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Chapter 1

General introduction

1. 1. Endohedral Metallofullerenes

An endohedral metallofullerene, a fullerene with a metal atom or atoms inside, is one

of the most interesting molecules, which has novel chemical and physical properties.1-3

There are a lot of reports, reviews, and books about this kind of molecules.4-7 Now

many attractive studies are in progress. The characteristic of the endohedral

metallofullerene is that a reactive metal atom is protected by the carbon cage from the

surrounding media. And the intra-molecular charge transfer form the internal metal

atom to the carbon cage plays an important role to stabilize the metallofullerene

molecule. Such a charge separated geometrical structure is analogous to a “super atom”.

The nature of the super atom can be chemically tuned by the combination of the metal

with the fullerene cage. The enormous variety can be expected in terms of the central

metal and of the fullerene cage.

1. 2. Production, extraction and isolation of endohedral metallofullerenes

 Some endohedral metallofullerenes were soluble in organic solvents such as toluene,

carbon disulfide (CS2), and chlorinated benzenes. The soluble character of endohedral

fullerenes makes the further investigations such as isolation or chemical experiments

possible. For example, La@C82 is the first isolated endohedral fullerene, for which

subsequent interests were mainly paid for this molecule.8,9 Up to now, colored elements

indicated in table 1-1 were encapsulated in the fullerene cage: Endohedral fullerenes of

group 1 and group 15 were produced by the impact of ion beam to C60,
10-13 those of

group 2, 3, and 4 were obtained by arc discharge or a laser ablation of a metal-carbon

composite rod,2,14 and those of group 18 were synthesized by the penetration of noble

gas to C60 under high temperature - high pressure.15 Extraction of endohedral

metallofullerenes was mainly performed by the wet method, such as a soxlet extraction

or refluxing with organic solvent. Solvents of toluene, CS2, or chlorinated benzenes are

used to the extraction of endohedral metallofullerenes.16-18 The extraction yield of

fullerenes and metallofullerenes depends on the solubility of these molecules.19-21 High
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

11Na 12Mg 13Al 14Si 15P 16S 17Cl 18Ar

19K 20Ca 21Sc 22Ti 23V 24Cr 25Mn 26Fe 27Co 28Ni 29Cu 30Zn 31Ga 32Ge 33As 34Se 35Br 36Kr

37Rb 38Sr 39Y 40Zr 41Nb 42Mo 43Tc 44Ru 45Rh 46Pd 47Ag 48Cd 49In 50Sn 51Sb 52Te 53I 54Xe

55Cs 56Ba 57-71 72Hf 73Ta 74W 75Re 76Os 77Ir 78Pt 79Au 80Hg 81Tl 82Pb 83Bi 84Po 85At 86Rn

87Fr 88Ra 89-103

Lanthanoides

Actinoides

57La 58Ce 59Pr 60Nd 61Pm 62Sm 63Eu 64Gd 65Tb 66Dy 67Ho 68Er 69Tm 70Yb 71Lu

89Ac 90Th 91Pa 92U 93Np 94Pu 95Am 96Cm 97Bk 98Cf 99Es 100Fm 101Md 102No 103Lr

Periodic table April. 2001.

Table 1-1. Periodic table for Endohedral Fullerenes

efficiency of extraction under the anaerobic (oxygen free) or high pressure - high

temperature method is known.16,22-24 On the other hand, the large enhancement of

metallofullerenes was given by extraction with pyridine and DMF

(Dimethylformamide).25-27 Especially aniline was only a solvent to extract metal-

endohedral C60.
25,26,28-31 Although the special ability in extraction of these solvents has

been known from the early stage of metallofullerene study, there were no reports to

explain a selective enrichment behavior of these solvents. A sublimation technique was

also applied to extraction for the metallofullerene, which could not be extracted by

solvents.32,33

The separation and the purification of endohedral fullerenes were performed by using

the High-Performance Liquid Chromatography (HPLC) technique.34-39 The parallel use

of more than one type of column (two- or multi-stage method) and the peak-recycling

technique were needed for the high purity. Table 1-2 shows the list of isolated

endohedral metallofullerenes to date. The notation of I, II, III, etc. indicates the

structural isomers.40,41 This table is categorized by the number of encapsulated atoms,

and clusters, such as Sc3N and Sc2C2. Mono-metallo endohedrals are further

categorized by the preferable oxidation state of encapsulated metal. Group 2 elements

(Ca, Sr and Ba) and some lanthanoid (Sm, Eu, Tm, Yb) endohedrals prefer the
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electronic structure of M2+@Cn
2-.42,43 Sc, Y, La and lanthanoid (Ce, Pr, Nd, may be

Pm, Gd, Tb, Dy, Ho, Er and Lu) endohedrals prefer the electronic structure of

M3+@Cn
3-.44,45 Hf and Ti were two of the transition metal encapsulated in fullerene

cage, and it was suggested by the analysis of HPLC retention behavior that Hf@C84

exhibited the electronic state of Hf4+@C84
4-. However, further confirmation should be

needed. 46-48 For the case of “+3 type” metallofullerenes, isolation of mono-

metallo-C82 is mainly reported to date. The reason is their exceptional stability and large

content of M@C82 in the soot extract.

Table 1-2. Isolated endohedral metallofullerenes
mono-metallo-
+2 type

mono-metallo-
+3 type

di-metallo- tri-metallo- cluster
endohedrals

Ca@C72
49 La@C82(I, II)

9,41 La2@C80
50 Sc3@C82 

51 Sc3N@C80
52

Ca@C74
49 La@C90(I-IV)

53 La2@C72
54 Er3@C74

55 Sc3N@C68
56

Ca@C82(I-IV)
57 La@C86 Sc2@C74

58 Sc3N@C78
59

Ca@C84(I, II)
57 Y@C82(I, II)

60 Sc2@C76
58 Sc2C2@C84

61

Ca@C80
62 Sc@C82(I, II)

63 Sc2@C82
58,64

Sr@C82
42,65 Sc@C84

63 Sc2@C84(I-III)
66

Sr@C84
42,65 Ce@C82

67 Sc2@C86(I, II)
64

Sr@C80
62 Pr@C82 (I, II)

68,69 Y2@C90
70

Ba@C82
42,65 Nd@C82

71 Gd2@C90
70

Ba@C84
42,65 Gd@C82

72 Ce2@C80
73

Ba@C80
42 Tb@C82

74 Pr2@C80
68

Eu@C74
75 Dy@C82 (I, II)

76 Er2@C82(I-III)
77,78

Sm@C74
43 Ho@C82

44 Er2@C84(I-III)
78

Sm@C76 (I, II)
43 Er@C82 (I, II)

78 Er2@C86(I-III)
55

Sm@C78
43 Lu@C82

79 Er2@C88(I-III)
55

Sm@C80
43 Er@C84(I-III)

55 Er2@C90(I-III)
55

Sm@C82 (I-III)
43 Er@C86(I, II)

55 Er2@C92(I-IV)
55

Sm@C84 (I-III)
43 Er2@C94(I, II)

55

Tm@C82(I-III)
80 U@C82

81 Dy2@C80
76

Eu@C82
82 Dy2@C82

76

Yb@C82
82 Dy2@C84(I-III)

76

Dy2@C86(I, II)
76

Eu@C60
83 Er@C60

84 Dy2@C88(I, II)
76

Dy2@C90(I-III)
76

Dy2@C92(I-III)
76

Dy2@C94(I, II)
76

Sc2@C66
85

HoTm@C82(I-III)
86

Hf@C84
46 Ti2@C80

47

Hf2@C80
46
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1. 3. Characterization of endohedral metallofullerenes

There are a lot of reports of the characterization of endohedral fullerenes. The

main interests have been focused on the electronic and the geometrical structure of these

molecules. The ESR spectroscopy was firstly applied to confirm the evidence of

La@C82,
3,49 and then Sc@C82, Y@C82

50 and Sc3@C82,
51 because of their paramagnetic

nature. Its high sensitivity and high selectivity to paramagnetic species was useful to

confirm the presence of the isomers of Mx@Cn (M= Sc, Y, and La, X= odd

number).16,52-59 On the other hand, the spectroscopic use of ESR revealed the electronic

structure and the rotational dynamics of these molecules in solution.60-73 The electronic

structure of Y@C82 and La@C82 were suggested to be M
3+@C82

3-, but there has been

controversy as to whether Sc@C82 has a +2 or +3 charged state. The first report of the

temperature dependent ESR study suggested the electronic structure of Sc2+@C82
2-

because of about one order of magnitude larger hyperfine anisotropy than that of

La@C82.
60 However, different conclusion, the charge state of Sc3+, was suggested from

the analysis of quadrupole interaction for La@C82 and Sc@C82.
62 The vibrational

spectroscopy gave the information, such as carbon-carbon and metal-carbon vibrations.

Similar vibrational structure of M@C82 (M=Y, La, Ce and Gd) was observed in

IR and the Raman spectra.8,74 The vibrational structures of Tm@C82 and Sc2@C84

isomers were also discussed.75,76 The high-energy spectroscopy, such as XPS (X-ray

Photoelectron Spectroscopy), UPS (Ultraviolet Photoelectron Spectroscopy),77-83

EXAFS (Extended X-ray Absorption Fine Structure),84-86 EELS (Electron Energy Loss

Spectroscopy),47,87-90 gave the valuable information about the electronic environment of

encapsulated metal atom(s).91-93 The X-ray powder diffraction with the MEM-Reitvelt

analysis gave the first evidence of the endohedral nature of an yttrium atom within a

C82, and this technique also proved the molecular structure of some endohedral

fullerenes.94-100 Theoretical calculations played an important role to predict the structure

of endohedral metallofullerenes, because of experimental difficulties.6,101-108

Recent calculations of M@C82,
109-114M2@C80,

115-117 and M2@C84
118-120 were in good

agreement with the experimental results, but some disagreements still remain.121 The

chemical properties of endohedral fullerenes were also reported.89,122-130

Difference of the chemical reactivity of endohedral fullerenes to that of hollow

fullerenes was discussed with electrochemical investigations.131,132 Nuclear magnetic
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resonance (NMR) spectroscopy was applied to various endohedral fullerenes, such as

La2@C80, Sc2@C84, Sc2C2@C84, Sc2@C66, Sc3N@C80, Sc3N@C68, Ca@C82, and

Tm@C82. 
13C- or multinuclear NMR revealed the symmetry of their cage and internal

dynamics of endohedral atom(s).133-142An interesting case is La@C82. 
141,142 Ordinary,

13C-NMR could not be applied because of its paramagnetic electronic structure of C82

cage. However 13C- and 139La-NMR were succeeded when La@C82 mono-anion was

prepared by electrochemical reduction, and the cage structures of C2v symmetry and that

of Cs were determined for the major and the minor isomer of La@C82. Determination of

the structures of fullerenes and endohedral fullerenes is one of the key information to

understand the formation mechanism of these molecules. Early gas phase experiments

have indicated the presence of numbers of metal-carbon clusters in vacuum.143-149 But

selected species were obtained in the soot extract. The isolated pentagon rule (IPR), a

five-membered ring should be surrounded by five six-membered rings, is one of the

most useful selection rules for considering the structure of fullerenes and endohedral

fullerenes.40 The numbers and intensities of 13C-NMR lines for possible IPR isomers of

Cn were summarized and this rule worked very well for hollow fullerenes.150-153 For

metallofullerenes, x-ray diffraction96,98 and 13C-NMR141 study reported the C2v

symmetry of major isomer of Sc@C82 and La@C82, and Cs symmetry of the minor

isomer of La@C82.
142 These cage structures are different from most abundantly

produced hollow C82 with C2 symmetry.152 Metallofullerenes with the cage size of 66 or

68 were reported as the non-IPR structure, which were proved by X-ray and 13C-NMR

measurements.136,139 The electron transfer from metals to carbon cage gave an important

factor for the stabilization of non-IPR fullerene cage. The reports of non-IPR fullerene

cage with the endohedral metal might give a hint to understand the formation

mechanism of fullerenes and metallofullerene. The formation mechanisms of fullerenes

named “pentagon road”, model,154 or the “ring stacking” model were proposed.155,156

The suggestion of the C60 as a seed of La@C82 was reported.
157 Another formation

mechanism based on the reorientation of C-C bonds, called Stone-Wales transformation

was proposed. The molecular dynamics simulation showed the formation of IPR-C60

structure from non-IPR C60 by annealing process.
158
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1. 4. Remained and newly subjected problems of metallofullerenes

Up to now, many kind of metallofullerene sample can be obtained in pure form by the

conventional production and isolation protocol. And the methodology of the

characterization has also been established. However, we can point out some unknown

problems. The mono-metal endohedral fullerenes, M@Cn (n = even number) is a

prototype for the investigation of interactions between internal metal atom and

surrounding fullerene cage. And the systematic characterization of M@Cn will give the

crucial information not only for understanding the remained questions to date but also

for further investigations. Metallofullerenes with +3 type metal inside were the most

frequently investigated species. And the preparation of few milligram of pure M@C82 is

not so difficult to date. The property of M@C82 with respect to the internal atom was

discussed in terms of the endohedral tuning of super atom. On the other hand, the

discussion of the dependence on the cage structure is of a great interest in terms of

framework tuning, however, this kind of research work has not been done for +3 type

metallofullerenes. 43,64,90,159-161 Although the metallofullerenes with various size of the

cage exist in an arc-burned soot, the number of available species is limited because of

the difficulty in further treatment, such as the extraction and the purification processes.

In the extraction process, which is the first step treatment, the selection of the

extraction solvent directly influences on the extraction yield of fullerenes and

metallofullerenes. Solvents of CS2 and chlorinated benzenes are favored for the

extraction of fullerenes and metallofullerenes because of their large solubility. 16,18,52 In

the soot extract by using these solvents, M@C82 is the most abundant metallofullerene

species, and the content of M@Cn with the size except for 82 decreases. Interestingly,

the species M@C60 and M@C70, which are most abundant in the soot, are not extracted

by above solvents. 2,14,154 On the other hand, the special ability in extraction of nitrogen-

containing solvents, such as pyridine, DMF, and aniline, has been known from the early

stage of metallofullerene study, but there were no reports to explain a selective

enrichment behavior of these solvents. 23,25,27,29-31,37,162-165 One of the hints, which

explain the special behavior of nitrogen containing solvents, may be hidden in the

electrochemical investigation of fullerenes and metallofullerenes. For example, M@C60

can be soluble in organic solvent when electrochemical reduction was performed.33
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The separation and the isolation of metallofullerenes are also performed in the

solution phase. As indicated in previous section, the report of the purification of +3 type

mono-metallofullerenes were limited to the cage size of 82, except for mono-Sc-, La-

and Er- metallofullerenes. For the case of La-endohedral fullerenes, which are the most

frequently investigated species, the report of the isolation was limited to the cage size of

82, 86 and 90.9,41,159,166 And those with the size except for 82, 86, and 90 were not

purified yet. We can point out two reasons why the systematic isolation and

characterization of above metallofullerenes could not be reported. One is their small

content in the soot extract. The second, which is the most important, is the miss-choice

of HPLC eluent. The solvent of toluene has been commonly used as an HPLC eluent.

However, the toluene has disadvantage in terms of its ability to store metallofullerenes

under chemically stable condition.57,128 By summarizing the previously reported

experimental result, we can conclude that the consideration of the chemical interaction

of metallofullerenes and organic solvents is necessary to perform the systematic

isolation and characterization of the series of M@Cns.

Recently, the interests are paid for the chemical and physical properties of

metallofullerene ions. The chemical reactivity of La@C82 with organic compounds was

controlled by the electrochemical reduction and the oxidation of La@C82-I.
167

1. 5. Aim of this thesis

This thesis contains two aims, one is the construction of the methodology of the

systematicthe separation and the characterization of metallofullerenes. For this purpose,

a series of isomers of lanthanum endohedral fullerenes were investigated as the

prototype of lanthanoid metallofullerenes. The second is the understanding the

electronic structure of metallofullerene ions.

In chapter 2, the chemical interaction of endohedral fullerene with organic solvent

was investigated. The efficient reduction of metallofullerenes by the solvation of

pyridine, DMF and aniline was found and confirmed by Vis-NIR, ESR, and NMR

spectroscopy. The special ability in extraction of these solvents has been known as

described before. Our finding would give an explanation for the remarkable behavior of

these solvents.
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In chapter 3, the improvement of the separation method was performed to obtain the

less-stable metallofullerene samples in high purity. The systematic separation of mono-

lanthanum endohedral fullerene, La@Cn (n=76-90), was performed by replacing the

commonly used toluene to chlorobenzene as a HPLC eluent. The separation and the

characterization of new lanthanum endohedral fullerene isomers with the cage size of 76,

78, 80, 84, 86, and 88 were performed.

In chapter 4, the detailed electronic structure and the spin state of metallofuollerenes

were investigated. The electronic structure of the series of La@Cn, (n=76-90) was

discussed by the analysis of the temperature dependent ESR measurement. The isotropic

and the anisotropic ESR parameters, such as the g- factor, the hyperfine coupling

constant and the nuclear quadrupole coupling constant, were determined. The

quantitative treatment of these parameters suggested the formal electronic structure of

La3+@Cn
3- for all La@Cns. The electronic structures of metallofullerene ions were also

investigated by ESR spectroscopy. The spin state of the internal atom was monitored

through the reduction and the oxidation process. For this purpose, Gd@C82-I was

chosen as an example because the unpaired electrons on the 4f-atomic orbital of Gd are

the main origin of the ESR signal. For the case of Gd@C82-I, the reduction and the

oxidation occur at the fullerene cage. ESR measurement of La2@C80 anion was also

performed. It is interesting to note that the excess electron lies on the internal La

dimmer for the case of La2@C80 anion.
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Chapter 2

Chemical Properties of Endohedral Metallofullerenes
(Contents in this chapter were submitted for publication.)

2. 1. Introduction

 The chemical property of endohedral metallofullerenes is now a great interest.

Preferable chemical and physical property can be achieved by introducing the functional

group to fullerene cage. The basic chemical property is the interaction with solvent.

Most frequently used solvent of toluene is believed as a good solvent for hollow

fullerenes, such as C60 and C70. However, some disadvantages of toluene were known in

handling of metallofullerenes, such as the low solubility and the presence of unknown.

In chapter 3, the use of chlorobenzene as a HPLC eluent gave highly efficient separation

of less stable endohedral metallofullerenes. And the choice of solvent is important

through the handling metallofullerenes. Various solvents have been used in the

extraction of endohedral metallofullerenes from the raw soot produced by the arc-

discharge method. The solvents of toluene, CS2, and chlorinated benzenes have been

used generally as an extraction solvent.1,2 On the other hand, pyridine and

dimethylformamide (DMF) were known to give effective enrichment of

metallofullerenes in the extraction, and aniline is especially effective for endohedral

metallo-C60.
3-5 The specific affinity of these solvents with metallofullerenes may be

attributed to the electronic interaction of the lone pair electron on nitrogen of the solvent

with the π orbital of the metallofullerene’s cage. However the exact nature of the

interaction has not been clarified as yet.

In this chapter we present the evidence that anions of La@C82-I, La@C82-II, and

La2@C80 are easily produced with almost 100% yield by the solvation of pyridine and

DMF. The formation of the La@C82-I anion was confirmed by Vis-NIR, ESR and 13C-

NMR measurements, which gave almost identical spectra with those of the La@C82-I

anion reported before.6,7 The reduction of La@C82-II and La2@C80 was also confirmed

by ESR and Vis-NIR measurement. The electron spin resonance (ESR) and Vis-NIR

spectra of La@C82-I, La@C82-II, and La2@C80 dissolved in pyridine and DMF gave

good agreements with those of the anion produced by electrochemical reduction. The
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confirmation of the formation of anion was also performed by the reaction with

chemical reduction reagent. It could be generally concluded that the solvation of

pyridine, and DMF, and aniline leads to the efficient reduction of endohedral

metallofullerenes. The reduction of C60 by the solvation of pyridine was also confirmed,

but the efficiency was smaller than that for metallofullerenes. And the subsequent

reaction of C60 anion radical with the pyridine molecule was observed. The evidence of

the reduction of metallofullerenes gave an explanation of the strange extraction

behavior of these solvents.

2. 2. Experimentals

An endohedral metallofullerene samples were prepared and separated according to the

method reported before8. The sample purity of more than 95 % was confirmed by laser

desorption time of flight mass (LD-TOF MASS, Kratos Kompact MALDI IV) and X-

band ESR (Bruker ESP300E) measurements. Pyridine was distilled over CaH2 under

vacuum prior to use. Aniline was distilled, and DMF was used as purchased.

Electrochemical-grade tetra-n-butylammonium perchlorate (TBAP), purchased from

Wako, was recrystallized from absolute ethanol and dried under vacuum at 313 K prior

to use. Or tetra-n-butylammonium perfluorate (TBAF) was used as purchased. Bulk

controlled-potential electrolysis of the two isomers of La@C82 was used to prepare the

corresponding anion and cation using a potentiostat/galvanostat (BAS CW-50).

Solutions containing [La@C82]- and [La2@C80]- were obtained in ODCB/TCB (3:1)

containing 0.2 M TBAP by setting the applied potential at 150 - 250 mV more negative

or more positive than E1/2 for the La@C82/[La@C82]- and La2@C80 /[La2@C80]- redox

couple, respectively.9,10 Chemical reduction was performed by mixing with DBU (1,8-

diazabicycro[5,4,0]-7-undecene, Wako) in ODCB, which were used as purchased.11

13C-NMR spectra were obtained at 125 MHz on a Bruker AVANCE500. Chemical

shifts were expressed downfield of the signal for the carbon atom in CS2 as an internal

standard (δ = 195.0). The 139La-NMR spectrum was measured at 300 K at 70.6 MHz on

a Varian unity 500sw spectrometer. The 139La chemical shift was calibrated with 0.6 M

LaCl3/D2O as an external reference (δ = 0). Vis-NIR spectra were recorded on Hitachi

U-3500 spectrophotometer.
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2. 3. Results

2. 3. 1. La@C82-I

The La@C82-I solution in CS2, toluene, or chlorinated benzenes exhibited well-known

octet ESR lines with a hyper-fine splitting of 1.15 gauss at ambient temperature.

However, an addition of a large amount of pyridine to the solution caused vanishing of

the ESR spectrum accompanied by a greenish color change of the solution. Figure 2-

1(a) shows the Vis-NIR spectrum of La@C82-I in CS2, which changed to the line (c) in

pyridine. And that in aniline (line (b)) looked like to the halfway of the spectra of CS2

solution and of pyridine solution.

a
b
s
o
r
b
a
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c
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/
 
a
r
b
.
 
u
n
i
t

200018001600140012001000800600400
wavelength / nm

 
 (d)La@C82-I anion / ODCB

 
 (c)La@C82-I / pyridine, DMF
 (b)La@C82-I / aniline
 (a)La@C82-I / CS2

Figure 2-1. Vis-NIR spectra of La@C82-I in (a) CS2, (b) aniline, and (c) pyridine. Line
(d) shows the electrochemically generated La@C82-I anion in ODCB.
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 A series of solutions with different concentrations of pyridine were obtained by

titrating the initial CS2 solution with pyridine solution, as shown in Figure 2-2. We

observed an increase (decrease) of the intensity of the band at 942 (1009) nm with an

isosbestic point at around 970 nm (inset of Figure 2-2(a)). This indicates an equilibrium

reaction between two forms. The vanishing of the ESR spectrum took place

concurrently with the change of the Vis-NIR spectrum at the molar fraction of about

0.17 (figure 2-2(b)).
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200018001600140012001000800600400
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La@C82-I(3.1x10
-5M) / CS2 + pyridine

(a)

(b)

Figure 2-2. (a) Vis-NIR titration spectra of La@C82-I in CS2 and pyridine. (b) shows

the intensity of characteristic absorption band versus molar fraction of pyridine in CS2
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The value of molar fraction at equilibrium was independent of the concentration of

La@C82-I. And most importantly the Vis-NIR spectrum of the final solution in the

titration was identical with that of La@C82-I anion obtained by electro-chemical

reduction6, as shown in Figure 2-1(d). The efficiency of the conversion could be

calculated to be almost 100% from the estimation of both concentrations by using molar

absorption coefficients (ε~6100 and ~9100 (M-1cm-1) for La@C82-I and its anion,

respectively). The spectral change took place in a reversed manner when the final

solution of the forward titration was titrated back with CS2 solutions. However the

reverse change took place at a lower molar fraction (0.07) in the backward titration.

This means that more amounts of CS2 were needed for the reverse change. Figure 2-3

shows the time evolution of the ESR signal intensity of La@C82-I. The signal intensity

of La@C82-I was decreasing and finally disappeared with the time after mixed with

pyridine under absence of the light. The disappeared signal was recovered by “dry up -

redissolve in vacuum” procedure. The second decreasing of the intensity of the ESR

signal was investigated under presence of the light. Almost identical decay rate

suggested that the photo induced reduction process could be neglected. Finally 73% of

the signal intensity could be recovered when the sample tube was opened and resealed

with 100% CS2 solvent. The spectral change recorded for a solution obtained by

titrating with DMF or 2,6-dimethylpyridine in a CS2 solution gave an almost identical

result. The Vis-NIR spectrum recorded for the final solution was identical with that of

the La@C82-I anion, and the ESR spectrum vanished at a molar fraction of 0.2.
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A clear 139La-NMR line was recorded in the DMF-d7 solution, as shown in the inset of

Figure 2-4(a). The chemical shift of the 139La-NMR line corresponded with that of the

La@C82-I anion reported before.
7 For the assignment the anion generated in DMF, 13C-

NMR spectrum was measured under same condition of electrochemically method in

literature. After addition of electrolyte (TBAP) and removed DMF, the anion of

La@C82 generated in DMF was dissolved in a mixture of CS2 and acetone (1:1, vv).

The spectrum is in good agreement with that prepared by electrochemical method.7

ppm155 150 145 140 135160

ppm155 150 145 140 135160

-300 -400 -500 -600 -700
ppm

-300 -400 -500 -600 -700
ppm

(b)

(a)

Figure 2-4. 13C-NMR spectra of (a) La@C82-I co-crystallized with TBAP in DMF,

and (b) electrochemically generated La@C82-I
 anion in CS2: acetone (1:1 vv). Insets

are corresponding 139La-NMR spectra.
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2. 3. 2. La@C82-II

La@C82-II in pyridine did not show any ESR signal. And figure 2-9 shows the Vis-

NIR spectra of La@C82-II in CS2 and in pyridine. The spectrum in pyridine is again

identical to that of electrochemically generated anion.

Figure 2-10 shows the Vis-NIR titration spectra of La@C82-II. The absorption band

at 707 nm in CS2 solution decreased by adding the pyridine solution, and the absorption

band at 660nm increased with isosbestic points at 689 and 765 nm. The spectrum of CS2

solution completely changed to that of pyridine solution at the molar fraction of about

0.26.
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Figure 2-9. Vis-NIR spectra of La@C82-II in (a) CS2, (b) pyridine, and (c)

electrochemically generated La@C82-II anion in ODCB.
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2. 3. 3. La2@C80

 The vis-NIR spectrum of La2@C80 in pyridine showed the different absorption feature

from that of chlorobenzene solution. The formation of the La2@C80 anion in pyridine

was also proved by comparing the absorption spectrum with that of electrochemically

generated anion, as in Figure 2-11.

Figure 2-12 shows the X-band ESR spectrum of the La2@C80 in pyridine at 3K. The

ESR spectrum of La2@C80 in pyridine appeared the widely spaced hyperfine structure.

And further confirmation of the reduction of La2@C80 was given by the chemical

reduction with DBU, which showed almost the same ESR spectrum as in Figure 2-12.

The observed hyperfine coupling constant of La2@C80 anion (~360 gauss) is much

larger than that of La@C82-I (1.15 gauss) and is indicated the large spin density on the

internal La dimmer. The detailed discussion of the electronic structure of La2@C80

anion will be discussed in the latter chapter.
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Figure 2-11. Vis-NIR spectra of La2@C80 in (a) chlorobenzene, and (b) pyridine. Line

(c) shows the electrochemically generated La2@C80 anion in ODCB.
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Figure 2-15. X- band ESR spectra of La2@C80 (a) in pyridine, and (b) with DBU

in TCB and toluene. All spectra are measured at 3 K.
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 2. 4. Discussions

In the case of C60, the charge transfer reactions with amines were well studied, and

the ability of pyridine to act as a reducing agent was suggested.12 However there was no

report to explain why metallofullerenes could be enriched in the pyridine extract. We

investigated the same spectroscopic measurement for C60 in pyridine to elucidate the

process of the enrichment of metallofullerenes. The characteristic absorption band at

1075 nm for C60
- was detected in pyridine solution, and an ESR signal due to C60

- was

obtained in pyridine at 3K. 13 However the formation yield of C60
- was estimated to be

less than 2% from the intensity of the absorption band.14 Furthermore, the absorption

band of C60
- disappeared after 4 hour when C60 was dissolved in pyridine, and the most

of C60 became insoluble precipitated after few weeks. The precipitate might be

originated to the zwitterion, and the reaction of C60 with pyridine is very similar to that

with DBU and TDAE.11,15,16

The spectral data obtained in former section gave the evidence of the red-ox

equilibrium for fullerenes and metallofullerenes dissolved in pyridine (DMF). And the

difference in reduction efficiency could be explained by the difference of their reduction

potentials. One of the key-factor for the reduction by solvation of pyridine (DMF) is the

exceptionally low reduction potential of metallofullerenes. As in Table 2-1, the first

reduction potential of the isomers of La@C82 is much higher than that of C60.
9 And the

other factor is the polarity of the solvent. Table 2-2 shows the first reduction potentials

of C60 in numbers of solvents.17,18 The reduction potential of C60 was positively shifted

in pyridine, DMF, and aniline than that in chlorobenzene, and the correlation with the

dielectric constant ε was found. 19 Such a solvent dependence was also observed in the

Vis-NIR and the ESR spectra of La@C82-I. The half way changed spectra were

observed in aniline and in N,N-dimethylaniline, and the incomplete spectral change was

in good agreement with the ε of solvents. The results of the Vis-NIR titration

experiments of the two isomers of La@C82 indicated that the equilibrium point was

reached at a high molar concentration of pyridine (DMF), 2.8 M (2.6 M), which

corresponding to an enormous molar ratio, i.e. 10000, to solute La@C82-I (~10
-4 M).

Then to form a stable anion the reduction must be accompanied with the solvation of

enough amount of pyridine (DMF). The solvation by the solvent with a higher ε makes
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a much more polar environment around metallofullerenes and stabilizes their anion

form.

However, the identification of the counter cation has not been succeeded in both ESR

and vis-NIR. This may be explained by the instability of solvent cations, which

immediatery react with other solvent molecules or unknown impurities. 20-23

Table 2-2. Reduction potentials of C60 in mV.
Referenced to the reduction potential of the Me10Fc

0/+

couple in 0.1M TBAClO4. Dielectric constant s of solvents
are also indicated.

solvent redE1 dielectric constant

PhCl -573 5.6895
ODCB -535 10.12

pyridine -343 13.26
DMF -312 38.25
aniline -396 6.97
N,N-dimethylaniline -547 4.9

Table 2-1. Reduction potentials of La@C82 and C60in V
 in ODCB, Referenced to the reduction potential of the
Fc0/+ couple in 0.1M TBAPF6.

Compd. redE1
La@C82-I -0.42
La@C82-II -0.47
La2@C80 -0.31

C60 -1.12
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 Our results gave a possible explanation of the remarkable extraction behavior of

these solvents. Scheme 2-1 shows the plausible mechanism of the reaction of C60 and

metallofullerenes with pyridine. The reduction of fullerenes and endohedral fullerenes

yields the dissociation of clusterized fullerenes by their electric repulsive force.

Secondly, the fullerene cage would have closed shell electronic structure for both

M@C82 and M2@C80 anion. This is in analogous to the solution of the ionic compounds.

The closed shell electronic structure of the cage of the metallofullerene anion is in

contrast to that of the hollow fullerene anion, which has the open shell electronic

structure on the cage. And the radical character of fullerene anion promotes the

subsequent reaction with the counter ion or other solvent molecules.11 Such a different

solvation nature of the metallofullerene from that of hollow fullerene would be

attributed to the super atom character of metallofullerenes.

The thought of the reductive solvation of pyridine to metallofullerenes suggest some

applications. One is the improvement of the isolation technique of the separation of new

types of fullerenes, which was not obtained by conventional method reported to date.

N

precipitate

stable cage

e-
N

N

N

N+

reactive cage

Scheme 2-1. Plausible mechanism of the reaction of fullerenes and metallofullerenes

with pyridine.
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For example, Gd@C60 and C74, which were not extracted by toluene, CS2 and

chlorinated benzenes, were extracted and separated by using the electrochemical

reduction technique.24 If our finding, reduction by solvation, would be applied to the

isolation of these fullerenes without any electrochemical equipments. And other

application is the control of the chemical reactivity of metallofullerenes. Drastic change

in the chemical reaction, such as the rate, the path, and the product, may be expected.

2. 5. Conclusion

 A chemical property of endohedral metallofullerenes was investigated. Highly efficient

reduction of metallofullerenes by the solvation of pyridine, DMF and aniline was

confirmed by spectroscopic measurements. Vis-NIR measurement revealed that almost

100% of metallofullerenes was reversibly reduced by solvation of pyridine and DMF.

The 13C-NMR of La@C82-I was carried out without electrochemical reduction of the

sample. The reversible reduction by solvation was also confirmed to La@C82-II, and

La2@C80. The high efficiency of the reduction of metallofullerenes was compared with

the reported electrochemical data of C60. The evidence of the reduction of

metallofullerenes gave an explanation of the strange extraction behavior of these

solvents. Our finding of the reduction by solvation will be applied for further

investigations, such as the separation of the new family of fullerenes, and the control of

the chemical reactivity of metallofullerenes.
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Chapter 3

Separation and Characterization of ESR-Active

Lanthanum Endohedral Fullerenes
(Contents of this chapter has been published in New Diamond and Frontier Carbon

Technology, 2001, 11, 285-294)

3. 1. Introduction

   Since the first large-scale production of endohedral metallofullerene, it has been of

much interest to understand the structure as well as the chemical and physical properties

of this new carbon-based material.1 There exist a series of metallofullerenes (MxCn) in

arc-generated soot. In the case of extracts of soot containing Sc, Y, and La, ESR spectra

showed existence of numbers of ESR-active species.2-4 For further investigation, we

need to obtain the series of pure fullerenes. HPLC has been widely used to obtain pure

fullerene samples. However, the one-step separation procedure is not sufficient to obtain

high-purity samples of endohedral fullerenes. The two-stage HPLC method by serial use

of two different columns is well known as a highly efficient separation technique for

endohedral fullerenes. Toluene has been widely used as an eluent for the two-stage

HPLC method because of its high resolving power. The separation of La@C82-I, II and

La@C90-I, II, III, and IV with toluene has been reported.
5-9 However, toluene has a

disadvantage in terms of its ability to store endohedral fullerenes under chemically

stable condition. Compared with toluene, chlorobenzene can keep endohedral fullerenes

stable. For example, ESR signals of La@C76 and La@C80-II decreased after storage in

toluene for a few days,4 but we found that the signals remained visible even after

storage for one month in chlorobenzene. This means that loss of an unstable endohedral

fullerene may take place during the HPLC separation process that uses toluene. Because

of this reason, some components of endohedral fullerenes have not been successfully

separated by the two-stage HPLC method with toluene. The resolving power of

chlorobenzene for the two-stage HPLC separation of endohedral fullerenes is lower than

that of toluene.10 However, the total yield by the separation with chlorobenzene was
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much higher. In this study, full separation of topological isomers of each La@Cn

component (n=76 to 90) was attempted, and all species of La@Cn with even number n

from 76 to 90 were detected. Among them, La@C76, La@C80-I, II, La@C84-I, II,

La@C86-II, and La@C88-I, II, III were purified for the first time, La@C78 was partially

purified, and their ESR and Vis-NIR absorption spectra were obtained.

3. 2. Experimental

   Soot containing metallofullerenes was produced by DC arc discharge with

electrodes made of La-carbide rod (15xl5x300 mm, 0.8 atom%, Toyo Tanso Co., Ltd.)

at 500 A under He atmosphere (58-80 Torr). The produced soot was collected under

anaerobic conditions and extracted by CS2 and pyridine. The extracts were dissolved in

chlorobenzene or trichlorobenzene (TCB) prior to HPLC separation. HPLC separation

was performed by using the LC-908-C60 system (Japan Analytical Industries) and

pentabromobenzyl column (Cosmosil 5PBB, 20 mm i.d., 250 mm length, Nacalai

Tesque Co.) with chlorobenzene as eluent (flow rate of 12 ml/min), or 2-(pyrenyl)

ethylsilylated silica column (Cosmosil 5PYE, 20 mm i.d., 250 mm length, Nacalai

Tesque Co.)  with chlorobenzene as eluent (flow rate of 6 ml/min). Recycled HPLC

with PYE column was also used. A UV detector set at 330 nm was used in both HPLC

procedures.

  Sample isolation was confirmed by positive- and negative- LD-TOF mass

spectrometry (Kompact MALDI IV, Kratos). ESR spectra were recorded using ESR

spectrometer (Bruker ESP300E and E500) at room temperature. Samples were

dissolved in CS2, degassed by few times of freeze-pump-thaw cycle, and sealed in thin-

walled quartz tubes. Absorption spectra in chlorobenzene solution were measured in a

10 mm quartz cell with UV-Vis-NIR spectrometer (U-3500, Hitachi).

3. 3.Results and Discussion

   Figure 3-1. shows the mass spectrum of the CS2 extract. These spectra indicated that

C60, C70, and LaC82 were predominantly produced, together with LaC76, LaC84 and

LaC90. In an ESR spectrum of the CS2 solution of crude extract (figure 3-1b), four sets

of octet signals were visible. However, many other octets due to trace amount (below

the detection limit) of La@Cns were likewise observed. These species in low amount
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were detected in the HPLC chromatogram and their ESR spectra became observable

with the progress of HPLC separation.
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Figure 3-1. (a) Positive-ion LD-TOF mass spectrum and (b) ESR spectrum of the
CS2 extract of Lanthanum endohedral fullerenes.
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On the other hand, the presence of metallofullerenes in the crude extract was highly

enhanced by using more polar solvents such as pyridine and DMF (dimethyl

formamide). In our experiment, pyridine was used as the solvent for second stage

extraction. However, large amount of LaC80 and trace amounts of LaC76 and LaC78 was

detected in the mass spectrum of the pyridine extract, but the corresponding ESR signals

were not observed.

 HPLC profiles of the CS2 extract using PBB and PYE columns with chlorobenzene as

eluent are shown in Figure 3-2. The use of chlorobenzene as eluent decreased the

retention time of Cns and La@Cns compared to that when toluene was used, but showed

better separation performance than that with TCB or CS2.
11 The fractions separated by

PBB and PYE columns were analyzed by mass and ESR measurements. The

characteristic performance of PBB and PYE columns was confirmed by mass analysis,

i.e., good separation in terms of molecular weight in PBB and that in terms of

topological molecular structure using the PYE column. The ESR-active fractions were

extracted after the retention times of 19.4 and 18.4 min, respectively. From a

comparison of the mass and ESR spectra of the fractions separated by the PBB column,

we could determine the number of isomers for each size of La@Cn, as tabulated in

Table 3-1. These endohedral fullerenes were purified for the first time by the PBB-

chlorobenzene combination. As mentioned in the Introduction, the well-balanced

separation performance of chlorobenzene was reflected on the successful separation of

less stable fractions.

 



28

ab
so

rb
an

ce
 / 

ar
b.

 u
ni

t

80706050403020100
time / min.

PBB-PhCl
12ml / min

ESR active regionC60 C70

C80+La@C76

C84+LaC80-I,II

La@C82-I,II

C88+La@C84-I,II

C90+La@C86

C94+La@C90-I-IV

ab
so

rb
an

ce
 / 

ar
b.

 u
ni

t

403020100
time / min.

ESR active regionC60 C70

La@C82-I

La@C82-II

PYE-PhCl
6ml / min

(a)

(b)

Figure 3-2. HPLC chromatograms of CS2-extract of Lanthanum endohedral

fullerenes using (a) PBB column and (b) PYE column with chlorobenzene as

eluent.
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�Based on this result, the crude extract was injected to PBB with chlorobenzene as

eluent. Then the size-separated fraction was injected into the PYE column, again with

chlorobenzene as eluent. Using this separation protocol, La@C76, La@C78, La@C80-I, II,

La@C84-I, II, La@C86-II, and La@C88-I, II, III and La@C90-I, II, III, IV could be

separated (see Appendix). The mass spectra of these materials were shown in Figure 3-3,

3-4, 3-5, 3-6, 3-7 and 3-8. The purity of La@C76, La@C80-I, II, La@C84-I, II was higher

than 90 %, and that of La@C78 was approximately 60 %. The ESR spectra are shown in

Figure 3-9 (n=76-84) and in Figure 3-10 (n=86-90), with that of two isomers of La@C82

for comparison. Only one octet was observed in all spectra, indicating that the isomeric

separation of La@Cns was successful using this separation protocol. The Vis-NIR

spectra of isomer-separated samples in chlorobenzene are shown in Figure 3-11, 3-12

Table 3-1. ESR parameters of La@Cn isomers
LaCn g value hfc / Gauss

La@C76 2.0044 0.388

La@C78 2.0013 1.540

La@C80-I 2.0010 2.405
La@C80-II 2.0011 2.037

La@C82-I 2.0008 1.150
La@C82-II 2.0002 0.830

La@C84-I 2.0012 1.380
La@C84-II 2.0040 3.080

La@C86-I 2.0010 1.632
La@C86-II 2.0018 1.237

La@C88-I 2.0023 1.545
La@C88-II 1.9991 1.262
La@C88-III 2.0017 0.582

La@C90-I 2.0015 0.600
La@C90-II 2.0013 0.600
La@C90-III 2.0015 0.509
La@C90-IV 2.0025 0.121

�
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and 3-13. All molecules show a large absorption band around the near-IR region, which

originates from the unpaired electronic structure of the molecules. The observed

absorption features are different for each other.
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 LaC76
(m/z=1051)

Figure 3-3. LD-TOF mass spectra of separated La@Cns (La@C76, La@C78,

La@C80-I, La@C80-II, La@C84-I, and La@C84-II). All spectra were

obtained in the negative-linear mode.
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Figure 3-4. LD-TOF mass spectra of separated La@Cns (La@C76, La@C78,

La@C80-I, La@C80-II, La@C84-I, and La@C84-II). All spectra were

obtained in the positive-linear mode.
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Figure 3-5. LD-TOF mass spectra of separated La@Cns (La@C86-I, La@C86-II,

La@C88-I, La@C88-II, and La@C88-III). All spectra were obtained in the

negative-linear mode.
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Figure 3-6. LD-TOF mass spectra of separated La@Cns (La@C86-I, La@C86-II,

La@C88-I, La@C88-II, and La@C88-III). All spectra were obtained in the

positive-linear mode.
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Figure 3-7. LD-TOF mass spectra of separated La@C90 isomers. All spectra were

obtained in the negative-linear mode.



33

 LaC90-III

 LaC90-IV

 LaC90-II

200016001200800

m / z

 LaC90-I

Figure 3-8. LD-TOF mass spectra of separated La@C90 isomers. All spectra were

obtained in the positive-linear mode.
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Figure 3-9. ESR spectra of La@C76, La@C78, La@C80-I, La@C80-II, La@C84-I, and

La@C84-II. All spectra were measured at room temperature in CS2.
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Figure 3-10. ESR spectra of La@C86-I, La@C86-II, La@C88-I, La@C88-II, La@C88-III,

La@C90-I, La@C90-II, La@C90-III, and La@C90-IV. All spectra were measured at room

temperature in CS2.
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Figure 3-11. Vis - NIR absorption spectra from 300 to 2400 nm of (a) La@C76, (b) La@C78,

(c) La@C80-I, (d) La@C80-II, (e) La@C82-I, (f) La@C82-II, (g) La@C84-I, and (h)

La@C84-II. All spectra were measured at room temperature in chlorobenzene.

Spectrum (b) corresponds to a mixture of 60% La@C78 and 40 % La2@C76.
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Figure 3-12. Vis - NIR absorption spectra from 300 to 2400 nm of (a) La@C86-I, (b)

La@C86-II, (c) La@C88-I, (d) La@C88-II, (e) La@C88-III. All spectra were

measured at room temperature in chlorobenzene.
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Figure 3-13. Vis - NIR absorption spectra from 300 to 2400 nm of (a) La@C90-I, (b)

La@C90-II, (c) La@C90-III, (d) La@C90-IV.All spectra were measured at room

temperature in chlorobenzene.
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Previous studies have reported that the chromatographic retention of fullerenes and

endohedral fullerenes exhibits some correlation with the polarizability and the number

of pi-electrons on the fullerenes cage surface. 13,14 The logarithm of HPLC separation

factor k’ of Cns and La@Cns is plotted against the number of carbon atoms in PBB and

PYE columns at room temperature, as shown in Figure 3-14. The separation factors of
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Figure 3-14. Logarithm of separation factor (k’) versus number of carbon atoms of

Cns and La@Cns in (a) PBB and (b) PYE columns with chlorobenzene as

eluent. Lines in (a) and (b) are the linear fits for Cn and C(n+3).
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the PBB phase for La@Cns and Cns showed a linear dependence on the number of

carbon atoms but not on the isomeric structure of the fullerene cage. Such a linear

fullerene size dependence of the separation factor of the PBB phase indicates that the

retention mechanism of this solute-stationary phase system depends strongly on the

number of π-electrons on the fullerenes cage surface. Stevenson et al. discussed the

electronic structures of dimetallofullerenes species such as La2@C72 by analyzing the

HPLC retention time on a PBB-CS2 system, and estimated the electronic structure of

(La3+)2@C72
6-.13 The electronic structure of La@Cn could be regarded as La

3+@Cn
3- in

the same manner.

On the other hand, with the PYE phase, the separation factor of La@Cns could not be

easily described as C(n+3) (line in Figure 3-14 (b)). Such a large deviation of the

separation factor of La@Cns in PYE phase reflects the difference in dipole interaction of

the PYE phase with La@Cns with that of the PBB phase. Fuchs et al. analyzed the

retention behavior of M@C82 (M=Y, La, Ce and Gd) in the PYE-toluene system, and

estimated the effective dipole moment of M@C82.
14 In the same manner, newly

separated La@Cns have larger dipole moments than La@C82. This is consistent with the

low solubility of these materials in nonpolar solvents such as toluene. We can expect a

high solubility of La@Cns in polar solvents such as pyridine, i.e., La@Cns (n>78) were

highly enriched in pyridine extract. However, La@C76, La@C78, and La@C80, were not

stable in pyridine. The exceptional instability of these molecules remains as an open

question.

Some correlation between the HPLC elution behavior and the absorption spectrum of

M@C82 has been reported in relation to the structure of the carbon cage and the

oxidation state of the encapsulated metal atom(s).14-17 Such similarity was also observed

for the second (minor) isomers of La@C82 and Pr@C82.
18 These lines of evidences

indicate that the present separation procedure could be applied to Y and some

lanthanoid metallofullerenes (Ce, Pr, Nd, Pm, Gd, Tb, Dy, Ho, Er, and Lu). Furthermore,

absorption spectra of La@Cns could be compared with these of M@Cns, which will be

obtained in the future.

 The discussion of the electronic state of La@C82 has been based upon the results of

ESR measurements, and the electronic state was subsequently described as La3+@C82
3-.

This feature of a +3 oxidation state for the La metal with a -3 anion radical of the C82
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cage was deduced from the extraordinarily small isotropic hyperfine coupling (hfc)

constant a0 measured for the metal nucleus and a g factor similar to that of a C60
- radical

anion. The same order of magnitude of the hfc constant measured for La@Cn, compared

with that of La@C82 (1.15 G for isomer I), and a g factor equal to approximately around

2 suggest that the electronic state of every La@Cn obtained can be described in terms of

the same oxidation state of La3+ with a Cn
3- anion radical. More detailed discussion of

the oxidation state of encapsulated La atom for each La@Cns will be realized by

conducting more ESR experiments. The topological cage structure is reflected by the

specific values of the hfc constant and the g factor as well as the line width at room

temperature. For example, the ESR spectrum at room temperature of La@C84-II gives

a0=3.08 G with a line width (∆Hpp) of 0.231 G, in contrast to a0=0.12 G and

∆Hpp=0.05 G of La@C90-IV. The difference in the parameter is also due to the spin

dynamics of each topological isomer. In order to characterize the spin dynamics of each

topological isomer, anisotropic components of hfc and g tensors and relaxation times T1

and T2 should to be measured. Measurements of the values of these parameters are in

under way.

2. 4. Conclusion

   ESR-active mono-lanthanofullerenes were separated by HPLC using chlorobenzene

as eluent. The separation of La@Cn according to molecular weight was carried out by

HPLC using PBB column. Further HPLC using a PYE column successfully separated

La@C76, La@C78, topological isomers of La@C80, La@C84, La@C86, La@C88, and

La@C90. ESR and Absorption spectra of La@C76, La@C78, La@C80-I, II, La@C84-I, II,

La@C86-II, and La@C88-I, II, III, were obtained for the first time. The confirmation of

the purity of each ESR-active isomer La@Cn was realized by the combination of mass

and ESR measurements. Some correlation between HPLC elution behavior and the

absorption spectrum of M@C82 has been reported in relation to the structure of the

fullerene cage and the oxidation state of the encapsulated metal atom(s).14-18 From the

analogous feature of the absorption spectrum of M@C82, a similar elution behavior

could be expected for Y and some lanthanoid metallofullerenes (Ce, Pr, Nd, Pm, Gd, Tb,

Dy, Ho, Er, and Lu), and the present separation procedure could be applied.
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 3. 5. Appendix

Appendix 3A

2nd stage HPLC chromatogramn of La@Cn (n=76-90).

Figure 3A-1. 2nd stage HPLC chromatogramn of La@C76.

Figure 3A-2. 2nd stage HPLC chromatogramn of La@C78, La@C80-I and II.

Figure 3A-3. 2nd stage HPLC chromatogramn of La@C82-I and II.

Figure 3A-4. 2nd stage HPLC chromatogramn of La@C84-I and II.

Figure 3A-5. 2nd stage HPLC chromatogramn of La@C86-I and II.

Figure 3A-6. 2nd stage HPLC chromatogramn of La@C88-I and II.

Figure 3A-7. 2nd stage HPLC chromatogramn of La@C90-I, II, III and IV.
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Figure 3A-1. 2nd stage HPLC chromatogramn of La@C76.
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Figure 3A-2. 2nd stage HPLC chromatogramn of La@C78, La@C80-I and II.
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Chapter 4

Electronic Structures of Endohedral Metallofullerenes

4. 1. Introduction

Electromagnetic interaction of the outer cage with the encapsulated metal atom(s) is

one of the interesting subject of the research of endohedral metallofullerenes, Mx@Cn

(M= Sc, Y, La and Lanthanides).1 We can expect that the chemical and physical

properties of metallofullerenes can be modulated by selecting the endohedral atom(s)

and by changing the outer fullerene cage structure.2-5 However, most of investigations

were performed for M@C82, which was the firstly observed and isolated species.
6-10

And especially La@C82 was extensively investigated by using ESR spectroscopy.
11-17

The next interest is the cage structure dependence of these properties. The investigation

of the other size of M@Cn was limited because of their low abundance and especially of

the low stability under atmosphere.18-22 But our recent achievement on the separation

technique made the characterization possible.

And the electronic structures of metallofullerene ions are the other interest. The

change of the electronic structure toward the reduction and the oxidation opened the

new direction of the metallofullrene chemistry. For example, the 13C-NMR

measurement of La@C82 mono-anion could be performed because the electrochemical

reduction quenches an unpaired electron on C82 cage.
23,24

In this chapter, we investigated the systematic characterization of the series of

La@Cns by using the temperature dependent ESR study in solution. The anisotropic

parts of the ESR parameters such as the anisotropy of g factor (∆g), that of hyperfine

coupling (hfc) tensor (∆a), and nuclear quadrupole interaction (NQI). The quantitative

analysis of the isotropic and the anisotropic values was done to investigate the influence

of the carbon cage structure upon the encapsulated La atom. As a result, it was found

that the electronic structures of all La@Cns was stabilized by the intramolecular charge

transfer and described as La3+@Cn
3-. Interesting feature such as the jumping among the

Jahn-Teller distorted structures of carbon cage was suggested for La@C80-I and

La@C84-II.
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Furthermore, electronic structures of metallofullerene ions are also investigated by

ESR spectroscopy. The W-band ESR of the anion and the cation of Gd@C82-I

indicated that the oxidation state of an internal Gd ion was unchanged toward the

reduction and the oxidation. In other word, The SOMO of Gd@C82-I was the π-orbital

of C82. An interesting case is the anion of La2@C80, the excess electron lied on the

internal La dimmer. In other ward, the LUMO of La2@C80 was derived from internal La

dimmer. These conclusions of metallofullerene ions were consistent with previous

theoretical calculations.

4. 2. ESR study of the series of isomer of La@Cn

4. 2. 1. Experimentals

 The procedure of the production of the fullerene soot, the extraction, and the

separation were reported elsewhere.9,18,25 The soot containing La metallofullerenes was

generated by the conventional arc discharge method. The series of the isomer of La@Cn,

was separated by the 2-stage HPLC method using PBB and PYE with chlorobenzene

eluent. Sample purity was checked by the laser desorption time of fright (LD-TOF)

mass spectrometry and the ESR measurement, and the purity of more than 95 % was

confirmed except for La@C78. Samples for the ESR measurement were dissolved in

CS2, degassed by freeze-pump-thaw cycle, and sealed in thin wall quartz tube. ESR

spectra were recorded by using Bruker ESP300E X-band spectrometer with liquid

nitrogen temperature control unit. The measurements were done in the temperature

range from 295 K to 161 K, that is the freezing point of CS2. The field modulation

frequency of 100 kHz with the microwave power less than 1 mW was used except for

La@C90-IV (the field modulation frequency of 25 kHz was used because of small hfc

and linewidth).

4. 2. 2. Results and discussions

[Analysis of the ESR line width]

 Figure 4-1 shows the temperature dependent ESR spectra of the two isomers of

La@C84, as an example, where the notations of isomer I, II, III and IV are the elution

order in HPLC of PYE - chlorobenzene system.25. With lowering the temperature,

minimum line width was observed at around 215 K, and the spectrum at 170 K showed
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the fish bone like line pattern, which depend on the projection of the nuclear quantum

number MI. Furthermore, the minimum linewidth (the maximum intensity) was

observed at the lowest magnetic field for La@C84-I, but observed at the highest

magnetic field for La@C84-II. The specific spectral change could be interpreted by the

rotational diffusion of a radical molecule in solution.13,21,26

33803370336033503340
Gauss

33753370336533603355
Gauss

170K

215K

295K

170K

215K

295K

La@C84-I La@C84-II(a) (b)

Figure 4-1. Temperature dependent ESR spectra of (a) La@C84-I and (b)

La@C84-II in CS2.
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The line width at maximum slope ωmsl of the ESR spectrum was fitted to an

expression of the form

∆ωmsl = K0 + K1MI + K2MI
2 + K4MI

4 (1)

where coefficient Ki means;
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here the parameters ge, µB, ωz, I, and MI were the g-factor of the free electron, the Bohr

magneton, the microwave frequency of measurement, the nuclear spin quantum number,

and its projection.

The anisotropic parameters, ∆g, ∆a and eQVzz/I(2I-1) were estimated from linewidth

coefficients, K1, K2 and K4, respectively. The rotational correlation time τr was given by

the analytical expression of eq. (3). Where the first term is the classical Stokes-Einstein

term and the second denotes the “free rotator” correlation time.13,21 The hybrid

expression of the rotational correlation time τr was proposed by Rubsam et al. and well

reproduced the hydrodynamics of metallofullerenes in solution.13,21 We followed their

expression of τr with including the fullerene size dependence with the symbol nC which

was the number of carbon atoms within a molecule. Figure 4-2 shows the temperature
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dependences of linewidth coefficients K1, K2 and K4 for two isomers of La@C84, the

marked point is the observed value and the solid line is the theoretical curve. The good

agreement of the observed value with the theoretical curve, lines in figure 4-2, suggests

the validity of the hybrid expression of τr given by eq. (3). Estimated anisotropic

parameters, ∆g, ∆a and eQVzz/I(2I-1) for all molecules are tabulated in Table 4-1 with

their isotropic components. The anisotropic parameters were plotted to the number of

carbon atom in a molecule to clarify the dependence of each parameter on the cage size

of molecule as in Figure 4-3.
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Figure 4-2. Temperature dependences of linewidth coefficients; (a) K1, (b) K2 and (c)

K4 of two isomers of La@C84 in CS2. marked point: observed value, solid

line: theoretical expression.
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Table 4-1: ESR parameters of La@Cn isomers in CS2

La@Cn g iso
a aiso

/ Gaussa
∆g ∆a

 / MHz
eQVzz /I(2I-1)

/ MHz
ρ

La-6s
ρ

La-5d

La@C76 2.0044 0.388 0.0039 1.76 1.20 0.0002 0.009

La@C78 2.0013 1.540 -0.0009 3.78 0.69 0.0007 0.019

La@C80-I 2.0010 2.405 0.0011 4.42 0.45 0.0011 0.022
La@C80-II 2.0011 2.037 -0.0002 3.47 0.88 0.001 0.017

La@C82-I 2.0008 1.150 -0.0062 4.89 1.71 0.0005 0.024
La@C82-II 2.0002 0.830 -0.0027 4.87 1.82 0.0004 0.024

La@C84-I 2.0012 1.380 -0.0040 5.21 1.70 0.0006 0.026
La@C84-II 2.0040 3.080 0.0011 6.40 1.25 0.0014 0.032

La@C86-I 2.0010 1.632 -0.0035 5.34 1.98 0.0008 0.026
La@C86-II 2.0018 1.237 0.0010 2.14 3.38 0.0006 0.011

La@C88-I 2.0018 1.545 -0.0015 3.08 1.77 0.0007 0.015
La@C88-II 1.9991 1.262 -0.0111 6.43 3.00 0.0006 0.032
La@C88-III 2.0017 0.582 0.0013 8.18 3.14 0.0003 0.040

La@C90-I 2.0015 0.600 -0.0007 3.85 2.12 0.0003 0.019
La@C90-II 2.0013 0.600 -0.0006 1.40 2.18 0.0003 0.007
La@C90-III 2.0015 0.509 -0.0009 1.67 2.11 0.0002 0.008
La@C90-IV 2.0025 0.121 -0.0025 1.71 3.39 6x10-5 0.008

a data obtained at 295K
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[Hyperfine coupling constants]

The hyperfine term was originated from two types of interaction, the Fermi contact

interaction and the dipolar interaction. The Fermi contact interaction is isotropic and its

value relates to spin density on a nucleus. The dipolar interaction is due to the coupling

of magnetic dipoles between an electron spin and a nuclear spin. The coupling is

anisotropic, and is vanished by the averaging with a hydrodynamic rotation in solution

during the time scale of ESR observation. Then the coupling is usually observed in solid

sample or frozen solution. And in solution with high viscosity, the anisotropic coupling

gives much effect on ESR spectra.

The spin densities ρ on 6s and 5dz
2 orbital of the La atom was estimated by

comparing the value of isotropic and anisotropic part of hfc with the atomic data.27 For

the case of La@C82-I, the aiso of 1.15 gauss was compared with the atomic data of

2143.5 gauss, that is expected value of the unit spin density on 6s atomic orbital. And

the spin density of 0.0005 on the 6s orbital of La atom was estimated. The anisotropic

part ∆a of 4.9 MHz was also compared with the atomic data of 237.1 MHz with the

angular factor of (2/7) for the La 5dz
2 orbital. And the estimated spin density on this

orbital is;

024.01.237
7
2

9.4
3
1

=××

where the factor of (1/3) comes from the normalization constant of the angular

averaging. By combining the isotropic and the anisotropic contribution, we can estimate

the total spin density of 0.0245 (~2.5 %) on an encapsulated La atom for the case of

La@C82-I, and the electronic structure of La
2.975+@C82

2.975- could be written.

We estimated the spin density on the La atom for all La@Cn. The isotropic hfc, aiso,

ranging from 0.12 gauss (La@C90-IV) to 3.08 gauss (La@C84-II), indicated the spin

densities on 6s orbital from 0.00006 to 0.0014. And those on 5dzz orbital from 0.007

(La@C90-II) to 0.032 (La@C84-II) was estimated from the anisotropy of hfc (Table 4-1).

The total spin densities on encapsulated La atom from 0.007 (La@C90-II) to 0.033

(La@C84-II) were estimated. Although the total spin density varied with the size of

carbon cage, the deviation was just minute. As a result it was concluded the electronic

structure of all species could be described as La3+@Cn
3.
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The fullerene size dependence of ∆a was crudely observed. The estimated value of ∆a

seemed to be increased with increase of the fullerene size from 76 to 84, but large

scatter was observed from the size from 86 to 90. The reason of this relationship has not

been clarified yet. Further investigations should be needed.

[g factors]

 In our experiment, values of giso for La@Cns were ranging from 1.9991 (La@C88-II)

to 2.0044 (La@C76), which were close to the value of free electron, ge = 2.0023. The

sign of ∆g, was estimated from the sign of the K1 by assuming the positive sign of ∆a.

And the estimated tensor components of g (g|| and g⊥) were in good agreement with that

observed in frozen toluene solution for the most of La@Cn (see appendix).

The isotropic g factors close to ge indicated that all molecules could be assigned to

the spin doublet state without any degeneracy. And this led appropriate figure of the

electronic state with one radical spin on the π orbital of the fullerene cage. The

deviation of the g-tensor from ge could be explained by the second-order perturbation

theory. The excited electronic configuration m mixed in the ground state t gives the

deviation of the g-factor respect to ge through the spin-orbit coupling constant ζ. The

tensor component gpp was expressed by;

gpp − ge = geζ
ψ t lp ψm

2

εt −εmm≠t
∑

p = x, y, z

(4)

The sign of gpp- ge relate to the configuration of two electronic state and we could

estimated from the type of excitation. The configuration of the type of electron gives the

minus sign of gpp- ge, and that of hole promotion gives the positive sign. The deviation

of g|| and g⊥ dispersed around 2.0023 with both positive and negative sign. The feature

is inherent to the electronic structure of La@Cns. For example, La@C76 and La@C84-II

exhibited the larger value of the g-tensor than 2.0023 (g|| = 2.0071, g⊥ = 2.0031 for

La@C76 and g|| = 2.0047, g⊥ = 2.0037 for La@C84-II). The low-lying excited

configuration must be that of the type of hole promotion.
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[Nuclear quadrupole interaction]

Values of NQI roughly increased with increasing the fullerene cage size. The NQI is

originated from the interaction between the nuclear quadrupole moment and the

electronic field gradient (EFG) at the lanthanum nucleus. The EFG is originated from

the outer valence shell electrons, the surrounding charge distribution, and the

polarization effect of the inner closed shell electrons, which is caused by the

surrounding non-spherical charge distribution. In our system the electronic structure

was found to be La3+@Cn
3- for all La@Cn. This means that internal lanthanum ion has

the closed shell electronic state as that of xenon. Then the contribution of outer valence

shell electron at the encapsulated La atom could be neglected. Thus the modulation of

the value of EFG could be attributed to the surrounding fullerene cage. The simple

consideration indicated that the observed fullerene cage size dependence of the value of

NQI suggests that the distance from encapsulated La ion to unpaired electron decreases

with increasing the fullerene cage size, because of the 1/r3 dependence of the EFG. We

estimated the nearest metal-carbon distance from the value of NQI with the reported

nearest metal-carbon distance of 2.55 Å from X-ray diffraction study of La@C82-I.
28

The 3.39 MHz of NQI, the maximum value in this study, corresponds to 2.03 Å for

La@C90-IV, and the minimum value of 0.45 MHz corresponds to 3.98 Å for La@C80-I.

The value for La@C80-I is slightly smaller than the radius of C80 (4.10 Å). This

indicates that La ion is in the center of C80 cage. And the result would suggest the highly

symmetric cage structure, such as Ih, for La@C80-I.

[Additional line broadening mechanism]

 In the line width formula, term of K0 has other components except for anisotropic g, a,

and quadrupole interactions, such as spin-rotation, exchange and dipole-dipole

interactions. For all La@Cn, values of K0 showed the parabolatic temperature

dependence. This indicates the presence of the spin-rotation interaction, which is

proportional to (Dg)2 and to T/h. However, In all case, high temperature region of the

linewidth coefficient K0 could not be expressed by only adding spin-rotation

contribution and constant value of about 0.027 gauss should be added to all temperature

range. The constant term may be originated from unresolved 13C-hyperfine couplings or

inhomogeneity of the spectrometer, but the other term, which depends on T/h, should be
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remained. The interesting cases were fond for La@C80-I and La@C84-II. Relatively

large MI independent line width was observed at high temperature region. And spectra

at 215 K, which correspond to the minimum linewidth, showed the less characteristic
13C-hyperfine structure. The temperature dependences of linewidth coefficient K0 for

La@C80-I, La@C82-I and La@C84-II are shown in Figure 4-4. For La@C80-I and

La@C84-II, The increasing of the line width at high temperature is too large to be

explained by spin-rotation interaction and disappearance of the 13C-hyperfine structures

could not be explained by mechanisms discussed above.
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Figure 4-4. Linewidth coefficient K0 versus temperature for (a) La@C82-I, (b)

La@C80-I, and (C) La@C84-II. Lines indicate the theoretical curve.



58

Figure 4-5 shows the Arrhenius plot of the high temperature region of the residual

linewidth contributions to coefficient K0, which is not expressed by the theory discussed

above. The large and linear 1/T dependences of this additional contribution for La@C80-

I and La@C84-II, relative to that of La@C82-I, indicated the presence of the unspecified

thermally accessible process for above two metallofullerenes. The energy gaps of this

unknown process were roughly estimated as 1750 cm-1 and 1740 cm-1 for La@C80-I and

La@C84-II, respectively. The same treatment of the ESR linewidth at high temperature

region was performed for Lu@C82, and the origin of the relaxation process with the

activation energy of 2280 cm-1 was also unspecified. 29

The origin of this thermally accessible process for above two metallofullernes would be

attributed to the follwing mechanisms. One might be originated to the jumping motion

of the internal La atom among some local potential minima inside the tri-negative

fullerene cage. The energy barriers of the hopping process were small enough for

La@C80-I and La@C84-II. The internal motion of the internal atom was suggested by

the NMR study of La2@C80, and the similar value of the activation energy of the

internal rotation of La2 of about 5 k cal/mol (1750 cm-1) was estimated.2
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Figure 4-5. Residual linewidth coefficient ∆K0 versus 1nverse of temperature for
La@C82-I, La@C80-I, and La@C84-II. Lines indicate the curve fitting by the
equation: ∆K0=a + b exp(-c/kT).
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The other possibility is the Jumping among the Jahn-Teller distorted structures of the

cage. According to the isolated pentagon rule (IPR), 7 (2C2v, D2, D3, D5d, D5h and Ih)

cage isomers of C80, and 24 (C1, 5Cs, 5C2, 4C2v, 4D2, 2D2d, D3d, D6h and Td) cage

isomers of C84 are plausible.
30 In the IPR-allowed isomers, the cage structure of D3, D5d,

D5h and Ih could be suggested for La@C80-I, and in the same way, the cage structure of

D2d, D3d, D6h and Td could be suggested for La@C84-II. Figure 4-6 shows the simple

MO diagrams of C84 with D2d and Td symmetry. The LUMO of the D2d structure is

doubly degenerated. And the resultant electronic structure after the intramolecular

charge transfer of La@C84 attains to the degeneracy and the open shell nature. The

similar case can be expected for the Td structure. We have to note here, the off-center

position of the endohedral metal can break the high symmetry of hte total molecular

system. However, pseud Jahn-Teller effect could be expected. The estimated values of

the activation energies for La@C80-I and La@C84-II should be compared with that the

theoretical calculation of the energy potential.
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Figure 4-6. MO diagrams of C84.
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4. 3. Electronic structures of metallofullerene ions

4. 3. 1. Experimentals

An endohedral metallofullerene samples were prepared and separated according to the

method reported before25. The sample purity of more than 95 % was confirmed by laser

desorption time of flight mass (LD-TOF MASS, Kratos Kompact MALDI IV) and X-

band ESR (Bruker ESP300E) measurements. Pyridine, o-dichlorobenzene (ODCB), 1, 2,

4-trichlorobenzene (TCB), and carbon disulfide (CS2) were used as purchased.

Electrochemical-grade tetra-n-butylammonium perchlorate (TBAP), purchased from

Wako, was recrystallized from absolute ethanol and dried under vacuum at 313 K prior

to use. Or tetra-n-butylammonium perfluorate (TBAF) was used as purchased. Bulk

controlled-potential electrolysis of M@C82 was used to prepare the corresponding anion

and cation using a potentiostat/galvanostat (BAS CW-50).  Solutions containing

[Gd@C82]-, [Gd@C82]+, and [La2@C80]
- were obtained in ODCB containing 0.2 M

TBAP by setting the applied potential at 150 - 250 mV more negative or more positive

than E1/2 for the Gd@C82/[Gd@C82]-, [Gd@C82]+/Gd@C82, and La2@C80/[La2@C80]-

redox couple, respectively. 23 31 32 Chemical reduction was performed by dissolving in

pyridine (DMF) or by mixing with DBU (1,8-diazabicycro[5,4,0]-7-undecene, Wako) in

ODCB, which were used as purchased. 33 Chemical oxidation was performed by mixing

with MB (tris-(4-bromophenyl)aminium hexachloroantimonate, Aldrich) in ODCB. 34

Vis-NIR spectra were recorded on Hitachi U-3500 spectrophotometer. The W-band

ESR measurement was carried out by Bruker E680 spectrometer.

3. 3. 2. Results and discussions

[Anion and cation of Gd@C82-I]

 Gd@C82-I in CS2 solution gave a Vis-NIR spectrum similar to that of La@C82-I,

which indicates the identical valence electronic structure of two metallofullerenes. 35 A

comparable solvation effect on Gd@C82-I by pyridine (DMF) was also observed. The

specific absorption band at 980 nm in CS2 was blue-shifted to the band at 900 nm in

pyridine, and the spectrum in pyridine was again identical with that of the anion as

shown in Figure 4-7(c). The X-band ESR spectrum of Gd@C82-I in pyridine was

equivalent with that of the anion (Figure 4-8).
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 (c) Gd@C82-I anion / ODCB
 (b) Gd@C82-I / pyridine
 (a) Gd@C82-I / CS2

Figure 4-8. X-band ESR spectra of Gd@C82-I in (a) CS2, (b) pyridine, and (c)

electrochemically generated Gd@C82-I anion in CS2 and acetone. All spectra

are obtained at 3 K.
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Figure 4-7. Vis-NIR spectra of Gd@C82-I in (a) CS2, (b) pyridine, and (c)

electrochemically generated Gd@C82-I anion in ODCB.
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 Addition of the electrolyte of TBAF, which act as a phase transfer cataryst, played an

important role to stabilize the Gd@C82-I anion. The ESR signal of Gd@C82-I became

sharper by adding TBAF and the spectrum was unchanged when the solvent was

exchanged to ODCB, as in Figure 4-9. The same trend was observed in the Vis-NIR

spectrum (Figure 4-10(b)).

14x103121086420
field / gauss

 (c) Gd@C82-I anion / CS2+acetone
 (b) Gd@C82-I+TBAF / ODCB from (a)
 (a) Gd@C82-I+TBAF / pyridine

Figure 4-9. X- band ESR spectra of Gd@C82-I with TBAF in (a) pyridine and (b)

ODCB obtained from (a). Line (c) shows the electrochemically generated Gd@C82-I

anion in CS2 and acetone. All spectra are obtained at 3 K.
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Figure 4-10. Vis-NIR spectra of Gd@C82-I with TBAF in (a) pyridine
and (b) ODCB obtained from (a).
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 The chemical oxidation of Gd@C82-I was investigated. As shown in Figure 4-11, the

spectrum of Gd@C82-I (line (a)) was changed to its cation by adding the oxidant of MB

(line (b)), which is similar to that of an electrochemically generated La@C82-I cation

(line (c)). The spectral change of Gd@C82-I was also observed in the ESR measurement

(Figure 4-12). The spectral feature of Gd@C82-I cation was slightly different, but the

outline was similar to that of the neutral form. The comparison of the ESR spectra of the

anion and cation of Gd@C82-I with that of neutral one suggest that the electronic

structure of an endohedral Gd ion unchanged from that of the neutral one through

reduction or oxidation process.
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Figure 4-11. Vis-NIR spectra of Gd@C82-I (a) in ODCB, (b) with MB in

ODCB. Line (c) shows the electrochemically generated La@C82-I anion in

ODCB for comparison.
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 The X-band ESR measurement on Gd@C82-I ions suggest the invariant spin state

(electronic structure) of Gd3+ ion, However, in the X-band experiment, zero-field

splitting, which arise from the interaction between two or more numbers of unpaired

electrons, were relatively large compared to the electron Zeeman interaction and the

simple perturbation theory could not be applied to determine these spectroscopic

parameters. Further confirmation of the electronic structure of the anion and cation of

Gd@C82-I were performed by the W-band (95 GHz) ESR measurement. Figure 4-13

shows the W-band ESR spectra of Gd@C82-I ions with their simulated spectra.

Experimental spectra of Gd@C82-I ions were in good agreement with those of simulated

ones with the parameters in table 4-2. W-band ESR spectra were simulated with the spin

state of 7/2 for both the anion and the cation of Gd@C82-I, and we straightly concluded

the invariant electronic configuration of 4f7 of internal Gd3+ ion.

 

14x103121086420
field / gauss

 (b) Gd@C82-I+MB / ODCB
 (a) Gd@C82-I / CS2

Figure 4-12. X- band ESR spectra of Gd@C82-I (a) with MB in ODCB, and (b) in CS2.
All spectra are measured at 3 K.
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40x103353025
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(b)

(a)

Figure 4-13. W-band ESR spectrum of (a) anion, (b) cation, of Gd@C82-I at 20 K.
Broken lines are corresponding simulations.

Table 4-2: ESR parameters of Gd@C82-I ions
parameter Gd@C82-I anion Gd@C82-I cation

S 7/2 7/2
g1 1.985 1.992
g2 1.990 1.992
g3 1.993 1.992

D / cm-1 0.218 0.199
E / cm-1 0.019 0.019
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 Our conclusion of the electronic structure of Gd@C82-I was depicted in Figure 4-14.

The valence state of an internal Gd ion was unchanged to +3 toward the reduction and

the oxidation of Gd@C82-I. In other word, the SOMO of Gd@C82-I is derived from a π-

orbital of C82, and the reduction and the oxidation also occur on the C82 cage. This was

in good agreement with the previous theoretical calculations of La@C82-I, which has

the same electronic configuration to that of Gd@C82-I.
23 Theory predicted the almost

invariable charge density on La atom by the reduction and the oxidation of La@C82-I.

Gd3+

Gd3+

Gd3+

e-

e-

Gd@C82-I
-

Gd@C82-I

Gd@C82-I
+

Figure 4-14. Proposed electronic structure of Gd@C82-I ion
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[Anion of La2@C80]

 The formation of the La2@C80 anion by the solvation of pyridine was proved in

previous chapter, by comparing the absorption and the ESR spectrum with that of

electrochemically or chemically generated anion.

 Figure 4-15 shows the X-band ESR spectra of La2@C80 in mixed solvent (TCB: CS2:

pyridine = 1:3:2, vv) at the temperature range from 295 to 180 K. The linewidth of the

signal decreased with decreasing the temperature from 295 to 215 K, and the signal

again broadened with decreasing the temperature to the freezing point of the solution.

Such a temperature dependence of the linewidth was observed for La@Cns, reported in

previous section. At the high temperature region the narrowing of the linewidth was due

to the spin-rotation interaction, and the broadening of the linewidth at low temperature

region was due to the anisotropic ESR parameters, such as ∆g, ∆a, and the quadrupole

interaction. Figure 4-16 shows the ESR (X-band) spectra of La2@C80 in mixed solvent

(TCB: CS2: pyridine = 2:3:2, vv) at the temperature range from 180 to 80 K. The

sample solution was still frozen, but the further spectral change was observed by

lowering the temperature. Such a spectral change in the frozen solution might be

attributed to the internal motion of the La dimmer. And the threshold energy of c. a. 0.2

k cal / mol (~120 K) was estimated. The spectral feature was not changed at the

temperature bellow 100 K, which may be attributed to the increase of the longitudinal

relaxation time, T1.
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Figure 4-15. X- band ESR spectra of La2@C80 in TCB: CS2: pyridine (1:3:2, vv) at

the temperature range from 295 K to 180 K
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Figure 4-16. X- band ESR spectra of La2@C80 in TCB: CS2: pyridine (1:3:2, vv) at

the temperature range from 180 K to 80 K.
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As shown in Figure 4-15, the spectrum appeared more than 15 lines, which was

expected from the simple relation (= 2I+1 lines). This would be originated from the

presence of the large hyperfine interaction respect to the Zeeman interaction, and the

forbidden transition might be observed. The W-band (95 GHz) ESR experiment could

simplified the ESR spectrum. Figure 4-17 shows the W-band ESR spectrum of the

La2@C80, which was cocrystallized with TBAF from that of the pyridine solution, in

CS2 and acetone at 20K. At W-band, the Zeeman interaction increased about one order

of magnitude than that at X-band, and the W-band spectrum can easily simulated by the

perturbation theory. The g factor smaller than 2.0023, which is the value for free

electron, suggested the presence of spin-orbit interaction of unpaired electron to internal

La ion.

Theoretical calculation of La2@C80 anion predicted that the excess electron would be

lying on the 6sσg orbital of the internal La dimmer, as in Figure 4-18. 32 And the group

theory requires the mixing of higher lying 5dσg and 5dδg orbital with 6sσg orbital. The

spin densities on the 6s and the 5dz
2 orbital of the La atom were estimated by comparing

40x1033836343230
field / gauss

 (a) experiment
 (b) simulation

gx: 1.849   ax: 328G
gy: 1.887   ay: 330G
gz: 1.975   az: 418G

Figure 4-17. W- band ESR spectrum of La2@C80 with TBAF, co-crystallized

from pyridine solution, in CS2 and acetone at 20 K. Simulated spectrum is also

shown.
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the isotropic and the anisotropic hfc with those of atomic ones. 27 The estimated spin

densities on the 6s and the 5dz
2 orbital of one La were 0.17 and 1.23, respectively. The

spin density on the 5dz
2-orbital was overestimated, because we used the atomic data as a

reference. The reference values of hfc should be taken from that of the La dimmer. We

could be originated to the anisotropy of hfc to the non-spherical 6sσg orbital of the La

dimmer. However, the result of the ESR measurement strongly suggested that the

excess electron was on the internal La dimmer of La2@C80. This is in contrast to the

electronic state of M@C82 anion, in which the excess electron is lying on the C82 cage.

As in the case of La2@C80 anion, the model of reduction-induced valency change of the

encapsulated ion was reported for the case of Sc3N@C80 anion. 
36
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Figure 4-18. Proposed electronic structure of La2@C80 anion
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4. 4. Conclusion

 The temperature dependent ESR study of La@Cn isomers in CS2 solution revealed the

influence of the cage structure on the electronic structure of endohedral La atom. The

anisotropic ESR parameters, such as ∆g, ∆a, and the quadrupole interaction, were

determined. The quantitative discussion of these parameters indicated that the electronic

structure of all La@Cn could be described as La
3+@Cn

3-. The various values of g close

to ge reflected the relative position of the low-lying La-derived orbital to that of the π

orbital of the cage. And the discussion on the NQI suggested the distance between the

lanthanum to cage decreased with increasing the size of the fullerene cage. Interesting

feature such as the internal motion of the endohedral atom, or the jumping among the

Jahn-Teller distorted structures of fullerene cage was suggested for La@C80-I and

La@C84-II.

 The electronic structures of metallofullerene ions were investigated by ESR

spectroscopy. Reductions of Gd@C82-I and La2@C80 were performed by the reductive

solvation of pyridine (DMF). And the chemical oxidation of Gd@C82-I was carried out

by the reaction with MB. The oxidation state of endohedral Gd3+ ion in Gd@C82-I is

unchanged towards the reduction and the oxidation process, which was suggested by X-

band ESR measurements, and then was confirmed by W-band ESR measurements. The

analysis of ESR spectra of La2@C80 anion suggested that the excess electron was on the

internal La2 dimmer. This is in contrast to the anion of M@C82-I, the excess electron

placed on the C82 cage.
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4. 5. Appendix

Appendix 4A

Temperature dependent ESR spectra of La@Cns in CS2.

Figure 4A-1. Temperature dependent ESR spectra of La@Cns (n=76-78) in CS2.

Figure 4A-2. Temperature dependent ESR spectra of La@C80 in CS2.

Figure 4A-3. Temperature dependent ESR spectra of La@C82 in CS2.

Figure 4A-4. Temperature dependent ESR spectra of La@C86 in CS2.

Figure 4A-5. Temperature dependent ESR spectra of La@C88 in CS2.

Figure 4A-6. Temperature dependent ESR spectra of La@C90 in CS2.

Appendix 4B

Temperature dependence of the linewidth coefficients of La@Cns in CS2.

Figure 4B-1. Temperature dependence of the linewidth coefficient of La@Cns (n=76-

78) in CS2.

Figure 4B-2. Temperature dependence of the linewidth coefficient of La@C80 in CS2.

Figure 4B-3. Temperature dependence of the linewidth coefficient of La@C82 in CS2.

Figure 4B-4. Temperature dependence of the linewidth coefficient of La@C84 in CS2.

Figure 4B-5. Temperature dependence of the linewidth coefficient of La@C86 in CS2.

Figure 4B-6. Temperature dependence of the linewidth coefficient of La@C88 in CS2.

Figure 4B-7. Temperature dependence of the linewidth coefficient of La@C90 in CS2.

Appendix 4C

Experimental (full line) and simulated (dotted line) ESR spectra of La@Cns in toluene

at 80K.

Figure 4C-1. Experimental (full line) and simulated (dotted line) ESR spectra of

La@Cns (n=76-78) in toluene at 80K.

Figure 4C-2. Experimental (full line) and simulated (dotted line) ESR spectra of

La@C80 in toluene at 80K.
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Figure 4C-3. Experimental (full line) and simulated (dotted line) ESR spectra of

La@C82 in toluene at 80K.

Figure 4C-4. Experimental (full line) and simulated (dotted line) ESR spectra of

La@C84 in toluene at 80K.

Figure 4C-5. Experimental (full line) and simulated (dotted line) ESR spectra of

La@C86 in toluene at 80K.

Figure 4C-6. Experimental (full line) and simulated (dotted line) ESR spectra of

La@C88 in toluene at 80K.

Figure 4C-7. Experimental (full line) and simulated (dotted line) ESR spectra of

La@C90 in toluene at 80K.
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Figure 4A-1
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Figure 4A-1. Temperature dependent ESR spectra of La@Cns (n=76-78) in CS2.
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Figure 4A-2
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Figure 4A-2. Temperature dependent ESR spectra of La@C80 in CS2.
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Figure 4A-3
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Figure 4A-3. Temperature dependent ESR spectra of La@C82 in CS2.
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Figure 4A-4
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Figure 4A-4. Temperature dependent ESR spectra of La@C86 in CS2.
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Figure 4A-5
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Figure 4A-5. Temperature dependent ESR spectra of La@C88 in CS2.
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Figure 4A-5, continued
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Figure 4A-5. Temperature dependent ESR spectra of La@C88 in CS2.
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Figure 4A-6
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Figure 4A-6. Temperature dependent ESR spectra of La@C90 in CS2.
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Figure 4A-6, continued
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Figure 4A-6. Temperature dependent ESR spectra of La@C90 in CS2.
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Figure 4B-1.
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Figure 4B-1. Temperature dependence of the linewidth coefficient of La@Cns
(n=76-78) in CS2.
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Figure 4B-2.
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Figure 4B-2. Temperature dependence of the linewidth coefficient of La@C80 in
CS2.
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Figure 4B-3
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Figure 4B-3. Temperature dependence of the linewidth coefficient of La@C82 in
CS2.
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Figure 4B-4
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Figure 4B-4. Temperature dependence of the linewidth coefficient of La@C84 in
CS2.
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Figure 4B-5

-15x10-3

-10

-5

0

K
1
 
/
 
g
a
u
s
s
m
s
l

 K1_86_I
 K1_86_II

12x10-3

8

4

0

K
2
 
/
 
g
a
u
s
s

 K2_86_I
 K2_86_II

0.25

0.20

0.15

0.10

0.05

0.00

 
K
0
 
/
 
g
a
u
s
s
m
s
l  K0_86_I

 K0_86_II

-1.0x10-3

-0.8

-0.6

-0.4

-0.2

0.0

K
4
 
/
 
g
a
u
s
s

300280260240220200180160
T / K

 K4__86_I
 K4__86_II

Figure 4B-5. Temperature dependence of the linewidth coefficient of La@C86 in
CS2.
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Figure 4B-6
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Figure 4B-6. Temperature dependence of the linewidth coefficient of La@C88 in
CS2.
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Figure 4B-7
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Figure 4B-7. Temperature dependence of the linewidth coefficient of La@C90 in
CS2.
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Figure 4C-1
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Figure 4C-1. Experimental (full line) and simulated (dotted line) ESR spectra of
La@Cns (n=76-78) in toluene at 80K.
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Figure 4C-2
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Figure 4C-2. Experimental (full line) and simulated (dotted line) ESR spectra of
La@C80 in toluene at 80K.
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Figure 4C-3
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Figure 4C-3. Experimental (full line) and simulated (dotted line) ESR spectra of
La@C82 in toluene at 80K.
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Figure 4C-4
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Figure 4C-4. Experimental (full line) and simulated (dotted line) ESR spectra of
La@C84 in toluene at 80K.
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Figure 4C-5
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Figure 4C-5. Experimental (full line) and simulated (dotted line) ESR spectra of
La@C86 in toluene at 80K.
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Figure 4C-6
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Figure 4C-6. Experimental (full line) and simulated (dotted line) ESR spectra of
La@C88 in toluene at 80K.
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Figure 4C-7
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Figure 4C-7. Experimental (full line) and simulated (dotted line) ESR spectra of
La@C90 in toluene at 80K.
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Chapter 5.

Summary

This thesis discussed about the separation and the electronic structure of lanthanum

endohedral fullerenes, as a prototype of lanthanoid metallofullerenes. Furthermore, the

chemical property of endohedral metallofullerenes, such as solvent effect, was

investigated.

The chemical property of metallofullerenes, such as the solvent effect, was

investigated in chapter 2. The efficient reduction of metallofullerenes, La@C82-I, II, and

La2@C80, by solvation of pyridine and DMF was confirmed by the spectroscopic

measurements, such as ESR, Vis-NIR, and NMR spectroscopy. The reduction of

metallofullerenes by solvation is reversible process with almost 100�% yield, which was

in contrast to that of C60. The difference of the reduction efficiency between

metallofullerenes and C60 could be explained by the discussion with previously reported

electrochemical investigations. The finding of the reduction by solvation of pyridine

(DMF) gave the plausible explanation of the remarkable extraction behavior of these

solvents to metallofullerenes with the +3 type metal(s) inside. The next interest is about

the +2 type metallofullerenes, which have closed shell electronic structure on these

cages. Investigations of the solvent effect on the +2 type metallofullerenes, such as

Ca@C82 and Eu@C82, will give more information about the electronic structure of these

molecules. And more, the use of these solvents will open a door for further applications,

such as the isolation of new type of fullerene molecule, which have not been obtained to

date.

In chapter 3, the separation and basic characterization of mono-lanthanum endohedral

fullerene isomers with the cage size of 76 to 90 were investigated. The lanthanum

endohedral fullerenes were produced by an arc discharge of La-carbon composite rod

and extracted by CS2 and pyridine. The two-stage HPLC technique was improved by

replacing commonly used toluene with chlorobenzene as an eluent, to obtain less stable

La@Cn samples in high purity. The new mono-lanthanum endohedral fullerene isomers

with the cage size of 76, 78, 80 (2 isomers), 84 (2 isomers), 86 (another isomer), and 88

(3 isomers) were obtained. The purity of samples was confirmed by LD-TOF mass,
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ESR, and Vis-NIR absorption spectroscopy. The number of available La@Cn isomer

was determined as in table 3-1. Furthermore, an analysis of HPLC retention behavior

suggested the electronic structure of La3+@Cn
3-. The construction of the separation

protocol may open a new direction of the studies on the metallofullerenes. Further

experiments such as the determination of the molecular structure and the systematic

characterization of each La@Cn isomer will play an important role to explain the

formation mechanism of metallofullerenes. On the other hand, we can suggest that this

separation protocol can be applied to the M3+ type mono-lanthanoid endohedral

fullerenes with small change, and the comparison of the Vis-NIR spectrum of the

structural isomer of M@Cn with that of La@Cns will give an important contribution for

the determination of the molecular structure. The validity of above suggestions was

confirmed by our recent experiment on the separation of Gd@Cn. The separation of the

Gd@C76 and Gd@C82-II were performed by the same separation protocol, and the Vis-

NIR spectra were similar to that of corresponding La@C76 and La@C82-II.

In chapter 4, the detailed electronic structures of the series of mono-lanthanum

fullerene were discussed in the first section. The temperature and the MI dependence of

ESR line width of La@Cn (n=76-90) in CS2 solution was analyzed in terms of the

rotational diffusion of a radical molecule in solution. The anisotropic ESR parameters,

such as ∆g, ∆a and the nuclear quadrupole coupling constant, were determined. The

validity of this analysis was confirmed by comparison of the spectra in frozen solution

with those from the simulation. The quantitative treatment of these parameters revealed

the formal electronic structure of La3+@Cn
3-. The cage size dependence was crudely

observed for the quadrupole interaction. Furthermore, the high symmetry of the cage

structure was suggested for La@C80-I and La@C84-II. Further experimental and

theoretical investigations should be needed. This ESR study of the series of La@Cns

could not explain the reason of the Magic Number of 82.  

In the latter section of chapter 4, the electronic structures of endohedral

metallofullerene ions were investigated. The analysis of the ESR spectra of the anion

and the cation of Gd@C82-I suggested that the reduction and oxidation occur on the π-

orbital of C82, and the oxidation state of an endohedral Gd atom remain unchanged from

+3. The interesting case is that of La2@C80 anion. The reduction induced valency

change was suggested for La2@C80 anion, because the large spin density on the internal
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La dimmer was observed. Recently, a similar ESR spectrum was observed for La2@C76

in pyridine. This suggested that the reduction induced valency change is a general

character of di-lanthanum metallofullerenes.

This research work gave some basic information, which is useful for further

experimental and theoretical research works of endohedral metallofulllerenes. The

author hopes that further investigations of these exotic molecules will open a new

direction in chemistry and physics.
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