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Abstract: Thermodynamic driving forces for fullerene formation in
flames are considered from three different perspectives: 1) global
equilibrium, 2) free energy changes for individual reactions leading to
fullerene formation, and 3) relative stabilities of CyH, polycyclic
aromatic hydrocarbons (PRH). The ranges of conditions which promote
formation of fullerenes and their precursors are determined.
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INTRODUCTION

The discoverers of fullerenes suggested that these molecules may exist
in sooting flames'*. Early concepts of the possible interrelation of
fullerenes and soot have been reviewed by Kroto et al.’’. Detection of all-
carbon ions with charge/mass ratios corresponding to fullerenes by Homann et
al.'® provided the first evidence of fullerene formation in flames. Other
interesting but inconclusive evidence came from MIT!*?, Later, soon after
the technique for producing macroscopic quantities of fullerenes by graphite
vaporization via resistive heating was discovered® and implemented“!¢,
fullerenes Cy and C,, were found in substantial quantities in sooting and
near-sooting low-pressure premixed laminar flat flames™?. The yield of Cg
plus C,, was as much as 20% of the soot and up to 0.5% of the carbon fed in
flames under certain conditions®. Also it was found that benzene/oxygen
flames produced appreciably more fullerenes than acetylene/oxygen flames,
and the molar C,/Cq, ratio varies by over an order of magnitude, with many of
the flames producing more C,, than Cg.

A detailed chemical kinetic mechanism for formation of fullerenes Cg
and C; has been constructed and tested”®. Fullerene formation is described
as proceeding from fluoranthene (C,H,) through curved PAH intermediates of
C,, symmetry, i.e.: corannulene -- COR (dibenzo(ghi,mno]fluoranthene, CyHy);

1/2-bucky -- HB (pentacyclopenta[bc,ef,hi,kl,np]corannulene, CypoHyo) ;5 2/3-
bucky -- TB (pentabenzo[bcd,fgh,jkl,nop,rst]}l/2-bucky, CiH,); 5/6-bucky --
FB (pentabenzo[bcd, fgh,jkl,nop,rst]2/3-bucky, CsHy); expanded-bucky -- XB

(pentabenzo(bcd, fgh,jkl,nop,rst]5/6-bucky, CeH,). All the intermediates in
the reaction mechanism (and the nomenclature used in the present work) are
defined in reference 22. Much of the sequence of intermediates in the
mechanism parallels the "minimum number of dangling bonds" series of species
considered by Smalley® if all dangling bonds are capped with hydrogen atoms.

The mechanism describes C, and C, formation in terms of types of
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reactions already known to occur in the formation of polycyclic aromatic
hydrocarbons (PAH). Four classes of reactions are of importance in the
fullerene formation mechanism: H-abstraction from the PAH via H-atom to
form a o-radical (Type 1); CH,-addition to an aryl radical, with subsequent
ring formation and H-atom loss (Type 23); cyclization of an aromatic radical
to form an additional 5-membered ring (5-ring) or 6-membered ring (6-ring),
with H-atom loss (Type 5-3); and intramolecular rearrangement as studied by
Scott and Roelofs®, in which two adjacent rings (a S5-ring and a 6-ring)
effectively trade places, with the S5-ring becoming a 6-ring and vice versa,
with a concurrent H-shift (Type 6). (Detailed discussion of the reaction
types is found in reference 22.) In the mechanism, fullerene formation is
seen as a subset of the molecular weight growth processes which also lead to
planar PAH and soot. However, fullerenes are neither considered to be soot
nuclei® nor, conversely, as dependent upon soot for their formation®*?,
although some data are consistent with the notion that, like planar PAH,
fullerenes do stick to soot particles®. Preliminary tests of kinetic
plausibility®® showed the mechanism to produce C, and C, in times
representative of those available for fullerene formation in flames (~5 ms).

The initial kinetic testing of the fullerene formation mechanism was
performed using thermodynamic properties derived by a group additivity
method for curved PAH and fullerenes?. In subsequent work®, the group
additivity method was found to have serious limitations in its ability to
treat the energetics of curvature-induced ring strain and H-H repulsion, via
comparison with MM3(92)% calculations for all the species in the fullerene
formation mechanism and MOPAC calculations® (MNDO, AM1 and PM3; both RHF and
UHF) for nine key species (fluoranthene, benzo(ghi]fluoranthene,
corannulene, HB, TB, FB, XB, Cy, and C,). All the calculated thermochemical
properties® include evaluations of standard entropies and heat capacities.
General conclusions® were: 1) MM3(92) best predicts the experimental heats
of formation of Cgq and Cp?; 2) MM3(92) also well predicts C°(g) of Cg”
(within 6%) in the range 300 K < T < 500 K; 3) all the semi-empirical
guantum mechanics methods used give similar values for AH° of the fullerene
precursors on a relative basis, although differing greatly on an absolute
basis; 4) the RHF AHS values for a given Hamiltonian are always larger than
the corresponding UHF values, by as much as 16%; 5) a group additivity
method for AH, of fullerenes® shows similar limitations to the previously
developed group additivity method? in its ability to account for curvature-
induced ring strain. It was also found that the predicted rates for Cg and
Cyp formation are minimally affected by use of the MM3(92) thermochemical
properties as compared to the original work, showing that none of the
reactions in the fullerene formation mechanism has an insuperable
thermodynamic barrier®. This point will be proven below.

In the present work thermodynamic limitations for the formation of
fullerenes Cy and C, are addressed using the thermochemical properties
previously calculated?”, along with experimental data for heats of formation
of Cq and Cy,’?. First, we briefly revisit the McKinnon®® global equilibrium
calculations for Cg, both with and without C,. Next, the entire reaction
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sequence for the formation of Cg in the fullerene formation mechanisn? is
studied to look for thermodynamic bottlenecks in the form of disfavored
reactions. A similar analysis? but using the group additivity properties
shows the reactions leading up to the formation of HB to be disfavored, and
as such, among the rate-limiting steps in the mechanism. Here, HB is shown
to be the "top of the hill" in terms of its stability, and therefore the
final section is devoted to a relative stability analysis of several Cy,H, PAH
(x=10,12,14,16,18; including two recently synthesized C;H,, compounds®¥),
Formation of curved PAH is shown to be thermodynamically favored under
certain conditions. Data from a fullerene-producing flame'*® are used in
this portion of the analysis.

GLOBAL EQUILIBRIUM

A general assessment of thermodynamic driving forces 1in flame
environments can be obtained from global equilibrium calculations. In this
approach, a set of species and their thermodynamic properties are input, and
the equilibrium concentrations of the entire mixture is computed for given
conditions (input mole fractions, temperature, pressure). The software used
is the version of STANJAN® compatible with the CHEMKIN-II subroutine
packages®. STANJAN minimizes the free energy of the species set without
need for a set of reactions as constraints. The present work differs from
that of McKinnon® in the following ways: 1) properties for Cq and Cy, use
the experimental AH° values® with the MM3(92) values for S° and C,°”; 2) only
benzene flames are considered (therefore, the atomic C/H ratio is fixed at
unity); and 3) the species set is expanded to include not only all the
stable species in the fullerene formation mechanism®, but also an extended

series of PAH containing only 6-rings (PAH6) having the most peri-condensed

(i.e., the most densely packed) structures up to and including Dg=~CgH,y
(circumcircumcoronene -- A37 in Frenklach et al. nomenclature*). Large PAH
are included to approximate the tendency to form soot. The set of 132

species used includes all 47 of the species used by McKinnon, with no
changes in their thermochemical properties except for Cg.

One of the more important results from global equilibrium calculations
in fuel-rich flames is that virtually no hydrocarbons are formed until the
atomic C/0 ratio exceeds unity, which is in sharp contrast to experimental
observations. For example, 1in premixed benzene/oxygen flames many
hydrocarbons including PAH are formed at C/O values much less than unity,
and even soot begins to form at C/0 = 0.76'. This discrepancy reflects the
kinetic, not thermodynamic, control of carbonaceous species growth in
flames. Therefore, global equilibrium calculations are not reliable
quantitatively, but can yield useful insights into trends with respect to
variables such as temperature and pressure.

The calculations below are for an input mixture of benzene and O, with
C/O0 = 1.2, to allow sufficient production of hydrocarbons to study trends.
The temperature is varied by 100 K intervals between 1000 and 3000 K, for
four pressures which more than cover the range of known fullerene-producing
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flames (20 Torr, 100 Torr, 1 atm, 10 atm). The oxygen input almost
completely (>99.9%) appears as CO, (except for T < 1500 K and p > 1 atm),
and the hydrogen which does not appear as hydrocarbons is in the form of
either H, or H atom. Approximately 5/6 of the carbon input appears as CO,
leaving about 1/6 of the carbon available for hydrocarbons or fullerenes
formation.

Equilibrium species concentrations are shown in Figs. 1-4. With
increasing temperature, the available carbon appears first as CH,, then as
PAH (almost all of which is in the form of the largest PAH in the species
set, A37), then fullerenes, and then C,H, (including CH,, CH,, CiH,, CgH,, with
the overwhelming majority appearing as GH,). The concentrations are
expressed in terms of the fraction of carbon times 6, i.e. the fraction of
available carbon, for a reaction set in which Cy, is the only fullerene. At
20 Torr and 100 Torr, the peak amount of Cg, contains over 90% of the
available carbon. At 1 atm, the peak Cy concentration corresponds to a
fraction of 77.1%, more than ten times the prediction of McKinnon® which was
based on an earlier, now known to be overpredicted, value of AH of Cg.
Even at 10 atm, as much as 32% of the available carbon is predicted to be
Ce, wWhich, if such conversions could be realized in practice, might be of
considerable practical interest. However, the actual prospects for
fullerene formation at high pressure appear to be quite minimal, because
soot formation is strongly enhanced by increasing pressure”®. Other general
trends found by McKinnon were reproduced: the sequence with respect to
temperature of the significant carbon-containing species; an abrupt change
(over a range of less than 100 K) from PAH to fullerenes with increasing
temperature; and decreasing amounts of fullerene formed with increasing
pressure. Use here of the experimental value of AH,” shows that global
equilibrium favors fullerene formation just about as much as it does any
other carbonaceous product under the proper temperature and pressure
conditions.

Using the experimentally measured AH®’ of 2, another set of
calculations in which ¢, is also included was performed. The predictions
for C; and Cg, are shown in Figures 5 and 6. Not surprisingly, C, is
predicted to be much more prevalent than Cy, effectively replacing it as
compared to the case where C, is the only fullerene. Also, the transition
from PAH to fullerenes occurs at a slightly lower temperature (by ~100 K)
for C;, reflecting both the greater stability of ¢, and the slightly
increased similarity of its molecular nature, due to its elongated
structure, to planar PAH. However, a noticeable amount of C4 (peaking
around 1.3-3.6% of the available carbon) is still predicted, far exceeding
what a simple partial equilibrium prediction for the two fullerenes alone
would yield”®. The predicted molar C,/Cq, ratio of at least ~6 for 20 Torr
and 100 Torr in the range of 1800~2500 K is still appreciably larger than
typical experimental ratios of roughly 1.5 to 2'"1%2% rejnforcing the notion
that fullerene formation is under kinetic control. Therefore thermodynamic
barriers, which determine the ratio of the rate coefficients of the
individual reactions in the forward and reverse directions, are of
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Figure 1. Global equilibrium predictions for CH, for C/0 = 1.2,

T = 1000-3000 K, selected pressures. (No C, in species set.)
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Figure 2. Global equilibrium predictions for A37 for C/O0 = 1.2,
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Figure 3. Global equilibrium predictions for C4 for C/0 = 1.2,
T = 1000-3000 K, selected pressures. (No C, in species set.)
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considerable interest in the fullerene formation mechanism?®.

C¢e FORMATION -- STEP BY STEP

The shorthand nomenclature used for the stable species in the portion
of the fullerene formation mechanism between fluoranthene and Cq, as well as
the empirical formulae, are given in Table 1. Names for the corresponding
sigma radicals formed by abstraction of an H atom are those for the stable
compound followed by *, e.g. COR* (CyH;). Molecular structures for these
compounds are given in reference 22, as well as the rationale for the
nomenclature*. The species CH,, H, and H, also appear in the mechanism.

Table 1. Names and Empirical Formulae for the Stable Species in the Portion
of the Fullerene Formation Mechanism®? Leading to Cy, Formation.

empirical empirical empirical
name formula name . formula name formula
a) FLTHN CsHio X) HB3 CisHyo u) FB2QR CssHyg
b) BGHIF CisHio 1) HB4 CysHip v) FB2QRD CsHy
c) COR CaoHip m) TB CaoHig W) FB3Q CyHg
d) COR1 CpHig n) TB1 CoHip X) FB3QD CseHy
e) COR2 CyHio o) TB2 CuHio v) FB4Q Cy3Hg
£) COR3 CysHio P) TB3 CyeHio z) FB4QD CyH,
q) COR4 CuHio q) TB4 CesHig aa) FBSQ CeoHs
h) HB CyoHyg r) FB CseHyg ab) FBSQD CeoH,
i) HB1 CypHyy s) FB1 CsHyg ac) C60 Ceo
3) HB2 CyHyo t). FB2Q CyHyo

The reactions in the fullerene formation mechanism® are listed in Table
2, along with the reaction type, AH (298 K), As®°(298 K), AG(2050 K), and
K, (2050 K) for each reaction. (K, is defined below.) The temperature 2050
K was chosen as a representative temperature for the fullerene-forming
region of a premixed benzene/oxygen/10% argon flame operating at 40 Torr!*%®,
which was used to provide data for the preliminary testing of the
mechanism?. Mole fractions for H, H,, and CH, were also taken as
representative values for the same region of the flame, and were set at
0.025, 0.12, and 0.06, respectively. Rate coefficients for the four
reaction types were taken from similar reactions for planar PAH.
Sensitivities of the predicted fullerene formation rates to the input
parameters have been previously published??2.

The overall reaction, FLTHN (CH,) + 22 CH, = Cq, + 27 H,, is very
strongly favored: AH (298 K) = -664.4 kcal/mol, and AG(2050 K) = =-416.1
kcal/mol. However, several of the individual reactions are
thermodynamically disfavored. If only AH(298 K) is considered, all the
type 1 and 5-3 reactions would appear to be energetically uphill. However,
at the temperatures of interest for fullerene formation, the effects of
entropy must be considered. Reactions #4, 6, 8, 10, 12, 14, 16, 18, and 51
have AG(2050 K) > 0; all of these are type 23 reactions. Reaction 51, the
last C,H, addition, yields a CgH, product with the hydrogen atoms so close to
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each other that steric hindrance is important. All the other reactions for
which AG(2050 K) > 0 are ring-forming reactions in which considerable
amounts of curvature are introduced into the growing structure.

The entropy change for the reaction types helps to explain previously
published predicted trends in fullerene formation rate with respect to
temperature®, in which the fullerene formation rate exhibits a maximum
around 2100 K. While reactions of types 1 and 5-3 have AS®° > 0, beconing
more favored with increasing temperature, type 23 reactions have As® < 0,
showing the reverse temperature trend, while the type 6 reaction has As®
0.

It

The need to consider AG at the conditions of interest, instead of
AH (298 K) has been shown. However, the concentrations of the reactants
themselves need to be included in the analysis to determine the relative
ratio of forward to reverse reaction rates. During the kinetic testing
previously performed, the mole fractions of H, H,, and CH, remain effectively
constant, varying by less than 0.5%%, making all the reactions in the
fullerene formation mechanism pseudo-first-order in both directions. While
K, (= exp[-AG/RT], where R is the ideal gas constant) is the ratioc of the
forward to the reverse rate for a given reaction, the relevant quantity for
assessing the driving force for forward progress in the reaction becomes K,
which is K,*py/py for type 1 reactions, K *pcu,/py for type 23 reactions, and
K,/py for type 5-3 reactions, where py is the partial pressure of reactant X.
This approach is equivalent to using Legendre transforms of AG for the case
where one or more species is at a constant chemical potential®. K; is not
only the ratio of the pseudo-first-order forward to reverse rates, but also
the equilibrium ratio of the fullerene precursor product to the reactant,
e.g. [FLTHN*]/[FLTHN]. The equilibrium ratio for the overall reaction,
[Cel/[FLTHN], is 5.5*%10%,

Looking at K; for the individual reactions (Table 2) reveals yet another
picture of thermodynamically hindered reactions in the mechanism. Of the 53
reactions, 22 (19 of type 1, 3 of type 23) have faster reverse reactions
than forward reactions, i.e., K; < 1. However, a reverse rate need not be
faster than the forward rate to have an impact on kinetic modeling results.
Consideration of reactions in which the forward rate is less than three
times faster than the reverse rate (K; < 3) can be more illustrative. Such
reactions include all but one (#15) of the type 1 reactions, the nine type
23 reactions mentioned above for which AG(2050 K) > 0, and the type 6
reaction (#39).

The thermodynamic properties of the radical species relative to the
corresponding stable species depend upon the type of aromatic carbon from
which H-abstraction occurs®*. Furthermore, the change in symmetry in
forming the radical also affects the entropy change for reaction, and
entropy is important at the temperature of interest. The combination of
these two effects (more stable radical, loss of symmetry) makes reaction #15
the most favored of the type 1 reactions, but even so, the K; value is not
very large (5.58). Therefore, the H-abstraction reactions are important for
controlling the overall rate of curved PAH growth leading to fullerene
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Figure 7. Log, of the equilibrium ratio between the stable
species in the fullerene formation mechanism with respect to
species a (FLTHN) for species a-j.

(63}
[0}

N w H
o o o

Log10 equilibrium ratio of species
o

o

jk Imnopgqrstuvwxy zaaabac
Species

Figure 8. Log, of the equilibrium ratio between the stable
species in the fullerene formation mechanism with respect to
species a (FLTHN) for species j-ac.
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formation, with the molar H/H, ratio being a crucial reactor condition. This
result is similar to that found in modeling planar PAH growth in flames¥.
Beyond the type 1 reactions, most of the thermodynamically hindered
reactions (#4, 6, 8, 10, 12, 14, 16, 18) are found in the early stages of
the mechanism, up to HB formation, with most of the remaining reactions
being de facto irreversible reactions, with the exceptions occurring within

the cage-closing portion 1leading to final C, formation: the type 6
(intramolecular rearrangement) reaction is essentially thermoneutral (#39),
and reaction #51 1is discussed above. All the type 5-3 reactions are

irreversible (with K, > 2%10°, including the final reaction which forms the
completed C,, showing that opening of the Cy cage via H-atom attack is not
a pathway for Cy destruction in flames.

A simple way of reviewing the overall driving forces in the mechanism
is to plot the equilibrium concentration of the individual species with
respect to FLTHN, which is merely the product of the K, ratios of all the
preceding reactions. The results are plotted in Fig. 7 for species a-j in
Table 1 (FLTHN-HB2), and Fig. 8 for species j-ac (HB2-Cg) . As asserted
above, HB (species h) is indeed the least stable of the species in the
mechanism, the thermodynamic "top of the hill". Additional ring formation
beyond HB is very much thermodynamically favored, except for the reactions
forming FB2QR (species u) and FB5Q (species aa), but by the time formation
of the cage has proceeded this far, it is unlikely that these steps provide
a real impediment to fullerene formation.

Of course, the equilibrium ratios shown in Figs. 7 and 8 are not seen
in actuality. The fullerene formation mechanism is a simplified example of
the most direct pathway to forming fullerenes Cg, and Cp, in flames. There
are myriad other molecular weight growth products which are possible, most
of which are unsuitable for further growth which will lead to a closed
fullerene cage. Also, coagulations among PAH are very likely to produce
species which do not have a suitable structure for eventual fullerene
formation. Furthermore, the curved PAH can, like planar PAH, be consumed by
coagulation with soot particles. It is not surprising then that, to date,
while fluoranthene and benzo([ghi]fluoranthene have long been observed in
flames““, the existence of corannulene in flames has only recently been
confirmed®. Except for Cy, and C; themselves, none of the species larger
than corannulene in the mechanism has yet been positively identified. This
lack of evidence begs the gquestion of whether curved PAH such as HB can
possibly form in flames.

RELATIVE STABILITY OF C,H, SPECIES

The structures of six C,H, compounds are shown below. The IUPAC names
and empirical formulaece are: 1 - -
pentacyclopenta(bc,ef,hi,kl,no]corannulene, CyH,,; 2 -- phenanthro[6,5,4,3-
ad]corannulene, CiyoH 27 3 -- benz[S,6)-as~indaceno~{3,2,1,8,7-
mnopgrlindeno(4,3,2,1~cdef]chrysene, CyH,;; 4 =-- dibenzo(bc,ef]coronene,
CyHu; 5 -- tribenzo(b,ghi,n]perylene, CyH,; 6 —- heptaphene, C;H;;. Species



5174 C. J. POPE and J. B. HOWARD

1 is HB from the fullerene formation mechanism®, 2* and 3% have recently

been synthesized, and 4, 5, and 6 are planar PAH with the same point group
as 2 (C,)%'. Compound 4 is also representative of the peri-condensed PAH6
preferentially formed in flames. The MM3(92) thermodynamic properties for
these six molecules and literature values for H,” are shown in Table 3.

W R G

1 2 3 4

Table 3. MM3 (92) Calculated Properties for 1-6 (1, reference 29; 2=6,
present work), and Literature Properties for H, (reference 52). Units are
kcal/mol (4AH;’), and cal/mol-K (S°, C,).

Al s° C,(300) C,(400) C,(500) C,(600) C,(800) C,(1000) C,(1500)
1 277.33 130.33 86.30  112.24 133.37 150,10 173.80 189.18 209.86
2 198.85  131.39 85.98 112.65 134.72 152.49 178.17 195.18  218.42
3 213.585 134.32 86.63 113.39 135.48 153.20 178.74 195.61  218.64
4 112.27 135.97 86.95 114.54 137.66 156.41 183.77  202.07  227.39
5 110.91 145,59 90.86 119.24 143.10 162.48 190.89 210.07 236.90
6 124.58  151.99 94.63 124.06 148.76 168.81 198.29 218.32  246.60
H, 0.00 31.21 6.90 6.96 7.00 7.02 7.07 7.21 7.73

The following overall reactions are considered, not to imply any
chemical mechanisms, but to assess relative driving forces for curved 'PAH
formation among the above C;H, species: i) 6 =5 + H,, ii) 5 = 4 + H,, iii)
4 =2 +H, iv) 2 =1+ H, V) 3 =2, vi) 4 =1 + 2 H,. The AG for these six
reactions is shown for selected temperatures in Table 4. Reactions i and ii
are very strongly favored, which is consistent with the long-observed
prevalence of the most peri~condensed structures for flame PAH®; these two
reactions will not be considered further. Reaction v gives the relative
importance of the two C;H;, compounds recently synthesized®. cConsistent
with the analysis of Abdourazak et al.’, which is based on MM2 values for
AHP*, 2 is more stable than 3, dramatically so at lower temperatures: K, for
reaction v is 5.84 at 2050 K (and 5.7*%10° at 500 K).

The remainder of the analysis will center on reactions iii, iv, and vi
(which is merely the sum of reactions iii and iv). Crossover temperatures
(at which AG = 0) are 2932 K and 2265 K for reactions iii and iv,
respectively. Since flames rarely reach such temperatures, it would appear
that curved species could never become the predominant C,H, compounds. Using
the actual flame temperatures and H, partial pressures from the above-
mentioned ¢=2.2 benzene/oxygen flame'?’, given in Table 5, the equilibrium
ratios 2/4 (reaction iii), 1/2 (iv), and 1/4 (vi) are shown in Fig. 9.
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Table 4. AG (kcal/mol) for Overall Reactions i-vi (see text for
definition).

T (K) i ii iii iv v vi
500 -26.14 -9.64 72.99 63.01 -13.16 136.00
1000 -39.21 -21.18 57.88 45.41 -11.34 103.29
1500 -52.06 -32.58 42.58 27.34 -9.38 69.92
1750 -58.36 ~38.16 35.02 18.34 -8.39 53.36
2000 -64.58 ~43.66 27.51 9.40 -7.39 36.91
2250 -70.73 ~-49.09 20.06 0.52 -6.38 20.58
2500 -76.80 ~54.44 12.66 -8.29 -5.38 4.37
2750 -82.81 -59.72 5.31 -17.02 ~4.39 -11.71
3000 ~-88.75 -64.94 -1.98 ~25.69 ~3.39 -27.68

Table 5. Data from 40 Torr ¢=2.2 benzene/oxygen flame. HAB stands for
height above burner surface.

HAB (mm) T (K) Py (atm)
S 1999 0.00521
6 2070 0.00500
7 2105 0.00542
8 2118 0.00568
9 2120 0.00689
10 2122 0.00716
12 2108 0.00764
15 2088 0.00837
100
o
©
g 10
£
=)
s
5 1
o
L
0.1 :
5 10 15
Height Above Burner (mm)

Figure 9. Equilibrium ratios for 2/4 (squares), 1/2 (diamonds), and 1/4
(triangles) in a benzene/oxygen flame.
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While 4 is more stable than 2 under these conditions, 1 is more stable
than either 2 or 4. The compound with the highest AH° (1) has been found,
paradoxically, to be the most stable®™. Since 1 has the smallest possible
number of hydrogen atoms for a Cy,H, PAH containing only 5-rings and 6-rings
without adjacent pentagons®, there is indeed a strong driving force for
curved PAH formation under these conditions. The results are strongly
dependent upon py,. Considering the hypothetical case of the same flame at
atmospheric pressure, the H, mole fraction does not vary strongly with
pressure, SO Py, would be 19 times larger. In such a case, the 1/4 ratio has
a maximum of only 0.083! 1In summary, conditions favoring curved PAH such as
those in the fullerene formation mechanism as opposed to planar PAH are high

temperatures and low partial pressures of H,, the latter effectively
translating to low overall pressure.

CONCLUSIONS

A consistent set of conditions has been found which would, according to
thermodynamics, promote the formation of fullerenes and the curved PAH which
are their proposed precursors. From global equilibrium considerations,
lower pressures increase the potential peak amount of fullerenes possible,
and also widen the temperature "window" for fullerenes formation. There are
no insuperable thermodynamic barriers for fullerene formation for any of the
reactions in the fullerene formation mechanism® considered here. Previous
kinetic testing® has shown that the mechanism predicts a peak fullerene
formation rate around 2100 K, consistent with the global equilibrium
predictions. The most thermodynamically uphill portion of the mechanism is
that leading up to HB formation. However, although HB is the least stable
molecule in the mechanism, its formation relative to planar C;H, species is
favored at high enough temperatures (of order 2000 K) and low partial
pressures of H,. This understanding of thermodynamic constraints for
fullerene formation can assist further study of the chemistry and kinetics

of fullerene formation and the optimization of fullerene production in
flames.
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