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Nucleation of fullerenes as a model for examining the formation of soot
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The formation of soot begins with the nucleation of nanoparticles, a process difficult to model due
to the complexity of the constituent particles. Fullerenes have characteristics resembling the
particles found in soot, but their simpler structure makes simulations more tractable. We propose
that the nucleation of fullerenes may serve as a window to the formation of soot nuclei. Using
molecular dynamics simulations, we analyze the nucleation rates of homomolecular systems of Cgp,
Cgps Cigo, and Cyy fullerenes as function of temperature and molecular mass. For temperatures
lower than 1000 K, the four systems show similar characteristics, with significant nucleation rates,
due to the low energy that favors binding. At higher temperatures, the high kinetic energy limits the
binding probability between fullerenes, and molecular clusters are only detected in systems
composed of C,gq and C,4y. The analysis shows that particles with molecular masses between those
of Cgp and Cig could be critical for the transition from monomers to clusters. The computational
findings are then related to experimental data of combustion-generated particles present in the
literature to assess the feasibility of a physical nucleation pathway in high temperature regimes. The
results obtained using molecular dynamics simulations highlight the importance of a physical
nucleation pathway to describe the formation of molecular clusters when the particle concentration
exceeds a critical value. These results represent the first step toward a more complete description of
nanoparticle formation and soot nucleation in high temperature regimes. © 2010 American Institute

of Physics. [doi:10.1063/1.3345630]

I. INTRODUCTION

Nucleation is a widely used term across many fields of
science and technology with examples ranging from vapor
condensation to protein crystallization. Most of these appar-
ently different phenomena share common threads requiring
the overcoming of an energetic barrier and the formation of
an initial nucleus.' These characteristics apply also to the
process of soot nucleation, which bridges the transition from
gaseous hydrocarbons to macromolecular building blocks
(nanoparticles) that eventually turn into soot. In combustion
conditions, however, the high temperatures and large pools
of radicals make the process of nanoparticle formation and
growth very complex, and chemical reactions together with
physical nucleation paths play important roles. As a conse-
quence, along with the difficulties to study the process ex-
perimentally due to its time and length scales, particle nucle-
ation still remains the least understood step within the soot
formation process.z’3

Polycyclic aromatic hydrocarbons (PAHs) have often
been invoked as important compounds for the soot nucle-
ation process.4’S One of the first papers published on this
topic was by Stein and Fahr,® who studied the stability of
benzenoid polyaromatic molecules as function of tempera-
ture and acetylene and hydrogen concentrations.

Various research groups analyzed the intermolecular
binding of this class of compounds;3’7_9 Miller® calculated
the lifetimes of PAH dimers in flame conditions and con-
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cluded that agglomeration becomes important only for colli-
sions of PAH whose mass exceeds ~800 amu, since they
can form dimers with lifetimes longer than the characteristic
time for chemical growth and, therefore, contribute to par-
ticle growth. Schuetz and Franklach’ investigated the colli-
sion of two pyrene molecules using semiempirical molecular
dynamics (MD) methods and showed that aromatic dimers of
species as small as pyrene can survive long enough to evolve
into soot nuclei; approximately 15% of the collisions at 1600
K resulted in dimers, with the majority lasting 2-8 ps and a
substantial fraction lasting longer (~17 ps). A similar study
on lifetimes of aromatic molecules linked by aliphatic chains
(AALH) and pericondensed aromatics (PCAH) (Ref. 10) has
shown an increase in the dimer lifetime with an increase in
molecular mass. Recently, Herdman and Miller® published a
detailed study of the intermolecular potentials for PAH clus-
ters showing that the total binding energy increases with
each additional layer of PAH and approaches an asymptotic
limit that depends on the molecular size. Additional work,
however, is required to address the importance of PAH ag-
glomeration in combustion conditions and, mostly important,
to link the lifetime of dimers with their further growth to
form soot nuclei.

During the past several years, our group studied the for-
mation of carbonaceous nanoparticles as result of chemical
reactions between small hydrocarbons.,”_14 using a combina-
tion of MD and kinetic Monte Carlo (kMC) methodologies.
The kMC explores the conformational space defined by the
interactions between gas-phase species and nanoparticles,
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while the MD module relaxes the nanoparticle structures at
flame temperatures. This novel methodology, embedded in
the atomistic model for particle inception (AMPI) code, de-
scribes the transition from gas-phase species to incipient par-
ticles via chemical interactions and it keeps track of chemical
as well physical properties, such as particle composition,
morphology, surface area, volume, etc.'>!® The AMPI method
has been very successful in reproducing some flame charac-
teristics, and recently it has been employed by our group to
study the formation of nanoparticles in counterflow diffusion
flames of propane,13 to assess the importance of chemical
growth mechanisms in different conditions. In this last study,
we identified combustion regimes where the formation of
nanoparticles via chemical reactions was not enough to jus-
tify the experimental data on particle concentrations. We,
therefore, concluded that an additional mechanism, based on
physical interactions of PAH/PAH and nanoparticle/PAH,
needed to be considered to describe the transition from small
hydrocarbons to nanoparticles.

Following up on these results, in this study, we explore
the dependence of molecular sizes and concentrations on the
physical nucleation of nanoparticles in a wide range of tem-
peratures. To this end, MD simulations are used to study
systems composed of carbonaceous nanoparticles (fullerenes
Ce0» Cg0> Cis0, and Cyyp) in the temperature range 500-2000
K. There are two main reasons for choosing fullerenes as
representatives for nanoparticles: (i) Fullerenes have a
graphene-like shell structure resembling the aromatic part of
nanoparticlf:s,3’779’13 and (ii) fullerenes of various sizes have
similar morphologies with minimal steric hindrance, and it
is, therefore, easy to single out the effect of particle size on
coagulation rate. After presenting the methodology and the
computational results in terms of nucleation behavior as
function of particle size and temperature, Sec. III B reports a
discussion of the computational results for fullerene nucle-
ation in the context of soot formation and available experi-
mental data.

The MD results obtained in this study show the feasibil-
ity of a physical nucleation process to describe the growth of
nanoparticles in specific combustion conditions. These new
findings complement our previous study on chemical growth
of nanoparticles11 and show that the nucleation process can
be the result of physical and chemical pathways, whose rela-
tive importance is dictated by combustion conditions.

Il. METHODOLOGY
A. Model

Homomolecular systems of Cg, Cg, C;g9, and C,yo were
simulated using the canonical NVT ensemble with cubical
periodic boundary conditions. The familiar form of a short-
range 6—12 Lennard-Jones (LJ) potential was employed to
model the non-bonded interactions between atoms. The total
conformational energy between two fullerene molecules was
defined as
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where A and B are the attractive and repulsive constants and
r;; is the distance between two interacting atoms. The values
of A and B were taken from the discrete carbon-carbon po-
tential for Cgy—Cg developed by Girifalco et al.'®"’
(A=15.2 eV A° and B=34.8X 10> eV A'?), who computed
the potential parameters by matching the calculated values of
the cohesive energy and lattice constant to experimental
data.'® This potential has been used by other research groups
to compute molecular properties of Cq, and compared with
experimental data for the heat of sublimation and lattice
constant.'®'® The discrete atom-atom model was used in this
study to facilitate the scale up of the potential to bigger
fullerene molecules. The LJ potential cutoff was set at 30 A
and the molecules were considered to be rigid. The elimina-
tion of intramolecular potential is consistent with the con-
tinuum model proposed by Girifalco,'® which simplifies the
system by averaging the potential over the surfaces of the
molecules. This model has been used to study the growth of
fullerene clusters, interaction of Cg, with a graphite surface
and thermal expansion of C60.19 The temperature was con-
trolled using the Nosé—Hoover thermostat. Keeping the tem-
perature constant is very important since an inefficient ther-
malization may have a strong influence on the results. A
recent work by Wedekind et al.” investigated the influence
of carrier gases and thermostats on nucleation processes de-
scribed with MD. The authors analyzed the efficiency of ve-
locity rescaling, Nosé—Hoover, and a carrier gas (mimicking
the experimental condition), and reported that the choice of
the thermostating method does not have a significant influ-
ence on the nucleation rate, obtaining deviations of less than
a factor of 1.7. The trajectories were integrated using the
velocity Verlet method, using a time step of 0.05 ps. All
calculations were performed using the DL_POLY _2.18 soft-
ware package.21

B. Initial conditions

The concentration of particles was set at 8 X 10'® cm™,
with 343 molecules for the Cqy and Cg, systems (35X 35
%35 nm? box) and 125 molecules for the C,gy and Cayq
cases (25X 25X 25 nm? box). The value of particle concen-
trations chosen for the simulations is higher than the experi-
mental values reported in the literatures. To address this
point, however, in Sec. III B we report a detailed discussion
of the effect of particle concentration on the degree of clus-
tering of nanoparticles. The systems of molecules were ini-
tially simulated at high temperatures (~3500 K) to sample
three initial configurations. The temperature range analyzed
spans of 500-2000 K considering intervals of 100 K for a
total of 16 temperatures.

C. Identification of clusters

An important component of this study is the definition of
molecular clusters. While the simplest way is to use the dis-
tance cutoff, this criterion can become increasingly inad-
equate in a scenario where small clusters are constantly pro-
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FIG. 1. Percentages of Cg, Cgg, Cig9, and Cyy fullerene molecules in

duced and destroyed, since the distance cutoff will
overestimate the number of clusters by not distinguishing
between mere collisions and agglomeration events. There-
fore, in addition to this first criterion, we also compared the
rotational and vibrational energies of a molecular pair to the
binding potential energy, defined as the sum of atomistic
intermolecular interactions. This criterion can be expressed
as follows:

%(Evimi Evimi‘l‘zl}jmj)z

2
E_niz<§)v/mj B vm;+ Zvjmj>

o (S A
i Tij Tij
where 7 and j are the atoms in two different molecules and A
and B are the LJ parameters used in the MD simulations.
Under the assumption that both molecules are internally
rigid, the left side represents the sum of the rotational and
vibrational energies of a newly formed dimer. These energies
are associated with the reaction coordinate of dissociation of
the dimer and therefore inequality (2) can be a strong indi-
cator of the stability of dimers. For a system composed of N
molecules, N(N—1) molecular pairs were evaluated.
However, since other degrees of freedom than the ones
reported in Eq. (2) can lead to the dissociation of the cluster,
this method has an inherent inaccuracy. For example, even if
a dimer has low vibrational and rotational energies, a high
translational energy can lead to the instant dissociation of the
molecular pairs via a collision event. At the same time, it is
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the state of monomers as function of time at various temperatures.

also difficult to clearly define molecular dimers during a
simulation because their lifetimes and stabilities vary greatly.
Therefore, we visually inspected the computed trajectories at
various time steps and compared the behavior of the mol-
ecules with the results obtained using the criteria discussed
above. The agreement in terms of important quantities (e.g.,
the size of biggest cluster, the number of clusters, and the
number of monomers) was very good.

lll. RESULTS AND DISCUSSIONS

A. Simulation results

Figures 1 and 2 report the percentages of fullerenes
present in the system as monomers and the number of
fullerenes per cluster for Cgy, Cgg, Cig9, and C,yy molecules
as function of time at different temperatures. At 500 K, the
systems show a significant number of “sticky” collisions and
the percentage of monomers decreases by 80% over a time
interval of 1000 ps reaching an average of 3.5 to 4 fullerenes
per cluster. The nucleation rate at 500 K, identified by the
disappearance of monomers in the system, is the highest
among the conditions investigated. However, for the systems
composed of Cigy and Cyy, the growth of nuclei at 500 K
reaches a plateau between 600 and 700 ps. This result can be
explained using the Maxwell-Boltzmann molecular speed
distributions of two homogeneous systems at different tem-
peratures, as their conceptual plots are drawn in Fig. 3(a). At
Tiow (e.g., 500 K in our simulations), molecules with rela-
tively high translational energies participate to the formation
of nuclei since they are able to reach each other within a
relative short time, and their energy levels favor binding
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FIG. 2. Mean cluster size (number of fullerenes per cluster) as a function of time at various temperatures.

[Fig. 3(b)]. Since this process can be faster than the energy
transfer, molecules with low translational kinetic energies re-
quire longer time to reach the adjacent species and remain in
the system as monomers. In this situation, shown as T, in
Fig. 3(c), the system looks “frozen” due to the low speed of
the molecules and nuclei. At higher temperatures, this effect
is negligible since the binding probability is relatively low
due to the high kinetic energies of the molecules. These two
scenarios can explain the crossover behaviors reported in
Fig. 2 for curves c1 and c2 [Fig. 2(c)] and curves d1, d2, and
d3 [Fig. 2(d)].

At 1000 K, the four systems (Cgg, Cgg, Cigo» and Coyg)
show different behaviors. The average size of Cg, and Cg
clusters does not exceed 1.35 fullerenes (curves a2 and b2 in
Fig. 2) and the percentages of monomers in the systems are
~80% for Cg, and ~60% for Cg at the end of 1 ns simula-
tion. Cgo and Cgy nuclei are constantly formed but they dis-
sociate because of thermal fluctuations and the majority of
the clusters exist as dimers. Differently, in these conditions,
Cg0 and C,y systems still show nucleation events. At 2000
K, only the biggest molecules—C,,—present some nucle-
ation events.

To further investigate the behavior of the systems, we
computed the Lindemann index (LI),22 that is an indicator of
the molecular disorder. While the LI is typically used to
identify phase transitions by observing an increase above a
critical value or a departure from linearity in a global LI
set,” in this study, the LI is used to investigate the nucleation
process. The formation of a nucleus lowers the LI signifi-

cantly and a departure from linearity in a global set can be
interpreted as the onset of nucleation process. The LI is de-
fined as

2 % (R}) - (R;)*
(R;j

Ojin= "<
"N =1 5

where R;; is the distance between the centers of masses of the
molecules, and the angle brackets indicate a time averaged
quantity. In equilibrium conditions, the LI does not depend
on the sampling period if the values are averaged for long
time. However, in this study, the LI changes over time due to
the nonequilibrium conditions. Therefore, in order to com-
pare the results obtained for the four systems at different
temperatures, we averaged the values of LI between 0.75 and
1 ns with 5 ps intervals and the results are reported in Fig. 4.

The system composed of Cg, molecules shows the high-
est values of LI over the temperature range 500-1000 K,
implying that the molecules are in a thermally disordered
state and the formation of nuclei is not significant. At low
temperatures, the values of the LI decrease and the system
shows a more ordered state with the formation of nuclei. The
system composed of Cg, molecules has an overall value of
the LI slightly lower than the one obtained for the Cg, en-
semble. Large fullerenes (C,g, and C,4) present significantly
lower values of the LI over the entire temperature range 500—
2000 K when compared with the Cgy and Cgq systems, espe-
cially between 800 and 1500 K. The observed behaviors sug-
gest that the mass of the molecules is an important factor for
the nucleation behavior at flame temperatures and a mass

: 3)
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value between those of Cgj and Cg, could represent a criti-
cal value for the transition from monomers to clusters.
Figure 5 reports the intermolecular potential curves for
Ce0s Cgos Cigo, and Cyy obtained from the interatomic LIJ
potential. The attractive wells become narrower and deeper
as the masses of the molecules increase due to the presence
of more electrons in the systems and stronger London forces.
This result agrees qualitatively with the findings of Herdman
and Miller.® At any given temperature, while the masses of
the molecules contribute to the nucleation by reducing the
molecular speed and hence decreasing the collision rate, the
effect of deeper interaction potentials overcomes the effect of
low collision rate due to the increased sticking probability.
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FIG. 4. LI for the systems composed of Cgy, Cgg, Cig9, and C,yq fullerene
molecules. The values are averaged over 0.25 ns time window with 5 ps
sampling intervals. Temperature ranges from 500 to 2000 K with increments
of 100 K.
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FIG. 5. Calculated potentials for Cg, Cg), Cig9, and C,y systems obtained
from the interatomic LJ potential between carbon atoms. The LJ potential
fitted to Cg, fullerene’s € (depth of the potential well) and o (distance at
which the interparticle potential is zero) is reported for comparison.

B. Implications for soot nucleation

The goal of this study is to relate the results obtained
using MD simulations to the nucleation process occurring in
flame environments, characterized by the presence of gas-
eous species along with nanoparticles. In a previous work
reported by our group,]3 we analyzed two different configu-
rations of counterflow diffusion flames to determine the ef-
fect of combustion environments on particle formation. The
first configuration was a soot-formation-oxidation (SFO)
propane flame with the flame front located on the fuel side
and the gas velocity directed toward the flame. The second
one was a soot-formation (SF) propane flame with the gas
velocity directed toward the stagnation plane and particles
moving away from the flame front, which was located on the
oxidizer side. The two flame conditions showed different
mechanisms for the formation of particle agglomerates, and
hence two interesting scenarios for the development of a
model to describe the growth of nanoparticles.

For these systems, using the AMPI method,ls’14 we con-
cluded that the growth rate of nanoparticles based on chemi-
cal interactions between gas phase species and particles was
important in SFO flames, showing very good agreement with
experimental data, but the conditions depicted in SF configu-
rations required additional growth mechanisms. In Fig. 6 we
report the experimental data of soot volume fraction, particle
diameter, and number density obtained by Kang et al.** for
the SF configuration. Although the experiments illustrates
the formation of particles between 5 and 7.7 mm, the chemi-
cal growth described via the AMPI method shows the forma-
tion of nanoparticles only between 7 and 7.7 mm (gray area
in Fig. 6). This result is mainly due to the low temperature,
which limits the importance of a chemical growth process.

Outside the gray area (Fig. 6), the soot volume fraction
increases by one order of magnitude from z=7 mm to
z~5 mm, corresponding to the stagnation plane. Since par-
ticle coagulation and agglomeration do not change the soot
volume fraction, and at the same time a growth mechanism
based on chemical kinetics is ruled out due to the low tem-
perature conditions, a nucleation mechanism based on physi-
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FIG. 6. Experimental soot volume fraction, soot particle diameter, and soot
number density in counter-flow diffusion flame of propane [Adapted from
Kang et al. (Ref. 24)]. Computed temperature profile from Chung and Violi
(Ref. 13). The grey area (Nanoparticle growth zone by AMPI) depicts the
region where the chemical nucleation is significant according to Chung and
Violi (Ref. 13). Total distance between the fuel and the oxidizer nozzles is
14.2 mm and the profiles from 4 to 8 mm are plotted in this graph.

cal interactions between nanoparticles could explain the ex-
perimental evidences, especially in the range of
z=6.5-7.0 mm.

In order to determine the feasibility of this hypothesis,
below we relate the results obtained in the previous sections
using MD simulations to flame conditions. In a gas phase
environment, there is a random distribution of collisions be-
tween molecules, so that the occurrence of a collision does
not affect the likelihood of a subsequent collision.” There-
fore, it is reasonable to assume that the description of nano-
particle formation in flames can be performed without ex-
plicitly including gaseous species. In this case, the number of
collisions over a given period of time can be preserved and it
can be assumed that the nucleation time in a relatively dense
system determined using MD simulations, can be associated
with the time in a flame. The collision frequency of molecule
A can be expressed as

Z= nf} 71'(bcoll)217A > (4)

where n, and v, are the concentration and average velocity
of molecules A in the system, respectively, and b is the
collision diameter. To simplify the problem, we assume that
the number of collisions between particles is linearly depen-
dent on the nucleation time. This assumption is justified by
the fact that, at a certain temperature, molecular energies will
have similar distributions even for different density systems
and, therefore, the percentage of effective collisions that can
lead to cluster formation does not depend on system density.
Thus, we can relate the nucleation time scale of the MD
simulation to the nucleation process in flames,

ZMD/ZFlame = AZ‘F‘]ame/AZ‘MD’ (5)

where Aty is the nucleation time scale obtained from MD
simulations and Atg,me 1S the experimental time in a flame.
The collision diameters b, for the molecules analyzed with
MD and the ones in the flame environment are the same in
this case. Similarly, if the temperatures of the MD simula-
tions and flame conditions are identical, the average veloci-
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ties of the particles v, are equivalent. Combining Egs. (4)
and (5), we obtain

—~ 2 2
AtFlaLme = AtMD X nMD/nFlame' (6)

This expression correlates Atpy,. with the MD simulations
time and particle concentrations.

In order to validate this correlation, additional MD simu-
lations were carried out varying the density of the system.
Twelve different densities were sampled and, for each case,
the simulation times when the percentage of monomers de-
creases below 75% were sampled and compared with theo-
retical values obtained using Eq. (6). Figure 7 reports the
relationship between density and A¢, showing very good
agreement between the values obtained using MD simulation
and prediction obtained with Eq. (6). Therefore, the correla-
tion described in Eq. (6) can be justified for this analysis.

To assess the relative importance of a chemical mecha-
nism versus a physical process for the formation of clusters,
we define #, 5 as the simulation time when the average size of
a cluster reaches 1.5 fullerenes. For T>1000 K, the cluster
sizes of the systems composed of Cg, and Cg, do not reach
1.5 over the MD simulation time, as reported in Fig. 8. Dif-
ferently, for the Cgq and C,y systems, ¢, 5 is of the order of
10" or 10? ps for the entire temperature range considered.
However, as reported in Fig. 6, the temperature of the gray
area exceeds 1300 K and, in these conditions, the time scale
for the chemical growth calculated using the AMPI code was
between 0.1 and 1 ms.”® For T>1300 K MD simulations
predict ¢, 5 of the order of 10? ps, even for systems com-
posed of C,4. The most important difference between the
conditions analyzed by MD simulations and flame conditions
is the difference in particle density. Using Eq. (6), if Atyp is
10? ps and the system density is 7yp=8 X 10'® cm™, the
Atgiame is 10 ms when ngme=8 X 10" cm™ or Atpume is 0.1
ms if 7g,,.=8 X 10" cm™. Both cases, however, are not
practical to describe nanoparticle growth in these flame con-
ditions. In the first scenario, 10 ms is too slow to represent a
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FIG. 8. Values of ¢, 5, defined as the simulation time for the mean size of the
clusters to reach 1.5 fullerenes for the Cgy, Cgg, Cigp, and Coyg systems of
fullerenes.

viable growth mechanism when compared with the chemical
growth rate calculated by the AMPI method, which is two
orders of magnitude lower." In the second case, the number
density of 72p,me=8 X 101 cm™ is unrealistically high, when
considering the maximum carbon atom number density that
can be supplied by a fuel. Therefore, as reported by Chung
and Violi,13 a chemical mechanism for the cluster growth is
expected to be the dominant pathway for the soot nucleation
process in this region.

This conclusion changes when particles move out of the
gray area toward the stagnation plane. The temperature in
this region ranges from 400 to 1300 K (Fig. 6) and ¢, 5 of
C,yp is of the order of 10! ps. If #, 5 is used in Eq. (6), we
obtain a O(Af)=1 ms when the density of npyL=8
X 10" c¢m™, which is comparable with the time scale for
chemical growth in the gray region. While a density value of
8 X 10" cm™ can be considered very high in view of the
current experimental predictions,26 it can still be realistic. To
show this, we simplify the problem by calculating the total
carbon atom density of propane. If the mole fraction of the
fuel in a system is 0.5, which is the case for the SF flame
shown in Fig. 6, the available carbon number density at
T=1000 K and P=1 atm is 1.1 X 10" c¢cm™. Since the car-
bon atom number density of Cyyy is 1.9X 107 cm™, if its
molecular density is npn=8 X 10'* cm™, then only 1.7%
of the entire carbon atom content contributes to the forma-
tion of C,yy. This value is realistic. Santoro et al”’ reported
that in some conditions the percentage of fuel carbon con-
verted to soot particles can reach 10%—15% in sooting zones
under atmospheric pressure and Flower and Bowman®® dem-
onstrated that at high pressure (~10 atm) over 50% of the
fuel carbon can be converted to soot particles. Therefore, a
density value of 8 X 10" c¢cm™ may be achieved for nano-
particles in flames, because their sizes are much smaller than
soot particles.

When this last result is combined with the previous AMPI
analysis, we can conclude that the nucleation process can be
active over the entire soot zone, from the high temperature
oxidation side to the low temperature stagnation plane, and
flame conditions determine the relative importance of a
purely chemical growth mechanism, a physical-clustering
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FIG. 9. Smoluchowski coagulation rates for the system composed of C,y, as
a function of number density at different temperatures.

process or their combination. These results can also explain
the experimental increase in the soot volume fraction in the
low temperature region starting from ca. z=7 mm toward
the stagnation plane.

A second set of experimental studies reporting data on
nanoparticle size distributions and population is represented
by in situ methods, such as UV-visible light scattering, fluo-
rescence, and extinction measurements.”®*° When the wave-
length of the light \ is much larger than the size of particles,
the absorption and scattering can be expressed as

© 6771 i -1 y o
=——Im s
e e
Ll
Coo= ot 2| 10 )

where 1 is a complex index of refraction, f, is the volume
fraction, and d is the mean diameter. As the measured light
scattering is the sum of scattering due to the gas-phase prod-
ucts of combustion as well as of the high molecular mass
structures and soot particles, the excess scattering due to gas-
phase compounds was estimated and subtracted from the ex-
perimental scattering values. For a premixed fuel rich lami-
nar flame with a C/O ratio of 0.51, which is below the
sooting threshold, Minutolo et al. 26 reported the average size
and the number density of the particles as ca. 2.3 nm and 8
X 102 ecm™, respectively. For a C/O ratio of 0.77, which
corresponds to sooting environments, the number density of
particles was around 7 X 10'* cm™ when the average size of
the particles was ca. 2.5 nm. In these conditions, the experi-
mental Smoluchowski coagulation rate

oo L o
- ON*dar’
where N is the number concentration, is k=35

X 1078 em?/s.% To analyze these experiments, we deter-
mined the Smoluchowski coagulation rate from MD simula-
tions of a system composed of C,y, that has mass and size
similar to the nanoparticles experimentally identified by
Minutolo et al.*® Figure 9 shows the Smoluschowski coagu-
lation rate versus the number density at different tempera-
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tures obtained from MD simulations. The Smoluchowski co-
agulation rate is linearly related to the number density
because the MD time scale is quadratically dependent on the
number density of the MD simulation. For the experimental
number density of 7X 10'* c¢cm™, the Smoluchowski coagu-
lation rates are 1.2X107"4, 94x107", and 5.5
X 10715 e¢cm?3/s for T=500, 1000, and 1500 K, respectively.
These values are one order of magnitude lower than the ex-
perimental rate of 5X 101 cm?/s. In our simulations, the
experimental value of 5X 10~ c¢m?®/s can be reached only
if the number density is of the order of 10" cm™. Interest-
ingly, this value is very similar to the one proposed for the
SF flame.

From these analyses, we can infer that, at least for some
flame conditions, the number density of nanoparticles should
be of the order of 10> cm™ to explain the nucleation pro-
cess. As mentioned above, however, the value of density pro-
posed in this study is quite high when compared with cur-
rently available experimental data. One possible explanation
could be the uniqueness of the refractive index m assigned to
all the nanoparticles in the flame environment, since this
value is a critical factor in determining results from UV op-
tical diagnostics. Future work is necessary to address this
point.

IV. CONCLUSIONS

In this paper we investigated the nucleation process of
carbonaceous nanoparticles in the temperature range 500—
2000 K using MD simulations with the overall goal to deter-
mine the importance of a physical nucleation process in dif-
ferent flame conditions. Four systems, composed of Cg, Cgy,
Cig0, and C,y fullerenes, were considered and the simula-
tions were carried out over the temperature range 500-2000
K.

For temperatures lower than 1000 K, the four systems
show similar behaviors in terms of clustering. At higher tem-
peratures, however, molecular clusters are formed only with
molecular sizes of Cigy and Coy,,.

When the computational results are related to flame con-
ditions, nucleation of small particles, such Cg, and Cg, can-
not justify the experimental values of nanoparticles growth,
except for temperatures lower than 1000 K. On the other
side, systems composed of bigger nanoparticles (C,g, and
Cy4p) showed considerable clustering between 500 and 2000
K during the first 1 ns of simulation time.

The results obtained using the LI, an indicator of the
molecular disorder, show that large fullerenes (C,gy and Cyy40)
present significantly lower values of the LI when compared
with the Cg, and Cg systems, especially between 800 and
1500 K and this suggests that a mass value between of the
ones of Cgy and C g, can be critical for the nucleation behav-
ior at flame temperatures.

The MD results obtained in this study help complement
our previous study on chemical growth of particles using the
AMPI model in counter diffusion flame'*'* by adding feasi-
bility to an alternative route—a nucleation process—in the
low temperature region. The computational results were also
correlated with the experimental data from UV-visible light
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scattering and absorption experiments.”””" The analysis re-

veals that the number density of nanoparticles in a sooting
flame could be ca. 10'5 cm™ for particle sizes as large as
Cyyo to undergo a significant physical nucleation process.
While this value of particle density is high compared with
available experimental results, the percentage of fuel carbon
conversion to soot particles is indeed reasonable, thus show-
ing the feasibility of this assumption. The results reported in
this paper demonstrate that the physical nucleation pathway
plays a role in particle nucleation if the density of particles
and their sizes are above critical values. Therefore, particle
nucleation is the result of physical and chemical pathways,
and the combustion conditions determine the relative impor-
tance of these two routes.
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