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Communication: Fullerene resolution by the magnetic circular dichroism
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1
Institute of Organic Chemistry and Biochemistry, Academy of Sciences, Flemingovo náměstí 2,
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The similarity in shape makes separation and identification of fullerenes difficult. In this work, the
magnetic circular dichroism (MCD) spectroscopy is presented as a useful tool for this purpose. Experimental C60 and C70 spectra were obtained and reproduced with the aid of density functional computations and the complex polarization propagator method. Theoretical spectra of other fullerenes revealed distinctive patterns extremely sensitive to molecular structure as well. Requiring tiny amounts
of the sample, the MCD technique thus appears as a useful for detailed fullerene studies. © 2013 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4802763]
The fullerene discovery belongs to triumphs of preparation chemistry.1 These molecules are nowadays considered
for many applications including hydrogen storage, molecular devices, photovoltaic systems, magnetic resonance imaging agents, and quantum computing.2–10 Typically, high performance liquid chromatography (HPLC) coupled with 13 C
nuclear magnetic resonance (NMR) or mass spectrometry is
used for their analysis.11–14
However, their discrimination is complicated due to their
similar physical properties. Fullerene shapes are close to a
sphere or ellipsoid, and often exhibit a high degree of symmetry. The buckminsterfullerene C60 itself belongs to the
Ih point group comprising 120 symmetry elements. Larger
fullerenes of a single stoichiometric formula can exist in
many forms. For example, C84 can generate 24 isomers,
about half of which have been observed experimentally.15 For
C100 , 450 possible isomers have been predicted by the spiral
algorithm.16
The magnetic circular dichroism (MCD) spectroscopy
can be helpful in this process as it provides extensive information about electronic and molecular structure. It measures
the difference in absorption of left- and right-circularly polarized light in the presence of magnetic field. The measurement
is generally available by extension of common dichrographs
by a magnet. Molecular MCD is traditionally decomposed to
three terms, A, B, and C.17, 18 The C term is exhibited by openshell systems only. The B term (positive or negative) is the
most common as it is always present. It originates from mixing of molecular electronic states under influence of the magnetic field. Highly symmetric structures with degenerate orbitals also support the A term producing a couplet. Fullerenes,
therefore, provide many transitions active in the spectra, and
these significantly differ according to molecular structure.
The signs of spectral bands and other spectral features
conveniently complement the absorption spectroscopy, also
successfully used for fullerene characterization.19, 20 Unlike
13
C NMR, the MCD spectroscopy requires a significantly
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smaller amount of sample (6–37 μg dissolved in a milliliter
for our experiments).
Early MCD C60 spectra were collected in argon
matrices21 and interpreted using semiempirical calculations.22
Fine vibrational structure of the bands was also analyzed.23, 24
An interesting MCD counterpart is the magnetic vibrational
circular dichroism, for C60 revealing behavior of its vibrational states.25
A new interest in MCD has been boosted by accurate
density functional theory (DFT) computations.26–32 These
are possible, for example, within the DALTON33 and ADF34
program suites. Recently, simulated cyanocobalamin or porphyrin are typical systems approachable by such computational methodology.35–37
In spite of the fullerene size, we could calculate the MCD
spectra with reasonable accuracy by the complex polarization propagator method32 as implemented in the DALTON program. The computations are compared to experimental spectra obtained for n-hexane solutions at room temperature.
As a test case, C60 and C70 fullerene absorption and MCD
spectra within 200–420 nm for C60 and 215–700 nm for C70
were measured using a Jasco J-815 spectrometer equipped
with 1.5 T permanent magnet. The presented absorption
spectra were measured on a different, double-beam Varian
Cary 5000 UV-Vis-NIR spectrophotometer that allowed for
a more precise absorption measurement. C60 solution in nhexane was prepared at concentration of 37 μg/ml (for the
measurements within 300–420 nm) and diluted 4 times (for
300–400 nm), 8 times (for 280–300 nm), and 16 times (for
200–280 nm). The C70 concentration was 13 μg/ml for 300–
700 nm and 6.5 μg/ml for 215–300 nm. Different sample concentrations were required due to large differences in the absorption throughout the spectrum. The highest concentrations
correspond to the saturated solutions.38, 39 The solvent spectra
were subtracted from the sample solution spectra. The MCD
spectra were obtained at both orientations of the magnet in order to distinguish real transitions from baseline artifacts (see
Figure S1 in the supplementary material40 ).
Spectral simulations were based on fullerene geometries
obtained by energy minimization at the RI-BP8641, 42 level
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FIG. 1. Calculated (blue upper, B3LYP/6-31G∗ ) and experimental (red, lower) MCD (ε) and absorption (ε) spectra of C60 and C70 . Line positions and
intensities are indicated for calculated absorption in green. The experimental MCD below 240 nm is somewhat less reliable due to the high total absorption.

using the Turbomole 6.3.143 program. Alternate usage of
the B3LYP41 /6-31G∗ geometry led to very similar spectra
(Figure S2 in the supplementary material40 ). The absorption
spectra were calculated using the B3LYP functional and 631G, 6-31G∗ , and 6-31+G∗ basis sets in the Turbomole program. We have chosen B3LYP as it usually performs well for
valence-excited states, which is the nature of lowest-lying excited states in fullerenes.44 Performance of other functionals
was also tested (Figure S3 in the supplementary material40 ).
The number of excited electronic states was limited to cover
the experimentally accessible region (∼200–800 nm). Solvent
and basis set variations were tested (for C70 , see Figure S4 in
the supplementary material40 ), and had a rather limited influence on the spectra.
MCD spectra were calculated using the complex polarization propagator (CPP),32 B3LYP functional, and 6-31G∗
basis set as implemented in the DALTON33 program. Within
the CPP approach the band shapes are directly calculated with
a finite width, which was controlled by a damping parameter varied linearly from 0.2 eV at 200 nm to 0.04 eV at
700 nm. This progression corresponded to the experiment,
where the bandwidths are approximately uniform in the wavelength scale.
As can be seen in Figure 1, both the C60 and C70
molecules provide distinct absorption and MCD spectral
patterns. C60 exhibits a very low absorption threshold
(∼350 nm), and relatively simple MCD pattern. Positive and
negative intensities are rather balanced; the signal is largely
composed of close positive and negative bands of similar
magnitudes (“couplets”). At the longest-wavelength region a
weak positive sign prevails. Very weak transitions with longer
wavelengths are also visible in the experimental absorption
spectra (see details of the electronic structure in Tables S1–
S3 in the supplementary material40 ). The balanced character
of MCD (e.g., the couplet at 324/334 nm) reflects the high
symmetry of the molecule, which favors A term-originated
bands. The symmetry of C70 is lower (D5h ), and the spec-

trum is richer and less balanced, most probably with a significant contribution of B terms (which cannot be calculated
separately within the CPP approach) in a wider interval of
wavelengths. The lower symmetry in C70 causes more transitions to be electric dipole-allowed, which results in a more
complex absorption spectrum as well.
The computations reproduce most of the experimental
MCD features. For C60 , the theory suggests four couplets centered at 367, 320, 247, and 204 nm as the primary source
of the intensity. Due to the adopted broadening, the negative
band of the 366 nm transition is overlapped with the positive
lobe of the 320 nm couplet. The longest-wavelength region is
known to exhibit some vibrational structure21, 24 visible also
in our experimental spectrum, e.g., the positive MCD band at
386 nm.
The simulated MCD is also in agreement with a recent computation based on real-time time-dependent DFT.45
The real-time method based provided couplets approximately at the same positions but more balanced than in
our simulations. Although currently less accurate than static
approaches, the real-time simulations are promising especially for highly symmetric molecules and high-energetic
excitations.45, 46 High symmetry molecules can also be treated
by the sum over state approach that we applied recently47 for
the C60 molecule obtaining spectra of similar quality as the
complex polarization method used in the present study.
For C70 , the minor MCD features above 600 nm are not
reproduced by the calculation, and the calculated negative signal around 520 nm does not fully appear in experiment. Overall, however, as for C60 , the calculation reproduces the absorption and MCD spectra with a reasonable accuracy and resolution. The overall good performance of the computations can
be attributed to the low polarity of the fullerenes, consequent
small solvent effects, and the exclusive presence of carbon
atoms in the molecule.
To investigate the possibilities of fullerene MCD identification further, we calculated the MCD and absorption spectra
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FIG. 2. MCD and absorption spectra of a series of fullerenes calculated at the B3LYP/6-31G∗ approximation level.

of a series of molecules, C76 :1 (D2 ), C84 :22 (D2 ), C80 :2 (D2 ),
C78 :2 (C2v ), C78 :3 (C2v ), C78 :1 (D3 ), C84 :4 (D2d ), and C80 :1
(D5d ). Here, we use the convention of the isomer number after
the colon, with symmetry in parentheses. The computations
reveal that the absorption and MCD patterns are quite unique
for each system (Figure 2). For example, there are clear differences in signs and relative band intensities even in MCD
spectra of two isomers of the same C78 formula and symmetry (C2v ), isomers 2 and 3. Within 500–800 nm where both the
C2v symmetric forms of C78 provide predominantly positive
MCD, a more complicated w-shaped character is observed for
the C78 :1 (D3 ) isomer. The more sign-balanced MCD of the
latter corresponds to the dominance of the A terms.
MCD spectra of the fullerenes with D2 symmetry (C76 :1,
C84 :22, C80 :2, upper part of Figure 2) somewhat resemble
each other, having a negative signal around 700–800 nm, and
a predominantly positive one in the neighboring wavenumber
regions. Nevertheless, their detailed MCD features are quite
specific, as are the spectra of fullerenes of higher symmetries
(C84 :22 (D2d ) and C80 :1 (D5d ), lower part of Figure 2). Interestingly, both the absorption and MCD spectra of the C80 :1

molecule with a high symmetry (D5d ) are rather simple, with
two positively biased MCD couplets centered around absorption bands at ∼420 and 700 nm, which reminds the spectral
behavior of C60 . Note that, similarly as C60 (Ih ), fullerenes
with one or more 3-fold or higher symmetry axes, such as
C80 :1(D5d ) and C78 :1(D3 ) support the MCD A terms. This
feature is manifested by a more balanced MCD pattern, as
seen from the comparison with the spectra of lower symmetry species.
Orbital energies and shapes (Figure S5)40 provide a
different representation of the electronic structure reflected
in the spectra. For example, the C78 :2 and C78 :3 isomers have visually very similar HOMO (a2) and LUMO
(b2) orbitals. However, the orbital energies and, hence,
the HOMO-LUMO gap are markedly different for these
species. The larger gap in C78 :2 isomer is reflected in
the lower-wavelength onset of absorption for this isomer
(∼850 nm, Figure 2) than for C78 :3 (∼950 nm). The D3 symmetry isomer of C78 :1 has both different orbital shapes and
energies if compared to the C2v isomers. In Figure 2 we saw
that it also had rather different MCD spectra with A term
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features. Similarly, despite some common features of the
spectra, the relative orbital energies of C80 :2 and C84 :22, both
D2 , are markedly different. For example, the order of LUMO
and LUMO+1 is switched with respect to their symmetries
(a and b2 ).
Obviously, future experimental tests are needed to test the
extent to which MCD is applicable to fullerene discrimination. The computations suggest that the technique is universal
in providing more information than the absorption; however,
applications to symmetric fullerenes with a few spectral features only may be more problematic than for lower-symmetry
species. An accuracy improvement of the theory to reproduce fine spectral differences is desirable. Our and previous
experiments also reveal a relatively rich vibrational structure
of the longest-wavelength (lowest-energy) bands, which can
both obscure the interpretation of spectral patterns, or if reproducible provide additional information about the structure.
In summary, the results indicate that fullerenes of similar structure provide very distinct MCD spectral patterns. The
MCD spectroscopy coupled with the computations thus represents a powerful tool for identification of different fullerenes
and their isomers as well as for providing insight into their
electronic structure. Although improvements in speed and accuracy of the computations are desirable, the main predicted
features appear quite reliable. The experimental spectra of C60
and C70 agreed well with the theoretical predictions, and documented the sensitivity of the technique requiring microgram
amounts of fullerenes.
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