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Abstract

We have studied counterion modes for rubidium and tetraphenylphosphoniumiodide doped
C60 molecules using Fourier-transform spectroscopy performed at temperatures between 78 K
and 400 K. There is evidence for a structural phase transition around 120 K in the tetraphenylphos-
phoniumiodide samples. The rubidium doped C60 shows no sign of a semiconducting gap in the
5000-7000 cm−1 range

1 Introduction

Since the accidental discovery of C60 by Kroto and Smalley, it has received significant attention.
The C60 fullerene started as merely a surprising new form of carbon but has evolved into one of the
most chemically and physically interesting organic structures studied today. Specific research on
C60 emerged from studies in organic conductors. The large size and correspondingly large internal
structure exhibited in organic molecules makes electron hopping from energy levels very easy allowing
for conduction. Complex organic molecules containing many elements (polymers) that also posses
metallic properties are currently under study. The polymers are of interest because many have
similar structure but different electronic properties, facilitating experimental data gathering. C60

became a natural choice in organic conductor study after Kratschmer et al. produced the molecule
in large quantities, making it readily available. Its rich vibrational and electronic structure allow for
previously unseen properties to emerge. It also contains unsaturated π-orbitals ready to form bonds
in the solid state that render it an excellent candidate for doping [1].

Before C60’s discovery the only known solid forms of pure carbon were graphite and diamond.
Neither arrangement possesses the extreme order with which the carbon atoms arrange themselves
in C60. The C60 molecule arranges itself by placing the carbon atoms at the vertices of a truncated
icosahedron (a soccer ball structure). It has a diameter of 7 Åand wave functions extending out to
1.5 Å. The ball has 90 edges formed of 20 hexagons connected by 12 pentagons (see Fig. 1). Between
the temperatures of 260 K and 400 K a grouping of C60 molecules will arrange themselves as an fcc
lattice as shown in Fig. 2. Above 400 K the chains break up into a monomer phase which upon fast
cooling will form a metastable dimer phase.

Many elements and compounds lend themselves well to doping on the C60 lattice. We studied
two types of doped compounds: RbC60 and (Ph4P)2IC60. Doping takes place by an intercalation
of alkali metals into octahedral and tetrahedral interstitials of the fcc lattice. Figure 3 shows the
monomer, dimer, and polymer phases and Fig. 4 shows the positioning of the molecules after doping.

AC60 compounds (where A represents an arbitrary counterion) are interesting because of their
unusual properties. These include a rock salt structure at high temperatures. Different temperature
treatments cause the doped molecules to undergo displacive phase transitions to orthorhombic states.
These are claimed to be metallic and have polymeric character [2].

The doped C60 molecules are highly symmetric and therefore exhibit a low number of allowed
infrared vibrations. This makes infrared spectroscopy an ideal method for studying the structure of
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Figure 1: On the left is the crystalline structure of C60 and on the right are the wave functions for
the electrons.

Figure 2: C60 as arranged in an fcc lattice.

Figure 3: From left to right the monomer, dimer, and polymer phases of C60.
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Figure 4: The small molecules that are situated between the C60 atoms are the dopant molecules.
The top represents the fcc arrangement and the bottom the bcc arrangement.

the compounds. In the crystalline phase the symmetry is reduced, leading to line splitting and the
possibility of studying the crystal field. The molecule also has many structural and phase transitions
that can be observed by analyzing external and internal vibrational modes on neutral or multiply
charged molecules. Infrared spectroscopy also provides a means to analyze electronic transitions in
the molecule and looks at the free charge carrier contributions.

2 Fourier Transform Infrared Spectroscopy

To analyze the doped C60 we used a Bruker Fourier Transform Spectrometer in the mid-infrared
region. Though this is a complicated device, the workings can be understood by looking at interfer-
ence produced by a simple version of the Michelson-Morley interferometer as shown in Fig. 5. As
Fig. 5 shows, the system consists of an arrangement of a light source, two mirrors (one fixed and one
movable), a beamsplitter, and a detector. As light from the source passes through the beamsplitter,
it is partially transmitted through to M2 and partially reflected to M1. At each mirror the light is
then reflected back through the beamsplitter and then moves on to the detector. Since M1 is mov-
able, the distance traversed by the light on this leg is variable, creating a path difference between
the two legs. This path difference causes the reconverging beams to form an interference pattern
at the detector. To take spectra, M1 is translated back and forth in the interferometer while the
detector measures the changes in intensity that occur. If the intensity variations are then plotted as
a function of the mirror movement, the graph produced is called an interferogram [3]. If we assume
the beams combining at the detector are equal in amplitude, the intensity as a function of distance
(l) is given by

I = 2S0(ω)RbTb[1 + cos(ωx + φ)] (1)

The above equation is a Fourier component of the total intensity as a function of wavenumber (ω).
The total intensity can then be related by a summation or integral of the above intensity function
for all ω:

I =
∫ ∞

0

S(ω)dω (2)
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Figure 5: The Michelson Interferometer is a simplified version of the methods used in the Bruker
to capture spectra. M1 is a movable mirror that allows the path lengths to be changed causing
interference to result that is picked up by the dectector.

By putting the two equations together, we achieve a result that yields the intensities as a function
of ω as read by the spectrometer:

ID = 2ARbTb[1− cos(ω0x + φ)] (3)

In performing the Fourier transform analysis as mentioned previously, we make several assump-
tions about the spectrum. First, we assume the l=0 position is found accurately by the spectrometer
and the integration can be successfully performed from l=0 to l=∞. This situation is sometimes
unattainable so we must use a mathematical apodization function on the spectrum. (The apodiza-
tion function minimizes the errors due to false termination of the Fourier transform integration that
are caused by irregular parts of the spectrum.)Apodizing removes the edges of the spectrum that
contain peaks and results in a cleaner plot at the cost of resolution [4].

The Bruker instrument is much more complicated than the Michelson Interferometer shown in
Fig. 5. Figure 6 shows the actual setup of the Bruker spectrometer as viewed from above.

To actually process data obtained from the Bruker, digital information passes through the spec-
trometer, band pass filter, and an analog/digital converter to arrive at the computer for analysis.

3 Group Theory Analysis of C60

The C60 molecule’s orientations, physical characteristics, and symmetries can be analyzed using
group theory. This enables us to identify and catalogue these symmetries as well as use the methods
of mathematical group theory to simplify physical orientation problems and obtain chemically useful
solutions to these problems. Molecules can be described based on the symmetries they possess. In
every molecule certain operations exist after which the molecule is visually the same as it was before
the operations. We observe these symmetry operations for the molecule and then place it into a
point group accordingly.

The symmetry operations are divided into the categories of identity (E), rotation about an axis
(Cn), plane of symmetry (σ), inversion (i), and improper rotation (Sn). Each symmetry operation
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Figure 6: A simplified version of the Bruker showing how light passes through the sample.

changes the orientation of the molecule but leaves the coordinate system unaltered. The n in the
Cn notation is called the order of the rotation and represents rotation of 2π

n about the axis. From
the symmetries inherent in the molecule, it can be placed into its appropriate group. The notation
for each point group has three parts: a capital letter, a number, and a subscript. The capital letter
specifies whether a C2 exists perpendicular to the major axis of rotation, the number designates the
highest-order rotation axis, and the subscript designates the plane of symmetry–either horizontal,
vertical, or diagonal.

All molecules fall into one of four chemically important general point group categories: nonrota-
tional, single axis rotational, dihedral, and cubic. Nonrotation molecules are those that exhibit the
lowest type of symmetry. They have low orders (h=1,2) and lack an axis of symmetry. The point
groups for these type of molecules are C1, Cs, and Ci. The next group is that of the single-axis
rotational groups. These are also called the cylic groups due to the arrangement of the molecules in
a cyclic pattern. In these molecules the symmetry is achieved by rotation about a single axis that
can be applied successively many times. The point groups for these molecules are C2, C3v, and C4v.
The third and fourth groups are important since these possess the symmetries exhibited by the C60

icosahedron. In the dihedral group we have n two-fold axes perpendicular to the principal n-fold
axis. Performing rotations about the principal axis produces the other dihedral axes. The point
groups of the dihedral family are Dn, Dnd, and Dnh. The cubic groups are those polyhedra that
are geometrically related to the cube. They have many axes of rotation of high order that intersect
causing their symmetries to be quite complicated. Though there are seven groups of this type, the
three most commonly encountered are Td, Oh, and Ih. As an example, suppose a molecule exists in
the point group symbolized by D3h. This means it is dihedral, has a highest order rotation axis of
3 and its plane of symmetry is horizontal [5].

4 Experiment

In my project I looked extensively at the transmission, absorption, and reflection spectra in the mid-
and far-infrared range for RbC60 and (Ph4P)2IC60 molecules. The doping in the fullerene systems
causes an accommodation of the C60 at the lattice sites. This means the normal structure of the
molecule will physically move to make room for the dopant. The metallicity the carbon compounds
exhibit is a result of the partial filling of the first band above the Fermi level in the undoped material.
The infrared spectroscopy method specifically looks at the vibrational modes of the doped C60. For
the Rb, we analyzed transmission in the spectrometer for temperatures ranging between 77 K and
400 K in an effort to see what method of quenching the sample produces the most dimers and also
to see where a semiconducting gap might emerge. For the (Ph4P)2IC60 data was analyzed in the
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same manner. In this sample we looked for the empircally predicted downshift splitting on cooling
as predicted by Kuzmany [1].

The doped molecules were prepared by the solid state reaction of stoichiometric quantities of the
dopant and high purity C60 powder. Samples were prepared by grinding solid samples of the doped
C60 in a mortar and pestle, placing the powder between metal anvils, and then using a hydraulic
press applying a pressure of roughly 15,000 lbs/in2 to press the powder into a pellet form. This
pellet was then carefully placed in a sample holder and attached to the end of a cryostat consisting
of copper metal all around to ensure good thermal contact during temperature changes. The cryostat
attachment was then placed in the sample chamber portion of a Bruker 113v infrared spectrometer
where spectra were taken and analyzed using the program OPUS2. Temperature variations were
created by cooling the sample with liquid nitrogen, taking spectra measurements, and then allowing
the sample to reach room temperature again naturally while taking spectra periodically. For the
RbC60 sample the temperature was elevated to 425 K and then quenched to 78 K with liquid nitrogen
with spectra measurements taken approximately every 10 K. The (Ph4P)2IC60 was not heated, but
quenched directly to 78 K and spectra readings occurred approximately every 10 K up to 300 K.

5 Analysis

In the (Ph4P)2IC60 sample we observed the change in the peaks from the 78 K state to the 300 K
state. The spectrum range is from the far infrared at wavenumbers of 100 cm−1 to the near infrared
at about 1200 cm−1. The first mode I looked at was that at 1429 cm−1 to determine the charge on
the C60 ion. The symmetry analysis showed a downshift to 1388 cm−1 that indicates the charge on
the ion is -1. Also, in looking at the transmission graphs we see splitting of the vibrational modes
at 756 cm−1 and 1388 cm−1 as the sample is cooled. Figure 7 shows the transmission graph for the
sample at 300 K. Figure 8 shows the transmission spectra for 78 K to see where the peaks emerge
from structural changes.

There are two proposed reasons for the effect demonstrated in our spectra. The first is the Jahn-
Teller effect, which involves molecular distortions. The second is a phase transition connected with
a change in the crystalline structure. Based on our data, we believe that the splitting is a result of
a phase transition. This is due to the counterion modes that show a break at 120 K. Figure 9 is a
plot showing the position of the 1380 cm−1 spike. It shows graphically the splitting that occurs at
120 K. Figures 10 and 11 show the change with temperature in the intensity and width of the 1380
cm−1 peak. Since the counterion modes are affected, the change at 120 K is most likely caused by
a phase transition involving the whole crystal structure.

We know from previous studies of RbC60 that there are several phases that exist in the crystalline
structure based on temperature treatments. The monomer phase is fcc, the polymer phase is a stable
orthorhombic, and dimer phase which is a quenched state. In taking spectra for the RbC60 we sought
to answer two questions. First, is the temperature treatment of heating to 400 K, quenching to 273
K and then cooling to 77 K more effective in producing the dimer phase than immediately quenching
to 77 K? Second, is the semiconducting gap in the dimer phase located in the range of 5000–7000
cm−1? Based on our spectra we found that the two temperature treatments produced no noticeable
difference in the amount of the dimer phase. Also, we found no evidence for the semiconducting gap
in the 5000-7000 cm−1 range.
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Figure 7: The transmission spectra for (Ph4P)2IC60 at 300 K, showing the peaks.

Figure 8: The transmission spectra for (Ph4P)2IC60 at 78 K, showing the peaks.
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Figure 9: Peak position vs temperatures for the 1380cm−1 peak in (Ph4P)2IC60.

Figure 10: Variation in the intensity of the 1380cm−1 peak in (Ph4P)2IC60.
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Figure 11: Variation in the width of the 1380cm−1 peak in (Ph4P)2IC60.
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