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Fullerenes and various chlorinated carbon clusters were synthesized via the glow discharge reaction using
chloroform vapor as starting reactant. High-performance liquid chromatography combined with ultraviolet
spectrometry and mass spectrometry (HPILO/ —MS) was developed for separation and characterization

of the reaction products, comprisingdand Gy fullerenes, amorphous carbon, and more than 50 chlorinated
carbon clusters, which molecular formulas were determined from their special isotopic patterns. The formation
of fullerenes and amorphous carbon in the glow discharge reaction of chloroform was found to involve different
systems of chlorinated carbon cluster intermediates. The correlation provides insight into the formation of
fullerenes and the other carbon clusters.

Introduction Reactor |
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Fullerenes can be accessed via thermal reaction of appropriate
carbon sources under various conditions, for instance, arc- Chloroform
discharge of graphite rodgncomplete combustion of benzene
or hydrocarbons$,pyrolysis of naphthalengand dissociation
of hydrocarbons in thermal plasrfia’ Efforts to develop
traditional organic methods to synthesize fullerenes have not
achieved success yet, but various bowl-shaped hydrocarbons \
have been produced by pyrolytic or nonpyrolytic rotte?.In s il
our prior investigatiort? fullerenes Go and Go were produced HV Supply
from chloroform in a glow discharge reaction, known as a
typical low-temperature plasn?alt was found in the experiment
that the fullerenes were accompanied by various fully chlori- chambers, two glass tubes with diameter of ca. 40 mm and
nated fullerene fragments such as perchloroacenaphthylgne (C length of ca. 250 mm. Two pairs of copper pipes, acting as
Clg) and perchlorofluoranthene {§Cl;0), which carbon frame-  both electrodes and gas passageway, were mounted to two ends
works composed of six- and five-membered rings can be of each tube. When the vacuum pressure of the tubes was
identified as part of the surface of fullerenes. Herein the synthetic pumped to less than 0.004 MPa and an alternate voltage of above
reaction and analysis of the products from the glow plasma 10 kV with 25 kHz frequency was applied to the electrodes, a
reaction of chloroform are reported in detail. High-performance stable glow discharge would emerge at the gap between the
liguid chromatography coupled with both ultraviolet spectrom- two electrodes. The glow plasma could be maintained by
etry and mass spectrometry (HPEOV—MS) was developed  adjusting the distance between the electrodes. In the synthetic
for separation and characterization of the fullerene products asexperiment, the two reactors, labeled in the figure as reactor |
well as a series of chlorinated carbon clusters. Special attentionand reactor I, were connected in series. After reaction for
was paid to the correlation between the fullerenes and the several hours, soot produced from the discharge reaction was
chlorinated carbon clusters formed in the same reaction. Thedeposited on the wall of each reactor and then collected
experimental observation reported herein is not only syntheti- separately from the two reactors, followed by separation and
cally useful but may also provide some important insight into identification using HPLE UV —MS.

Figure 1. Scheme of the glow discharge reactors.

fullerene formation. Effects of various experimental parameters on the glow
_ . plasma were investigated in the experiment. It was found in
Experimental Section the preliminary experiment that glow plasma was very sensitive

Chemicals. Solvents used in the experiment were com- [© the reaction conditions, such as vacuum of the reactor, feed
mercially available. Methanol was HPLC grade, and other rate of the chloroform vapor, and electrical voltage and
solvents were analytical grade. All HPLC solvents were further frequency. Relatively high vacuum in the reactor was necessary
distilled and degassed by vacuum filtration over a 46 for the plasma reaction. When the pressure was greater than
membrane filter prior to use. 0.01 MPa, the plasma could not be maintained. Raising feed

Soot Production. The experimental setup is illustrated in rate of the chloroform vapor would improve the reaction

Figure 1. Chloroform was evaporated from a flask into reaction €fficiency but with the cost of disturbing the plasma. In fact,
the plasma would die out when feed rate of the reactant was

* Corresponding author. E-mail: Iszheng@xmu.edu.cn. higher than 0.6 mL/min. Yield of the soot was also found to
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depend on the electrical field applied in the reaction, especially ...,
its frequency. Increase of the frequency generally resulted in
the raise of the soot yield. The optimum conditions used for
the experiment were as follows: vacuum, 0.004 Mpa; feed rate
of the chloroform vapor, 0.3 mL/min; electrical frequency, 25
kHz. Under these conditions, the soot could be produced in a
yield of 3 g/h. ¥
Sample Preparation. Approximately 500 mg of the soot . o
from the glow discharge reaction of chloroform and 5 mL of E n
toluene were placed in a glass container with a cap. This .
suspension was extracted using ultrasonic bath at room tem- ®

perature for 1.5 h, allowed to settle for about 2 h, and then U

filtered using a 0.45 um pore membrane filter. The solution was o

loaded into the instruments for HPE@WYV—MS analysis. 0 15 30 45 60 75 90 105 130 135 150 185 180 195 20
HPLC —UV—MS Analysis. The instruments used for HPEC Retention time ( min )

UV —MS analysis were a TSP model P200 HPLC equipped with Figure 2. Typical HPLC-UV chromatogram of products collected

a TSP UV 3000 spectrophotometer and a Finnigan LCQ model in reactor | and recorded at 300 nm wavelength. Peaks are labeled by
mass spectrometer with APCI interface. numbers, and their molecular formula are suggested from their isotope

. . . distributions in mass spectra as the following: 3HCIs; 2, GsgCli;
The TSP UV 3000 instrument consisted of rapid scan UV 3| Celclfa.'4 C;CIe' 5 QHp3C|5. 6. CuuCls 7 V&C@]'G. %sHszCIM'%S Cfr

spectrophotometric detection. This technique, involving the clg 10, C14Clg; 11, GuCha 12, GeClis 13, CCls; 14, GClis;, 15,
continuous acquisition of UV spectra, is highly sensitive to CyClig; 16, CkCliz; 17, G4Clig; 18, GiaClio; 19, GiaCliz; 20, G.Cs;
characterize fullerenes and the polycyclic carbon clusters, as21, GdCls; 22, GoClis; 23, GiCliz; 24, GClis; 25, GeClag; 26, GeCus;
peaks eluted from the HPLC column. Absorption spectrum was 27, GzChs; 28, GiaC; 29, GoClig 30, G:Cliz 31, GeClig; 32, Gie-
recorded over 218400 nm wavelength range. Scan resolution S0 33, GsChz 34, GoChig 35, GChg; 36, GClia; 37, GoClo; 38,

. ) C2oCly4; 39 Clio; 40, GgClyg; 41 V), 42, C3,Cly; 43 lig;
and data collection rates of the spectrometer were fixed at 5 44210CC;:CI10" 40%8 C;Sbllo" 26 ngéllo" A%O(szdm-’ 432%1;(,”')_, 4%26%21;’_'

nm and 6.7 Hz, respectively. Cliz; 50, GClig; 51, GoClg; 52, GoaCliz; 53, GigClio; 54, GauCliz; 55,
The Finnigan LCQ mass spectrometer consisted of an Ceoll); 56, C2¢Clio; 57, GsClig; 58, Ceoll); 59, Cs2Clio; 60, GoeClag;

atmospheric pressure chemical ionization (APCI) source and 61, Go.

an ion-trap mass analyzer. The APCI vaporization temperature

was 400°C. Mass spectra were recorded within the range of

m/z 200—2000 in negative ion mode. Flow rates of sheath gas

and auxiliary gas were 70 and 20 mL/min, respectively. ;

Capillary temperature and voltage were 200 and —28 V, P Crmno

respectively. oo
Combination of the instruments was achieved by simply

connecting the outlet of the HPLC detector to the inlet of the

APCI interface of the mass spectrometer. The HPILY data

and the HPLC-MS data were collected by different computer

systems.

The HPLC column selected for analysis was a SUPELCOSIL
LC-18 column with 4.6 mm i.d. and 250 mm in length, packed
with 5 um octadecylsiyl-bonded silica having a 300 A pore size. during the elution process. Flow rate of the mobile phase was
Nonagueous reversed-phase HPLC was selected considering thget at 1.0 mL/min, and sample injection was quantified with a
low volatility and high lipophilicity of fullerenes and chlorinated 20 uL loop.
carbon clusters. To record UV spectra of the reaction products, ] ]
the mobile phase needs to be transparent or have low absorptiofiR€sults and Discussion
in the wavelength region of 23300 nm. Thus, only a few Production and Identification of Cgg and Cyo Fullerenes.
solvents, such as methanol, ethanol, acetonitrile, tetrahydrofuran,The toluene extract of the products from glow discharge reaction
hexane, and cyclohexane, could satisfy the requirements. Amongof chloroform was analyzed by HPLE&JV—MS under the
the selections, low-polar solvent was good for the solution of optimum conditions, and a typical chromatogram of products
the products but lack of retention, while some products from collected from reactor | is shown in Figure 2. It could be found
glow plasma of chloroform could not elute out the octadecylsiyl- in the chromatogram that the products from the reaction were
bonded silica column thoroughly when polar solvents were quite complicated, but most of themgdand Gy fullerenes as
applied. Hence, a binary or multiple mobile phase mixed by well as various chlorinated carbon clusters, can be separated
polar and low-polar solvents in a certain ratio might be a better under the HPLC analysis condition mentioned above. As shown
choice. After testing of various combinations of the mixtures, in Figure 3, the UV spectra obtained at retention times of 167
it was found that mixed solvents of cyclohexane/ethanol/ and 209 min were virtually identical to those of standagd C
methanol could be used as mobile phase for the separation in aand Go.22° Identities of Go and Gy fullerenes suggested by
gradient elution mode. The elution procedure of the mobile the UV spectra were also confirmed by their retention time after
phase consisted of a linear increase in cyclohexane concentratiocomparing with those of the standard ones and by the mass
from 0 to 5% in 40 min and from 5% to 35% in the next 180 distributions of their molecular ions observed in corresponding
min and a linear decrease in methanol from 85 to 80% in 40 mass spectra. The analysis result showed that fullerenes could
min and from 80% to 54% in the next 180 min. Ethanol was be synthesized in the glow discharge reaction of chloroform
premixed with methanol in a 2:11 ratio, which was not varied under a relatively low-temperature plasma condition.

{i—Ceo

240 280 320 360 400
Wavelength (mn)
Figure 3. UV adsorption spectra ofdgand Gy fullerenes.
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products collected in reactor | in the rangesnof 720—722, : \‘572
besides the dominant peaks corresponding to buckminster- g (@
fullerene, three other 720 amu ions were also observed at the g c0= 51 o3 ‘
retention times of 92, 108, and 155 min. These ions are § - sag| | 554 ‘ 574
suggested as novelggEisomers according to their isotope 5205 [l 557 ‘}m
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however, might also result fromggadducts (e.g. with chlorine), 500 s20 o s 530 600 iz
on the basis of the hypothesis that such adducts formed in the_. L .
low plasma reactio%pbut dissociated to beCduring the Figure 5. Isotope distributions of selected chlorinated carbon clusters
glow p 1SS0C Y g recorded in mass spectra: (asCl2 (no. 2); (b) GzCls (no. 20); (c)
!onlzat|on process. In f_act, this evidence had also been observea ¢, (no. 34); (d) GeClio (no. 39). Simulated distributions of their
in HPLC—MS analysis of products from benzenexygen molecular ions peaks are inserted at the right of the figures.

flameg527 and microwave plasma reaction of chlorofofn.
Unfortunately, the HPLEMS characterization is insufficient  recorded in the experiment. Simulated distributions of their
to determine their structures. Our effort focusing on preparative molecular ions peaks are included in the figures for better
separation and structural characterization of these newly ob-identification. In addition to the molecular ions peaks, ions peaks
served carbon clusters with 720 amu is in process. with weights 19 less than their molecular weights were also
Production and Identification of Chlorinated Carbon observed in the figures, and they might result from the clusters
Clusters. Fullerene formation in the glow discharge reaction losing a chloride atom and capturing an oxygen anion in the
of chloroform is a growth process from small clusters, analogous APCI source’!
to the growth of polycyclic aromatic hydrocarbotisCIn fact, Correlation between Fullerenes and Chlorinated Carbon
in addition to fullerenes and amorphous carbon, other carbon Clusters. All the products in the reaction, fullerenes, amorphous
clusters with intermediate sizes were also produced in the carbon, and chlorinated carbon clusters, were created under the
reaction, but most of them were chlorine-substituted to eliminate same reaction condition and from the same starting species,
the dangling bonds. Luckily, mass spectrometry is effective in chloroform, a simple molecule composed of a single carbon
analyzing the compositions of these chlorinated products becausetom. It was thus reasonable to conjecture that the small carbon
the two isotopes of chlorine have their special abundance clusters, which were chlorinated in the reaction, might be the
distribution: 35CI:37Cl = 75.77:24.23. Thus, isotopic distribu-  precursors of larger carbon species such as fullerenes and
tions of the compounds containing different numbers of chlorine amorphous carbons. Most of the small carbon clusters, however,
atoms can be calculated. By comparison of the simulated could not grow up in the reaction. As shown in Figure 2, the
distribution with the recorded mass spectrum, the number of relative abundance of the products is generally reduced with
chlorine atoms and the number of carbon atoms in each an increase of their carbon number. In fact, the small carbon
chlorinated carbon cluster can be readily determined, and thusclusters initially produced in the plasma were generally very
its molecular formula characterized. As examples, Figure 5 reactive. To survive the plasma, their dangling bonds need to
shows typical isotope distributions of selected chlorinated carbon be saturated by radicals such as chlorine atoms which are also
clusters, GgClis, C12Clg, Co5Clis, and GgClig, Which were produced in great amount in the glow plasma. The growth of
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chlorinated carbon clusters shown in the figure were the products of
the glow discharge reaction. Molecular formulas labeled in the figure

| were characterized by their isotope distributions in corresponding mass
spectra. Structures of the small perchlorinated carbon clusters, such as
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o) V} e (®) C1cCls, C12Cls, C16Clyo, and GoClyo, had been characterized before, and
‘ | T cscn structures of the large clusters, such @§0G4, CoClio, C30Clis, and
204 \ ! ' Cullle C36Clio, were suggested according to their special compositions, while
'J’M' b‘n AM | their structural identification is still in process.
o IR
i Ukw LY UL\JCLN_ terization of their structures is still in progress. In these
T X @ % s 10 1% 14 10 180 200 220 structures, pentagons are incorperated into their polycyclic

networks and cause curvature so that@ bonds of these
Figure 6. HPLC—MS chromatograms of the reaction products: (a) clusters are minimized and generally do not increase with the
products A collected in reactor |; (b) products B collected in reactor number of carbon atoms. Since all these_ chlorinated clusters
1. and the fullerenes grew from chloroform in a same reaction,
their formation may follow the same reaction mechanism:

most small carbon clusters is thus stopped before they reach®dding G or other small carbon particles to the developing

larger aggregates, fullerenes, or amorphous carbons, which havgraphite sheet. The dangling bonds on the rim of the carbon
no dangling bonds at all. framework were saturated by chlorine atoms, and the closed

It would be more interesting to distinguish the precursors fullerenes, once formed, have no open edges and, therefore,
leading to the fullerenes and other carbon species. In the generally do not grow any further. The growth mechanism is
experiment, two reactors, labeled as reactors | and Il in Figure 1USt the one described by the “pentagon road” sch&meg of
1, were connected in series. The products from reactors | andthe schemes that have been proposed for fullerenes formation.

Il were collected separately and were distinguished as products/€NCe. this system of chlorinated carbon clusters can be
A and B, respectively. As shown in Figure 6a,b, the HPLC regarded as fullerene precursors or chlorinated intermediates in

MS chromatograms of products A and B, respectively, the fullerenes growth following the scheme of “pentagon road”.
Species forming in the two reactors were Similar, but their Besides the carbon clusters derived with12 Chlo”nes, the
relative yields were significantly different. The fullerene yield ~clusters comprising more chlorine atoms were also produced
in products B was markedly less than that in products A. Further during the reaction in a great variety and were found to be more
guantitative analysis indicated thagqield in products A was abundant in products B. In contrast to the clusters described
0.5% and that in products B was less than 0.05%. On the other@bove, the number of chlorine atoms in this system of clusters
hand, in reactor II, production of amorphous carbon, which was increases with their number of carbons. The compositions
identified by X-ray diffraction analysis, was much higher than suggested that frameworks of this system of polycyclic carbon
that in reactor I. Similarly, chlorinated carbon clusters with Clusters were planar and very likely the fragments of the
different compositions were also produced in different yields graphite. Higher yield of the observed amorphous carbons in
in the two reactors. Generally, as shown in Figure 6, the clustersProducts B, which were in fact the microcrystals of graphite,
produced in reactor | tend to consist of less chlorine atoms thanSupports this hypothesis. A scheme of growth pathways of the
those produced in reactor I1. We thus supposed that there mighttwo elementary carbon species is illustrated in Figure 7, but it
be two systems of small carbon clusters produced in the should be noted that many structures of the chlorinated carbon
experiment, and they displayed different relative abundancesclusters pictured here were speculated on the basis of their
in the final products grown in the two reactors. compositions.

Different distributions of the chlorinated carbon clusters  In the glow discharge experiment, the reactions in the two
produced in the different reactors might be attributed to their reactors were carried out under the same vacuum and sharing
different structures. As shown in Figure 6a, most of chlorinated the same electrical power source but were fed different starting
carbon clusters with higher abundance produced in reactor |reactants. In reactor |, the reactant was chloroform vapor, while
was composed of-812 Cl atoms and even numbers of carbon the reactants in reactor Il were composed of variety of volatile
atoms. Among them, structures of small clusters, such;as C  chlorinated carbon species formed in the preceding reactor, such
Clg, ClieClio, and GoClio, have been characterized befé#é? as G or GCg3% The experimental evidence suggested the
Their carbon frameworks, comprising six- and five-membered possibility of designing the proper precursors so as to improve
rings, could be identified as part of the surface of buckmin- fullerene yield in the synthetic reaction. Our effort on this
sterfullerene. The larger clusters in the series which also purpose is currently in process.
exhibited higher abundance in products A, such &€z, Cos-

Clio, Cs6Clig, and GgCliz, might be chlorinated fullerene Acknowledgment. The work was supported by the National
fragments as well, according to their compositions and the Natural Science Foundation of China (Grant Nos. 2989021 and
structures of their hydrocarbon analogdi&®? though charac-  No. 20001005).
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