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Abstract

We report the first numerical evidence of the phase change of polycyclic aromatic
hydrocarbon (PAH) clusters induced by mass addition using molecular dynamics
(MD) simulations. We find that an irregular spherical coronene50 cluster in the liq-
uid phase is transformed to a columnar particle in the solid phase by coalescing with
an identical cluster at 455 K. The evolution of the intermolecular energy and the Lin-
demann Index are used to monitor the phase change process. The physical reason
behind this transformation is the size-dependence of the melting point. We hypoth-
esise that this transformation is a possible mechanism explaining the transition from
liquid-phase coalescence to solid-phase fractal growth of soot particles .

1



Contents

1 Introduction 3

2 Computational method 3

3 Results 5

4 Discussion and Conclusion 8

References 10

2



1 Introduction

Soot formation is one of the key environmental problems associated with the operation
of practical combustion devices. It is well accepted that mature soot particle appears as
aggregates of solid particles even at flame temperatures (i.e. 2000 K) [4]. Following this,
models of soot formation often assume that the growth of particles results in completely
solid particles [2, 10, 11, 14]. However, several experimental studies have shown this is
not the case. Recently, some experimental [20] and numerical [3] evidence suggests that
nascent soot particles are liquid-like, especially at sizes smaller than 10 nm. This raises
the question about the phase transformation of soot particles from the liquid phase to the
solid phase. However, the mechanism by which this phase change takes place is not really
understood.

A valid theoretical tool is required to address the dynamics of this phase transformation.
Molecular dynamics (MD) is a good candidate as it probes a system at a microscopic
level and it has been successfully used in a number studies of the clustering of the soot
precursors, i.e. polycyclic aromatic hydrocarbon (PAH) molecules [3, 5, 12, 19]. Specif-
ically, Schuetz and Frenklach [12] first used molecular dynamics to investigate the clus-
tering behaviour of various small PAH molecules. Fiedler et al. [5] investigated the clus-
tering of PAH molecules using a course grain method that allowed MD simulation of 106

atoms for hundreds of nanoseconds. This investigation demonstrated the temperature de-
pendence of particle aggregation in flames. More recently, Totton et al. [19] used a novel
intermolecular potential rather than the commonly used Lennard-Jones potential to study
the dimerisation behaviour of different PAH molecules at various temperatures. The re-
sults improved our understanding of the soot inception mechanism. MD simulations have
also been used to study melting points of PAH nano-clusters, Chen et al. [3] estimated
the melting points of homogenous pyrene and coronene clusters. This work suggested
PAH molecules within clusters are highly mobile at flame temperatures and supports the
feasibility of sintering of nascent soot particles.

In the present work we use molecular dynamics simulations to monitor the phase change
of a coronene50 cluster when it coalesces with an identical cluster at different tempera-
tures. We hypothesise that the observed phase change phenomenon plays an important
role in the transition of nascent soot particles from liquid phase coalescence (or fully
sintered growth) to solid phase fractal growth.

2 Computational method

In our MD simulations, the previously developed isotropic potential (termed isoPAHAP)
is used to account for the intermolecular interactions between C–C, C–H and H–H. The
details of this potential have been published elsewhere [3, 16–18]. The intramolecular in-
teractions have been determined using the aromatic parameters from the OPLS-AA force
field [6] for bonds, angles, dihedrals and improper dihedrals.

Two coronene50 clusters were placed next to each other with a distance of 3.5 nm between
their centres of mass (COM). Since the spherical diameter of coronene50 is 3.5 nm in the
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liquid phase [3], this COM distance would result in point contact between the two ini-
tial configurations if assuming spherical particles. However, the closest distance between
the initial configurations is approximately 0.35 nm due to their irregular surfaces. Cal-
culations were performed for three temperatures, 400 K, 455 K and 500 K. At 400 K, the
initial coronene50 clusters are in a well-defined solid phase, whilst at 455 K and 500 K,
the coronene50 clusters are in a liquid phase as suggested by a previous melting study of
homogenous coronene clusters [3]. The initial structures were taken from the previous
melting work [3]. For the 400 K case, a solid-phase cluster with parallel long stacks orig-
inally equilibrated at 400 K is used, whilst for the 455 K and 500 K cases a liquid-like
particle with an irregular near-spherical configuration originally equilibrated at 455 K is
used (see the initial stages in Figure 1).

We used the same simulation setup as the production runs in previous melting study [3]
because the setup was fully tested and successfully mimicked the real systems at the
corresponding temperatures. Likewise, the total simulation time is 10 ns for all three cases
because the previous work suggests that such a long simulation time will ensure that the
resultant configurations reach an equilibrium state. The whole trajectories are examined
to identify the evolution of the phase change.

In order to determine when the phase change takes place, we use the methods defined
previously [3]: local and global Lindemann Index, intermolecular energy and visual in-
spection of the morphological change. In each case, the physical quantities (intermolec-
ular energy, Lindemann Index, etc.) were calculated as an average over each 1 ns of the
trajectory to identify the state of the system.

The Lindemann Index of an individual molecule within a cluster is expressed as

δi =
1

N − 1

∑
j 6=i

√
〈r2ij〉T − 〈rij〉2T
〈rij〉T

, (1)

where N is the number of molecules within the cluster, i and j are the index of ith and
jth molecule, respectively, δi is Lindemann index of the ith molecule, rij is the distance
between centre of mass of molecule i and that of molecule j, 〈. . . 〉T represents an average
quantity over 1 ns at temperature T .

The global Lindemann Index δG of a cluster is expressed as

δG =
1

N

N∑
i=1

δi. (2)

To explicitly monitor the local phase change phenomenon, the cluster was divided into
concentric shells of thickness 3.5 Å, which is the layer separation of a PAH stack [8, 15].
Molecules are assigned to each shell according to the distance to the mass centre of the
final configuration. Let S represent a set containing the molecule indices in a particular
shell. The local Lindemann Index of each shell is defined as

δL =
1

|S|
∑
i∈S

δi, (3)
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Figure 1: The morphological evolution of two coronene50 clusters coalescing at three
temperatures, 400 K, 455 K and 500 K. The white atoms represent hydrogen,
the red atoms represent carbon.

where δL is local Lindemann Index of each shell and |S| represents the number of molecules
in the corresponding shell. Generally speaking, δG and δL represent the global and local
mobility of the molecules within the investigated clusters respectively.

3 Results

The evolution of the particle morphology was examined visually to monitor the phase
changes. In Figure 1, configurations of the resultant particles at four representative stages
are shown: 0 ns represents the initial stage, 3 ns represents the stage at which the resultant
particle at 455 K starts solidifying, 6 ns represents the stage at which the configurations
approach their equilibrated configuration and 10 ns represents the final stage at which
all the configurations of the resultant particles have reached their equilibrium states. By
viewing the detailed trajectories (attached as supplementary material), the two clusters
at 400 K are seen to move towards each other and result in “point contact” within the
first 1 ns. In the remaining simulation time, only minor rearrangements of the surface
molecules are observed. The final configuration exhibits a certain degree of overlap at the
edges of the original clusters. The resultant new cluster maintains a solid-like configu-
ration that is composed of long parallel stacks. At 455 K, the two clusters move towards
each other and merge to a greater extent than at 400 K. Subsequent rearrangement results
in a transformation from a liquid droplet to a solid particle. Specifically, the morphol-
ogy was changed significantly from an irregular spherical particle to a columnar particle
at approximately 3 ns. At 500 K, the two liquid-like clusters coalesce very quickly, and
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Figure 2: The global Lindemann Index evolution of two coronene50 clusters coalescing
at 400 K,455 K and 500 K respectively.

(a) 400K (b) 455K

(c) 500K

Figure 3: The intermolecular energy evolution of two coronene50 clusters coalescing at
400 K,455 K and 500 K, respectively. The red lines represent the evolution of
the moving average with 1 ns as the window size.
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Figure 4: The radial distribution of local Lindemann Index of the merged particles at the
early and late stages of coalescence.

intensive rearrangement is observed across the whole simulation time. The resultant con-
figuration remains liquid-like, as suggested by the melting point. From previous work [3],
the resultant coronene100 cluster is in a well-defined solid phase at 400 K and 455 K, but in
a liquid phase at 500 K. However, at 455 K, the initial coronene50 clusters are in the solid
phase. Thus, the 455 K case is considered as a transition case due to the size-dependent
melting behaviour of coronene clusters [3]. This case allows us to rule out the effect of
temperature when observing the phase change after the collision of the two coronene50
clusters.

Figure 2 shows that the global mobilities of the molecules within the clusters at 400 K and
500 K are almost constant across the whole simulation time, whilst decrease is seen in the
mobility of the molecules in the cluster at 455 K due to the formation of large PAH stacks.
This indicates a phase change. Figure 3 further supports the presence of a phase change
in terms of the intermolecular energy. At 400 K, the intermolecular energy converged at
approximately -0.96 eV per number of molecules in the cluster (or -0.96 eV/#) whilst it
was -0.82 eV/# at 500 K. At the transition temperature of 455 K, the intermolecular energy
decreased from -0.85 eV/# to -0.94 eV/# during the rearrangements. This shows excellent
agreement with the previous study for which a latent energy of 0.084 eV/# was calculated
for the coronene100 cluster during solidification [3].

To further confirm the phase change phenomenon, we used the local Lindemann Index
criterion to identify the phase of the coronene100 clusters, at the early and late stages of
coalescence. The first 1 ns of the trajectory is interpreted as the early stage of coalescence,
while the last 1 ns of the trajectory is interpreted as the late stage. Figure 4a indicates that
the 455 K and 500 K cases are in well-defined liquid phases during the early stages of
coalescence, as suggested by the high value of local Lindemann Index across the entire
clusters, while the 400 K case is in the solid phase as suggested from the reduced value of
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the local Lindemann Index. In contrast, Figure 4b indicates that the resultant cluster is in
the solid phase by the late stages of coalescence at 455 K as shown by the reduced value
of the local Lindemann Index. The curved line can be interpreted as a surface melting
phenomenon [3]. It is worth noting that the local Lindemann Indices at 400 K and 500 K
show little variation between the early and late stages of coalescence, indicating that no
phase change took place. In summary, we observe a phase change in a coronene50 cluster
at 455 K by coalescing it with an identical cluster. It is shown that this phase change
phenomenon only occurs within a transition temperature range, and that no phase change
is observed above or below this temperature range.

4 Discussion and Conclusion

The fundamental cause of this phase change phenomenon lies in the nature of the size-
dependent melting mechanism [3]. Specifically, the melting point of coronene100 is 500 K
while that of coronene50 is 455 K. Therefore, any form of mass addition due to physical
processes, e.g. coalescence with another particle or condensation of molecules from the
gas phase, results in an increase in the melting point of the resultant cluster. However, the
extent of increase will depend on the amount of mass change. Likewise, mass addition
due to chemical processes will also increase the melting point of the resultant cluster due
to the fact that the melting point of clusters of larger PAH molecules is higher than that
of a corresponding cluster of smaller PAH molecules. Overall, this implies that the mass
addition processes can solidify liquid-like particles i.e. change the phase of particles.

When taking a more detailed look at the numerical results, we are able to shed light on the
transition from liquid-like growth by particle coalescence to solid-phase fractal growth of
soot particles. To understand the details of the coalescence processes performed in the
present work, we show the evolution of COM distance between the two initial configura-
tions in Figure 5. This indicates that the coalescence of the two clusters is strongly de-
pendent on temperature. Specifically, the interaction between liquid-like particles always
results in coalescence, whilst the interaction between solid particles results in fractal-like
growth. At low temperature, i.e. 400 K, the solid particles only exhibit partial overlap and
no sign of further merging was found as the COM distance converges to about 1.6 nm,
indicating fractal-like growth. At 500 K, the coalescence occurs very quickly (within
approximately 2 ns) at which point the COM distance approaches 0 nm and further sim-
ulation only causes the rearrangement of the liquid-like configuration. However, at the
transition temperature, i.e. 455 K, the COM distance quickly decreases to about 0.7 nm as
the liquid-like particles coalesce during the first 3 ns. However, the COM distance subse-
quently remains constant, indicating that the particle is now in a fractal growth regime and
that the resultant cluster has solidified, and no longer display liquid-like behaviour. Thus,
the transition temperature case can be considered as a condition that controls the transi-
tion from coalescence to fractal growth. The above analysis suggests a mechanism which
explains the dynamics of the transition from coalescent growth to solid-phase aggregation
in the context of coronene clusters; the transition is caused by phase change due to mass
addition. As coronene is a common building block in soot particles, one may apply the
above mechanism to improve the understanding of the transition from immediate coales-
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Figure 5: The evolution of the centre of mass distance between two coronene50 clusters
at 400 K, 455 K and 500 K, respectively.

cence to fractal growth of soot particles. While soot generally forms at temperatures much
higher than the ones considered here, it should be noted that both the number and size of
the molecules involved are much higher as well. For this reason, the mechanism consid-
ered here provides a possible explanation for the transition from coalescence to fractal
growth even at peak temperatures in a flame. Of course, as the temperature drops in the
post-flame region, particles will also solidify. Overall, we note that the above mechanism
is not limited to PAH molecules, as size-dependent melting behaviour is commonly ob-
served in other systems, e.g. titanium dioxide [7], silicon [21], nickel [9], iron [13] and
gold [1] nanoparticles.

In conclusion, molecular dynamic simulations using a previously developed PAH inter-
molecular potential were performed to monitor the interactions of two coronene50 clus-
ters under various temperatures. Phase changes were identified by monitoring the in-
termolecular energy and Lindemann Index evolution as well as visual inspection of the
morphological evolution of resultant clusters. A clear phase change of the resultant clus-
ter was observed at an intermediate temperature of 455 K, indicating that the phase of an
individual particle can be altered by mass addition. The present results can be used to
interpret experimental observations of soot particles which suggest that small soot parti-
cles are liquid-like while larger soot particles behave as fractal-like solids, even in high-
temperature environments.
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