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Direct EELS observation of the oxidation states of Sm atoms in Sm@ C2n
metallofullerenes „74Ï2nÏ84…
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The oxidation states of Sm atoms in various fullerene cages are directly investigated by electron
energy-loss spectroscopy. The observed peak positions of theM45 edges of the Sm atom in
Sm@C2n @2n574, 78, 80, 82~isomers I, III!, 84 ~isomers I, II, III!# are apparently shifted to the
lower binding energy region in comparison with those of a trivalent Sm31 in Sm2O3. The results
indicate that the Sm atoms take12 valence states irrespective of the fullerene cages. This
observation is discussed based on a simple thermochemical cycle model. We also report that the Sm
metallofullerenes have been converted to Sm carbide materials under a prolonged electron beam
irradiation. © 2000 American Institute of Physics.@S0021-9606~00!01645-7#
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I. INTRODUCTION

Endohedral metallofullerenes have attracted particu
interests as they might exhibit unique solid-state proper
associated with the charge transfer from metal atoms to
bon cages. The encapsulated metal effect on the charge
tributions of metallofullerenes has been investigated by s
eral experimental techniques.1–6 In particular, the electronic
structures of C82-based monometallofullerenes have be
studied extensively.1 For example, the ultraviolet photoemis
sion spectra of La@C82 and Gd@C82 showed characteristic
features related to the trivalentM31@C82

32 ~M5metal
atom! state,2,3 whereas an x-ray photoemission study
vealed the divalent character of the Tm atom in the C82

fullerene cage.4 Based on these and the other systema
studies,7–10 it is now generally accepted that group 3 atom
~Y, La! and most of the lanthanide elements~Ce, Gd, etc.!
donate three electrons to the C82 cage~group A! while two
valence electrons on group 2~Ca, Sr, Ba! and the other lan-
thanide atoms~Sm, Eu, Tm, Yb! are transferred to the C82

cage~group B!.
The electronic states of di- and trimetallofullerenes w

also studied by electron paramagnetic resonance~EPR!11 and
x-ray diffraction methods.12,13 In Sc2@C84, for example, Sc
atoms are mutually separated from each other and lo
close to the C84 cage. The formal charge state of the Sc at
is 12, leading to the~Sc21)2@C84

42 configuration.12 Three
Sc atoms in Sc3@C82 form an equilateral triangle cluste
inside the carbon cage, and its electronic state is well re
sented by Sc3

31@C82
32.13

a!Author to whom correspondence should be addressed; electronic
nori@nano.chem.nagoya-u.ac.jp
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Under these circumstances, a control of the electro
structure of a metallofullerene by changing the size of
fullerene cage becomes progressively an important are
metallofullerene research. However, systematic studies of
electronic states of metallofullerenes with various siz
fullerene cages have so far been limited. In a previous stu
we have succeeded to isolate Sm-containing me
lofullerenes with the fullerene cages from C74 to C84, and
found that the oxidation state of the encapsulated Sm ato
12 in Sm@C82~II ! as revealed by electron energy-loss sp
troscopy~EELS!.6

Here we report a systematic EELS measurement o
series of Sm metallofullerenes@Sm@C2n , 2n574, 78, 80,
82~I, III !, 84~I, II, III !# to investigate the fullerene cage effe
on their electronic structures. The peak positions of the
M45 edges of these molecules indicate that the Sm ato
take12 states inside the fullerene cages; the intramolec
electron transfer process is not sensitive to the cage size
the structure. This trend can be qualitatively explained b
simple thermochemical cycle. In addition, we also found t
an extended or a strong irradiation of the electron beam le
to an increase of the trivalent features in the spectrum, in
cating the destruction of the Sm metallofullerene, which w
be eventually converted to the Sm carbide.

II. EXPERIMENT

Details of the synthesis and isolation of Sm-containi
metallofullerenes were described previously.6,14 Briefly, the
soot containing Sm metallofullerenes was produced by
DC arc-discharge method. Sm metallofullerenes were
tracted by CS2 and pyrizine, and isolated by the multiste
high-performance liquid chromatography~HPLC! method.8
il:
3 © 2000 American Institute of Physics

license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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The Sm metallofullerenes have structural isomers.6 The iso-
mer@e.g., Sm@C82~I!# was numbered in order of the increa
ing HPLC retention time.6 The purity of the Sm-containing
metallofullerenes was.99%.

The EELS measurements was carried out under a tr
mission electron microscope~TEM! ~JEOL 2010F! operated
at 120 kV.6,15 The specimen was prepared by putting a f
droplets of Sm metallofullerene/CS2 solution on a holey car-
bon microgrid. The Sm metallofullerene was immediate
dried up in the TEM chamber (;1027 Torr!. The EELS
signals were recorded by an electron spectrometer wit
charge coupled device~CCD! based detector~GIF, Gatan
Imaging Filter!. Great caution was taken to prevent electr
irradiation effects during the valence state measurement
small condenser aperture~20 mm! was used to reduce th
total current in the incident electron beam, and the region
interest~;30 nm! was chosen by the smallest selected a
aperture, therefore the electron beam was not neces
tightly focused. In such a condition, the SmM45 near-edge
structure can be recorded in enough counting statistics
hardly any irradiation damage. Spectral evolution for t
overdosed specimen~more than 60 s acquisition time und
the present experimental conditions! will also be discussed in
this article~see Sec. III!.

The third electron affinities~Ea) of various fullerene
cages were obtained by the semiempirical calculation~PM3!
with the GAUSSIAN 98 program package.16

III. RESULTS AND DISCUSSION

A. EELS measurements on the Sm-containing
metallofullerenes

High-energy spectroscopic methods such as x-ray
sorption spectroscopy~XAS! and EELS can provide a direc
proof of the valency of lanthanide ions.4,17,18 In particular,
EELS is a powerful method to investigate the electro
properties of metallofullerenes because it can be perform
in an electron microscope by using a tiny incident elect
beam~typically a size of nanometer! and therefore require
only a small amount of specimen.15 Figure 1 shows the
EELS spectra of a series of Sm metallofullerenes in theM45

edges region of Sm. A reference spectrum for a trival
Sm31 in Sm2O3 is also shown at the bottom of Fig. 1. Th
M45 spectra consist of two well-separated line groups due
the strong spin–orbit interaction~M5: 3d5/2→4 f 7/2, M4 :
3d3/2→4 f 5/2).

17,18 These lines are dominated by th
3d104 f n→3d94 f n11 dipole transition and therefore refle
the 4f unoccupied density of states. The trivalent Sm31 atom
has an electronic configuration of 4f 5 while that of the diva-
lent Sm21 is 4f 6. This difference in the electronic stat
causes the 2;3 eV shifts in energy between theM45 peaks
of Sm31 and Sm21.6,17,18

The M45 edges of all the Sm-containing meta
lofullerenes currently studied appeared at the same en
positions within experimental accuracy (;1 eV! ~Fig. 1!.
The highest positions for theM45 edges were observed a
;1105 and ;1078 eV. Apparently, these positions a
shifted to the lower energy region in comparison with tho
of trivalent Sm31 in Sm2O3 ~the bottom spectrum in Fig. 1!.
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The shift value of theM5 edge is 2.1;2.4 eV, which is
almost identical to that observed for the XAS spectra
Sm21 and Sm31.17,18 The obtained EELS spectra have
broad side band inM5 edge (;1081 eV!. The fine structure
of these patterns is governed by the density of 4f 7/2 unoccu-
pied states that are accessible to the 3d5/2 electron.18 Similar
M5 fine structure is also observed in the XAS spectrum p
lished for a divalent Sm21 in Sm0.3Y0.7S.17 Another possible
origin of this peak is a small amount of the Sm31 ion which
forms as a result of the irradiation damage. Eventually,
discussed later, the Sm31 signal will appear in a similar en
ergy region during irradiation. The shape of this peak, ho
ever, is not clear because of the low experimental resolut
The obtained peak position of the side band (;1081 eV! is
slightly higher than that of the majorM5 peak of Sm31

(;1080 eV!. Furthermore, the side peak can be also o
served in an extremely weak irradiation condition, in whi
the Sm31 signal does not appear even after the;10 min.
irradiation. We therefore conclude that the observed s
band is the fine structure of theM5 edge of divalent Sm21.
The present results indicate that the Sm atom takes a diva
state in Sm@C2n @2n574, 78, 80, 82~I, III !, 84~I, II, III !#.
We will discuss the cage effect on the electronic state
metallofullerenes by using a simple thermochemical cy
model.

In the present experiment, the shape of the EELS spe
was changed with a lapse of the irradiation times of the e
tron beam. This trend can be observed in all the Sm me
lofullerenes studied here. For example, Fig. 2 shows the t
evolution of the spectrum of Sm@C80. After the first mea-

FIG. 1. EELS spectra of the Sm-containing metallofullrenes@Sm@C74,
Sm@C78, Sm@C80, Sm@C82~I, III !, Sm@C84~I, II, III !# and trivalent
Sm31 in Sm2O3.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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surement with the accumulation time of 1;2 min @Fig. 2~a!#,
intense peaks adjacent to the main peaks appeared@Fig.
2~b!#. In particular, theM5 edge at;1080 eV can be clearly
seen in Fig. 2~b!. The peak positions can be ascribed to tho
of Sm31.17,18 During the irradiation, the intensity of the d
valent Sm21 peaks decreased and finally disappeared@Fig.
2~c!#. This is indicative of the destruction of the fulleren
cages by the irradiation of the electron beam. Obviously
Sm atom prefers to take13 state outside the fullerene cag
In fact, the oxidation state of Sm atom is found to be13 in
samarium carbide~SmC2).19 In this study, it is crucial to
reduce the acquisition time for the valence state meas
ments to prevent irradiation damage which may mislead
wrong conclusion for the valency.

B. A thermochemical cycle model

The present and previous6 results revealed that the Sm
atom prefers to take12 oxidation state in the fullerene cage
@Sm21@C2n

22; 2n574, 78, 80, 82~I, II, III !, 84~I, II, III !#.
On the other hand, group 3 and most of the lanthanide m
allofullerenes generally take13 states in the fullerenes.1–3,7

The preferential valency is, of course, reflected in a lar
stability of the molecule. Here, we try to explain this ca
size effect on the valency of Sm ion within a framework
the relative stability of the two electronic state
(Sm21@C2n

22 and Sm31@C2n
32) by using a simple ther-

mochemical cycle model@Fig. 3 ~a!#.
This thermochemical cycle model is similar to a mod

previously proposed by Wanget al.20 In the first step of the
thermochemical cycle@Fig. 3~a!#, the Sm metal atom emit
electrons and becomes Smm1 state, wherem is the valence
of the Sm ion. This step requires activation energies co
sponding to the sum of the ionization potentials of the S
atom @ I p

sum5I p(Sm1)1I p(Sm21)1•••1I p(Smm1)#. In
the next step of the cycle, the electron, when transferre

FIG. 2. The time evolution of the EELS spectrum of Sm@C80.
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the fullerene cage, releases the energy given by the sum
the corresponding electron affinity@Ea

sum5Ea(C2n
2)

1Ea(C2n
22)1•••1Ea(C2n

m2)#. In the final step, the met
allofullerene is further stabilized by a Coulomb attracti
between the positive atom and the negative fullerene c
@EC(Smm1@C2n

m2)#. Hence the stabilization energie
DEm , during the formation of Sm21@C2n

22 (DE2) and
Sm31@C2n

32 (DE3) are expressed as

DE25I p~Sm1!1I p~Sm21!2Ea~C2n
2!2Ea~C2n

22!

1EC~Sm21@C2n
22!, ~1!

DE35I p~Sm1!1I p~Sm21!1I p~Sm31!2Ea~C2n
2!

2Ea~C2n
22!2Ea~C2n

32!1EC~Sm31@C2n
32!.

~2!

The relative stability between Sm21@C2n
22 and

Sm31@C2n
32 (DE2→3) is thus given by

DE2→35I p~Sm31!2Ea~C2n
32!1DEC , ~3!

whereDEC5EC ~Sm31@C2n
32)2EC ~Sm21@C2n

22).
Precise experimental data exist forI p(Sm31) ~523.4

eV!,21 whereas no reliable experimental values exist
Ea(C2n

32) of the large fullerenes. Hence we estimated t
quantity from the energy level of the lowest unoccupied m
lecular orbital~LUMO! of C2n

22 ~Koopmans’ theorem! by a
semiempirical calculation. The geometrical structures
C2n

22 were optimized at the PM3 level. The symmetries
the fullerene cages in Sm@C74 and one of Sm@C82 can be
estimated to beD3h and C2, respectively.6 Such structural
information on Sm@C78, Sm@C80, and Sm@C84 has been
so far limited. Hence, in this calculation, we assumed that
symmetries of Sm@C78, Sm@C80, and Sm@C84 cages are

FIG. 3. Schematic illustrations of~a! a simple thermochemical cycle mode
and ~b! a spherical shell model.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the same as those of the most abundant isolated ho
fullerenes C2v-C78, D2-C80, andD2-C84, respectively.22–25

This assumption can be a good approximation for a qua
tive understanding even if the fullerene cages of me
lofullerenes generally have different symmetries from tho
of the corresponding hollow fullerenes.12,13 All calculations
were carried out with the restricted Hartree–Fock~RHF!
method. The singlet spin state for each C2n

22 was assumed
The obtainedEa(C2n

32) values are negative because of t
Coulomb repulsion between the electron and the char
cage~Table I!. In Fig. 4, the2Ea(C2n

32) values are pre-
sented as a function of the number of the carbon atoms in
fullerene cage. As a general trend, the2Ea(C2n

32) values
increase as the size of the fullerene decreases. This im
that the larger fullerene is a better electron accepter than
smaller one.

The main part of the stabilization energy comes from
Coulomb attraction. We estimated this quantity by using
simple spherical shell model@Fig. 3~b!#. In this model, the
metal atom and the fullerene cage are expressed as sp
with radii of r andR, respectively. The Coulomb interactio
is given byEC(Smm1@C2n

m-)52m2e2/4pe0R, wheree0

is a dielectronic constant. The energy difference betweenEC

of Sm21@C2n
22 and Sm31@C2n

32 can, therefore, be ex
pressed asDEC525e2/4pe0R. The radii of the fullerene
cages ~R! were estimated from the surface area of t
fullerene. For example, C74 has 27 hexagons and 12 pent

TABLE I. The calculated third electron affinities@Ea(C2n
32)#, the esti-

mated radii~R!, the Coulomb interactions (DEC) of various fullerene cages
~C2n), and the sum of the third electron affinity and the Coulomb interact
(Es52Ea(C2n

32)1DEC).

2n Ea(C2n
32)/eV R /Å DEC/eV Es/eV

74 22.5 (D3h
a) 3.97 218.1 215.6

78 22.4 ~C2v
a) 4.08 217.7 215.3

80 22.2 (D2
a) 4.14 217.4 215.2

82 21.9 ~C2
a) 4.19 217.2 215.3

84 21.7 (D2
a) 4.25 216.9 215.2

aThe symmetry of the calculated isomers.

FIG. 4. The cage size effects on the estimated third electron affin
@Ea(C2n

32), solid circles# and the Coulomb interactions (DEC , solid
squares!.
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gons while C60 has 20 hexagons and 12 pentagons. He
the relative ratio of the surface areas for C74 and C60 will be
;1.118. Using this ratio and the experimental radius of C60

~53.55 Å!,26 the radius~R! of C74 was estimated to be;3.97
Å. The calculated radii of the other fullerenes by the meth
are listed in Table I. By using these values,DEC was ob-
tained for various sizes of fullerene cages from C74 to C84

~Table I!. These calculations indicate that theDEC value
increases during the12→13 charge transfer process as t
radius of the fullerene cage increases~Fig. 4!.

C. The cage size effect on the oxidation state of the
encapsulated Sm atom

The cage size effect on the relative stability between
two electronic states~Sm21@C2n

22 and Sm31@C2n
32)

should appear in the third electron affinity of the ca
@Ea(C2n

32)# and the Coulomb interaction (DEC). Table I
also shows the sum of these energies (Es52Ea(C2n

32)
1DEC) for each fullerene cage. As stated in Sec. III B, t
stabilization energy from the Coulomb attraction (DEC) be-
comes larger as the cage size decrease, whe
2Ea(C2n

32) exhibits an opposite trend~Fig. 4!. Conse-
quently, Es will not become a sensitive function of th
fullerene cage size.

It has been revealed that there is a correlation betw
I p(M31) of the encapsulated metal and its oxidation state
a fullerene cage~Fig. 5!.27 The solid line around;23 eV
denotes a threshold. The atoms above this threshold pref
take 12 oxidation states in the fullerene cages~group B!
because a relatively high energy is needed to have13 states,
whereas the atoms below the threshold take13 states inside
the fullerenes~group A!. The energetic difference betwee
I p(M31) of these groups is 0.58 eV@5I p(Sm31)
2I p(Ho31)#, which exceeds the difference between the la
est and the smallestEs estimated above (;0.4 eV!. This
result implies that the oxidation states of the Sm ions do
change in the fullerene cages from C74 to C84.

n

s

FIG. 5. The third ionization potentials@ I p(M31)# of the lanthanide ele-
ments.
license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Recently, similar EELS measurements on a series o
dimetallofullerenes~Sc2@C2n , 2n580;90! has also been
carried out by the present group.28 The observed peak pos
tion of the ScL-edge is found to be almost identical for the
molecules. Although the valency of the Sc atom in Sc2@C84

is still controversial,29 these results indicate that the Sc ato
are trapped within the fullerenes with the same oxidat
state. On these bases, we can conclude that the fullerene
size effect on the electronic states of the encapsulated m
atoms is generally rather small.

The above simple model can explain the present exp
mental observation that the oxidation state of the Sm atom
insensitive to the fullerene cage. We should note, howe
that this model provides us a qualitative understanding of
experimental results. For example, we cannot explain
group A atoms take13 state in fullerenes by this model, i.e
DE2→3 of these metallofullerenes have positive values. T
discrepancy may be due to the energy uncertainties for
individual steps described earlier. It is well-known th
Koopmans’ theorem provides a smallerEa than the true
value because in a real molecule the redistribution of e
trons is occurring so as to relax the molecular structu
Hence the values ofEa(C2n

32) calculated here may be un
derestimated. Moreover, in a realistic description, the enc
sulated metal atom does not locate at the center of the c
Theoretical calculations30,31 showed that there is 2;3 eV of
the energy gain from the off-center location in Sc@C82 and
La@C82. A more detailed theoretical study is required
quantitatively describe the electron transfer process in
thallofullerenes.

IV. CONCLUSION

We report a first systematic study of the varency of
encapsulated metal in various fullerene cages by elec
energy-loss spectroscopy~EELS!. The resemblance of th
EELS spectra of Sm@C2n @2n574, 78, 80, 82~I, III !, 84 ~I,
II, III !# to those of a divalent Sm21 in Sm alloys suggests
that the Sm atoms take12 valence states irrespective of th
fullerene cages. This observation can be reproduced by
simple model with a thermochemical cycle. According to t
model, the electron affinity increases as the fullerene s
increases, whereas the gain in Coulomb interaction show
opposite trend. This provides significant reduction of t
cage size effect on the intramolecular electron transfer p
cess of the metallofullerenes.

We also found that the Sm metallofullerenes can be c
verted to Sm carbide materials having Sm31 states under a
prolonged electron beam irradiation.
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