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SUMMARY

This project is concerned with the kinetics and mechanisms of aromatics oxidation
and soot and fullerenes formation in flames. The scope includes detailed measurements
of profiles of stable and radical species concentrations in low-pressure one-dimensional
prernixed flames. Intermediate spedes identifications and mole fractions, fluxes, and net
reaction rates calculated from the measured profiles are used to test postulated reaction
mechanisms. Particular objectives are to identify, and to confirm or determine rate
constants for, the main benzene oxidation reactions in flames, and to characterize soot
and fullerenes and their formation mechanisms and kinetics.

Stable and radical species p:ofiles in the aromatics oxidation study are measured
using molecular beam sampling with on-line mass spectrometry. A trace additive
technique is used in which benzene in low concentration is studied in a weil-
characterized hydrogen-oxygen-argon flame. In the identification and measurement of
the concentration of species expected to be important primary or secondary products of
benzene oxidation, phenoxy and cyclopentadienyl radicals do not appear to be present
at the detection limit of the equipment. Phenyl ra3ical is present in sufficient
concentrations to permit measurement of its concentration profile. Comparison of the
phenyl data against predictions from a previous model indicate that either phenyl is not
a dominant intermediate in benzene destruction, or the phenyl destruction pathway was
inadequately modeled. Also measurable are phenol and cyclopentadiene, the relative
concentrations of which in a rich H2-O2 flame compared to a rich benzene-O2 flame
indicate that benzene destruction may differ significantly between these two systems.
Several commonly used H2-O2 combustion models fail to predict well the 02
concentration profile in rich H202 trace benzene flames, possibly indicating inadequate
description of the O-atom chemistry.

The rate of soot formation measured by conventional optical techniques is found to
support the hypotheses that particle inception occurs through reactive coagulation of
high molecular weight PAH in competition with destruction by OH attack, and that the
subsequent growth of the soot mass occurs through addition reactions of PAH and C2H2
with the soot particles. Soot structure indicated by high resolution electron microscopy
of collected samples has the appearance of small particles within the roughly spherical
units or spherules comprising the soot agglomerates. This structure would be consistent
with the growth mechanism inferred from gas phase species if the small internal
particles represent reactive coagulation of heavy PAH, and the larger spherules represent
coagulation of the smaller particles in parallel with mass deposition from PAH and C2H2.

During the first year of this reporting period, fullerenes C60and C70in substantial
quantities were found in the flames being studied. The fullerenes were recovered,
purified and spectroscopically identified. The yields of C60 and C70 were then
determined over ranges of c,mditions in low-pressure premixed flames of benzene and
oxygen. Similar flames with acetylene as fuel were also found to produce fullerenes, but
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in' smaller yields than benzene flames. The largest observed yields of C60+C70from
benzene/oxygen flames are 20% of the soot produced and 0.5% of the carbon fed. The
largest rate of production of C6o+C70was observed at a pressure of 69 torr, a C/O ratio
of 0.989 and a dilution of 25% helium. Several striking differences between fullerenes
formation in flames and in graphite vaporization systems include an ability to vary the
C7o/C6o ratio from 0.26 to 8.8 (cf., 0.02 to 0.18 for graphite vaporization) by adjustment
of flame conditions, and production of several apparent adducts involving fullerenes C60,
C70, C600 and C700, which undergo facile dissociation to the fullerene cage and a
hydrocarbon moiety. One such adduct, C60CsH6,was isolated and found to be identical
to the Diels-Alder adduct of C60and cyclopentadiene. Fullerenes formation in flames is
a molecular weight growth process analogous to the formation of PAH and soot but
involving curved and hence strained structures. A kinetically plausible mechanism of
the formation of C60and C70fullerenes in flames has been constructed based on the types
of reactions already used in describing PAH and soot growth, but including
intramolecular rearrangements and other reactions needed to describe the evolution of
the unique structural features of the fullerenes.

INTRODUCTION

Aromatics play a crucial role in the formation of polycyclic aromatic hydrocarbons
and soot in hydrocarbon combustion. The extent of PAH and soot production in a given
combustor depends on the balance of formation, destruction and molecular weight
growth of the relevant precursors. Although much progress has been made toward
understanding important mechanisms in the formation and oxidation of aromatic
hydrocarbons, the quantitative predictive capability remains inadequate.

Aromatic components of the fuel and aromatic intermediates in combustion reactions
are destroyed in the presence of O, OH, H and other radicals at rates exceeding those
estimated for thermal decomposition. Single-reaction studies of benzene oxidation have
been carried out but mostly at temperatures lower than flame temperatures. There is
much need for measurement under flame conditions of stable and radical reactants,

intermediates, and products involved in benzene oxidation.

In the area of soot formation, the long-standing need to describe the overall process
in terms of a quantitative predictive model requires knowledge of aromatics oxidation
reactions as well as aromatics growth reactions. There is much uncertainty in dealing
with both types of reactions. Here again there is need for basic data on the nature and
reaction kinetics of the intermediate species, in this case including high molecular weight
compounds and different stages of growth.

Following the discovery in the first year of the current contract period that fullerenes
can be produced in substantial quantities in the flames being studied, the focus of the
work was expanded to include fullerenes formation in combustion. The incremental
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work is complementary to the aromatics and soot studies already underway since
fullerenes formation occurs in near-sooting or sooting flames and appears to involve
reactions having important similarities to those involved in soot precursor chemistry.
Thus, there is need to identify reactants, intermediates and products involved in
fullerenes formation, and to determine the mechanisms and kinetics of the reactions
involved.

OBJECTIVES

Responsive to the above research needs, the research reported here is concerned
with the kinetics and mechanisms of aromatics oxidation and fullerenes and soot

formation in flames. The scope includes detailed measurement of profiles of stable and
radical species concentrations and soot-particle number concentration through the
reaction and post-flame zones of low-pressure premixed one-dimensional flames.
Species identifications and net reaction rates calculated from the profile measurements
are used to test postulated reaction mechanisms.

The overall objective of the oxidation work is to study the oxidation of benzene by
identifying reaction mechanisms and determining the kinetics properties which would
be consistent with the behavior seen in flames. The specific goals are: (1) to make the

necessary measurements of stable and radical species concentrations and temperatures,
as functions of distance or time through the reaction zone of simplified low-pressure
premixed flat flames, to permit calculation of reaction rates; (2) to gain insight into
kinetics and mechanisms from the measured structure of the simplified flames and their
base-case analogues; and (3) to test post!_lated mechanisms of aromatics oxidation
against the data.

The objective of the research on fullerenes formation are: (1) to measure the yields
of C60and C70fullerenes under different flame conditions; (2) to study the kinetics and
mechanisms of C60and C70fullerenes formation under combustion conditions; and (3)
to identify other fullerenes besides C60and C70formed in flames.

The overall objective of the soot formation study is to improve the present model
of soot formation by improving the description of (1) the oxidation that competes with
growth reactions, and (2) the transition from high molecular weight molecules to nascent

_1 soot particles. The molecular to particulate transition is clarified by studying the
ii chemical structure and the growth and destruction rates of high molecular weightII

material in the particle inception zone of flames.

i

i TECHNIQUES AND EQUIPMENT

i Aromatics Oxidation Study.

1

i
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The research techniques and equipment are described in detail in the previous
progress report (Howard et al., 1990) and will be only summarized here. In the
aromatics oxidation study, trace amounts of benzene are added to a low-pressure
premixed one-dimensional H2-O2 flame to ensure that oxidative destruction products are
at a sufficiently low level so as not to compete with the oxidants. Detailed profiles of
stable and radical species, concentrations, and temperatures, are measured through the
reaction zone. Gases are measured by molecular beam sampling with on-line mass
spectrometry (MB/MS) supplemented by GC and GC/MS analysis of collected samples.
Temperature i_ measured using BeO-Y203 coated 0.076-mm diameter Pt/Pt13%Rh
thermocouples (Shandross et al., 1991). An electrical heating method corrects for
radiation, except at the highest temperatures, where an estimated emissivity-diameter
product is used to solve the heat transfer equation. The base-case flame is also studied
in detail, permitting the additive flame to be viewed as a perturbation of the original.

Soot Formation Study

The research techniques and equipment are described elsewhere (McKinnon and
Howard, 1992) and summarized as follows. Laminar premixed flat benzene/oxygen/
argo flames were studied under three sooting conditions: Flame 1: _ = 2.0, 20 torr, 30%
Ar; Flame 2: _ = 2.125, 40 torr, 45% Ar; and Flame 3: _ = 2.4, 40 torr, 10% Ar, where

is the equivalence ratio or normalized fuel-air ratio. Flame 1 was selected to be similar
to the flames studied by Bittner and Howard (1981) [_ = 1.8 (almost sooting) and _ =
1.0]. Flame 3 was selected to provide sufficient soot loadings for optical measurements.
The flames were stabilized on a water-cooled, perforated copper plate (12 mm thick) and

surrounded by an annular non-sooting C2H4/O2 shield flame for lateral temperature
uniformity.

Soot particle size, number density, and volume fraction were measured using
standard laser scattering and absorption techniques. The optical properties of soot from
Lee and Tien (1981) and a log-normal size distribution were used. Scattering
measurements were made at 488 nm using a 3-W argon-ion laser. Absorption
measurements were made in the infrared at 1.4 l_n to avoid absorption by PAH.

Temperatures were determined in the _ = 2.4 flame using the brightness-emissivity
method.

PAH were measured by sampling gases from the flame using a water-cooled quartz

probe with a 0.7 mm orifice. The bottom 2 an of the probe was uncooled to minimize
flame perturbation. The pressure inside the probe was 1 torr or less for rapid expansion
of the sample in the hot section. The heavier PAH (approximately 3 rings and larger)
condensed on the probe walls, while the lighter species were collected in a liquid-
nitrogen-cooled trap ahead of the vacuum pump. At the end of the run, the sample was
extracted in dichloromethane (DCM) for analysis.
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Light PAH (up to about 250 amu) were identified by gas chromatography using a
thick-film capillary column. The total amount of DCM soluble and insoluble material
was determined gravimetrically (Lafleur et al., 1986). The upper size limit of the DCM-
soluble PAH was estimated by fast-atom bombardment/mass spectrometry to be 900
amu. Light gases were sampled with a similar probe and analyzed with an on-line mass
spectrometer.

Fullerene Formation Study

The combustion system used in the fullerenes formation research includes the same
burner referred to above in the description of soot research. The details in the context
of the fullerenes studies are given by Howard et al. (1992a). Benzene was the fuel in
most of the work, but acetylene was also used successfully. Either pure oxygen or
oxygen mixed with argon, helium or nitrogen or some combination thereof, is fed with
the fuel.

The burner, in a low-pressure chamber exhausted into a vacuum pump, consists of
a horizontal copper plate (100 mm diameter and 12 mm thick, drilled through with 1
mm-diameter holes centered 2.5 mm apart in a triangular array) upward through which
the feed mixture is delivered. The flame is stabilized with a fiat front uniformly

displaced from the burner plate by a short distance which depends on the velocity of the
gas leaving the burner and the flame speed of the mixture. The inner 70-mm diameter
section of the burner plate is used for the experimental flame, and the 15 mm wide outer
section is used for an independently fed fuel-rich but nonsooting ethylene/oxygen/inert
diluent flame. This annular flame shields the experimental flame, allowing it to

approximate a one-dimensional core within which temperature and species
concentrations very only with distance, or residence time, from the burner surface,
therefy simplifying the mathematical analysis of data.

The fullerenes formation studies have covered different sets of flame conditions over

the following ranges: burner chamber pressure, 12-100 Torr (1.60-13.35 kPa); atomic
C/O ratio, 0.717-1.082; mol % Ar, He, N 2, or combinations thereof, 0-50; and gas velocity
at the burner (298 K), 14.6-75.4 cm/s. The work has included one nonsooting flame,
which does form fullerenes, produced under conditions (20 Torr, C/O- 0.72, 30% Ar,
and 50 cm/s) where soot formation would be impending if the C/O ratio were increased

by 5% with the other conditions not changed. Many of the flames were maintained for
about 1-3 h, depending upon conditions, while a sample of condensible compounds and
soot was withdrawn from the flame at a given distance from the burner using a quartz

probe connected to a room-temperature filter, vacuum pump, and gas meter (Howard
et al., 1992a). The mass of the sample is primarily that of soot, except at the lowest C/O
ratio, where the flame is nonsooting. Soot is also collected from the inside surface of
the burner chamber after each run in which a probe sample is taken as well as after

many other, exploratory, runs conducted solely for the surface deposited samples.



I )

8

' Details of the analytical procedures have been published (Howard et al., 1992a).
Briefly, the samples of condensed compounds and soot are weighted, extracted with
toluene using an ultrasonic bath at room temperature, and filtered. The toluene extracts
are analyzed by high performance liquid chromatography (HPLC) using a ternary
pumping system and diode-array detector. The HPLC column packing is octadecylsilyl
bonded C18 silica. A binary non-aqueous mobile phase of acetronitrile and
dichloromethane is used in a gradient elution mode. The mobile phase program consists
of a linear increase in dichloromethane concentration from 10 to 100% in 40 min with a

holding time of 10 min at 100%. Preparative scale separations were performed with a
semi-preparative octadecylsilybonded silica analytical column.

Ultraviolet spectroscopy was conducted with a diode-array spectrophotometer using
ultra-pure glass-distilled decahydronaphthalene (decalin) as the solvent in order to
ensure adequate dissolution and to maximize pentration into the UV. Pure C60and C70
fullerenes were collected by HPLC and concentrated by evaporation under a stream of
nitrogen. The concentrated fullerene solutions (in HPLC solvent) were exchanged into
decalin by adding a measured volume to the fullerene solution and evaporating under
a stream of nitrogen until the volatile HPLC mobile phase evaporated leaving the high-
boiling decalin.

Electron impact mass spectra were obtained for fullerenes samples isolated by
preparative HPLC and concentrated and evaporated to dryness in a suitable probe vessel
using a vacuum centrifuge. Mass spectra were acquired as the direct injection probe was
being performed (Anacleto et al., 1993).

RESULTS

i Aromatics Oxidation Results

Profiles of several species mole fractions and temperature have been measured in.

i a laminar, premixed H2-O2-C6H 6 flame. The flame conditions were _)= 1.79, 31.3% Ar,

(Xc6H6/X,2)o= 0.01, P = 22 torr, Vo = 101.3 cm/s, where _ is equivalence ratio, xi is mole '
fraction of component i, P is pressure, v is gas velocity, and suscripts o refer to initial or
burner-plate values. Profiles for the major species H20, H, CO2, C2H2, and CH4 have not

i yet been measured, so the mole fraction of argon cannot be computed. Therefore, the
measured ratios x_/x^, were converted to the more absolute quantities xi/x^,0 by the
formula:

il X I - Xl × ( XAz) modal

XAz ° X_ X_Lro

where (X^,/X^_)mod,i refers to the value calculated by the semiglobal model of Jackson
and Laurendeau (1987). The model-predicted ratio x^,/x^_ was found to be consistent
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with the measured ratio Iar/I^_ multiplied by A(z), the area expansion ratio. The A(z)
used was that of Bittner (1981). A new area ratio will ultimately have to be measured
for this very different flame to make accurate comparisons with models, but the
sensitivity of the results to A(z) is low enough that observations may be made now.

Unlike in the previous flames with low H and H2 content, the mass discrimination
factors (o_,) for this burner of species other than Hz are sensitive to density and
composition. To account for the density effect, the O_r were measured at several
different burner chamber pressures which span the range of densities found in the flame.
The mass discrimination factors thus measured fit the form o_r = [a*ln(b/Tna_)] 1 well.
The effect of composition on the calibration factor was estimated by measuring o_, for
two mixture compositions: one approximating the feed, and the other the post-flame
zone composition. The values used were linear interpolations between the two, based
on the height above burner (HAB).

Temperature was measured with a Pt-Ptl3Rh thermocouple, coated with BeO-Y203
ceramic to reduce catalytic heating (Bittner, 1981; Shandross et al., 1991). A modified
wire configuration was employed which reduced thermocouple sag- hence conduction
error - during measurement. Radiation compensation by electric heating was used up
to a flame temperature of about 1640K. This value and ali other reported temperatures
are given as corrected for probe effects; Tco_,_,d= T,,_o,r,d,d- 100 (Biordi et al., 1974). The
entire temperature profile was also shifted by 4.5 wire diameters (Fristrom and
Westenberg, 1965). Temperatures above 1640K were estimated by assuming that h/ea
(where h is the heat transfer coefficient, e is thermocouple emissivity, and a the Stephan-
Boltzmann constant) is constant, and equal to the value calculated by:

h 2_u._e_ -2984
Eo Tr__- Tur__

averaged at the two highest temperatures. This assumption was tested for other flames
measured with this burner and was found to give temperatures within ± 50K, generally
better. The resulting profile was smoothed in two ranges by fitting to 3'd and 5thorder
polynomials. For the final high-temperature results, h will have to be calculated from
the flame gas composition. Because the calibrated species profiles are a function of
temperature (through o_,), an iterative process will be used. Convergence is expected
in a small number of rounds.

Presented in Fig. 1 are data for C+H6, which is of course a major species, and the
predictions by the Jackson and Laurendeau ("JL")model with different thermodynamics
sets and C2H2submechanisms, denoted as follows. MMSK refers to the use of the Miller
et al. (1983) C2H2submodel and C+H+the'modynamics for C+Hsand C+H7(Jackson and
Laurendeau, 1987). MMSKsan is same model as MMSK but with Sandia (Kee et al.,
1987) thermodynamics for the C+ radicals. WZ'san is the "reversible Warnatz" C2H2
mechanism (Westmoreland, 1986,Warnatz, 1983and 1984) with Sandia thermodynamics.
The choice of acetylene mechanisms is discussed below. The temperatures profile is also
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sl_own.

Fig. 1. Mole fraction of C6H 6 (normalized by x^,0),plus calculations from Jackson and
Laurendeau model (1987) and measured temperature. See text for notation.

The JL model was chosen for initial examination because of its developmental
purpose for C6H6 profile prediction. Also, its single-intermediate (phenyl) pathway
allows study of the importance of phenyl in benzene oxidation.

Considering the lean conditions under which the model was developed, it does a
reasonable job of predicting C6H6. As can be seen in Fig. 2, H2 is also well-predicted.
The mass 28 signal was originally assumed to be entirely CO, however more careful
measurements of the ionization potential have shown that ethylene is also present.
Assuming calibration factors for both species to be identical, about 13%of the signal was
C2H4at 3.0 mm and about 5% was C2H4at 6.0 mm. The reported heights above burner

have been corrected for probe effects using HAB = HAB,,_or,_.a - 2.5*dr,o_ where C_TT.te
is the probe orifice diameter (Fristrom and Westenberg, 1965; Biordi et al., 1974).
model prediction for CO is therefore slightly better than a factor of two. 02 is predicted
rather poorly.

The unusual shape of the predicted benzene profiles from the burner to about 1.3
mm would seem to suggest a numerical artifact, or a problem with the temperature or
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Fig. 2. Data for major stable species H 2, 02 and CO and predictions of the JL model
(MMSKsan- Jackson and Laurendeau, 1987; Kee et al., 1987).

area expansion ratio. A calculation with A(z) = 1 gives the same feature, however, thus
eliminated A(z) as the problem. Also, there is no reason to suspect the temperature

profile, which has been measured twice. Although we have not performed a formal
reaction path analysis, a look at profiles calculated for the other C6 species (Fig. 3)
reveals the probable cause of the hump. Cyclohexadienyl, formed at low temperatures,
ejects its H-atom as the flame gets hotter and quickly re-forms benzene. This is the only
pathway available to it. The Warnatz submechanism predicts much more C6H7 than the
Miller mechanism, as a result of the greater amount of H-atom calculated to be present

(Fig. 4). The large amount of C6H7 produces a larger valley in the benzene curve.

We have performed some probing for the presence of C6H5 and C6H7 at HABs of
0.85, 1.35 (C6H7 only), 1.7, 3.0, 4.5 and 6.0 mm. Within the scatter of the data, no C6H7
was found above the isotopic contribution of benzene anywhere in the flame.

,s

Phenyl was essentially not found above 3 mm. Signals were quite scattered, and
very close to zero. In fact, due to the low signal-to-noise ratio in both foreground and
background counting windows, signals were sometimes less than zero. Measurements

.,



|
I s

12

0"01B1

0"01111

I

I ,/ I

0"004"I,_- "I_ C61"15XI0 4- I

0'1 -,I, _ . " , ....-,- -- -- ,-- ,-- __ _ _'_r_, I - -- .- --m-___ _____--: ._- __
0 I 2 5 4 5 I 7 8 II 10

.Ac(mm)

g I_ -I- INSK ---- W'_

Fig. 3. Predictions of C6species by JL model.

were higher at HABs less than about 3 mm, but the scatter was still large. Phenyl"
radical may be present in this region, but it is not quantifiable.

Finally, measurements have been made of some other possible intermediates in C6H6
oxidation. These are shown in Fig. 5. For orientation, the full scale value of this graph
is about 41 ppm; the peak of the smoothed C6H60 curve would be about 33 ppm.

Ali of the species were measured as Ii/Ic6.6, and "calibrated" using the relative
ionization cross-section method (Peeters and Vinckier, 1975; Lazzara et al., 1973). The
resulting xi/Xc6x6were converted to xi/x^, by multiplication with XC6.6/XAr,the latter
smoothed by fitting to a polynomial in HAB. They were then converted to absolute
form (xJx^,0) in the manner described above.

The species of Fig. 5 in greatest concentration is mass 94, probably phenol, peaking
around 5 mm. Next is mass 66, probably CsH6, the peak of which is not well-defined.
The other species measured are at most slightly above the detection/limit of the mass
spectrometer. The probe diameter used was 0.59mm vs. 0.7mm used by Bittner, so the
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Fig. 4. H, OH and H20 profiles as predicted by the JL model.

beam intensity is 0.592/0.72 = 0.71 of his. The detection limit is therefore about 1.4 times
higher. Deterioration of mass spectrometer performance may make this figure higher.
Long pulse counting times (as long as 21 minutes) and multiple measurements were
required to acquire these data, but the scatter is still great. Some points represent
accumulated counts in the single digits. White noise error alone was large, being on the
order of the square root of the number of counts.

Mass 95, if present, would be due to the isotopic contribution of mass 94, instead
of being C6H6OH (Fig. 5). The fit here is fortuitous, the scatter and magnitude of the
mass 95 data being equal to or slightly better than that of phenyl radical. A more
accurate statement would therefore be that mass 95 was not detected above the level of

the isotopic contribution of mass 94.

Phenyl was discussed above. Cyclopentadienyl and phenoxy appear to be below
the detection limit (Fig. 6). Several promising intermediate species were detected in
general scans at 3.0 and 6.0 mm, but positive identification has not yet been made.
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Fig. 5. Aromatics oxidation product data.

The best agreement between the JL model and data was found with molecular
hydrogen. Jackson and Laurendeau also saw excellent agreement for H2. The model
prediction of significant amounts of phenyl and cyclohexadienyl has not been borne out
by the data thus far collected. The species scans at 3.0 and 6.0 mm were conducted with
mass spectrometer tunings that gave much higher (though less accurate) signals. In spite
of the greater sensitivity, neither species was found. The model result for C6H7is below
the detection limit above about 1.5 mm, so not finding C6H7there is consistent with the
model; however, at 0.82 mm the model predicts cyclohexadienyl radical to exist at levels
ranging from about 50-150% of the benzene mole fraction, depending on the C2H2
submechanism used. The model calulates phenyl to be quite plentiful, reaching the
easily-measurable value of 250 ppm at about 4 mm. Thus, C6Hs is poorly predicted.

Correcting the C6thermodynamics used by Jackson and Laurendeau affects most of
the major species very little. However the consumption of C6H6and production of C6Hs
are then much slower, as evidenced by the large decrease in phenyl, delayed depletion
of benzene, and reduced CO. Acetylene increases in spite of these decreases; one would
expect it to decrease because of the semi-global reaction C6Hs + 02 --->2CO + C_H2 +

.l
!
1
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!
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Fig. 6. Possible C5 and C6products of benzene oxidation.

C2H3. The increase in C4H3points to greater importance of the phenyl destruction
pathway C6H5_ C2H2+ C4H3as the explanation for this anomaly.

In any event, the absence of C6Hs suggests that a single-intermediate mechanism
centered on phenyl is not adequate to describe benzene destruction in rich H2-O_flames.
In fact, Jackson and Laurendeau suggest that phenoxy and phenol would be appropriate
species to be included in a more complete benzene o_dation model.

Another explanation might be that an important phenyl destruction pathway is
missing. Recently, significantly more comprehensive models have been proposed
(Chevalier and Warnatz, 1991; Emdee, Brezinsky and Glassman, 1992). These models
will be used as starting points for pathway testing in fut'm'ework.

Calculation of the oxygen profile using only the H2-O2chemistry of the model shows
that the underprediction of 02 is due exlusively to those reactions. The mass 16 signal
in the flame has been examined and determined to be primarily or exclusively CH4, as
opposed to O-atom. The model calculates the O-atom concentration to be the same

I
Ji
I
I
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order of magnitude as that of OH. Considering the concentrations of various species
and the activation energies of the relevant reactions, it appears that (1) one of the
important sources of error in the calculated 02 profile is probably the oxygen route 02

O _ OH _ H20, and (2) we expect the H20 profile to be overpredicted by the model.

There are several possible explanations for underprediction of CO by the model.
One is problems with the acetylene submechanism. Westmoreland found the MMSK
mechanism to give less CO and more COs than he measured, apparently due to the rate
constants for CO + OH ,_ COs + H and the production of CO2 by reaction of methylene
with 02 (Westmoreland, 1986). Also important for the benzene additive flame could be
missing oxidation reactions for C3-C5 species. On the other hand, the WZ' mechanism
did a superb job with CO and CO2 in that flame but its estimate of CO in the present
flame is about the same as the MMSK submechanism. Therefore, the acetylene
submechanism may not be at fault.

The CO-producing reaction involving a Ca species in the model is C6H5 + O2 _ 2CO
+ C2H2 + C2H3. The model's overprediction of phenyl would lead to a calculation of
excess CO instead of the insufficient amount actually estimated. This and the lack of
C6Hs itself suggests instead that the over_U C6 chemistry needs a great deal of work.

The predominance of C6H60 and CsH6 in the present flame is similar to the (_= 1.8
benzene flame of Bittner. However, the relative heights of C6H60 and C5H6 between the
two flames are very different. Cyclopentadiene is much more abundant relative to
phenol in the rich benzene flame. The reasons for this are not yet dear. As mentioned
above, several other species have been detected which could be important intermediates
in benzene destruction. Identification of these species is in progress.

Soot Formation Results

Data from the three sets of flame conditions mentioned above (benzene/oxygen/
argon flames at 20 and 40 torr and equivalence ratios 2.0, 2.125 and 2.4) were used, as
described elsewhere (McKinnon and Howard, 1992), to study the roles of PAH and
acetylene in the nucleation and growth of soot particles. In ali the flames, the
concentration of high molecular weight PAH was found to exhibit a maximum value
near the onset of soot nucleation and to decline in the nucleation zone. A nucleation

mechanism involving growth by reactive coagulation of heavy PAH in competition with
destruction through OH attack gave good agreement between measured and predicted
features of the soot nucleation kinetics. Conversely, soot nucleation through the growth
of PAH by sequential addition of CzH2 with no PAH-PAH coagulation was too slow to
agree with data. PAH also contributed significantly to the post-nucleation growth of
soot particles. Most of the mass of the soot system appears to come from C2H 2 through
(a) the formation of the heavy PAH precursors to soot nuclei and the PAH that add to
the growing soot particles and (b) direct C2H2 addition to the soot. Both the growth and
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oxidation reactions in these mechanisms are formulated as involving localized a-radicals
(i.e., aryl radicals in the case of PAH and active sites in the case of soot). The apparent
collision efficiency of PAH with the soot surface is between 0.1 and 0.5 in the region
where PAH appears to contribute significantly to the soot mass.

Soot particles collected from the above flames with a quartz sampling probe were
analyzed with high resolution electron microscopy. While the quantitative interpretation
of the micrographs has not been completed, interesting features of mechanistic
significance are apparent. As can be seen in the representative micrograph presented
in Fig. 7, the roughly spherical units comprising the soot aggregates appear t_hemselves
to consist of smaller particles, presumably having collided and stuck', together
simultaneously with carbon deposition from gas species. The small particles within the
larger particles or spherules ar,'._assumed to be formed from the reactive coagulation of
high molecular weight PAH combined with additional growth from reactions with C_H2
and PAH. Thus the observed soot structure is consistent with the soot nucleation and
growth mechanism found from the analysis of acetylene and PAH data as described
above.
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Soot and PAH data from fuUerene forming flames were analyzed to determine the
order in which PAH, soot and fullerenes appear, which is of mechanistic interest. The
results are discussed in the following section.

Fullerenes Formation Results

Overview

Results obtained during the first year of this reporting period showed that fullerenes
could be produced, and in substantial quantities, in flames (Howard et al., 1991). The
initial work has since been reported in more detail (Howard et al., 1992a) and extended
to include scoping study of the effects of independent variables on fullerenes yields
(Howard et al., 1992b) and identification of novel fullerenes (Anacleto et al., 1992b;
Rotello et al., 1993) and study of fullerene formation mechanisms. These results are
summarized below.

Identification of C_oand C_Fullerenes in Flames

Analysis of the toluene extract of a flame derived soot gave an electron impact mass
spectrum (Howard et al., 1991) which compared well with those which had been only
recently reported for fullerenes (Kroto et al., 1985; Kr/itschmer et al., 1990; Taylor et al.,
1990; Ajie et al., 1990). Thus the soot sample contained a mixture of C60 and C70
fullerenes showing molecular ions at m/e 720 and 840, respectively, and doubly charged
molecular ions at m/e 36Q and 420, respectively. This conclusion was confirmed by
Fourier-transform infrared spectroscopy of the soot extract, which gave strong absorption
peaks consistent with those reported for fullerenes C6o and C70.

Although the MS data strongly suggested that fullerenes were the major constituents
of the soot, any polycyclic aromatic hydrocarbons (PAH) having molecular weights of
720 or 840 were likely to give the same mass spectra as observed. With improvements
in chemical analysis, larger and larger PAH are being observed in combustion samples.
Therefore, in order to confirm the above findings, further analysis was performed using
high performance liquid chromatography with spectrophotometric diode-array detection
(HPLC/DAD). This technique involves the continuous acquisition of UV spectra as
peaks elute from the HPLC. The UV spectra of PAH are highly characteristic and can
even permit the differentiation of isomeric PAH, a task difficult to achieve by MS. We
evaluated a number of HPLC separation schemes for PAH but focused primarily on
those shown effective for PAH having upwards of 10 fused rings.

Analysis of toluene extract by HPLC/DAD gave a chromatogram having the striking
feature that peaks associated with the typical PAH commonly produced in flames were
virtually absent. The two strongest peaks closely matching those published for C60and
C70fullerenes, other peaks present were later found to correspond to C600, C700, C76,Ca,
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C_, C_ and other fullerenes discussed below.

A full-range ultraviolet-visible (UV-Vis) spectra of the C6oand C70peaks, acquired
by spectrophotometric analysis of preparative-scale HPLC fractions of the flame sample
extract, were observed to be virtually identical to those reported by Ajie et al. (1990) for
fullerenes obtained from graphite vaporization. These identifications were confirmed
by mass spectral analysis of the HPLC fractions. The C60 peak gave a mass spectrum
with the reported features of C6ofullerene having a molecular ion base peak at m/e 720,
showing no loss of hydrogen and having a doubly-charged molecular ion at m/e 360.
Similarly, the C70 peak gave a mass spectrum with features closely matching those of
published spectra for C70fu!lerene showing a molecular ion base peak at m/e 840 and
a doubly-charged molecular ion at m/e 420. These observations established the fullerene
assignments beyond doubt. The analytical details are published (Howard et al., 1992a).

Fullerenes Carand C70Yields Under Different Flame Conditions

The HPLC method described above, including gravimetric calibration of the C60and

C70 peaks was used to analyze toluene extracts of flame samples. The yields of
fullerenes C60and C70 were determined for different flame conditions over the ranges
given above, including a not quite sooting flame. Soot mass here refers to the whole
sample, consisting of the fraction soluble in toluene, which was largely fullerenes and
polycyclic aromatic hydrocarbons, and the toluene insoluble material. The mass of soot
or fullerenes expressed as a fraction of the carbon fed is based on the metered volume
of flame gas withdrawn with the condensed sample, the known feed rates and burner
chamber pressure, and a flame temperature. The calculation of a product yield as a
fraction of carbon fed is possible only for samples withdrawn with the probe because
the volume of flame gas associated with the collected material is not known for samples
removed from the chamber surface.

The detailed results are described elsewhere (Howard, et al. 1992a and 1992b). In

summary, the mass of C60+C70produced under the different sooting flame conditions is
in the range 0.0026%-20% of the soot mass, compared to 1-14% from graphite
vaporization. The C60+C70yield expressed as a percentage of fuel carbon ranges from
2x10"4%for the nonsooting flame to 0.26% at a pressure of 20 torr, a C/O ratio of 0.996,
10% Ar, and a gas velocity at the burner of 49.1 cm/s. However, larger yields can be
estimated as follows from the experiments in which flame samples were collected only
from the burner chamber surface. Data from experiments in which both probe and

surface samples were collected reveal an approximate relationship between the amounts
of soot and fullerenes depositing on the chamber surface and the amounts actually

produced in the flame. As can be seen in Fig. 8, the data from the probe samples reveal
considerable correlation between the C60+C70as a percentage of the carbon fed and the

C60+C70yield as a percentage of the soot produced. Considering the trend seen in these
data in the region of higher yields, the highest C60+C70yield of 20% of the soot, which
was deduced from surface samples collected in the multivariable optimization
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experiments, would appear to correspond to approximately 0.5%of the carbon fed. The
same conclusion can be reached from Fig. 9 where both the probe sample data and
thesurface experiments, would appear to correspond to approximately 0.5% of the
carbon fed. The sample data from the optimization experiments are shown together.
Although the data shown on this basis are very scattered, owing to the wide ranges of
experimental conditions, the C6o+C70yields as a percentage of soot tend to be distributed
around a peak at a soot yield of about 1% of the carbon in the case of the surface
samples, and at about 2 to 3% of the carbon in the case of the probe samples. The
implication is that the largest C6o+C70yield in the optimization experiments is about 0.4
to 0.6% of the carbon, essentially the same is the 0.5% deduced above. Thus the flame
synthesis can convert a kilogram oi: benzene to over 4 grams of C6o+C70.Given the
ability to scale up combustion processes in flow reactors, as for example in carbon black
production, flame synthesis of fullerenes would appear to offer potential for large-scale
production.

The highest production rate of fullerenes (C6o+C70)in these experiments is 0.45 g/hr,
observed at a pressure of 69 torr, a C/O ratio of 0.989, a velocity of 38 cm/s, and 25%
helium. The Cso+C_ mass was 12.2% of the soot. The variation of C6o+C_production
rate with C6o+C_oyield as pecentage of soot is illustrated in Fig. 10. The largest C60+C_0
yield of 20% of the soot was observed at a pressure of 37.5 torr, a C/O ratio of 0.959, a
velocity of 40 cm/s, and 25% helium. That the conditions for the maximum Cso+CT0
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production rate differ from those for the maximum yield reflects the decrease in yield
with increasing pressure under these conditions, which is offset by the increased rate of
mass flow through the combustion chamber when pressure is increased at a fixed burner
velocity.

TheC70/C6omolarratioforthedifferentconditionsisintherange0.26-8.8,compared
to0.02-0.18forgraphitevaporization.The ratiois1.5and 1.8fortheaboveconditions
oflargestC6o+C70productionrateandyield,respectively.Themuch largeryieldsofC70
and theabilitytocontroltheC_/C60ratiobysettingtheflameconditionsaresignificant
differencesfrom thegraphitevaporizationtechnique.The C-_/C6oratiotendstobe
largerunderconditionsoflow C6o+_0yields(Fig.11,parta),low C6o+C_production
rates(Fig.11,partb),and lowerpressures.Forexample,themolarC70/C6oratiowas 8.8
at20torr,C/O=0.960,and 50 cres,wheretheproductionratewas 1% ofthelargest
observedvalue.Incontrast,atthesamepressureand velocity,butwithC/O=0.996,the
productionratewas 60% ofthelargestvalueand themolarC70/C60ratiowas 0.88.To
theextentthatlowyieldsand lowproductionratesmay reflectconditionsinsomecases
closeto incipientnet fullereneformation,and in othercasescloseto extensive
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Fig. 10. C_o+C70fullerenes production rates and yields, from chamber surface
deposits.

destruction of fullerenes already formed, these observations may have mechanistic
implications. However, the C7o/C6oratio only varies by a factor of order 10 while the
C6oand C70yields each vary by a factor of order 103in these data. Therefore the C70/C6o
ratio may not be a sharp indicator of mechanistic behavior.

Although the present data dearly identify a window of conditions, i.e., the specified
ranges of values of the independent variables, within which fullerenes are formed in
flames, the effects of the variables are extensively coupled, and often not easily
discerned. For example, the atomic C/O ratio, defined as the value of this ratio in the
mixture fed to the burner, affects not only spedes concentrations in the fullerene forming
region of the flame, but also the temperature profile, which is strongly dependent on the
gas velodty at the burner plate. As shown in Fig. 12, part a, fullerenes yields expressed
as a fraction of soot exhibit a maximum as the C/O ratio is increased under conditions
of prolific fullerenes formation, but the yields increase monotonically with increasing
C/O for less favorable fuUerene forming conditions. The C70/C6oratio decreases with
increasing C/O under both sets of conditions (Fig. 12, part b). Ali the flames
represented here are sooting, the critical C/O ratio for the onset of soot formation being
0.76 under these conditions. The increase in C6o+C70yield at the lower C/O values

i
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presumably reflects the higher concentration of reactants for fullerenes growth. The
decrease in yield seen at the higher C/O value may be the result of lower temperature
and slower kinetics. The higher gas velocity results in a higher flame temperature and
a capability to go to higher C/O values before the negative effect of lower temperature
offsets the positive concentration effect.
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Fig. 13. Effect of gas velocity at the burner on fullerenes C6o+C_oyield (a) and C70/C6o
ratio (b) for flames at 40 torr, C/O=0.99 and 25% helium, from chamber surface
deposits.

The increase of C6o+C70yield with increasing gas velocity is seen in (Fig. 13, part b).
At higher velocities the flame stabilizes farther from the burner and a smaller fraction
of the heat is lost into the water-cooled burner plate. The C_/Co ratio (Fig. 13, part b)
for this flame exhibits a maximum as the velocity is increased.

The effect of diluent concentration on C6o+C7oyields is shown in Fig. 14, part a, for
two flames, one with high and one with low yields. The effect is larger for the low-yield
flame, the yield exhibiting a maximum as helium concentration is varied from 10 to 50%.
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(.) 20 torr, C/O+1.04 and 50 cm/s (from chamber surface deposits).

For the high-yield flame, the increased helium concentration marginally reduces the
fullerene yield. The C70/C6oratio increases significantly as the helium concentration is
increased in the low-yield flame, but changes little in the high-yield flame (Fig. 14, part
b). Argon and nitrogen as diluents give lower yields than helium. The highest C6o+C_0
yields as percentage of soot achieved with each gas are 19.6%with helium, 14.5% with
argon, and 13.8% with nitrogen. Yields as high as 16.8%have been produced with no
diluent. The relative effectiveness of the three diluents is in the order of their
diffusivities, indicative of the diluents' effect on the temperature profile and species
concentration profiles.

Identification of New Fullerenes

Fullerenes in toluene extracts of soot samples from benzene/oxygen flames have
been characterized by liquid chromatography with on-line mass spectrometry (LC-MS)
techniques, incorporating both positive and negative ion mass spectra obtained by

=
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Table I. LC Relative Retention Times (RRT), Chemical Identifications, Relative
Molecular Masses, and Relative Abundances Estimated from Positive-Ion APCI LC-MS
(Anacleto et al., 1992b).

Relative Levels

RRT Compound (s ) Rel .mol .mass Flame TFC MER

1.000 C_0 fullerene 720 100 100 100

1. 105 C_o fullerene 840 20 8.0 9.5

0.956 C600 (C_0.CH,) 736 (736) I0 (?) 6.4(ND) (ND)(0.25)

0.978 C,o isomer? 720 61 ND ND

1.085 CT, isomer? 840 7.0 ND ND

1.174 Cs4 (2 isomers?) 1008 0.65 0.26 0.46

0.878 CioH4 724 0.13 tiD 0.32

0.921 C60H2 722 0.38 ND 5.0

* 752 _ ND ND0.931 C6o(CH4) 2

0.968 C_o(C?Hs)* 810 ? ND ?

i.038 C_o0 856 0.88 ND ND

1.052 C?oH2 842 <0.1 <0.1 0.24

1.069 C?oO 856 1.8 0.66 ND

1.073 C7o0 856 1.0 0.58 ND

1.094 C?o isomer? 840 2.8 ND ND

i. 128 C?_ 912 0.51 ND ND

1.154 C76 912 0.99 0.78 0.72

1.163 CTi* 936 ? ? ?

i. 194 C9o 1080 0.02 ND ND

1.225 Cgo 1080 0.I 0.04 0.05

1.231 C?o 1080 0.05 <0.04 <0.05

1.234 C94 1128 0.03 ND ND

1.246 C. 1128 0.03 ND ND

1.257 C94 1128 0.03 <0.02 <0.02

? Abundance could not be estimated from LC-MS data; usually detected only in negative ion

mode. * Tentative identification only. ND Not Detected.
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atmospheric pressure chemical ionization (APCI). The results have been published
(Anacleto et al., 1992a and 1992b) and are summarized in Table I. As can be seen in the
table, the flame-dc:rived fullerenes include, in addition to C60and C7o,C76,Ca, C_ and
C_ the mono_,ide_ of C6oand C70,and many hydrogen-containing complexes including
C60H2,Ca_'I4,C¢0H2,C6oCH4,which may be [C6o(CH2)(H2)]or [C6o(H)(CH3)],as well as
tentatively identified C78,C60CH4)2and C6o(C7H6).

Some compounds in Table i are denoted as questionable isomers, referring to their
having a different LC retention time, and therefore a different identity, but the same
elemental composition as another, more prevalent, species. The isomer identification is
shown as being questionable because the observed LC-MS behavior of these species
wouid also support the hypothesis that the species are weakly bound adducts, e.g. C_M,
which are stable ion LC separation but dissociate into moiety M and fullerene C. during
ionization for mass spectrometry. TEe observed mass spectrum would then be that of
fullerene C,. These apparent isomers or adducts were found to be thermally metastable,
converting to the stable fuUerene Cnin times of order 10 minutes at temperatures around
100°C (Anacleto et al., 1992a).

Analysis of the metastable C60compounds by LC with a more gentle MS technique,
namely ionspray mass spectrometry, yielded mass spectra consistent with their
identification as fullerene adducts with highly unsaturated moities C6oC5H6,C60C6H8and
C60C7H,0(Anacleto et al., 1993).

Isolation of the apparent C60C5H6compound using preparative HPLC provided a
solid, which was golden brown in solution, which cleanly converted to C60 at
temperatures over 95:'_C.In order to provide a possible mechanism for formation of this
compound, as weil as te obtain macroscopic quantities of this reagent, C60was reacted
with cyclopentadiene (Rotello et al., 1993). Dropwise addition of freshly distilled
cyclopentadiene in benzene to a solution of C60in benzene at 20°C caused an immediate
color change of the solution, from deep purple to golden brown. Removal of solvent
provided a brown solid, which was purified by column chromatography to yield a
brown solid identical by HPLC, UV-vis and 'H NMR to the previously isolated
combustion product.

Proton NMP, of the adduct was consistent with the bicyclic Diels-Alder product of
C6oand cyclopentadiene. In order to verify this structural assignment, we obtained '_
NMR spectra of the cycloadduct_ The presence of 33 lines (with one of double intensity)
agrees with the expected C, symmetry of the molecule formed by addition across the C6-
C6ring fusion. (34 lines are expected, however one may be obscured by solvent.) The
structure thus established is shown in Fig. 15 (RoteUo et al., 1993).

Kinetic and thermodynamic properties of cycloaddition-cycloreversion reactions of
this and other C6o-diene systems, as well as other examples of these processes in
combustion science, are currently under investigation.
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Fig. 15. C6o-cyclopentadiene adduct (C6-C6 ring system highlighted for clarity).

Comparison with Soot Formation_

Profiles of fullerenes and soot concentration and temperature in benzene/oxygen/

_ argon flames at two different C/O ratios are shown in (Fig. 16). Fullerenes
. concentrations, measured by probe sampling, are plotted at the effective flame position

represented by the material withdrawn with the probe, here approximated as 2.5 probe
orifice diameters upstream of the probe tip. The soot concentration profiles were
measured in the previous contract period (McKinnon, 1989) by optical absorption using
1400 nm wavelength radiation from a tungsten lamp and confirmed in the present
contract period by probe sampling and weighing. The temperature profile was
measured during both periods by the brightness method.

'L An indication of the concentration profile of polycyclic aromatic hydrocarbons

i (PAH) in the two flames represented in Fig. 16 is shown in Fig. 17 as the difference
_. between the absorption attributed to soot arid PAH, and that due to soot alone. The

:t analysis is similar in principle to those of Weiner and Harris (1989) and McKinnon
l (1989). The wavelength regions of strongest absorbance in experimentally measured

l spectra of PAH, including heavy compounds, extend somewhat beyond, say, 410 run.
i The absorbance then falls sharply and becomes negligible at wavelengths well below,

i say, 1400 mn, and does not rise again until vibrational bands are encountered, beginning

-Ii at approximately 3 _u_. Also, considering absorption at a given wavelength in premixed

-ii sooting flames, the ratio of absorption by PAH to that by soot becomes negligible asi distance from the burner increases into the post flame zone where soot concentration

ii om-_eatlyexceeds the total PAH concentration. Accordingly, the absorbance of 1400 runi
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at all flame positions and at 410 nm, at large distances from the burner are assumed to
be due to soot. The 410 nm absorbance due to soot, curve (a), is computed as a constant
multiple of the absorbance at 1400 nm, the constant being chosen so as to match the 410
mn profiles at large distances from the burner. The 410 nm absorbance due to PAH,
curve (b), is then obtained by substracting curve (a) from the total absorbance at 410 nm.
Since the 1400 run absorption data are the source of the soot concentrations shown in
Fig. 16, curve (a) in Fig. 17 represents not only soot absorption at 410 run (left-hand
scale) but also soot concentration (right-hand scale). Although the quantitative
relationship between PAH absorbance at 410 nm and concentration is not well
established, the concentration profiles indicated by curves (b) and the right-hand scales
of Fig. 17 are similar, in terms of both the magnitude and location of the peaks, to the
profiles of methylene chloride soluble material (-130 to 900 g/mol) measured by probe
sampling.

I
|
{
-|
,I
I
i

1



i i

I

30

- . i , i , , ,

,,8,
s_...

i 1

, p: _b i'"" .oo°_
/ ,__ oo )Y,__.'_*-.o io 15 _ _ .o°0 5 I0 15 20 25 0 5 I0 15

DISTANCEFROM BURNER/mm DISTANCEFROM BURNER/mm

L ........... I ..... l | .... I [ ........ _ I _) , , , .......... I02 4 6 8 I0 12 14 16 18 20 024 6 I 12 14 16 18 20 22

TIME/ms TIME/ms
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of contribution of soot to absorption at 410 nm, is absorbance at 1400 nm multiplied by
factor of 5.28 (A) or 3.26 (B). Curve (b), indicative of contribution of PAH to abosrption
at 410 '.am,is vertical displacement between absorbance at 410 nm and curve (a).
C60+C70curves, from Fig. 16.

Evidence of formation and subsequent destruction can be seen at C/O = 0.88
(Fig. 17, part A) in the profiles of PAH, curve (b), soot, curve (a), and fullerenes C60+C_o.
Rapid PAH decay and rapid soot formation occur together from 3 to 5 mm from the
burner, and a subsequent period of net soot decay occurs from 5 to 10 mm when the
PAH and benzene concentrations are no longer large enough to sustain a rate of soot
growth in excess of the destruction rate. Fullerenes in this flame form after the main
stage of soot formation, during the subsequent stage of net soot destruction. The
location of the main formation of fullerene precursors is not indicated by these data
alone, which reveal only the appearance of completed structures. Clearly, an
intermediate flame position or residence time (i.e., 10 mm or 6.2 ms) would be optimum
for fullerenes production under these conditions.

At C/O=0.96 (Fig. 17, part B), only the PAH exhibit both formation and destruction
stages, the soot and fullerenes concentrations increasing monotomically with distance or
time. As benzene and PAH are depleted in this richer flame, the soot growth reactions,
which also include C2H2 as reactant, remain faster than destruction. Similarly, the
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synthesis of fullerenes remains faster than fullerenes destruction throughout the flame.
As in the other flame, the formation of fullerenes C60and C70occurs after soot: formation
has progressed to a substantial concentration. The early increase in concentration seen
in these profiles reflects mainly upstream diffusion, and the peak rate of net formation
occurs somewhat downstream of the steep rise in the concentration profile.
Nevertheless, comparison of the C60+C70and soot profiles reveals that the chemistry of
fullerenes formation lags that of soot formation by several milliseconds under the
conditions of Fig. 16.

These observations are qualitatively consistent with the known behavior of the
competing growth and destruction reactions in the case of soot precursors, and the
expected difference between the reaction rates of these species and those of fullerene
precursors when both are in the presence of the same growth and destruction reactants.
Given the curved and hence strained configuration of fullerene intermediates, these
species are expected to grow less rapidly than the large planar PAH envisiioned to be
soot precursors. For the same reason, fullerene intermediates are expected to be more
reactive than the soot precursors in the destruction reactions. However, once fullerene
molecules have formed, they are assumed to be less reactive than soot precursors, owing
to the absence of edge atoms in the fullerenes. Therefore, in a given flame, the net
growth rate of fullerene precursors would be expected to be less than that of soot
precursurs, consistent with fullerenes appearing well after the onset of soot formation
in sooting flames. Also, the lower reactivity of completed fullerene structures as
compared to the reactivity of soot would indicate that fullerenes, once formed, could
remain present even under conditions where soot wou!d be destroyed. Such a situation
seems to exist in the nonsooting C/O=0.72 flame mentioned above. This flame was
sampled at the position of the maximum concentration of species heavier than 700
g/mole, which is the position at which the onset of soot formation would occur if the
C/O ratio were increased by only 5%. Thus soot formation is impending at the position
sampled, but does not occur because, as distance from the burner increases beyond this
position, the rate of destruction of the soot precursors exceeds the growth rate. The
observation of fullerenes C60and C70in this flame shows that these species can form and
attain recoverable quantities under conditions where the accompanying high molecular
weight soot precursors, although exhibiting larger peak concentrations than the observed
fullerenes concentration, are unable to generate soot. Trends in the data reflect
similarities but also substantial differences between the formation mechanisms of

fullerenes as compared to those of soot. Both formation processes are believed to
involve many of the same types of reactions, e.g., growth in small steps by addition of
C2H2 and other small species and in large steps by reactions between polycyclic
compounds, competition between growth and destruction reactions, and extensive
involvement of radical sites at edge carbons in the growing polycyclic structures. The
different trends exhibited by the two processes may reflect different sensitivities to the
different reactions, a consequence of the very different structures being formed. Soot
formation does not involve the development of curved or bowl-shaped structures as

required for fullerenes, nor would these curved structures permit the rapid stackin_
required in the reactive coagulation of the relatively fiat sheet-like soot precursors. That
the very special fullerene structures are formed in flames, and that the formation occurs
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in the presence or absence of soot formation, provide new insight into the reactions
important to both processes.

Fullerenes Formation Mechanism

Fullerene formation is seen as a subset of the molecular weight growth processes
occurring in flames, fullerenes themselves being seen as a limiting type of PAH. The
differences between fullerenes and planar PAH are: 1) fullerenes are curved as the
result of pentagons incorporated into their structures, and 2) fullerenes are free of
hydrogen. Also, unlike soot, fullerenes have well-defined structures, with specific
placements of hexagons and pentagons. The fullerene formation sequence branches off
from the planar PAH growth sequence when internal pentagons occur within the PAH
structure. Also, fullerene formation has a specific endpoint, namely the completion of
the cl0sed-cage structure.

a) b) c) ct)

Fig. 18. Proposed fullerene precursors: a) C2oH,0,b) C_J-I,0,c) C,0H,0, d) CsoH,0.

The proposed formation mechanism starts with fluoranthene (C,6H,0), the smallest
PAH which has a pentagon in which each atom is part of an adjacent hexagon. The
growth sequence proceeds via net C2 addition through intermediates of Csvsymmetry
(Fig. 18): C2oHt0(corannulene), C_J"It0,C_0Hl0,and Cs0Hl0. Types of reactions occurring
during this stage of growth are: H-abstraction, C2H2 addition, and ring closing/H-
elimination. These Csvintermediates can dimerize and form closed cages via successive
H-abstruction and cyclization/H-elimination. Cs0Htocan also directly form C60through
the above types of reactions and intramolecular rearrangement. Only structures obeying
the isolated pentagon rule are considered. Direct C70formation proceeds from CsoHt0via
Cu_-Ito,then through the cage dosing process described above.

Thermodynamic properties for ali the intermediates in the formation mechanisms
were estimated via group additivity. A group for curved junctions of two hexagons and
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one pentagon was obtained from the properties of C60. Experimental aHf and ,_I-I,.bwere
used, while C. and aS were taken from previous work using calculated vibrational
frequencies. [_ate coeffidents used for the above types of reactions are those for
analogous PAH reactions.

Simulations of fiat flames (plug-flow systems with axial diffusion) are routinely
performed, but are computationally intensive (of order 10 CRAY cpu hours). Also,
predictions of species important in the fullerene formation mechanism (H, H2, C2H2,
small PAH) based on existing flame models are not sufficiently reliable to test fullerene
formation based on these species. The present work models the flame as a plug flow
reactor, tentatively neglecting diffusion. Input values for H, H 2, C2H2, and the initial
fullerene precursor (fluoranthene) are taken from fiat flame data.

Plug flow simulations using the entire mechanism show yields of fullerenes C60and
C70 within plausible time scales. For a rich (C/O ratio=0.88) 40 Torr benzene-oxygen
flame, the fractional yield of fullerenes from an initial input of fluoranthene can be
approximated by exp(-k*(t-z*)), with k*--M0 s1 and z*=2.3 ms. These parameters are
extremely sensitive to input values for concentrations of H, H2 and C2H2, and for the rate
coefficients. It is also found that only of order 10+ of the fullerenes are formed via the
dimerization route, due to low concentrations of the Csv intermediates.

The proposed mechanism gives plausible times for forming fullerenes in flames,
given the uncertainties in the input parameters and the simplifications made in modeling
the flame structure. The proposed chemistry is expected to be analogous to that of
fullerene formation in carbon vapor systems, with the exception of the need to eliminate
hydrogen from the growing carbon structures.

CONCLUSIONS

Aromatics Oxidation Conclusions

The role given phenyl by the Jackson and Laurendeau model is not consistent with
the data of this project. Either the phenyl intermediate is not dominant, or the phenyl
destruction pathway is not adequately modeled.

Significant differences between benzene destruction in rich H2-O2 flames and in rich
C6H6-O2 flames are indicated by differences in relative concentration of phenol and
cyclopentadiene in the two flames.

Several commonly-used H2-O2 combustion models are found to be inadequate to
model 02 concentration in rich H2-O2-trace C6H+ flames. The problem may lie in the O-
atom chemistry.
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Soot Formation Conclusions

The measured rate of soot particle nucleation supports the hypothesis that the
inception of soot particles is the net effect of growth by reactive coagulation of high
molecular weight PAH and destruction through OH attack. The predicted rate of
growth through C2H2 addition is significantly slower than that corresponding to the
measured rate of soot nucleation.

The measured rate of increase of soot mass subsequent to the particle inception stage
is consistent with the hypothesis that carbon is added to the soot particles through
reactions with both C2H2and PAH.

Soot structure observed by high resolution transmission electron microscopy
indicates the roughly spherical units or spherules of the soot aggregates consist of
smaller particles, i.e., the structure appears to be that of paricles within particles. If
confirmed by more detailed measurements and quantitative image analysis, this
structure would be consistent with the growth mechanism inferred from the analysis of
C2H2and PAH data, the smaller particles being the result of the reactive coagulation of
heavy PAH and the larger spherules representing the coagulation of the smaller particles
in parallel with mass deposition from PAH and C2H2.

Fullerene Formation Conclusions

Fullerenes can be synthesized in substantial quantities in flames. Most of this
research has been performed with subatmospheric pressure, laminar, premixed flames
of benzene and oxygen, with or without an inert diluent gas, but acetylene has also been
used successfully.

The largest yields of fullerenes are produced in sooting flames, but not under the
most heavily sooting conditions. The largest conversion of carbon to soot is about 12%
in fullerene forming flames, but the largest yields and production rates of fullerenes are
observed when about 2-3% of the carbon is converted to soot. Small yields of fullerenes
are formed in nonsooting flames near the critical conditions for impending soot
formation.

The largest yield of C60+C70as a percentage of soot is 20%, observed at a pressure
of 37.5 torr, a C/O atomic ratio of 0.959 and 25% helium. The largest C60+C-_0yield on
a basis of percentage of carbon fed is about 0.5%,and the largest C60+C70production rate
(g/hr) was observed at a pressure of 69 torr, a C/O ratio of 0.989 and 25% helium.

The C.70/C60molar ratios observed under different flame conditions are in the range
of 0.26-8.8, compared to 0.02-0.18 for the graphite vaporization method. The ratio is
typically 1.5 to 1.8 for the flame conditions of largest C60+C70production rates and yields.
The largest values of this ratio are observed under conditions where the fullerene yields
and production rates are relatively low.
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Hame derived fullerenes also include, in addition to C6oand C7o,C6o0, C7o0, CTs,C_,

1 C.90and C_ and many hydrogen-containing complexes such as C6oH2, Ce_'I4, C_I-I2,
" [C6o(CH2)(H2)]or [C60(H)(CH3)], C6oCsH6,C6oC6H8and C_oCTHIo.The last three species are

thermally unstable. The structure of the C6oCsH6 compound is that of the Diels-Alder
' adduct of C60and cyclopentadiene.

Fullerenes first appear after soot formation has progressed to a substantial
concentration, thereby indicating that fullerenes formation chemistry tends to lag that
of soot formation.

Fullerenes formation in flames is a molecular weight growth process analogous to
the formation of PAH and soot but involving curved and hence strained structures. A
kinetically plausible mechanism of C6oand C70fullerenes formation in flames has been
constructed based on the types of reactions already used in describing PAH and soot
growth, but including intramolecular rearrangements and other reactions needed to
describe the evolution of the unique fuUerene structures.
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