78 

AsMe3 17.24 3.52 10.62 6.62 -7.73 -5.99 2.29 8.08 0.00 3.96 

aInitial value of a exponential fi 

bExponential decay rate 

cExponential growth rate 

 

In order to find possible correlations between the calculated data presented in 

Table 1 and to better understand the investigated reaction series, further data analysis 

was performed. Thus, the Pearson product-moment correlation coefficient (r) was used 

to measure the strength of the linear relationship between variables presented in Table 1. 

Calculated values of r correlation coefficients between selected data presented in Table 1 

are summarized in Table 2. 

 
Table 2. Pearson correlation coefficients matrix (green field (|r| ≥ 0.85) - strong linear 

relationship, yellow field (0.80 ≥ |r| ≥ 0.85) - medium linear relationship) 

 ΔE‡ ΔE° W1 W2 W3 W4 a b a b 

ΔE‡ 1.00 0.35 -0.96 0.98 0.18 0.13 -0.75 -0.38 -0.80 0.86 

ΔE° 0.35 1.00 -0.20 0.26 0.98 0.96 -0.47 -0.28 0.09 -0.12 

W1 -0.96 -0.20 1.00 -0.99 0.00 -0.03 0.64 0.36 0.90 -0.92 

W2 0.98 0.26 -0.99 1.00 0.07 0.07 -0.69 -0.37 -0.87 0.91 

W3 0.18 0.98 0.00 0.07 1.00 0.95 -0.37 -0.21 0.29 -0.31 

W4 0.13 0.96 -0.03 0.07 0.95 1.00 -0.29 -0.21 0.21 -0.29 

a -0.75 -0.47 0.64 -0.69 -0.37 -0.29 1.00 0.72 0.36 -0.52 

b -0.38 -0.28 0.36 -0.37 -0.21 -0.21 0.72 1.00 0.22 -0.19 

a -0.80 0.09 0.90 -0.87 0.29 0.21 0.36 0.22 1.00 -0.93 

b 0.86 -0.12 -0.92 0.91 -0.31 -0.29 -0.52 -0.19 -0.93 1.00 

 

The Pearson correlation coefficients matrix (Table 2) tells us that the activation 

energy barrier ΔE‡ is mostly influenced by reaction works W1 and W2 and by the electron 

density growth rate of a forming bond. Thus, in order to manipulate the activation 

energy barrier, for example, to lower one of their values, one must choose an entering 

ligand that, in the reaction of carbon monoxide substitution at Ni(CO)4, exhibits a greater 
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amount of reaction work needed for structural rearrangement (W1) and/or needs a lower 

amount of W2 and/or has a slower growth rate of electron density of a forming bond. 

Values of reaction energies (ΔE°) for this substitution series are predominantly 

influenced by reaction works W3 and W4. Those reaction works have a positive 

correlation to reaction energies, meaning that with increasing of its values, reaction 

energy also increases. An interesting correlation was also found between reaction works 

W1 and W2 and the growth rate of electron density of a forming bond. Reaction work W1 

has a negative correlation, while reaction work W2 has a positive correlation with the 

electron density growth rate of the forming bond. Thus, meaning that the faster electron 

density growth needs more energy for the electron rearrangement process (W2), while, 

on the contrary, there is less work needed for the structural rearrangement process (W1). 

 

4. Conclusions 

Even though donor atoms of the entering ligand differ in their chemical nature, 

they yield only minor differences in the activation energy barrier. The standard 

deviation between ΔE‡ of the investigated reaction was calculated to be only 0.93 

kcal/mol. Therefore, additional analyses of reaction mechanisms were performed. 

Throughout this analysis it was found that all investigated reactions go through a multi-

stage, one-step reaction mechanism by which the substitution starts with a bond 

formation/strengthening process followed by a bond breaking/weakening process. 

Reaction energy barriers have a negative correlation with reaction work needed for 

structural rearrangement of reactants and a positive correlation with reaction work 

needed for electronic rearrangement prior to reaching a transition state point. In general, 

reactions in which substituent ligands are the ones with nitrogen as a donor atom (HCN, 

Py, and NMe₃) have been characterized as the most endergonic. Total reaction energies 

for this substitution series have a positive correlation with the reaction work released 

during structural and electronic relaxation processes. 
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Synopsis

Nickel carbonyl is a key compound in the industrial process of refining nickel and producing 
nickel-based catalysts. It is used in the Mond process, which involves nickel ore reacting with 
carbon monoxide to form nickel tetracarbonyl, which is then decomposed to produce high-purity 
nickel. Additionally, nickel tetracarbonyl serves as a catalyst precursor for various chemical 
reactions, including the production of polyethylene and other plastics. Therefore, understanding 
the chemical reactions in which nickel tetracarbonyl plays a significant role (as a reactant or 
catalyst) can be regarded as a cornerstone for further development and improvement of akin 
reactions. Thus, in this report we have performed a thorough in silico investigation of carbon 
monoxide substitution at the nickel tetracarbonyl complex by CO, HCN, Pyridine (Py), 
trimethylamine (NMe3), trimethylphosphine (PMe3), triphenylphosphane (PPh3) and 
trimethylarsine (AsMe3) ligands. These reactions were studied in detail by applying conceptual 
density functional theory. This approach enabled us to gain further insight into the underlying 
reaction mechanism at the microscopic level (involving only direct participants of the reaction, 
without the influence of solvent) and to put the concept of the reaction mechanism on a 
quantitative basis.

 

Interchange vs Dissociative 

Calculated changes along the reaction path for a carbon monoxide 
substitution by CO molecule of (a) reaction energy profile, (b) 

bond distances change, (c) electron density change at BCP and (d) 
relative atomic net charge.

Calculated changes along the reaction path for a carbon monoxide 
substitution by HCN molecule of (a) reaction energy profile, (b) 

bond distances change, (c) electron density change at BCP and (d) 
relative atomic net charge.
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𝜅 𝜉 = −
𝑑𝐹 𝜉

𝑑𝜉

Energy [kcal/mol] REF

∆𝐸‡ ∆𝐸° 𝑊1 𝑊2 𝑊3 𝑊4 % 𝐽s 𝐽ns 𝐽

CO 19.37 0.00 6.64 12.73 -11.20 -8.17 34.28 25.15 25.15 0.00

HCN 19.34 12.47 6.74 12.60 -4.20 -2.67 34.85 21.50 31.55 -9.93

Py 17.99 9.34 9.56 8.43 -4.61 -4.04 53.14 20.84 24.06 -2.47

NMe3 18.00 10.93 9.19 8.81 -3.60 -3.47 51.05 32.40 21.69 10.56

PMe3 16.82 0.94 10.21 6.61 -9.80 -6.08 60.70 20.50 27.41 -6.85

PPh3 17.38 1.97 9.40 7.98 -9.27 -6.14 54.08 23.86 21.73 2.31

AsMe3 17.24 3.52 10.62 6.62 -7.73 -5.99 61.60 19.66 24.59 -4.91

Calculated changes along the reaction path for a carbon monoxide 
substitution by Py molecule of (a) reaction energy profile, (b) bond 

distances change, (c) electron density change at BCP and (d) 
relative atomic net charge.

Calculated changes along the reaction path for a carbon monoxide 
substitution by NMe3 molecule of (a) reaction energy profile, (b) 

bond distances change, (c) electron density change at BCP and (d) 
relative atomic net charge.

Calculated changes along the reaction path for a carbon monoxide 
substitution by PMe3 molecule of (a) reaction energy profile, (b) 

bond distances change, (c) electron density change at BCP and (d) 
relative atomic net charge.

Calculated changes along the reaction path for a carbon monoxide 
substitution by PPh3 molecule of (a) reaction energy profile, (b) 

bond distances change, (c) electron density change at BCP and (d) 
relative atomic net charge.

Calculated changes along the reaction path for a carbon monoxide 
substitution by AsMe3 molecule of (a) reaction energy profile, (b) 
bond distances change, (c) electron density change at BCP and (d) 

relative atomic net charge.

𝑦 = 𝑎 ∗ 𝑒𝑏∗𝑥 ~ growth𝑦 = 𝑎 ∗ 𝑒−𝑏∗𝑥 ~ decay 
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Theory

∆𝐸‡= 𝑊1 + 𝑊2 ∆𝐸°= 𝑊1 + 𝑊2 + 𝑊3 + 𝑊4

Fitting example

Exponential fitting of electron density change at BCP of 
a breaking Ni-C and a forming Ni-L bond

∆𝐸‡ ∆𝐸° 𝑊1 𝑊2 𝑊3 𝑊4 𝑎a 𝑏b 𝑎c 𝑏d

∆𝐸‡ 1.00 0.35 -0.96 0.98 0.18 0.13 -0.75 -0.38 -0.80 0.86

∆𝐸° 0.35 1.00 -0.20 0.26 0.98 0.96 -0.47 -0.28 0.09 -0.12

𝑊1 -0.96 -0.20 1.00 -0.99 0.00 -0.03 0.64 0.36 0.90 -0.92

𝑊2 0.98 0.26 -0.99 1.00 0.07 0.07 -0.69 -0.37 -0.87 0.91

𝑊3 0.18 0.98 0.00 0.07 1.00 0.95 -0.37 -0.21 0.29 -0.31

𝑊4 0.13 0.96 -0.03 0.07 0.95 1.00 -0.29 -0.21 0.21 -0.29

𝑎a -0.75 -0.47 0.64 -0.69 -0.37 -0.29 1.00 0.72 0.36 -0.52

𝑏b -0.38 -0.28 0.36 -0.37 -0.21 -0.21 0.72 1.00 0.22 -0.19

𝑎c -0.80 0.09 0.90 -0.87 0.29 0.21 0.36 0.22 1.00 -0.93

𝑏d 0.86 -0.12 -0.92 0.91 -0.31 -0.29 -0.52 -0.19 -0.93 1.00
a Exponential initial parameter for electron density at BCP of Ni-C bond
b Exponential decay rate for electron density at BCP of Ni-C bond
c Exponential initial parameter for electron density at BCP of Ni-L bond
d Exponential decay rate for electron density at BCP of Ni-L bond

Pearson correlation coefficients matrix (green field (|r| ≥ 0.85) - strong linear 
relationship, yellow field (0.80 ≥ |r| ≥ 0.85) - medium linear relationship)

Key takeaways

• Energy barrier ∆𝐸‡ is mostly influenced by reaction works 𝑊1 and 𝑊2, and by electron density growth 
rate of a forming bond. Reaction work 𝑊1 has a negative correlation while reaction work 𝑊2 and electron 
density growth rate of a forming bond have a positive correlation with the activation energy barrier.

• In order to manipulate the activation energy barrier, for example to lower its value, one must choose an 
entering ligand which in the reaction of carbon monoxide substitution at Ni(CO)4 exhibit greater amount 
of reaction work needed for structural rearrangement 𝑊1 and/or needs a lower amount of 𝑊2 and/or has a 
slower growth rate of electron density of a forming bond.

• Reaction energies ∆𝐸° for this substitution series are predominantly influenced by reaction works 𝑊3 and 
𝑊4. These reaction works have a positive correlation to reaction energies, meaning that with increasing of 
its values reaction energy also increases.

• Reaction work 𝑊1 has a negative while reaction work 𝑊2 has a positive correlation with electron density 
growth rate of a forming bond. Thus, meaning that the faster electron density growth needs more energy 
for of electron rearrangement process (𝑊2) while on the contrary there is less work needed for the 
structural rearrangement process (𝑊1).
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