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Abstract: The 3C NMR spectra were measured for three isomers of Tm@Csg,, which is one of the divalent
metallofullerenes. The molecular symmetries were determined for each isomer: isomer | has Cs symmetry,
isomer Il has C, symmetry, and isomer Il has C,, symmetry. Moreover the cage structure of Tm@Csg(11)
was found to be Cg2(9). As a result, it was revealed that Tm@Cs(Ill) has a cage identical to that of La@Css,
which is one of the trivalent metallofullerenes.

Introduction as the trivalent metallofullererfé. This contradiction prevents

us from gaining further understanding of metallofullerenes. In
the present study, to resolve the contradiction, we also isolated
the same three isomers of Tm@Cas Dunsch et al. and

Lanthanoid-containing metallofullerenes withg,Ccages,
M@Csg, (M is a lanthanoid metal atom), are the most widely
investigated metallofullerenes. According to the oxidation state - .
of the metal atom inside, they are classified into two groups; in measured t_he|r3C NMR spectra. Because_ Tm@Lis a
one the metal atom takes the divalent state, and in the other jtParamagnetic molecule, the range'# NMR signals are too
takes the trivalent stafeMany researchers have been interested Wid€, making it difficult to find signals with typical spectral

in whether the two types of metallofullerenes have a common widths; thus, we ﬁmagined .that Dunsch et -aI. did not find all
cage. Tm@Gis one of the divalent metallofullerens, while the signals and failed to assign the symmetries correctly. In fact,

La@Gs, is one of the trivalent metallofullerené<Dunsch et the symmetries determined by us &g Cy, andCy, for isomer

al. measured thEC NMR spectra of three isomers of Tm@C l, II_, and lll, respectively, which are different from th(_)se
and assigned their symmetrieSs, Ca,, andCs for isomer I, II, assigned by Dunsch et al. Our results have revealed that isomer
and Ill, respectively. Recently, Akasaka et al. measured the Il of TM@Ce has the same cage as La@C

13C NMR of La@G anion produced electrochemically and
determined that La@gz hasC,, symmetry’ According to their
results, the two types of metallofullerenes possess no common The soot containing Tm@gwas produced by direct current (600
cage. On the contrary, on the basis of the transmutation A) arc discharge of a Tm/C composite rod under a 180 Torr He
experiment of a metal atom, Sueki et al. suggested that isomeratmosphere. Both the empty fullerenes and metallofullerenes were

Ill of the divalent metallofullerenes has the same carbon cage SXtracted from the soot by refluxingif8 h with 1,2,4-trichlorobenzene.
The isolation of three isomers of Tm@£vas accomplished by four-
*To whom correspondence should be addressed stage high-performance liquid chromatography (HPLC). In all the
(1) Kikuchi, K.; Sueki, K.; Akiyama, K.; Kodama, T.; Nakahara, H.; lkemoto, ~ stages, toluene was used as eluent, and the flow rate was 12 mL/min.

I. Fullerenes: Recent A@dnces in the Chemistry and Physics of Fullerenes i
and Related MaterialsThe Electrochemical Society, Inc.: Pennington, At the first stage, a Buckyprep column (20 mm250 mm) was used

Experimental Section

1997; Vol. 4, pp 408-416. for roughly separating three isomers of Tm@fom other fullerenes.
(2) Kirbach, U.; Dunsch, LAngew. Chem.,, Int. Ed. Engl99§ 35, 2380~ Tm@Gs2 was found in the tail of a hollow & fraction. At the second
3) I%?glﬁer T.; Golden, M. S.; Knupfer, M.; Fink, J.; Kirbach, U.; Kuran, P; stage, Tm@gx(1) was separated from the other two ispmers by using

Dunsch, L.Phys. Re. Lett. 1997, 79, 3026-3029. two Buckyprep columns (20 mm 250 mm). At the third and fourth
(4) Pichler, T.; Knupfer, M.; Golden, M. S.;'B&e, T.; Fink, J.; Kirbach, U.; stages for Tm@gx(1), two Buckyprep columns (20 mmx 250 mm)

Kuran, P.; Dunsch, L.; Jung, @ppl. Phys. A1998 66, 281-285. .
(5) Johnson, R. D.; de Vries, M. S.; Salem, J.; Bethune, D. S.; Yannoni, C. S. and a 5PBB column (20 mnx 250 mm) were employed for each;
©) ¥ﬁture 1992 355 239'_2406 different from th ven by D o empty fullerenes were removed, and Tm@(J was isolated. At the
e isomer names given by us are different from those given by Dunsc :
et al. The names |, II, and IIl in our work correspond to the names B, A, third stage for Tm@gx(Il) and Tm@G(1ll), they were roughly

and C in their work, respectively. The correspondence was confirmed by separated from each other, and the empty fullerenes were removed by
comparing the absorption spectra of each isomer. In this report, the former using two Buckyprep columns (20 mm250 mm). At the fourth stage
nomenclature was utilized because it is useful to compare with other divalent - ’ -
metallofullerenes. Dunsch, L.. Kuran, P.. Kirbach, U.. Scheller, D. tWo isomers were completely separated from each other by using a
Fullerenes: Recent Adnces in the Chemistry and Physics of Fullerenes  Buckyclutcher column (20 mnx 250 mm).

and Related MaterialsThe Electrochemical Society, Inc.: Pennington,
1997; Vol. 4, pp 523536.

(7) Akasaka, T.; Wakahara, T.; Nagase, S.; Kobayashi, K.; Waelchli, M.;  (8) Sueki, K.; Akiyama, K.; Kikuchi, K.; Nakahara, lehem. Phys. Let.998
Yamamoto, K.; Kondo, M.; Shirakura, S.; Okubo, S.; Maeda, Y.; Kato, 291, 37—43.
T.; Kako, M.; Nakadaira, Y.; Nagahata, R.; Gao, X.; Caemelbecke, E. V.; (9) Sueki, K.; Akiyama, K.; Kikuchi, K.; Nakahara, H. Phys. Chem. B999
Kadish, K. M.J. Am. Chem. So200Q 122, 9316-9317. 103 1390-1392.
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) Figure 2. The temperature-dependeéf€ NMR spectra (125 MHz, G$
Figure 1. 13C NMR spectra (125 MHz, G of Tm@GA(1l); (a) and (b) of Tm@GA1l).
were measured at room temperature in a proton-coupled mode and a proton-
Sfi,‘i’g “Cﬁ’,'ﬁ,i irgorf];’ Jﬁ;ﬁggﬂve'“ The intensity of each peak marked with a and the dislocation of the metal atom from the symmetry axis
or the symmetry plane can be determined. Fgr@@ages, there
The purity of isolated species was confirmed by LD-TOF-MS, and are nine isomers that satisfy the isolated pentagon rule (IPR):
each isomer was identified with those reported by Dunsch et al. by Cy(1), Cs(2), Cx(3), Cy4), Cx(5), Cs6), Cs.,(7), C3,(8), and
comparing the absorption spectra. Relative yields of three isomers areC,,(9).1° Figure 3a shows thE&C NMR spectrum of Tm@§gx(1).
the almost same, although we cannot determine the absolute yieldThe integrated intensity ratio of the peaks marked with a solid
quantitatively. The*C NMR spectra were measured at 125 MHz in  ¢jrcle and an open square is 2:1, and the numbers of them are
CS solvent with 5% 1,1,2,2-tetrachloroethadeas an internal lock. 38 and 6, respectively. Thus, the symmetry of Tm¢@Fwas
Each solution was almost saturated. The signals were accumulated forfound to beCs and there are four possible cages: the
3 or 4 days. isomers andC3,(8). ThreeCs cages clearly satisfy tHéC NMR
The Peak Assignment Methods of  13C NMR Spectra pattern, and the metal atom needs to be located in the symmetry
plane. Moreover, if the metal atom is located in the symmetry
plane and is displaced from ti& axis and the entire molecular
symmetry becomeSs, theCs,(8) cage also satisfies the pattern
ppm) of the*C NMR spectra of Tm@g(1); (2) and (b) were  pocayse thes,(8) cage has six carbon atoms in the symmetry
measured in a proton-coupled mode and a proton-decoupledyane and 38 pairs of carbons on both sides of the symmetry
mode, respectively. In both spectra, the intensity of each peakyjane On the other hand, when the metal atom is located in
marked with a solid circle is not changed, although the intensity 1, symmetry plane and is displaced from @or C, axis for
of other peaks is changed. This means that the latter peaks COMhe C,,(7) or Cx(9) cage, the molecular symmetry becories
from the carbon a'_[oms _c_onne(_:ted to a proton, thgt IS, thesebut the number of peaks and the intensity ratio do not match
carbons belong to impurities. Figure 2 shows a portion {110 4,4 experimental results. Figure 3b shows € NMR
140 ppm) of the temperature-depend&i@ NMR spectra of g octrym of Tm@g(l). Its symmetry was found to b€,
Tm@G(Il). The peaks marked with a solid circle show pacase the number of peaks whose intensities are almost the
temperature-dependent shifts. On the other hand, other peakg;meis 41. The symmetry of the cag€is and the metal atom
have no such dependence. Tm@@lso shows ESR signals at | ,aeds to be located on t@ axis. Figure 3¢ shows th&C
very low temperature; thus, it is a paramagnetic molecule. In \\R spectrum of Tm@g(IIl). The intensity ratio of the peaks
general, the NMR signals of a paramagnetic molecule Show 14 r1eq with a solid circle and an open square is 2:1, and the
temperature-dependent shifts; therefore, the peaks that did not, ;mpers of them are 17 and 7. Therefore the symmetry of
shift were assigned to impurities. The results obtained by the Tm@GAIIl) was found to beCy,; its cage isCy,(9) (Figure

two different methods of peak assignment are completely 4y 4.4 the metal atom needs to be located orChaxis. Our
consistent with each other, and we assigned the impurity t0 di- g5 jts also do not contradict an ab initio calculai®Bunsch

2-ethylhexyl phthalate. et al. assigned the symmetry of Tm@lifferently. They
measured the spectra only in the range between 80 and 180
ppm, although we found additional signals out of this range.

The method of peak assignment is explained for the case of
Tm@Gs(Il) as an example. Figure 1 shows a part (£2@0

Results

Parts a, b, and ¢ of Figure 3 show tH€ NMR spectra of
three isomers of Tm@dz, respectively; the peaks assigned to (10) Fowler, P. W.; Manolopoulos, D. EAn Atlas of FullerenesOxford
; University Press: Oxford, 1995.
Tm_@Q‘z a_lre m_arked with some Symb0|s' By the number and (11) Ab initio calculation on Ca@43, which is also a divalent metallofullerene.
the intensity ratio of the peaks, the symmetry of the carbon cage Kobayashi, K.; Nagase, £hem. Phys. Lettl997, 274, 226-230.

J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002 1453



ARTICLES Kodama et al.
(a) Tm@C(I)
400 300 200 100 0
Chemical Shift/ ppm
(b) Tm@Cy,(II)
300 200 100 0
Chemical Shift / ppm
(c) Tm@Cy(II)
SOV W—— wiond il ;
300 200 100 0
Chemical Shift / ppm

Figure 3. 13C NMR spectra of (a) Tm@4x(1), (b) Tm@G(I1), and (c) Tm@G(1ll), measured at 125 MHz in GSolvent with 5% 1,1,2,2,-tetrachloroethane-

dz as an internal lock. The signals were accumulated for 3 or 4 days. The peaks marked with some symbols are assignegtdnTa@@d (c), the
integrated intensity ratio of the peaks marked with a solid circle and an open square is 2:1. In (b), all the peaks marked with a solid circle have same
intensity.
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Figure 4. The structure of g(9) which is the cage of Tm@lll). . . .
Figure 5. UV-—vis—near IR absorption spectra of Tm@(Ql) and

Ca@G(lll) in CS; solvent at room temperature. The latter is reproduced

Discussion from ref 13, with permission from the publishers.

Ca@G, is a divalent metallofulleredé like Tm@Gs,.
Despite the difference in metal atoms, the absorption spectrum
of Tm@G(Il) is very similar to that of Ca@gx(1ll) as shown
in Figure 5. This has been supposed to indicate that not only
are the oxidation states of the metal atoms identical, but the
electronic transitions also mainly come from thelectrons of
the carbon cage. Therefore, the metallofullerenes whose absorp-

the cage symmetry strongly supports the above supposition.
Strictly speaking, we cannot say that Tm@@) and
Ca@Gy(lll) have the same cage because there are three
structural isomers witks, symmetry; even so, itis very plausible
that the two metallofullerenes possess identical cages.

La@G. s a trivalent metallofullerene, and thus the electronic
S

. . tructure of La@gz is La®"@GCg,®~. Due to an unpaired electron
tion spectra resemble each other are considered to possess th

§n the carbon cage, the relaxation timeE nuclear spins
same carbon cage. The symmetry of CagllT) has been found ge, P

. . becomes so short thatC NMR signals cannot be observed.
to beC; by Shinohara et &8 On the other hand, we determined e .
: . o To overcome this difficulty, Akasaka et al. electrochemicall
that the symmetry of Tm@4x(1l) is C,. This coincidence of y y

(13) Shinohara, HFullerenes: Recent Adnces in the Chemistry and Physics

(12) Xu, Z.; Nakane, T.; Shinohara, B. Am. Chem. S0d.996 118 11309~
11310.
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reduced La@g to make it diamagnetic, and they succeeded
in obtaining the'®*C NMR spectrum of the La@4z anion. On
the other hand, Tm@4zis a divalent metallofullerene, and so
the electronic structure of Tm@gis T @GCg?~, and no
unpaired electron exists on the carbon cage. Howevef Tm

states that isomer |II of divalent metallofulerenes has the same
cage as the trivalent metallofullereh&Quite recently, Akasaka

et al. measured th®C NMR of the minor isomer of La@4

and determined its symmetry &s.17 Although its symmetry

C; coincides with that of Tm@#§x(l), we cannot know the

has a 4P electronic structure; thus,the unpaired electron exists coincidence of the cage structure from only the result$cf
on the metal atom inside the cage. This unpaired electron affectsNMR because there are four possible cages for Tra@)C

the local magnetic field and the relaxation time &€ nuclear
spins on the carbon cage. The peaks of TmgJ (Figure

3b) are distributed over a very wide range compared to those

of Ca@G; (130-150 ppm)t2 and the peaks of Tm@gshow

Thus, X-ray studies of them are desirable.

Conclusions
Three isomers of Tm@4: were isolated, and thC NMR

temperature-dependent shifts, as is typical of paramagnetic metafPectra of them were measured. The symmetries of isomer |,

complexeg#-16
Last, we compare the molecular structure of Tmg¢g@with

that of La@G, Akasaka et al. reported that the symmetry of
La@G, wasCy,.” Therefore we can conclude that La@@nd

II, and Il were found to beCs, Cy, andCy, respectively. As a
result, it was revealed that Tm@4JIl) has an identical cage
with La@ Ggo.

Acknowledgment. This work was partly supported by a grant

Tm@G(lll) have an identical cage because there is only one from the Ministry of Education, Science, Sports, and Culture

isomer withC,, symmetry as mentioned in the results section.

This consequence confirms the suggestion by Sueki et al., which

(14) NMR of Paramagnetic Moleculgsa Mar, G. N., Horrocks, W. D., Holm,
R. H., Eds.; Academic Press: NewYork, 1973.

(15) Bertini, I.; Luchinat, C.NMR of Paramatnetic SubstanceElsevier:
Amsterdam, 1996.

(16) Nuclear Magnetic Resonance Shift Reageisvers R. E., Ed.; Academic
Press: New York, 1973.

(17) Akasaka, T.; Wakahara, T.; Nagase, S.; Kobayashi, K.; Waelchli, M.;
Yamamoto, K.; Kondo, M.; Shirakura, S.; Okubo, S.; Maeda, Y.; Kato,
T.; Kako, M.; Nakadaira, Y.; Nagahata, R.; Gao, X.; Caemelbecke, E. V.;
Kadish, K. M.J. Phys. Chem. B001, 105 2971-2974.

of Japan.

Supporting Information Available: HPLC chromatograms,
13C NMR spectra of Tm@#gx(Il) in a proton-coupled mode and
in a proton-decoupled mode, temperature dependénlMR
spectra of Tm@gx(11), absorption spectra, ESR spectra of three
Tm@Gs; isomers, line positions and relative intensities in the
13C NMR spectra (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org

JA005839T

J. AM. CHEM. SOC. = VOL. 124, NO. 7, 2002 1455



