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Raman spectroscopy of La2@C80 and Ti2@C80 dimetallofullerenes
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This paper is devoted to the Raman spectroscopy of two dimetallofullerenes La2@C80 and Ti2@C80.
Previous studies of monometallofullerenes (M@C82) and dimetallofullerenes (M2@C82) have demonstrated
that Raman spectroscopy is a useful tool to probe the cage-metal bond strength. The latter is a fingerprint of the
metal to fullerene charge transfer, which plays an important role in the stabilization of the metallofullerene. In
the present study, the metallic ions are trapped inside a C80 hollow cage for each metallofullerene, but their
group and weight differ. This provides the opportunity to probe in the same study the ability of Raman
spectroscopy to determine the ionization state of ions trapped in a cage, which eventually differs only by
isomerization. A detailed analysis of the low-frequency part of the Raman spectrum is proposed for both
La2@C80 and Ti2@C80. Two low-frequency modes at 161 cm21 for La2@C80 and at 196 cm21 for Ti2@C80

are tentatively assigned to a fingerprint of the interaction between the trapped ions and cage. The corresponding
values for the metal-cage valence force constant are in favor of an effective charge transfer of three electrons
per lanthanum to the cage and of two electrons at most per titanium to the cage. These results are in good
agreement with theoretical predictions and with electron energy loss spectroscopy or x-ray observations.

DOI: 10.1103/PhysRevB.68.014105 PACS number~s!: 78.30.2j, 78.30.Na
x
e

-
ls,
n

i
w
o
al
fir

a
ra
ic

en
an
n
le

ru

ge
in
b
a
a
te
a

e
are
al

can
try
MF
an
py

s
ge
the
de-
he
the

used
the

is
-
nt
-

ectra
he
the
e

opy
.
ars
d on
of
I. INTRODUCTION

Much effort has been devoted to further production, e
traction, purification, and separation of metallofulleren
~MF’s! after the first production of a stable species, La@C82
in solution.1 Apart from the most widely studied metallo
fullerenes involving group II, group III, or lanthanide meta
MF’s associating nitrogen to these metals have been rece
extracted with a high yield.2 The possibility of trapping ions
or atoms in hollow fullerene cages has attracted a large
terest theoretically and experimentally. Recent revie
nicely summarize the status of the art in this ten-years-
research field.3,4 The clear confirmation of the endohedr
location of the metallic species in the fullerene cage was
demonstrated in the case of Y@C82 by an x-ray structural
study.5 The maximum entropy method~MEM! combined
with the analysis of synchrotron powder diffraction data w
then used to retrieve information on the metal-cage inte
tions. Particular attention was paid to charge transfer, wh
plays a major role in stabilizing the metallofullerenes.6 This
study pointed out that the cage structure of a metallofuller
might differ from the structure of the relevant most abund
hollow fullerenes. In particular, the metal-cage interactio
can favor stabilization of minor isolated pentagonal ru
~IPR! isomers or even non-IPR isomers satisfying cage st
tures, as predicted for Ca@C72, for example.7

The relation between the oxidation state of the enca
atoms, the stability, and the nature of the dominant trapp
cage isomer is of particular interest to understand the ela
ration process and the reactivity properties of the relev
species.7,8 Recent studies aim at demonstrating that the c
bon cage symmetry is specific towards the ionization sta
of the encaged metals and, in particular, that the stable c
for a 21 metallic ion is not the most stable cage for a 31
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one.9 Nevertheless, due to the difficulty in isolating larg
enough quantities for most MF’s, experimental results
often still lacking or incomplete to corroborate theoretic
predictions.

Raman spectroscopy is an alternative method that
help us derive informations on metallofullerene symme
and metal-cage bond strength. Recently, new insight into
vibrations was deduced from detailed analyses of Ram
spectroscopy studies in conjunction with IR spectrosco
and with neutron scattering. It concerned theM@C82 series
with M5La, Y, Ce, Gd~Ref. 10! and different isomers of
Sc2@C84 and Tm@C82 ~Ref. 11!. In all cases, the author
paid specific attention to the fingerprints of the metal-ca
interaction. They also derived an experimental value of
metal-cage bond strength from a simple picture that
scribes the relevant vibration as a harmonic oscillator. T
bond strength value depends on the ionization state of
encaged metallic ions. As a result, spectroscopy can be
as an alternative method to identify the ionic charge of
metallofullerenes. A force constant value close to 1.2 N/m
characteristic of divalent ions~Sc, Tm!, whereas a force con
stant value of the order of 1.8 N/m is obtained for trivale
ions ~La, Gd, Ce!. Furthermore, the studies of Ref. 11 in
volve three different isomers for Sc2@C84. The results dem-
onstrate that there are some differences in the Raman sp
of the various isomers for a given dimetallofullerene. T
differences are more important than those observed for
isomers of the hollow cage, but line shifts are still of th
order of 10 cm21.

The present study is devoted to the Raman spectrosc
of both La2@C80 and Ti2@C80 at room temperature
La2@C80 has been extracted successfully nearly ten ye
ago. Nevertheless, no Raman study has been performe
such dimetallofullerenes. In contrast, the extraction
©2003 The American Physical Society05-1
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Ti2@C80 was reported only very recently.12 It is the first
demonstration of metallofullerenes entrapping atoms of
group IV. Many structural data on La2@C80 are available,
but there are only few data on Ti2@C80. In both cases, the
metallic atoms are trapped inside a C80 fullerene. In the case
of La2@C80, the cage isomer has the symmetryI h . Here
Ti2@C80 corresponds to a mixture of two isomers of t
cage of symmetryI h andD5h , respectively.12,13 One aim of
this paper is to use the correlations between the Raman s
tra recorded for La2@C80 and Ti2@C80 to retrieve informa-
tion on the Raman signatures relevant to the carbon c
vibrations alone and on those corresponding to metal-c
interactions since both the weight of the trapped metals
their group differ. In order to disentangle the complex sp
tra, we have used as a starting point an empirical model
correlates the C80 cage modes to the C60 ones as in previous
studies.11 It has been demonstrated that the frequencies
some modes of fullerenes larger than C60, in the low-
frequency domain, can be deduced in a first approxima
from those of C60 modes by a scaling law involving the ma
of the cage. A detailed comparison between the spectr
La2@C80 and that of Ti2@C80 is derived in the low-
frequency domain. The relation between the force const
of the metal-cage vibrations and the atom ionization stat
discussed for both La and Ti. These values are compare
previous data.10,14,15

II. SAMPLE PREPARATION AND MEASUREMENT

The Raman spectra were recorded on a homebuilt co
cal spectrometer, described elsewhere.16 The collection is
performed in a backscattering configuration. In the pres
study, no surface-enhanced Raman scattering~SERS! is
used. The excitation at 514 nm is provided by an argon la
The laser is focused through a 1003, 1.3 numerical aperture
~NA! immersion objective to a diffraction-limited spot with
diameter of the order of 400 nm. The plasma lines of
laser are removed by using either an excitation filter or
combination of an excitation filter and of a prism premon
chromator. Notch filters are used to select the Raman si
that is detected on an N2-cooled camera through a single
pass monochromator. Spectral resolution is 4 cm21. The met-
allofullerenes are produced in the group of H. Shinoha
This group has previously described in detail the isolat
process of La2@C80 and Ti2@C80 ~Refs. 12 and 22!. These
species are further stocked in CS2. Two types of samples
were prepared for studying La2@C80. In the first kind of
sample, La2@C80 dispersed in CS2 is gently sonicated for 1
hr, then, the solution is filtered through a 0.5-mm pore mem-
brane and finally drop coated on a clean glass substrate.
sample is kept at room temperature since La2@C80 is stable
in air. The final spectrum is generally obtained by add
several spectra recorded with an acquisition time of 60 s
order to get a high enough signal-to-noise ratio. This kind
sample will be labeledS1 . The second kind of sample co
responds to La2@C80 in solution in toluene. A drop of
La2@C80 dispersed in toluene is trapped within two cle
microscope cover plates. The thickness of the sample
MF’s in solution is of the order of 10mm. As a result, overall
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acquisition times of the order of 20–30 min are required
obtain a sufficient signal-to-noise ratio on such samples. T
kind of sample is labeledS2 . Data on Ti2@C80 have only
been studied in solution in dichloroethane with a sam
preparation similar to that described above for La2@C80 S2
samples. For all samples, the intensity of the laser beam
maintained below the limit of 1 mW/mm2. A larger intensity
causes a degradation of the signal-to-noise ratio, espec
in the case of theS1 sample, both because of an excess
heating of the sample and because of the rather low ph
stability of MF’s.

III. RESULTS

The Raman spectra of La2@C80 and Ti2@C80 S2-type
samples are shown in Fig. 1 on a spectral domain rang
from 180 to 1900 cm21. Three successive spectra are a
quired in 800 cm21 largely overlapping domains in order t
obtain the Raman signal on this broad spectral range.
acquisition time is 60 min for each spectrum. As expec
from the higher number of carbons in the C80 cage, both
spectra exhibit more complicated features than C60 or C70
spectra, especially in the high-frequency part of the spe
where numerous lines including combination lines me
into broad structures. In order to get a high enough sign
to-noise ratio in these diluted samples, it was necessar
derive a compromise between a severe filtering of the
leigh signal and an efficient collection of the signal. As
result, lines between 150 and 200 cm21 appear as weak
shoulders on an increasing background and they can onl
recovered by deconvolution from the Raleigh signal.

As expected, the overall features of the high-frequen
part above 900 cm21 are very similar for both spectra. Th
relevant modes correspond to hard-tangential vibrations
the C80 cage. They depend little on the encapsulated spec
The La2@C80 spectrum was fitted with Lorentzian-shape
lines in the range 900–1750 cm21. Then the same set of line
was used to fit the Ti2@C80 spectrum. Figure 2 demonstrate
that the Ti2@C80 spectrum can indeed be correctly fitte
with almost the same set of frequencies in this freque
range. Nearly any line in one spectrum has its counterpa
the other, but the relative intensities of the modes are so

FIG. 1. Raman spectra of La2@C80 in toluene ~a! and of
Ti2@C80 in dichloroethane~b!.
5-2
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RAMAN SPECTROSCOPY OF La2@C80 AND Ti2@C80 . . . PHYSICAL REVIEW B68, 014105 ~2003!
times different and some minor shifts occur. This clearly a
pears for the structure around 1450 cm21, for which the in-
tensities of the lines are stronger for La2@C80 than for
Ti2@C80. Some differences are observed in the dom
around 1750 cm21. But this last effect can be largely attrib
uted to a contribution of the combination modes. These c
tributions are different for the two metallofullerenes sin
they imply low-frequency modes that are metal specific. T
close similarity of both spectra in the high-frequency ran
where the cage modes dominate, indicates that the influe
of the isomerism of the cage is weak in agreement with p
vious results for the isomers Sc2@C84 and Tm@C82 ~Ref.
11!. This observation is consistent with the fact that the
volved isomers of the C80 cage,D5h andI h , are very similar
in shape and that the latter is present in La2@C80 and
Ti2@C80. However, there are some differences. First,
intensity ratio of the thin lines at 1041 and 1004 cm21 are
reversed in La2@C80 and Ti2@C80. Three sharp lines appea
in the spectrum of Ti2@C80 at 1181, 1158, and 1070 cm21

that are not present in that of La2@C80. These three lines
could be fingerprints of theD5h isomer of Ti2@C80. One
could have expected to observe more differences in
middle- and high-frequency domains between Ti2@C80 and
La2@C80 spectra because theD5h isomer has a lower sym
metry than theI h .

The dimetallofullerene spectra display more differences
the intermediate region ranging from 700 to 900 cm21. In the
range 800–900 cm21, all lines still have a counterpart in
either spectrum, but their intensities are often rather dif
ent. It is the case of the thin line at 860 cm21, which is much
stronger in the La2@C80 spectrum than in the Ti2@C80 one

FIG. 2. Fit of the Raman spectra of the dimetallofullerenes
solution in the intermediate- and high-frequency domains.~a! and
~b! correspond to La2@C80 and Ti2@C80, respectively. The solid
circles display the total fit. The solid lines display the individu
Lorentzian-shaped curves used in the fits.
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and the reverse for the line at 920 cm21 ~see Fig. 2!. In the
range 700–800 cm21 the spectra of both species differ, ind
cating that the perturbation of the cage modes by the trap
ions is no longer negligible. A different splitting of th
modes is clearly observed.

IV. DISCUSSION

This discussion is devoted to an analysis of the lo
frequency part of the Raman spectra, where some of
differences between La2@C80 and Ti2@C80 spectra are ex-
pected to be fingerprints10,11 of the encaged metal atoms an
of their interaction with the C80 cage. Moreover, one gets th
opportunity of deriving values of the strength of the bo
between the metallic ions and the cage from the frequenc
such lines. This value is a signature of the ionization state
the encapsulated species.15

We first consider the case of La2@C80. La2@C80 was
first detected by mass spectrometry in 1991.17 La2@C80 is
obtained as a by-product of the synthesis of La@C82. It is
extracted only in small amounts. Consequently, fewer exp
mental data are available than in the case of La2@C82 or in
the case of Sc2@C84, for example. Moreover, La2@C80 is
electron paramagnetic resonance~EPR! silent. Nevertheless
it has been successfully studied by electrochemistry.18 The
results demonstrate that the La2@C80 dimetallofullerene be-
havior differs from that of La@C82 major and minor iso-
mers. La2@C80 has also been theoretically studied19 as well
as the symmetry properties of the hollow C80 ~Ref. 20!. Fi-
nally, the properties of La2@C80 have also been studie
when it is encapsulated in nanotubes to form so-ca
peapods.21 C80 has seven isomers that satisfy the IPR ru
Among them, the most stable are theD5d andD2 ones. They
are the major isomers for the hollow cage. When two
atoms are trapped inside the C80 cage, the ionization state o
each La is 31. This has been recently observed by x-r
diffraction.22 The six highest occupied molecular orbits~HO-
MO’s! are then fully occupied, and the close-shell electro
configuration ensures the stability of La2@C80. The most
stable cage compatible with (La31)2C80

62 is the most sym-
metrical one, theI h-C80, which is different from the cages o
the major isomers of the hollow C80 cage.19 The negative
charge on C80 plays a major role in the relative stability o
the different isomers. The vibrational modes ofI h-C80 corre-
spond to the symmetry types 3Ag14F1g15F2g18Gg
111Hg11Au16F1u17F2u18Gu19Hu . There are 14
Raman-active modes corresponding to 3Ag111Hg . In this
structure, La atoms are aligned along the C2 axis. The axis
joins the centers of opposite six-membered rings ofI h-C80.
The symmetry of La2@C80 is thus predicted to beD2h . This
is supported by an analysis of the13C NMR spectrum of
La2@C80 ~Ref. 23! and by a synchrotron radiation structur
study.22 The predicted La-La and La-cage distances are 3.
and 2.598 Å, respectively,19 whereas the observed ones a
3.84 and 2.39 Å, respectively.22 A weak covalent bond be
tween the two La might be expected, but experiment is
favor of a weak ionic bond. The bond of each La atom w
the cage is stronger and of ionic type.

This implies a lowering of the symmetry of theI h-C80
5-3
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cage, which leads to the following splitting of the ca
modes:

Ag→Ag ,

F1g→B1g1B2g1B3g ,

F2g→B1g1B2g1B3g ,

Gg→Ag1B1g1B2g1B3g ,

Hg→2Ag1B1g1B2g1B3g . ~1!

The Ag , B1g , B2g , andB3g modes are all Raman active.
In order to disentangle the low-frequency part of the sp

trum, we have first analyzed the typical spectrum acqui
for an S1-type sample. Such a spectrum is displayed in F
3. It results from the superposition of four successive spec
each acquired during 1 min. No major change was obser
between the first and last acquisitions confirming the h
enough stability of La2@C80 even at room temperature. I
these recordings, it was easier to limit the background int
sity by reducing the excitation power than forS2 samples.
Consequently, spectrum acquisition could be extended d
to 120 cm21 with a satisfactory signal-to-noise ratio.

As mentioned above, we have used the empirical m
scaling law in order to clarify the spectrum and then to te
tatively identify modes, which depend on the interaction
the metallic ions and fullerenes. The basic assumption of
scaling law is that, in the low-frequency domain~,700–750
cm21!, the frequency of a given mode varies smoothly fro

FIG. 3. Raman spectrum of La2@C80 solid (S1 sample! in the
low-frequency domain.~a! and ~b! correspond to the raw data an
relevant fit; respectively. The solid circles display the total fit. T
solid lines display the relevant individual Lorentzian-shaped curv
The relevant frequencies are listed in Table I.
01410
-
d
.
a,
ed
h

n-

n

ss
-
f
is

one cage to the other. More precisely, its frequency is
versely proportional toM1/2, whereM is the cage mass. Thi
assumption has been verified on the frequency modes of60,
C70, C82, and C84. At first order, this approximation is als
supported by the weak influence of the isomer on the l
frequencies of a given species, as has been observed.11 As a
result, this scaling law can be used to predict the values
the C80 modes in the relevant frequency range up to 7
cm21. They can be derived from the frequency values of
low-frequency C60 modes.24–27Among these modes, four ar
Raman active in the considered range: namely, the th
lowest Hg modes and the radial breathing modeAg(1).24

Because of the lowering of the symmetry toD2h , the modes
related to the first-order silent modes ofF1g , F2g , andGg
symmetries in C60 must also be considered. The relevant fr
quency values of C70 can also be used in the linear fits a
shown in Fig. 4~a!. These C70 frequencies were determine
in previous studies.25–29 The mass scaling law implies tha

s.
FIG. 4. Graphical determination of the C60-related modes for the

C80 fullerene. ~a! Solid lines: linear regression fits of the cag
mode frequencies vs the reciprocal square root of the cage mam,
based on the known mode frequencies of C60 and C70 ~Refs. 24 and
26!. Open circles on the vertical lines related tomC60

21/2 and tomC70
21/2,

respectively, display these frequencies. Mode symmetries have
added in~a!. On the vertical line corresponding tomC80

21/2 are dis-
played by large and small open circles and crosses, respectively
experimental frequencies of the lines of the Ti2@C80 spectrum in
solution, of the La2@C80 spectrum in solution, and of the soli
La2@C80 spectrum, which nearly match the predicted values. A
ditional linear fits corresponding to C70-related modes are displaye
in ~b!. On the vertical line corresponding tomC80

21/2, open circles
display the frequencies of the Ti2@C80 spectrum in solution that
nearly match the predicted values.
5-4
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the linear fits nearly go through zero, which would corr
spond to a fullerene of infinite mass. We can derive six v
ues of C60-related modes for the hollow C80 from the linear
fits @Fig. 4~a!#. The frequencies are respectively 236, 37
426, 490, 536, and 615 cm21. Table I lists the values of the
lines observed in theS1 sample. We observed a line at 41
cm21, which can be tentatively assigned to anAg mode. In
fact, the modes ofAg symmetry are not degenerate and ke
the same symmetry in theD2h group. This explains the fac
that theAg C60-related mode can be observed. The spectr
displays a strong line at 235 cm21, which coincides with the
predicted value of theHg(1) C60-related mode. This mode
has been also observed in the case of Sc2@C84 ~Ref. 11!.
Two additional thin and strong lines are downshifted to 2
and 219 cm21. As they are close to the 235-cm21 line, these
modes can be tentatively assigned also to the splitting of
Hg~1! C60-related mode. The Hg~1! mode splitting is ex-
pected because of the lowering of the symmetry toD2h . The
235-, 224-, and 219-cm21 lines can correspond to an incom
pletely resolved structure. Finally, we observe a mode at
cm21 that has been also previously observed in the cas
La@C82 ~Ref. 10!. This mode was interpreted as a finge
print of the interaction of La31 with the C82 cage. In the
present situation, if we assume that this mode is a fingerp
of the interaction of La31 with the C80 cage, we can evaluat
the force constant of the La-C80 bond by using a simple
harmonic-oscillator model as in previous studies.10,11 In fact,
at room temperature, the two La atoms~ions! move along the
dodecahedron trajectory of C80. Under these circumstance

TABLE I. Frequencies and relative intensities for modes
La2@C80 between 150 and 500 cm21, sampleS1 . Frequency values
close to those of the C60-related modes are labeled in bold chara
ters. The intensity of the line at 161 cm21 is taken equal to unity.

v ~cm21! Relative intensity

491 0.27
471 0.89
453 0.25
433 0.28
416 0.44
399 0.41
381 0.23
370 0.17
355 0.62
342 0.15
332 0.14
314 0.07
292 0.29
270 0.12
250 0.09
234 0.97
224 0.77
219 0.36
183 0.14
173 0.16
161 1.00
01410
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the La-La coupling is smaller than the La-cage interacti
Thus the frequency of the La-cage mode is given by

v ~cm21!54.12Ak1

m
1

2k1

M
, ~2!

where k1 corresponds to the force constant of the La-C80
bond expressed in N/cm.M and m are the C80 molecular
mass and the La atomic mass, respectively, expressed in
The value of the force constant in dyn/cm is 105k1 . For v
5161 cm21, k151.63 N/cm. This value is compatible wit
a 31 ionization state of lanthanum, as expected.10,14,15 Fi-
nally, in the range 355–545 cm21 there are 12 lines apar
from that at 416 cm21. In this frequency range, thre
C60-related modes are expected at 374, 490, and 536 cm21.
These modes are derived fromHg , Fg , andGg modes, re-
spectively, which are expected to split into five, three, a
four modes, respectively. The observed number of mode
compatible with this description.

We then compare these results with those obtained
La2@C80 in solution. Apart from the contribution of the re
sidual Raleigh scattering, the first characteristic of this lo
frequency part of the spectrum compared to the previous
is the modification of the intensity distribution of the line
Only a limited number of lines appears on a structured ba
ground. Two features dominate this spectrum. The first on
355 cm21 presents a shoulder more pronounced than in
S1 spectrum. The second one, centered on 498 cm21, is much
broader than its counterpart in theS1 sample. In order to

FIG. 5. Fits of the low-frequency domain of the Raman spec
of La2@C80 ~a! and Ti2@C80 ~b! in solution. Solid circles display
the total fit curve. Solid lines display the individual Lorentzia
shaped curves which compose the fit. The relevant frequencies
listed in Table II.

f

-

5-5



and
racters

R. JAFFIOLet al. PHYSICAL REVIEW B 68, 014105 ~2003!
TABLE II. Frequencies and widths~second number! for modes of La2@C80 and Ti2@C80 in solution,
between 180 and 750 cm21, samplesS2 . The weak lines are indicated by w in the same column. Second
fourth columns: possible contributions of combination modes. The frequencies labeled in bold cha
correspond to the lines that appear only in one of the spectra.

La2@C80 in
solution
~cm21!

Combination modes
~cm21!

Ti2@C80

in solution
~cm21!

Combination modes
~cm21!

742 26 5141226, 4941250
733 28 5121224, 3771356
699 34 4781224 695 17 4941196
681 7 4781224 678 27
671 14 4481224
651 7 4301224
623 25 624 19 3741250
609 12 607 23 w
541 40 546 7 w 3161226

540 10 w
528 6 533 7 w
512 18 514 27 3161196, 2641226
503 5
497 10 495 17 3011196, 2641226
490 5

485 8
478 17

472 18
463 16 463 15
448 10 2241224 443 25
430 27
414 10 417 22
405 17 404 8
392 26 393 15 1961196
377 6 378 33
368 12 360 30
356 14 349 11 w
337 29 333 18

317 18
300 60 300 25

283 8 w
275 8 w

266 27 264 12
250 25 w
230 40 w

224 16 223 18
209 6 w

191 27
196 22
ow

e
o-
c
e
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can
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compare both spectra in more details, we have fitted the l
frequency domain ranging from 200 to 600 cm21 with the
same set of lines than that retrieved from theS1 spectrum.
The resulting fit is displayed in Fig. 5~a!. The peak frequen-
cies involved in the fit are listed in Table II. In order to fit th
lowest modes around 200 cm21, the curve has been deconv
luted from the Raleigh scattering, which is taken into a
count by an exponentially decaying curve centered at z
with a width of 45 cm21. The comparison between the p
01410
-

-
ro

rameters used to fit theS1-type andS2-type spectra demon
strates that the same modes are implied in both fits.
slight downshift observed between the frequency values
be interpreted as the result of the additional interaction of
metallofullerenes with the solvent in theS2-type sample.
Very few additional lines contribute to the signal. In order
account for the higher part of the spectrum between 550
700 cm21, one additional C60 mode of Hg symmetry has
been included, at 775 cm21. The C60-related mode has a
5-6
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frequency of 675 cm21. The large number of modes ob
served in the 609–780 cm21 region is in agreement with th
picture of Hg C60-related mode splitting. One can reasonab
suggest that the strong line observed at 609 cm21 corre-
sponds to the predicted Hg~3! C60-related mode.

We now turn to the low-frequency part of the spectrum
Ti2@C80. This spectrum is displayed in Fig. 5~b!. The main
difference between this spectrum and the correspond
La2@C80 spectrum is the absence of marked structures in
former case. This could be the result of a larger mode sp
ting, as expected given the fact that the sample is a mix
of the same isomerI h as in the case of La2@C80 and of the
D5h isomer of lower symmetry. The symmetries of th
Raman-active modes ofD5h group areA18 , E28 , andE19 . The
relevant structure of the dimetallofullerene isC2v . It implies
the following splitting of the modes:

A18→A1 ,

A28→B1 ,

E18→A11B1 ,

E28→A11B1 ,

A19→A2 ,

A29→B2 ,

E19→A21B2 ,

E29→A21B2 . ~3!

The A1 , B1 , andB2 modes are all Raman active. As in th
case of La2@C80, we can expect to relate the observ
modes to C60 modes, but we also can expect to obse
modes that derive from additional C70-related modes since
C70 hasD5h symmetry. Linear fits deduced from these mod
are displayed in Fig. 4~b!, which also includes the previou
C60 linear fits. They lead to predict cage modes at 210, 2
386, 406, 425, 653, and 685 cm21 in addition to the previous
C60-related modes. The fit of the spectrum is displayed
Fig. 5~b!. Line frequencies and widths are listed in Table
As previously observed in the high and middle parts of
spectrum, the number of lines necessary to obtain a sat
ing fit is not much greater than in the case of the La2@C80
spectrum. Because of the resolution and complexity of
fit, it is nevertheless possible that the broadest lines co
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anne.debarre@lac.u-psud.fr
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spond to unresolved structures. The spectra of both Ti2@C80
and La2@C80 are correctly fitted in the range 180–800 cm21

by about 30 modes. A more detailed analysis of the obser
frequencies indicates that, apart from a small shift, all
C60-related modes appear in both the Ti2@C80 and La2@C80
spectra. In the low-frequency part of the former spectru
two lines at 209 and 250 cm21 have frequencies close t
C70-related modes, but the identification of lines wi
C70-related modes is not obvious for most of them, in co
trast to the case of C60-related modes. The influence of th
coupling of the cage and ions is more sensitive in the lowe
frequency range of the spectrum. The thin and quite str
line at 196 cm21 observed in the spectrum of Ti2@C80 could
be a good candidate for such a fingerprint. The value of
force constantk1 related to the Ti-cage bond, deduced fro
Eq. ~2! is 1 N/cm. This value is lower but of the same ord
of magnitude than the values deduced in the case of diva
ions.15 The titanium atom belongs to the group IV, and
highest ionization state is 4. Nevertheless, the electron
ergy loss spectroscopy~EELS! spectra of Ti2@C80 reveal
that the valence state of Ti in Ti2@C80 is lower or of the
order of 21 ~Ref. 12!. Our results are in good agreeme
with this observation. The masses of titanium and lanthan
are in a ratio of nearly 1/3. This large mass difference
partly counterbalanced by a weakest interaction of the t
nium ions with the cage. Finally, despite the mass differe
of the two different species, the spectra are quite simila
the range 300–700 cm21 in agreement with the fact that th
fingerprints of the interaction between the cage and trap
ions are expected in the low-frequency range of the Ram
spectrum.

V. CONCLUSION

We have presented a detailed analysis of the Raman
tures of two dimetallofullerenes. In order to compare the
results with those of previous studies of mono- and dime
lofullerenes we have compared the observed frequencie
the predicted values deduced from the empirical mass s
that relates the frequencies of metallofullerenes to C60 mode
frequencies. We have identified a low-frequency line for ea
species, which we have tentatively assigned to a metal-c
vibration. The derived values of the ion-cage bond force c
stants are compatible with a 31 ionization state of each lan
thanum atom inside the C80 cage and with an ionization stat
of 21 at most for each titanium atom inside the C80 cage.
They are in agreement with the expected values. This c
firms in particular that the ionization state of the group-
titanium atom is not the highest possible one.
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