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Abstract 

We have measured the far infrared transmittance of Sc2@Ca4 and Er2@Ca2 at 1.5 K between 30 and 200 cm- 1. Both 
materials are observed to have a large primary absorption feature centered at 95 cm- i with a width of approximately 50 
cm- ~, as well as a number of secondary absorption features which are different in the two materials. This is the first study of 
the far infrared properties of metallofullerenes and may help in the determination of the structural and electronic properties 
of these materials. 

1. Introduction 

The recently discovered encapsulation of  a metal 
atom or atoms inside fullerene cages [1-3]  has ex- 
cited considerable interest because these materials 
may have novel properties and applications. How- 
ever, due to the extreme difficulty in producing 
purified samples in quantities greater than a few 
hundred micrograms, characterization of  these met- 
allofullerenes has been hampered. Many theoretical 
questions remain concerning the formation, structure, 
and electronic properties of  these materials [4]. Theo- 
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retical calculations [5-9]  of  the minimum energy 
configurations for La@C82, La2@C80 , Li@C60 , and 
Na@C6o have predicted that a metal atom encapsu- 
lated in a fullerene cage typically donates electrons 
to the cage and assumes a noncentral position. Charge 
transfer has been confirmed by ESR studies in sev- 
eral materials [10,11] and by XPS measurements 
[ 12], In a theoretical investigation of  the properties of  
Sc2@C84, Nagase and Kobayashi [13] calculated 
that each Sc atom donates two electrons to the C84 
cage, and that these four extra electrons are dis- 
tributed almost uniformly on the cage surface. The 
two Sc atoms are strongly bound at opposite ends of  
the Cs4 cage with a separation o f  ~ 4 A. This 
distance is considerably larger than the S c - S c  sepa- 
ration in the Sc dimer, 2.7 ~,, and hence the atoms 
are expected to interact independently with the cage 
[14]. The Sc bonding to the fullerene cage was found 
to be primarily electrostatic and due to polarization. 
Movements of  the charged metal atom or atoms 
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trapped inside the cage are expected to have large 
dipole derivatives and produce very strong far in- 
flared transitions, yielding spectra which are ex- 
tremely sensitive to the size of the cage, the mass 
and charge of the encapsulated metal atom or atoms, 
and the potential inside the cage [8]. Thus, a mea- 
surement of the far infrared properties of these species 
may provide an excellent diagnostic of the properties 
of endohedral carbon cage molecules. 

In this Letter we demonstrate two experimental 
techniques for studying the far infrared transmittance 
of metallofullerenes which are optimized for the 
study of very small sample quantities. The first 
technique involves placing the metallofullerene sam- 
ple in the middle of a 1.2 mm thick parafilm pellet, 
which is then cooled to 1.5 K and studied using 
Fourier transform spectroscopy between 30 and 340 
cm-~. Using this technique, we have measured the 
transmittance spectrum of Sc2@C84 and are able to 
observe absorption features at the level of one and a 
half percent. This method allows complete sample 
recovery. The second technique we have developed 
is to sublime the metallofullerene sample onto a 1 
mm z-cut crystal quartz substrate, which is then 
cooled to approximately 1.5 K and studied using 
Fourier transform spectroscopy between 20 and 200 
cm-1.  Using this technique we have measured the 
transmittance spectrum of Er2@C82 and are able to 
observe absorption features at the level of one per- 
cent. These two techniques are useful for studying 
the far infrared transmittance of materials available 
in powder form. The parafilm technique is easier and 
allows the transmittance to be measured at higher 
frequencies. However, the sublimation technique 
should be used when a uniform film is required 
provided that the material has adequate thermal sta- 
bility. 

2. Sample preparation 

The Sc2@Cs4 and Er2@C82 samples studied in 
this work were produced by arc-vaporization in he- 
lium of cored carbon electrodes packed with a mix- 
ture of graphite and metal or metal oxide [15]. 
Production efficiency was increased by reversing the 
arc polarity and 'back-burning' the carbide-rich cath- 
ode deposit. Fuilerene molecules were extracted from 

the carbon soot with C52, and the separation of 
Sc2@C84 and Er2@C82 was accomplished using 
two-stage high performance liquid chromatography 
(HPLC) [16,17]. Following HPLC, the samples were 
analyzed using laser desorption/laser ionization mass 
spectroscopy [18] and were found to consist of at 
least 98% of the desired metallofullerene species. 

In order to measure the far infrared transmittance 
of Sc2@Cs4, we placed the material in the middle of 
a parafilm pellet as outlined below. We first de- 
posited approximately 500 Ixg of Sc2@C84 dis- 
solved in CS 2 into an 0.3 cm diameter indent on a 
120 izm thick parafilm substrate and allowed the 
solvent to slowly evaporate. This was done in a 
nitrogen atmosphere to avoid condensation of water 
onto the substrate. This created a Sc2@C84 disk 
which measured 0.3 cm in diameter and 40 + 10 Ixm 
in thickness. We then baked the sample in a 60°C 
oven for 30 rain to remove any residual solvent. The 
parafilm substrate was surrounded by additional 
parafilm layers and gently compressed between two 
glass microscope slides. The composite structure was 
heated to just above the parafilm melting tempera- 
ture ( <  100°C) on a hot plate to produce a solid 1.2 
mm thick parafilm pellet. We used the same tech- 
nique to create a parafilm pellet containing a C6o 
disk measuring 0.3 cm in diameter and 200 + 20 ixm 
in thickness which we used to confirm the reliability 
of the measurement technique. In addition we pro- 
duced three pure parafilm pellets to use as refer- 
ences. 

To prepare the Er2@C82 sample, we heated ap- 
proximately 700 Ixg of the material to 500°C in a 
vacuum and sublimed it onto a 1 mm thick z-cut 
crystal quartz substrate to form a disk approximately 
0.4 cm in diameter and 40 + 10 Ixm in thickness. 
For comparison, we used the same technique to 
evaporate a C60 disk of the same dimensions onto 
another crystal quartz substrate. In addition we used 
two crystal quartz substrates as references. All crys- 
tal quartz substrates were cut from neighboring spots 
on a large piece of z-cut crystal quartz in order to 
minimize the differences in thickness and hence the 
ratio of their Fabry-Perot interference fringes. The 
crystal quartz and parafilm substrates were chosen to 
be 1 and 1.2 mm thick, respectively, so that the 
separation between Fabry-Perot fringes was less 
than 3 cm -~. 
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3. Experimental technique 

The far infrared transmittance of the samples at 
1.5 K was measured with a 1.5 K composite bolome- 
ter in conjunction with a Michelson interferometer, 
using Fourier Transform Spectroscopy [19]. The 
bolometer uses neutron transmutation [20] doped Ge 
as the thermometric material. The interferometer was 
operated in a step-and-integrate mode rather than in 
a continuous scan mode to improve the noise perfor- 
mance. To measure spectra over an extended fre- 
quency region we used several different combina- 
tions of beamsplitters and warm filters. The warm 
filter was selected to remove all radiation at frequen- 
cies above the range of study, thus avoiding aliasing 
effects. The cold 0.001 in. thick black polyethylene 
filter was chosen to minimize bolometer loading 
from unchopped radiation. 

We determined the transmittance spectrum of the 
fullerene samples by computing the ratio of the 
bolometer response when the fullerene sample and 
substrate were in the light path to the bolometer 
response when the bare substrate was in the light 
path. We also examined the ratio of the bolometer 
responses when two nominally identical substrates 
were in the light path. The difference between this 
ratio and unity determined the degree to which our 
data were contaminated by systematic noise, drifts, 
and small differences in substrate thickness or com- 
position. For each position of the sample wheel, we 
obtained a large number of spectra and averaged 
them in order to minimize the effects of bolometer 
noise and slow drifts in the bolometer temperature. 

4. Experimental results 

Due to the very small quantities of sample avail- 
able, the accuracy of our measurements of the trans- 
mittance of Sc2@C84 and Er2@Cs2 was limited by 
our ability to match the sample and reference sub- 
strates as discussed above. We will first discuss 
measurements on Sc2@C84 embedded in a 1.2 mm 
thick parafilm pellet. The transmittance of a refer- 
ence pellet at 1.5 K is shown in Fig. 1, curve 1. 
Parafilm has a sharp absorption feature at 77 c m - l  
and two broad absorption features at 255 and 340 
cm-~ In addition, the Fabry Perot interference 
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Fig. 1. Transmittance at 1.5 K of a 1.2 mm thick parafilm pellet 
(curve 1) and a 1 mm thick z-cut crystal quartz substrate (curve 2) 
between 30 and 400 c m -  i. 

fringes in the transmittance spectrum of a 1.2 mm 
thick parafilm pellet are separated by A f =  1 / 2 n t  = 

2.7 c m -  ~ where n = 1.56. The ratio of the spectra of 
two parafilm reference pellets is shown in Fig. 2, 
curve 0. This curve has a number of features less 
than 0.01 in height and less than 5 cm-~ in width 
which are due to the differences in the Fabry Perot 
interference fringes of the two samples. The broad 
3% absorption feature at 260 cm-~ arises from the 
broad parafilm absorption feature at 255 cm-  ~. These 
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Fig. 2. Transmittance of Sc2@Cs4, determined by taking the ratio 

of the Sc2@C84-containing parafilm pel|et with: parafilm refer- 
ence #1 (curve l); parafilm reference # l  with a different filtering 
scheme (curve 2), parafilm reference # 2  (curve 3); and parafilm 
reference # 3  (curve 4). The curve labelled '0 '  shows the ratio of  
parafilm reference # 2  to parafilm reference #1 .  To facilitate 
comparison, curves 2, 3, and 4 have been offset from curve l by 
- 0. l, - 0.2, and - 0.3, respectively. 
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features, due to small differences in thickness and 
composition of  the parafilm substrates, are above the 
noise level of  our instrument and practically limit 
our ability to measure absorption features in 

S c 2 @ C s 4 .  
The transmittance of  Sc2@C84 between 30 and 

350 cm-1 is plotted in Fig. 2, curves 1 through 4. 
The four curves were generated by computing the 
ratio of  the Sc 2@C 84-containing parafilm pellet with: 
parafilm reference #1  (curve 1); reference # 1 ,  mea- 
sured with a different filtering scheme (curve 2); 
reference # 2  (curve 3); and reference # 3  (curve 4). 
For comparison purposes curves 2, 3, and 4 have 
been offset from curve 1 by - 0 . 1 ,  - 0 . 2 ,  and - 0 . 3  
respectively. The agreement between the four curves 
is remarkably good, and implies that noise is not 
important, curve 4 has a small absorption feature at 
77 cm-1 not observed in curves 1, 2, and 3, which 
we attribute to imperfect ratioing of  the 77 c m -  
absorption feature in parafilm. Features smaller than 
0.015 cannot he distinguished from differences in the 
Fabry Perot interference fringes between the sample 
and reference parafilm pellets. In Fig. 3, curve l, we 
plot the absorption coefficient computed from the 
average of  these transmittance spectra. Table 1 sum- 
marizes the absorption features observed in 
Sc2@C84. The most prominent absorption feature 
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Fig. 3. Absorption coefficient as a function of frequency for 
Sc2@C84 (curve 1), Er2@C82 (curve 2), and C6o (curve 3). The 
Er2@Cs2 spectrum was measured with a spectral resolution of 2 
em -l.  The Sc2@C84 and C6o spectra were measured with a 
spectral resolution of 1 cm-i below 200 cm -~ , and 1.5 era-l 
above 200 cm- ~. Due to uncertainty in sample thicknesses, curves 
1, 2, and 3 are determined to within multiplieative errors of 25, 25 
and 10%, respectively. 

Table 1 
Absorption features in Sc2@C84 

Frequency (cm- i) A a  (cm- t) A f  (cm- i) 

62 12 10 
76 (pf) 6 3 
88 12 10 
95 20 40 
97 6 8 

105 8 7 
122 5 8 
137 7 t0 
168 12 10 
182 5 8 
194 11 14 
222 8 12 
245 8 10 
260 (pf?) 10 20 
330 (pf?) 10 10 
345 (pf?.) 10 10 

Columns show the center frequency, height A a relative to the 
background absorption coefficient, and width Af. The center 
frequency is determined to within -t-2 cm-t; we estimate a 10% 
error in our determination of Aa and Af. Features which are 
believed to be due to small differences between the sample 
parafilm pellet and a reference parafilm pellet are marked by (p0. 

we observe is a band centered at approximately 95 
cm -1, on top o f  which are superposed a number of  
smaller, narrower absorption features. 

Our measurements of  the transmittance of  
Er2@C82 were also limited by small differences in 
thickness and composition between the crystal quartz 
sample substrate and reference substrate. The trans- 
mittance of  a 1 mm thick z-cut crystal quartz sub- 
strate at 1.5 K is shown in Fig. 1, curve 2. Crystal 
quartz has a sharp absorption feature at 132.5 c m -  1. 
In addition, the Fabry Perot interference fringes in 
the transmittance spectrum of a 1 mm thick z-cut 
crystal quartz substrate are separated by A f =  1 / 2  nt  

= 2.3 c m -  1 where n = 2.2. The ratio of  the spectra 
of  two reference crystal quartz substrates has a num- 
ber of  features less than 0.01 in height and less than 
3 cm-~ in width which are due to the differences in 
the Fabry Perot interference fringes o f  the two sam- 
ples. 

We have converted the transmittance spectrum of  
Er2@Cs2 into a plot of  absorption coefficient as a 
function of  frequency, as shown in Fig. 3, curve 2. 
All features less than 0.01 in the transmittance spec- 
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Table 2 
Absorption features in Er2@Cs2 

Frequency (cm- t) Aa (cm- t) Af  (cm- t) 

45 17 I0 
59 13 10 
69 7 10 
94 34 70 

144 6 10 
177 5 25 

The center frequency is determined to within 5-2 cm-I;  we 
estimate a 10% error in our determination of Aa and At'. 
Columns show the center frequency, height Act relative to the 
background absorption coefficient, and width Af. 

trum are attributed to differences in the Fabry Perot 
interference fringes between the sample and refer- 
ence substrates. Table 2 summarizes the absorption 
features observed in Er2@C82, listed in order of 
increasing frequency. The largest absorption feature 
we observe is a broad absorption centered at approx- 
imately 94 cm - t ,  similar to the feature observed in 
Sc2@Cs4. 

We re-measured the transmittance spectrum of the 
sample after approximately 80% of the sample was 
removed and again observed the same absorption 
features; however, the absorption was reduced by a 
factor of approximately five. This confirms that the 
observed far-infrared absorption features are intrinsic 
to the Er2C82. 

For comparison purposes, we also measured the 
transmittance spectrum of a 200 p,m thick C6o layer 
embedded in a parafilm pellet and a 40 Ixm thick C6o 
film sublimed onto a crystal quartz substrate. Both 
C60 samples had been exposed to air. The frequency 
dependence of the deduced absorption coefficient of 
the thicker film is shown in Fig. 3, curve 3. The 
spectrum of the 40 I~m thick C60 film was found to 
be similar. The absorption coefficient is featureless 
and increases linearly with frequency between 100 
and 330 cm - j ,  in agreement with the result [21] of 
Onari et al. The small feature at 77 cm -~ is an 
artifact of the 77 cm-t  parafilm absorption. Our 
measured absorption coefficient cr at 60 cm-~ is 
3.9 ___ 0.4 cm- ~ at T = 1.5 K, compared to 4.2 cm-  
at T = 4 K measured by FitzGerald and Sievers [22] 
in C60 which had been exposed to air. Our sample is 
too thin for us to observe the air-induced impurity 
bands [22] at 18, 27 and 59 cm - l .  The good agree- 

ment between our measured C60 absorption and that 
published in the literature, as well as the fact that we 
do not observe any significant absorption features 
between 30 and 330 cm- 1, confirms the reliability of 
our sample preparation and measurement techniques. 

5. Discussion and conclusion 

In discussing the vibrational properties of the 
metallofullerenes we distinguish between internal and 
external vibrations. The internal motions involve car- 
bon-carbon and metal-carbon bending and stretch- 
ing vibrations, whereas the external modes involve 
translational and rotational motions of the entire 
cage. Theoretical calculations [23] by Negri et al. of 
the infrared active vibrational modes of an empty 
C84 cage using the quantum chemical force field for 
pi electrons (CQFF/PI) method predict a lowest 
energy band at around 200 cm -~. A similar calcula- 
tion [24] by Orlandi et al. for an empty C82 cage also 
finds a lowest energy infrared band at around 200 
cm- i. In the case of a metallofullerene with a rela- 
tively strong metal-cage bonding one expects to 
measure an experimental spectrum significantly dif- 
ferent from these calculations [8]. In particular one 
also expects modes to appear below 200 cm- i. Even 
in the case of a weak metal-cage bonding, the 
charge transfer to the cage will certainly lead to a 
significant renormalization of the cage frequencies. 
The spectra presented here show many reproducible 
absorption features below 300 cm- ~. In view of the 
above discussion, we propose that many of the ob- 
served features are due to modified cage vibrations. 

Among the internal modes, the metal-cage vibra- 
tions are expected to give the strongest contribution 
to the far infrared spectrum due to their large dipole 
derivatives. Without knowledge of the bonding 
strength between the metal atoms and the cage, it is 
difficult to predict their vibrational frequencies. Since 
the Er (atomic weight 167.3) is much heavier than 
the Sc (atomic weight 44.96), one expects the Er-  
cage vibrations at lower frequencies than the Sc-cage 
vibrations for comparable bonding to the cage. How- 
ever, without more knowledge of the metal-cage 
interaction we cannot yet assign any of the observed 
absorption modes. 
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The most striking feature in the spectra of 
Sc2@C84 and Er2@C82 is the large absorption at 95 
cm- ~ observed in both materials. The coincidence of 
the 95 cm-~ absorption in both materials suggests 
that the vibration responsible for this feature should 
be independent of the large mass difference between 
Er and Sc. The only modes which are relatively 
insensitive to this mass difference are the external 
modes. The frequencies of these modes depend on 
the intermolecular force constants and either the total 
masses (translations) or total inertial moments (rota- 
tions) of the molecules. If we make the reasonable 
assumption that the force constants are comparable 
in both materials, we estimate the difference between 
the external frequencies of both molecules to be 
about 10% for the translational modes and only 2% 
for the rotational modes. In view of these small 
differences, we propose that the 95 cm-~ absorption 
feature is due to an external vibration. 

Although this is the first experimental study of the 
far infrared properties of metallofullerenes, Kikuchi 
et al. have measured the infrared absorption spectra 
[25] of C82 and LaC82 above 400 cm- i. They found 
approximately ten absorption lines between 400 and 
800 cm -~ in both samples and some correlation 
between the LaC82 modes and bending motions of 
the cage. Although some of their absorption features 
are not clearly distinguishable from the noise, they 
appear to have typical widths of 10 cm- 1, similar to 
the widths of the absorption features seen in Sc2@C84 
and Er2@C82. 

Due to the extreme difficulty in producing and 
purifying metallofullerene samples, we were limited 
to studying two species of dimetallofullerenes 
Sc2@C84 and Er2@C82. However, if sample produc- 
tion becomes more efficient, an especially interesting 
study could be performed on a sequence such as C84, 
Sc@C84, Sc2@C84, and Sc3@C84. As discussed 
above, the C84 cage without inclusions is not ex- 
pected to show infrared activity below 200 cm -1. If 
theoretical expectations that the two Sc atoms are 
essentially noninteracting at opposite ends of the C 84 
cage are correct, Sc@C84 and Sc2@C84 would show 
similar far infrared spectra with the absorption coef- 
ficients approximately twice as strong in the dimet- 
allofullerene. 5c3@C84 should show a significantly 
different transmittance spectrum if the three Sc atoms 
are enclosed as a trimer which moves relatively 

freely throughout the C84 cage, analogous to the 
behavior indicated by EPR measurements [26] for 
Sc3C82. A systematic study of a variety of cages and 
metal inclusions will reveal much about the structure 
and properties of these fascinating new materials. 
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