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CONS P EC TU S

S hortly after the discovery of the carbon fullerene allotrope,
C60, researchers recognized that the hollow spheroidal

shape could accommodatemetal atoms, or clusters, which quickly
led to the discovery of endohedral metallofullerenes (EMFs). In
the past 2 decades, the unique features of EMFs have attracted
broad interest in many fields, including inorganic chemistry,
organic chemistry, materials chemistry, and biomedical chemistry.
Some EMFs produce new metallic clusters that do not exist
outside of a fullerene cage, and some other EMFs can boost the
efficiency of magnetic resonance (MR) imaging 10�50-fold, in
comparison with commercial contrast agents. In 1999, the Dorn
laboratory discovered the trimetallic nitride template (TNT) EMFs,
which consist of a trimetallic nitride cluster and a host fullerene
cage. The TNT-EMFs (A3N@C2n, n = 34�55, A = Sc, Y, or lanthanides) are typically formed in relatively high yields (sometimes only
exceeded by empty-cage C60 and C70, but yields may decrease with increasing TNT cluster size), and exhibit high chemical and thermal
stability.

In this Account, we give an overview of TNT-EMF research, starting with the discovery of these structures and then describing
their synthesis and applications. First, we describe our serendipitous discovery of the first member of this class, Sc3N@Ih-C80.
Second, we discuss the methodology for the synthesis of several TNT-EMFs. These results emphasize the importance of chemically
adjusting plasma temperature, energy, and reactivity (CAPTEAR) to optimize the type and yield of TNT-EMFs produced. Third, we
review the approaches that are used to separate and purify pristine TNT-EMF molecules from their corresponding product
mixtures. Although we used high-performance liquid chromatography (HPLC) to separate TNT-EMFs in early studies, we have
more recently achieved facile separation based on the reduced chemical reactivity of the TNT-EMFs. These improved production
yields and separation protocols have allowed industrial researchers to scale up the production of TNT-EMFs for commercial use.
Fourth, we summarize the structural features of individual members of the TNT-EMF class, including cage structures, cluster
arrangement, and dynamics. Fifth, we illustrate typical functionalization reactions of the TNT-EMFs, particularly cycloadditions and
radical reactions, and describe the characterization of their derivatives. Finally, we illustrate the unique magnetic and electronic
properties of specific TNT-EMFs for biomedicine and molecular device applications.

1. Discovery of Trimetallic Nitride Templated
Endohedral Metallofullerenes (TNT-EMFS)
Shortly after the discovery of the C60 molecule,1 it was

recognized that encapsulation of atoms, ions, and clusters

inside fullerene cages was feasible. Since the 1990s, a

number of mono- and dimetallic metallofullerenes were

reported, as described in a recent Account by Akasaka and

co-workers.2 During the 1990s, the Dorn Virginia Tech

laboratory engaged in studies of these endohedral ful-

lerenes. For the case of scandium metallofullerenes, our
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laboratory consistently observed a mass spectral peak at

m/e = 1109 (with variable intensity) for the toluene-soluble

soot product, prepared utilizing a Kr€atschmer�Huffman

(K�H) reactor electric-arc reactor (vide infra).3 Although the

mass spectral 1109 peak appeared in early reports, it re-

mained unidentified.4 During this time period, Whetten and

co-workers5 proposed the possibility of Ih-C80 or D5h-C80 ful-

lerene structures for the dimetallic endohedral metallofuller-

ene La2@C80. Akasaka and co-workers had reported the 13C

and 139La NMR spectra for La2@C80, which was also con-

sistent with an Ih-C80 cage.6 In the fall of 1998, Stevenson

and Dorn, armed with reams of data files (i.e., mass spectral

data, isotope distribution tables, 45Sc NMR spectrum, and

chromatographic traces), spent several hours at a local

coffee shop and concluded that, based on the mass spectral

isotopic distribution for the 13C enriched sample, the mys-

terious molecular formula for the 1109 peak was Sc3C80N1,

representing a four-atom endohedral cluster inside an Ih-C80

cage, namely, Sc3N@Ih-C80 (Figure 1). This structure assumed

that three Sc3þ ions and an N3� ion contribute a total of six

electrons to stabilize the Ih-C80 fullerene cage, Ih-C80
6�, as

predicted by Whetten and Akasaka.5,6 The occurrence of a

nitrogen atom in the formula was completely unexpected

since no nitrogen-containing precursor was used as a start-

ingmaterial (heliumgas, graphite, and scandiumoxide). This

epiphanywas subsequently confirmed by a two-line pattern

obtained for the 150 MHz 13C NMR spectrum (Figure 1),

which required nearly 1 week of scan time utilizing a 600

MHz (14.1 T) NMR instrument (Roy Bible, G. D. Searle). The

simple two-line pattern reflects the two types of car-

bon atoms in a characteristic 3:1 ratio (60 � 1, 20 � 1) for

Ih-C80 symmetry. Moreover, the 13C NMR spectrum for the
13C-enriched sample exhibited a significantly enhanced

doublet 1JC�C coupling pattern for the smaller peak, consis-

tent with an sp2 carbon signal coupled to three equivalent

adjacent carbons.With this new data, our suspicionwas that

the nitrogen source was from an air leak into the K�H

chamber. This was confirmed in new experiments by

intentionally introducing nitrogen gas into the chamber,

which led to a significant increase in the level of the TNT-

EMF Sc3N@Ih-C80.
7 With larger sample quantities, we were

able to isolate a sufficient sample (still less than 1mg) for an

elegant single-crystal X-ray study by Alan Balch's labora-

tory, unambiguously confirming the structure. This seren-

dipitous discovery was seemingly more predetermined

when we realized that the Dorn Virginia Tech office num-

ber was the same as the formula mass of Sc3N@Ih-C80

(Hahn 1109).

It was later found that the protypical scandium member,

Sc3N@Ih-C80, was significantly stabilized by formal transfer

of six electrons to the icosahedral Ih cage, C80
6�.8,9 It was

also quickly recognized that other fullerene cages would

accommodate the Sc3N cluster, including a second isomer

for the C80 cage, Sc3N@D5h-C80, a slightly smaller cage,

Sc3N@D3h-C78, and a non-isolated pentagon rule (non-IPR)

structure, Sc3N@D3-C68. These new TNT-EMFs have also

been characterized by both 13C NMR and single-crystal

studies. With yttrium and lanthanide metal ions, a whole

family of TNT-EMFs, A3N@C2n (A = Sc, Y, Gd, Tb, Dy, Ho, Er,

Tm, Lu, Pr, Ce, and La, n = 34, 35, and 39�55), have been

produced and characterized in the laboratories of Dorn,

Echegoyen, Balch, Dunsch, Stevenson, Yang, and others.

The TNT-EMF family also allows “mixed” metal formation,

AxB3�xN@C2y (x = 0�3, A, B = metal).7 In early studies,

a series of mixed-metal syntheses were performed, and the

yield of ScxA3�s@C80 was shown relative to Sc2C84 based on

mass-spectrometry peak intensity (Figure 2b). As a general

FIGURE 1. Discovery of TNT-EMFs: (top) spectral data and reference
papers leading to the discovery of “1109”, Sc3N@C80; (bottom) mass
spectral isotopic distribution of natural abundance and 13C-enriched
Sc3N@C80; the

13CNMRand singleX-ray crystallographic structural data
for Sc3N@C80; H.C.D.'s Virginia Tech office number, Hahn Hall 1109.
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trend, for both homogeneous and mixed-metal TNT-EMFs,

the yield of a certain species decreases as cluster size

increases.10 An earlier review of TNT-EMFs have been

published by Dunsch,9 and recent development of TNT-EMFs

are also described in other EMF reviews by Echegoyen,11

Balch,12 and Akasaka10,13 with their collaborators.

2. Preparation of TNT-EMFs
In most preparations to date, TNT-EMFs are produced in a

K�H electric-arc reactor.3 Although the geometrical di-

mensions of the K�H reactor vary, a typical apparatus is

shown in Figure 3a,b. The soot containing the TNT-EMFs is

produced from the electric-arc vaporization of a core-

drilled graphite rod packed with the desired metal to be

encapsulated. The resulting arc plasma in operation is

shown in Figure 3c.

In the K�H production method, the TNT-EMFs are pre-

pared by vaporizing graphite rods packed with the metal

oxide (e.g., Sc2O3) in ∼100�300 Torr atmosphere of N2 and

He.7 The soot obtained from the K�H reactor contains pre-

dominantly empty-cage fullerenes (e.g., C60, C70), which need

to be removed during the purification process vide infra. Sub-

sequently, a more reactive gas atmosphere was reported

by Dunsch,14 who introduced NH3 into the K�H reactor.

The Dunschmethod, and its reducing atmosphere, provided

samples depleted in C60 and C70 and enriched in TNT-EMFs.

In later studies, an oxidizing atmosphere was reported by

Stevenson,15 who introduced O2 and NOx vapor via the

decomposition of Cu(NO3)2, which was added to metal-

packed rods prior to vaporization. The Stevenson laboratory

has shown that the yield can be increased by 3�5 times in

the presence of Cu.16 As an example of the types of EMFs

that can be made by the CAPTEAR method,15 Figure 4a

shows laser desorption/ionization time-of-flight (LDI-TOF)

mass spectral results from soot extracts, which emphasize

the production of larger lanthanum�scandiummixed-metal

clusters. The mixed-metal LaSc2N@C80 TNT-EMF and corre-

sponding LaSc2N@C79N are the dominant species under

these conditions. Although the dilanthanum species of

La2ScN@C80 and La2ScN@C79N are synthesized in much

lower yields, the large cluster, La3N@C80, is below mass

spectral limits of detection. Surprisingly, the TNT heteroful-

lerene La3N@C79N is also formed.17

3. Purification of TNT-EMFs
The first TNT-EMFs were isolated and purified by high-

performance liquid chromatography (HPLC), but these ef-

forts are time-consuming and limit the quantities of TNT-

EMFs that can be isolated in pure form. It was, however,

found that TNT-EMFs have significantly different chemical

FIGURE 2. (a) Elements that have been encapsulated in TNT-EMFs. (b) Relative mass-spectrometry peak intensity of mixed-metal TNT-EMFs
ScxA3�xN@C80 to Sc2C84.

FIGURE 3. (a) An electric-arc reactor (chamber size about 30 cm in diameter and 60 cm in length) and (b) drawing. (c) The plasma.
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reactivities than empty-cage fullerenes.18�22 For example, a

facile separation of TNT-EMFs was reported based on lower

Diels�Alder chemical reactivity of TNT-EMFs between a

cyclopentadiene moiety immobilized on silica gel in com-

parisonwith empty-cage fullerenes.18Oneof themore facile

separations reported to date is the treatment with either

Lewis bases or Lewis acids to selectively bind the more

reactive species (Figure 5). As a typical example, via the “stir

and filter approach” (SAFA, Figure 5a) developedby Stevenson

et al,19,20 empty-cage fullerenes bind readily to amino-

derivitized silica (Lewis base) with the more chemically inert

TNT-EMFs remaining in solution. However, themost unreac-

tive component, Sc3N@Ih-C80, is readily isolated in isomeric

purity simply by filtration (figure 5b).19 In contrast, when

Lewis acid metal chlorides dissolved in CS2 are employed

(and after stirring), the EMFs were selectively isolated as

insoluble complexes (Figure 5c), which can be recovered

after decomposing the complexes (in icewater) as pure TNT-

EMFs, Sc3N@Ih-C80 (Figure 5d).20

4. Structural and Computational Studies of
TNT-EMFs
As previously described, the first definitive structural con-

firmation of the TNT-EMF, Sc3N@Ih-C80, was obtained by

both single-crystal analysis and 13C NMR spectroscopy.7 For

the Ih-C80 cage, although it commonly encapsulates planar

FIGURE 4. (a) LDI-TOF of CAPTEAR produced fullerene extract and (b) plot showing the relative yields of TNT-EMFs versus TNT-MNAFs.

FIGURE 5. Lewis acid and base reactivity separations of TNT-EMFs.
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A3N
6þ clusters, deviations from triangular planarity are

observed for larger lanthanide atoms. For example, a cluster

that deviates strongly from planarity was found for

Gd3N@Ih-C80, in which the N atom deviates from the triga-

doliniumplanebyadistanceof∼0.5Å, forminganammonia-

like pyramid.23 Several other different cage members of

the TNT-EMF class have characteristic structural features that

are rarely seen in other fullerenes and metallofullerenes

(Figure 6). For the C78 cage, two isomeric fullerene cages are

found for the trimetallic nitride (A3N)
6þ cluster. One is

the D3h-C78 cage, represented by Sc3N@D3h-C78,
24 which is

unique for the smaller (Sc3N)
6þ cluster and different from any

other reported empty-cage C78 fullerene. Larger lanthanide

metals including Gd, Tm, Dy, and Y prefer the non-IPR

A3N@C2(22010)-C78 cage,25�27 which has a “flatter flying

saucer” shape to host larger planar clusters.26 These larger

clusters conserve planarity in place of pyramidalization and

thereby stabilize these molecules by 140�160 kJ/mol.25

The A3N cluster also adopts a non-IPR C82 cage, namely, the

Cs(39663)-C82 cage, as found in the single-crystal structure of

Gd3N@C82, where one of the Gd3þ ions was close to the site

of the fused pentagons.28 Thenon-IPRA3N@C82 systemwas

confirmed by the 13C NMR study of Y3N@C82, in which a

highly deshielded 13C signal was observed at 165.7 ppm,

corresponding to the two carbon atoms fusing the

pentalene unit.29 Also noteworthy is that major isomers of

all A3N@C84 (A = Tb, Tm, Gd, or Y) EMFs adopt an egg-

shaped non-IPR Cs cage, the Cs(51365)-C84.
29�31 The special

elliptical shape of the cage is capable of hosting the planar

(A3N)
6þ cluster, and the only pentalene group is located on

the “tip” of this “buckyegg”. The 13C NMR results of Y3N@C84

also confirm the cage symmetry and the existence of

the fused pentagons.29 The reported A3N@C86 species,

where A includes Tb, Gd, and Y, share the same fullerene

cage, namely, the D3(19)-C86, as found by single-crystal

X-ray crystallography32,33 and 13C NMR analysis.29 The

A3N@C88 EMFs are the largest TNT-EMFs with crystal struc-

tures reported to date where the D2(35)-C88 cage is the

common host for Tb3N, Gd3N, and Y3N clusters.32,34

The smallest and largest isolated TNT-EMFs are Sc3N@C68
35

and A3N@C96 (A = Pr, Ce, and La),36 respectively. The 12

peaks in the 13C NMR spectrum of Sc3N@C68 and symmetric

single 45Sc signal suggested a D3-C68 cage, which was

confirmed by single-crystal study.37 Regarding the larger

TNT-EMFs in the soot extract for a lanthanum-based TNT-

EMF synthesis, a mass-spectral peak corresponding to

La3N@C110 was observed, which represents the largest

TNT-EMF reported to date.36

NMR investigations of the nuclei of the (A3N)
6þ cluster

provide additional information regarding cluster dynamics.

The 89Y NMR of Y3N@C2n (n = 40, 42, and 43) series reveals

that, in the non-IPR Y3N@Cs(51365)-C84, the pentalene group

strongly binds to one yttrium atom and prevents the cluster

rotation, whereas in IPR-obeying Y3N@C80 and Y3N@C86,

the cluster undergoes nearly free isotropic rotation.29 More-

over, a comprehensive 14N NMR study on A3N@C80 (A = Sc,

Y, or Lu) was reported by Dorn et al., suggesting that the

rotation energetic barriers of the clusters are dependent on

the ionic radius of the metal ions.38

Over the last 10�12 years, the structural characterization

of TNT-EMFs has been supported by several seminal com-

putational studies. For example, early computational results

by Nagase supported significant charge transfer of approxi-

mately six electrons to the icosahedral Ih-C80 cage, and

predicted a relatively large (6.5 eV) band gap in archetypal

Sc3N@Ih-C80.
8 Aihara predicted exceptional stability for the

Ih-C80 cage based on a H€uckel minimum bond resonance

energies (min BRE) approach.39 More recently, Poblet and

co-workers have advanced a rule based on a simple ionic

model for transfer of six electrons from the trimetallic

nitride cluster for Sc3N@D3-C68, Sc3N@D3h-C78, and Sc3N@

Ih-C80.
12,40 This rule predicts that a suitable fullerene must

FIGURE 6. Structures of TNT-EMFs based on single-crystal analysis. The
red portion of the molecules denotes pentalene site.



Vol. 46, No. 7 ’ 2013 ’ 1548–1557 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1553

Trimetallic Nitride Template Endohedral Metallofullerenes Zhang et al.

host three low-lying unoccupied molecular orbitals and

there must be sizable gap between the LUMO-4 and

LUMO-3 orbitals where LUMO-n is the nth-lowest unoccu-

pied MO. A very detailed DFT study by Popov and Dunsch

has shown that, for the isomers of A3N@C2n (A = Sc and Y,

2n = 68�98), based on the most stable C2n
6�, the lowest

energy isomers for Sc3N@C68, Sc3N@C78, Sc3N@C80,

Y3N@C80, Y3N@C84, Y3N@C86, and Y3N@C88 are the same

ones found from the single-crystal X-ray studies, vide

supra.41

5. Cage Surface Functionalization Reactions
of TNT-EMFs
The hydrophobic cage surface of the TNT-EMFs requires

chemical functionalization as a prerequisite for many po-

tential applications. As noted in section 3, the TNT-EMFs

are more reactive toward Lewis acids (AlCl3) but are less

reactive toward nucleophilic amines (Lewis bases), in com-

parison with empty-cage fullerenes (C60, C70, and C84). The

first reported derivative of a TNT-EMF was an isochroma-

none Diels�Alder adduct of Sc3N@Ih-C80,
42 which was char-

acterized by 13C NMR. Subsequently, a single-crystal X-ray

crystallographic structure was obtained by Balch's labora-

tory.43 The Diels�Alder addition reaction also provided

the first derivative of the promising candidate for the next-

generation MRI contrast agent, Gd3N@C80, vide infra.44

Echegoyen and co-workers reported a 1,3-dipolar cycload-

dition reaction of N-ethylazomethine ylide yielded mainly

the pyrrolidine monoadduct of TNT-EMFs. They found that

the cycloaddition reaction occurred across the [6,6] bond for

Y3N@Ih-C80, but the [5,6] addition occurred for Sc3N@Ih-

C80.
45 Later, the Dorn laboratory reported that both [5,6]

and [6,6] addition occur for the case of N-tritylpyrrolidino

derivatives of Sc3N@Ih-C80.
46 The kinetically favored [6,6]

N-tritylpyrrolidino derivative is initially formed in greater abun-

dance, while the thermodynamically favored [5,6] isomer

predominates at longer reaction times. As illustrated in

Figure 7, the [5,6]N-tritylpyrrolidino isomer yields symmetric

methylene groups and exhibits only one signal between 50

and 70 ppm in 13C NMR spectrum, in contrast with the [6,6]

addition isomer, which exhibits two signals. Interconversion

of isomers was confirmed by heating the kinetically favored

[6,6] product and following the conversion to the [5,6]

isomer. Interestingly, Chen et al. investigated the influence

of cluster size on the reaction sites for the ScxGd3�xN@C80

(x = 0�3) series with a similar 1,3-dipolar cycloaddition

reaction.47 They found that the larger (Gd3N)
6þ cluster led

to a preponderance of the [6,6] derivative for Gd3N@C80

while the [5,6] product dominated in the smaller (ScGd2N)
6þ

and (Sc2GdN)
6þ clusters.

The Bingel 1,3-cycloaddition reaction also gives a series

of important TNT-EMF derivatives, among them the impor-

tant open-cage Bingel derivative of Y3N@Ih-C80 occurring

via bromomalonate addition.48 Echegoyen and co-workers

found that one yttrium atom (Y1) was fixed near the open

site of this adduct, while the other two yttrium atoms (Y2 and

Y3) could rotate about the Y1�N axis of the (Y3N)
6þcluster.

Although it was earlier reported that Sc3N@Ih-C80 was un-

reactive in the usual Bingel reaction conditions,45 the Dorn

laboratory synthesized a cyclopropanyl adduct of Sc3N@Ih-

C80 with catalytic manganese(III) via a radical mechanism.49

Alternatively, the Echegoyen laboratory has shown that, in

the presence of DMF, Sc3N@Ih-C80 can also react with

bromomalonate to form Bingel adducts in a similar fashion

to the Y3N@Ih-C80.
50 A 1,3-dipolar addition diazo reaction

has been reported, yielding phenyl-A3NC81-butyric methy-

late (A = Lu, Sc, or Y) TNT-EMF derivatives, which are

important new materials as electron acceptors for hetero-

junction photovoltaic solar cell devices.51,52 Echegoyen and

co-workers53 have also reported the interesting [2 þ 2] reac-

tion of isoamyl nitrite and anthranilic acid with Sc3N@Ih-C80,

which leads to a benzyne intermediate followed by formation

FIGURE 7. The13C NMR spectral differences between the [6,6] and [5,6] 1,3-dipolar derivatives of Sc3N@C80.
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of monoadducts with a four-membered ring attached to the

cage surface via both [5,6] and [6,6] ring addition.

A minor C80 isomer of the TNT-EMF family, A3N@D5h-C80

(A = Sc or Lu), was found to exhibit enhanced chemical

reactivity in both the Diels�Alder and 1,3-dipolar reactions

(Figure 8), in comparison with the Ih isomer.54 The two 1,3-

dipolar addition products for A3N@D5h-C80 were assigned

by 1H NMR, but an alternative assignment has been ad-

vanced for one of these products in a recent computational

report.55 The smaller TNT-EMF, Sc3N@D3h-C78, was also

functionalized with both the 1,3-dipolar reaction56 and the

Bingel reaction,57 in which both mono- and bis-adduct were

isolated and characterized. Some non-IPR TNT-EMFs, includ-

ing Sc3N@D3-C68, Gd3N@Cs-C82, and Gd3N@Cs-C84, are also

reactive toward the Bingel reaction;58�60 the structural

characterization of TNT-EMF derivatives is largely limited

to computational results.

Trifluoromethylation radical reactions of TNT-EMFs via a

radical mechanism have been conducted on Sc3N@C80

(both Ih and D5h isomers), yielding Sc3N@C80(CF3)2n (n =

1�6)61 products. Another UV-initiated radical reaction be-

tween benzyl bromide and Sc3N@Ih-C80 yields exclusively

Sc3N@C80(C7H8)2.
62 In both trifluoromethylation and benzyl

radical reactions, the functional groups are added pairwise

with 1,4 addition across thehexagon rings (para addition) on

the fullerene surface. The TNT-EMFs have also been functio-

nalized by multiaddition hydroxylation and carboxylation

reactions for MRI contrast agents63 and electrochemical

approaches.64,65 Very recently (during preparation of this

Account), Akasaka and co-workers reported an interesting

monosilylation reaction of Lu3N@C80.
66 Other important

chemical functionalization reactions not detailed in this re-

view are discussed in more comprehensive reviews.11,13

6. Applications of TNT-EMFs
It is well recognized that there are several potential applica-

tions for the TNT-EMFs. For biomedical applications, the

TNT-EMF cage has the inherent advantage of high stability

and characteristic resistance to any potential biological

metabolic cage-opening process(es), which enables the ap-

plication of toxic lanthanide ions without the risk of their

release to surrounding biological components. On the other

hand, the lower chemical reactivity of the A3N@C2n family,

vide supra, is still sufficient for functionalization by a variety

of reactions to convert the hydrophobic fullerene surface to

a hydrophilic water/biological fluid-compatible surface for

drug delivery.

A seminal study by Shinohara et al. demonstrated that

the hydroxylated metallofullerene, Gd@C82(OH)n, exhibits

excellent characteristics as an MRI contrast agent, with

relaxivity at several different magnetic field strengths (r1
up to 81 mM�1 s�1, 10�20 times higher than commercial

MRI contrast agents Omniscan and Magnevist).67 Since

2006, several in vitro and in vivo MRI relaxivity studies of

TNT-EMF Gd3N@C80 derivatives have been reported and

reviewed. For example, water-soluble poly(ethylene glycol)

functionalized and hydroxylated TNT-EMF derivatives,

Gd3N@C80[DiPEG(OH)x],
68 were found to have the highest

reported relaxivities, with values of 237mM�1 s�1 for r1 and

460mM�1 s�1 for r2 (79mM�1 s�1 and 153mM�1 s�1 based

onGd3þ ion) at a clinical-rangemagnetic field of 2.4 T.69 The

Dorn laboratory and collaborators from Virginia Common-

wealth University have reported a TNT-EMF nanoplatform

with 177Lu brachytherapy in a murine glioblastoma multi-

forme (GBM) model that increases median survival from 21

to 52 days with long-term diagnostic MRI.70 More recently,

this collaborative group has reported even longer median

survival to over 120 days with a multimodal “theranostic”

radiolabeled 177Lu-DOTA-f-Gd3N@C80 EMF platform

(Figure 9).71 In both of these studies, the approach involves

external functionalization chemistry and subsequent treat-

ment with a radiolabeled 177LuCl3 sample. In contrast to

exohedral radiolanthanide EMFs, the encapsulation of

radionuclide atoms or clusters inside fullerene cages pro-

vides a nearly ideal platform, since the radioactivemetal ion

is completely isolated from the biosystem. We described

the preparation of the 177LuxLu(3�x)N@C80�TAMRA�IL-13

peptide72 using a remotely-controlled K�H generator to

prepare the 177Lu in a TNT-EMF cage, and demonstrated

that, for a period of at least one half-life (6.7 days), the

encapsulated 177Lu3þ ions are not released. This 177Lu

FIGURE8. Major typesof cycloaddition reactionsdevelopedonTNT-EMFs.
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radiolabeled EMFagentwas subsequently conjugatedwith a

fluorescence tag (TAMRA) and interleukin-13 (IL-13), a cyto-

kine peptide designed to target overexpressed receptor cells

in GBM. Of critical importance for biomedical applications, a

recent study reported no notable cytotoxicity for primary

mouse brain neuronal cells and human neuroblastoma cells

treated with functionalized TNT-EMFs and empty-cage full-

erenes in concentrations up to 10 μM.73

TNT-EMFs have also emerged as promising building

blocks for various semiconductor, optoelectronic, and light

electron/energy conversion systems. As one example,

metallofullerenes are among leading candidates for electron

acceptors in organic photovoltaic devices. In 2009, Ross and

colleagues demonstrated the importance of TNT-EMFs in

this field with the derivative phenyl-Lu3N@C81 butyric hexyl

ester (also known as Lu3N@C80�PCBH), which exhibits one

of the highest open circuit voltages (VOC = 810mV) reported to

date, and an improved efficiency (4.2%) directly compared

with the corresponding C60PCBM derivative under the same

condition (VOC = 630 mV, 3.4% efficiency).51 On the other

hand, the short circuit current of this system is lower than the

C60PCBM, and the reason was recently investigated.74 In a

paradigm shift, the TNT-EMF was shown to exhibit not only

electron acceptor properties but also electron donation in a

covalently linked Lu3N@C80�perylenediimide (PDI) conju-

gate, in which PDI acts as the light harvester and the elec-

tron acceptor.75 Also of note, Novotny has coupled single

Y3N@C80 molecules to single gold nanoparticles as optical

antennas to drastically enhance light absorption and emis-

sion from poor emitters like rare-earth ions.76 Although it

has been over 13 years since the discovery of the TNT-EMFs,

their applications (especially as MRI contrast agents and

photovoltaic electron acceptors) are only starting to mature.

Recent commercial availability of TNT-EMFs should change

this situation over the next several years.
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