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Described is the fabrication of a plasma discharge reactor constructed from a l-L round-bottomed flask that 
allows for the preparation of gram quantities of Cm in an &h period. The modified reactor design (1) is inexpensive, 
(2) requires almost no machining, (3) has high thru-put, (4) affords high yields of fullerenes, (5) allows one to 
have near-continuous feed of graphite rods, and (6) permits control over four major reaction pametera important 
for the clean formation of fullerenes. The four major reaction parameters nece%sary to control for the high yield 
of fullerenes are the absolute pressure, the rate of helium gas flow through the reactor, the current level of the 
arc as determined by the setting on the arc welding unit, and the arc gap maintained by monitoring the current 
on a clip-on digital AC current meter. Since the apparatus described can allow for easy adjustment of all four 
major reaction parameters, this design could also be used to study the changes in fulleroid content based on 
parameter modification. Ale0 detailed is the efficacy of a procedure for the purification of the crude fullerene 
mixtures using activated charcoal as a chromatographic stationary phase. 

Since the initial discovery of buckminsterfullerene (Cd 
in 1985l and the subsequent development of the carbon 
arc method for producing macroscopic quantities of this 
material? a large amount of effort has been directed to- 
ward the understanding and utilization of this new allo- 
trope of carbone3 We describe here the fabrication of a 
plasma discharge reactor constructed from a l-L round- 
bottomed flask that allows for the preparation of gram 
quantities of CW in an &h period. The reactor design (1) 
is inexpensive, (2) requires h o s t  no machining, (3) allows 
high thru-put, (4) affords high yields of fullerenes, (5) 
allows one to have near continuous feed of graphite rods, 
and (6) permits control over four major reaction parame- 
ters important to the clean formation of fullerenes. Since 
the apparatus described can allow for easy adjustment of 
all four major reaction parameters, this deaign could also 
be used to study the changes in fulleroid content based 
on parameter modification. We also detail the efficacy of 
a procedure for the purification of the crude fullerene 
mixtures using activated charcoal as a charomatographic 
stationary phase. 

The most common method of producing CW utilizea the 
Huffman-Krlltschmer carbon arc method in which gra- 
phite electrodes are vaporized in a low presaure helium 
atmosphere by passing an electrical current through the 
electrodes, thus generating an arc. The soot produced by 
this carbon arc contains CW as well as some other higher 
molecular weight fullerenes. A number of reporta on this 
method have appeared that provide details of the apparati 
used.41s There are two major varianta of the carbon arc 

(1) Kroto, H. W.; Heath, J. R.; OBrien, S. C.; Curl, R. F.; Smalley, R. 
E. Nature 1986.318. 162. 

(2) Kriitschlder, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R. 
Nature 1990,347, 364. 

(3) For recent review on CBo, see: (a) McLafferty, F. W., Ed. Acc. 
Chem. Res. 1992,25,97. (b) Kroto, H. W. Angew. Chem., Znt. Ed. Engl. 
1992,31,111. (c) Diederich, F.; Whetten, R. L. Angew. Chem., Int. Ed. 
Engl. 1991,30,678. (d) Kroto, H. W.; Allaf, A. W.; Balm, S. P. Chem. 
Rev. 1991,91,1213. (e) Stoddnrt, J. F. Angew. Chem., Znt. Ed. Engl. 1991, 
30,70. Also see: (f) Fullerenes; Hammond, G. S.; Kuck, V. J.; Ede.; ACS 
Symp. Ser., 481; American Chemical Society: Washington, DC, 1992. 

(4) (a) Parker, D. H.; Wun, P.; Chatterjee, K.; Lykke, K. R.; Hunt, J. 
E.; Pellin, M. J.; Hemminger, J. C.; Gruen, D. M.; Stock, L. M. J. Am. 
Chem. Soc. 1991,113,7499. (b) Koch, A. S.; Khemani, K. C.; Wudl, F. 
J. Org. Chem. 1991,56,4643. (c) Pradeep, T.; Rao, C. N. R. Mat. Res. 
Bull. 1991,26,1101. (d) Hare, J. P.; Kroto, H. W.; Taylor, R. Chem. Phys. 
Lett. 1991,177,394. (e) Hautler, R. E.; Conceicno, J.; Chibante, L. P. F.; 
Chai, Y.; Byme, N. E.; Flanagan, S.; Haley, M. M.; O'Brien, 5. C.; Pan, 
C.; Xiao, Z.; Billups, W. E.; Ciufolini, M. A.; Hauge, R. H.; Margrave, J. 
L.; Wilson, L. J.; Curl, R. F.; S d e y ,  R. E. J. Phys. Chem. 1990,94,8634. 
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method, namely, contact arc and plasma discharge. In the 
contact arc method, the graphite electrodes are kept in 
constant contact through either a gravity feed mechanism4b 
or through the use of a feed spring."Ie To date, the most 
easily accessible apparatus for the contact arc method is 
the gravity feed apparatus developed by W ~ d l . ~ ~  This is 
a relatively inexpensive and simple device which uses an 
arc welder as the power source. However, like all other 
contact arc apparati, it suffers from overheating problems 
due to resistive heating of the graphite electrodes and the 
apparatus must be disassembled for the insertion of new 
graphite rods. The plasma discharge methodhd maintains 
a constant arc gap between the electrodes, thus avoiding 
much of the resistive heating problems found in the con- 
tact arc methods. This method can potentially produce 
crude fullerenes more efficiently by providing more control 
over the conditions which form the fullerenes in the re- 
actor. The drawback to the plasma discharge method is 
that it requires a fairly complex apparatus with special feed 
mechanisms to align the electrodes and maintain a con- 
stant arc gap. And, like most other methods, the apparatus 
must be disassembled for the insertion of new graphite 
rods. 

Here we describe the simple fabrication and use of a low 
cost fullerene generator of the plasma discharge type 
(Figure 1). The reaction vessel is simply a l-L Pyrex 
round-bottomed flask that has had an additional 24/40 
female joint affixed opposite to the first joint. The Pyrex 
guide arms (12 mm 0.d.) extend from outside the water 
cooling bucket and are fitted with vacuum take off adap- 
ters and tipped with 24/40 male joints that insert into the 
reactor vessel (the total length of the guide arm including 
the male joint ie 25 cm). The guide arms help to align the 
l-cm-diameter copper mounting rods (each copper 
mounting rod is 35 cm long). One end of the copper 
mounting rods has a 3/16 in. diameter hole drilled to a 
l-cm depth for mounting the graphite electrodes and on 
the other end has a screw hole tapped so that the rods can 
be attached to the arc welder with brass screws. The 
copper mounting rods extend out through the end of the 
guide arms and through standard 19/22 septa which have 

(5) There are other methods of producing CW, most notably from 
hydrocarbon h e s  and by the thermal evaporation of carbon, see: (a) 
Howard, J. B.; McKinnon, J. T.; Makarowky, Y.; Laflew, A. L.; J o h n ,  
M. E. Nature 1991,352,139. (b) Peters, G.; Jansen, M. Angew. Chem., 
Znt. Ed. Engl. 1992, 31, 223. 

@ 1992 American Chemical Society 
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Figure 1. 

a no. 2 hole punched through their center. These septa 
maintain a seal between the sliding copper mounting rod 
and the end of the Pyrex guide arm. The guide arm’s 
vacuum take off adapters connect, via rubber tubing, to 
a gas manifold mounted above the reactor vessel (the 
outside diameter of the manifold tubing is 15 mm). 

The entire vessel, except for the ends of the guide arms, 
is submerged in a cooling water bath made from a plastic 
storage container.6 Two holes slightly less than 25 mm 
in diameter are made in the side of the storage container 
by heating an appropriately-sized glass tube in a gas flame 
and melting through the plastic. It is through these holes 
that the guide arms pass while water leaks are prevented 
by using rubber gaskets made from a short lengths of 
25” rubber tubing. A submersible water pump is placed 
at the bottom of the cooling bath which helps to circulate 
the cooling (tap) water around the vessel and allows the 

(6) These storage containers are available at most department stores 
for approximately $10 and are made of a flexible plastic similar to plastic 
garbage containers. 

, 220V/SOA I 

water to be removed from the bath as quickly as it flows 
in from a rubber hose at  the top of the bath. If the water 
is not circulated and replenished in this manner, the bath 
tends to overheat, which can result in the vessel cracking. 

The gas manifold above the vessel carefully monitors 
and controls the atmospheric conditions inside the vessel. 
Helium flows into the left side of the manifold and the gas 
is removed from the right sie of the manifold by a vacuum 
pump. The absolute pressure of gas in the vessel is 
monitored by a mercury manometer mounted on the right 
side of the manifold just above the reactor vessel. The 
pressure difference between the two sides of the vessel is 
an indication of the direction and magnitude of gas flow 
through the vessel and is measured by a silicon oil ma- 
nometer (8 mm 0.d.) mounted across the two sides of the 
manifold. The flow of the gas through the reaction vessel 
is controlled by two standard high vacuum Teflon-brand 
plug control valves. The central valve acts as a shunt, 
directing all or some of the helium flow through the vessel 
rather than across the top of the manifold. The valve on 
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Figure 2. 

the right side of the manifold controls the rate of helium 
flow out of the vessel and thus regulates the sensitivity of 
the shunt control valve. 

The reactor is powered by a variable current AC/DC arc 
welder which is plugged into a standard 220 V/50 A wall 
outlet.' A clip-on digital AC current meter is attached 
to the input end of the arc welder to monitor the current? 

The apparatus described not only provides us with an 
inexpensive and easily fabricated fullerene reactor but also 
gives us the flexibility to adjust and optimize various re- 
action parameters in order to increase yields. We have 
determined that there are four easily adjusted parameters 
that must be maintained for high yields: (1) the absolute 
pressure, (2) the rate of helium gas flow through the re- 
actor, (3) the current level of the arc as determined by the 
setting on the arc welding unit, and (4) the arc gap 
maintained by monitoring the current on the clipon digital 
AC current meter. Other workers have dealt with some 
of these parameters but here we describe the control and 
optimization of all four parameters simultaneously (Figure 
2). Optimization studies were done with inexpensive 
graphite welding electrodes? We eventually started using 

(7) The arc welder (Lincoln Electric model AC/DC 225/125) was 
purchased from a local welding supplier and coat approximately $300. 

(8) The clip-on digital AC current meter was purchased from a local 
electronics distributor for approximately $100. The meter is attached 
around one of the two hot lead of the 220 V power cord attached to the 
arc welder. One can access these leads by carefully removing the outer 
power cord covering, exposing three wires, namely, the two colored hot 
lends and the one white ground lead. Care must be taken to not penetrate 
the insulation of these inner wires. The current meter is then clipped 
around one of the e x p o d  hot leads. The metallic portion of the wires 
should never be exposed. 
(9) Standard 3/16 in. copper-clad graphite electrodes (Arcair brand, 

$O0.2S/rod) were obtained from a local weldw supply center. The copper 
sheathing was peeled off before use. Technical data sheets on thew 
electrodes showed that a significant amount of the mase consisted of 
nongraphitic binders that probably caused the lower yields seen in the 
optimization study graphs. 
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high purity graphite electrodes which doubled our yields.l0 
Even with this change in electrode type, all the optimized 
reactor conditions given in Figure 2 hold for both sources 
of graphite except for the optimal arc gap measured in 
amperes on the clip-on digital AC current meter. 

Helium pressure is the operating parameter that is 
commonly reported for the synthesis of fullerenes. Our 
studies have shown that there is a local yield maximum 
at about 150 " H g  but that the yield optimum occurs at 
450 mmHg after going through a yield minimum at 250 
mmHg. An optimized operating pressure of 450 mmHg 
is significantly higher than the operating pressures of 
100-200 " H g  normally used by other ~o rke r s ;~  however, 
a recent report suggested that optimal pressures for gra- 
phitic nanotube formation was in the range of 500 mmHg, 
similar to our maximum for Cm formation." These 
pressures are monitored by a standard U-shaped mercury 
manometer and the pressures can be accurately adjusting 
by the low-pressure valve on the helium regulator. 

The next condition that we investigated was that of 
helium flow through the reactor. By adjusting the flow 
control valves on the gas manifold and monitoring the 
differential pressure on the U-shaped silicon oil manom- 
eter, one can adjust the helium flow through the reactor 
from 0 mm (a static helium atmosphere) to greater than 
30 mm oil pressure. A differential oil pressure reflects a 
net helium flow through the reactor from left to right. An 
optimum flow was found at 5 mm oil pressure. Pressures 
greater than 6 mm caused the soot to accumulate on the 
right side of the reactor and blew soot out of the reactor 
and into the manifold and vacuum lines. Pressures less 
than 4 mm gave extremely low yields and caused the soot 

(10) Hkh q e t y  graphite electrodes (Cat. #AXF-@l, $1.92/rod, 6 in. 
long, 3/16 in. b e t e r )  were obtained from Poco Graphite, Inc., 1601 
South State Street, Decatur, TX 76234. 

(11) E b h e n ,  T. W.; Ajayan, M. Nature 1992,358, 220. 
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to accumulate on the left side of the reactor. Observation 
of the arc through a modified reactor vessel equipped with 
a view port12 revealed that under a static helium atmo- 
sphere the arc plume actually flowed from the poeitive to 
the negative electrode (this is the direction of the current 
flow). A slight helium flow in the opposite direction 
seemed to counteract this current flow and 'balanced" the 
arc so that at the optimum flow of 5 mm, the soot stayed 
in the center of the reactor vessel rather than flowing out 
one side or the other. 

The welder current was the next parameter that we 
investigated and it was adjusted to obtain an optimum 
fullerene yield. Our studies showed that a current of 55 
A gave the best yields. Higher current increased graphite 
rod burn rates but decreased yields.13 At currents lower 
than 55 A we had difficulty maintaining an arc. 

Finally, varying arc gaps were investigated. Other 
workers optimized this parameter by setting the arc gap 
to a level where the arc was "brighte~t".~~ We sought to 
find a more objective criteria for determining arc gap and 
found that monitoring the current draw of the arc with the 
clipon digital AC current meter attached to the arc welder 
was a convenient and reliable way of monitoring this pa- 
rametera8 While using welding grade graphite rods? an 
optimum arc gap of 2-4 mm (determined visually through 
the view port)12 corresponded to a current reading of 
18.5-19.0 A on the clip-on digital current meter. Using 
high purity graphite rods,1° the optimum arc gap of 2-4 
mm corresponded to a current reading of 6.67.2 A on the 
clip-on digital current meter. 

A detailed experimental procedure is as follows. The 
two guide arms were removed from a 110 OC oven, the 
25-mm rubber tubing gaskets were slipped onto the end 
of the arms, the manifold hoees were attached, and the two 
arm assemblies were inserted through the holes of the 
empty cooling bath. The reactor vessel was then removed 
from the oven, the two joints are well-lubricated with 
silicon grease, and the vessel was mounted between the two 
guide arms. Adjustments in the guide arms were made to 
ensure a tight fit between the ground glass joints. Two 
weighed high purity graphite electrodeslO (6 in. long) were 
inserted into the ends of the two copper mounting rods, 
the rubber septa were slipped over the other ends of the 
rods, and the rod assemblies were then inserted into the 
end of the guide arms. The septa were adjusted so that 
they slip over the end of the guide arm and give a rea- 
sonable vacuum d . l S  The chamber was then evacuated, 
and the reactor was attached to the arc welder with the 
screw connections. The cooling bath was filled with tap 
water and the water flow was adjusted so that when the 
submersible pump was turned on, there was no net flow 
of water out of the cooling bath. It is important that the 
reactor vessel is always covered with water to avoid 
cracking of the reactor. The system was then kept under 
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5 mm vacuum15 for 20 min. Helium was then introduced 
into the reactor and the pressure was adjusted at the 
regulator until an absolute pressure of 450 mmHg was 
obtained as determined by the mercury manometer. The 
flow control valves were then adjusted until a diffrential 
pressure of 5 mm was reached in the silicon oil U-tube. 
The copper mounting rods were pushed in until the two 
graphite rods were centered in the vessel but were not 
touching. While wearing rubber gloves and welder's gog- 
gles, the arc welder was set to 55 A DC, and the AC current 
meter and the arc welder were turned on (CAUTION).16 
The right copper mounting rod was pushed in slightly so 
that the graphite electrodee brietly touched and established 
an arc. This right copper rod was then moved in or out 
until the current meter read 7.2 A. The rod was allowed 
to burn until the current meter read 6.6 A at which point 
the right copper rod was again pushed in until a 7.2-A 
reading was obtained. This process was then repeated. 
One only ne& to adjust the right copper rod (the poeitive 
electrode) because the left electrode is never consumed. 
It takes from %3 min for the graphite rod to burn through 
the 7.2-6.6-A range. Slag (as observed through the view 
port of our test apparatus)12 accumulates on the left 
electrode and must occasionally (about every 30 min) be 
removed. This is accomplished by turning off the arc 
welder, waiting 30 s for the electrodes to cool, and tapping 
on the left copper mounting rod with a glass rod which 
knocks the slag off the electrode. Failure to turn off the 
arc welder and wait for the electrodes to briefly cool before 
dislodging the slag can cause the vessel to crack when the 
hot slag hits the bottom of the vessel and induces thermal 
stresses in the glass. An entire 15-cm electrode was con- 
sumed in about 1.25 h. One must be careful to not burn 
the graphite rod down below 1.5 cm; failure to do this can 
cause the arc to jump to the copper mounting rod, melting 
the top of the copper rod and necessitating redrilling of 
the graphite rod holding hole. Additional graphite elec- 
trodes can be burned in the same run by turning off the 
welder, bringing the reactor up to atmospheric pressure, 
removing the right mounting rod and replacing the con- 
sumed graphite stub with a new rod, re-inserting the 
mounting rod, pumping the system down to 5 mmHg, 
bringing the atmosphere back to 450 mmHg, turning the 
welder back on, and initiating a new arc. One need not 
disassemble the apparatus nor empty the cooling bath 
during this procedure. About six rods can be consumed 
in an 8-h period. If more than eight rods are consumed 
in a single run, the guide arms tend to clog with soot and 
the reactor becomes inefficient. 

When the run was complete, the reactor was taken apart 
and the vessel had the joints wiped free of grease with 
paper towels and hexane. One end of the vessel was c a p  
ped with a 24/40 rubber septum, the h k  was filled with 
500 mL of toluene, and then the other end of the vessel 
was also capped with a 24/40 rubber septum which had 
a needle inserted in it to avoid pressure build-up in the 
vessel. The reaction vessel was then carefully shaken to 
dislodge most of the soot and facilitate suspension of the 
soot in the toluene. The vessel was then placed in a sonic 
water bath for 30 min (with the needle pointing up and 
out of the water). The black soot suspension was then 
filtered through a pad of Celite-521 in a fritted glass funnel 
to give a dark red-brown solution of crude fullerenes. The 

(12) The apparatus with a view port had an additional 24/40 female 
joint placed at right angles to the guide arms in the center of the 1-L 
reaction v m l ,  directly above the point of the arc. A tube was made with 
a male 24/40 joint (20-mm diameter, 20-cm long tube including the male 
joint) at one end and a clear glees window attached to the tube with epoxy 
at the other end. Thii tube was insertad into the female joint such that 
the window points up and out of the water bath. It in through thin 
window that we diredly observed the arc. Welder's goggles are ueed when 
looking into the port at the arc to avoid eye injury. Uw of a view port 
of thii type wil l easily allow observation of electrodes and slag build-up. 

(13) Wudl et al had similar burn and yield observations when moving 
to a higher current. See ref 4b. 

(14) Parker et al. observed that their optimum arc gap was 4 mm. See 
ref 4a. 

(15) With our apparatus a vaccum of only 6 mmHg can be obtained. 
The rubber septa are most likely the weak points in our system and caw 
the leaks which prevents us from obtaining lower pressures. 

(16) The apparatus posas risks of electrical shock similar to those risks 
incurred during ordinary arc welding. Accordingly, rubber g l o w  should 
be worn to avoid electrical shock while handling the exposed copper rode. 
The operator should wear rubber-soled shoes and only one hand should 
be in contact with the copper rod at any time. To avoid eye injury, 
welder's goggles should be worn when observing the arc. 
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onto the top of the Norit-A/silica gel stationary phase. A 
7.5 psi N2 head preeeure was applied, thus providing a -16 
mL/min elution rate. The deep purple-colored solution 
containing Cm started to elute from the column after 37 
min. After 36 min more, the eluant was only faintly purple 
and collection of a second faction was then begun. The 
total volume of toluene needed for obtaining the CBo 
fraction (fmt fraction) was -600 mL. After 3 min more, 
a red-brown band characteristic of C70 started to elute. A 
graph of aliquots analyzed by HPLClB show the relative 
mncentmtione of C, and Cm versus solvent volume (Figure 
3). Removal of the solvent from the purple fraction af- 
forded 1.16 g of crystalline CBo (63% of a possible 75% of 
CBo in extractable fullerenee) that was >99% pure by 
HPLC.17J9 This represents a net yield of about 8.5% pure 
C, based on the weight of the graphite c~nsumed.~ While 
the second band eluted from the column was red-brown, 
it did contain some CBo. One more smaller chromato- 
graphic run on the initial red-brown portion afforded 74 
mg more of Cm and 120 mg of a sample that was -1:lO 
in C&70 as judged by HPLC analysis.I8 Thus the com- 
bined yield of purified CBo after two columns was 67% of 
a possible 75% of CBo in extractable fullerenes. 

Although we illustrated this purification procedure with 
1.85 g of extractable fullerenes, it worked equally well on 
a smaller scale using the proportionately smaller stationary 
phases and solvent volumes. Norit-A alone as the sta- 
tionary phase without silica gel as a co-phase worked ex- 
cellently for Cm separations on smaller scales (i.e., 100 mg 
of crude fullerenes with 2.0 g of Norit-A); however, the 
silica gel prevents cracking of the stationary phase in the 
larger columns and allows for higher flow rates. 
In summary, we have described and inexpensive and 

easily fabricated fullerene reactor of the arc discharge type. 
The apparatus described allows one to control various 
reaction parameters and optimization of the parameters 
gives reproducible runs of 11-14% crude yield. The crude 
material is purified on a activated charcoal/silica gel 
column to give a net pure Cso yield of 8.5% from consumed 
graphiteem 

Acknowledgment. This research was funded by the 
Department of the Navy, Office of the Chief of Naval 
Research, Young Investigator Award Program (1984-921, 
the National Science Foundation (RII-8922165, DMR- 
9158315), and generous industrial contributors to the NSF 
Presidential Young Investigator Award (1991-96) for J. 
M.T.: Hercules Incorporated, IBM Corporation, Ethyl 
Corporation, and the Shell Development Company. W. 
AS. thanks NASA and the American Vacuum Society for 
scholarships. We thank Dr. Nick Griffith of the Aluminum 
Company of America for providing us with alumina for the 
comparison studies. 

HPLC Chromatograms of 
Flash Column Allauots 

4 0 .  I In as 1 4  I I I - C60 - C70 

0 
0 1000 2000 3000 

aolvanl volume (mL) 

Figure 3. 

solvent was removed from the crude fullerene extract by 
rotary evaporation to give a black powder. The black 
powder was suspended in diethyl ether and poured onto 
the top of a small plug of silica gel. The crude fullerenes 
are insoluble in ether and stay at the top of the column. 
While at the top of the column, the crude material was 
washed generously with ether and then flushed through 
the column with distilled toluene. The discarded ether 
washings removed the grease residues and the ubiquitous 
hydrocarbon side products of the fullerene reaction; the 
silica gel plug also acta as a fine filter to remove any soot 
that passed through the Celite pad. This filtered crude 
extract was then concentrated by rotary evaporation and 
weighed. We have found that this clean-up procedure is 
necessary for obtaining accurate weights of the crude 
soluble fullerene extracts and neglect of this type of pu- 
rification will undoubtedly cause hydrocarbon and/or in- 
soluble particulate to inaccurately enhance the reported 
crude yields. The weights of the consumed rods and the 
slag were obtained and subtracted from the initial weights 
of the rods to give a weight of the graphite that was con- 
sumed and converted into soot. The crude yield was then 
calculated from these values. A typical 1-rod run takes 
78 min, burns 2142 mg of graphite, and produces 278 mg 
of soluble crude fullerenee, giving a crude yield of 13%. 
Yields reproducibly ranged from 11 to 14%. Thus an 8-h 
run that consumes six graphite rods will produce - 1.7 g 
of crude fullerenes from which - 1.0 g of pure CBo can be 
obtained by the following purification procedure. 

The crude material was purified on an activated char- 
coal/silica gel flash column.17 A slurry of alkaline de- 
colorizing carbon Norit-A (36 g) and silica gel (72 g) in 
toluene (200 mL) was poured into a typical glass flash 
chromatography column (38" diameter and 40 cm long) 
that had a cotton plug at the bottom of the column. The 
slurry was allowed to settle as the solvent aboue the sta- 
tionary phase was allowed to drain under a 7.5 psi N2 head 
pressure applied at the top of the column.18 The sta- 
tionary phase must not be allowed to become solvent free 
or else cracking of the stationary phase can occur. A 
saturated toluene (400 mL) solution of crude fullerenes 
(1.85 g) extracted from carbon arc soot was slowly poured 

(17) Alkaline decolorizing carbon Norit-A waa purchased from Fisher 
Scientific Company. Flash chromatography grade silica gel 60 (230- 
&mesh ASTM, 0.040.063 mm particle size) waa purchased from EM 
Science. A detailed deacription of this puritication method and the purity 
of the C, and C,o obtained waa recently described. See: Scrivens, W. 
A.; Bedworth, P. V.; Tour, J. M. J.  Am. Chem. SOC. 1992, 114, 7917. 

(18) CAUTION: Though we experienced no rupture of the glass un- 
der 7.5-10 psi pressures, we recommend utilization of this procedure 
behind a protective transparent shield to prevent injury if a rupture 
should occur. 

(19) HPLC waa done using an Alltech Econoephere silica gel column 
(250 mm X 4.6 mm i.d.) with 2% toluene in hexane at 1 mL/min using 
UV detection at 284 nm. The crude material showed a mixture of C,, 
CT0, Cu, and possibly other higher fullerenee in a peak area ratio of 58.0, 
38.9,1.6, and 1.5, respectively. The retention times were 5.1,5.9,6.6, and 
7.4 min, respectively, with base-line separation. Thus, at 284 nm, the 
extinction coefficient of C,o appears to be greater than that of C,, 
therefore skewing detection in favor of C,,,. 

(20) In summary, 2142 mg of graphite consumed from one rod yields 
278 mg of crude Merenee = 13% (generally 11-14%) crude yield or yield 
of soluble extract. At 2142 mg of graphite consumed per rod X 6 rods 
per 8 h - 12.9 g of graphite that can be consumed in this apparatus per 
8 h; 12.9 g of graphite consumed X (11-14% crude yield) = 1.42-1.81 g 
of crude fullerenee per 8 h; 1.42-1.81 g X 63% chromatographic recovery 
of pure C, = 0.89 g to 1.14 g of pure C,; 0.89-1.14 g of pure CW/12.9 g 
of graphite consumed = 6.9-8.8% of pure C, obtainable baaed on the 
mass of graphite consumed. 











C6o and C70 Made Simply 
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Cm and its fullerene relatives are now known as a radi- 
cally new form of elementary carbon. Colorful, deformable, 
reducible and molecular, fullerenes are unlike diamond 
and little like mapbite. Diamond is colorless, without 
equal in hardness, largely inert and macromolecular. 
Graphite is black, so&, largely inert and macmmolecular. 
Fullerene carbon cages share, however, delocalized rr bond- 
ing with the carbon planes of graphite. Fullerenes can now 
be prepared by rather simple methods as we shall describe 
in detail in this paper. 

In 1985, Kroto, Heath, O'Brien, Curl, and Smalley a t  
Rice Universitv provided the first experimental evidence 
for Cm and pmpGsed that its moleculai structure was that 
of a truncated icosahedron, the familiar form of a soccer 
ball ( I ) .  Their initial evidence for Cso and its congeners 
came from mass spectra of species that had been vaporized 
into a helium beamfmm graphite with a pulsed laser in a 
high vacuum system. At first, the idea that new forms of 
elementarv carbon existed with the whimsical name buck- 
minsterfuflerenes seemed fanciful to many. Doubt lingered 
in the absence of bulk samules of fullerenes that could be 
more fully characterized. FLrther mass spectrometric evi- 
dence in support of the Cso structure soon came from 
Smalley's laboratory (21, and a number of theorists pre- 
dicted properties of fullerenes. Yet, a method for preparing 
isolatable samples of fullerenes remained elusive. 

In mid-1990, KrBtschmer, Fostimpoulos, and Huffman 
reported the preparation of crude samples of Cm and l3Cw 
in carbon dust as indicated by the infrared spectra of these 
materials (3). They had vaporized graphite by resistive 
heating in an inert atmomhere in a bell iar svstem. In a - " " 

second paper they reported mass apectra, X-ray diffraction 
data and LV-VIS suertra of the mixture of fullerenes that 
had been extractei in benzene solution (4). Smalley and 
co-workers were soon reported to have made fullerenes in 
hulk by a related carbon arc method. A full report of the 
new synthetic work in the Smalley group appeared before 
the end of the year (5). Meanwhile, Chemical and Engi- 
neering News carried a descriptive account of the isolation 
of samples of Cm and C70 (6). This article contained color 
photographs of solutions of Cso and C70, which had been 
purified by column chromatogra hy on alumina, and in- 
cluded a report of the single-line '% NMR spectrum. 

~ncouraged by the ace&t in the C&EN article, we de- 
cided to attemut to ureuare crude Cm and to ~ur i fv  it.' Our 
first reactor &as duili from an organic chemist's three- 
necked flask. Because removing graphitic soot from the 
flask was frustrating, we modified the reactor as described 
below. 

'Historical Note. In mid-October 1990. A. R. J. proposed attempt- 
ing to make Cm as a January Term 1991 project. The appearance of 
the C&EN article shortlv thereafter encouraoed us to bwin desianina 
an aooaratus for this'ouroose. Richard &allev's sehnar t i lk  2 - - -. . . . . . . . - - - - - - ~ - , ~ - ~  ~ ~ ~ 

0ber in in the fa1 of 1989 also nad st mulatea ow merest. Awareness 
of C,, haa preceaed Smalley lo Oberl n. nowever. In 1988-1989 Roy 
Jacobson had sponsored work on organic synthesis directed toward 
building up this molecule. In the mid-1980's he had done much work 
directed toward this synthesis as a graduate student with Orville 
Chapman at UCLA. 

2 ~ h e  reaction kettle was fabricated at Eagle Laboratory Glass Co., 
191 2 East 337th Street, Eastlake, OH 44095. 

Although fullerene samples are now available commer- 
cially kom Aldrich Chemical Co. and Strem Chemicals, 
useful amounts can be prepared locally with the apparatus 
described here. Moreover, this apparatus is suitable for 
use in an undergraduate synthesis laboratory. Once pre- 
pared, the crude graphitic soot can be purified and sub- 
jected to NMR, UV-visible and vibrational spectroscopic 
examination. Useful 13C NMR spectra can be run on the 
crude extract of fullerenes. 

Procedure 
Reaction Kettle 

Figure 1 shows the reaction kettle that is the heart ofthe 
simulified auuaratus for eeneratine a crude mixture of 
fullerenes b; ;he carbon are me thod~h i s  reactor was fab- 
ricated from two borosilicate-glass tubes of 8.0-cm outside 
diameter fitted with flanges made for an O-ring seal.' The 
tou of the kettle has an inlet tuhe in the center for the sup- 
pfi of helium gas and two diagonally mounted ball joints 
for the electrode assemblies. The electrodes follow the 
paths of the dashed lines. These ball joints provide flexibil- 
ity for aligning the electrodes. The outflow tube for helium 
gas exits on the side near the bottom to reduce clogging 
with graphitic soot. This outflow tube is strengthened with 
a glass rod crossbrace. A standard double C-clamp system 
is used to hold the kettle together a t  the flanges. The two 
graphite-rod electrodes meet at a depth that is well below 
the region of the O-ring seal and that is cooled by a sur- 
rounding ice bath. 

Electrode Assembly 

The construction of the electrode assembly is shown in 
Figure 2. The electrode lead must carry a large current, be 

Figure 1. Reaclion kettle 
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Figure 2. Electrode assembly. 

adiustable in and out throueh a vacuum-tieht seal and be 
tekinated with a graphite rod. The 29-cmiength of 6-mm 
(114-in.) wooer rod is oolished to present a smoother sur- 
face to the-0-ring seaiand is drilled out a t  one end to pro- 
vide a receptacle for the graphite rod. The vacuum seal is 
made from a Cajon Ultra TOIT fitting (SS-4-UT-A-8). The 
O-ring, which is Viton and rated to 20O0C, is held in place 
with a knurled nut. The other end of the Cajon fitting is 
drilled through to an inside diameter of slightly more than 
14-in., turned down some and then mach&d to a 118-in. 
NIT pipe thread. The other pan of the electrode lead-in is 
a stainless steel tube that terminates in a 1819 ball ioint on ~ ~ ~ ~ " - - ~  ~ - -  

one end. The other end of the stainless steel tube is ma- 
chined to receive the 118-in. Dine thread on the modified 
Cajon fitting. Ace Glass (Vineiahd, NJ) supplies the stain- 
less steel tube with the baU joint. Teflon tape on the pipe 
thread gives a vacuum seal. The graphite rod is 114-in. di- 
ameter Ultra "F" Purity spectroscopic grade supplied by 
Ultra Carbon Corp. (PO. BOX X924, Bay City, MI 48708). 
The 5-cm length of graphite rod is machined on one end to 
fit snugly into the drilled-out end of the copper rod. Such a 
simple wuolinp works well. The other end of the maahite - - 
rod i s  shaped in a pencil sharpener. 

Reaction System 

Firmre 3 oresents the overall assemblv of the keaction 
system. 'The system consists of a two-way"stopcock for con- 
trolline the inflow of helium cas. a closed-end manometer 
for moktoring the pressure ofhelium, the reaction kettle, 
a section of tubing for filtering with glass wool, and an exit 
stopcock. Helium gas of standard commercial quality is 
supplied a t  a few psi above atmospheric pressure. The ma- 
nometer, which contains mercuG and has a range to 200 
turr, is placed in the inlet system to prevent cloggmg with 
eraohitic soot. The tube in the outflow side that is oacked 
Eglkly with glass to wool help reduce the amountbf gra- 
phitic soot that reaches the mechanical vacuum Dumn. A 
welsh Duo-Seal 1400B two-stage mechanic~l  
eauio~ed with an exhaust filter is satisfactom. and attach- 
m%.through rubber vacuum hose is sufficient. The reac- 
tion kettle UD to the level of the flanee is surrounded bv a 
plastic buckkt filled with ice and Gater. A light-co1o;ed 
plastic bucket is desirable because light fmm the arc can 
be seen. 

Silicone grease is used on stopcocks and on the various 
joints. Electric current is AC from a welder's %uzz box". 
This s u ~ n l v  uses a 30-A. 110-V circuit and ~rovides un to 
100 A AC." A current of 10 A is i n s u ~ c i e h t  to produce 
fullerenes with the oresent aooaratus. While a current of 
35 A is sufficient, <faster r i te  of production occurs with 
100 A. 

Safety Concerns. Several safety considerations dictated 
the setup and handling of the apparatus. Concerns have 
been expressed about possible carcinogenic properties of the 
condensed ring, aromatic fullerenes. The fullerems also are 
known ta he efficient sensitizers of the formation of highly 
reactive sinelet Oo (7). Thus. the whole assemblv includine .. 
the vacuum pump was placed in  a god h o d .  & a pprera;: 
tron agmnst contact with fdlerenes and aendental contact 
with the hlgh power electrical system, substantial ruhher 

Figure 3. Overall reaction system. 

gloves were worn when working with the apparatus. In ad- 
dition, welder's-quality eye protection was employed. 

Carrying Out the Synthesis 

With the whole system assembled and the graphite elec- 
trode tips just touching, the system was pumped to a good 
vacuum and filled with helium. This sequence was re- 
peated two times. The bucket surrounding ihe reactor was 
filled with ice and water. Then, with a slow flow of helium 
achieved by setting the inlet skpcock, the outlet stopcock 
was adjusted to bring the pressure down to a steady read- 
ing of about 100 tom The arc was struck. The electrodes 
were moved slightly apart to give the whitehot arc that 
produces high yields. After about 2 min a t  100 A, the 
graphite rods are red hot, and the electrode assembly must 
he allowed to cool for a while to protect the 0-rine seals 
before striking the arc again. I t  is not necessary &at the 
eraohite tius be reshaned for each round of arcine. With 12 
k i n  of arc&, about '0.15 g of soot is When a 
sufficient amount of graphitic soot has collected in the 
lower part of the reaction chamber and the electrodes have 
cooled somewhat, the outflow sto~cock is closed and the 
helium pressure is allowed to rise a few psi above atmo- 
spheric. Excess helium pressure is released through the 
two-way inlet stopcock. For removing the graphitic soot, a 
camel's hair brush is recommended. Otherwise, with a 
plastic bristle brush a troublesome static charge forms. 

To separate the fullerenes from the crude product of gra- 
phitic soot, this material is treated with toluene in a Soxh- 
iet extract&. Soon a h r  the white Soxhlet thimble with the 
crude black product in the bottom comes in wntact with 
some toluene, a reddish-brown extract climbs the walls of 
the thimble. After extraction into toluene solution, the 
mixture of fullerenes in  deep red-brown in color. About 20% 
is extractable. After rigorous removal of toluene with a 
RotoVap and final vacuum drying, the mixture of 
fullerenes is ready for UV-VIS and NMR examination. W- 
VIS spectra can be run in hexane of spectroscopic grade. 
NMR spectra are wnveniently run in henzeneds, in which 
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the fullerenes are much more soluble than in hexane. Ob- 
serving the single "C line due to Cso at  143.2 ppm with 
respect to external TMS was straightforward on a 200- 
MHz FT NMR spectrometer. Observing the 5 lines of the 
less abundant C?O was challenging (8, 9). The proton-de- 
coupled 13C NMR spectrum also contained innumerable 
weak lines in the saturated hydrocarbon region. 

The crude mixture of fullerenes can be separated by 
chromatography on an alumina column. The alumina was 
activated, neutral, Brockmann I, standard grade, -150 
mesh, 58 A (Aldrich Chemical Co.). A quick and fair sepa- 
ration can be achieved on a 1.1-cm (i.d.) column of 10-cm 
packing length with a 1:2 toluene-hexane solvent. The sep- 
aration of the leading magenta band of Cso is essentially 
complete. A distinct orange band of C ? ~ i s  obtained, but its 
W-VIS spectra shows some tailing of Coo Relatively 
speaking, the W spectrum of Ceo is much stronger than 
that of C7". The converse is true for the weaker visible spec- 
trum of the two species (9,lO). Acomplete separation of C?O 
from CFn can be achieved on an alumina column of twice 
the le&h with a 1:19 toluene-hexane solvent mixture 
(see also 10, 1 1 1 .  With relatively less toluene in the solvent, 
the amount of crude fullerene separated in each step is re- 
duced, however. A bright yellow, strongly adherent band 
also wss found on the alu&ina. The spectrum of this mate- 
rial showed strong aromatic absorption in the UV but was 
not characterized further. Higher molecular weieht 
fullerenes have been extractedkt higher temperatures 
with solvents such as 1.2.4-trichlorohenzene (12). 

Other properties of fullerenes that could be studied as 
part of a student labratory program are its infrared spec- 

trum (13), its cyclic voltammogram (lo), its effectiveness 
as a photosens&izer of molecular oxygen (73, and its sus- 
ceptibility to the Birch reduction to form CsJ13~ (5). 
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