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ABSTRACT

Carbon-sublimation produétion of fullerenes enjoys wide use in both ex-
perimental and industrial application worldwide. Although it has been nearly five
years since the inception of the technique, little is known about the roles various
parameters play in the production process. This work attempts to shed light, both
experimentally and theoretically, on the basic processes at work in this type of

fullerene production.

Experimental results herein show that a functional relationship exists
among the Ceo, C70, C76, Crs, and Cag4 fullerenes produced in carbon arcs. This
result is interpreted to mean that an equilibrium description of the production
process may be valid. Theoretical calculations are then offered in support of such
a view. The theory goes on to show details of an equilibrium description that

reproduce essential features of fullerene mass-spectra.

It is shown that equilibrium abundances of n-atom-sized clusters are highly
dependent on the stoichiometric equation chosen to describe the system. However,
common traits of the investigated equilibrium descriptions lead to useful conclu-

sions.



CHAPTER 1

INTRODUCTION

A 1984 paper [1] by an Exxon research group described an experiment where
a high-pressure pulse of helium was introduced into an evacuated chamber and
directed across the surface of a spinning graphite disk. A laser, timed to coincide
with the arrival of the helium pulse, would then be fired at the graphite disk to
create a cloud of carbon gas in the presence of the helium. The carbon/helium
gas would continue across the spinning disk, through a short channel, and into a
time-of-flight mass spectrometer (TOF-MS) where the carbon clusters were ionized
and their sizes analyzed. The results of these experiments (see Fig. 1.1) revealed
two, apparently disparate, carbon-cluster distributions. The low-mass family, C,
with n < 30, contained both odd and even numbers of atoms and were, therefore,
spaced by C;. The high-mass family, C, with n > 30, were restricted to even

numbers of atoms and C; spacing.

Further experiments by Kroto et al. [2] adjusted the laser timing to alter
the ambient pressure at the evaporation point. Results from this study (see Fig.
1.2) revealed the anomalous stability of the Cgp and Cro carbon clusters with
respect to their neighbors. The group proposed that the structure of the highly
stable Cgg cluster was that of a truncated icosahedron (see figure 1.3). The geodesic
character of the proposed structure prompted the name “buckminsterfullerene” or,
more affectionately, “bucky ball”, in honor of Buckminster Fuller, who devoted

considerable effort to the study of geodesic structures.
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Figure 1.1: Carbon Cluster Mass Spectra as seen by the Exxon group
(1] (used with permission from Journal of Chemical Physics).
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Figure 1.2: Carbon Cluster Mass Spectra as seen by Kroto et al. (2]
showing cluster-abundance dependence on He pressure variations. The
bottom frame shows a low-pressure spectrum, high-pressure conditions
are reflected in the middle frame, and intermediate-pressure in the top
frame (Reprinted with permission from Nature, Copyright 1985 Macmil-
lan Magazines Limited).
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Figure 1.3: The icosahedral structure of Cgo proposed by Kroto et al.
The molecule itself is approximately 1 nm in diameter, including the
electron cloud.

Intense interest in the form and properties of stable, high-mass carbon clus-
ters was sparked by the findings of Kroto et al. However, the restriction imposed
by finding the clusters exclusively in beam experiments made the availability of
new data rare and analysis difficult. The situation was radically changed in 1990
by the discovery [3] of a simple technique to produce macroscopic quantities of

these clusters.

The new technique involves the sublimation of graphite in a low-pressure,
inert-gas environment. The resulting carbonaceous powder is then harvested and
washed with a nonpolar solvent, usually toluene, and the solvent filtered to remove
any particulate matter. The liquid thus obtained is reddish to amber colored
and contains an entire family of all-carbon, closed-cage molecules known as the
fullerenes. The macroscopic samples obtained using this technique were sufficient
in size to allow confirmation of the proposed [2] soccer-ball shape of Cgp and the

closed-cage structure of the other fullerenes. The larger versions have been detected
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Figure 1.4: An explosion of scientific work on fullerenes, evidenced by
the publication count, follows the Kratschmer/Huffman discovery of a
method to produce macroscopic quantities of the molecules.

in sizes containing up to 600 carbon atoms.

The explosion of data, theoretical analyses, and new carbon-structure dis-
coveries that the Kratschmer/Huffman fullerene synthesis technique spawned is
amply illustrated by Fig. 1.4. The importance of this technique in experimen-
tal and future commercial venues testifies to the need for understanding of the

processes involved.
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1.1 Where are fullerenes found?

Fullerenes have been formed “chemically” in special benzene flames [4] and by
pyrolysis of naphthalene [5, 6]. They have been found in natural settings such
as Russian coal deposits known as shungite (7], lightning ground-strike remnants
called fulgerites [8], and in meteorite craters [9]. Additionally, researchers have
produced fullerenes by subliming solid carbonaceous material (graphite, coal, etc.)
using electron bombardment [10], RF heating [11], laser vaporization [12], resistive
heating [3], and electric arcs [3, 13]. The last two have gained, in the author’s
view, an unearned distinction, and the terms resistive heating and arc heating are
used interchangibly in this text. Of all fullerene sources, the electric arc technique

has proven the most commercially viable [14].

As mentioned above, in the Kratschmer/Huffman fullerene production
technique, an arc is struck between two graphite electrodes in approximately 100
torr of helium. The resulting soot is washed with a nonpolar solvent, such as
toluene, to extract the fullerenes. Since high-yield soot can be obtained by incan-
descent glowing of the graphite rods [16], the electromagnetic effects, electron/car-
bon-cluster interactions, and cluster ionization associated with the electric arc seem
to have, at best, a minor role in fullerene production. The arc, however, provides

more concentrated heating of the rod tips and, thereby, greater sublimation rates.

1.2 How are fullerenes formed?

Despite the large volume of research initiated by the Kratschmer/Huffman process,
an actual predictive theory of carbon-sublimation production of fullerenes has yet
to be realized. The status that this technique holds in fullerene research demands
that its details be determined as accurately as possible. A predictive theory would
be invaluable in efforts to maximize efficiency, determine rate and equilibrium

constants, establish paths of fullerene formation, and compare production results
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from different experimental arc chambers.

Slanina et al. {17], used early energy calculations to show a conflict be-
tween the high yield of Cgy and a state of thermodynamic equilibrium. This
group’s conclusion that fullerene production was a fortuitous blend of an “ade-
quate temperature-pressure regime” and a “convenient kinetic mechanism” was
well supported and underscored the need to examine just what this kinetic mech-

anism might be.

Four details must be accounted for in any mechanism-specific theory of
fullerene formation. One is the the geometric requirement that exactly 12 pen-
tagons must be incorporated into the cage structure to achieve closure [18]. An-
other is that an energy penalty must be paid if any of these pentagons abut another
[18]. Additionally, the Cgo fullerene fraction must be large, even dominant. Fi-
nally, the fullerene yield must be.enhanced at increased buffer gas temperatures

[13).

The most notable mechanisms are known as the fullerene, pentagon, and
ring-zipping roads. The fullerene-road mechanism [19] assumes an initial produc-
tion of many small, C, <epo, fullerenes and the addition of C; or other tiny C,, frag-
ments to the highly strained, and chemically reactive, fused-pentagon sites, thus
expanding the fullerene until a more stable cluster, like Cgo, is reached. Alterna-
tively, the pentagon-road assumes the growth of graphitic-like sheets, maintaining
the least number of dangling bonds at the edges and redistributing pentagons to
minimize the sheet energy. Finally, the ring-zipping road assumes the growth, first,
of linear, carbon-atom chains which give way to ring-like structures as the number
of carbon atoms involved increases. At sizes greater than C;g these ring structures
can zip into the fullerene isomer of that cluster size [23]. An excellent review of
these kinetic views, their justification, and possible drawbacks is given by Curl
[20].
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1.3 This work

The work herein provides experimental data and analysis that reveals linear re-
lationships among the various fullerene abundances resulting from the carbon-arc
production technique. The mutual interdependence of these abundances is inter-
preted as justification for exploring an equilibrium view of fullerene production.
Two equilibrium models are then investigated and shown to reproduce important

mass-spectrum features.



CHAPTER 2

EXPERIMENT

2.1 Apparatus

With reference to figure 2.5, a horizontal cylindrical chamber with axial elec-
trodes protruding from each end-face served as the foundation for the experimental
. fullerene production platform. Suitable plumbing allowed evacuation, purging, and
controlled gas-introduction. One electrode, although adjustable, remained fixed
during the production runs. The other electrode was mounted to a screw-drive
apparatus powered by a stepper motor. A Linde'™ arc-welder capable of up to
500 amp service served as the power supply. The electrodes (see Fig. 2.6) were
constructed of a stainless-steel tube enclosing a smaller brass tube arranged to
allow a constant flow of water through the electrode for cooling. The fixed cath-
ode was tipped with a 19 mm-diameter graphite cuff to protect against erosion of
the steel. The driven anode was capped with a similar piece of graphite with a
hole drilled and tapped on-axis to accept a 6 mm-diameter, 120 mm-long graphite
rod intended as feed-stock for fullerene generation. A copper, water-jacket-type
heat-exchanger (see Fig. 2.7) inside the chamber, dubbed a shroud, protected the
bulk of the chamber interior from the brunt of the arc. The shroud was fitted with
an inner sleeve of graphite-cladded copper that could be drilled out longitudinally

to allow adjustment of the shroud cooling efficiency.

A pressure sensor on the main water-supply line provided constant flow-

rate information while temperature sensors on all water inlets and outlets allowed
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Figure 2.5: The experimental apparatus
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Figure 2.6: Water-cooled electrodes
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Figure 2.7: Cross-section of water-jacket type shroud showing tempera-
ture adjustment holes.
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Figure 2.8: Current variation during a 100 mm rod burn.

monitoring of cooling efficiencies. An 83 uQ shunt allowed analog current monitor-
ing while a Hall-Effect current transducer provided isolated current measurement
by computer. Similarly, an analog voltmeter across the arc served the human
operator while an induction-based isolation amplifier was used for computer ob-
servation of voltage changes. A thermocouple inside the chamber could be used to

monitor the temperature of the shroud.

An 80286-based computer acted simultaneously as controller and moni-
tor for the experiments. Software was designed and implemented that allowed
electrode-position control based on current feedback. Other feedback parameters
were possible, but never tried. Figure 2.8 shows how effectively current levels can

be maintained during a 4 minute burn with the computer control.

The bulk of the resistance in the arc circuit is due to the arc gap itself.
The second most resistive element is the consumable graphite rod. This means
that, as one sublimes the graphite, the resistance of the circuit is reduced sub-

stantially. Since the parameter most useful for arc-gap control is the current,
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Figure 2.9: Resistance compensation using a second graphite rod.

this constant change in circuit resistance is undesirable. To eliminate the circuit-
resistance change due to electrode consumption, a second 6 mm-diameter graphite
rod was placed in-circuit and attached to the back end of the anode drive mecha-
nism (see Fig. 2.9). A friction brush arrangement allowed sliding electrical contact
with this additional rod assured that the same length of graphite would be in the

circuit throughout the burn.

2.2 Procedure

Fullerene production runs were undertaken at 100, 300, and 500 torr of helium, with
3 different voltage settings, and a variety of shroud efficiencies. The procedure was
to load a new, consumable 6 mm-diameter, 120 mm-long graphite rod on the anode

then close and evacuate the chamber. When the pressure reached =~ 100 microns
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(millitorr) of mercury the chamber would be back-filled with helium to a 600 torr
and then reevacuated to 100 microns é,gain. Helium would then be added until
the desired working pressure was obtained. Power, at the desired setting, would
then be applied to the electrodes and the system put under computer control. The
computer program would advance the anode to strike the arc and then withdraw
to achieve a 1.5 mm arc length. The current would then be logged and incremental

changes in anode position used to maintain this current, and, thereby, the desired

arc-gap.

. The evaporated carbon from each run was harvested from the powder-
covered surfaces of the chamber with a paint brush and passed through a 7 wire-
per-cm screen to separate large chunks from the fine soot. The soot from the
shroud interior and that from the rest of the chamber were kept separate. A small,
~ 8 mg, sample of soot from each of the two regions was carefully weighed on a
microgram balance and toluene added to make a 1 mg/ml soot-to-toluene slurry.
This mixture was placed in an ultrasonic cleaner for =~ 5 minutes and then poured
through a number 42 Whatman paper filter. The resulting amber liquid was poured
into a glass cuvette and then placed in a Cary 118 spectrophotometer. Absorption
as a function of wavelength from 350 nm to 800 nm was recorded by computer for
each sample and then analyzed by generalized least-squares curve-fitting to known,
mass-normalized Cgg, C70, C76, C7s, and Cgq absorption spectra (see Appendix 1).
These constituents are known to comprise > 99% of the fullerenes present in the

soot [34].

Fullerene yield was computed as the total fullerene concentration in mg/ml,
as measured via the optical absorption technique, divided by the original 1 mg/ml

soot-to-toluene slurry concentration.

Once all pressure/power-setting combinations were completed, part of the
graphite cladding on the inner shroud sleeve was removed by drilling. This was

done to reduce the cooling efficiency of this element and, thereby, change the
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temperature profile in the chamber during the subsequent burns.

After the systematic production study was completed, various techniques
were tried in an attempt to maximize yields. These included placing a graphite
tube inside the shroud with small “feet” to minimize thermal conduction between
this tube and the shroud. This further probed the fullerene yield dependence on

the temperature profile in the chamber.

Another yield maximization technique tried, was to allow helium to flow
during the burn in order to maintain a cleaner environment. It is well known that
atmospheric contaminants have a deleterious effect on fullerene yield [14]. This

technique was meant to circumvent a leakage problem if one existed.



CHAPTER 3

RESULTS

The experimental study of fullerene production dependence on various parameters
provides little new information. Figure 3.10 shows the gross behavior reported
by other groups [14}, i.e., yield, defined as milligrams of fullerenes extracted per
milligram of soot, reaches a maximum at lower He pressures. Focusing on the
high-yield, 100-torr-pressure studies, figures 3.11-3.13 show total fullerene yield
versus applied voltage, current, and power. No predictable relationship between
fullerene yield and these parameters is apparent. The yield versus temperature-
profile studies similarly showed no apparent relationship between fullerene yield

and shroud efficiency.

There was a small difference between the soot harvested from the interior
of the shroud and that from the rest of the chamber. The shroud soot was usually
a few percent less abundant in fullerenes. This is assumed to be due to the low
sublimation temperature of the fullerenes as compared with the other constituents
in the soot. The fullerenes simply moved out of the shroud. It is also possible that
the brunt of the arc on the soot inside the shroud served to destroy the fullerenes

there.

The ability to determine species yields for Cgg, C79, C76, Crs, and Cgy from
the UV/visible absorption spectrum of the extract leads to several new results.
Figure 3.14 shows that a linear relationship between total fullerene yield and Cgg
yield exists over a wide range of conditions. Further, figures 3.15-3.18, showing C,

fractions, defined as the C,, yield divided by the total fullerene yield, indicate that
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Fullerene Yield vs. Applied Voltage
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Figure 3.11: Total fullerene yield, defined as milligrams of fullerenes
extracted per milligram of soot, as a function of applied voltage. The
He pressure for these runs was maintained at 100 torr.
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Figure 3.13: Total fullerene yield, defined as milligrams of fullerenes
extracted per milligram of soot, as a function of power dissipated. The
He pressure for these runs was maintained at 100 torr.



linear relationships exist among all the species tracked.

The helium-flow burns showed little change in yield until the helium inlet
position was moved. By positioning the helium inlet so that the gas would flow
down the inside of the shroud, a two-fold increase in fullerene yield was obtained.
The direction of flow down the shroud made little difference; both directions gave
increased yield. Other inlet positions were attempted, but no further improvement

was achieved.

Future experiments with the production chamber required holes to be
drilled horizontally through the shroud to allow direct viewing of the arc. This
modification coupled with helium flow, now directed at these holes, and a large (7
mm) arc gap, resulted in the highest repeatable yields to date—25%. The longer
gap decreases the current flow and, thereby, the graphite sublimation rate. Burns
of greater than 20 minutes are required to consume 100 mm of rod. The maximum
yield conditions to date are: 100 torr helium, gas flow during burn, 7 mm gap, and

75 amps.

The data resulting from high-yield conditions are included in figures 3.14-
3.18 with different symbols. Even though these runs had marked differences in
yield, gap, configuration, and duration, compared with the more systematic study,

the linear relationships among the constituents still apply.

3.1 Discussion

The relationships shown in Figs. 3.14-3.18 have not been reported elsewhere. They
seem to provide a useful technique to determine species fractions if the total yield
is known. Equivalently, if one species yield is known, all others, and the total yield,
can be determined. Linear regression fits to the data give the following equations

for determining species fractions in terms of the total yield:

Ceo = 0.70 —0.0094/ Yz
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Figure 3.14: Total fullerene yield, defined as milligrams of fullerenes ex-
tracted per milligram of soot, as a function of Cgq yield. Data represent
runs where pressure, applied voltage, shroud efficiency, burn duration,
and flow configuration were varied.
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Figure 3.15: Cqo versus Cgp fractions, defined as the ratio of C, concen-
tration to the total fullerene concentration in extract. Data represent
runs where pressure, applied voltage, shroud efficiency, burn duration,
and flow configuration were varied.
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Figure 3.16: Crg versus Cgp fractions, defined as the ratio of C, concen-
tration to the total fullerene concentration in extract. Data represent
runs where pressure, applied voltage, shroud efficiency, burn duration,
and flow configuration were varied.
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Figure 3.17: Crs versus Cgg fractions, defined as the ratio of C, concen-
tration to the total fullerene concentration in extract. Data represent
runs where pressure, applied voltage, shroud efficiency, burn duration,
and flow configuration were varied.

36



Fullerene Fraction Relationships

0.08 . X High-Yield
) ®  Low-Yield
0.06 -
. .
u m
o |
= |
- |
< 0.04- U . T
- |
© s \¥
i X™ | m
k¢
a
0.02 ~ R niy
x'-
1 .
]
0.00 ~ ¥ g
' 1 ! I ' ] ' 1 ' 1 ' |

Figure 3.18: Cg4 versus Cg fractions, defined as the ratio of C, concen-
tration to the total fullerene concentration in extract. Data represent
runs where pressure, applied voltage, shroud efficiency, burn duration,
and flow configuration were varied.
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Cro = 0.2240.0036/Yr

Crs = 0.03+0.0019/ Y7

Cre = 0.021+0.0016/ Yy

Css = 0.025-+0.0024/Yy, (3.1)

where Yr represent the total yield.

The concentration of a particular species is given by the product of the
number produced and the solubility of that product given the presence, in both
cases, of other species. This means that the above relations are not necessarily a

statement just of production values.

The yield increase due to helium flow down the inside of the shroud is
reminiscent of the report by Parker et al. [15] that yield increases were seen after
placing shims in the production chamber and Haufler et al. [13] that a “chimney”
above the arc provides better yields. In our case the effect would be to lower
the temperature where the shim placement would serve to increase the production
region temperature. This indicates that the effect isn’t due to temperature changes.
However, in all cases the turbulence patterns near the arc would be altered. It is

this turbulence effect that is a likely candidate for the yield changes.

A possible explanation for turbulence affecting yield is that molecules are
intercepted as they diffuse outward from the electrode evaporation region and
further reactions are quenched. This would seem to indicate that, beyond a point,
reactions tend to reduce fullerene yield as opposed to increasing it as one might

expect.

Beyond just being a technique of analysis, the linear relationships among
the species fractions seem to show a common, or at least related, production basis
for all fullerenes. Such a relationship, considering the large number of species and
related bonds involved, should have a statistical description. The aim in the next

chapter is to explore an equilibrium description of fullerene formation.
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CHAPTER 4

THEORY

Carbon-evaporation fullerene-production enjoys widespread use in both the com-
mercial and experimental arenas. A useful analytical description of the process,
however, has not been forthcoming. Figure 4.19 shows a typical example of the
mass spectrum of fullerene-laden soot produced through the popular Kratschmer-
Huffman carbon-arc process. The features to note are the Cgo-peak dominance,
the rapid decay toward higher cluster numbers, and the C; spacing between the
peaks. Any theory of fullerene production must predict these features to be suc-
cessful. Prompted by the experimental results that seem to indicate a possible
equilibrium view of fullerene formation, outlined here is a description that pre-
dicts salient mass spectrum features, i.e., species-relative yields, overall yields, and

even-cluster dominance.

After a brief review of the thermodynamics of chemical equilibrium, it will
be shown that the simple chemical statement

1

1 1 1
TLCI(S) — Z n,linear + :l'Cn,ring + ch,sheet + Zc’n,fullcrene(= 'Cvn)1 (42)

assuming equilibrium, provides cluster abundances shown in Figs. 4.21-4.27, effec-
- tively reproducing the features mentioned. In the process, simple Gibbs free en-
ergy relations for linear, ring, sheet, and fullerene isomers of n-atom-sized carbon-
clusters will be found. These relations will be used in the equilibrium-based anal-

ysis.



Typical Mass Spectrum
From Fullerene Soot

250

200

150

Arbitrary Intensity
3
1

50 |
0 '
— | 1 | . | L | . | 1

0 50 100 150 200 250 300
Carbon Atom Count

Figure 4.19: Typical mass spectrum of CS; extraction of
fullerene-bearing soot. (Courtesy of Michael Zumwalt)
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4.1 Thermodynamics of equilibrium

Recall that the Gibbs free energy of a system of particles is defined as
G=E-TS+pV,
or

dG = dE —TdS — SdT + pdV + VdP
= —SdT + VdP. (4.3)

So, for a system evolving under constant temperature conditions,
dG = VdP.
For an ideal gas, this becomes
dG = RT d(log P),

or

AG = RT log g,
0

where R is the gas constant and P, is the reference-state pressure. Note that we

are dealing with AG per mole in these equations.

A chemical reaction,
nBr+ B+ ...+ vy By = vpy1Bryy + Vng2Bag2 + ...+ vN By,

can be equivalently written
Z V,'B.' = 0,
i

where, by convention, the product coefficients are positive and the reactant coef-

ficients are negative. For example,

2H2 + 02 - 2H20
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can be written

2H,0 —2H; — 0y = 0,

where
v, = 2
v = -1
vz = —1
B, = H,0
B, = H,
By = 0,. (4.4)

For an ideal gas system undergoing a chemical reaction described by
Z U,'B,' = 0,

the change in free energy for the system is given by

AG = ) uAG;
= Zi:u.-RT log%

= > w(AGio+ RT logP), (4.5)

where AG; is the Gibbs energy to put species ¢ into a reference, or standard, state,
and P, is the partial pressure of the :th component. The condition for equilibrium
is [21, 22], |

AG =0,

or, using Eqn. 4.5,
log (H P,."-') = —) uAGio/RT
' = logK,, (4.6)

where K, is the equilibrium constant of the reaction.
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Using Eqn. 4.6, known values of standard-state Gibbs energies for all
our components, and a set of reaction equations, we can determine the partial
pressures of components in a gas. In what follows we will be choosing particular
stoichiometric equations to represent the carbon-cluster chemistry occurring under
fullerene production conditions. Note, however, that the specification of the reac-
tion equations determines the outcome of our partial pressure calculations. There
are an infinite number of stoichiometric equations that can be written down for
any multicomponent system. As long as the equations are balanced, i.e., mass and
charge are not created or destroyed, they are valid. The chemical process they

describe, however, may never occur.

4.2 Gibbs energies for various cluster isomers

Evaluation of the equilibrium relationship(s) given by Eqn. 4.6 require that we
first determine the Gibbs energies for a representative sample of carbon-cluster
isomers. We'll use linear chains, mono- and poly-cyclic rings, graphitic fragments,
and fullerenes as our representative isomers, as suggested by ion chromatography
experiments [23, 24] and the primarily graphitic nature of the soot. Note that all

energies will be given in eV.

As one would expect, the first attempts to analyze the relative abundances
of the various cluster sizes in the mass spectra involved the measurement [25, 26]
and calculation [27, 28] of cluster binding energies for the fullerenes. Tersoff [27]
used geometrical bending strain arguments to arrive at possibly the most useful
theoretical description of fullerene energies. For a fullerene cluster of n atoms, the

energy, given as a cost per pentagon, is
Es = /\5 + ﬂsln(n/GO)

Ab initio calculations give the value of A\; and (s as 3.36 and 0.61, respectively.
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The measured [25, 26] and tight-binding model calculation [29] value of A5 is con-
siderably less—2.1 and 2.0, respectively. For the remainder of this chapter, the
experimental value of A; will be assumed and the energy per fullerene computed
using

E =252 + 7.32In(n/60), ' (4.7)

where the Euler requirement for 12 pentagons accounts for the additional factor.
Note that this is an energy over that of graphite. An infinite-sized fullerene can
be seen as an infinite sheet of graphite with 12 minor pentagonal defects. This
notion leads to the estimation that the Gibbs energy for fullerenes is simply that

of graphite adjusted by the Tersoff potential.

We now turn our attention to the Gibbs energies for linear chains. Tabular
data [30] of small carbon-cluster equilibrium constants show the expected T-!
dependence as in Fig. 4.20. Linear regression analysis of this tabular data provides

the following set of equations:

log(Ky) = —6.45+2.73/kT
log(K3) = -13.6 +5.95/kT
log(K;) = —20.8+8.29/kT
log(Ks) = —27.94 11.44/kT, (4.8)

where the subscript numerals refer to the carbon-cluster size. These data are for

the chemical processes

nC'1 — Cn.

These are remarkably well fit by the relation
log(K,)="179-287/kT + n(-17.2 + 2.85/kT),
ie.,

AG, = (=7.9+7.2n)kT + (2.87 — 2.85n). (4.9)
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Figure 4.20: log(K) values for small C, clusters from tables.
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Studies have shown conclusively [24, 31], however, that odd and even small
clusters behave differently. The accurate linear fit to the set of both types of clus-
ters and the odd/even differences reported widely in the literature suggest that a
separate linear fit for odd and even structures would be more accurate in represent-
ing their respective energies. This analysis leads to the following representations

of the energies for linear chains:

Grezj = (~T.9+47.2n)kT + (2.84 — 2.78n)
Grezjsr = (=7.9+7.20)kT + (2.29 — 2.75n). (4.10)

The splitting of odd and even carbon clusters into two groups based on
the energy relationships among the members of the group is not unprecedented.
Raghavachari and Binkley in reference [31] find a linear relationship among small,
odd-numbered carbon-cluster binding-energies and specifically note the odd-even
differences found in their calculations. In addition, the linear dependence on cluster
size, n, of binding energies and entropy changes for small carbon clusters (n < 10)
was previously reported by Pargellis [32]. The extension made here is to combine
the two effects by assuming a separate linear dependence on n for odd and even

clusters that holds over a broad range of cluster sizes.
Equivalent log(K) data for graphite gives the following
G1 = (8.14kT — 3.23). (4.11)
Note that this is for a single carbon atom in graphite going to the gas phase,
Ci(s) — Ci(g).

The graphitic fragment isomer, which is referred to as a sheet, consisting of n
carbon atoms will have a Gibbs energy of graphite adjusted by the number of
dangling bonds at the edges. By assuming a circular fragment, the number of
dangling bonds will go as \/n. For each dangling bond, the weighted average (1
double and 2 single bonds per atom) of the binding energy for double and single



bonds will be used. This energy, using values from Adamson [21], is 3.6 eV.

Therefore, for graphitic fragments,

AG =n - (8.14kT — 3.23) + 3.6/n.

Ion chromatography experiments [23, 24] reveal planar mono- and poly-
cyclic rings as available isomers to C, clusters. These ring structures seem to grow
new “arms” at Cjo-spaced intervals [23], i.e., mono-rings at Ciq, di-rings at Cyp,
tri-rings at Cgp, etc. The ring energies can be determined as linear energies plus
an extra bond minus the bending strain energy. The average bending angle goes
as n;’!, where n; is the number of carbon atoms per ring. The number of rings per
molecule goes as ny, as mentioned above. Therefore, the strain energy is essentially

constant in the two-dimensional structures. This gives
Gn,ring = Gn+1,1inear -C.

Since
GlO.ring ~ GlO.linear, (412)

(24, 31] then
C= Gll.linear - GlO,lvinear- (413)

Note that odd and even differences need to be preserved, so, computationally,

Gn+2 linear + Gn linear
Gn,ring = ) + C

Fullerenes with adjacent pentagons are less stable than those with entirely
separated pentagons [18]. This “isolated pentagon rule” (IPR) has been justified
by theoretical fullerene-isomer energy calculations [18]. An adjustment to the
fullerene energies due to a cluster’s failure to obey the IPR is, therefore, in order.
This adjustment will stem from the notion that adjacent pentagons have a cost.
Calculations have shown [20] the Gibbs free energy change for Cgo with isolated

pentagons going to Cgo with two fused pentagon-pairs to be approximately 2.6 eV,
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i.e., a cost of 1.3 eV per pentagon-pentagon adjacency. The number of adjacent
pentagons for Cgg is 30, while for Cgo the number is zero. For simplicity, a linear

increase in pentagon-pentagon adjacency from Cgp to Csg is assumed, giving
AGAdjust, s(n < 60) = 0.75(60 — n)1.3. (4.14)

A further assumption of two adjacencies for 60 < n < 70 will add 2.6 eV to these
molecules’ energy as well. The actual number of pentagon-pentagon abutments
can differ significantly from these assumptions [18]. However, these will serve to

show the effect of the adjacencies.

To recap, the Gibbs energies found above,

AGh linear,even = (—7.9 4+ 7.2n)kT + (2.84 — 2.78n)
AGh tinearodd = (=7.9+ 7.2n)kT + (2.29 — 2.75n)
AGrringeven = (6.5+ 7.2n)kT — (2.72 4 2.78n)
AGh ringodd (6.5 + 7.2n)kT — (3.21 + 2.75n)
AGh graphite = (8.14kT — 3.23)
AGrsheet = n-(8.14kT —3.23) + 3.64/n
AGh syllerene = n - (8.14kT — 3.23)+
25.2 +7.32 - In(n/60)+
0.975 - (60 — n) - ©(60 — n)+
2.6 - O(n —61) - ©(69 — n), (4.15)

where O(z) is zero for z < 0 and one, otherwise, provide us with the means to
calculate the equilibrium partial pressure of each cluster, provided we have a set

of stoichiometric equations defining the chemistry of the system.

4.3 The Par-Isomer model

Our first model, described by the set of equations defined by Eqn. 4.2,

1 1 1 1
nCI(S) —* Z n,linear + ZCn,ring + ch,sheet + ch.jullerene(= Cn.)a
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will be referred to as the par-isomer mode] (PIM). Equilibrium cluster abundances
for this model are shown in figures 4.21-4.27. Note the resemblance of Fig. 4.23
to the data shown in Fig. 4.19. The expected features are in evidence—the Cgp
dominance, the C, spacing, and the rapid décay in abundance to higher masses.
The reduction of the Cqo fraction with the increase of the higher-mass clusters is

also supported by the empirical relations given in Eqns. 3.1.

It should be immediately evident that the C; spacing is not due to the
fullerene or sheet isomer, but, instead, the result of basic differences in odd and
even cluster behavior that led to their separate treatment in the linear and ring
isomer energy calculations. If even and odd clusters were treated identically, the

plot “envelope” would be maintained but odd clusters would be seen.

The abrupt cut-off of clusters below Cgo is due entirely to the pentagon-
pentagon penalty added to the fullerene energy. This is also true of the Cgz through
Ces cluster abundance reduction. Remember only a rough estimate of the actual

number of adjacent pentagons for each cluster is represented here.

There are many useful predictions that can come from thfs analysis. For
one, the chemical equation, 4.2, is one of carbon clusters in equilibrium with
graphite. Therefore, graphite must be present for maximum fullerene production.
This seems to be in conflict with the success of gas-phase fullerene production
in benzene flames [4]. Perhaps the two techniques differ in their relative equilib-
rium, or the non-fullerene soot-particles present in both carbon-sublimation and

benzene-flame techniques play a crucial role in these production systems.

Further, it is apparent that larger-fullerene production can be enhanced
by increasing the temperature at the graphite—a result consistent with reports
that large fullerene yield increases with increased power delivered to the graphite

[14].
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Figure 4.21: Par-Isomer model cluster-distribution at 4500 K.
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Figure 4.23: Par-Isomer model cluster-distribution at 5000 K.
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Figure 4.27: Par-Isomer model cluster-distribution at 5750 K.
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An open question is how this analysis explains fullerene-production press-
ure-dependence. It is common knowledge that fullerene production has a maxi-
mum-yield pressure, although its value seems chamber dependent [14]. A possible
explanation is that, as the clusters diffuse from the graphite to the chamber wall,

the cluster-cluster reactions are no longer moderated by the graphite.

Although the calculations above show a positive relationship to experi-
mental data, there are some issues not yet resolved. In the analysis, fullerene
isomers for C,<20 have been allowed in spite of being geometrically impossible.
The same is true for ring structures below n = 3. If the calculations are modified
to fix this oversight, the small-cluster dominance referred to by Slanina, et al. [17],
reappears. The local relative abundances in the mass region around Cgp remain as

shown, but the partial pressures are minuscule.

4.4 Selected cluster behavior in the PIM

The relationships discovered in the experiment section, given in equations 3.1,
prompt us to test how well theory reproduces this behavior. Figure 4.28 shows the
temperature dependence of the abundances of Cgp, C79, Cr6, C7s, and Cg4 in the
PIM. Figure 4.29 expands on this by showing how the last four of this set vary
with the fractional abundance of Cgp. Finally, figure 4.30 shows the total selected
fullerene yield versus the Cgo yield. This provides a direct comparison of PIM with

the empirical results.

The gross behavior shown in figure 4.29 mirrors that found in Figs. 3.15-
3.18. The larger clusters decrease in fractional abundance with an increase in
Ceo fraction. The relationships are monotonic and gentle with Cz¢ and Crg being
markedly linear. The PIM-based total yield versus Cgg yield shown in figure 4.30

has a linear character like that found in the experimental section.
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4.5 The Biased-Isomer model

If, instead of using the relationships given in Eqn. 4.2, we used the larger set
nCi(s) = Cha, (4.16)

where « labels the cluster isomer, then the cluster-mass distribution would be like
that shown in Fig. 4.31. This model will be known as the biased-isomer model
(BIM). The small-cluster dominance in this view differs from what one would
expect based on fullerene abundances. However, if the temperature is adjusted
upward, we find that a distribution peaked at around Cgp obtains at 5325 K (see
Fig. 4.32). The close-up view around Cgo in Fig. 4.34 shows the even-cluster
dominance as before, but the C,<¢0 and Cegz to Ces clusters are now quite evident.
It is important to note that the clusters shown in Figs. 4.32, 4.33, and 4.34
are almost exclusively linear chains and rings. One should also note the natural

reproduction of the two distinct mass-spectral regions found in Fig. 1.1.

Although BIM provides a carbon-cluster distribution satisfying many of
the experimental observations, it does not reproduce the Cgp dominance and rel-
ative fullerene abundances as well as PIM. An obvious reason for the failure is
that the fullerene isomers are many orders of magnitude less abundant in BIM
than the ring and linear isomers at the temperatures shown. At high temperatures
near graphite, PIM focuses on fullerene isomers and BIM stresses the ring- and

linear-isomer abundances. BIM is far more realistic in this regard.

4.6 Isomer abundances

Since the peaked distribution provided by BIM is one of linear chains and rings,
the annealing behavior of these isomers into fullerenes becomes important to the

model. Using the Gibbs energies found above and the stoichiometric relations

Cn»a - Cnvﬁ’
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Figure 4.31: Biased-Isomer model cluster-distribution at 4500 K.
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where o and 3 label isomers of the n-atom carbon cluster, one can determine the
equilibrium relative abundances of the various isomers. Figures 4.35-4.37 show the
relative abundance of linear chains, rings, fullerenes, and graphite-like fragments

at temperature ranging from 300 to 6000 K.

In the BIM view, the cluster-size distribution is dictated by a state of
equilibrium at the graphite. The clusters then diffuse toward the cooler regions of
the chamber, annealing into the favored fullerene isomers as they go. The effect

of cluster-cluster chemistry during diffusion, however, is unknown and might be

significant.

4.7 Common model features

As mentioned above, one cannot write down a “wrong” stoichiometric equation
unless it does not balance. Both Eqns. 4.2 and 4.16 are equally correct. However,
it is possible that either, or both, may never be realized in the fullerene synthe-
sis reactions. What these two models show, is that equilibrium aﬁalysis of the
fullerene-production environment can give results that reflect the trends and qual-
itative features found in experiment. Since both rely on the presence of graphite
to achieve a distribution peak, it is likely that any equilibrium description will re-
quire this presence. In addition, the C; spacing found for the higher-mass clusters,
being a feature of the odd-even cluster differences, should be common to all of the

equilibrium models.
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Figure 4.35: Isomer abundance for Cgo.
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CHAPTER 5

CONCLUSIONS

The experimental work in this effort shows a predictive linear relationship among
the fullerene species produced in carbon-evaporation production. These relation-
ships have not been previously reported and seem to indicate that an equilibrium

description of fullerene production is valid.

The theoretical work herein also finds that an equilibrium description of
fullerene production rﬁay be possible. The models offered in support of an equilib-
rium description reproduce many essential features of fullerene mass spectra and
the relative C, yield variations seen in experiment. The stoichiometric equation
chosen to represent the clustering chemistry in the chamber dictates the results
of these equilibrium calculations. Common to the equilibrium views explored,

however, are

¢ a solid graphite phase in the system is essential to achieve a peaked cluster-

distribution,

o the C; spacing at larger cluster sizes and the C; spacing at smaller sizes is
due to an essential difference between odd and even clusters and not caused

by a fullerene effect, and

o the peaked distribution afforded by the presence of graphite and the odd/even
cluster differences combine at some value of the temperature to produce two,
seemingly separate, distributions—one at high mass numbers the other at

low numbers with C39 marking the territory in between.



In both the experimental and theoretical areas, further work is needed.
Experimentally, turbulence patterns and their effect on fullerene yield need to be
investigated. Also, the linear relationships need to be compared to other fullerene-
production-chamber results. Theoretically, cluster equilibrium with graphite needs

to be pursued further with transport processes included in the relevant calculations.
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APPENDIX A

UV-Visible Absorption Analysis

Normal, as opposed to nonlinear, optical-absorption measurements are accom-
plished by measuring the unimpeded light intensity at some wavelength, and then
the intensity at the same wavelength with a sample inserted into the beam. The

transmission factor is determined using

I
T=—
Iy’
where I and Iy are the intensities with and without the sample in the beam,
respectively. The extinction of the light as it progresses through the sample is well

described as an exponential decay with transit distance, x:
I = Iyexp(—a- z),

where a is known as the extinction coefficient. This is known as Bouger’s law. It

is equivalently stated in terms of the optical density OD of a substance
I = L,10-9P=),

with the usual relationships between the associated common and natural loga-

rithms.

Either OD or a can be expressed in terms of the molar concentration of
a solution, the expression being proportional to the concentration in both cases.
This means that dividing OD or « by the concentration for a known sample gives
a technique to measure the concentration of an unknown sample by measuring its

absorption spectrum.



For multiple-component solutions, the optical density is proportional to a
weighted sum of the concentrations. Therefore, determination of each concentra-
tion in a multicomponent solution requires at least as many absorption measure-
ments as unknowns in the solution—the resulting set of linear equations are solved

using whatever numerical technique is preferred.

One necessary condition for a reliable inversion is the linear independence
of the pure component spectra. That is, if any of the components’ spectrum
is a linear combination of the other spectra, the inversion will be singular. In
practice, linear dependence is a matter of degree. Inversion will be possible, but
highly unreliable, if the spectra are not independent “enough”. Determination of
a system’s linear independence, and the solution to the inversion problem at hand,

can be facilititated by a technique known as singular-value decomposition [37].

Singular-value decomposition (SVD) is a technique where a matrix, M,
is decomposed into the product of a column orthonormal matrix, U, a diagonal

matrix, w, and an orthonormal square matrix, V, i.e.,
M=U-w.V. (A.17)

M need not be square for this decomposition. The matrices, U, w, and V found
by this technique have a direct bearing on the problem at hand. The columns of U
are an orthonormal set of vectors spanning the space defined by the columns of M.
The elements of the diagonal matrix, w, give the eigenvalues of the decomposition;
their relative magnitudes give one a measure of how important each basis vector
(columns of U) is in the system. If one performs SVD on an n x p matrix (n > p)
and finds that the p x p matrix, w, contains m insigniﬁcant elements, as compared
with the other p — m elements, the actual number of independent dimensions, i.e.,
number of linearly independent columns in M, is given as p — m. This is how we

will analyze our spectra below for how invertible our problem is.

Equation A.17 also shows how one solves a linear equation using SVD.

Since U and V are column orthonormal their inverses are their transforms. The



T4

inverse of w is simply the inverse of its elements. Therefore,
M =vT.w1.UT,

=1 corresponding to insignificant values of w to zero,

By setting the elements of w
we remove them from the inverse problem and get a more reliable value for the
vector solution. A more complete discussion of SVD and the implementation used

herein can be found in reference {37].

Separation of the fullerenes can be accomplished, to some extent, using
column and high-performance-liquid chromatography techniques. Using column
chromatography, samples of pure Cgp and C;p were obtained in our lab. These
samples were weighed and UV-Visible absorption measurements taken using a
Cary 118 spectrophotometer at 1 nm spacings from 350 nm to 800 nm. These
absorption spectra were concentration-normalized by dividing the optical density
given by the spectrometer for each wavelength by the molar concentration of the
sample. The resultant concentration normalized spectra are shown in Figs. A.38

and A.39.

Cre, C7s, and Cgq4 absorption spectra were taken from the work of Diederich,
et al. [34, 35, 36]. The Cgq spectrum was not accompanied with absolute absorp-
tion values, so the raw data were adjusted by a factor to give an absorption at 400

nm near that of the other constituents—an ad-hoc normalization procedure.

After constructing the columns of a matrix from the pure spectra, SVD
was performed and the following set of eigenvalues (diagonal constituents of w)

were found:
w;; = 992.5,236.9,107.2,27.8,62.6.

The usual criteria used to define “insignificant” in SVD analysis is that a value be
6 orders of magnitude smaller than the largest w value. None of these values meet
that criterion, so the set of absorption spectra are assumed linearly independent

“enough” and all constituents determinable.
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Figure A.38: Molar concentration-normalized Cgqp UV-Visible absorp-
tion spectrum.
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Figure A.39: Molar concentration-normalized C7, UV-Visible absorp-
tion spectrum.
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Figure A.40: Molar concentration-normalized C7¢ UV-Visible absorp-
tion spectrum from reference [34].



Fullerene-Solution Optical Density

80

60 |

40 |-

OD (M cm)™

20 +

2000 3000 4000 5000 6000 7000 8000
Wavelength (Angstroms)

Figure A.41: Molar concentration-normalized C;3 UV-Visible absorp-
tion spectrum from reference [35].
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tion spectrum from reference [36].
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Note that the absolute values for Cgy4 concentrations given by this ana-
lytical technique may be in error due to the ad-hoc normalization constant used.
However, the slopes of the lines shown in Figs. 3.15-3.18 are independent of this

absolute error.
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