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Abstract

The performance of Fourier transform infrared spectroscopy (FT-IR) detection coupled to high-performance liquid
chromatography for the analysis of C and C fullerenes was investigated. The isocratic separation method involved an60 70

octadecylsilane (ODS) column and an acetonitrile–toluene (1:1) mobile phase. The hyphenated system was designed with a
split valve to control eluent volume leading to the FT-IR detector; this allowed for additional coupling of the liquid
chromatograph to ultraviolet–visible detection. On-line FT-IR spectra of C and C were matched with standard off-line60 70

FT-IR spectra from the literature. In addition, with band chromatograms individual fullerenes can be identified using FT-IR
active modes known specifically for each fullerene. Few changes to a pre-existing HPLC–UV method were necessary for the
HPLC–FT-IR method, and there was no need for fraction collection to identify the fullerenes C and C .  200260 70

Elsevier Science B.V. All rights reserved.
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1. Introduction stationary phases are also available for fullerene
separation [20,22–25,28–31].

Since the discovery of fullerenes in carbon soot The choice of mobile phase and stationary phase
[1], many techniques have been utilized to identify are important in fullerene separations by HPLC. With
the cage-like carbon structures. These identification ODS stationary phases, a lack of selectivity is
techniques include infrared spectroscopy (IR) [2–9], demonstrated by mobile phases made of pure sol-
nuclear magnetic resonance (NMR) [10–14], mass vents such as toluene, chlorobenzene, and 1-methyl-
spectrometry (MS) [15–19], ultraviolet–visible spec- naphthalene that have relatively high solubility for
troscopy (UV–Vis) [20,21], or a combination of the fullerenes. However, often these stronger sol-
these techniques [22–25]. Prior to identification, a vents can be mixed with a weaker solvent such as
separation of the desired fullerenes from the carbon tetrahydrofuran, methanol, acetonitrile, or dichloro-
soot mixture is often necessary. methane of lesser solubility power. With the selected

At present, the separation technique most widely solvent mixture for mobile phase and the appropriate
used is high-performance liquid chromatography ODS stationary phase, a reliable separation of ful-
(HPLC). Many HPLC methods have been developed lerenes can be achieved. Good resolution can be
[18–31]. Octadecylsilica (ODS) stationary phases accomplished while maintaining relatively good
are used most often [18–21,24–28], yet other solubility [28].

Because off-line characterization of solutes for
*Corresponding author. spectroscopy is labor intensive, the separation and
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identification of solutes ‘‘on-line’’ is preferred and a 2.2. Sample preparation
hyphenated chromatographic technique is used. On-
line detection techniques minimize analysis time and The fullerene samples obtained from the Southern
prevent loss of sample, which is important for Chemical Group were used as received, with no
quantitative analysis. The most widely used tech- purification procedure. Samples were weighed out on
niques for on-line identification of fullerenes are a Mettler MT5 (Toledo, OH, USA) analytical bal-
HPLC–UV–Vis diode array detection [20–23] and ance. HPLC-grade (100%) toluene was used as the
HPLC–MS [18,19,22,23]. At present, FT-IR and diluent for all samples.
NMR remain off-line identification techniques re-
quiring collection and isolation of the fullerene 2.3. HPLC with on-line UV detection
fractions, usually on the preparative chromatographic
scale [2–14,24,25]. Despite the existence of on-line The liquid chromatography–visible detection sys-
HPLC–NMR and HPLC–FT-IR, the use of these tem consisted of a pump, a reversed-phase column, a
techniques for fullerenes has not yet been reported in flow splitter, a UV–Vis detector, and an integrator
the literature. (Fig. 1a). The pump was an LDC quaternary solvent

On-line HPLC–FT-IR has recently become avail- delivery system equipped with a membrane degasser
able for analytical separations. It is an important from Thermo Separation Products (San Jose, CA,
analytical tool that can enhance qualitative infor- USA). The 150 mm34.6 mm I.D. separation column
mation about unknown solutes. This technique can was packed with Ultracarb 5 mm ODS stationary
be used in addition to other on-line chromatographic phase from Phenomenex (Torrance, CA, USA). The
detection techniques such as UV–Vis, MS, and mobile phase was composed of an isocratic mixture
NMR. Since HPLC–FT-IR eliminates the need for of toluene–acetonitrile (1:1). Toluene was used as
fraction collection followed by characterization, the marker of the void volume. The mobile phase
quantitative analysis can be performed as well. In flow-rate was set at 1.0 ml /min. Sample injections
addition, the sample is not destroyed and can be were performed manually with volumes ranging
further characterized using other techniques. from 0.5 to 40 ml. A split valve junction or flow

In this study, results from the analysis of ful- splitter was used so that approximately 90% of the
lerenes (C and C ) using HPLC–FT-IR are eluent flowed from the column to the UV–Vis60 70

obtained. Chromatographic separation by both detector. The eluent was monitored at a 325 nm
HPLC–FT-IR and HPLC–UV–Vis systems are wavelength using an LC-95 wavelength program-
shown. FT-IR spectra and FT-IR band absorbance mable UV–Vis spectrophotometer from Perkin-
chromatograms of C and C showed that HPLC– Elmer (Norwalk, CT, USA). Integration was per-60 70

FT-IR would be useful for the characterization of formed using a Spectra-Physics SP4270 integrator
other fullerenes of other sizes, as well as fullerene from Thermo Separation Products.
derivatives.

2.4. HPLC with on-line Fourier transform infrared
detection

2. Experimental
FT-IR detection was performed on-line using the

Fourier transform infrared chromatograph (IRC)
2.1. Materials from Bourne Scientific (Acton, MA, USA) (Fig. 1b)

[32]. The IRC had a scan rate of 10 spectra / s.
A fullerene mixture (approx. 70% C , 20% C ) Approximately 30 spectra were co-added to obtain a60 70

21and C (99.5%) were obtained from the Southern resolution of 8 cm . Data acquisition and analysis60

Chemical Group (Tucker, GA, USA). C (98%) was was performed with Grams/32 (Galactic Industries,70

donated by Yuri Gorfinkl of the Southern Chemical NH, USA) modified software. The full spectral scan
21Group. HPLC-grade toluene and acetonitrile were range was from 4000 to 650 cm . Since the IRC

obtained from Sigma (St. Louis, MO, USA). was limited to low volume throughput, the splitter
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3. Results

3.1. HPLC–UV analysis

Based on the method of Jinno et al. [21], the
eluent was monitored at 325 nm. This wavelength
was chosen because the absorbance associated with
toluene at 254 nm interferes with the absorbance of
both C and C . The HPLC–UV chromatogram of60 70

the fullerene separation is shown in Fig. 2. In less
than 30 min, the C and C fullerenes were sepa-60 70

rated and had retention times of 15.7 and 27.9 min,
respectively.

3.2. HPLC–FT-IR analysis

The fullerenes of C and C were deposited onto60 70

a zinc selenide slide and detected by FT-IR. Because
a flow splitter was used, the C and C could be60 70

detected simultaneously by FT-IR and UV. The FT-
IR intensity chromatogram was obtained and is
shown in Fig. 3. The intensity chromatogram is
defined as the recording of the highest absorbance

21output within the 4000 to 650 cm range per unit
time within a chromatographic separation. The aver-
age retention times for C and C were 16.2 and60 70

28.7 min, respectively. The difference in retention
times for C and C using on-line FT-IR and UV60 70

were due to the extra column tubing leading to the
FT-IR detector.

In a comparative study of the HPLC–UV and
HPLC–FT-IR techniques, there was a proportional
difference in the response ratio of C and C . TheFig. 1. Block diagram of the simultaneous (a) HPLC–UV and (b) 70 60

HPLC–FT-IR on-line chromatographic system, and (c) schematic HPLC–UV chromatogram of C and C showed a60 70
illustration of the drift tube interface, for solute deposition, in the signal response ratio of 0.28 C /(C 1C ) (| 20%70 60 70Bourne IRC.

C , w/w). However, in the HPLC–FT-IR intensity70

chromatogram C has a higher absorbance signal70

than C . This corresponds to a signal response ratio60

of 0.67 [C /(C 1C )]. The difference is a result70 60 70

allowed approximately 10–20% of eluent to flow of the higher absorbance intensity or molar absorp-
into the IRC. At the interface, the sample stream was tivity of C . Therefore, one should be aware and70

nebulized, transported through a drift tube via avoid misinterpretation of concentration from the
helium, and deposited onto a zinc selenide (ZnSe) direct response of fullerenes within an FT-IR intensi-
slide (Fig. 1c). The drift tube was set at 1408C to ty chromatogram.
allow for vaporization of the mobile phase con-
stituents (toluene, b.p. 1208C and acetonitrile, b.p. 3.2.1. C spectra60

768C). The mobile phase conditions for HPLC–FT- The chromatographic bands can be analyzed by
IR were the same as those for HPLC–UV analysis. their corresponding FT-IR spectra. For example, the
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Fig. 3. HPLC–FT-IR intensity chromatogram of C and C .60 70

Mobile phase was toluene–acetonitrile (1:1) with a set flow-rate
of 1 ml /min. Manual injection of 40 ml sample of fullerene
mixture (1 mg/ml) of C and C .60 70

chromatographic band of the C fullerene separated60

from the fullerite mixture and retained at |16 min
(Fig. 3) had a corresponding FT-IR spectrum shown
in Fig. 4a. The two major signals observed at 1429

21and 1181 cm are attributed to infrared allowed,
dipole active vibrational modes of F symmetry for1U

C [25,33]. There are a total of four active vi-60

brational modes, including two other FT-IR absorp-
21tion bands at 576 and 527 cm not shown due to

detection limitation. These active vibrational modes
are attributed to the icosahedral symmetry of the C60

molecule, which belongs to the icosahedral point
group, defined as I [25,33]. The third major FT-IRh

21band at 725 cm is unassigned and has yet to be
explained as to its association with C . However,60

this band has been observed by others (see Fig. 5)
[25]. Fig. 5 shows the spectral matching of the three
major FT-IR bands of C analyzed on-line (Fig. 5a)60

21using the ZnSe slide at 8 cm resolution and an
offline spectrum of C (Fig. 5b) using a KBr60

21substrate at 0.5 cm resolution [25]. Examination of
the spectra in closer detail reveal less intense FT-IR
vibrational modes resulting from possible second-

Fig. 2. Chromatogram of C and C using HPLC with ultra-60 70 order combinations, such as the absorption bands
violet (UV) detection at a wavelength (l) of 325 nm. Mobile 21observed at 2349, 2329 and 692 cm (Fig. 4a). Aphase was toluene–acetonitrile (1:1) with a flow-rate of 1 ml /min.

spectral comparison of the HPLC–FT-IR spectrumManual injection of 40 ml sample of fullerene mixture (1 mg/ml)
of C with an off-line FT-IR spectrum performed byof C and C .60 70 60
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Fig. 4. HPLC–FT-IR absorbance spectra of C and C deposited onto a ZnSe slide. (a) C with major IR signals of F symmetry at 142960 70 60 1U
21 21 21 21cm and 1181 cm and minor bands at 2329, 2349, 725, 692 cm . (b) C with a major IR signal at 1431 cm and less intense bands at70

21 21 211462, 1415, 1134, 795, 724, and 674 cm . Conditions: resolution was 8 cm within the range of 2500 to 650 cm .

Fig. 6. Illustration of the second-order combination modes associ-
Fig. 5. C FT-IR spectral comparison between the absorbance ated with C . FT-IR spectral comparison between the absorbance60 60

spectrum of C deposited onto (a) ZnSe slide using on-line FT-IR spectrum of C deposited onto (a) ZnSe slide using on-line FT-IR60 60
21 21with the resolution of 8 cm and (b) KBr substrate using off-line with the resolution of 8 cm and (b) KBr substrate using off-line

21 21FT-IR analysis with the resolution of 0.5 cm , reprinted in part FT-IR analysis with the resolution of 0.5 cm (reproduced with
with the permission from Ref. [25]. Copyright 1991 American permission from Ref. [34]). Detection range of |2400 to 800

21 21Chemical Society. Detection range was 1500 to 600 cm . Major cm . Example of assigned second-order combination bands
21 21IR signals observed at 1429, 1181, and 725 cm . observed at 2349 and 2329 cm .
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Gadd et al. [34] demonstrate the similar combination
21bands, 2349 and 2329 cm , observed (Fig. 6). In

C IR spectra, some FT-IR vibrational modes are60

attributed to crystal field and isotope effects, which
21may explain the band observed at 725 cm [35,36].

3.2.2. C spectra70

More FT-IR spectral information could be ob-
tained from the FT-IR intensity chromatogram
shown in Fig. 3, by analyzing the FT-IR spectrum
associated with the chromatographic band at |29
min. The C fullerene separated from the fullerite70

mixture was verified by the on-line FT-IR spectrum
and compared to off-line analysis. The on-line
HPLC–FT-IR spectrum of C is shown in Fig. 4b.70

21In the spectral region of 1600 to 650 cm there are
six active vibrational modes assigned to C . Those70

FT-IR bands are observed at 1431, 1462, 1415, 1134,
21795, and 674 cm , with an unassigned band at 724

21cm (Fig. 7a); similar FT-IR absorbance bands
were observed by Jishi et al. (Fig. 7b) [36]. In their
work, C was analyzed on a cesium iodide (CsI)70

substrate. The active vibrational modes observed in
Fig. 7 are due to the symmetry of C , defined as a70

D symmetry group. Because of the lower symme-5h

try, there are more IR active vibrational modes as
Fig. 7. Illustration of the major active vibrational modes associ-compared to C .60
ated with C . FT-IR spectral comparison between the absorbance70

spectrum of C deposited onto (a) ZnSe slide using on-line FT-IR703.2.3. C and C band chromatograms 2160 70 with the resolution of 8 cm and a (b) CsI substrate using off-line
In addition to intensity chromatograms, individual FT-IR analysis, resolution not given (reproduced with permission

21fullerenes can be identified by the display of FT-IR from Ref. [36]). Detection range of 1600 to 650 cm . Six of 11,
strong active vibrational modes for C are shown: major signal atband chromatograms. Band chromatograms are 70

211431 cm and less intense bands at 1462, 1415, 1134, 795, andbased on the fullerene’s corresponding vibrational
21674 cm .modes and can provide more information about each

of the fullerenes than retention alone. Whereas the
FT-IR intensity chromatogram displays the most
intense signal at each time point, a band chromato-

21gram is displayed by the intensity of an assigned 692 cm . These band chromatograms for C are60

wavenumber throughout the time range. In order to illustrated in Fig. 8a. As shown, the band chromato-
acquire useful band chromatograms, specific vibra- grams illustrate strong absorption for C and weak60

tional modes unique to each solute, should be or no absorption for C (retained at |29 min). The70

known. For example, the active vibrational modes C fullerene was identified by assigning the70
21observed by C and C . Specific vibrational modes wavenumbers 1134, 795, and 674 cm as band60 70

are used to assure absorbance differences of solutes chromatograms. These absorption bands, unique to
in the chromatogram. The differences in the FT-IR the C fullerene, are illustrated in Fig. 8b. As70

spectra of C and C are shown in Fig. 4. shown, the chromatograms illustrate strong absorp-60 70

The C fullerene was identified by observing the tion bands for C whereas weak or no absorption is60 70

FT-IR spectra band chromatograms at 1181, 725, and observed for C .60
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4. Conclusion

HPLC–FT-IR is a viable technique in the analysis
of fullerenes. The fullerene species C and C were60 70

separated by reversed-phase HPLC and identified by
FT-IR detection. No changes in the pre-existing
separation method were necessary to adapt to the
HPLC–FT-IR. Spectral matching and band chro-
matograms demonstrated the ability to recognize
each fullerene’s FT-IR characteristics and chromato-
graphic retention. Identification of the fullerenes was
possible without the need for the collection of
fractions, which eliminated any possible loss of
sample. Results showed that qualitative analysis of
fullerenes in mixtures could be performed. The
additional qualitative information obtained using the
FT-IR makes the technique potentially useful for
fullerene research applications. Future research in-
cludes investigations to determine if other fullerenes
such as C , C , and C can be separated and78 82 84

identified using HPLC–FT-IR.
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3.2.4. Separation performance
The separation performance of HPLC–FT-IR sys-
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