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Analysis of mixtures of Cgp and C7¢ by Raman spectrometry
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A non-destructive method to determine the percent composition and relative purity of bulk
solid phase mixed fullerene samples using Raman spectroscopy is described. This ratiometric
method has a significant advantage in ease of use over other methods, in that the samples are
analyzed in a short time, as solids in suspension, with minimal sample pre-preparation, using
easy to operate instrumentation. The ratio of unique vibrational bands vs. percent composition
is used to construct a calibration curve, and a detection limit estimated in the presence of
chemical noise.
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1. Introduction

The discovery of Cg, that resulted in the 1996 Nobel prize in Chemistry for Smalley, Kroto and
Curl, was first made in 1985 in a time-of-flight mass spectrometer.[1] Subsequent mass produc-
tion of fullerenes by Huffman, Kratschmer and co-workers [2] made possible what is currently
a vast and exciting area of research, as evidenced by a large number of publications devoted
to fullerenes. The reactivity of fullerenes is an area of immense interest for synthetic organic
chemists.[3] In addition, fullerenes find a wide variety of applications that include material
science [4] and pharmacology.[5]

The ability to determine the purity of materials is of perhaps greater critical importance to the
burgeoning field of nanotechnology than conventional bulk scale chemistry. The mass production
of fullerenes by the heating graphite under helium results in a mixture of Cqy, C79 and large
fullerenes, the precise relative concentrations of which are largely dependent on experimental
conditions.[6] The product mixture contains soot as well as fullerenes, and is typically analyzed
via separation by high-performance liquid chromatography, followed by mass spectrometry.[7] It
is highly desirable to analyze the composition of such product mixtures in situ, or with minimal
sample preparation. Such methods are few and far between, an example [8—12] being near-IR
spectrophotometric determination of the composition of a mixture of fullerenes Cgyp and Cry.
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Raman spectroscopy provides a method whereby one can rapidly determine the composition of
a mixed fullerene sample.

We report a simple method for analyzing a mixture of Cgy and C7y via Raman spectrometry.
This relies on the distinct Raman spectra of these species, which can be acquired in a facile
fashion using an inexpensive, portable Raman spectrometer. The advantage of our method is that
it can be applied to a solid sample in situ, and would be of considerable interest as an analytical
tool to large-scale producers of fullerenes.

2. Experimental

Samples of [5,6]-Fullerene-C7y (98%) and [5,6]-Fullerene-Cg (Sublimed, 99.9%) were obtained
from Sigma-Aldrich (St. Louis, MO) and used without further purification. Ultrapure water was
prepared by a reverse osmosis Myron L Company: Series 750 HYDRO water purification sys-
tem. All samples were massed on an analytical balance (Denver Instrument Company — A-160),
placed into capped 1 mL glass vials (VWR International, West Chester, PA), 0.200 mL of pure
water added, and mixed by a Vortex Genie-2 (Scientific Industries). Spectra were collected on
an Advantage NIR 785 nm Raman Spectrometer (Delta Nu, Laramie, WY). The spectrometer’s
operating parameters were as follows: laser power, low (10 mW); resolution, low; baseline, on;
integration time, 1 second and averages, 16. The samples were manually rotated in the sample
holder during spectral acquisition.

For the construction of the standard curve, the initial sample contained the stock Fullerene-Cgg
(99.9%) and 0.200 mL of DI water. Masses of C;, were added in increments of ~ 5% by mass
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Figure 1. Raman spectra and structure (inset) of Cgo and C7¢ fullerenes. The Raman spectra of the two
fullerenes are expected to be highly similar, given the extensive structural similarities between the two
molecules. There exist a sufficiency of unique spectral features specific to the vibrational modes to readily
distinguish between Cgp and C7.
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to the Cgp sample until the mass percent of 50% Cg—C79 was obtained. Spectra were obtained
after each addition. A second vial was prepared by the additions of 0.200 mL DI water and stock
Fullerene-C7 (98%), but with mass additions of ~ 5% by mass of Cg, until the mass by percent
reached 50% Cg—C7. Spectra were obtained after each addition.

To test the robustness of the method, a sample of mixed Cgy—C7¢ was prepared as above, and its
spectrum recorded. Masses of graphitic carbon were added to the sample to ~ 11% and ~20%
graphitic carbon, and spectra taken as previously described. To test the robustness of the method
in the presence of a constant contaminate, samples with a constant 2% by mass of graphite were
prepared, and the relative mass percentage of Cgy and C; were varied, and spectra acquired as
above.

3. Results and discussion
3.1. Comparison of spectra

The Raman spectra of Cgp and C79 show many similar features, but are unique in several vibra-
tional bands, as shown in Figure 1. This is expected due to the structural similarly between the
two molecules, see in Figure 1, inset. In effect, Cy is similar to Cgp, save for the addition of a
band of hexagonal faces about its equator. This is reflected in the Raman spectrum, where the
band at 1462 cm™' for Cg is absent for Cy, and a “new” band at ~ 1448 cm~! appears, and
is likely a shift of the pentagonal “pinch” mode. Several of the peaks in the data are slightly
shifted from the solid-state values. This is likely due to interactions between the nanotubes and
the aqueous environment, similar to shifts in peaks observed in solvated nanotubes.[9]

Spectra of Varying Mass Fractions of Cg, and C,, Mixtures
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Figure 2. Raman spectra of varying mass fractions of Cgo and C7p mixtures. Spectra are offset to be
centered at 463.7 cm™!. The arrows indicate the direction of the change in the peaks at 447.8 and 488.3
em~! as the mass fraction of Cy( increases from 0% to 100%. The 447.8 cm~! band is unique to Cg,

and decreases as the relative mass fraction of C7 increases. The 488.3 cm ™! peak is specific to C79, and
increases as the mass percent of C7g increases.
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3.2. Sampling methodology

A common nuisance in Raman spectroscopy is the presence of a broad background continuum, or
“hump”, often of indeterminate origin. This is partially controlled by the application of baseline
subtraction methods, here implemented by the spectrometer control software. This spectral noise
can come from fluorescence (e.g. of the glass container, sample matrix or sample itself) or,
as more probably the case here, from photothermal emission due to excitation from the laser.
Indeed, broad band photon emission originating at laser focal point is visible to the naked eye
from dry fullerene samples when acquiring Raman spectra from this instrument. Significant gains
in the signal-to-noise ratio were realized in this experiment by the addition of a small volume
of water to the sample vial. It is likely that the high specific heat of water provides an effective
heat sink, lowering the effective temperature below which photothermal emission occurs. Mod-
est improvements in signal quality were also achieved by manually rotating the sample vial in
the holder during the course of spectral acquisition. Similar methods have been used in Raman
spectroscopy, but often involved mechanical spinners and high spin rates.

3.3. Construction of the calibration curve

Raman spectroscopy is an incredibly useful analytical tool because it is able to provide both
quantitative and qualitative information about a sample. Raman spectroscopy is a vibrational
technique, in many way complementary to IR absorbance, but with several distinct advantages.
Raman spectroscopy is a scattering technique, and can readily be used on opaque and solid
samples, unlike IR absorbance spectroscopy. The exact intensity of Raman scattering from a
particular vibrational mode is a complex matter, but, generally, will increase as the number of
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Figure 3. Ratiometric calibration curve. The ratio of the relative (to intensity 463.7 cm~!) peak intensity
between the 447.8 and 488.3 cm™~! is plotted as a function of mass fraction of C79. An exponential function
was fit to the data with an equation y = 0.1265€33989% with an R? value of 0.98.
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scatters increases. The vibrational modes for every molecule are characteristic of that molecule,
and can act as spectroscopic fingerprint for identification. Although all fullerenes are structurally
similar, there are several Raman bands for Cg and C5 that do not significantly overlap and are
thus free of spectral congestion. For purposes of convenient illustration, two peaks that lie close
together were chosen for analysis, although any spectroscopically distinct peaks could be used
for construction of the calibration curve. Figure 2 shows the peak at 488.3 cm ™' characteristic of
C increasing as the mass fraction of Cyq is increased. Likewise, the peak at 447.8 cm™!, unique
to Cgo, decreases as the mass fraction of C increases. The curves were offset so that the valley
(463.7 cm~!) between the peaks at 447.8 and 488.3 cm~! was the same for all spectra. A calibra-
tion curve can thus be created by plotting the ratio of selected scattering peaks unique to Cgp and
Cyp vs. mass percent or other measures of concentration. Figure 3 shows that a nonlinear curve
is generated. However, an exponential curve was readily fit to the data using a graphical analysis
software package (Origin 6.1, OriginLab Corp., Northampton, MA). Analysis of the spectro-
scopic data results in a best-fit line with the equation y = 0.1265e%3°%¢ and a very reasonable fit
(R?* = 0.98).

This ratiometric method is preferred because Raman spectra will frequently be superimposed
on a broad continuum baseline. The spectrometer’s software will correct for this broad base-
line “hump”, however the exact function used to subtract the baseline is not always immediately
accessible. Therefore, one expects variation in the absolute peak intensities even between sample
runs, however, the ratio of one peak to another should depend systemically only on the rela-
tive number of each sort of scatterers in the laser’s focal spot. These ratios were stable ( < 1%
variation) between spectra taken up to weeks apart.

Raman Spectra of Mixed Fullerenes with Additions of Graphite
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Figure 4. Spectra of fullerene mixture in the presence of graphitic carbon. Spectra were collected of a neat
fullerene mixture, and after the addition of graphite to the 11% and 20% mass to simulate a carbon contam-
inate. The 3o limit of detection is reached when the sample contains 20% by mass of the graphitic carbon.

The peak ratios for the neat sample (0.780) agree favorably with that of the 11% by mass contaminant
sample (0.730), indicating a mass fraction of 53% and 51% C7o, respectively.
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Various Fullerene Ratios with Fixed Mass Percent Graphite
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Figure 5. Spectra of various fullerene ratios in the presence of a fixed percent mass of graphitic carbon.
Mass ratios of 98%, 73%, 49%, 25% and 0% C7¢ in the presence of 2% by mass graphite and the 0%, 25%,
49%, 73% and 98% Cgo were prepared to show how the peak ratios vary with mass percent of fullerenes,
even in the constant presence of a contaminant. Spectra have been offset for clarity. Peaks associated with
C7¢ diminish and those unique to Cg( increase as the mass ratios change from 98% C7¢ to 98% Cgg.
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3.4. Application in the presence of a contaminant

Spectra were obtained of a mixture of fullerenes in the presence of graphitic carbon to test the
robustness of this method, and to estimate a limit of detection. Figure 4 demonstrates very useable
spectra at ~ 11% mass of contaminant. The limit of detection is reached at ~20% mass contam-
inant, estimated as 3o signal-to-noise ratio. Using the calibration curve generated above, the neat
mixture is 53% Cro. The application of the calibration curve to the spectra of the mixture with
11% mass of contaminant shows that a 51% Cy, an error of 2% C7, in good agreement with the
ratios determined for the neat sample. Similarly, spectra were obtained of varying mass ratios of
fullerenes in the presence of a constant mass percent of the contaminant, as shown in Figure 5.
Here, a steady 2% by mass of graphite was used with decreasing mass percentages (~ 100%,
75%, 50%, 25% and 0%) of C;( with a corresponding increase in the mass percent of Cg. Peaks
associated with C7y diminish and those unique to Cg increase as the mass ratios change from
98% C9 to 98% Ceo.

4. Conclusion

In conclusion, we have demonstrated a simple method for the determination of the relative
composition of fullerene mixtures using Raman spectroscopic analysis. We anticipate that
this method can be extended to other fullerene systems, for example, higher order fullerenes,
multicomponent systems and nanotubes.
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