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Abstract

In the present study, the ReaxFF reactive molecular dynamics simulation method was applied to 
investigate the effect of a small nickel cluster (Ni13) on the formation of nascent soot from 
polycyclic aromatic hydrocarbon (PAH) precursors. A series of NVT simulations were performed 
for systems of a Ni13 cluster and various PAH monomers, namely, naphthalene, anthracene, 
pyrene, coronene, ovalene, and circumcoronene, at temperatures from 400 to 2500 K. At low 
temperatures, the PAHs form soot particles through binding and stacking around nickel clusters. 
Larger soot particles are formed due to the early initiation of clustering provided by nickel than 
those observed in homogenous PAH systems. At 1200~1600 K, the PAH monomers show 
chemisorption tendency onto the nickel surface, which results in incipient soot particles. Chemical 
nucleation was observed at 2000 K where nickel-assisted dehydrogenation and chemisorption of 
PAH lead to the growth of stable soot particles, which did not occur in the absence of Ni-clusters. 
At a high temperature (2500 K), nickel significantly accelerates the ring-opening and 
graphitization of PAH molecules and increases the size of the fullerene-type soot as compared to 
that of homogenous systems. 
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1. Introduction

The fundamental mechanism of soot formation draws substantial interest from the research 

communities on combustion, energy and the environment. In addition to its adverse effect on 

engine fuel efficiency1, soot is regarded as one of the major environment contaminants2. It has 

been positively identified as the leading cause of respiratory and cardiovascular disease3,4 

particularly in urban areas5 posing a great risk to human lives. However, soot produced in 

controlled environment (carbon black) is used commercially in the production of automotive tires 

and as a component of paints and toners in copy machines and laser printers6, or more recently, in  

photovoltaic solar cells7.

The detrimental effects of soot, as well as its useful applications demand a thorough 

knowledge of the underlying mechanism of soot inception and growth. The conversion of gas-

phase hydrocarbon fuel molecules to solid carbonaceous agglomerates involves many fast and 

concurrent reactions within a few milliseconds. Numerous experiments and modeling studies 

reveal four major processes of soot formation such as formation of aromatics, nucleation or 

inception of nascent soot particles, particle growth by coagulation, surface reactions (growth and 

oxidation)8–10. The current description of sooting mechanism is, however, incomplete due to the 

difficulty in capturing the complex nature and the large number of inter-related elementary 

pathways involved in the combustion of real fuels. At present, the majority of the experimental 

and modeling studies recognize the central role of gaseous polycyclic aromatic hydrocarbon 

(PAH) precursors in the formation of solid soot particles9,11. The early models assume the growth 

of soot resulted only from chemical reactions8. Later studies by Frenklach et al. showed the 

formation of condensed soot particle through physical stacking of PAHs12.
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A significant aspect of sooting mechanism which is still not well understood is the effect 

of metal particles on the mechanism of soot nucleation. Lough et al. (2005) studied metal emissions 

from motor vehicles with inductively-coupled plasma mass spectrometry and found that 19% of 

particulate matters (PM10) were consisted of metals such as Si, Fe, Ca, Na, Mg, Al, and K13. 

Lombart et al. (2004) used Laser Induced Breakdown Spectroscopy to analyze diesel engine 

exhaust particles and identified Fe, Cu, Ca, Zn and Mg and sulfur as major metallic species14. 

Corbin et al. (2018) identified toxic heavy metals such as V and Ni in the PM emission of a marine 

diesel engine using soot-particle aerosol mass spectrometry (SP-AMS)15. Presence of these 

inorganic elements in vehicle exhausts is mostly attributed to metals or metallic additives in fuel16 

and lubricating oil additives17 or engine wear18. Fuel additives have been widely used in diesel or 

biofuel combustion to combat pollutant emission or to increase ignition or combustion efficiency. 

The metals were observed to manifest soot enhancement or suppression capability by altering the 

soot size, number density and volume fraction. Ferrocene, an iron based fuel additive has been 

shown to enhance the amount of soot formed including both soot particle size and volume fraction 

in primary flame zones19,20. The iron compounds dissociate well before soot inception and act as 

iron-rich nuclei that provide sufficient surface area for soot formation and growth. Later, in the 

soot oxidation or burnout stage, iron oxides show soot suppression mechanism through catalytic 

oxidation thereby reducing soot emission. Similar results of both soot-enhancing and suppressing 

characteristics were found with iron pentacarbonyl in studies conducted by Hahn and 

Charalampopoulos21 and Kim et al22. Mn-based additives in diesel fuel have also been shown to 

have a catalytic effect on the oxidation process which resulted in significant reduction in the PAH 

emission23. A review of metal based additives and their influence on diesel emission can be found 

here24.
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Although fuel additives are a direct source of metal emission found in particulate matter, 

some of the later studies also emphasized on the identification of trace metals from lubricating oil 

additives during combustion of fuels and particulate formation25. Nickel (Ni) is one of the additives 

used in lube oil for its tribological properties such as friction reduction and anti-wear behavior17. 

In addition, emission of nickel has also been associated with wear of engine components26 such as 

bearings, valves, gear plating, etc. There are some studies which explore the application of nickel 

as a catalyst in soot and/or graphene growth from small hydrocarbon precursors. Ozawa et al.27 

used transition metal complexes including nickelocene during the combustion of benzene and 

reported higher fullerene yield in soot when additives were used. Prikhod’ko et al.28 used catalytic 

substrates with copper and nickel in the flame zone of premixed propane-oxygen and found nickel 

substrates to be more efficient for graphene growth. By controlling the angle of orientation 

amorphous soot was also observed on the nickel substrate. Synthesis of carbon nanotubes from 

small hydrocarbon precursors using chemical vapor deposition (CVD) also extensively uses nickel 

nanoparticles as catalysts for nucleation29. The mechanism involves gaseous hydrocarbon 

precursors being decomposed in the substrate surface and providing C atoms to form hexagonal 

rings leading to CNT nucleation and growth. The present study intends to address another 

unexplored scenario where nickel as a trace element in the flame zone interacts with the PAH 

precursors during the onset of soot formation. The motivation of the present study stems from the 

question of how PAH and Ni interact during the two pathways of soot formation at the beginning 

of the post-flame zone, namely, physical and chemical nucleation. A better understanding of the 

role of nickel during the incipient soot formation process would assist in developing suitable tools 

to address unwanted soot emission. The purpose of the study is accomplished by investigating the 

growth and nucleation of a variety of PAHs in the presence of a small nickel cluster (Ni13) at a 
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range of low to high temperatures. To analyze and isolate the role of nickel, we presented a 

comparison of the results from this study with previous work by Mao et al.30 on soot formation 

from homogenous PAHs. The ReaxFF reactive force field method based molecular dynamics 

(ReaxFF-MD) simulations were employed to describe the dynamic process because of its 

enhanced accuracy and reasonable computational cost. 

2.  Methodology

2.1. ReaxFF introduction

ReaxFF is a bond order31,32 dependent empirical force field method that allows modeling 

of the bond breaking and formation during molecular dynamics simulations. ReaxFF uses the 

following expression for describing the overall system energy:

                (2.1)Esystem = Ebond + Eover + Eunder + Elp + Eval + Etor + EvdWaals + Ecoulomb

where, the partial energy contributions represent bond energy (Ebond), over-coordination penalty 

energy (Eover), under-coordination stability (Eunder), lone pair (Elp), valence (Eval), torsion (Etor), 

non-bonded interactions like van der Waals (EvdWaals), and Coulomb (Ecoulomb) energies, 

respectively. 

ReaxFF assumes bond orders are dependent upon bond length and all the connectivity-

based interactions i.e. valence and torsion energies are made dependent on bond order. The 

interatomic distance is the key component in calculating bond orders in ReaxFF. As the distance 

between molecules change in every iteration, the bond orders are calculated and updated 

accordingly. The effect of bond orders and their energy contributions diminish upon bond 

breaking. Since ReaxFF is for reactive systems, non-bonded interactions such as van der Waals 

and Coulomb are usually calculated between each pair of atoms in the system irrespective of their 
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connectivity. However, van der Waals and Coulomb energy expressions use a shielding term to 

avoid any excessive short distance non-bonded interactions. A connectivity and geometry 

dependent scheme, Electronegativity Equalization Method33 (EEM) is used for charge calculation. 

ReaxFF coupled with the molecular dynamics method is much faster than quantum-chemical or 

semi-empirical methods while retaining much of the accuracy of QM methods. Therefore, ReaxFF 

is particularly suitable for simulations of the complicated reactive events as well as non-reactive 

ones occurring in large hydrocarbon systems for a long-time scale such as sooting in flame 

environments.

The ReaxFF Ni/O/C/H description used in this study was developed by incorporating the 

C description by Srinivasan et al.34 and the Ni/O description by Zou et al.35 into the Mueller et al. 

Ni/O/C/H force field36. The Mueller et al. Ni/C/H/O force field parameters are fitted against the 

quantum mechanics dataset and have been successfully used to study adsorption and 

decomposition of hydrocarbons on nickel37. The parameter sets Ni/O/C/H description can be found 

in the supporting information.

2.2. Simulation procedure

In order to investigate soot nucleation mechanisms from different PAH precursors with 

wide-ranging molecular weights, we selected six different PAHs that have been identified 

experimentally in flame temperatures38. The PAHs investigated in this study are naphthalene, 

anthracene, pyrene, coronene, ovalene and circumcoronene which contain 2-, 3-, 4-, 7-, 10-, and 

19- numbered aromatic rings, respectively, with mass ranging between 128 and 666 amu. The 

corresponding schematic structures of PAH monomers are displayed in Figure 1. The equilibrium 

geometry of a Ni13 cluster selected for this study is also shown in Figure 1. The cluster consists of 

a core nickel atom being surrounded by 12 neighboring Ni atoms. The structure has the shape of 

Page 6 of 26Physical Chemistry Chemical Physics



an icosahedron with an average interatomic distance of 2.39 Å39.  The icosahedron structure of the 

cluster shows a relatively high binding energy between the Ni atoms and is more stable than the 

other members in the small (N< 30) nickel cluster family40.

                                                               

A2
Naphthalene 

(C10H8)
128 amu

A3
Anthracene (C14H10)

178 amu

A4
Pyrene (C16H10)

202 amu

Ni13 Cluster A7
Coronene (C24H12)

300 amu

A10
Ovalene (C32H14)

398 amu

A19
Circumcoronene 

(C54H18)
666 amu

Figure 1:  Structures of the six types of polycyclic aromatic hydrocarbons (PAHs) and the Ni13 cluster 
studied in ReaxFF MD simulations. The Ni atoms are represented by the grey spheres.

Initially, the structures of each PAH monomer and the nickel cluster are relaxed using the 

conjugate gradient minimization scheme. After minimization, the nickel cluster is placed at the 

center of a cubic box of dimension 100 Å x 100 Å x 100 Å. Next, 50 duplicates of the minimized 

PAH monomers are randomly distributed around the nickel cluster. Periodic boundary conditions 

were employed in all of the three directions. After placement, the whole system is energy 

minimized and the molecules were brought to a vibrational equilibrium with MD run for 250 ps 

with a time step of 0.25 fs while the angular and linear momenta are kept to zero. Then, the PAH 
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monomers are given initial velocities generated from the Maxwell-Boltzmann distribution of each 

temperature, the details of which can be found in a previous study by Mao et al.30 Finally, we 

performed a series of ReaxFF-MD simulations employing the canonical NVT ensemble (constant 

volume and temperature). To gain a better overview of all the dynamic growth processes during 

soot nucleation we chose the simulation temperatures as 400, 800, 1200, 1600, 2000 and 2500 K. 

To control the system temperature, we used the Nose-Hoover thermostat with a damping constant 

of 100 fs. The density of the system is consistent with the homogenous systems used in the previous 

study and ranges from 0.012~0.053 kg/dm3 from the smallest to the largest of the PAHs used in 

the simulations. 

The simulation technique of using high density and high temperature (>1600 K) is 

employed to increase the collision frequency of the molecules. The underlying assumption for 

using high density is that the distribution of collisions between any two molecules in the system is 

completely random and does not affect subsequent ones.41,42 This is a common strategy43,44 in 

ReaxFF-MD simulations to accelerate reaction events since the MD time scale (~nanoseconds) is 

significant order of magnitudes lower than the experimentally observed time-scale of soot 

formation (~milliseconds)10.  Furthermore, in order to eliminate statistical noise, we repeated all 

the case studies for three times with different initial configurations of the molecules in the box.  

The results are calculated based on the average values obtained from all three simulations. The 

current MD simulations were performed within the ReaxFF reactive force field program 

implemented in the Amsterdam Density Functional (ADF) software. The trajectory snapshots and 

movies are generated using Visual Molecular Dynamics (VMD). 
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3. Results and Discussion:

In a homogenous system of PAHs, the transition from gaseous species to solid particles of 

soot resulted from two distinct pathways30. At low temperatures, the nonbonded interaction is 

strong enough for the monomers to form dimers after colliding with each other. The dimers grow 

in size through further collisions with other monomers/dimers/tetramers and ultimately give rise 

to condensed soot structures. Another pathway occurs above the decomposition temperature of the 

PAHs, where chemical reactions involving PAH fragmentation and reorganization lead to the 

formation of incipient soot particles. In the following sections 3.1 to 3.3, we investigated to what 

extent the physical and chemical nucleation of soot particle are affected by the presence of a small 

nickel cluster. Two PAH monomers are regarded as physically bound dimers when the 

intermolecular distance is equal to or less than 4 Å, the details of which can be found in previous 

work30. We also discussed the interplay between PAH molecules and the nickel cluster over the 

temperature range where no significant nucleation occurs. Finally, in section 3.4, we present a 

comparative analysis of the effect of nickel cluster on the size and carbon-hydrogen ratio of the 

largest soot particle. We conclude the discussion with a summary of soot nucleation pathways with 

respect to temperatures and PAH masses.    

3.1. Physical nucleation

The mechanism of incipient soot particle formation via physical association of PAHs in 

the presence of nickel is discussed in this section. Figure 2 shows the key stages of the physical 

nucleation process for a system containing a Ni13 cluster and 50 ovalene molecules at a temperature 

of 800 K. Initially, due to random movement of the molecules in the box, the nickel cluster is 

approached by one of the PAH monomers. As the distance between the molecule and the cluster 

diminishes, the PAH starts to align itself laterally to the surface of the nickel cluster as shown in 
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Figure 2(b). The Ni atoms in the cluster and C atoms in the PAH molecule bind together and 

remain closely paired for the rest of the simulation. However, after a while, the pair collide with a 

second PAH molecule which eventually aligns itself to another face of the Ni13 cluster. Through 

another collision similar to the ones before, we observe the formation of an incipient soot particle 

composed of PAH stacks and a single inner layer of three PAH molecules surrounding the Ni13 

which acts as the nuclei. The resultant structure is shown in Figure 2(c). This procedure happened 

within a very short time period of 50 ps. It is noted here that the number of PAHs in the first layer 

depends on the size of the PAH. Larger PAH molecules leave less area of the Ni13 cluster accessible 

to other PAH molecules and thus making it difficult for them to bind to the cluster. 

At the same time, random collisions between PAH monomers themselves lead to the 

formation of several stacked PAH dimers bound by intermolecular interactions. The dimers 

subsequently collide with other PAH monomers which lead to the formation of trimers or tetramers 

as observed in the previous study by Mao et al.30 As the simulation proceeds, the outer shell of the 

soot particle comprised of a Ni13 core collides with other PAH stacks (dimers or trimers). With the 

evolution of time, much larger soot particles having multi-stacked conformations are formed 

through successful collisions as shown in Figure 2(d) and 2(e). Eventually, we observe two large 

soot particles, one of them with the Ni13 core, coalesce together to form a final soot particle. During 

the coalescence, the particle rearranges itself to give rise to a spherical shape while the Ni13 cluster 

repositions itself to the center. The final soot particle maintains its turbostratic structure40 with 

several locally aligned stacked clusters as observed in the previous study, but with nickel cluster 

as the core. 
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(a) 0.0 ps (b) 19.75 ps

(c) 47.25 ps (d) 269.0 ps

(e) 300.5 ps (f) 992.0 ps (g) 2000.0 ps

Figure 2: A series of snapshots demonstrating physical nucleation of soot particle obtained at different 
time of the ReaxFF-MD simulations for a system containing 50 ovalene molecules and Ni13 cluster at 800 

K. Cyan, white and blue spheres represent carbon, hydrogen and nickel atoms, respectively.

3.2.No Nucleation

Absence of physical nucleation or chemical growth in the presence of nickel cluster was 

observed at moderately high temperatures (1200~1600 K). Figure 3 shows snapshots of the 

trajectories of 50 coronene molecules at a temperature of 1600 K obtained through ReaxFF-MD 

simulations. In a system without nickel clusters we observed the formation of short-lived dimers 

or trimers30. At this temperature, the kinetic energy and the number of collisions of the PAHs are 
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higher than those at low temperatures, but the weak binding energy deters the dimers or trimers to 

grow in size. Hence these bound molecules evaporate back into monomers again before they can 

collide with other monomers and grow into larger soot particles. However, with the nickel cluster 

present in the system, we observe some PAHs are bound to the nickel cluster surface with strong 

Ni and C bonding which can survive this temperature. Figures 3(a) to 3(h) show the growth of the 

small particle as one by one PAH monomers are bound to the nickel surface. Contrary to that at 

low temperature, growth of the particles is limited to only the first layer outside the Ni13 cluster. 

The final particle with five PAHs attached to nickel as shown in Figure 3(h) is not sufficiently 

large compared to typically accepted nascent soot particle size30 to be considered as condensed 

soot particle and the region is identified as a no nucleation zone. 

(a) 0.0 ps (b) 21.25 ps (c) 847.25 ps

(g) 1185.0 ps (h) 1662.25 ps (i) 2000.0 ps

Figure 3: A series of snapshots demonstrating no significant nucleation of soot particle obtained at 

different time of the ReaxFF-MD simulations for a system containing 50 coronene monomers and Ni13 

cluster at 1600 K. Cyan, white and blue spheres represent carbon, hydrogen and nickel atoms, respectively.
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3.3.Chemical Nucleation

With the rise of temperature, the weak van der Waals force is not strong enough compared 

to the high translational kinetic energy of the PAHs to bind them together. In moderately high 

temperatures, we observed chemisorped PAHs in the nickel cluster. For small PAHs (up to A7) 

the particle growth was insignificant in size resulting in no nucleation. But at 2000 K and with 

extended timespan, we observed PAH chemisorption of nickel which gave rise to stable and 

condensed particles sufficiently large enough to be considered incipient soot. Figure 4 shows the 

snapshots of a typical chemisorption process of an ovalene molecule on the nickel cluster. From 

close observation of Figure 4(a) we found that the PAH molecule initially approaches and binds 

itself to the distorted icosahedral surface of the nickel cluster laterally. After about 30 ps, the nickel 

cluster absorbs a hydrogen atom (inside red circle) by breaking a C-H bond as shown in Figure 

4(b). The PAH, after losing an H atom, aligns itself in a perpendicular orientation to the nickel 

cluster while being surrounded by nickel atoms on both sides. Next, Figure 4(c) shows the cleavage 

of C-C bond of the partially dehydrogenated PAH molecule by nickel atoms. Similar mechanism 

is observed when monomers of 2-, 4-, 7- membered aromatic rings are chemisorbed into the nickel 

cluster leading to the formation of an incipient soot particle. The small size of the cluster barely 

passes our criterion for a condensed particle to be considered as soot. However, this phenomenon 

does indicate the possibility to observe nickel-assisted formation of soot at high temperatures 

without the complete fragmentation of the PAHs. The chemisorption tendency of PAH onto nickel 

cluster observed in ReaxFF-MD simulations in this work agrees well with previous theoretical and 

experimental works on chemical deposition on nickel using hydrocarbons37,47. 
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(a) 89.25 ps (b) 120.25 ps (c) 122.0 ps

(d) 2000.0 ps (e) 443.75 ps (f) 130.5 ps

Figure 4: Snapshots of key stages demonstrating chemisorption of ovalene monomers into a Ni13 

cluster at 2000 K representing incipient soot formation by chemical nucleation obtained from ReaxFF-MD 

simulations. Cyan, white and blue spheres represent carbon, hydrogen and nickel atoms, respectively.

The purely chemical pathway of nucleation occurs above 2000 K where the gaseous PAH 

molecules transform into condensed phase soot particles through the formation of chemical bonds 

that could survive the high temperature environment. The ReaxFF-MD simulations of 

homomolecular systems of PAHs indicate two possible routes for growth30. The first one is the 

formation of PAH stacks interconnected by aliphatic chains and the other one is the restructuring 

of PAH rings to generate fullerene-type carbonaceous soot particles. In our MD simulations, we 

observed the second route as the dominant pathway for chemical growth of soot at high 

temperatures. The presence of the nickel cluster is the most likely cause as nickel possesses 

graphitization properties48,49. The key stages of the chemical nucleation mechanism for 

circumcoronene at 2500 K are shown in Figure 5. In order to have a better understanding of the 

role of the nickel cluster in facilitating PAH fragmentation and reorganization, we have plotted the 

time evolution of the number of aromatic rings from three up to eight C-members in Figure 5. 
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(a) 0.0 ps (b) 59.0 ps (c) 134.0 ps

(d) 230.75 ps (e) 269.0 ps (f) 300.5 ps

(g) 380.75 ps (h) 1407.25 ps (i) 2000.0 ps

Figure 5: Snapshots of key stages of 50 circumcoronene monomers and Ni13 cluster at 2500 K 
representing incipient soot formation by chemical nucleation obtained from ReaxFF-MD simulations for. 

Cyan, white and blue spheres represent carbon, hydrogen and nickel atoms, respectively. The orange 
color atoms in (e) and (f) show the PAH monomer being chemisorped by the soot cluster.   

The overall chemical growth mechanism leading to the formation of polycyclic carbon 

networks of PAH monomers in the presence of the nickel cluster remains the same as those 

observed in a homomolecular system30. However, our MD-simulations indicate that the role of 

nickel is to accelerate the process. The first stage of the PAH decomposition is dominated by 

dehydrogenation of PAH monomers as shown in red circles of Figure 5(b). The completely 

vaporized nickel atoms attach to the carbon atoms of PAH monomers through random collisions. 
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Figure 5(c) shows a small soot structure (inside red circle) with bonded nickel atoms which later 

grows in size by consuming PAH monomers as demonstrated by Figures 5(d)-(f). According to 

Figure 6, the number of 6 C-member ring starts to decrease at a high rate from approximately 600 

to 1400 ps, whereas in the homogenous system this occurs at a later time (1000~1700 ps). The 

decline indicates the early onset of C-C bond splitting and the formation of linear 

polyyne/polyacetylene chains. At around 1400 ps, we can see from Figures 5 and 6 that the largest 

cluster is already generated but the number of cyclic rings is at a minimum representing the chaotic 

and highly disorganized nature of the carbonaceous soot particle.

Figure 6: Ring count statistics during the soot nucleation from circumcoronene monomers as a function 
of simulation time at 2500 K.

After 1400 ps, the numbers of 5,6,7 C-member rings start to increase again due to the 

internal reorganization of aromatic rings. In a homogenous system of PAHs, restructuring does not 

occur before 1700 ps. The rearrangement finally leads to a multi-shell fullerenic carbon structure 

with nickel atoms trapped on the surface of the shells. The final soot particle resembles the 

structure of endohedral metallofullerenes that has been previously investigated in theoretical and 

experimental works with Scandium and other metals50,51. The accelerated growth of fullerene type 
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structure in our MD simulations can be attributed to the presence of nickel which can catalyze 

graphitization47 and lower the activation barrier for C-H bond breaking52. 

3.4 Mechanisms of soot nucleation

The aim of this work is to investigate the incipient soot formation and growth in the context 

of a small nickel cluster through ReaxFF MD simulations. In this section, we quantitatively discuss 

the effects of various conditions under which the formation of soot clusters has been studied: PAH 

molecular weight and system temperature. We compare our ReaxFF-MD results with the previous 

work by Mao et al.30 The clustering data is averaged from three independent simulations with 

different initial configurations. Figure 7(a) shows the final size of the largest soot particle formed 

during the ReaxFF-MD simulations of six different PAHs at different temperatures and Figure 

7(b) shows the corresponding C/H ratios. We have adopted a similar methodology for the 

quantitative analysis as mentioned in the previous study in order to isolate the effects from Ni on 

PAH nucleation. To set up a criterion for soot formation, we considered the threshold monomer 

number in a nucleated particle as greater than 5 for all the PAHs studied. According to our 

observations in earlier sections, soot formation through chemical nucleation involves PAH 

fragmentation, ring-opening and reorganization. Hence to maintain consistency between physical 

and chemical nucleation pathways we divided the cluster mass by the corresponding monomer 

mass to convert it into an equivalent number of monomers present in the cluster. In all cases 

however, the mass of the nickel cluster has not been taken into consideration during the calculation 

of the size of the largest soot particle.    

The most noticeable effect of Ni13 cluster on soot nucleation can be seen at low 

temperatures when physical nucleation through sticking collisions is the only pathway for the PAH 

molecules to form large soot particles. At 400 K, all of the homomolecular systems contained 
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several distinct soot particles and the largest cluster formed in those systems comprised of 39-64% 

of all the PAH molecules present in the system. But in the presence of nickel cluster, the results 

demonstrate a stark increase in the size of the largest cluster. The final soot particle after the 

simulations contained about 82-100% of all the PAH molecules present in the system. The cause 

for the overall increase in the size of the cluster is the site provided by the nickel cluster during the 

simulations.  Initially the PAHs bind around the surface of the nickel cluster, thus providing three-

dimensional surface area for further collision. This early onset of nucleation paves the way for the 

PAHs to bind and form larger clusters within the simulation lifetime.

When the temperature is raised to 800 K, the nickel cluster presence shows very limited 

effect on cluster sizes. For smaller PAHs like naphthalene, anthracene and pyrene with weak 

intermolecular interactions, we see a slight increase of about 1~3 molecules in the cluster. This is 

owing to the strong bonding between the PAHs and the nickel cluster that could survive this 

temperature. Larger molecules like coronene, ovalene and circumcoronene, have stronger 

intermolecular interactions and more successful collisions at this temperature41. Thus, in these 

cases the elevated temperature and increased number of sticking collisions result in the formation 

of large soot particles without the help of the nickel cluster. Between 1200 K and 1600 K, there is 

only slight difference in size between the two systems for PAH molecules up to coronene. 

However, for some cases, i.e. coronene at 1200 K, the addition of nickel resulted in a cluster large 

enough (containing greater than 5 monomers) to be considered incipient soot particle. All of the 

PAH molecules manifest a similar trend at 2000 K, where the dehydrogenation and chemisorption 

of PAH monomers by nickel gives rise to nascent soot, resulting in lowering the chemical 

nucleation region from 2500 K30 to 2000 K. 
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         (a)                                                                  (b) 

Figure 7: ReaxFF-MD results of (a) equivalent PAH monomer numbers and (b) C/H ratio in the largest 
soot particle formed within systems of six different PAHs, namely naphthalene (A2), anthracene (A3), 
pyrene (A4), coronene (A7), ovalene (A10) and circumcoronene (A19) and Ni13 cluster as a function of 

temperature ranging from 400 to 2500 K.

At 2500 K, all the PAHs become chemically active and we again observe the formation 

and growth of incipient soot particle. Our MD results indicated longer polycyclic or chain 

structures for naphthalene, anthracene and pyrene systems compared to homomolecular systems. 

However, the graphitization property of nickel is most prominently observed in large PAH 

systems. The presence of nickel brought about the early initiation of ring-opening, formation of 
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large carbon networks and internal redistribution of 5-, 6- and 7-membered rings to form bigger 

three-dimensional caged structures than those observed in homogenous systems of PAHs. The 

extent of nickel assisted C-H bond breaking can also be observed in Figure 7(b). At temperatures 

below 2000 K, the C/H ratios of the largest soot particles in homogenous systems are the same as 

the corresponding PAH monomers. However, with nickel, the dehydrogenation begins at 

temperatures as early as 1200 K for smaller PAHs. For larger molecules, the C/H ratio increases 

after 1600 K. At 2500 K, we observe a significant rise in the C/H ratio of all the PAHs in the nickel 

cluster system. The results confirm the catalytic role of nickel in dehydrogenation and facilitating 

the process of fullerene type soot formation.

Figure 8: Overall representation of three different nucleation pathways of soot formation from PAH 
precursors in the presence of a Ni13 cluster at a range of temperatures from 400 K to 2500 K. The physical 

nucleation, no nucleation and chemical nucleation pathways are denoted by closed red squares, black 
diamonds and blue circles, respectively. Depending upon the PAH type and mass and temperature, the 
three regimes of soot nucleation are shown as: (i) physical nucleation (white), (ii) no nucleation (light 

grey) and (iii) chemical nucleation (dark grey).

A summary of PAH soot formation behavior is presented in Figure 8, where three distinct 

regions of sooting mechanism have been identified with white (physical nucleation), light grey (no 
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nucleation) and dark grey (chemical nucleation). The green dashed zones indicate the temperatures 

at which we observed deviation from previously studied homogenous soot nucleation behaviors. 

The overall effect of the nickel cluster is twofold: first, to raise the physical nucleation region for 

naphthalene, anthracene, pyrene, coronene and ovalene and second, to lower the chemical 

nucleation region for all the PAHs thus shrinking the no nucleation area, with respect to 

temperature.

4. Conclusion

In this paper, we have investigated the effect of a small nickel cluster (Ni13) on the dynamic 

processes of soot formation and growth using ReaxFF-MD simulations. We scrutinized the 

nucleation process of incipient soot particles from six different PAH monomers, namely, 

naphthalene (C10H8), anthracene (C14H10), pyrene (C16H10), coronene (C24H12), ovalene (C32H14) 

and circumcoronene (C54H18), constituted of 2-, 3-, 4-, 7-, 10-, and 19-numbered aromatic rings, 

respectively. To determine the role of the nickel cluster, we have compared the results of this study 

to those in homomolecular systems previously conducted by Mao et al.30 A detailed comparative 

description of the mechanisms of soot formation in those two systems through physical and 

chemical nucleation as well as a quantitative analysis of the incipient soot particles is presented in 

the study. The temperature effects on the nucleation pathways and the final soot size have been 

obtained by performing a series of ReaxFF-MD simulations for a range of temperatures from 400 

K to 2500 K.  

At low temperatures such as 400 K and 800 K soot formation is through physical nucleation 

only. Aside from colliding and forming dimers and trimers, the PAHs attach themselves to the 

nickel cluster surface which acts as a nucleus and collide with other monomers and form incipient 

particles comprising stacked clusters around nickel. The turbostratic cluster thus formed comprises 
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of PAH molecules bound by van der Waals forces with the nickel cluster claiming the center. Since 

the PAHs attached to the nickel cluster provides more surface area for soot growth than dimers or 

trimers, we observe the formation of larger soot particles during the same time span as compared 

to the homomolecular system. At an elevated temperature such as 800 K, the effect of the nickel 

cluster is not very significant for larger PAHs. Only in the systems of smaller PAHs we observe 

an overall addition of 1~3 monomers to the largest cluster leading to soot particle formation. Even 

at high temperatures with increased collision frequency, binding energies between larger PAH 

molecules are strong enough to produce soot particles without any help of a nickel cluster. Within 

the temperature range of 1200 K to 2000 K, we observe chemisorption of PAH molecules onto the 

nickel cluster. The dehydrogenated and chemisorped monomers cause soot formation via the 

chemical route at an early temperature of 2000 K.  

At a high temperature such as 2500 K, the dominant chemical pathway is the generation of 

the fullerene type soot particle. This is because of the catalytic role of the nickel cluster in hydrogen 

removal and C-C bond fission of the PAHs while forming large carbon networks. The simulations 

conducted in this study suggest the presence of nickel clusters cause early dehydrogenation and C-

C bond breaking and thus accelerates the ring opening, fragmentation, and later internal 

rearrangement to form the fullerenic structure. The comparison of time evolution of C-member 

ring numbers in the homomolecular system and a system with nickel cluster confirms that the 

reorganization and condensation occur earlier in the latter case. The final soot particle is an 

endohedral type multi-shell fullerene structure with nickel atoms at the surface of the cage. The 

atomic level details obtained from ReaxFF-MD results of this study facilitate the study on the 

complex mechanisms of soot formation and growth in the presence of metal clusters. The approach 

presented here provides valuable insights into the prediction of sooting tendency with regard to 
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trace metal elements, which are ubiquitous in the combustion chamber and as such are of major 

importance. Reduction of particulate matter emissions is a significant factor to consider during the 

design of diesel engines. Additional insights into the design and how the trace metals affect the 

growth of soot can have potential to control this type of pollutant.
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