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The basic C60 and C70, and the higher fullerenes, mainly C76 and C84 were extracted
with a series of different and previously unapplied solvents or combinations of solvents,
by original advanced procedures, from the samples of carbon soot, produced in elec-
tric arc. The solubility of the basic and the higher fullerenes in the applied series of
solvents was compared. Chromatographic separations of fullerenes from the obtained
extracts were performed by continue elution, in one phase of each process, under atmo-
spheric pressure, with the original, defined gradients of solvents, from pure hexane or
5% toluene in hexane to pure toluene, on active Al2O3 columns, by the new, improved
methods. Identifications of fullerenes in all the chromatographically purified fractions
and the extracts were performed using determined techniques of IR and UV/VIS spec-
troscopy that have not been presented previously for the higher fullerenes. The advances
in chromatographic purification using alumina, as well as in understanding of the
unique and the main optical absorption properties of these molecules are reported.

Keywords Carbon soot, higher fullerenes, solvent extractions, alumina column chro-
matographies, optical absorption properties

Introduction

The isolation of fullerene C60 as the first fullerene fraction was obtained by column
chromatography, using Al2O3 as the stationary phase, with either pure hexane or 5% toluene
in hexane as eluent (1–6). Successful and advanced separations, as well as characteriza-
tions, of the basic fullerenes C60 and C70 from the obtained soot extracts were achieved
with the different original, defined gradients of solvents, from pure hexane to 20% benzene,
toluene, or xylenes in hexane (7–10), respectively, at ambient conditions.

In the previous investigation (11), the purified basic fullerenes were isolated using
alumina flash chromatography column without application of pressure in the first stage,
while the purified higher fullerenes C76 and C84 were obtained in the next stage on the
same column under pressure, using hexane-toluene gradient elution, and then by repeated
chromatography.

The main aim of this research was to further develop, advance, optimize and at the
same time simplify and increase the efficiency of chromatographic methods for obtaining
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of purified basic and higher fullerenes, using Al2O3 as the stationary phase material.
Chromatographic separations of fullerenes from the obtained soot extracts were performed
by continue elution, in one phase of each process, with the several different original com-
bined systems of solvents: from pure hexane, or 5% toluene in hexane, and then gradually
increasing concentration of toluene in hexane to pure toluene (12–14), including the new
process described in this article.

Characterizations of all the purified fullerene fractions and the extracts were performed
by determined techniques of IR and UV/VIS spectroscopy that have not been presented
previously for the higher fullerenes, in the regions where they intensively absorb.

The obtained results of spectroscopic characterization of chromatographically purified
fractions of the higher fullerenes C76 and C84 from this research were analyzed and com-
pared among themselves and with the previously obtained theoretical and experimental
results, by other techniques (11,15–26).

Experimental

The basic C60 and C70, and the higher fullerenes, mainly C76 and C84, were Soxhlet
extracted with the previously unapplied series of solvents and combinations of solvents
from the samples of carbon soot, produced in electric arc (MER Corporation, Tucson, AZ,
USA), such as n-heptane, toluene, chlorobenzene, p-xylene, o,m,p-xylenes and pyridine,
as well as successively with p-xylene and pyridine and with toluene and chlorobenzene.
Extractions were performed to complete disappearance of the solvents color in the Soxhlet
extraction thimble.

Separations of the basic and the higher fullerenes from the obtained soot extracts were
achieved using column chromatographies on Al2O3 (ca. 50 g per chromatography), acti-
vated for 2 hours at 105◦C. The elutions were performed with the several different original,
defined systems of solvents: from pure hexane or 5% toluene in hexane and then gradually
increasing concentration of toluene in hexane to pure toluene (12–14), including the new,
fourth process described in this article, at a flow rate 1.5 ml/min. The employed amounts
of solvents per chromatography were from 1.5 to 1.75 l. Before separation, each sample of
the extract (ca. 10 mg) was dissolved in hexane and toluene (few ml), dispersed onto silica
(1 g), which adsorbed the solvent producing gelatinous mass, and finally put onto top of the
new alumina column.

Chromatographic separation of fullerenes from the second additional pyridine extract
(10.1 mg), obtained by extraction of p-xylene insoluble soot with pyridine, was performed
by successive elution with the following: 5% toluene in hexane, 15% toluene in hexane,
25% toluene in hexane, 50% toluene in hexane, 75% toluene in hexane and 100% toluene,
each 250 ml in volume. Solutions of all the isolated fractions were yellowish and yielded
when evaporated brown solids.

IR spectra of all the chromatographically purified fullerene fractions, as well as of
fullerenes soot extracts from this research were measured by a Perkin-Elmer FTIR 725 X
spectrometer by KBr disk technique, from 400 to 4000 cm−1.

UV/VIS spectra of all the purified fullerene fractions and of the extracts were recorded
on GBC Cintra 40 spectrophotometer, from 200–900 nm. Solutions of fullerenes in hexane,
conc. 10−3 to 10−4 mol/dm3 were used.

UV/VIS spectra of all the purified fullerenes fractions and of the extracts were also
recorded on a Perkin-Elmer Lambda 5 spectrophotometer, from 200–900 nm, using both
solutions of fullerenes in hexane, conc. 10−3 to 10−4 mol/dm3 and much diluted solutions
of fullerenes in hexane, to complete discoloring, for comparison.
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In this article, four characteristic processes for chromatographic separation and
spectroscopic characterization of fullerenes from carbon soot samples are presented
graphically. The obtained masses of the purified fullerene fractions are reported.

Chromatographic separation and spectroscopic characterization of the basic and the
higher fullerenes from the obtained first p-xylene soot extract (10.4 mg) is presented
graphically in Figure 1.

The obtained masses of the isolated fullerene fractions from the first p-xylene soot
extract were: 1) 2.7 mg, 2) 1.8 mg, 3) 0.9 mg, 4) 0.9 mg, 5) 1.0 mg, 6) 1.8 mg and 7) 1.3 mg.

Chromatographic separation and spectroscopic characterization of the basic and the
higher fullerenes from the obtained second p-xylene soot extract (10.03 mg) is presented
graphically in Figure 2. The first fraction was collected twice (labeled as first and first’) due
to small differences in the color shade. In the 1’ fraction besides the dominant presence of
C60, the presence of small amount of C70 was indicated.

The obtained masses of the isolated fullerene fractions from the second p-xylene soot
extract were: 1) 2.9 mg, 1’) 2.1 mg, 2) 1.0 mg, 3) 1.3 mg, 4) 1.7 mg and 5) 1.0 mg.

Chromatographic separation and spectroscopic characterization of fullerenes from the
firs pyridine extract of the initial soot (10.0 mg) is presented in Figure 3.

The obtained masses of the isolated fullerene fractions from the first pyridine extract
of the initial soot were: 1) 2.0 mg, 2) 1.4 mg, 3) 1.3 mg, 4) 0.9 mg, 5) 1.2 mg and 6) 0.9 mg.

Chromatographic separation and spectroscopic characterization of fullerenes from the
second, additional pyridine extract (10.1 mg) is presented in Figure 4.

The obtained masses of the isolated fullerene fractions from the second, additional
pyridine extract of p-xylene insoluble soot were: 1) 1.5 mg, 2) 1.2 mg, 3) 1.3 mg, 4) 0.9 mg,
5) 1.2 mg and 6) 1.1 mg.

Besides the presented chromatographic methods for efficient separation of the basic
and the higher fullerenes at environment conditions, these protocol schemes may be utilized
for HPLC with eventual recycle of not purified fractions.

Results and Discussion

In this article, the differences in the observed spectroscopic details of the isolated higher
fullerenes C76 and C84 from this research in comparison to previous separation processes
are discussed. The achieved advances in their characterization and separation are described,
which has not been reported previously. The IR and UV/VIS optical absorption maxima
of all the purified C76 and C84 samples from the several different separation processes in
this research (12–14), including the new process described in this article are in excellent
agreement.

It is important to emphasize that all the experimentally obtained absorption bands
of chromatographically purified fractions of the higher fullerene C76 from the separation
processes in this research (12–14), including the new process, are also in agreement with
theoretically calculated IR active vibration modes for the only stable C76 isomer of D2 sym-
metry, by Orlandi et al. (from entirely 165 possible modes) (15). This has not been reported
previously and represents a significant advancement. The agreement (12–14,15) is better
in comparison with previous characterizations of C76 from other separation processes, by
other IR techniques (15–17). It is accurate in the whole region relevant for identification of
fullerenes, from 400 to 1650 cm−1.

In the previous study some discrepancies between the experimental and theoret-
ical results for C76 were obtained in the regions around 1000–1050, 1100–1200 and
1500–1600 cm−1 of 40–60 cm−1 (15,16). The observed IR features of the higher fullerene



Advances in Chromatographic Separation 387

Figure 1. The first process for chromatographic separation and spectroscopic characterization of
fullerenes from the obtained first p-xylene soot extract.

C76 from another separation process were tentatively rather assigned to a subset of fun-
damental vibrations, although there was presumption that some of these features may be
weaker overtone or combination bands (17), what our results (12–14) also suggest. The IR
measurement in this study (17) was not in agreement with the mentioned first published
spectrum of C76 (16), suggesting that the previous measurement was carried out with an



388 T. Jovanovic et al.

Figure 2. The second process for chromatographic separation and spectroscopic characterization of
fullerenes from the second p-xylene soot extract.

impure sample. In this later study (17) larger number of features was observed and also
some discrepancies between experimental results and theoretical calculations (15,17) in
the central significant part of the spectrum, around 1020–1030 cm−1 of up to 26 cm−1.
In several cases, two experimentally obtained features were very close or corresponded to
one and the same theoretically calculated C76 vibration mode (15,17).

In our research, pronounced, characteristic absorption maxima unique to the higher
fullerene C76 are registered in the significant central part of the spectrum from ca. 800 to
1200 cm−1, as well as in the region from ca. 1310 to 1400 cm−1, in precise agreement
with theoretical calculations, which has not been reported previously, as another important
advancement.
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Figure 3. The third process for chromatographic separation and spectroscopic characterization of
fullerenes from the first pyridine extract of the initial soot.

The main advantage of our characterization compared with previous experimental
results for C76 is the observation of the main, dominant, sharp, very intense C76 features
in all the IR spectra of chromatographically purified fractions of this molecule, in the mid-
dle part of the region relevant for identification of fullerenes, at precisely 968, 1082 and
1188 cm−1. Characteristic, sharp absorption bands unique to the higher fullerene C76 are
also registered in this study at 824 and 894 cm−1 in the first relevant part, as well as at
1313 and 1398 cm−1 in the second relevant part of the spectrum. The absorptions at 1494,
1541, 1635 and 1646 cm−1 appear in the region from 1500–1650 cm−1, which has not been
presented. All the other obtained C76 vibration modes are also in very good agreement with
theoretical prediction (15).



390 T. Jovanovic et al.

Figure 4. The fourth process for chromatographic separation and spectroscopic characterization of
fullerenes from the second, additional pyridine extract of p-xylene insoluble soot.

The observed unique and the main, dominant C76 features, relative intensities and loca-
tions of all absorption bands in agreement with theoretical predictions (15), as well as
mutual agreement of the obtained significant spectra, provide evidence of the presence of
purified higher fullerene C76 in corresponding, mentioned chromatographically separated
fractions from the several different separation processes in this research (12–14), including
the new process. Better agreement of the experimentally obtained C76 absorption maxima
with theoretical calculations (12–14,15), in comparison to previous results for C76 (15–
17) indicate the advancement in separation and characterization of this molecule in our
research.
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According to theoretical calculations for the higher fullerene C84, dominant bands are
predicted to occur around 1600 cm−1, a group (including the main band) between 1390 and
1125 cm−1, and bands around 840 and 630 cm−1 (18,19). These findings (18) are in agree-
ment with the original experimentally obtained IR spectra of the isolated molecule of the
higher fullerene C84 from the separation processes in this research (12–14), including the
new process. In these spectra, a series of four characteristic, sharp, pronounced neighbor
bands is registered at 843, 780, 742 and 711 cm−1, as well as the second group of sharp
bands around 630 cm−1 in the first part of the spectrum significant for C84. Dominant bands
appear around 1600 cm−1, and a group between 1390 and 1125 cm−1, including the main
band, in the second relevant part of the spectrum.

In the previous experimentally obtained IR spectrum of the main chromatographic frac-
tion of C84 fullerene (partially separated isomers), a modest band appears at 1630 cm−1, a
group between 1432 and 1108 cm−1, as well as four bands, two at 798 and 793 cm−1 and
two at 648 and 635 cm−1 in the first relevant part (19). Unlike our results (12–14), the men-
tioned spectrum (19), and the later obtained spectra of the samples of the two major isomers
of fullerene C84, the D2(IV) and D2d(II) isomers (20), which have similar properties, did
not correlate well with the general pattern of the theoretically calculated spectra for C84

fullerene, the D2(IV) and D2d(II) isomers (18). Whereas there is a good correlation of our
experimentally obtained IR spectra of the purified molecule C84 (12–14) with theoretical
predictions (18), the distinguishing between the D2(IV) and D2d(II) isomers (19) through
the use of the predicted IR spectra could not be accomplished (18,19).

All the experimentally obtained locations of absorption maxima of the purified higher
fullerene C84 (12–14) are also in agreement with the theoretically calculated IR active vibra-
tion frequencies for C84, by Zhang and coauthors (21). In contrast to previously mentioned
spectra of the purified C76 fractions (12–14), the absorption in the central relevant part of
the spectrum was not registered. Vibration bands appear in the two distinct regions signif-
icant for C84: the first from approximately 450 cm−1 to 850 cm−1, and the second from
1050 cm−1 to 1650 cm−1, which is in general agreement with the previous theoretical and
experimental findings for C84 (12, 14, 18–21).

In the obtained UV/VIS spectra of chromatographically purified fractions of the higher
fullerene C76 from our research, significant decrease of relative intensities of the dominant
absorption bands at 257 and 327 nm is observed in comparison to spectra of the previous
purified fullerene fractions, C60 and C70. The third most intense absorption is moved to the
region below 200 nm. Pronounced C76 shoulder at 275 nm (12–14), its band at 405 nm
and absorption prolonged to 900 nm is present. Complete absorption corresponds to C76,
confirming the result of IR characterization of these fractions.

In addition, in the UV/VIS spectra of the obtained purified C76 samples from much
diluted hexane solutions, to complete discoloring, that we also recorded for comparison,
the absorption maxima were registered at: 229, 285, 327, 350, 381 and 405 nm. These
spectra are in agreement with the UV/VIS spectrum of C76 recorded from very dilute solu-
tion in hexane, in the range from 200 to 800 nm (11), but have shown some differences
compared with the mentioned spectra of C76 measured from more concentrated solutions
in hexane (12-14). With the change of solution concentration, such as significant dilution,
the appearance of several new close absorption bands or the fine structure may occur.

The UV/VIS spectra of chromatographically purified fractions of the higher fullerene
C84 have shown completely new properties. Pronounced series of absorption maxima
unique to the higher fullerene C84 was registered at precisely 223, 231, 236, 240, 252,
261, 272, 287, 304, 318, 334 and 357 nm. (12-14). A series of very close C84 absorption
shoulders is also observed at 209, 213, 217, 219 and 229 nm, as well as intense, sharp
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C84 maximum at 205 nm. All absorption bands in these spectra correspond to carbon clus-
ter C84, confirming the result of IR characterization. Complete UV/VIS absorption of the
higher fullerene C84 in the significant region from 200 to 400 nm, here described has not
yet been reported under any experimental conditions.

In this study, the UV/VIS spectra of the higher fullerenes C76 and C84, as well as of
the basic fullerenes C60 and C70, from hexane solutions of determined concentration in the
region from 200 nm to 900 nm, including the significant region from 200 to 400 nm, where
fullerenes intensively absorb were presented (12–14), which has not been reported previ-
ously for the higher fullerenes. In the work of Jinno et al., the spectra of higher fullerenes
recorded from the mixture of acetonitrile and toluene (55:45 or 50:50, v/v), in the range of
300–600 nm, were reported (22,23), while in the study of Kikuchi and coauthors the spectra
of higher fullerenes from benzene solutions in the range of 500–1100 nm were presented
(24,25). In the articles of Ettle and Diederich et al., the UV/VIS spectra of the molecule C76

from dichloromethane solutions, in different ranges were presented (16,26). The locations
of absorption bands of carbon cluster C84 in the spectrum obtained from CHCl3 solution,
in the range from 280 to 912 nm, were mentioned in the previous article (11).

In our research, however, characteristic and new properties, the unique and the main,
dominant IR and UV/VIS optical absorption maxima of the higher fullerenes C76 and C84

were registered in the regions where they intensively absorb, in the obtained original spec-
tra. The IR and UV/VIS spectra of all the isolated C76 and C84 samples from the several
different separation processes are in good agreement. The results of UV/VIS analysis con-
firmed the results of IR analysis. Characteristic changes of relative intensities and locations
of absorption bands were also observed, showing isolation and separation of the basic and
the higher fullerenes in the similar, regular way in different processes.

All the presented results and data indicate the achieved advances in chromatographic
separation and spectroscopic characterization of the higher fullerenes C76 and C84 in
comparison to previous separation processes.

Conclusion

In the first phase of this research, the basic and the higher fullerenes, mainly C76 and C84,
were extracted with the previously unapplied series of solvents and combinations of sol-
vents from the samples of carbon soot produced in electric arc, such as n-heptane, toluene,
chlorobenzene, p-xylene, o,m,p-xylenes, pyridine, as well as successively with p-xylene
and pyridine and with toluene and chlorobenzene. The yields, as well as the composi-
tions of all the obtained extracts, were determined and compared. For the applied series of
solvents the series of fullerenes solubility was obtained.

The yields of the obtained n-heptane extracts were 0.7%; yields of the toluene extracts
were 5.4%. Chlorobenzene extract of the initial soot was obtained in 5.8% yield. The yields
of the obtained p-xylene extracts were 5.9–6.0%, while the yield of o,m,p-xylenes extract
was 11.8–11.9%. Pyridine extract of the initial soot was obtained in maximal 16.4% yield
due to the original procedure in prolonged time. Applying extraction of the remaining
p-xylene insoluble soot with pyridine, the second, additional pyridine extract was obtained
in 5.9% yield. The entire fullerenes extract yield from this soot sample was increased
from 5.9% to 11.8%. Also, by extraction of toluene insoluble soot with chlorobenzene, the
second, additional chlorobenzene extract was obtained in 0.4% yield. The entire fullerenes
yield from this soot sample was increased from 5.4% to 5.8%.

In comparison to results obtained with n-heptane (12) and previously obtained by
Kratrschmer et al. (1%) (1), significant increases of fullerenes yields and additional
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selective extractions of higher order fullerenes were achieved using new procedures with
the applied solvents or combinations of solvents (8–10,12–14).

In the second phase of research, the obtained soot extracts were chromatographically
separated on the active alumina columns, by continue elution with the several different,
original, defined systems of solvents: from pure hexane, or 5% toluene in hexane to pure
toluene (12–14), including the new processes with the original system of solvents described
in this article. The main progress is the isolation of the purified higher fullerenes C76 and
C84, successively after the basic, by the new improved methods, in one phase of each of
the processes, under atmospheric pressure, and smaller flow of 1.5 ml/min, which has not
been described previously.

In comparison to previous chromatographic methods for obtaining of these molecules
under pressure (22–26), on Al2O3 (11), several other advances were realized. The entire
material expenses of the work were reduced. Significantly smaller amounts of the ini-
tial materials, such as fullerene extract (10 mg), stationary phase, finely granulated Al2O3

(50 g), solvent eluent (1.5–1.75 l), per chromatography, as well as cheaper laboratory equip-
ment were used. The entire time of the purification processes was decreased from 16.7 to
19.4 hours. The purified higher fullerenes were obtained in increased milligrams yields.
Starting from 10 mg of the soluble soot extract, in average ca. 1 mg of C76 and ca. 1 mg of
C84 in purified form were isolated per one chromatographic process, or up to few milligrams
in some cases.

For comparison, using flash chromatography to separate fullerenes required about
50 times larger quantities of the initial materials, such as: 500 mg of crude fullerenes
extract, 2500 g of alumina and about 12.5 l of solvent for one chromatographic fraction,
C60, or 75 l for six chromatographic fullerene fractions, per chromatography and the large
size of columns. The time of only this phase of the process, initial flash chromatography,
was more then 34 hours (11,27). All the obtained four yellowish mixed fractions of the
higher fullerenes were then rechromatographed on neutral alumina columns (11). Each of
these chromatographies lasted about 8 hours. The entire time of this purification protocol
was increased to 66 hours. Purified molecules of the higher fullerenes were obtained in
lower yields. From the total amount of 2500 mg of toluene soluble soot extract, 12 mg of
C76 and 2 mg of C84 were isolated.

From these data it follows that ∼ 21 times larger amounts of the initial materials
(extract, stationary phase and solvent), and ∼ 2 times longer time is needed for obtaining of
1 g of purified C76, and ∼ 125 times larger amounts of the initial materials and ∼ 10 times
longer time for obtaining of 1 g of purified C84 by the mentioned flash chromatography
process, in comparison to our protocols.

These solutions increase the efficiency of separation of fullerenes, using Al2O3 as the
stationary phase, optimize and at the same time simplify the method, and overcome the
problem of relatively low solubility of fullerenes in a variety of solvents. They exceed
technological capabilities of the previous chromatographic methods whereby only the basic
fullerenes were successfully isolated and characterized, at ambient conditions.

Moreover, the previous knowledge about capability of alumina in separation of
fullerenes (2–11), upon different experimental conditions has been enriched. The results
of our investigation, within the several different separation processes, indicated that
this important, common, easy available chromatographic material can be employed for
successful separation of the basic and the next most abundant higher fullerenes C76 and
C84, upon the adequately chosen, above mentioned experimental conditions, such as: opti-
mal solvent gradients, flow, amounts of the initial materials, etc., already at atmospheric
pressure.
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All the chromatographically purified fullerene fractions and carbon soot extracts were
characterized by determined techniques of IR and UV/VIS spectroscopy that have not been
presented previously for the higher fullerenes.

The presence of the higher fullerenes C76 and C84 was already evident in the first three
fractions of the second, additional pyridine extract of carbon soot insoluble in p-xylene,
in mixture. As the main result of this separation process, the presence of purified higher
fullerene C76 was indicated in the fourth fraction. The presence of the molecules C84 and
C76 was indicated in the fifth fraction, and the presence of purified higher fullerene C84 was
indicated in the sixth fraction.

The IR and UV/VIS analyses of the obtained soot extracts, as well as their yields
confirmed the results of their chromatographic separations. It was found that pyridine and
o,m,p-xylenes are suitable and much better solvents than p-xylene and n-heptane for extrac-
tion of higher fullerenes. The selective presence of the higher fullerenes, mainly C76 and
C84 was indicated in the second, additional pyridine extract. It was also indicated (6–8) that
toluene extracts predominantly fullerene C60 and in considerably less extent C70 from the
soot, while chlorobenzene is a suitable solvent both for extraction of C60 and higher order
fullerene C70, and can be used for obtaining fractions enriched by C70.

The main advancement in spectroscopic characterization of the purified higher
fullerenes C76 and C84 from this research is in excellent agreement of all the observed
spectroscopic features with theoretical calculations (15,18,19), in the whole relevant spec-
tral region. Another important advancement is the registration of the unique and the main,
dominant IR and UV/VIS optical absorption maxima of these molecules in the regions
where they intensively absorb, which has not been presented previously.

On the basis of the obtained results, it is concluded that the developed, suitable meth-
ods, techniques and processes, with the employed systems of solvents, and Al2O3 as the
stationary phase material, can be used in practice for obtaining of the basic and the higher
fullerenes C76 and C84 of high purities in increased yields, at entirely lower cost, in less
time, as well as for their characterization.

These findings will enable easier availability and identification of the mentioned
fullerenes for the growing needs of investigation of their remarkable properties, as well
as for the numerous possible applications, in for example: electronic and optical devices,
magnetic materials, catalysts, fuels, biologically active molecules, diagnostic and thera-
peutic agents, targeted drug delivery, chemical, optical and bio sensors, polymers, special
lenses, early diagnosis of diabetes and so forth (1–5). This is especially important consider-
ing that the higher fullerenes C76 and C84 are the next major and the most abundant higher
fullerenes after C60 and C70, and so far the most concerned, the most significant and the
most used, as such.
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