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The electronic and vibrational structure of the nitride clusterfullerengNI@Cg, (I) was investigated by

cyclic voltammetry, FTIR, Raman, and X-ray photoemission spectroscopy. The electrochemical energy gap
of TmsN@GCgo (1) is 1.99 V, which is 0.13 V larger than that of $@Cso (1). FTIR spectroscopy showed

that the Gg:7 (In) cages in TiEN@GCqo (1), ErsN@GCso (1), HosN@ Cgo (1), ThsN@Cgo (1), GdsN@Cyo (1), and
YsN@GCy (1) have the same bond order. The analysis of low-energy Raman spectra points to two uniform
force constants which can be used to describe the interaction between the encaged nitride cluster and the
Cs0:7 (Ih) cage in MN@GCg (1) (M = Tm, Er, Ho, Th, Gd, and Y). Because thesWNi-Cgo bond strength is
strongly dependent on the charge of the metal ions, this is a direct hint forfargal valence state of the

metal ions in these nitride clusterfullerene series, includingN@GCg (I). Photoemission spectra of the Tm

4d core level and the Tm 4f valence electrons provided a direct proof for'& ¢rtronic configuration of

the encapsulated thulium. In conclusion, thulium insN@GCg (1) has a formal electronic ground state of

+3, in contrast to thet-2 state found in Tm@4. It is demonstrated that the valence state of metal atoms
encaged in fullerenes can be controlled by the chemical composition of the endohedral fullerene.

1. Introduction molecular structure of the endohedral fullerene, remains an open
) . ~question. The possibility that encapsulated thulium can have a

Design and control of electronic and structural material 3 siate was first discussed for 3@GCs: (I, 1l), whose vis-

properties is among the most challenging tasks in modermn NjR spectra closely resembled those ohb@Cs, (1, I1I).°

material research. Because of their intriguing molecular archi- Hoyever, vis-NIR spectra provide predominantly the informa-

tecture, endohedral fullerenes are of great interest for chemiststjion on the electronic state of the carbon cage. Hence, up to

physicists, and material scientists since they were discoveredngy, 5 direct experimental evidence for an encaged*Tinas

in 1985! They are comprised of encaged atoms, ions, or clustersygen lacking.

and a surrounding carbon cage. Endohedral fullerenes exhibit TmN@GCao (1) is an ideal molecule to test the effect of

ur_]ique structural and electr(_)nic proper_ties, which are _combin_gd chemical composition and fullerene structure on the electronic
with advantageous processing properties such as thelrsolubllltyground state of encapsulated thulium. First, the thulium ions

In common organic solyents, their high thefma' Stab”.'ty’ gnd are bonded to a central nitrogen and therefore have a different
their ability for sublimatior? The encapsulation of thulium is chemical bond state than in mono- and dimetallofullerenes.

the focus of fullerene research for at least two reasons. First, agecond. the space available for the JXheluster inside the &
great variety of cage structures was synthesized, encompassingage is ’more confined than for the two Tm ions in J@Cs,

the three isomers of Tm@g and the TRN@GCy (39 = n =< Third, TmeN@Gso (1) was produced as the most abundant
43) clgsterfullerene family Second, avalen;eGSta.teﬁQ. was fullerene in the soot extraétwhich is hardly achievable for
established for endohedral Tm@Qullerenes® which differs Tm.@Ga» or other mono- and dimetallofullerenes. A high-yield

from thedu_sual+3_statedof thﬂ!umt_ metal, dlssol(;/ed f”:r‘:“:?m synthesis, however, is important for technological applications.
1ons, and norganic and coordination compounds ot thulium. =, , ;¢ paper, the electronic and vibrational structure of

E‘S’;%aée’;t_ 2::8”%%& ég@dmﬁ:f;nwige tfnlaso ggg?:” for TmsN@Cgo (1) was studied by various experimental techniques.
acce teé4rule that rare earthzm’etal ions ?efer their Igwer valilance-rhe electrochemical energy gap and the redox behavior of
stater) as electronic ground states in n?onometallofullerenes TMsN@Gso (1) were determined by cyclic voltammetry. FTIR
9 . " spectroscopy was used to analyze the(l,,) cage bond order

Whether an encaggd metal can hz_ive dlfferen_t_electronlc of TmsN@Co (1) in comparison to that of the nitride cluster
ground states, depending on the chemical composition and thefyjlerenes EsN@Gso (1), HosN@Cso (1), ThsN@GCao (1)
GBN@GCgo (1), YN@GCgo (1), and SgN@GCgo (I). Raman

* Authors to whom correspondence should be addressed. Fax: 0049-spectroscopy was applied to follow the strength of interaction
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t Group of Electrochemistry and Conducting Polymers. within this nitride clust_erfullerene series. As final proo_f fo_r the

* Group of Solid State Spectroscopy. valence state of Tm in TgN@GCgo (I), X-ray photoemission
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spectroscopy was used to probe the Tm 4d core level and the
Tm 4f valence electron emissions.

2. Experimental Section

Preparation, isolation, and characterization of the nitride
clusterfullerenes under study are described in detail in previous
articles>1915 The TmyN@Cgo, ThsN@Cgo, GN@Co, and
SaN@Cgo were isomer pure samples based on the TT(1y,)
cage isomer and classified as isomer I. TheN& Cgo,
HosN@Gso, and Y3N@ Cgo samples consisted of 8®0% Go: 7
(In) and of 16-20% Gso:6 (Dsh). The latter is classified as cage
isomer (Il). For FTIR and Raman measurements, A@@itride
clusterfullerene were dissolved in toluene, drop-coated on KBr
single-crystal disks, and annealed at 285in a high vacuum
of 2 x 106 mbar. FTIR spectra were measured at room
temperature in transmission by an IFS 66v spectrometer (Bruker,
Germany) with a resolution of 2 cnh. Raman scattering was
excited by the 647.1 nm and the 514.5 nm emission lines of a Figure 1. Schematic structure model of BN@GCso (I). The C; axis
Kr* ion and an Af ion laser, respectively (Innova 300 series, is oriented perpendicular to the paper plane. Thulium: red, carbon:
Coherent, U.S.). The scattered light was collected in & 180 dark gray, nitrogen hidden by the central carbon. The geometry and
backscattering geometry and was analyzga i 64000 triple the orientation of the TgN cluster is the subject of further investiga-

. tions.
spectrometer (Jobin Yvon, France) whose spectral band-pass
was set to 2 cm. A rotation device was used as sample holder 1200 v

 rakad bt
Red 1

to exclude heat-induced sample changes in the Raman experi- 1000 Red2 S ]
ments. Cyclic voltammetry measurements ok 1104 mol/L 800 - > < ]
solutions of TMN@Ggo (I) in 1.2-dichlorobenzene with 0.1 600 3 > 8 ol
mol/L tetrabutylammonium tetrafluoro-borate (TBABFas s00d 2 i ° sz
supporting electrolyte were done at room temperature under inert 550y = S e

¢

conditions in a glovebox. A three-electrode arrangement of a € 0]
platinum sheet working electrode, a platinum wire counter ~
electrode, and a silversilver chloride reference electrode was
used. Electrode potentials and sweep rates were controlled by
a PAR 273 potentiostat (EG&G, U.S.). For photoemission 800.]
spectroscopy, thin films of TEN@GCso (1) were prepared by 1000]
sublimation onto freshly sputtered Au foil in ultrahigh vacuum 20-18-16-14-12-10-08-06-04-02 0.0 02 04 06 08 1,0
(UHV) at 700 °C. The samples were then transferred under E/V vs. FoFct

ultrahigh vacuum conditions into the spectrometer where they Figure 2. Cyclic voltammetry of TraN@Gso (1) and for comparison
were studied using monochromatic Al ikadiation (1486.6 V) of SeN@Gy (1). Open circles: full cyclic voltammogram (CV) of
with an energy resolution of 350 meV. The spectra of the TmsN@Gs (I); solid line: CV of the first reduction step of TiN@Cso
TmsN@GCso (1) contained no contribution from the substrate, (1); short-dotted line: CV of SIN@C (I). Scan rate: 10 mV/s.
remaining solvent, or any other contaminations.
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the determination of the electrochemical HOMOUMO gap
energy and of the relative energies of the molecular frontier
orbitals. For a 1x 107* mol/L TmsN@GCg (I) solution in

3.1 Molecular Structure of TmzN@Cgo (1). TmsN@ Cgo (1) o-dichlorobenzene, two reduction steps and one oxidation step
is the most abundant member of the M@ G, (39 < n =< were observed (Figure 2). All potentials refer to the potential
43) clusterfullerene family.Ilts molecular structure is based on  of the ferrocene/ferrocinium redox couple (FcflzcFerrocene
the Go:7 cage isomer which hdg symmetry? The details of was added as internal standard for a final voltammetric cycle.
the TmyN cluster geometry, in particular, the question of Both reduction steps of T§N@GCg (1) are irreversible. This is
planarity or nonplanarity, as well as the preferred orientation demonstrated by a potential sweep into the range of the first

3. Results and Discussion

inside Gg:7 (In) are still under investigation. In SN@ Cgo (1), reduction wave at-1.34 V (Figure 2), for which two anodic
the trigonal planar SN cluster is located at one of the 13 peaks at—1.28 V and—0.85 V are observed.
axes of the @7 (I) cagel*®Quantum chemical calculations Apparently, two reduced species were generated: the

pointed to a slight rotation of the &¢ cluster out of the TmsN@GCso (I) monoanion and a reaction product of it. The
symmetry planes which are located parallel to the threefold peak currents in the back scan give the dominance of the latter
axis* One reason for this configuration is the match of one. A similar behavior was found for the second reduction
symmetry properties of SN cluster and @7 (I) cage. On step. The electrochemical gap of IH@ Cgo (1) as the difference
the other hand, the g\ interaction with a corannulene site of  of the formal redox potentials of the first reduction st€p; req()
the Ggo cage was energetically favored in comparison to the = —1.31 V, and of the first oxidation stefti/2,0x1) = +0.68
interaction with hexagonal ring4.As the same arguments are V, is 1.99 V. This is 0.13 V larger than the electrochemical
valid for TmgN@GCg (1), the TN cluster is presumably also  gap of SeN@GCgo (1).13 Cyclic voltammetry confirmed two
located on theC; symmetry axis of 7 (I). This is shown results obtained by vis-NIR spectroscopy: the large energy gap
schematically in Figure 1. of 1.75 eV for TmN@GCg (I) and its slightly larger value
3.2 Cyclic Voltammetry. Cyclic voltammetry was used to  compared to 1.7 eV in SN@GCg (1).° Regarding the valence
measure the redox properties of W@ Cgo (1), which permit state of thulium, the same redox pattern is observed in the cyclic
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TABLE 1: Redox Potentials (V vs Fc/Fc¢) and
Electrochemical Energy GapAEgap ec (V) of TmsN@Cqo (1)

m
o
o
w

Sc,N

clusterfullerenes.
To clarify further details of the electronic structure of
TmsN@GCso (1), it is useful to compare its redox potentials of

in Comparison to the Data of SgN@Cgo (1), La,@ Cgo,'’ ] 17
and Cgot” YN
3
redox potentials energy gap - _-v\ \/\va
Gd N
sample Ered(2)  Eed(l)  Ex(1) AEgap.ec _g R ’
TmsN@Ceo (1) -1.76 -1.31  +0.68 1.99 NS o 4 To,N
SeN@Ceo (1) -1.62 -1.24  +0.62 1.86 § F’VV\\ [\ﬂr\r
La,@Cso -171  -031 4056 0.87 s M Ho,N
Ceo ~150 -112  +121 2.33 £ i 1
@ ‘\V"W\A\ (’\rv* Er,N
voltammograms of TAN@ Cgo (1) and SeN@GCgo (1). This is a 2 ™ Tm.N
strong indication of a similar electronic structure in both /V“\'\\ /_\N :

the first reduction and the first oxidation stage with those of 1200 1300 1400 1§'00

endohedral fullerenes on the basis of the samg7Cly,) cage Wave number/ cm’

but with a different interior: SIN@Ggo (I) and La@ Cgo (Table Figure 3. FTIR spectra of RIN@GCg (I) (RE = Tm, Er, Ho, Th,
1). Moreover, the data of &g are included in Table 1. Gd), YN@Geo (1), and SeN@GCeo (1) in the tangential cage mode region

recorded with 500 accumulations and 2¢mesolution. Spectra were

The first reduction and the first oxidation potential of : ; : - g
TmN@Gso (I) are almost symmetrically shifted from the baseline correcte_d for presentation. Vertical bars are given to indicate
3 0 the frequency shifts between SE@Cq (I) and the class Il cluster-

corresponding redox potentials of B@Cgo (1), E1/2 redr)= fullerenes.

—1.24 V andEyz,0xq)= +0.62 V. Obviously, the exchange of

SN by TmsN causes energetic shifts of both the HOMO and  averaged group frequencies of the tangential line groups B, C,
the LUMO. Additionally, the peak current ratio of both reactions p and F were calculated for both classessN&@®Cyo (I) has

is extremely metal-dependent. These observations indicate a3 7 cnr1 on average and 7.9 crhat maximum higher tangential
significant contribution of TN and SeN wave functions o mode frequencies than the group Il clusterfullerenes (Table 2).
both frontier orbitals of the electronic structure of IM@Ceo  These differences are significant within the experimental ac-
(1) and SeN@Gso (Iz.?Upto now, it was th%consen.sus. thatthe cyracy. On the other hand, they are much smaller than the
LUMO of La,@Cso'" and of SeN@Gso (1)* have significant  frequency differences between different integer charge states
contributions from La and S,N wave functions. Thls is the_ of Ceo during potassium or rubidium metal dopitjThe FTIR
reason for the strong metal influence on the first reduction spectra prove the same bond order of thgT(ly) cage in

potential E1/2 req(1y (Table 1). The present study reveals, more- TmN@GCeo (1), in the other REN@Ceo (1) where RE= Er,
over, a significant metal contribution to the HOMO, since the "1y and Gd. and in W@Gs (I). This same bond order

first oxidatior_l potential shifts_ systematically frot0.56 Vc/rer can be attributed to the same charge state of #& @) cage
in Lap@GCeo Via +-0.62 Veg/rer iIn SGN@Cgo (1) to +0.68 Vig/rer within this series of six nitride clusterfullerenes. Furthermore,

in TmsN@Ceo (1)- the tangential cage mode spectra point to a slightly higher bond

3.3 FTIR Spectroscopy. FTIR spectroscopy iS a Very  qerin SgN@Cy (1) than in the class Il clusterfullerenes. This
sensitive method to study the electronic and geometric structure;g presumably the result of a slightly different partial charge

13 ihi i i
;)Irizg?rgeiﬂr?ri::utlfrzggfzércn;g\é@rbn%gg)rggggltjlr%glst;r%t:;r']cﬁ:lal to transfer between nitride cluster molecular orbitals &gdand
Gy-derived frontier orbitals of the 4.7 (1) fullerene cage.
that of EEN@Cao (1), HosN@ Geo (1), ThsN@Ceo (1), GN@Ceo v 7 (In) g
3.4 Raman SpectroscopyRaman spectra of endohedral

(1), and YN o () (Figure 3). Four significant line groups monometallofullerenes show a metal-cage stretching vibration
were observed: one very strong line group at approximatel y
y g drotp PP y below 200 cm?, whose frequency shifts by approximately

1380 cnt?! and three medium intense line groups centered at 1 .
approximately 1515, 1450, and 1200 ¢mThese line groups +40 cnT whe_n athreefold_ charged metal ion, as for example,
La" or GcP™, is encaged instead of a twofold charged metal

are labeled with B, C, D, and F in order of decreasing 20.21 ’ ;
frequencied314 The limited number of lines is due to the '0N as Tnt" or EW*372021 The physical reason of this
icosahedral symmetry of the cage isomeg T, whose response d_ependence is a stronger metal-carbon cage interaction in the
dominated the FTIR spectra even in those cases were the sampl8igher charged metallofullerenes. In the present study, the low-
contained 16-20% of the Gu6 (Dsy) isomer, that is, for ~ €nergy Raman spectrum of M@ Ce (1) is compared to the
ErsN@Cso, HON@GCso, and YsN@GCso. The analysis reveals spectra ofnlt.rlde clusterfullerenes containing excl_uswely t.hree-
differences in line splitting and line positions of REA Ceo valent metal ions. For the case of a two-valent thl_JIlum, distinctly
(RE= Tm, Er, Ho, Th, Gd) and YN@GCso on one hand and of lower frequencies of the low-energy Raman lines would be
SeN@GCso () on the other (Table 2). Most notably, some €xpected.
tangential cage modes of @ Cyo (1) have higher frequencies Figure 4 and Table 3 give evidence that the class Il
than their counterparts of the other nitride clusterfullerenes. clusterfullerenes, that is, RE@GCgo (RE = Tm, Er, Ho, Tb,
Owing to these spectral differences, the nitride cluster- and Gd) and ¥N@GCgo, have the same low-energy vibrational
fullerenes are classified into two classes, withNB@ Cgo (1) as structure. This structure involves three medium intense lines
class | and the other six structures includingsN@ Cg (1) as which shift to smaller frequencies with increasing metal mass.
class Il. To compare the tangential mode frequencies of The second of these lines is partly split into three components
SaN@GCs (1) to those of class Il, a twofold averaging was in maximum, and only the strongest of them will be considered
carried out. First, the wavenumbers of one individual tangential in the following analysis. The low-energy Raman spectrum of
mode of compound class Il were averaged, and second, theSaN@GCgo (1) also exhibits three line groups. Their frequencies
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TABLE 2: Wavenumbers (cm~1) and Relative Intensities of Tangential FTIR Modes of REN@Cg (I), RE = Tm, Er, Ho, Tb,

and Gd; Y3N@Csgo (1); and ScsN@Cg (1)2

TmsN@GCeo(l) ErsN@Gso(l) HOosN@GCso(l) ThsN@Gso(l) GdsN@GCso(l) Y3N@GCso(l) average of class Il SB@GCso(l) line group ref 14

1515 m 1515 m 1515 m 1515 m 1516 m 1515 m 1515.2 1519 m B
1508 sh 1507 sh 1507 sh 1507 sh 1507 sh 1507.2 1506 m

{1511.2 {1512.5
1461 m 1460 m 1461 m 1460 m 1461 m 1461 m 1460.7 1460 m C
1448 m 1448 m 1445 m 1446 m 1444 m 1448 m 1446.5 1446 m

{1453.¢ {1453.0
1434 m 1434 m 1429 m 1433 sh 1428 sh 1433 w-m 1431.8
1420 w 1422 w 1419w 1424 sh 1415 sh 1422 w 1420.3
1386 w 1385 s 1384 vs 1384 m 1384 s 1383 m 1384.3 1390 m D
1379 vs 1378 vs 1375 vs 1376 vs 1376 vs 1375 vs 1376.5 1382 vs
1365 s 1369 m 1367 sh 1368 sh 1368 sh 1366 sh 1367.2 1373 s
1355 m 1358 m 1355 sh 1356 sh 1356 sh 1356 sh 1356.0 1364 s

{1378 {1377.2
1205 sh 1204 w 1203 sh 1203 sh 1204 sh 1204 sh 1203.8 1211 sh F
1198 m 1196 m 1195 m 1194 m 1194 m 1195 m 1195.3 1204 m

{1199.6 {1207.

aNumbers in brackets are averaged wavenumbers of the above listed line group. vs: very strong, s: strong, m: medium, w: weak, sh: shoulder.

TABLE 3: Wavenumbers (cm~1) of Low-Energy Raman Lines of REN@Cg (1), (Re = Tm, Er, Ho, Th, Gd), Y sN@Cg (1), and

SeN@Cgo (1)
sample TRN@Guol) ErRN@Gofl) HON@Ceol) Th:N@Ceol) GEN@Ceol)  YN@Csoll) ™ SGN@Caofl) 1
Raman shift (cm?) 157 158,5 160 163 165 194 210
89 80 83 97 109 132
71 71,5 73 75 77 94 120
51 52 57 54 85 102, 92, 82
34 35 33 33 35,5 38 52,43

are higher than those of the corresponding class Il cluster-line is assigned to a deformation mode of thesREluster.
fullerenes and the line splitting is significantly stronger (Figure The smoothness of the line shift is an indication of a similar

4).
In a previous study, the @ Cg line at 210 cm! and the

Y3N@GCqgo line at 194 cnt were assigned to a deformation

cluster structure within the class Il clusterfullerenes.
The frequencies of the other two low-energetic Raman lines
range from 71 cmt in TmaN@GCgo (1) to 120 cnt! in SaN@ Ceo

mode of the nitride clustéf Because of the metal-dependent (I) and from 33 cm?! in ThsN@Gg (I) to 47.5 cntl in

downshift within the REN@GCgo clusterfullerene series from

165 cntlin GAN@GCg (1) to 157 et in TmsN@Cgo (1), this

GdN@C,, ()

g TmN@C,, ()
. i

Er,N@C,, ()

Ho,N@C,, (1)

Wah ; 1
DS\ 1 .

50 100 150 200
§ Tb,N@C,, (1) Raman shift/ cm™

50 100 150 200
Raman shift/ cm™
Figure 4. Low-energy Raman spectra of RE@Cs (1) (RE = Tm,

Er, Ho, Tb, and Gd), @G (1), and SGgN@GCso (1); 647 nm laser
excitation, 15 mW laser powgeR h accumulation time.

SaN@GCy (1). They are assigned to ;M —Cgg vibrations, that

is, intercluster modes due to the bond formation between the
nitride cluster and the g3 cage!* A frequency downshift with
increasing mass of the nitride cluster was observed for the two
M3N—Cgg vibrations. For a quantitative analysis, their frequen-
cies were correlated with [feg (M3sN—Cgo)]/2, the square root

of the reciprocal reduced mass of a hypotheticalNMCgo
harmonic oscillator (Figure 5). Regression coefficiafts 0.95
obtained for both modes indicate that this simple model provides
a good approximation for the §l—Cgo interaction in the
studied nitride clusterfullerenes. On the basis of this analysis,
two uniform force constants describing thelWA-Cg interaction
were derived:f; = (0.54+ 0.03) N/cm and, = (0.11+ 0.01)
N/cm. The observed metal dependence can be fully explained
by pure metal mass influence on theWt-Cg oscillator. The
facts that TreN@ Cgo (1) fits very well into this model and that

no difference in the interaction strength was found in contrast
to the behavior of endohedral monometallofullerenes are very
important for the determination of its valence state. Low-energy
Raman spectra, therefore, provide a direct indication fé13a
state of thulium in TreN@Ggo (1).

3.5 X-ray Core Level and Valence Band Photoemission
Spectroscopy.Since photoemission spectroscopy from core
levels provides a direct measure of the chemical state of each
atom in the compounds, Tm 4d level photoemission can give a
first direct determination of the Tm valency. Figure 6 shows
the Tm 4d photoemission spectrum of IN@Cgo (I) in
comparison to the spectra of Tm@nd Tm metal, where
the former is an example of the divalent ¥mwhile the latter
represents a trivalent Tin.
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Figure 5. Low-energy MN—Cg Raman mode frequencies plotted
versus [Iieq (MaN—Cgo)]¥3 M = Tm, Er, Ho, Th, Gd, Y, and Sc.
The straight lines result from linear regressions.

Tm metal

Relative intensity/ arb. un.

TmN@C,,

T T T T T
18 17
él%‘loding engrgy/ e\;J
Figure 6. XPS spectra of the Tm 4d photoemission of sN@ Cgo (1)
compared with those of Tm@g&and Tm metal.

200 160

The observed Tm 4d binding energy in W@ Cgo (1) is
177.7 eV, significantly higher than in Tm@&£with 172.8 eV,
indicating a Tm valence higher than 2 in the nitride cluster-
fullerene. A simple analysis of the binding energy position of
the Tm 4d main line in terms of the charge state of the Tm ion
is complicated by a broad multiplet structure with an intensity
distribution over more than 30 eV resulting from a strong-4d
4f Coulomb exchange interaction. The multiplet structures of
Tm metal and TeN@GCgo (I) are similar in a sense that only

Krause et al.
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Figure 7. Valence state photoemission spectrum of ;M@ Cgo (1)

(top) as compared with the theoretical analysis (solid line). The dashed
and dotted lines represent the contributions offTand Tn¥" to the
photoemission spectrum of BN@Cyo (1), respectively. Calculated 4f
photoemission multiplets for T#h and Tn¥" are shown as line
spectra®

electronic configuration of predominantly (#)with a minor
contribution of (4f}3.

The characteristic 4f photoemission multiplet structures are
well-known fingerprints for the charge state of rare earth
atoms?? Figure 7 shows the valence band photoemission
spectrum of TN@GCgo (1) after background correction.

Since the photoemission spectrum o0go€ (In) is not
accessible, only a Shirley background correction was applied.
The dominating features arise from Tm 4f multiplets, whose
photoionization cross section for Alkexcitation is much larger
than that of the carbon cage C 2s and C 2p states. The result of
the analysis is shown in the middle part of Figure 7, where the
TmaN@GCgo (1) spectrum was calculated as optimized superposi-
tion of individual contributions from Tt and Tn#*. The solid
bars show the calculated photoemission multiplet profiles for
Tm3t (4f12 — 4f1Y) and Tn?* (413 — 4f19).22 The calculated
TmsN@GCqo (1) spectrum reproduces the experiment very well.
The major difference occurs at the lower binding energies from
the contribution of C 2s and C 2p ofz&7 (I1,). Obviously, the
trivalent character of Tm dominates the whole valence state
spectrum. This is consistent with the Tm 4d core level results.
From the area of divalent and trivalent sets (only 10% of divalent
Tm?"), the effective valence of Tm 4f can be extracted as 2.9,
which is about 20% higher than the effective valence 2.4 of
scandium in SN@GCg (1).2* Hence, photoemission spectros-
copy provided the direct experimental proof fort& formal
valence state of thulium encaged aszNwluster in TmMN@ Cgo

Q).

4, Conclusion

one resolved peak is found in addition to the main peak, whereas TmzN@GCg (I) was studied by cyclic voltammetry, FTIR,

four minor emission peaks were found for Tm@ Figure 6).

Raman, and photoelectron spectroscopy. The electronic structure

Also, there is a shoulder at the onset of Tm 4d emission at 175 of TmsN@GCgo (1) is characterized by an electrochemical energy

eV in TmgN@GCgo (1), which can be assigned to the minor
contribution of Tn¥* to the overall response. This points to an

gap of 1.99 V. Its Gu:7 (In) cage has the same bond order as a
series of REN@ Gy (1), where RE= Gd, Tb, Ho, and Er, as
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The effective charge on the thulium ions w&2.9. The study Kuran, P.; Dunsch, LPhys. Re. Lett 1997 79, 3026-3029.

; . ; - ; (7) Kuran, P.; Krause, M.; Bartl, A.; Dunsch, IChem. Phys. Lett.
provides the first experimental proof for a three-valent electronic 1998 292 580-586.

ground state of thulium encaged in fullerenes. (8) Okazaki, T.; Suenaga, K.; Lian, Y.; Gu, Z.; ShinoharaJHChem.
In a more general sense, the study demonstrated that thePhys.200Q 113 9593-9597.
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