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Abstract
Endohedral metalofullerenes (EMFs) have emerged as an important class of nanomaterials
with vast promise in applications of molecular devices and nanomedicines. This dissertation
addresses the EMF research span from synthesis to application, with an emphasis of work on
trimetallic nitride template (TNT) EMF and carbide clusterfullerenes (CCFs).
As a general introduction, chapter 1 reviews the main literature in TNT EMF studies. Also
key works in CCF area are highlighted to show the common feature and uniqueness of this class
of EMF in comparison with other EMFs. In the last part of the chapter a list of milestone
progress in EMF area has been summarized.
Chapter 2 is devoted to the synthetic work on EMFs. Especially, for isotopic modification,
the trial and actual EMF syntheses in efforts to introduce 13C, 89Y and 177Lu are described.
The next three chapters address the structural characterization of EMFs. Chapter 3 focuses
on structural studies of CCFs. With detailed interpretation of

13

C NMR and DFT computational

results for selected members of the Y2C2@C2n family, the influence of fullerene cage on the size
and shape of the yttrium carbide cluster (Y2C2)4+ is investigated. It has also been established that
the carbide cluster prefers a linear shape in sufficiently large fullerene cages but adopts a
compressed butterfly shape in smaller cages where space is constrained.
Chapter 4 presents a systemic examination of dipole moments in TNT EMFs. The first 13C
NMR study of M3N@C2(22010)-C78 is achieved on Y3N@C2(22010)-C78. In addition, dipole

moments of the M3N@C2n (n=39-44) family are probed by interpretation of chromatographic
retention behavior, DFT computational results and single-crystal data. It has been found that
TNT EMFs with pentalene motifs exhibit enhanced dipole moments due to the cluster-cage
interplay.
Chapter 5 provides full characterization of the M2C2@C1(51383)-C84 (M=Y, Gd) molecule,
which contains the first example of an asymmetric fullerene cage with fused pentagons.
Furthermore, it is suggested that the C1(51383)-C84 cage is capable of a cascade of
rearrangements into high symmetry and stable fullerene cages via well-established mechanistic
steps, namely, extrusion of C2 units from pentalene or indene motifs and Stone-Wales
transformations. As an important intermediate in the formation of high symmetry fullerene cages,
the C1(51383)-C84 represents a missing link that implies the “top-down” fullerene formation
mechanism.
Chapter 6 describes the endeavor to functionalize two exotic EMFs, the room-temperature
radical heterometallofullerene Gd2@C79N, and the egg-shaped TNT EMF Gd3N@C84. The
reactivity of Gd2@C79N is directly compared to Y2@C79N, Gd3N@C80 and Sc3N@C80 in two
reactions and the paramagnetic Gd2@C79N is proven to be very inert toward many known
common fullerene cage reactions. Eventually both EMFs have been successfully functionalized
via the Bingel reaction, and the derivatives are characterized with HPLC and mass-spectrometry.
Chapter 7 compares the effective magnetic moment of Gd3N@C80 and Gd3N@C84,
together with the previously reported Gd@C82. The magnetic moment has a second-order
contribution to the T1 relaxivity and thereby is an important factor to evaluate an EMF’s value in
application as MRI contrast agents. Furthermore the influence of cluster motion to magnetic
behavior in TNT EMF is discussed.
iii
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Chapter 1 Nitride and Carbide Clusterfullerenes
Part of this chapter is adopted from a manuscript published on Accounts of Chemical Research with
appropriate modifications under the permission of the American Chemical Society. Full text of the
published manuscript, entitled “Trimetallic nitride template endohedral metallofullerenes: discovery,
structural characterization, reactivity, and applications” by Jianyuan Zhang, Steven Stevenson and Harry
C. Dorn, can be obtained at http://pubs.acs.org/doi/pdf/10.1021/ar300301v.

1.1 Chapter overview
Upon discovery of the new carbon allotrope, the fullerene C60,1 it was recognized that the
hollow spheroidal shape could accommodate metal atoms or clusters, which quickly led to the
discovery of endohedral metallofullerenes (EMFs).2 In the past two decades, EMFs have
attracted broad interest in different areas of chemistry, including inorganic chemistry, organic
chemistry, materials chemistry and biomedical chemistry due to their unique features.3 For
example, certain EMFs provide new clusters that do not exist outside of a fullerene cage, and
some enable 10-50 times more efficient magnetic resonance (MR) imaging compared to
commercial contrast agents.3 EMFs that encapsulate only metal ion(s) are referred as “traditional
metallofullerenes”, and that encapsulate metal-nonmetal clusters are called clusterfullerenes,
which can be further classified as based on the type of the encapsulated clusters, into trimetallic
nitride template endohedral metallofullerenes (TNT EMFs, or nitride clusterfullerenes, NCFs),
carbide clusterfullerenes (CCFs), oxide clusterfullerenes (OCFs), sulfide clusterfullerenes (SCFs)
and others. In this chapter, I introduce the discovery of clusterfullerenes and then describe the
progression of EMF research from synthesis to applications, using trimetallic nitride template
(TNT) EMFs as typical examples. First, I describe the synthetic methodology for several TNT
EMFs with an emphasis on chemically adjusting plasma temperature, energy and reactivity
(CAPTEAR) tuning to optimize the type and yield of TNT EMFs produced. Second, I review
approaches used to separate and purify pristine TNT EMF molecules from their corresponding
1

product mixtures. Although early separations were achieved by high performance liquid
chromatography (HPLC), facile separations based on the reduced chemical reactivity of the TNT
EMFs are now commonly employed. The improved production yields and separation protocols
have been recently realized for industrial production of TNT EMFs. Third, I summarize the
structural features, including cage structures, cluster arrangement and dynamics of individual
members of the TNT EMF class. Fourth, I illustrate typical functionalization reactions of the
TNT EMFs and corresponding characterization of their derivatives. Two major chemical reaction
categories are cycloaddition and radical reactions. Fifth, I use selected examples to illustrate the
unique magnetic and electronic properties of certain TNT EMFs for biomedicine and molecular
device applications. Then, I cover the studies performed on CCFs which represent another
important class of molecules in this dissertation. Finally, I summarize the important work related
to EMFs in a chronological order.

1.2 Discovery and a brief introduction to clusterfullerenes
Discovered in the dawn of fullerene study, endohedral metallofullerenes (EMFs) attracted
tremendous scientific attention in the 1990s.4 Although the yields of EMFs were typically as low
as 1% of the empty cage C60 and extensive and tedious high performance liquid chromatography
(HPLC) separation was required to obtain isomerically pure EMF samples, a number of
monometallic

fullerenes

and

dimetallic

fullerenes

(now

referred

as

“traditional

metallofullerenes” or “traditional EMFs” in distinction with clusterfullerenes) had been
synthesized and isolated. Since then, a new molecular formula X@C2n has been adopted to
denote EMFs, in which the X is the encapsulataed species and the C2n is the fullerene cage. Due
to the large number of isomers for a certain fullerene formula, numbers and symmetry point

2

groups are often added to show the cage structure. For example, Y2@C3v(8)-C82 denotes an EMF
with two yttrium ions encapsulated in a C82 fullerene cage that has a C3v symmetry and
numbered 8 in the numbering system presented in “An Atlas of Fullerenes”5 by Fowler and
Manolopoulos.
The research on EMFs was great enhanced by the discovery of the first clusterfullerene,
Sc3N@C80, by Stevenson and Dorn in 1999.6 During their studies of scandium metallofullerenes,
they constantly observed a mass-spectrometry peak of 1109 in the toluene soluble soot product7
which remained unidentified for 5 years. In the fall of 1998, they were able to determine the
molecular formula for that mass peak as Sc3C80N1 based on the isotopic distribution in high
resolution mass spectral data for both natural abundance and 13C enriched sample. Moreover, the
molecule was assigned as Sc3N@C80 based on HPLC retention time and the single peak in

45

Sc

NMR. Furthermore they predicted the cage to be Ih(7)-C80 which was 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 appearance of nitrogen in the molecule was unexpected since no nitrogen source was
provided in the starting materials (graphite, scandium oxide and helium gas), and it was
attributed to the small leak of air into the Krätschmer-Huffman (K-H) electric-arc reactor,8 which
naturally led to the intentional introduction of nitrogen gas into the reaction. The resulting soot
contained a significantly increased amount of Sc3N@C80 whose yield exceeded the empty cage
fullerene C84 and was only second to C60 and C70, which is a historical milestone of EMF
research that for the first time the yield of EMF is comparable to that of the empty cages. With
larger quantities of samples the X-ray single-crystal study was performed and confirmed the
structure of Sc3N@Ih(7)-C80 (Figure 1). The serendipitous discovery was seemingly

3

predetermined when it was later realized the coincidence that the Dorn office number in Virginia
Tech Hahn Hall was 1109, matching the mysterious molecular weight that led to the discovery.*

Figure 1. Mass spectral isotopic distribution of natural abundance and
Sc3N@C80; the

13

13

C enriched

C NMR and single crystal x-ray structural data for Sc3N@C80; H.C.D’s

Virginia Tech office number, Hahn Hall 1109.
The first type of clusterfullerenes was named trimetallic nitride template endohedral
metallofullerenes (TNT EMFs). The TNT EMF family also allows “mixed” metal formation, A3xBxN@C2y

(x = 0-3, A,B = metal).6 Later it was found that other fullerene cages would also

*

The coincidence of 1109 is devoted as a sentimental commemoration after my advisor, Prof. H. C. Dorn moved
out his Hahn 1109 office for his position in the Carilion Research Institute of Virginia Tech in the summer of 2012.
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accommodate the Sc3N cluster, including a second isomer for the C80 cage, Sc3N@D5h-C80,9 a
slightly smaller cage, Sc3N@D3h-C78,10 and a small cage with fused pentagons, Sc3N@D3-C68.11
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, 39-55) have been produced and characterized
in the laboratories of Dorn, Echegoyen, Balch, Dunsch, Stevenson, Yang, and others.3,12-14 The
elements that have been encapsulated in TNT EMFs are summarized in Figure 2.

Figure 2. Elements that have been encapsulated in TNT EMFs.
Significant progress in clusterfullerenes has been made after the discovery of TNT EMFs. The
first structural elucidation of carbide clusterfullerene (CCFs) Sc2C2@C84, was achieved in 2001
by Shinohara and coworkers.15 Unlike TNT EMFs, the CCFs share the same synthetic conditions
with traditional EMFs (metal source, helium gas and graphite, no nitrogen needed). However,
their existence could be masked by traditional EMFs due to the shared formula. For example, the
first characterized CCF Sc2C2@C84 was thought to be Sc2@C86; however, its

13

C NMR didn’t

resemble any available C86 structure but suggested D2d(23)-C84 fullerene cage,15 which leads to
the discovery of CCFs. Soon after the discovery, many other groups joined the rush to reexamine
traditional EMFs, during which many M2@C2n molecules were proposed as M2C2@C2(n-1) vide
5

infra. Due to generally lower yields and being unidentifiable simply by mass-spectrometry, the
development of CCFs was much slower than TNT EMFs. Nevertheless, up to date many metals
have been encapsulated in fullerene cages as metal carbide cluster as seen in Figure 3.

Figure 3. Elements that have been encapsulated in CCFs.
The oxide clusterfullerenes (OCFs) were discovered by the Stevenson group as Sc4O2@Ih(7)C80 in 2008 using air as the oxygen source.16 Interestingly, following reports of Sc4O3@Ih(7)C80,17 Sc2O@Cs(6)-C82,18 they show even larger diversity in the cluster than in the cage. The
sulfide clusterfullerenes (SCFs) were first proposed in 2010 by Dunsch and coworkers with
Sc2S@C8219 and closely followed by Echegoyen et al. with two isomers of the same formula20 by
introducing SO2 into the reaction chamber. However, it was not until one year later that the first
unambiguous structural elucidation of SCFs was achieved by Balch and coworkers21 on the
samples synthesized by Echegoyen group.20 Recently two smaller cages with fused pentagons
were also found to host Sc2S cluster.22,23 Compared to TNT EMFs (NCFs) and CCFs, the studies
on OCFs and SCFs are only in their infant stage.
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1.3 The isolated pentagon rule in EMFs
One of the Nobel laureates for fullerene discovery, Sir Harold Kroto, predicted that pristine
fullerenes should not have pentagons fused together, which is referred as the “isolated pentagon
rule (IPR)”.24 The IPR strictly applied to all pristine (empty-cage, unfunctionalized) fullerenes
through the recent decades. However, when the rule is extended to EMFs, two exceptions were
independently reported by Shinohara [Sc2@C2v(4348)-C66]25 and Dorn [Sc3N@D3(6140)-C68]11
in 2000, with many other examples following.26 This can be explained by the electron transfer
from the encapsulated species to the cage. In all EMFs, the endohedral metal ions or clusters bear
positive formal charges while the fullerene cages bear negative formal charges.3 For example,
Sc3N@C80 can be described in an ionic model as (Sc3N)6+@C806-. Although the fused pentagons
(pentalene motifs) are energetically punished for being 8π-anti-aromatic in pristine fullerenes,
they can be stabilized by the extra electrons in EMFs. Therefore, the EMFs have a profound
influence by drastically increasing the diversity of possible fullerene cages by thousands of times,
as listed below in Figure 4 the number for possible non-IPR and IPR isomers from C62 to C100.5

Figure 4. Number of non-IPR and IPR isomers for fullerene C62 to C100.
7

1.4 The TNT EMFs
1.4.1 Synthesis of TNT EMFs
In most preparations to date, TNT EMFs are produced in a K-H electric-arc reactor.8 Although
the geometrical dimensions the K-H reactor vary, a typical apparatus is shown in Figure 5a, b.
The soot containing the TNT EMFs is produced from the electric-arc-vaporization of a coredrilled graphite rod that is packed with a desired metal to be encapsulated. The resulting arcplasma is shown in Figure 3c.

Figure 5. Fullerene and EMF generator. a) An electric-arc reactor (chamber size about 30
cm in diameter and 60 cm in length) b) drawing. and c) the plasma.
As described above, the original production method of TNT EMFs was accomplished with
Sc2O3 packed rods being vaporized under a mixture of N2 and He.6 The soot extract contained
predominantly empty-cage fullerenes (e.g., C60, C70) which had to be removed during the
purification process. Subsequently, a more reactive gas atmosphere was reported by Dunsch who
introduced NH3 into the K-H reactor as the nitrogen source.27 The Dunsch method 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 who introduced O2 and NOx
vapor via the decomposition of Cu(NO3)2, in which the product distribution can be tuned by
chemically adjusting plasma, temperature, and reactivity (CAPTEAR).28 Moreover, the
8

Stevenson laboratory also showed that the yields of TNT EMFs can be increased by 3-5 times in
the presence of Cu.29
1.4.2 Purification of TNT EMFs
The first TNT EMFs were isolated and purified by HPLC, but these efforts were time-consuming
and limited the quantity level of TNT EMFs. During TNT EMF studies, it was found that EMFs
are more reactive towards electron acceptors but relatively inert towards electron donors, with
empty-cage fullerenes having the opposite effect. Based on this, various chemical reactivity
approaches have been developed for TNT EMF purification including selective oxidation30 and
taking advantage of the reactivity differences.31-35 One of the more facile separation reported to
date is the treatment with either Lewis bases or Lewis acids to selectively bind the more reactive
species (Figure 6). As a typical example, via the “Stir And Filter Approach” (SAFA, Figure 5a)
developed by Stevenson group,32,33 empty-cage fullerenes bind readily to aminosilica (Lewis
base) with the more chemically inert TNT EMFs remaining in solution. The most unreactive
component, Sc3N@Ih-C80, eventually is the only species remaining in solution, and is readily
isolated in isomeric purity simply by filtration (figure 6b). On contrary, when metal chlorides
(Lewis acids) are used, after stirring the EMFs were selectively bound to the insoluble (Figure
6c), which can be recovered from the precipitate with pure Ih-isomer obtained by adjusting the
identity and amount of Lewis acids (Figure 6d).35
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Figure 6. Lewis Acid and Base Reactivity Separations of TNT EMFs.
1.4.3 Structural Characterization of TNT EMFs
As aforementioned the first definitive structural confirmation of the TNT EMF, Sc3N@Ih-C80,
was obtained by both single crystal analysis and

13

C NMR spectroscopy,6 which are considered

as the “gold standards” for structural characterization of EMFs. For the Ih-C80 cage, although it
commonly encapsulates planar (A3N)6+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 tri-gadolinium plane by a
distance of ~0.5 Å, forming an ammonia-like pyramid.36
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Several other members of the TNT EMF class have unique 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)6+ cluster. One is the D3h-C78 cage, represented
by Sc3N@D3h-C78,10 that is unique for the smaller (Sc3N)6+ 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 cage37-39 which has a “flatter flying saucer” shape to host
larger planar clusters.38 This distorted shape of the C78 cage conserves the large clusters from
pyramidalization and thereby stabilizes the molecule by 140-160 kJ/mol.37 The A3N cluster also
adopts a non-IPR C82 cage, namely, the Cs(29663)-C82, as found in the single crystal structure of
Gd3N@C82, where one of the Gd3+ ions was close to the site of the fused pentagons.40 The nonIPR A3N@C82 system was confirmed by a

13

C 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.41 Also noteworthy is that major isomers of all A3N@C84 (A=Tb, Tm, Gd, Y)
EMFs adopt an egg-shaped non-IPR Cs cage, the Cs(51365)-C84,41-43 although there are 24 IPRobeying options available for C84. The special elliptical shape of the cage is capable of hosting
the planar (A3N)6+ cluster and the only pentalene group is located on the “tip” of the “buckyegg”.
The

13

C NMR results of Y3N@C84 also confirm the cage symmetry and the existence of the

pentalene motif.41 The reported A3N@C86 species, where A includes Tb, Gd and Y, share the
same fullerene cage, namely, the D3(17)-C86, as proved by single crystal analysis44,45 and

13

C

NMR.41 The M3N@C88 EMFs are the largest TNT EMFs with crystal structures assigned.
D2(35)-C88 cage is the common host for both Tb3N, Gd3N and Y3N clusters.44,46
The smallest and largest isolated TNT EMFs are Sc3N@C6811 and A3N@C96 (A=Pr, Ce and
La),47 respectively. The 12 peaks in the 13C NMR spectrum of Sc3N@C68 and symmetric single
11

45

Sc signal suggested a D3-C68 cage,11 which was later confirmed by single crystal study.48

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.47
NMR investigations of the nuclei in the (A3N)6+ cluster provide additional information
regarding cluster dynamics. The
TNT EMFs (earlier than

13

45

Sc NMR data was the first NMR information obtained from

C) and made important contributions to the discovery of the class.

Also, the 89Y NMR of Y3N@C2n (n=40, 42, and 43) series revealed that while in Y3N@C84 the
pentalene group fixes one yttrium atom and prevents cluster rotation, in IPR-obeying Y3N@C80
and Y3N@C86 the cluster undergoes free rotation.41 Moreover, a comprehensive 14N NMR study
on A3N@C80 (A=Sc, Y, Lu) was accomplished by Dorn et al. suggesting that the rotational
barriers of the clusters are dependent on the ionic radius of the metals.49
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Figure 7. Structures of TNT EMFs based on single crystal analysis. The red portions of the
molecules denote pentalene site.
Over the last 10-12 years, the structural characterization of the TNT EMFs has been supported
by several seminal computational studies. For example, early computational results by Nagase
supported significant charge transfer of ~6 electrons to the icosahedral Ih-C80 cage and predicted
a relatively large (6.5 eV) band-gap in archetypal, Sc3N@Ih-C80.50 Also, Aihara predicted
exceptional stability for the Ih-C80 cage based on a Hückel minimum bond resonance energies
(min BRE) approach.51 More recently, Poblet and coworkers have advanced a rule based on a
simple ionic model for transfer of 6 electrons from the trimetallic nitride cluster for Sc3N@D3C68, Sc3N@D3h-C78 and Sc3N@Ih-C80.13,52 This rule predicts that a suitable fullerene must host
13

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 unoccupied MO. A very
detailed DFT study by Popov and Dunsch has shown that for the isomers of A3N@C2n (A= Sc
and Y, n=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.53
1.4.4 Cage surface functionalization reactions of TNT EMFs
Exohedral chemical functionalization of TNT EMF surface is a prerequisite for many potential
applications. The TNT EMF cages have sp2 carbons that undergo cycloaddition and radical
reactions, in resemblance to the double bond of alkenes and aromatic rings in small molecules.
Most functionalization studies to date have focused on the A3N@Ih-C80 system. The first
reported derivative of a TNT EMF was a Diels-Alder addition to Sc3N@Ih-C80,54 reported by
Dorn’s laboratory and subsequently a single crystal X-ray crystallographic structure of the
isochromanone derivative was obtained by Balch’s laboratory.55 The Diels-Alder addition also
gave the first derivative of the highly promising candidate of next generation of magnetic
resonance imaging contrast agent Gd3N@C80.56
The classical 1,3-dipolar cycloaddition on empty-cage fullerenes was first performed on TNT
EMFs by Echegoyen and coworkers57 who concluded that addition on Sc3N@Ih-C80 was across a
[5,6] bond while on Y3N@Ih-C80 it was on a [6,6] bond.58 Later, the Dorn group found that both
[5,6] and [6,6] addition could happen to Sc3N@Ih-C80.59 The kinetically favored [6,6] product
dominates after short reaction time, while the thermodynamically favored [5,6] product gradually
becomes the main product when the reaction proceeds longer. The products were differentiated
14

by monitoring the

13

C NMR signal for the methylene groups attached to the cage. The [5,6]

addition gives symmetric methylene groups and show only one signal between 50 and 70 ppm in
13

C NMR spectrum, in contrast to the [6,6] addition giving asymmetric methylene groups and

thereby show two NMR signals (Figure 8). Meanwhile, upon heating the kinetically favored [6,6]
product could be converted to the thermodynamically favored [5,6] product. Interestingly, Chen
et al. investigated the influence of cluster size on the reaction sites for the ScxGd3-xN@C80 (x=03) series with a similar 1,3-dipolar cycloaddition reaction.60 They found larger cluster size leads
to higher stability of the [6,6] product, and after interconversion at elevated temperature the [6,6]
product dominated for Gd3N@C80 while the [5,6] product dominated in other (Sc3N@C80,
ScGd2@C80 and Sc2Gd@C80) cases.

Figure 8. The13C NMR spectral differences between the [5,5] and [5,6] 1,3-dipolar
derivatives of Sc3N@C80.
The Bingel reaction also gives a series of important TNT EMF derivatives; among them is the
important open-cage Bingel derivative of Y3N@Ih-C80 via bromomalonate addition by
Echegoyen group.61 The open-cage product was characterized by both HMQC NMR and single
crystal study. The authors also found one yttrium atom (Y1) was fixed near the open site while
15

the other two yttrium atoms (Y2 and Y3) were still rotating about the Y1-N axis (Figure 9).
Although it was earlier reported that Sc3N@Ih-C80 was unreactive toward in the usual Bingel
reaction conditions,58 the Dorn laboratory synthesized a cyclopropanyl adduct of Sc3N@Ih-C80
with catalytic manganese (III) via a radical mechanism.62 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 similar fashion to the Y3N@Ih-C80.63

Figure 9. Preparation and Crystallographic study of the Bingel adduct of Y3N@Ih-C80.
Two other important reactions on empty-caged fullerenes are also sucessful for A3N@Ih-C80
EMFs. The 1,3-dipolar addition diazo reaction has been reported in two independent studies
yielding phenyl-A3NC81-butyric methylate (A=Lu, Sc, Y) TNT EMF derivatives which are
important new materials as electron acceptors for heterjunction photovoltaic solar cell
devices.64,65 Echegoyen and coworkers have also reported the interesting [2+2] reaction of
isoamyl nitrite and anthranilic acid with Sc3N@Ih-C80 that leads to a benzyne intermediate with
formation of monoadducts with a four-membered ring attached to the cage surface with both [5,6]
and [6,6] ring addition.66 It is noteworthy that in the [2+2] reaction the TNT EMF acts as an
electron donor, as opposed in most other reactions the EMFs act as electron acceptors.
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Organic functionalization have also been performed on other TNT EMFs besides A3N@Ih-C80.
In 2005, the Dorn laboratory demonstrated that A3N@D5h-C80 (A=Sc, Lu) has higher reactivity
towards Diels-Alder reaction and 1,3-dipolar reaction than the Ih isomer.67 The two 1,3-dipolar
addition products for A3N@D5h-C80 were assigned by 1H NMR, but an alternative assignment
has been advanced for one of these products in a recent computational report.68 The smaller TNT
EMF, Sc3N@D3h-C78 was also functionalized with a 1,3-dipolar reaction69 and the Bingel
reaction.70 In the latter both mono- and bis-adducts were isolated and characterized. In this case,
1

H NMR spectra of the mono- and bisadducts turned out to be identical, excluding many but 5

possible reaction sites for the second addition to happen (demostrated in Figure 10a).
Furthermore, the

13

C NMR for the bisadduct suggested the molecule retained C2v symmetry;

therefore, it was revealed that the second addition occurs on the same side of the first reaction
site (Figure 10b).

Figure 10. Structural characterizaion of the Bingel bisadduct of Sc3N@C78 with NMR.
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Some non-IPR TNT EMFs, including Sc3N@D3-C68, Gd3N@Cs-C82, Gd3N@Cs-C84, are also
reactive towards the Bingel reaction;71-73 however the structural characterization of products
revealing the addition sites are largely limited to theoretical calculations, and there has not been
an unambiguously characterized structure of a non-IPR TNT EMF derivative. The major
cycloaddition reactions on TNT EMFs are summarized in Figure 11 below.

Figure 11. major types of cycloaddition reactions developed on TNT EMFs.
Trifluromethylation 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) products.74 Another
UV-initiated radical reaction between benzyl bromide and Sc3N@Ih-C80 yields exclusively
Sc3N@C80(C7H8)2.75 In both trifluromethylation and benzyl radical reactions, the functional
groups are added pairwise with 1,4-addition across the hexagon rings (para addition) on the
fullerene surface. The TNT EMFs have also been functionalized by multi-addition hydroxylation
and carboxylation reactions for MRI contrast agents,76 and electrochemical approaches.77,78
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Furthermore, several other examples of TNT EMF functionalization have been covered in recent
reviews.14,79
1.4.5 Applications of TNT EMFs
Since their discovery in 1999, several potential applications for TNT EMFs were recognized.
For biomedical applications, the TNT EMF cage has the inherent advantages of high stability
and characteristic resistance to any potential biological metabolic cage-opening process(es),
which enables the application of toxic lanthanide ions without the risk of release to surrounding
tissue, serum, and other biological components. On the other hand, the lower chemical reactivity
of the A3N@C2n families 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 studies by Shinohara group demonstrated that the hydroxlyated metallofullerene
Gd@C82(OH)n exhibits excellent relaxivity at several different magnetic field strengths (r1 up to
81 mM-1s-1, 10-20 times higher than conventional MRI contrast agent Magnevist).80 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],81 were found to have the highest
reported relaxivities with values of 237 mM-1s-1 for r1 and 460 mM-1s-1 for r2 (79 mM-1s-1 and
153 mM-1s-1 based on Gd3+ ion) at a clinical-range magnetic field of 2.4 T.82
During the last several years the Dorn laboratory started the development of TNT EMF based
multi-modal biomedical agents. In collaboration with a team at Virginia Commonwealth
University, we have reported an EMF nanoplatform with
19

177

Lu brachytherapy in a murine

glioblastoma multiforme (GBM) model that increases median survival from 21 to 52 days with
long-term diagnostic MR imaging.83 More recently, we reported even longer median survival to
over 120 days with this multimodal “theranostic” radiolabeled

177

Lu-DOTA-f-Gd3N@C80 EMF

platform (Figure 12).84 In both of these studies, the approach involves external functionalization
chemistry and subsequent treatment with a radiolabeled 177LuCl3 sample. In contrast to exohedral
radiolanthanide EMFs, the encapsulation of radionuclide atoms or clusters inside fullerene cages
provides a nearly ideal platform since the radioactive metal ion is completely isolated from the
bio-system. We described the preparation of 177LuxLu(3-x)N@C80-TAMRA-IL-13 peptide85 using
a remotely-controlled K-H generator to prepare the

177

Lu in a TNT EMF cage and demonstrate

that for a period of at least one half-life (6.7 days) the encapsulated 177Lu3+ ions are not released.
This

177

Lu radiolabelled EMF agent was subsequently conjugated with a fluorescent tag

(TAMRA) and interleukin-13, which is a cytokine peptide designed to target overexpressed
receptor cells in GBM. Of critical importance, the cytotoxicity study by Ehrich and colleagues
found no notable cytotoxicity for primary mouse brain neuronal cells and human neuroblastoma
cells treated with functionalized TNT EMFs and empty-cage fullerenes in concentrations up to
10 µM.86
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Figure 12. Exohedral and endohedral radiolabeling of TNT EMF derivatives.
TNT EMFs have also emerged as promising building blocks for various semiconductor,

21

optoelectronic, and light electron/energy conversion systems. As one example, with
metallofullerenes as leading candidates for electron acceptors in organic photovoltaic devices, in
2009 Ross and colleagues demonstrated the importance of TNT EMFs in this field with one of
the highest open circuit voltages (VOC=810 mv) reported to date for the derivative, PhenylLu3N@C81 butyric hexyl ester (also known as Lu3N@C80-PCBH) and an improved efficiency
(4.2%) directly compared with the corresponding C60PCBM derivative under same condition
(VOC= 630 mv, 3.4% efficiency).64

64

On the other hand, the short circuit current of this system

was lower than the C60PCBM and the reason was recently investigated.87 In a paradigm shift, the
TNT EMFs was shown to not only exhibit electron acceptor properties, but electron-donation in
a covalently linked Lu3N@C80−perylenediimide (PDI) conjugate, in which PDI acts as the light
harvester and the electron acceptor.88 Also of note, Novotny has coupled single Y3N@C80
molecules to single gold nanoparticles as optical antennas to drastically enhance light absorption
and emission from poor emitters like rare-earth ions.89 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. However, recent commercial
availability of TNT EMFs has convinced me that these materials have a bright future ahead.
1.5 The carbide clusterfullerenes.
The synthesis, isolation and structural characterization procedures of carbide clusterfullerenes
are highly similar to those of the TNT EMFs. One major difference is that mass spectral data
cannot confirm the identity of CCFs. Although the CCFs are produced under the same conditions
of traditional EMFs since the graphite would provide the nonmetal atoms in the cluster, their
existence was not realized until after the discovery of TNT EMFs. This is because many of their
mass-spectral peaks were mistakenly assigned as traditionally EMFs (also sometimes they
22

coexist and contribute to the same mass spectral peak). After the discovery of the Sc2C2@C84,
many of these compounds were revisited and assigned as CCFs. For example, Shinohara and
coworkers found a group of compounds assigned as “Y2@C84” were actually three isomers of
Y2C2@C82 with respective cage of Cs(6)-C82, C3v(8)-C82 and C2v(9)-C82.90 The Ti2C2@C78 was
originally thought to be Ti2@C80 and its

13

C NMR spectrum was explained as a result of the

mixture of Ih-C80 and D5h-C80 isomers in 2000, but 5 years later it was found that Ti2C2@C78
better fits the 13C NMR result and is more stable as suggested by DFT computation.91 Finally in
2006 the carbide cluster was confirmed by high-resolution tunneling electric microscope
(HRTEM).92 A more famous example is that Sc3@C8293 was re-assigned as Sc3C2@C80 by single
crystal study.94
On the other hand, it is also possible that traditional EMFs be assigned as CCFs. Wang et al.
proposed the first non-IPR CCF Sc2C2@C2v(6073)-C68 with the evidence 13C NMR result (Figure
13); however a counter argument based on DFT calculation suggested the Sc2@C2v(7854)-C70 is
more energetically stable.95 In my own observation, the original

13

C NMR spectrum (vide infra

Figure 13)96 shows a total of 21 peaks with 14*4 and 7*2 pattern, suggesting a C2v-C70 cage
rather than a C2v-C68 cage.

Figure 13. 13C NMR spectrum of the Sc2C70. The peak with “x” was attributed to impurity.
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The two “gold standards”,

13

C NMR and X-ray single crystal analysis are often employed to

judge whether an EMF is traditional metallofullerene or a CCF. The HRTEM mentioned above
is not widely used because with higher instrumental cost it does not give any structural
information (cage symmetry etc.) at the same time.
As seen in the example above, 13C NMR results could be ambiguous between traditional EMFs
and CCFs; however, it can be definitive if the 13C NMR signals from the cluster carbide are seen.
The observation of the NMR signal from the carbide was tricky. In the first report of CCF,15 a
small artificial spike at 92 ppm (alternatively it could be due to impurity) in the

13

C NMR

spectrum was mistakenly assigned for the carbide in Sc2C2@D2d-C84. In 2008, with 15%

13

C

enriched samples Akasaka and coworkers were able to perform an INADEQUATE NMR
experiment on Sc2C2@C3v(8)-C82 in a very wide scan window.97 They found the connections
among the signals between 134 ppm and 154 ppm defining a C3v-C82 structure, with a highly
deshielded and isolated signal at 253.2 ppm not coupled to any other 13C signals (Figure 14). The
integration of the signal represented two carbon atoms. In addition, DFT simulated

13

C NMR

spectrum based on optimized structure also suggested the endohedral carbide should show
resonance in highly deshielded region. Therefore, they were able to conclude the position of the
carbide signals for the first time, followed by the observation of the signal for the endohedral
carbide in Sc2C2@D2d-C84 and (Sc3C2@Ih-C80)- anion in both 1D

13

C and 2D INADEQUATE

NMR.97 The carbide signal for the Sc2C2@D2d-C84 had been found to be at 249.2 ppm, which
corrects the first CCF report. The unexpected downfield shift could partially explain the signal
was not seen in the original CCF discovery work. The carbide resonates at 328.3 ppm for the
[Sc3C2@Ih-C80]- anion. These three data points seemed to suggest the carbide signal moves
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downfield when the space is more stringent in the cage, which provides inspiration for my work
described in Chapter 3.

Figure 14. a) INADEQUATE NMR (125 MHz) spectrum of 13C-enriched Sc2C2@C3v(8)-C82
in CS2 at 298 K and b) the expanded spectrum between d=134 and 154 ppm.
The most unambiguous characterization method for CCFs is X-ray single crystal analysis. In
2007, the X-ray single-crystal analysis was performed by Akasaka and coworkers on the carbene
derivative of the Sc2C2@C3v(8)-C82,98 which revealed the geometry of the carbide cluster for the
first time. The structural elucidation of the Sc2C2@C3v(8)-C82 enabled a reliable DFT structural
optimization of the CCF that led to the prediction of the 13C NMR shift of the carbide, which was
25

reported in 200897 as abovementioned. The single crystal structure of a larger CCF,
Gd2C2@D3(85)-C92 was also obtained by Balch and coworkers in 2008.99 The first unambiguous
non-IPR CCF characterizations are reported in Chapter 3 in this dissertation.
1.6 Important milestones for EMFs
The important milestones in the EMF area are summarized in Table 1 in chronological order.
Table 1. Milestone publications in the EMF area in chronological order.
Work
Detection of metallofullerene by mass
spectrometry2
Krätschmer-Huffman reactor for fullerenes and
EMFs8
Confirmation of the endohedral nature of EMFs
by the X-ray diffraction of Y@C82100
incontestably ending the debate whether the metal
ions are inside the fullerene cage.
First derivative of EMF101
First NMR study of EMF revealing the structure
of La2@C80.102
Discovery of TNT EMF and clusterfullerenes6
Radioactive EMF derivative 166Hox@C82-(OH)y103
EMFs with fused pentagons (Sc3N@C68)11
EMFs with fused pentagons (Sc2@C66)25
Functionalized Gd@C82 showing superior 1H
relaxivity80
Discovery of carbide clusterfullerene15
First derivative of clusterfullerene54
Chemical separation of EMFs from empty-cage
fullerenes
First endohedral heterofullerenes, Y2@C79N and
Tb2@C79N104
Discovery of the oxide clusterfullerenes16
Observation of the 13C NMR signal for carbide in
carbide clusterfullerenes97
Using EMF derivative as the electron acceptor in
photovoltaic devices for enhanced open-circuit
voltage64
Discovery of the sulfide clusterfullerenes19
26

Year Journal
1985 Nature

Group
Smalley

1990 Nature

Krätschmer

1995 Nature

Shinohara

1995 Nature
1997 “Angew”
1999
1999
2000
2000
2001

Nature
“PNAS”
Nature
Nature
“Bioconjugate”

Akasaka & Nagase
Akasaka & Nagase
Dorn
Cagle & Wilson
Dorn
Shinohara
Shinohara

2001 “Angew”
2002 “JACS”
2005 “JACS”

Shinohara
Dorn
Gibson & Dorn

2007 “JACS”

Dorn

2008 “JACS”
2008 “Angew”

Stevenson
Akasaka & Nagase

2009 Nature
Materials

Dress

2010 “JACS”

Dunsch
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Chapter 2 Introduction of Special Isotopes to Endohedral Metallofullerenes
2.1 Introduction
Endohedral metallofullerenes (EMFs) can be modified with special isotopes. Based on the
identity of the isotopes, the modification can be assorted to radioactive modification and nonradioactive modification. The radioactive modification could introduce radioactive metallic
isotope into the cage which leads to EMF-based radiopharmaceuticals. For example, in 1999 the
166

Hox@C82-(OH)y was synthesized as a water soluble EMF-based medicine.1 In 2010 Fatouros,

Dorn and coworkers reported the first radioactive clusterfullerene for therapeutics agents.2 The
non-radioactive modification normally relates to NMR study. A direct thought would be enrich
the fullerene cage surface with

13

C for enhanced

13

C NMR signals. This idea was successfully

fulfilled by Akasaka and coworkers who achieved the first observation of the NMR signal from
the endohedral carbide cluster with 13C enriched samples.3 Moreover, other nuclei including 15N
and 17O can be potentially introduced to EMFs for NMR purposes, although a previous attempt
to observe the 15N NMR signal for Sc315N@C80 by our group was not fruitful.
Based on the synthetic protocols, the introduction of special isotopes can be classified as presynthesis modification, which use desired isotope in the starting materials to produce EMFs, and
post-synthesis modification, which introduce the desired isotope via exchange or activation
reactions with already produced EMFs. For 13C enrichment, using 13C labeled graphite as part of
the starting material is the most and only practical way. For radioactive metal isotopes, both
methods could be used.
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2.2 13C enrichment of yttrium EMFs
2.2.1 The choice of metal
13

C enrichment in EMF can not only significantly increase the signal to noise ratio in 1D

13

C

NMR, but also open the possibility of INADEQUATE 2D NMR studies. Since any paramagnetic
metal ions will impede NMR studies, only Sc3+, Lu3+, Y3+, which are diamagnetic ions, are
feasible candidates (the studies of EMFs encapsulating divalent-ions, such as Sm2+ and Yb2+
emerged in recent 2 years, but by the time we tried to make

13

C enriched samples we did not

have the knowledge about them). We weighed the advantages and disadvantages of these three
metals as listed in the table below.
Table 1. Advantages and disadvantages for Sc3+, Lu3+ and Y3+ for 13C enriched EMFs.
Metal ion
Sc3+

Lu

3+

Y3+

1)
2)
3)
1)
2)
1)
2)
3)

Advantage
Disadvantage
Very-high yield.
1) Do not form large TNT-EMFs
Known to form both TNT-EMFs and
beyond C80.
CCFs.
2) 13C enriched CCFs have been
45
Sc-13C interaction may be observed.
reported.3
High-yield.
1) Low yield for large TNT-EMFs
Known to form TNT-EMFs.
beyond C80.
2) Formation of CCFs is uncertain.
Known to form both TNT-EMFs 1) Lower yield overall.
and CCFs.
2) 13C NMR of the TNT-EMF
Higher yield for large EMFs
family has been extensively
beyond C80.
studied by our group.4
89
Y-13C coupling has been confirmed
in earlier experiment.

Considering the potential of observation of 89Y-13C coupling and that overall yield would not be
a major problem for 13C NMR study on

13

C enriched samples, we finally decided to investigate

13

C labeled graphite on yttrium metal.
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2.2.2 Optimization of graphite rod composition
As mentioned above,

13

C enrichment can be achieved by adding

13

C labeled graphite as the

starting material, which is commercially available for $200-350 per gram in powder form.
Therefore, the

13

C graphite needs to be packed into the rod together with the metal oxide and

catalysts. As shown in Figure 1, a 1-inch-diameter graphite rod was truncated into about 6 inch
length, and drilled to 5-inch depth with a 3/8 inch drill. The butt of the rod is about 1-inch long
and does not participate in the reaction. The mass of the “graphite wall” that does participate in
the reaction can be calculated by 7/9 multiplied by the mass difference before and after the
drilling because the cavity accounts for 3/4 of the rod diameter and thereby 9/16 of the total
volume (mass) of the top 5 inches of the graphite rod. Therefore, the

13

C graphite ratio was

estimated by the following equation:
13

C ratio = mpacked / [(7/9) (m0-m1)+mpacked]

where mpacked is the mass of graphite in the rod with copper and yttrium oxide, m0 and m1 are the
mass of the graphite rod before and after drill, respectively. In the trial runs normal graphite was
used while in actual runs the graphite packed inside was 99% 13C labeled graphite.

Figure 1. A packed graphite rod for the synthesis of 13C enriched yttrium EMFs
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A standard packing composition for yttrium EMF synthesis had been established to be ~13 g
Y2O3 with ~12 g Cu, but packing graphite into the rod requires the amount of Y2O3 or Cu to be
reduced. Our goal was to keep the Y2O3 amount relatively high while compromise Cu amount
for the space of graphite, because it had been anticipated replacing Y2O3 with graphite too much
would lead to significantly reduced yields of EMFs, but the effect of copper was not certain. To
optimize the balance over cost, yield and percentage of enrichment, trial runs were performed for
the following packing compositions, which were based on previous data and trial packing:
1) 13.1 g Y2O3, 12.2 g Cu (control group)
2) 8.9 g Y2O3, 7.2 g Cu, 2.9 g graphite (trial run for 20% 13C ratio)
3) 9.3 g Y2O3, 2.1 g Cu, 3.6 g graphite (trial run for 26% 13C ratio)
All mass values above were obtained from the actual packing, based on the average value of 5
rods in each trial run. Comparing recipe 2 to the control group, to accommodate the 2.9 g
graphite, both the mass of Y2O3 and Cu were reduced. From recipe 2 to recipe 3, the Y2O3
amount was kept constant and only the amount of Cu was reduced.
The soot was extracted in a Soxhlet-extractor in refluxing xylene for 48 hours and the resulting
solution was concentrated and then mildly treated with cyclopentadiene-functionalized silica5 in
a “stir and filter approach”.6 The HPLC traces on a 5-pentabromobenzyloxypropylsilyl (5-PBB)
column for are shown below. The peaks were assigned based on mass spectral data and previous
studies on yttrium based TNT EMFs.4 The chromatogram for the products from recipe 2 and
recipe 3 were almost identical, but both showed lower EMF abundance compared to the emptycages. The total yields of Y3N@C80 were 3.9 mg, 2.2 mg and 1.9 mg, respectively.
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Figure 2 HPLC traces for the EMF products for a) recipe 1 without graphite packed inside
the rod. b) recipe 2 with 20% of total reacting graphite packed inside the rod c) recipe 3
with 26% of total reacting graphite packed inside the rod after mild cyclopentadiene
treatment.
From the data I was able to conclude that the amount of Y2O3 has more significant influence
than the amount of Cu. The yield only slightly decreased when the amount of Cu was
significantly reduced, and the product distributions over different EMFs were about identical.
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2.2.3 Synthesis and mass-spectral identification of the 13C enriched yttrium EMFs
Based on the trials runs, in the actual 13C enriched synthesis we used 20% 13C for one run and
25% 13C in another run, both with maximum amount of Y2O3 but minimum amount of Cu. The
13

C enriched EMF synthesis was commissioned to LUNA Innovations with 1-inch-diamater

graphite rod. The ratio of enrichment was evaluated based on the isotopic distributions of C60 and
Y3N@C80 mass-spectral peaks as shown in Figure 3. From both the C60 peak and the Y3N@C80
peak, I was able to conclude that the 20% packed 13C graphite had led to 6%-7% 13C enrichment
and the 25% packed

13

C graphite had led to 9%-10%

13

C enrichment. From an NMR point of

view, the latter is a better choice as 25% more packed 13C graphite led to ~50% more 13C ratio in
the products.

Figure 3. Isotopic distribution of 13C enriched C60 and Y3N@C80 mass-spectral peaks. a) 20%
13

C graphite batch. b) 25% 13C graphite batch.

To keep the most useful metallofullerenes, I only applied a very mild cyclopentadienefunctionalized silica treatment. Then, the resulting solution from the batch with 25% 13C graphite
was further separated with a large automated HPLC unit. Each cycle took slightly over 3 hours.
As shown in Figure 4, the cut-off time between peaks was arbitrarily decided based mainly on
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TNT-EMF components as reported before4 and also seen above in Figure 2a as fractions Y-1 to
Y-7. An eighth fraction Y-8 was added to collect unknown large EMFs.

Figure 4. HPLC separation of

13

C enriched EMFs. The fractions from Y-1 to Y-8 are

shown in different colors. The inset shows the expansion from Y-3 to Y-8 obtained from an
independent injection with larger attenuation setting.
Due to the milder cyclopentadiene treatment than before (smaller amount silica and shorter
reaction time), more empty-cage fullerenes were kept. For example, the Y-1 fraction which
represents both Y2@C79N7 and empty cage C84 is normally smaller than the Y-2 fraction
(Y3N@C80) in terms of peak area, but in this case it was the largest fraction due to the large
retained amount of C84 survived after the chemical treatment. What is more interesting to note is
milder treatment led to the survival of more yttrium based EMFs, as can be clearly seen as minor
peaks in the inset of Figure 4. All 8 fractions were collected and characterized by mass
spectrometry, and the results are shown in Figure 5. Meanwhile a parallel HPLC separation was
performed for the trial synthesis without 13C enrichment to provide standard mass values.
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Figure 5. Mass spectrometry of the collected fractions of 9%-10%

13

C enriched samples

with identification of the peaks. The numbers in parentheses are obtained from a
counterpart fraction without 13C enrichment as standard for the molecular mass values to
better assign a molecular formula. TNT-EMFs are written in the form of Y3N@C2n while
dimetallic fullerenes are written as Y2C2n since they could be either a traditional EMF or a
CCF. Highlighted in blue are the molecular formulas that were not known before.
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I performed further separation and detailed study for the Y-2, Y-3, Y-6 and Y-7 fractions as
discussed in the following chapters. To date the large family of yttrium EMFs has only been
partially exploited and there is no doubt that future investigations of these fractions will lead to
other exciting discoveries of new molecules.
2.3 Metal exchange reaction for radioactive EMFs
After we developed the peroxide reaction that to modify Gd3N@C80 with hydrophilic groups
for application as magnetic resonance imaging (MRI) contrast agents,8 the reaction was applied
to a radiolabeled TNT-EMF,

177

LuxLu3-xN@C80, to produce a therapeutic biomedicine for

tumors.2 I performed the functionalization reaction in the latter work. The 177LuxLu3-xN@C80 was
produced by adding 177Lu labeled LuCl3 into the rod mixed with Lu2O3 in the EMF synthesis in a
modified K-H reactor that allowed extraction of the soot without opening the sealed chamber to
protect the operating personnel from the radioactive materials. However, in this process the
radioactivity yield was very low. We started with 10 mCi of radioactive materials packed in the
rod but in three different trials our best yield was 0.2 µCi in the toluene extraction,
corresponding to a 0.02% yield.
The low yield was due to the intrinsic low yield of metallofullerenes, which was improving
over the last decades but still much lower compared to most chemical reactions. Therefore, it is
critical to develop a post-synthesis protocol using metallofullerenes as starting material.
Considering fullerene cages could open and close back at high temperatures,9 we tried a bold
idea of exchanging element metal with the metal ion inside the fullerene cage. The reaction
scheme is shown in Figure 6a. The reaction is thermodynamically favored and the question is the
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kinetic feasibility. If the reaction had worked any better than 0.02% yield we could then use 89Y
or 177Lu to exchange the metals in TNT-EMFs.

Figure 6. The exchange reaction between Y metal and Sc3N@C80. a) the reaction scheme. b)
setup for the laser apparatus.
The reaction setup is shown in Figure 6b. The two figures are the same idea conveyed in
slightly different setups. Sc3N@C80 and Y metal were pressed into a small pellet and put on top
of a tungsten base. Aluminum foils (Figure 6b left) or plates (Figure 6b right) were placed both
over and underneath the setup to collect the product. The pellet was irradiated by a CO2 laser
under inert atmosphere (vacuum or different pressure of N2) for 5-10 minutes, during which
glow and plume was observed. After the glow and plume stopped the laser beam was turned off
and the system was let cool. The aluminum collectors were washed with toluene and the
resulting solution was characterized by mass spectrometry. Unfortunately only the trial with
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aluminum foil (left setup in Figure 6b) in 50 torr of N2 could have resulted a new peak in the
mass-spectrum (Figure 7), and the change was not visible in HPLC. A peak with molecular
weight of 1152 seemed to be emerging in the experiment group of Figure 7c. Since the purity of
the starting material was checked (Figure 7a), empty cage C96 should not exist in the product.
Therefore, if the peak was real, it could be due to trace amount (marginal for mass-spec
sensitivity of nanogram scale) of Sc2YN@C80.

Figure 7. Mass-spectra of the a) starting material b) control group and c) experiment group
for the laser experiment of Sc3N@C80 and Y metal mixture.
After several other attempts no mass spectral peaks other than the starting material showed
again, and we realized this reaction was not practical for our purpose. Then we shifted to other
post-synthesis modifications. For example, an on-going project is to make
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177

LuxLu3-xN@C80 by

neutron activation of Lu3N@C80. However, the laser experiment had left two questions waiting
to be answered by future work:
1) In the control group, two mass-spectral peaks corresponding to Sc3C78N and Sc3C76N
appeared. Are they due to fragmentation (which is rare for fullerenes and EMFs) or some new
molecules formed in the process?
2) Was the 1152 peak real? Did Sc2YN@C80 form in trace amount?
2.4 Synthesis of 177Lu-Gd bifunctional radiolanthanides
The TNT-EMF based nanoplatform f-Gd3N@C80-Lu-DOTA which functioned as both
therapeutic and diagnostic agent (“theranostic agent”)10 led to the challenge to put both the
therapeutic

177

Lu and diagnostic Gd3+ inside the same cage. An attempt was made by me and

coworkers to synthesize mixed-metal EMFs with Gd2O3, Lu2O3 and

177

LuxLu2-xO3. We started

with 10 mCi radioactivity and got 0.05-0.1 µCi in the product. The radioactivity yield was even
lower than the pure Lu case, which forced us to abandon this method.
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Chapter 3 Nanoscale Fullerene Compression of an Yttrium Carbide
Cluster
This chapter is adopted from the manuscript published on Journal of the American Chemical
Society with appropriate modifications under the permission of the American Chemical Society. Full
text of the published manuscript entitled “Nanoscale fullerene compression of an yttrium carbide
cluster” by Jianyuan Zhang, Tim Fuhrer, Wujun Fu, Jiechao Ge, Daniel W. Bearden, Jerry Dallas,
James Duchamp, Kenneth Walker, Hunter Champion, Hugo Azurmendi, Kim Harich, and Harry C.
Dorn can be obtained at http://pubs.acs.org/doi/pdf/10.1021/ja300134x.

3.1 Introduction

Isolation of metal clusters from adjacent lattice units frees them from their usual
intramolecular interactions, and provides a paradigm of understanding their size and shape
within constrained models. A recent seminal example of this approach is the encapsulation of
a single water molecule in the fullerene C60 which isolates it from other water molecules
preventing intramolecular hydrogen bonding.1 For metal clusters, fullerene carbon cages also
provide ideal environments for the isolation purpose to study the size and shape of metal
lattice and other important nanoscale parameters, thereby tuning their physical properties.

Our hypothesis is that decreasing the fullerene cage size of endohedral metallofullerenes
(EMFs) will dramatically change the size and shape of the encapsulated metal clusters.
Furthermore, nanoscale fullerene compression (NFC) of the metal clusters by decreasing
fullerene cage size can be directly compared with macroscopic pressure compression (MPC)
of the same metal carbide lattice, yttrium carbide. In this chapter I present a detailed
structural investigation of the yttrium carbide clusters in progressing from large (~C100) to
smaller fullerene cages (C82). The results from the isolated model can be related to the metal
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lattice in other systems, for example, in superconducting metal carbide systems. We also
compare crystal structural parameters of a previously reported metal carbide, Y2C3 to the
(Y2C2)4+ cluster in the current metallofullerene study, illustrating the influence of nanoscale
FC when compared with the effects of macroscopic external pressure compression.2,3 In the
Y2C3 superconducting system, the superconducting transition temperature (Tc) of Y2C3 is
strongly dependent on the external pressure.4
To date, metal clusters encapsulated in the fullerene cages have included: metal atoms,5-9
metal clusters,10-14 metal nitride clusters15,16 and metal carbide clusters.17-25 Encapsulated
metal carbide clusters reported to date have fullerene cages ranging from C68 to C92, but the
attempts to detect the 13C chemical shift of the endohedral carbide cluster were not successful
until Nagase et al. utilized isotopically enriched

13

C samples.23 Single crystal structures of

Gd2C2@C9222 and two Sc2C2@C82 isomers26,27 have been studied, and a very recent X-ray
crystal study of Sc2C2@C2n (n=40-42) shows that the change in carbon cage size can result in
different carbide cluster shapes.25 For a clear understanding of the structural changes of the
metal carbide clusters as a function of cage size, we have performed a detailed

13

C NMR

study of the yttrium-carbide dimetallofullerene, Y2C2@D3-C92, 13C enriched Y2C2@C3v-C82,
and Y2C2@Cs-C8218 as well as an isomer of Y2C2@C84. For the first time, we have observed
the important scalar 1JY-C coupling for all samples. In addition, the experimental results are
supported by DFT calculations of the (Y2C2)4+ cluster in various environments, including the
cluster (Y2C2),4+ Y2C2@D5-C100, Y2C2@D3-C92, and Y2C2@C3v-C82.
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Figure 1. Nanoscale fullerene compression of yttrium carbide clusters. (a) Y2C24+
cluster without a cage. (b) linear Y2C24+ cluster inside a large fullerene cage. (c) Y2C24+
cluster with carbide bond vector orthogonal to the yttrium-yttrium vector in a
compressed fullerene cage. (d) Y2C24+ cluster with carbide bond vector orthogonal to
and deviated from yttrium-yttrium vector. (e) mass spectrometry showing a family of
endohedral metallofullerenes with formula Y2C2n.
A previous DFT computational study of the Y2C2 neutral molecular cluster supports a
stable linear structural arrangement as illustrated (upper Figure 1a) although a square planar
structure is only slightly less stable.28 For the charged (Y2C2)4+ cluster, the DFT results of our
current study also suggest a stable linear structure vide supra (Figure 1b). However, the study
on metallofullerenes encapsulating other metals (Gd and Sc) also established that the
(M2C2)4+ metal-carbide clusters inside mid-sized fullerene cages can have the carbide bond
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vector orthogonal to the metal-metal bond adopt an “idealized butterfly shape” (as in
Gd2C2@C92, Figure 1c)22 and further compression of the (M2C2)4+ cluster by a small cage
leads to a butterfly shape in which the carbide is orthogonal to but displaced from the
metal-metal bond axis (as in Sc2C2@C82, Figure 1d).26 We propose that this structural
difference is due to the cage size rather than the metal, and a certain encapsulated (M2C2)4+
cluster in a progressively smaller cage changes the most stable cluster conformation from a
linear to butterfly shape.

In the soot of an independent endohedral metallofullerene (EMF) synthesis by arcing
Y2O3 filled graphite rods in helium, a family of EMFs with the formula Y2C2n (n=40-59)
dominated mass-spectrometry after selective removal of empty caged fullerenes (Figure 1e).
Although some of the peaks in Figure 1e could result from classic dimetallic EMFs Y2@C2n,
we have isolated four yttrium carbide members of this family, Y2C2@C3v-C82, Y2C2@Cs-C82,
and Y2C2@C84 and the larger cage Y2C2@D3-C92 for our experimental study.

3.2 Experimental Section

3.2.1 Synthesis and isolation of Y2C2@D3-C92.
Y2C2@D3-C92 was synthesized in a Krätschmer-Huffman generator by vaporizing
composite graphite carbon rods filled with a mixture Y2O3, graphite powder and metallic Cu
with a weight ratio of 1.1/1.0/2.1 in a dynamic flow of He and N2 (flow rate ratio of
N2/He=3/100). The resulting soot was then extracted with refluxing toluene in a Soxhlet
extractor and soluble extract was applied to a cyclopentadiene-functionalized Merrifield
peptide resin column. The eluent from the column was separated by multi-stage HPLC. The
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purity of Y2C2@C92 was confirmed by HPLC chromatogram, laser-desorption time-of-light
(LD-TOF MS) mass spectrometry (Figure 2). A Raman spectroscopic study of this sample
describing the carbide tunneling has been reported.29

Figure. 2. (a) HPLC of Y2C2@D3-C92 (a 10 x 250 mm 5PYE column; λ=390 nm;
flow rate 2.0 mL/min; toluene as eluent; 25 ºC); (b) LD-TOF mass spectrum of
Y2C2@D3-C92 with positive ionization.
3.2.2 Synthesis and isolation of Y2C2@C3v-C82, Y2C2@Cs-C82, and Y2C2@C84.
The

13

C labeled yttrium carbide EMFs were produced in a similar process with a

Krätschmer -Huffman generator, with the graphite electrode filled with Y2O3 and 13C labeled
amorphous carbon powder (99% Cambridge Isotopes). The mass ratio between

13

C packed

amorphous carbon powder and the graphite rod wall was 1/3. After solvent extraction, the
soluble portion of the soot was subject to a mild “stir and filter approach” with
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cyclopentadiene-functionalized silica to remove the majority of the empty-cage fullerenes
while maintaining a significant portion of the yttrium carbide EMFs.30 The resulting solution
was loaded onto a 5-PBB column for chromatographic separation. The Y2C2@Cs-C82 and
Y2C2@C3v-C82 were co-eluted with the Y3N@C80, and the Y2C2@C84 was co-eluted with
Y3N@C82. With further multi-stage isolation on a 5-PYE HPLC column, the Y2C2@C3v-C82,
Y2C2@Cs-C82, and Y2C2@C84 were obtained and the corresponding chromatograms of the
purified products are shown in Figure 3 (a, c, e). These EMFs are also characterized by
LD-TOF mass-spectrometry (b, d, f). To ensure the accuracy of the molecular mass of the 13C
enriched peaks in the mass spectra, the well-characterized EMF Sc3N@C80 (m/z=1109) was
used as an internal mass calibrator in Y2C2@Cs-C82, as shown in Figure 3d. The molecular
peak in the mass spectrum is broadened and shifted to higher mass by 7-8 mass units (1193
rather than 1186 for Y2C84 and 1218 instead of 1210 for Y2C86), suggesting a ~9%
enrichment.
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Figure. 3. (a) HPLC of Y2C2@C3v-C82 (a 10 x 250 mm 5PYE column; λ=390 nm;
flow rate 2.0 mL/min; toluene as eluent; 25 ºC). (b) LD-TOF mass spectra of

13

C

enriched Y2C2@C3v-C82 with positive ionization. The two smaller peaks are M-24 and
M-48, respectively, resulted from the loss of C2 units in the ionization process. (c) HPLC
of Y2C2@Cs-C82. (d) LD-TOF mass spectra of

13

C enriched Y2C2@C3v-C82 with positive

ionization. Sc3N@C80 (m/z=1109) is an internal standard calibrator. (e) HPLC
Chromatogram of Y2C2@C84. (f) LD-TOF mass spectra of 13C enriched Y2C2@C84 with
positive ionization. The smaller peak M-24 is resulted from the loss of a C2 unit.
3.2.3 13C NMR sample preparation and spectroscopy.

EMF samples were dissolved in 90% CS2/10% CD3COCD3 (v/v) and approximately 8-10
mg Cr(acac)2 was added as a relaxation agents. The13C NMR spectra were obtained utilizing
a Bruker 800 MHz (Hollings Marine Laboratory facility) at 298K with 4s delay time between
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pulses, by Dr Daniel Bearden from the Hollings Marines Laboratory. Because of very limited
sample quantity of 0.1-1 mg, each spectrum required 2 to 5 days scan time.
3.3 13C NMR Studies of Y2C2@D3(85)-C92, Y2C2@C3v-C82, Y2C2@Cs-C82, and Y2C2@C84.

Figure 4. (a) 200 MHz 13C NMR spectrum of Y2C2@D3-C92. (b) Expanded region of (a)
from 225.8 to 228.6 ppm showing the signal from the cluster. (c) 200 MHz

13

C NMR

spectrum of Y2C2@C3v-C82. (d) Expanded region of (c) from 255.4 to 258.6 ppm showing
the signal from the cluster. (e) 200 MHz

13

C NMR spectrum of Y2C2@Cs-C82. (f)

Expanded region of (e) from 255.1 to 257.9 ppm showing the signal from the cluster. (g)
200 MHz 13C NMR spectrum of Y2C2@C84. The tall peaks in the aromatic region are the
result of residual solvents (toluene and o-xylene). (h) Expanded region of (g) from 246.4
to 249.2 ppm showing the signal from the cluster.
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The 200 MHz

13

C NMR spectrum of Y2C2@C92 (Figure 4a, aromatic region expanded in

Figure 5) consists of a series of 15 distinct lines between  =128 to 152 ppm. There are 1
double intensity, 13 full intensity and one 1/3 intensity signals, indicating a 15x6, 1x2
(number of NMR lines x relative intensity) pattern which is consistent with the C92 cage with
D3

symmetry

of

Y2C2@D3(85)-C92,

an

analogue

Gd2C2@D3(85)-C92 structure.22 The DFT computational

to
13

the

previously

reported

C NMR chemical shift range,

129.47 to 153.15 ppm, is also in good agreement with the range of the experimental spectrum,
128.97 to 151.69 ppm vide infra. One deshielded triplet signal was detected at a chemical
shift of  = 227.3 ppm which originates from the carbide in Y2C2@D3(85)-C92. Of special
interest is the observed sharp triplet (1:2:1 pattern) signals which is consistent with an
yttrium-carbide scalar coupling (1JYC= 22.4 Hz) between a carbide atom and two chemically
equivalent yttrium atoms. To our best knowledge, this is the first observation of a resolved
scalar coupling between encapsulated cluster atoms within an EMF cage.

Figure 5. Expansion of the sp2 Region (127-157 ppm) of the 200 MHz

13

C NMR

spectrum of Y2C2@D3(85)-C92. The chemical shifts are: 151.7, 144. 7, 143.9, 143.0, 141.2
(1/3 intensity), 139.4, 138.6, 138.4, 135.7, 133.8, 133.4, 132.2, 132.0, 130.4 (double
intensity), 129.0 ppm.
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The

13

C NMR spectrum of Y2C2@C3v-C82 exhibits 17 signals in the aromatic region

(Figure 4c, aromatic region expanded in Figure 6) and also one highly deshielded signal. The
17 lines consist of 11 full intensity lines (6 carbons), 5 half intensity lines (3 carbons) and 1
one sixth intensity line (1 carbon), confirming the C3v symmetry of the cage.18 With

13

C

isotopic labeling, the 13C NMR deshielded triplet signal was observed at a chemical shift of 
= 257.0 ppm confirming that this signal originates from the carbide in Y 2C2@C3v-C82. This
shift is only slightly more deshielded than those reported for Sc2C2@C3v-C82 ( = 253.2 ppm)
and Sc2C2@D2d-C84 ( = 249.0 ppm) with similar fullerene cages.23 In similar fashion to
Y2C2@D3-C92, a sharp triplet (1:2:1 pattern) signal is observed. Significantly, the JY-C
coupling of the cluster in Y2C2@C3v-C82 is 17.2 Hz, which is reduced from the 22.4 Hz of
Y2C2@C3v-C92, suggesting a more compressed cluster conformation of the former yttrium
carbide EMF in a smaller cage.

Figure 6. Expansion of the sp2 Region (134-152 ppm) of the 200 MHz

13

C NMR

spectrum of Y2C2@C3v(8)-C82. The chemical shifts are: 151.8, 148.1, 147.8, 146.4, 145.9,
145.1, 144.1, 143.5, 142.4, 141.4, 141.2, 141.1, 138.1, 137.4, 136.5, 135.2 ppm. The smaller
peaks are both sides of above listed peaks are 13C satellite peaks.
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The

13

C NMR spectrum of Y2C2@Cs-C82 shows 44 lines in aromatic region (expanded as

Figure 7), which confirms the identity of the molecule in comparison with previously
reported results,18 and one deshielded signal with a chemical shift of 256.2 ppm. The carbide
signal shows the same 1:2:1 fashion resulted from the coupling between

89

Y and

13

C of the

cluster (Figure 4f), with JY-C coupling being 17.0 Hz. It is important to note that despite the
major differences between the cage symmetry of the Cs-C82 and C3v-C82 cages, the carbide
signals from the (Y2C2)4+ clusters have almost identical chemical shifts and JY-C coupling
constants (Figure 4d and 4f). This suggests a very similar electronic environment of the
(Y2C2)4+ cluster in these C82 cages with very different symmetries.

Figure 7. Expansion of the sp2 Region (130-158 ppm) of the 200 MHz

13

C NMR

spectrum of Y2C2@Cs(6)-C82. The chemical shifts are: 154.5, 152.5, 150.4, 149.9, 149.7,
148.1, 147.6, 147.1, 146.8, 146.4, 145.4, 145.0, 144.6, 144.4, 144.3, 144.1, 144.0, 143.9,
143.4, 141.8, 141.8, 141.6, 141.4, 141.2, 140.8, 139.6, 139.2, 139.1, 139.0, 138.2, 137.2,
137.0, 135.9, 135.7, 135.1, 135.0, 134.3, 134.3, 133.9, 133.1, 132.9, 132.7, 132.4, 131.9 ppm.
The smaller peaks are both sides of above listed peaks are 13C satellite peaks. The peaks
with stars are from Sc3N@Ih-C80 which was used as internal standard in mass
spectrometry.
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The 13C NMR spectrum of Y2C2@C84 also shows a highly deshielded carbide signal with
the coupling between 89Y and 13C resulting in a 1:2:1 pattern (Figure 4h). The chemical shift
of this signal is 247.8 ppm, which is slightly more shielded than the signals in both
Y2C2@C82 isomers (256-257 ppm) and much more deshielded than the carbide signal in
Y2C2@C92 (227.3 ppm). In addition, the triplet 1:2:1 pattern is significantly broader in this
case and could even possibly suggest a slight inequivalence of the two Y atoms. The JY-C
coupling of the signal is estimated at ~17.8 Hz, which is higher than those of both Y2C2@C82
isomers but lower than that of the Y2C2@C92. The poor signal-to-noise ratio in the aromatic
region makes it difficult to assign the symmetry of this C84 cage. However, we can estimate at
least ~70 separate spectral lines in the aromatic region (expanded as Figure 8). In addition,
other lines could overlap the toluene solvent impurities in this spectrum. Moreover, the two
relatively deshielded peaks at 161.7 ppm and 160.6 ppm are characteristic of fused pentalene
carbons,31 suggesting this C84 cage is most likely an isolated pentagon rule (IPR)-violating
cage. In future additional studies will be necessary to identify the actual symmetry of this C84
cage.

Figure 8. Expansion of the Sp2 Region (120-162 ppm) of the 200 MHz

13

C NMR

spectrum of Y2C2@C84. Due to extensive scan numbers, the residual solvent peaks from
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toluene and o-xylene are picked up as the off-scale peaks here. The tall spike at 124.9
ppm was an artificial projection caused by the CS2 peak. At current signal to noise level
it is difficult to assign the cage symmetry.
3.4 DFT Computational Studies

The computational studies were performed by Tim Fuhrer from our group, and this section
is written based on my interpretation of the results after discussion with Tim and our advisor,
Professor Dorn.
3.4.1 Computational Studies of the (Y2C2)4+ cluster.
As indicated above, DFT computational studies for the neutral Y2C2 molecular cluster
support a stable linear structure as illustrated (upper Figure 1A).28 However, encapsulation of
the yttrium carbide cluster involves a charged cluster with transfer of electrons to the
fullerene cage. For the charged (Y2C2)4+ cluster, DFT results also predict a linear structure
stable when not encapsulated in a fullerene cage. The DFT computational results predict a
carbide

13

C NMR chemical shift of 150 ppm and a scalar coupling of 1JYC=55.5 Hz. These

values compare favorably with the experimental values reported for the organometallic
compound (Cp)2YCCPh•OEt2 (147 ppm and 70.9 Hz) and other similar systems in which
the yttrium atom is also collinear with the carbide moiety (YCC).32
3.4.2

Computational

Studies

of

Y2C2@D5

(450)-C100,

Y2C2@D3(85)-C92,

And

Y2C2@C3v(8)-C82.
Based on the optimized geometry of the (Y2C2)4+, large cages should lead to linear clusters
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as found above for simpler yttrium carbides. To test this hypothesis, we carried out DFT
computations

on

the

(Y2C2)4+

cluster

encapsulated

in

a

D5(450)-C100

cage

(Y2C2@D5(450)-C100). The D5(450)-C100 cage can be viewed as an icosahedral C80 cage cut
in half and a nanotube segment (hexagonal carbons) consisting of 20 carbons added in the
middle and it was chosen due to its good stability found in other fullerene and
metallofullerene studies.27 The DFT computational study leads to the optimized stable
structure illustrated in Figure 9a. The Y atoms in this structure are not exactly linear with the
carbide C2 vector, but are only slightly displaced from the predicted linear YCCY structure
(Y-C-C angle is 22 degree). In addition, the computed carbide

13

C NMR chemical shift of

142.0 ppm and the scalar coupling of 1JYC=57.1 Hz are in good agreement with the prediction
for the linear (Y2C2)4+ cluster vide supra. Although Y2C2 clusters have not been
experimentally studied in cages greater that C92, the current computational study predicts
linear Y2C2 cluster structures are feasible if the fullerene cage is a relatively large cage of at
least 100 carbons or has an unusual shape.
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Figure 9. simulated structure of (a) optimized Y2C2@D5(8)-C100. (b) Optimized
Y2C2@D3(85)-C92.

(c)

Transition

state

of

Y2C2@D3(85)-C92.

(d)

Optimized

Y2C2@C3v(450)-C100.
The DFT calculations for Y2C2@D3(85)-C92 suggest an optimized stable structure in which
the two yttrium atoms are slightly displaced from the C3 symmetry axis and the carbide
vector is nearly orthogonal, but with inequivalent distances from each carbide atom to each
yttrium atom (Figure 9b). The transition state (TS) structure of Y2C2@D3(85)-C92 exhibits an
“idealized butterfly shape”, where in the C2 carbide unit is perpendicular to a line between the
two metal atoms (Figure 9c). The energy difference between the most stable structure and this
butterfly structure is only ~12 kJ/mol, which is consistent with the observed 13C NMR sharp
triplet (1:2:1 pattern) for a small (Y2C2)4+ cluster rotational barrier between these two states
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suggesting rapid motional averaging of the carbide atoms about the overall C3 axis (Figure
10a) on the NMR time scale. However, the total electron surface map (Figure 10b) defines a
belt motif reflecting a significant repulsive interaction with the rotational carbide (C2)-2 at the
three-fold symmetry 6,6,5 junction site of the two pentagons in this belt motif. This suggests
rapid carousel rotational motion of the encapsulated C2 carbide unit about the overall C3 axis
of the Y2C2@D3(85)-C92 molecule at ambient temperatures.

Figure 10. Cluster motion study with DFT computation. (a) Relative energy of different
states of the molecule with rotating (Y2C2)4+ cluster. The energy values are referenced to
the most stable structure. (b) Commutated total electron density map of
Y2C2@D3(85)-C92 defining a belt motif with a repulsive interaction between the 5,6,6
junction sites on the cage (blue) and the encapsulated carbide.
In the optimized structure of Y2C2@C3v(8)-C82 (Figure 9d), with two yttrium atoms lying
along the C3 axis, the carbide bond is orthogonal to and considerably displaced from the C3
axis to form a “butterfly”, or bent geometry which is suggested by independent computational
study of M2C2@C3v(8)-C82 system33 and experimental study of Y2C2@C3v(8)-C82.34
3.5 Summary and Discussion of Results

The experimental and computational results are summarized in Figure 11. It is clear that
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the (Y2C2)4+ cluster prefers a linear configuration in the absence of a fullerene cage. However,
even in relatively large cages like C100 the cluster adopts a cage only slightly distorted from a
linear configuration. For an intermediate cage size, Y2C2@D3-C92, the cluster is compressed
to make the carbide bond nearly orthogonal to the yttrium bond vector and with only a
slightly less stable transition state having an “idealized butterfly” shaped cluster. For a small
cage as in the Y2C2@C3v-C82 system, even greater compression is present and the (Y2C2)4+
cluster adopts a definitive butterfly shape.

Figure 11 Key results from NMR experiments and DFT calculations.
It is also clear that the 13C NMR chemical shift and scalar 1JYC coupling parameters provide
a very sensitive probe of the degree of NF compression of (Y2C2)4+ cluster, as illustrated in
the right two columns in Figure 11. The

13

C NMR results for the carbide signal exhibit a

significant deshielding, which increases even more upon NF compression, as the chemical
shift increases by over 100 ppm from about 150 ppm for the stretched (nearly linear) clusters
(no cage or in D5-C100) to over 250 ppm for the compressed clusters (C3v-C82 and Cs-C82). At
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the same time, the scalar 1JYC decreases upon NF compression from over 50 Hz for the nearly
linear clusters to about 17 Hz found in the compressed clusters in smaller cages (C3v-C82 and
Cs-C82).
In addition, it can be concluded that the cage size plays a decisive role in determining the
shape of the cluster structure. For example, Y2C2@C3v-C82 represents a highly symmetry case
with only 17 NMR signals for 82 aromatic carbon atoms, while Y2C2@Cs-C82 represents the
low-symmetry case with 44 NMR signals for the 82 aromatic carbon atoms. Despite these
major differences in cage symmetry (C3v versus Cs), they have very similar chemical shifts
(257.0 ppm vs 256.2 ppm) and 1JYC couplings (17.2 ppm vs 17.0 ppm). Also, the Y2C2@C84
shows a carbide signal with 247.8 ppm chemical shift and 1JYC =18.0 Hz which both agree
with the NF compression trend very well, indicating the unique pentalene motif only has a
limited influence on the cluster structure and NMR parameters. These results suggest that
cage symmetry for a given cage size (C82) plays only a minor role in influencing the

13

C

NMR spectral parameters and corresponding shape of the (Y2C2)4+ cluster. In summary, the
more important factor in dictating the structure of the encapsulated (Y2C2)4+ cluster is the
carbon cage size. However, it is possible that for significantly larger EMFs the cage structure
may play a more important role.
Also summarized in Figure 11, the atomic distances within the (Y2C2)4+ cluster provided
by DFT computation suggests that the cluster atoms are forced closer with increasing
compression, as indicated by the decrease of both Y-C distance (average of Y-C1 and Y-C2)
and Y-Y distance. It should be noted that the C-C distance remains almost almost unchanged
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within the bond length uncertainty limits. It is also interesting to note that the alteration in
cluster atomic distances under NF compression exhibits the same trend as the lattice atomic
distances for the yttrium carbide Y2C3 system under MP compression,3 as shown in Figure 12.
In both systems, the Y-C and Y-Y distances decrease with increasing compression, either
from smaller fullerene cage or a higher external pressure. Moreover, the C-C distances
remain nearly constant in both cases. Qualitatively, decreasing cage size by ~18 carbons
within the investigated region (~C82-C100) in NF compression is nearly equivalent to
increasing the external pressure from 0 to 50 Gpa in MP compression based on the changes in
Y-C interatomic distance. The Y-C distance under upper limit of pressure ~50 GPa is also
reflective of the experimental limit to date for the smallest cages (~C80 , see Figure 1) that can
potentially be isolated. It is worth mentioning that such contraction upon MP compression is
not limited to the yttrium carbide (Y2C3), but has also been observed in lanthanum carbide
systems as well.35
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Figure 12. The change of interatomic distances upon on compression. Red lines and
points denote the data obtained from NFC (data source Figure 7, C∞ represents the
calculated interatomic distances for [Y2C2]4+ cluster), and blue lines and points denote
the data obtained from MPC (data source Ref. 3 and transferred as in Figure S13 in SI).
Y-C distances are average values of corresponding Y-C1, Y-C2 and Y-C3 distance in the
lattice. Y-Y distances are average values of corresponding Y-Y1 and Y-Y2 distance in the
lattice). (a) Y-C distances in fullerene cages. (b) Y-Y distances in fullerene cages. (c) Y-C
distances in superconducting materials. (d) Y-Y distances in superconducting materials.

3.6 Conclusion

In this chapter, I described the synthesis, purification and characterization of a di-yttrium
metallofullerene family, four yttrium carbide endohedral metallofullerenes (EMFs),
Y2C2@D3(85)-C92, Y2C2@C3v-C82, Y2C2@Cs-C82, and Y2C2@C84. We have investigated the
(Y2C2)4+ cluster structural features in this EMF family by 13C NMR and DFT computational
approaches. With the chemical shift and first-time observation of metal-carbide 1JYC coupling
of the (Y2C2)4+ cluster, we have probed the structural change of the endohedral clusters under
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the influence of NF compression. The

13

C NMR chemical shift and scalar 1JYC coupling

parameters provide a very sensitive measure of the structural changes of the (Y2C2)4+ cluster
with respect to changes in the size of the carbon cage size (C82-C100). In contrast with changes
in the size of the cage, the results suggest only a minor role for changes in cage symmetry for
a given cage size (C82) as reflected by influences on the 13C NMR spectral parameters. These
results confirm the hypothesis that influence of nanoscale fullerene compression (NFC) on
interatomic distances on yttrium carbide clusters is consistent with the influence of
macroscopic pressure compression (MPC). With the support of DFT calculation results, one
can conclude that upon NFC the cluster changed from a stretched linear shape to a
compressed “butterfly shape”, with increasing chemical shift values, decreasing 1JY-C
coupling constants and interatomic distances found for the clusters. The crystal structural
parameters of a previously reported metal carbide Y2C3 are directly compared to the (Y2C2)4+
cluster in the current metallofullerene study illustrating the influence of nanoscale FC when
compared with the effects of macroscopic PC. In the future, the possibility of using EMFs as
isolated ideal model clusters to mimic other metal lattice clusters under ultra-high pressure
could be important metal carbide materials research.
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Chapter 4 Enhanced Dipole Moments in Trimetallic Nitride Template
Endohedral Metallofullerenes with the Pentalene Motif
This chapter is adopted from a manuscript published on Journal of the American Chemical Society with
appropriate modifications under the permission of the American Chemical Society. Full text of the
published manuscript, entitled “Enhanced dipole moments in trimetallic nitride template endehedral
metallofullerenes with the pentalene motif”, by Jianyuan Zhang, Daniel W. Bearden, Tim Fuhrer, Liaosa
Xu, Wujun Fu, Tianming Zuo and
Harry C. Dorn,
can be
obtained at
http://pubs.acs.org/doi/pdf/10.1021/ja312045t.

4.1 Introduction
As advanced by Kroto, the isolated pentagon rule (IPR) states that there is a significant energy
penalty for pentagons fused together on fullerene cages.1 Although this seminal predictive tool
was intended for “pristine” empty-cage fullerenes, the rule has been ostensibly extended to
endohedral metallofullerenes (EMFs). The first EMFs with fused pentagons (pentalenes) were
independently reported by Shinohara et al.2 and Dorn et al.3 for the molecules Sc2@C66 and
Sc3N@C68, respectively, in 2000. Since then, the pentalene group has been found in almost all
major families of EMFs, including monometallic EMFs,4,5 dimetallic EMFs,2,4,6 metal carbide
fullerenes,7 metal sulfide fullerenes,8,9 and trimetallic nitride template (TNT) EMFs (metal
nitride fullerenes),3,10-18 which contribute most to pentalene-containing EMFs. To date, the
structurally investigated TNT EMFs have adopted fullerene cages of D3(6140)-C68,3 C2v(7854)C70,12 Cs(17490)-C76,19 D3h(5)-C78,20 C2(22010)-C78,17 Ih(7)-C80,21 D5h(6)-C80,22 Cs(39663)-C82,15
Cs(51365)-C84,10 D3(19)-C86,22 and D2(35)-C88.22 On this list, the D3-C68, C2v-C70, Cs-C76, C2-C78,
Cs-C82, and Cs-C84 isomers contain the pentalene groups.
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Figure 1. Fused pentagon motif and the trimetallic nitride cluster in pentalene-containing
TNT EMFs.
Although there is a significant energy penalty for the anti-aromatic 8 -electron pentalene motif
in empty-cage fullerenes, electron transfer from a metal to the pentalene nearby, creating a
localized Hückel-aromatic system, can stabilize EMFs (Figure 1).23 This reasoning is supported
by multiple single crystal x-ray studies where a metal ion is associated with a pentalene site with
localized negative charge.8,10,14,15,17,24 In this chapter, I present evidence for significant dipole
moments (~1D) for those members of the Y3N@C2n (n=39-44) family with the pentalene motif.
In addition, we predict significant dipole moments for other members of the M3N@C2n family
that contain an M-N bond oriented toward a pentalene motif. We also present the first 13C NMR
result for a member of the M3N@C2-C78 system that contains two pentalenes in a relatively small
cage (C78).
The yttrium nitride cluster forms a family of TNT EMFs, Y3N@C2n with n=39-44,16,25 which is
a common range for many other metals, including Gd, Tb and Tm. The C2-C78 cage for
M3N@C78 was initially proposed by Dunsch and co-workers.13 Although limited sample
quantities of Tm3N@C78 and Dy3N@C78 hampered this experimental structural study, their
remarkable density functional theory (DFT) computations for Y3N@C78 predicted the
C2(22010)-C78 cage out of 24109 possibilities as the most stable cage for larger metal M3N@C78
systems. In 2009, the first unambiguous structural study of this family was reported by Balch and
coworkers with the single-crystal of Gd3N@C2(22010)-C78.17 In this study, the striking
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differences between the UV-vis spectra for the Gd3N@C2(22010)-C78

and that for the

Sc3N@D3h(5)-C78 was also reported to illustrate the importance of UV-vis data for establishing
cage isomer features.18 Wang and coworkers isolated Y3N@C78 and assigned it the C2(22010)
cage based on spectral similarities to Dy3N@C2-C78 and Gd3N@C2-C78.18

4.2 Synthesis and identification of the Y3N@C78 sample
I prepared a

13

C-enriched sample of Y3N@C78 as described in Chapter 2 and Chapter 3. The

Y3N@C78 was isolated from the fraction 2 as defined in Chapter 2. The final HPLC purification
process and the characterization of the purified product are shown in Figure 2.

Figure 2. HPLC and mass-spectral characterization of the Y3N@C78. a) HPLC stage
leading to the isolation of Y3N@C78 (toluene elution at 2 mL/min, 298K, on 5-PYE column).
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Inset: Chromatogram of purified Y3N@C78 solution re-injected to 5-PYE column. b) Laserdesorption time-of-flight (LD-TOF) mass spectrometry of Y3N@C78. Note that the
molecular ion peak shifted higher to an m/z of 1224.5 instead of 1217 due to the ~9%

13

C

enrichment. The small peak coming out of noise at 1170 is due to a very little amount of
Y2C82 (original molecular mass 1162, about 1170 after

13

C enrichment) that is not

detectable by either HPLC or NMR but sensitive to mass spectrometry.
With improved UV-vis peak resolution relative the previous Y3N@C78 report, the UV-vis
absorptive features of the Y3N@C78 are almost identical to those previously reported
M3N@C2(22010)-C78 molecules (M=Dy, Gd, Y) which confirms the same C2(22010)-C78 cage
for Y3N@C78 in the current study.14,18,19

Figure 3. a) UV-vis spectrum of the Y3N@C2-C78 in toluene with absorption peaks pointed.
b) absorption peak summary of M3N@C2(22010)-C78 (M=Dy, Gd, Y).
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4.3 13C NMR characterization of the Y3N@C78
The 13C NMR spectrum for the 13C-enriched Y3N@C78 is shown in Figure 3a. There are a total
of 39 lines with approximately the same height suggesting a 39*2 pattern, with two highly
deshielded peaks at 170.0 and 162.9 ppm, corresponding to the four carbon atoms on the [5,5,6]
junction found only in pentalene-containing fullerene cages. In addition, there are 26 peaks
corresponding to 52 carbon atoms on the [5,6,6] junctions and 11 peaks corresponding to 22
carbon atoms on the [6,6,6] junctions. The 13C NMR spectrum is in agreement with the structural
prediction for Y3N@C7813 as well as the crystal study of Gd3N@C78,17 suggesting the cage
structure of Y3N@C78 is C2(22010)-C78. The smaller C78 cage is distorted by the two pentalene
motifs that contribute to the deshielded signals from the four carbon atoms fusing the adjacent
pentagons. Since the

13

C NMR chemical shift of carbon atoms on fullerene cages is related to

several factors (including torsion strain26), deshielding of the
with other

13

13

C NMR signals is in agreement

C NMR studies of pentalene-containing cages.3,16 It is also noted that the peak at

170.0 ppm is the most downfield

13

C NMR signal for a fullerene or metallofullerene cage

observed to date, indicating that very large strain is associated with the two pentalene motifs on
the oblate C2 cage. This helps to localize the negative charge which is essential to the
stabilization of the pentalene unit.

76

Figure 4. (a) 200 MHz 13C NMR spectrum from an 800 MHz instrument of the Y3N@C78 in
carbon disulfide/acetone-d6 (v/v=9/1) with 8 mg Cr(acac)2 as a relaxation agent; (b) top
view; (c) side view optimized structure of Y3N@C2-C78 with the pentalenes highlighted.
In addition, DFT computational structural optimization of Y3N@C78 has been independently
performed based on the single crystal structure of Gd3N@C78.17 In both the view perpendicular
(Figure 4b) and parallel (Figure 4c) to the TNT cluster, cage distortion near the pentalene sites
(red) is clearly present. The

13

C NMR chemical shift values were then calculated based on the

optimized structure. The calculated values exhibit good agreement with the experimental results
supporting the structural assignment of Y3N@C2(22010)-C78 (Figure 5).

Figure 5. Computational vs experimental chemical shift values of the Y3N@C2(22010)-C78.
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4.4 The HPLC retention behaviors of the Y3N@C2n (n=39-44) family
The chromatographic retention behaviors of the TNT EMF Y3N@C2n family are compared with
empty-cage fullerenes in Figure 6, utilizing a PYE (pyrenylethyl) column. Fuchs et al. showed
that chromatographic data can be used to predict the dipole moments for EMFs.27 Specifically, it
is recognized that the retention mechanism between the solute (EMF) and chromatographic
stationary phase (PYE, Figure 6a) consists of both π-π interactions and dispersion forces, and the
latter depend on the polarizability of the fullerenes (or EMFs) and the stationary phase. In
addition, earlier studies have clearly demonstrated a linear relationship between the
chromatographic capacity factor K (K=(tR-t0)/t0, in which tR is the retention time and t0 is the
dead time) and the number of π electrons on empty fullerene cages,27 as seen in figure 6b (blue).
For TNT EMFs (red), the number of π electrons equals the number of carbon atoms plus 6, due
to the formal transfer of 6 electrons. In the cases of the IPR-allowed EMFs Y3N@Ih-C80,
Y3N@D3-C86, and Y3N@D2-C88, the corresponding linearity (with the empty-cages) is still
maintained, even for widely different cage symmetries (Figure 6c). In contrast, the pentalenecontaining Y3N@C2n members Y3N@C2-C78, Y3N@Cs-C82, and Y3N@Cs-C84, all significantly
deviate from the correlation with longer retention times, which suggests that those non-IPR
members possess significant permanent dipole moments.

78

Figure 6. HPLC retention behavior study of the yttrium TNT-EMFs. (a) The structure and
electronic property of the stationary phase of PYE column; (b) Retention behaviors of
fullerenes (blue) and the Y3N@C2n family (red) on PYE column; (c) Expansion of the
framed area in (b) emphasizing the EMFs.
4.5 Enhanced Dipole Moments in TNT-EMFs M3N@C78, M3N@C82 and M3N@C84.
4.5.1 Calculated dipole moments
The DFT-calculated dipole moment values for the yttrium TNT EMF family (Figure 7) are
consistent with the chromatographic retention time data. Namely, there is a clear gap between
pentalene-containing species (overall dipole > 1.0 Debye) and species without the pentalene
motif (overall dipole < 0.2 Debye). Specifically, the dipole moments of Y3N@C2-C78 and
Y3N@Cs-C84 are dominated by contributions from the cluster metal atom interaction with the
pentalene group, leading to an induced dipole moment along that vector axis. The dipole
moment for Y3N@Cs-C82 is along two different vector axes, and the larger is along the
pentalene-metal axis. As expected, there is no significant dipole moment for the TNT EMFs
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without pentalene groups, since there is no significant difference in the local three-fold C3v
environment of the (Y3N)6+ cluster.

Figure 7. DFT-computed dipole moments of the Y3N@C2n (n=39-44) family (in Debye). The
pentalene groups are highlighted in red.
4.5.2 Lengthening of the M-N bond.
The prediction of a significant dipole moment for the pentalene-containing Y3N@C2n EMFs
also suggests lengthening of the covalent Y-N bond in the (Y3N)3+ cluster. In addition, bond
lengthening should be reflected in all TNT EMFs that have significant dipole moments, since the
molecular dipole moment strongly depends on the charge multiplying distance for the M-N bond
vector (M and N have significantly different electronegativities). The lengthening of the M-N
bond will break the symmetry of the M3N cluster and lead to a non-zero dipole moment. As
illustrated in Figure 8, available single-crystal data and DFT calculation results for all reported
members of the M3N@C2n (M=Gd,14,15,17 Tb,10 and Y, n=39-44) family that contain at least one
pentalene motif show that they exhibit longer M-N bonds oriented toward the pentalene motif.
The trend is even more convincing for the Gd3N@C2-C78 and Y3N@C2-C78 examples that
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contain two pentalene motifs for both experimental and DFT computational results. This bond
lengthening could result from either a strong metal-pentalene interaction or the creation of extra
space by the pentalene-caused cage distortion. In either mechanism, enhanced dipole moments
for pentalene-containing TNT EMFs would be predicted.

Figure 8 Metal-nitrogen distances in the (M3N)6+ cluster of pentalene-containing TNT
EMFs.
4.6 Conclusion
In this chapter, significant dipole moments are predicted for lanthanide members of the
M3N@C2n (n=39-44) family that contain an M-N bond oriented toward a pentalene motif. This
prediction could also be extended to other pentalene-containing EMFs, but, for the mono- and
dimetallic EMFs, the case could be more complicated due to the non-centroid position of the
endohedral ion(s).27,28 The enhanced dipole moments will lead to improved solubility in polar
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solvents and this could be an important consideration for utilizing EMFs in molecular
optoelectronic devices and biomedical applications. For comparison, the dipole moment induced
by the pentalene groups in TNT EMFs is comparable to that of azulene (1.08 Debye),29 which
has an ionic aromatic model and a solubility in water of 20 mg/L. Although the TNT EMF
Gd3N@Ih-C80 requires surface functionalization of the fullerene cage surface to impart water
solubility for magnetic resonance imaging (MRI) contrast agent applications,30 the enhanced
dipole moments for Gd3N@C2-C78, Gd3N@Cs-C82, and Gd3N@Cs-C84 suggest the possibility
that these EMFs could alleviate this requirement, especially for lipid solubility applications.
Finally, the finding of significant dipole moments for TNT EMFs containing the pentalene motif
could also lead to the possibility of controlling molecular orientation in an external electric
field.28
REFERENCES
(1) Kroto, H. W. The Stability of the Fullerenes C24, C28, C32, C36, C50, C60 and C70. Nature 1987,
329, 529-531.
(2) Wang, C. R.; Kai, T.; Tomiyama, T.; Yoshida, T.; Kobayashi, Y.; Nishibori, E.; Takata, M.;
Sakata, M.; Shinohara, H. C66 Fullerene Encaging a Scandium Dimer. Nature 2000, 408, 426427.
(3) Stevenson, S.; Fowler, P. W.; Heine, T.; Duchamp, J. C.; Rice, G.; Glass, T.; Harich, K.;
Hajdu, E.; Bible, R.; Dorn, H. C. A Stable Non-classical Metallofullerene Family. Nature 2000,
408, 427-429.
(4) Nikawa, H.; Kikuchi, T.; Wakahara, T.; Nakahodo, T.; Tsuchiya, T.; Rahman, G. M. A.;
Akasaka, T.; Maeda, Y.; Yoza, K.; Horn, E.; Yamamoto, K.; Mizorogi, N.; Nagase, S. Missing
Metallofullerene La@C74. J. Am. Chem. Soc. 2005, 127, 9684-9685.
(5) Wakahara, T.; Nikawa, H.; Kikuchi, T.; Nakahodo, T.; Rahman, G. M. A.; Tsuchiya, T.;
Maeda, Y.; Akasaka, T.; Yoza, K.; Horn, E.; Yamamoto, K.; Mizorogi, N.; Slanina, Z.; Nagase,
S. La@C72 Having a Non-IPR Carbon Cage. J. Am. Chem. Soc. 2006, 128, 14228-14229.
(6) Kato, H.; Taninaka, A.; Sugai, T.; Shinohara, H. Structure of a Missing-Caged
Metallofullerene: La2@C72. J. Am. Chem. Soc. 2003, 125, 7782-7783.
82

(7) Yamada, M.; Wakahara, T.; Tsuchiya, T.; Maeda, Y.; Akasaka, T.; Mizorogi, N.; Nagase, S.
Spectroscopic and Theoretical Study of Endohedral Dimetallofullerene Having a Non-IPR
Fullerene Cage: Ce2@C72. J. Phys. Chem. A 2008, 112, 7627-7631.
(8) Shi, Z. Q.; Wu, X.; Wang, C. R.; Lu, X.; Shinohara, H. Isolation and Characterization Of
Sc2C2@C68: A Metal-Carbide Endofullerene with a Non-IPR Carbon Cage. Angew. Chem. Int.
Ed. 2006, 45, 2107-2111.
(9) Chen, N.; Beavers, C. M.; Mulet-Gas, M.; Rodriguez-Fortea, A.; Munoz, E. J.; Li, Y. Y.;
Olmstead, M. M.; Balch, A. L.; Poblet, J. M.; Echegoyen, L. Sc2S@Cs(10528)-C72: A Dimetallic
Sulfide Endohedral Fullerene with a Non Isolated Pentagon Rule Cage. J. Am. Chem. Soc. 2012,
134, 7851-7860.
(10) Chen, N.; Mulet-Gas, M.; Li, Y.-Y.; Stene, R. E.; Atherton, C. W.; Rodriguez-Fortea, A.;
Poblet, J. M.; Echegoyen, L. Sc2S@C2(7892)-C70: A Metallic Sulfide Cluster inside a Non-IPR
C70 Cage. Chem. Sci. 2013, 4, 180-186.
(11) Beavers, C. M.; Zuo, T.; Duchamp, J. C.; Harich, K.; Dorn, H. C.; Olmstead, M. M.; Balch,
A. L. An Improbable, Egg-shaped Endohedral Fullerene That Violates the Isolated Pentagon
Rule. J. Am. Chem. Soc. 2006, 128, 11352-11353.
(12) Yang, S.; Popov, A. A.; Dunsch, L. The Role of an Asymmetric Nitride Cluster on a
Fullerene Cage: The Non-IPR Endohedral DySc2N@C76 J. Phys. Chem. B 2007, 111, 1365913663.
(13) Yang, S.; Popov, A. A.; Dunsch, L. Violating the Isolated Pentagon Rule (IPR): The
Endohedral Non-IPR C70 Cage of Sc3N@C70. Angew. Chem. Int. Ed. 2007, 46, 1256-1259.
(14) Popov, A. A.; Krause, M.; Yang, S.; Wong, J.; Dunsch, L. C78 Cage Isomerism Defined by
Trimetallic Nitride Cluster Size: a Computational and Vibrational Spectroscopic Study. J. Phys.
Chem. B 2007, 111, 3363-3369.
(15) Zuo, T.; Walker, K.; Olmstead, M. M.; Melin, F.; Holloway, B. C.; Echegoyen, L.; Dorn, H.
C.; Chaur, M. N.; Chancellor, C. J.; Beavers, C. M.; Balch, A. L.; Athans, A. J. New Egg-shaped
Fullerenes: Non-Isolated Pentagon Structures of Tm3N@Cs(51365)-C84 and Gd3N@Cs(51365)C84. Chem. Comm. 2008, 1067-1069.
(16) Mercado, B. Q.; Beavers, C. M.; Olmstead, M. M.; Chaur, M. N.; Walker, K.; Holloway, B.
C.; Echegoyen, L.; Balch, A. L. Is the Isolated Pentagon Rule Merely a Suggestion for
Endohedral Fullerenes? The Structure of a Second Egg-Shaped Endohedral FullereneGd3N@Cs(39663)-C82. J. Am. Chem. Soc. 2008, 130, 7854-7855.
(17) Fu, W.; Xu, L.; Azurmendi, H.; Ge, J.; Fuhrer, T.; Zuo, T.; Reid, J.; Shu, C.; Harich, K.;
Dorn, H. C 89Y and 13C NMR Cluster and Carbon Cage Studies of an Yttrium Metallofullerene
Family, Y3N@C2n (n=40-43). J. Am. Chem. Soc. 2009, 131, 11762-11769.
(18) Beavers, C. M.; Chaur, M. N.; Olmstead, M. M.; Echegoyen, L.; Balch, A. L. Large Metal
Ions in a Relatively Small Fullerene Cage: The Structure of Gd3N@C2(22010)-C78 Departs from
the Isolated Pentagon Rule. J. Am. Chem. Soc. 2009, 131, 11519-11524.
83

(19) Ma, Y.; Wang, T.; Wu, J.; Feng, Y.; Xu, W.; Jiang, L.; Zheng, J.; Shu, C.; Wang, C. Size
Effect of Endohedral Cluster on Fullerene Cage: Preparation And Structural Studies of
Y3N@C78-C2. Nanoscale 2011, 3, 4955-4957.
(20) Olmstead, M. H.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.; Marciu, D.; Dorn,
H. C.; Balch, A. L. Isolation and Structural Characterization of the Endohedral Fullerene
Sc3N@C78. Angew. Chem. Int. Ed. 2001, 40, 1223-1224.
(21) Stevenson, S.; Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M. R.; Craft, J.; Hadju, E.;
Bible, R.; Olmstead, M. M.; Maitra, K.; Fisher, A. J.; Balch, A. L.; Dorn, H. C. Small-bandgap
Endohedral Metallofullerenes In High Yield and Purity. Nature 1999, 401, 55-57.
(22) Zuo, T.; Beavers, C. M.; Duchamp, J. C.; Campbell, A.; Dorn, H. C.; Olmstead, M. M.;
Balch, A. L. Isolation and Structural Characterization of a Family of Endohedral Fullerenes
Including the Large, Chiral Cage Fullerenes Tb3N@C88 and Tb3N@C86 as well as the Ih and D5h
Isomers of Tb3N@C80. J. Am. Chem. Soc. 2007, 129, 2035-2043.
(23) Slanina, Z.; Chen, Z.; Schleyer, P. v. R.; Uhlík, F.; Lu, X.; Nagase, S. La2@C72 and
Sc2@C72: Computational Characterizations. J. Phys. Chem. A 2006, 110, 2231-2234.
(24) Olmstead, M. M.; Lee, H. M.; Duchamp, J. C.; Stevenson, S.; Marciu, D.; Dorn, H. C.;
Balch, A. L. Sc3N@C68: Folded Pentalene Coordination in an Endohedral Fullerene that Does
Not Obey the Isolated Pentagon Rule. Angew. Chem. Int. Ed. 2003, 42, 900.
(25) Fu, W.; Zhang, J.; Champion, H.; Fuhrer, T.; Azuremendi, H.; Zuo, T.; Zhang, J.; Harich, K.;
Dorn, H. C. Electronic Properties and 13C NMR Structural Study of Y3N@C88. Inorg. Chem.
2011, 50, 4256-4259.
(26) Taylor, R.; Hare, J. P.; Abdulsada, A. K.; Kroto, H. W. Isolation, Separation and
Characterisation of the Fullerenes C60 And C70: the Third Form of Carbon. J. Chem. Soc. Chem.
Comm. 1990, 1423-1425.
(27) Fuchs, D.; Rietschel, H.; Michel, R. H.; Fischer, A.; Weis, P.; Kappes, M. M. Extraction and
Chromatographic Elution Behavior of Endohedral Metallofullerenes: Inferences Regarding
Effective Dipole Moments. J. Phys. Chem. 1996, 100, 725-729.
(28) Yasutake, Y.; Shi, Z. J.; Okazaki, T.; Shinohara, H.; Majima, Y. Single Molecular
Orientation Switching of an Endohedral Metallofullerene. Nano Lett. 2005, 5, 1057.
(29) Anderson, A. G.; Steckler, B. M. Azulene. VIII. A Study of the Visible Absorption Spectra
and Dipole Moments of Some 1- and 1,3-Substituted Azulenes1,2. J. Am. Chem. Soc. 1959, 81,
4941-4946.
(30) Zhang, J.; Fatouros, P. P.; Shu, C.; Reid, J.; Owens, L. S.; Cai, T.; Gibson, H. W.; Long, G.
L.; Corwin, F. D.; Chen, Z.-J.; Dorn, H. C. High Relaxivity Trimetallic Nitride (Gd3N)
Metallofullerene MRI Contrast Agents with Optimized Functionality. Bioconjugate Chem. 2010,
21, 610-615.

84

Chapter 5 A Missing Link in the Transformation from Asymmetric to
Symmetric Metallofullerene Cages Implies a Top-Down Fullerene Formation
Mechanism
This chapter is adopted from the manuscript published on Nature Chemistry with appropriate
modifications. Full text of the published manuscript entitled “A missing link in the
transformation from asymmetric to symmetric metallofullerene cages implies a top-down
fullerene formation mechanism”, by Jianyuan Zhang, Faye L. Bowles, Daniel W. Bearden, W.
Keith Ray, Tim Fuhrer, Youqing Ye, Caitlyn Dixon, Kim Harich, Richard F. Helm, Marilyn M.
Olmstead, Alan L. Balch and Harry C. Dorn, can be obtained at
http://www.nature.com/nchem/journal/v5/n10/full/nchem.1748.html.
5.1 A missing link in the “top-down” fullerene formation
The discovery of the fullerenes1 has opened new vistas in nanoscience, and metallofullerenes
have shown vast promise in photovoltaic2 and biomedical3 applications; however, their formation
mechanism remains unclear. Various versions of the “bottom-up mechanism”, which suggests
fullerenes are formed by consecutively adding C2 units to small carbon nanoclusters and cages,
have been the main pathway advanced for fullerene formation.4,5 In recent years, with the
development of graphene6 evidence is emerging to suggest a “top-down mechanism”, whereby
fullerene cages are formed via shrinkage of giant fullerene structures generated from graphene.
One piece of direct evidence for the top-down mechanism is the reported laboratory
transformation from graphene to fullerene.7 It had also been illustrated that fullerenes can be
pyrolyzed and lose carbon atoms to form smaller fullerenes at high temperature in an argon
stream.8 Another strong supporting argument for the top-down mechanism is that fullerenes are
formed in the interstellar medium9 by a photochemical process in which graphene sheets curve
and lose C2 and other fragments.10 However, evidence for the top-down mechanism has not been
demonstrated at the molecular level. Herein, we present NMR and X-ray crystallographic
structural characterization for M2C2@C1(51383)-C84 (M=Y, Gd) metallofullerenes. These
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molecules exhibit a unique asymmetric cage C1(51383)-C84 which represents the first
characterized preserved intermediate suggesting top-down formation of fullerenes and
metallofullerenes.
The proposed top-down mechanism is illustrated in Fig. 1. Under appropriate conditions,
graphene sheets can spontaneously roll and warp to form other nanostructures,11,12 including
randomly formed giant closed carbon networks, the primitive fullerene cages.7 In an important
computational study, a “shrinking hot giant fullerene” mechanism that leads to smaller fullerene
structures has been advanced,13 which suggests a cascade shrinking process (multiple C2 losses)
of giant fullerenes with spontaneous self-assembly to appropriate high-symmetry fullerene cages
(HSFCs, e.g. Ih-C60, D5h-C70). Curl attributed the driving force of the shrinking process to C2
swapping.14 Possible modes for fullerene cage rearrangements (isomerization and/or shrinkage
by loss of C2) are also suggested in Fig. 1. The “Stone-Wales” transformation (SWT) realizes an
orthogonal pentagon shift by rotating the central bond of a pyracylene motif. A second mode
involves relieving the high torsional strain in a pentalene motif (fused pentagons) by extrusion of
the central C2 unit to form a hexagon.15 Another possibility is loss of a C2 unit by extrusion of the
central bond of an indene motif as suggested by Murry and coworkers.16 This process has been
experimentally demonstrated by the capture of heptagon-containing intermediates.17,18 Kroto was
the first to recognize that final fullerene cages prefer high symmetry without direct pentagonpentagon contact (the isolated pentagon rule, IPR).19

86

Figure 1 The “Top-down mechanism” for fullerene formation. a) A possible spontaneous
transformation of graphene into other nanostructures. b) Cascade shrinkage of fullerenes.
In this process random, giant fullerene structures can shrink and rearrange into highsymmetry small fullerene structures. c) Possible modes of fullerene isomerization (StoneWales transformation) and C2 loss (C2 extrusion from pentalene and indene motif).
The incorporation of a metal source in the reaction path can lead to the formation of
endohedral metallofullerenes (EMF), in which particular HSFCs are stabilized by the presence of
encapsulated atoms or clusters, such as Ih-C80 and C3v-C82. Also, endohedral atoms and clusters
may cause the rearrangement to stop early, and preserve intermediate, unstable fullerene cages.
For example, some pentalene-containing cages in the formation process were found to survive in
EMFs.20-22 In a cascade to HSFCs, a characteristic feature of an intermediate “missing link”
fullerene cage should be a random asymmetric (C1 symmetry), unstable (containing pentalene
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motifs) structure, but capable of a process of rearrangement to high symmetry and IPR-allowed
fullerene cages. Although multiple “missing links” are possible as intermediates in different
pathways of fullerene formation, no definitive structure has been experimentally isolated or
characterized. In this paper we report the first example of a proposed “missing link” in
metallofullerene formation, the chiral C1(51383)-C84 fullerene cage, which is stabilized by an
encapsulated metal carbide cluster. Although there is an earlier report of a scandium metal
carbide metallofullerene Sc2C2@C2v-C68 containing a pentalene motif,23 the structure of this
molecule has been challenged and suggested to be Sc2@C2v-C70.24 The M2C2@C1(51383)-C84
molecules reported herein represent the first unambiguous X-ray structural characterization of a
pentalene-containing metal carbide metallofullerene, and the first asymmetric fullerene cage with
a pentalene motif. More importantly, it is a starting point in the rearrangement cascade to form
smaller HSFCs via simple, well-defined mechanistic steps.
5.2 Characterization of Y2C2@C1(51383)-C84 and Gd2C2@C1(51383)-C84
5.2.1 Sample Preparation
The

13

C enriched fullerenes and yttrium metallofullerenes were synthesized by electric-arc

synthesis with graphite rod packed with 99% 13C amorphous carbon and Y2O3 (average 26 w%
or 24 mol%

13

C in carbon starting material).25 The gadolinium metallofullerenes were

synthesized by normal electric-arc procedure with natural abundance carbon rods.26 The13C
enriched Y2C2@C1(51383)-C84 and natural abundance Gd2C2@C1(51383)-C84 samples were
isolated by multistage HPLC (Fig. S1-S6 for details) after selective removal of empty cage
fullerenes. Both the Y2C2@C84 and Gd2C2@C84 exhibit abnormally long, but equal, retention
times on a pyrenylethyl (PYE) HPLC column (Fig. S3, S6). The long retention times for both
molecules are consistent with the existence of pentalene motifs.27 The structure of
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Gd2C2@C1(51383)-C84 was unambiguously elucidated by single-crystal analysis, and the
structure of Y2C2@C1(51383)-C84 was confirmed by equal retention time, identical UV-vis
spectra (Fig. S7) and 13C NMR chemical shift correlation (vide infra Fig. 2b).
5.2.2 13C NMR characterization of Y2C2@C1(51383)-C84
In the 13C NMR spectrum for Y2C2@C1(51383)-C84 (Fig. 2a for expanded regions, Fig S8 for
full spectrum), the aromatic region consists of 84 nearly equal intensity peaks consistent with
low C1 symmetry. The two peaks downfield at 160 ppm confirm the presence of a pentalene
motif. The structure for this preliminarily studied25 low symmetry molecule was proposed to be
Y2C2@C1(51383)-C84, based on an independent exhaustive DFT theoretical study.28 The
computationally-derived

13

C NMR chemical shifts were in excellent agreement with the

experimental results (Fig. 2b). The carbide resonance exhibits two different scalar couplings to
yttrium (1JY-C= 16.6 Hz and

1

JY-C= 18.8 Hz, Fig. S9), indicating that the C2 unit is

asymmetrically positioned between the two non-equivalent yttrium ions with one of them
associated with the pentalene motif.29
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Figure 2. The 13C NMR and single-crystal study of M2C2@C1(51383)-C84 (M=Y, Gd). a)
13

C NMR spectrum of the Y2C2@C1(51383)-C84. b) Correlation between the calculated (ref.

28) and experimental chemical shift values. c) X-ray single-crystal results of
Gd2C2@C1(51383)-C84 showing both enantiomers. d) Relative position between the Gd2C2
cluster and the C84 fullerene cage. e) The “hot half” (left, red) and “cold half” (right, grey)
of the M2C2@C1(51383)-C84 based on the single-crystal structure of Gd2C2@C1(51383)-C84.
The pentagons are highlighted in tan color. The fragments in green, purple and blue colors
in the “hot half” correspond to three C2 extrusion routes described in Fig. 3.
5.2.3 Single crystal study of Gd2C2@C1(51383)-C84
It is well recognized that every fullerene inevitably is comprised of some number of hexagons
and exactly twelve pentagons. A fullerene can be imagined to occur as an “orange peel” in which
successive hexagons or pentagons are added in a spiral fashion until the cage is closed. If each
hexagon and pentagon is numbered in sequence, the ring spiral pattern can be simply represented
by the numerical order of the twelve pentagons alone.15 For a fullerene cage made up of 84
carbon atoms, there are 51,568 pentalene-containing and 24 IPR isomers. Single-crystal X-ray
analysis has been performed for the Gd2C2@C84 and confirmed that the fullerene site contains a
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racemic mixture (Fig. 2c) of the chiral pentalene-containing C1 isomer 51383 with the ring spiral
1 2 11 13 16 19 28 31 33 35 37 44. The crystallographic results are consistent with the
computationally proposed structure28 and

13

C NMR study for Y2C2@C1(51383)-C84. Both

enantiomers occupy a common site (Fig. S10) in the crystal due to disorder. Although there is
considerable disorder in the Gd positions, the major location (Gd1, 54% occupancy) is in the
unique pentalene region where two pentagons are fused to give a nose-like effect to the cage with
high torsional strain. The other prominent Gd location is approximately 6 to a hexagonal ring
(Fig. 2d). The Gd2C2 cluster is more compressed in comparison to that in the larger EMF
Gd2C2@D3(85)-C9230 and is asymmetrically placed along this span of the asymmetric C84 cage.
Interatomic distances (Fig. 2d) suggest the pentalene is “dragging” the metal ion closer for
stabilization.
The asymmetry in the Gd2C2 cluster is consistent with the observation of two different 1JY-C
values for Y2C2@C1(51383)-C84. The bisection of the C1(51383)-C84 fullerene cage yields two
halves that are uniquely different in terms of their relative stability and chemical reactivity. The
half close to Gd1 is the “hot half” (Fig. 2e left), with six pentagons forming pentalene and
pyracylene motifs which, according to the “maximum pentagon separation” theory,31 are
unstable and subject to further rearrangements. The other half close to Gd10 is the “cold half”
(Fig. 2e right), in which six pentagons are well separated from each other.
5.3 Rearranging cascade of C1(51383)-C84 fullerene cage
We propose that C1(51383)-C84 cage can rearrange to more stable structures at high
temperature by elimination of the destabilizing pentalene and pyracylene motifs. At elevated
temperatures, even stable fullerenes readily lose C2 units.17,18 The presence of an electrophilic
metal ion near the pentalene portion of the cage may mechanistically facilitate C2 extrusion. A
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mass-spectral study has confirmed the Gd2C2@C1(51383)-C84 is capable of C2 loss by laser
ablation (Fig. S11). A series of rearrangements of the “hot half” via well-defined mechanistic
steps (vide supra in Fig. 1c) is shown in Fig. 3. A direct C2 loss from the pentalene unit (purple
route) converts the C1(51383)-C84 cage to the Cs(6)-C82 structure. Subsequently, the Cs(6)-C82
cage can undergo an SWT to form the more symmetric C2v(9)-C82 cage with elimination of
pyracylene motifs. In addition, the C2v(9)-C82 cage can convert to the C3v(8)-C82 cage via a
separate SWT step. An alternative way for C1(51383)-C84 to relieve the pentalene torsional strain
is extrusion of a C2 unit from an indene unit sharing a pentalene pentagon (green route). This
process would form a heptagon-containing intermediate, which quickly converts to C3v(8)-C82.
The C2 loss could also occur from another indene motif (blue route), which leads to a heptagoncontaining precursor of Cs(39663)-C82, the cage found in trimetallic nitride template (TNT) EMF
M3N@C82.32 Furthermore, the C3v(8)-C82 cage can convert to the well-known Ih(7)-C80 cage via
another heptagon-containing intermediate. An important but minor isomer of C80, the D5h-C80
cage can form by loss of C2 from the pentalene unit in Cs(39663)-C82. We also note that the
C1(51383)-C84 cage can convert to the pentalene-containing Cs(51365)-C84 cage via a one-step
SWT (Fig. S12). The pentalene-containing Cs(51365)-C84 is the only C84 cage found for TNT
EMF M3N@C84,33 and loss of C2 from its pentalene will give the C2v(9)-C82 isomer. In these
routes the “missing link” C1(51383)-C84 cage is the point for metallofullerene cage to lose
chirality and gain symmetry.
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Figure 3. The fullerene structural rearrangement map starting from the missing link
C1(51383)-C84 cage. Many well-known metallofulerene cages are involved in this process.
Depending on the size and charge of the encapsulated atom(s) or clusters, the cage may
prefer a certain sequence of the transformation map. The colors are used for visual aid of
the motifs involved in respective steps matching the color of the arrows.
5.4 Mass spectral investigation of the

13

C isotopic distribution in fullerenes and

metallofullerenes
High resolution mass-spectrometry is a powerful tool to investigate the formation process of
fullerenes and metallofullerenes.5,34 Isotopic distribution of
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13

C enriched fullerenes and

metallofullerenes was studied in respective chromatographic fractions (Fig. S13, S14). By
careful examination of the isotopic distribution (see examples in Table S1, S2), we determined
that the 13C content in empty cages products is approximately 9.5 mol% 13C content (Fig. S13).
The 13C content is 10.5 mol% in metallofullerenes Y2C84 and 10.2 mol% in Y2C86, respectively
(Fig. S14). The subtle difference between the overall

13

C content in empty-cage fullerenes and

metallofullerenes could be due to the geometry of the carbon rod, in which the spatial location of
the metal source is more intimately associated to the 13C labeled amorphous carbon (inside) than
natural abundance graphite (outside). More importantly, empty cage fullerenes and
metallofullerenes exhibit very similar overall

13

C isotopic patterns (Fig. S13, S14). As a direct

comparison shown in Fig. 4, empty cage fullerene C84 and metallofullerene Y2C84 (same number
of carbon atoms) share nearly identical isotopic pattern except for a slight difference in
mol% content.
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13

C

Figure 4. The isotopic distribution for

13

C enriched (a) fullerene C84 and (b)

metallofullerene Y2C84. The similar pattern in (a) and (b) suggests that empty cage
fullerenes and metallofullerenes are formed via similar pathway under our electric-arc
conditions.
5.5 Discussion
The fullerene cages described in Fig. 3 and Fig. S12 involve a large fraction of the known
metallofullerenes and cover all classes of encapsulated atoms and clusters, including traditional
metallic fullerenes, metal nitride (the TNT EMF), metal carbide, metal sulfide, metal oxide,
metal cyanide, and methanide clusterfullerenes, as shown in Table 1.8 These cages account for
the majority of the solvent-extractable yield of metallofullerenes. Metallofullerenes containing
large endohedral groups need a large cage initially in order to fit the cluster inside without huge
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energy expenditure, and the more plausible explanation for the distorted endohedral clusters (e.g.
metal carbide cluster25) is that the corresponding metallofullerenes are formed from top-down
cage shrinkage. In particular, the Cs(6)-C82, C2v(9)-C82 and C3v(8)-C82 cages represent the three
cage isomers found in the metal carbide C82 EMFs.35 Furthermore, as suggested by Shinohara,
the presence of endohedral carbide clusters (M2C2) can be viewed as a result of a favorable
“envelopment” process by encapsulated metal atoms, as opposed to extrusion of C2 from the
fullerene cage,35 making metal carbide clusters an especially important family in the cascade
process. Depending on the size and charge of the endohedral units, the fullerene cage will choose
different routes in the transformation scheme. For example, while the metal carbide cluster can
stabilize C1(51383)-C84 cage or induce the cage to adopt the routes converting to C2v(9)-C82,
C3v(8)-C82, or Cs(6)-C82, the TNT cluster would more inclined to convert the cage to Cs(39663)C82, Ih(7)-C80 and D5h(6)-C80. Distribution of the four C82 fullerene cages C2v(9)-C82, C3v(8)-C82,
Cs(6)-C82 and Cs(39663)-C82 as a function of temperature has been computationally derived using
their Gibbs free energy values with different charges associated (Fig. S15). The relative
concentrations of each isomer are in reasonably good agreement with the experimental findings,
but the size of the clusters will also influence these predictions.
Table 1. List of metallofullerenes involved in the pathways shown Figure 3 and Figure S7.
cage isomer
C1(51383)-C84
Cs(51365)-C84
Cs(39663)-C82
Cs(6)-C82
C2v(9)-C82
C3v(8)-C82
Ih(7)-C80
D5h(6)-C80

molecule
M2C2@C84, M=Y, Gd (this work)
M3N@C84, M=Tb, Tm, Gd, Y
M3N@C82, M=Gd, Y
M2C2@C82, M=Sc, Y, Er, ErY, Dy; M@C82, M=Ca, Tm, Yb, Eu, Sm, La;
Er2@C82, Sc2S@C82, Sc2O@C82,
M2C2@C82, M=Sc, Y, Er, Dy; M@C82, M=Ca, Tm, Yb, Eu, Sm, Sc, La, Y, Ce,
Gd, Dy; M2@C82, M=Er, Tm, TmHo
M2C2@C82, M=Sc, Y, Er, ErY, Dy, M2@C82, M=Er, Sc, Y, Tm, TmHo;
M2S@C82, M=Sc, Y, Lu, Dy
M3N@C80, M=Sc, Y, Gd, Lu, Dy, Tm, Tb, mixed metals; M2@C80, M=La, Ce;
Sc3CH@C80, Sc4O2@C80, Sc4O3@C80, Sc3C2@C80, Sc3CN@C80
M3N@C80, M=Sc, Y, Tm, Tb, mixed metals; Ce2@C80
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The mass-spectral data for

13

C enriched empty cage fullerenes and metallofullerenes exhibit

nearly equivalent isotopic patterns (Fig. 4, S13, S14), which suggests that under our
experimental

conditions

the

formation

mechanism

for

empty-cage

fullerenes

and

metallofullerenes are very similar. However, it is possible that fullerenes and metallofullerenes
have different specific pathways and intermediates due to the influence of metal cluster
geometry, size or charge. The isotopic distributions represent enhanced C2 insertion and
extrusion in both the fullerenes and metallofullerenes in the electric-arc plasma,36 which explains
why separate 1.1% (natural abundance) and 99% 13C products were not observed (Fig. S13, S14)
even assuming a top-down process. Furthermore, C2 extrusion as proposed in Fig. 3 is a
necessary process to explain the high isotopic levels of fullerenes and metallofullerenes with
odd-numbered

13

C atoms (odd-numbered mass). Since C2 carbide formed from the natural

abundance (1.1%

13

C) graphite source would consist mainly (99%) of

amorphous carbon source would yield mainly (99%)

13

12

C-12C, and the

C-13C carbide, insertion of C2 can only

change the molecular mass by an even number. That is, significant intensities of the odd mass
number in the isotopic distributions must relate to C2 extrusion processes. For example, 12C8313C1
(m/z = 841 in Fig. 4) must form from 2n 13C atoms present or entering a fullerene cage and 2n-1
13

C atoms leaving the molecule (together with odd number of 12C atoms). It should also be noted

that the mass-spectral isotopic distribution patterns are significantly broader than the
computational average distribution (Fig. S13, S14), indicating that in the plasma the fullerenes
and metallofullerenes are formed from an inhomogeneous carbon source.
Although our current study suggests a top-down mechanistic pathway, we acknowledge that
the bottom-up mechanism cannot be excluded especially under different experimental
conditions. For example, the capture of halogenated fullerene derivatives smaller than C 60,37-39
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although can be explained by a halogen-induced top-down process,17 is more plausible with
bottom-up pathway. In addition, Kroto and coworkers have shown that when fullerenes are
exposed to a high concentration of C2 they can grow via bottom-up process under laser ablation.5
Considering the reversibility of C2 insertion/extrusion, the local C2 concentration could be a
major factor,36 i.e. extrusion (top-down) dominates in low C2 concentration conditions as shown
previously7,10,17,18 and in Fig. S11, while insertion (bottom-up) dominates in high C2
concentrations.5 Moreover, when the plasma reaction mixture contains components such as metal
oxides, or halogen sources,17,34,37-39 the mechanistic pathway could be significantly affected.
Therefore, further experimental and theoretical efforts with consideration of specific reaction
conditions are needed to unambiguously unravel the formation mechanism of fullerenes and
metallofullerenes.
5.6 Conclusion
In conclusion, we have found a missing link, the C1(51383)-C84 fullerene cage, as a molecular
structural evidence consistent with “top-down” formation of fullerene structures by illustration
of its transformation pathways to a number of common, high-symmetry, IPR-allowed fullerene
cages. Mass-spectral data for

13

C enriched fullerenes and metallofullerenes suggest they are

formed via very similar mechanism under our experimental conditions. The formation of Ih-C80
and D5h-C80 may shed light on the formation of Ih-C60 and D5h-C70, as they share same symmetric
point group. While fullerene formation is still an open question, further study of other less stable
missing link fullerenes and metallofullerenes will help to establish a detailed picture of the
mechanistic pathway for fullerene formation from simple carbon sources.
5.7 Experimental methods and supplementary information
5.7.1 Experimental methods
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Preparation of Y2C2@C1(51383)-C84 and Gd2C2@C1(51383)-C84. Both samples were obtained
from the same synthetic and isolation procedure. LUNA Innovations was commissioned to do the
electric-arc synthesis as described.(17) In the case of Y2C2@C1(51383)-C84, 99%

13

C labeled

amorphous carbon was packed inside the rod which accounts for 25% mass of the total reacting
carbon content (overall
approximately 10%

13

13

C content is 26 w% or 24 mol%) from the packed rod, and

C enrichment was found in the product. Empty cages were removed by

selective reaction with cyclopentadiene. Multistage HPLC separations were performed to give
the purified product (see SI for details). The purity of the Y2C2@C1(51383)-C84 and
Gd2C2@C1(51383)-C84 was examined with HPLC and mass spectrometry.
Isolation of Y2C2@C1(51383)-C84 and Gd2C2@C1(51383)-C84. The soot containing

13

C

enriched fullerenes and yttrium metallofullerenes was extracted with o-xylene. The resulting
solution was stirred with cyclopentadiene functionalized silica (~1g per 100 mL solution) for 12
hours and then filtered. The filtrate was treated by the same cyclopentadiene method for one
more time, and then was loaded onto HPLC for separation. The first stage was performed on a 5
cm-diameter PBB column (Figure S1) and 8 fractions, named as Y-1 to Y-8, were collected. The
major components for these 8 fractions are C84 and Y2@C79N, Y3N@C80, Y3N@C82, Y3N@C84,
Y3N@C86, Y3N@C88, Y2C2@C92, and larger fullerene and metallofullerenes, respectively.29
Y2C2@C1(51383)-C84 was co-eluted with Y3N@C82 in the Y-3 fraction. The Y-3 fraction was
injected onto a 1 cm-diameter PYE column for second stage separation (Figure S2).
Y2C2@C1(51383)-C84 has a retention time of 78 minutes, which is very different from other
members in the Y-3 fraction. The amount of Y2C2@C1(51383)-C84 is about 22% compared to the
previously reported Y3N@C82.29 Further chromatographic purification was performed to give the
purified Y2C2@C1(51383)-C84 (Figure S3).
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The soot containing fullerenes and gadolinium metallofullerenes was extracted with o-xylene.
The resulting solution was subject to extensive cyclopentadiene functionalized silica treatment
until all empty cage fullerenes were removed, and the filtrate was loaded onto HPLC for
separation. The first stage was performed on a 5 cm-diameter PBB column (Figure S4) and 8
fractions, named as Gd-1 to Gd-8, were collected. The major components of these 8 fractions are
Gd2@C79N, Gd3N@C80, Gd3N@C82, Gd3N@C84, Gd3N@C86, Gd3N@C88, Gd2C2@C92, and
larger fullerene and metallofullerenes, respectively. Gd2C2@C1(51383)-C84 was co-eluted with
Gd3N@C82 in the Gd-3 fraction. The Gd-3 fraction was injected onto a 1 cm-diameter PYE
column for second stage separation (Figure S5). Gd2C2@C1(51383)-C84 has a retention time of
78 minutes, which is very different from most other members in the Gd-3 fraction. The amount
of Gd2C2@C1(51383)-C84 is about 37% compared to the previously reported Gd3N@C82.32
Further chromatographic purification was performed to give the purified Gd2C2@C1(51383)-C84
(Figure S6).
13

C NMR characterization of Y2C2@C1(51383)-C84. The Y2C2@C1(51383)-C84 sample was

dissolved in 90% CS2/10% CD3COCD3 and approximately 8mg Cr(acac)2 was added as a
relaxation agent. The 200MHz 13C NMR spectrum was obtained after 180 hours of scan utilizing
a Bruker 800 MHz instrument.
Mass-spectrometry method: Low resolution mass-spectral data (Fig. S3, S6 insets) were laser
desorption/ionization time-of-flight spectra obtained on a Kratos SEQ instrument without matrix.
High resolution mass-spectral data (Fig. 4, S11, S14, S15) were laser desorption/ionization timeof-flight spectra obtained on an AB Sciex 4800 MALDI TOF instrument without matrix. To
investigate the isotopic distribution of fullerenes and metallofullerenes (Fig. 4, S14, S15), 60%
laser power was used. For the laser ablation experiment of Gd2C2@C1(51383)-C84 (Fig. S11),
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60% and full laser power was used, respectively.800 MHz (Hollings Marine Laboratory facility)
at 298K.
5.7.2 Supplementary figures
Supplementary Figures.

Figure S1. First-stage HPLC separation of

13

C enriched fullerenes and yttrium

metallofullerenes on a 5 cm-diameter PBB column at room temperature, using toluene as
eluent at 24 mL/min.

Figure S2. HPLC separation of the “Y-3” fraction on a 1 cm-diameter PYE column at
room temperature, using toluene as eluent at 2 mL/min.
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Figure S3. HPLC and mass-spectrum of 13C enriched Y2C2@C1(51383)-C84.

Figure S4 First-stage HPLC separation of gadolinium metallofullerenes on a 5 cm-diameter
PBB column at room temperature, using toluene as eluent at 24 mL/min.

Figure S5. HPLC separation of the “Gd-3” fraction on a 1 cm-diameter PYE column at
room temperature, using toluene as eluent at 2 mL/min.
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Figure S6. HPLC and mass-spectrum of Gd2C2@C1(51383)-C84.

Figure S7. Stacked UV-vis spectra of M2C2@C1(51383)-C84 (M=Y, Gd) in toluene solution.
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Figure S8. Expanded region of

13

C NMR spectrum for the cluster signal of

Y2C2@C1(51383)-C84 (left) in comparison of that of Y2C2@C3v(8)-C82.

Figure S9. A view of the packing of Gd2C2@C1(51383)-C84•Ni(OEP)•2(toluene) with
disorder omitted for clarity.
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Figure S10. Laser desorption/ionization time-of-flight spectrum of Gd2C2@C1(51383)-C84
under different power level. Left: 60% power. Right: full power.

Figure S11. Interconversion map of C1(51383)-C84 (this work), Cs(51365)-C84,(27) Cs(6)C82,(23) and C2v(9)-C82.(23)
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Chapter 6 Functionalization of Gadolinium Based Endohedral
Metallofullerenes by the Bingel Reaction
Part of this chapter is adopted from the manuscript published on Journal of the American Chemical
Society with appropriate modifications with the permission of the American Chemical Society. Full text
of the published manuscript entitled “Gd2@C79N: isolation, characterization and monoadduct formation
of a very stable heterofullerene with a magnetic spin state of S=15/2”, by Wujun Fu, Jianyuan Zhang,
Tim Fuhrer, Hunter Champion, Ko Furukawa, Tatsuhisa Kato, James E. Mahaney, Brian G. Burke, Keith
A. Willaims, Kenneth Walker, Caitlyn Dixon, Jiechao Ge, Chunying Shu, Kim Harich, and Harry C.
Dorn, can be obtained at http://pubs.acs.org/doi/pdf/10.1021/ja202011u.

6.1 Introduction
The functionalization of gadolinium based endohedral metallofullerenes (EMFs) has been a
fascinating topic. Although the paramagnetism of the Gd3+ precludes the

13

C NMR as an

approach to characterize the products, it is also the paramagnetism that provides the products
intriguing promise, including the application as magnetic resonance imaging (MRI) contrast
agents1 and other possibilities.
In the family of gadolinium based EMFs, two members are very special and may lead to novel
properties of their derivatives. One of them is the Gd2@C79N. Similar to Tb2@C79N and
Y2@C79N,2 Gd2@C79N is a special EMF produced in the arc-synthesis3 when metal oxide and
nitrogen gas are both present, but in much higher yield. These EMFs have a nitrogen atom on the
cage and form a sub-group of EMF, the endohedral heterofullerenes (EHFs). The two metal ions
in M2@C79N (M = Tb, Y, Gd) molecules transfer 5 electrons to the azafullerene cage and trap an
unpaired electron between the two metal ions. Therefore, they are electronic paramagnetic
resonance (EPR) active at room temperature. In other word, they can be viewed as room
temperature radicals that are much more stable than TEMPO because the spin is trapped inside
the cage. Among the three, Gd2@C79N is the most interesting because it has 15/2 spin due to the
contribution of the 7 unpaired electrons from each Gd3+ ion. The derivatives of the Gd2@C79N
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may be applied in molecular electronics where a stable radical is wanted. Also, no derivative of
EHFs had been reported so the functionalization of Gd2@C79N would be an important endeavor
by its own right.
The Gd3N@Cs(51365)-C844 is a special member of the TNT-EMF family. It is the most
abundant “large cage” (over 80 carbons) TNT-EMF and also the most abundant non-IPR EMF of
all kinds. The reactivity of both series has not been very well understood yet. Moreover, it has an
egg-shape with a gadolinium ion associated with the pentalene motif; therefore, an enhanced
dipole moment can be predicted for this molecule which could open the possibility of special
features for its derivatives as molecular electronics and MRI contrast agents (see previous
chapter). In this chapter, I present the attempts to functionalize Gd2@C79N and Gd3N@C84 via
Bingel Reactions.
6.2 Functionalization of Gd2@C79N
6.2.1 The inert nature of the Gd2@C79N as a radical
As a radical the Gd2@C79N did not show reactivity to form dimers or react with radical
scavengers, as found out in our preliminary study by our group member Wujun Fu. The reactions
he tried are summarized in Figure 1.
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Figure 1. Reaction attempts made by Wujun Fu that showed the inert property of Gd2C79N
as a radical.
6.2.2 Comparative Diels-Alder reactivity study of Y2@C79N and Gd2@C79N
Although the enhanced stability of the icosahedral (C80)6- cage is well documented, the stability
of the isoelectronic (C79N)5- cage is not as well recognized. As noted above, a surprising feature
of Gd2@C79N was the significantly higher yield of Gd2@C79N obtained in the separation process
in comparison with Y2@C79N. This enhanced yield is either due to a higher inherent yield in the
K-H electric-arc generator process and/or lower chemical Diels-Alder reactivity of Gd2@C79N in
comparison with Y2@C79N during the chemical cyclopentadiene Merrifield resin separation
process.5 To test between these alternatives, we prepared a two-component mixture (in toluene)
containing nearly equal quantities of pure Gd2@C79N and Y2@C79N samples; the overall process
is outlined in Figure 2. As expected, these two heterofullerenes have very similar
chromatographic retention times and are only slightly resolved on a PYE column. A two-
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component mixture of Gd2@C79N and Y2@C79N was applied a second time to the CPDE-MPR
column as summarized in Figure 2. Greater than 70% of the mixture was recovered from the
(CPDE-MPR) column and the resulting mixture exhibits a slight enhancement (∼5-10%) in the
concentration of the Gd2@C79N species. This preferential reaction of the Y2@C79N species was
confirmed by heating the recovered cyclopentadiene-functionalized Merrifield peptide resin
under reflux in toluene for 12 h. The resulting toluene solution was concentrated and mass
spectral analysis on the recovered sample indicates a preponderance of the Y2@C79N species
(Figure 3c). These results confirm the very low chemical reactivity of both Gd2@C79N and
Y2@C79N toward the cyclopentadiene moiety on the Merrifield peptide supported column. Also,
I observed a slightly enhanced Diels-Alder chemical reactivity of the Y2@C79N species in
comparison with Gd2@C79N toward the supported cyclopentadiene moiety. I could also conclude
that Diels-Alder reaction would not be a good choice for the functionalization of Gd2@C79N.
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Figure 2. Reactivity comparison between Y2@C79N and Gd2@C79N towards Diels-Alder
reaction. a) Overlapped chromatograms of pure Gd2@C79N (red) and Y2@C79N (a 4 x 250
mm 5-PYE column; λ=390 nm; flow rate 2.0 mL/min; toluene as eluent; 25 ºC). b)
Chromatogram of the mixture of Gd2@C79N and Y2@C79N in nearly equal amounts. C)
Negative ionization LD-TOF mass spectrum of recovered Gd2@C79N and Y2@C79N
mixture from CPDE-MPR by heating at 110 ºC, with internal standards added (1192=
C22H13O6N3P3F36, 1206= C23H15O6N3P3F36, 1292=C24H13O6N3P3F40). d) Chromatogram of
the mixture of Gd2@C79N and Y2@C79N after the reaction.
6.2.3 Synthesis of the Bingel monoadduct of the Gd2@C79N
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In spite of this low chemical reactivity, the first successful functionalization of Gd2@C79N was
achieved via a Bingel cyclopropanation with diethyl bromomalonate, but only in the presence of
DMF which could catalyze the reaction.6 Approximately 100 µg of Gd2@C79N was dissolved in
2 mL toluene, and ∼20 equivalent of diethyl bromomalonate (Aldrich Chemical Co.) and ∼10
equivalents of 1,8-diazabicycloundec-7-ene (DBU, Aldrich Chemical Co.) was added for the
synthetic preparation and reactivity comparison study, respectively. Finally, a drop of DMF was
added as a catalyst. The reaction mixtures were degassed and subsequently stirred at room
temperature for 60 min. The product was isolated by HPLC and mass spectrometry as shown in
Figure 3 below. However due to the very small amount of the product obtained I was not able to
conduct further structural characterization the reaction site.
To directly compare the reactivity of Gd3N@C80, Sc3N@C80 and Gd2@C79N, we prepared
toluene solutions of these three purified metallofullerenes in nearly equal molarities and
performed Bingel reactions under the same conditions as stated above. All three reaction
mixtures were stirred for 1 h and then subjected to HPLC analysis. As summarized in Figure 3,
significantly higher reactivity was observed for Gd3N@C80 as seen in a higher overall yield of
monoadduct and significant multiadduct formation (Figure 3a). This reaction was previously
reported for Gd3N@C80 even in the absence of DMF.7 In contrast, a lower yield of the
Gd2@C79N monoadduct was obtained after DMF was added to the reaction mixture (Figure 3c).
Similar low reactivity was also observed for the Sc3N@C80 (Figure 3e). The HPLC
chromatograms also show that Gd3N@C80 was completely consumed, while about 73%
Sc3N@C80 and 83% Gd2@C79N were retained based on respective peak areas. This suggests that
Gd3N@C80 has much higher reactivity toward this Bingel reaction than Sc3N@C80 and
Gd2@C79N, which reacts in a similar fashion, but to very limited extent. Gd2@C79N has even
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slightly lower reactivity than Sc3N@C80, which had been reported to be unreactive towards
Bingel reaction.8 Hitherto, the reason for the high stability of Gd2@C79N has not been clearly
understood.

Figure 3. HPLC on 5-PYE column using toluene as eluent with 2 mL/min flow rate for a)
Gd3N@C80 (red) and its reaction mixture (black) in Bingel reaction. b) pure Gd2@C79N. c)
the reaction mixture of Gd2@C79N from the Bingel reaction. d) the purified
monoderivative,

Gd2@C79NC(CO2Et)2

(inset:

MALDI-TOF

spectrum

of

monoderivative). e) Sc3N@C80 (red) and its reaction mixture (black) in Bingel reaction.
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the

6.3 Functionalization of Gd3N@C84.
The reactivity of the large cage gadolinium EMFs had been preliminarily studied by Echegoyen
and coworkers.7,9 They performed the Bingel reaction on a series of gadolinium TNT-EMFs by
stirring the TNT-EMF with DBU and diethyl bromomalonate in o-dichlorobenzene under argon.
They concluded that in contrast to the higher reactivity of Gd3N@C80 which forms multiadducts,
the large cages had much lower reactivity. Even under elevated temperatures and for longer
reaction times, the Gd3N@C82 and Gd3N@C84 only formed monoadducts, and Gd3N@C88 did
not react. The addition sites of the monoadduct for Gd3N@C82 and Gd3N@C84 were not clear
either.
Aiming to reveal the reaction sites on Gd3N@C84, I repeated the Bingel reaction for a singlecrystal analysis of the derivative. I substituted the diethyl bromomalonate with the dibenzyl
bromomalonate (obtained via a single transesterification step) which might help the
crystallization process. The reaction procedure was basically the same as Echegoyen’s report
with small modifications. About 500 µg Gd3N@C84 was dissolved in 5 mL toluene (instead of odichlorobenzene, reason vide infra) and the solution was deaerated by argon flow for 15 minutes.
Approximately 30-40 equivalents of dibenzyl bromomalonate (~4 mg) were injected in toluene
solution followed by the addition of 1 drop of DBU. The reaction mixture was deaerated for 3
additional minutes and stirred for another 60 minutes. Due to very limited sample amount, I did
not use flash chromatography as described in the literature. Alternatively, I reduced the solvent
amount with nitrogen blowing to ~1 mL and filtered the mixture with a 0.2 µm pore-sized
syringe filter. For a faster solvent evaporation I used toluene instead of o-dichlorobenzene as the
reaction solvent. Although Echegoyen and coworkers used o-dichlorobenzene in their reaction,7
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toluene had been used as reaction solvent for the earliest Bingel reactions by Bingel10* and
Hirsch.11,12 The toluene solution was injected onto a 5-PYE column for HPLC analysis and
product purification (Figure 4). I found, surprisingly, despite the incomplete reaction described
by Echegoyen group, all the starting Gd3N@C84 was consumed. Moreover, only a small portion
of the products appeared in the expected “monoadduct region” (30-50 min); instead, large peaks
appeared between 20 and 30 minutes, indicating the formation of multiadducts. The huge peak at
15-17 minutes was ascribed to the dibenzyl bromomalonate and its byproduct (dibenzyl
malonate), which were removed by flash chromatography in the literature.

Figure 4. Chromatogram of the Bingel reaction mixture of Gd3N@C84, on a 5-PYE column
at room temperature using toluene as eluent with 1 mL/min flow rate.

*

Ref. 10 was written in German.
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The multiadducts that were eluted between 20 and 30 minutes were collected and further
separated by multi-stage HPLC. Two purified derivatives were obtained (Figure 5). MALDITOF mass-spectra of these purified products showed that they are two isomers of triadducts.

Figure 5. HPLC traces and mass spectra of the purified Bingel triadducts of Gd3N@C84. a)
chromatogram and mass-spectrum of triadduct 1. b) chromatogram and mass-spectrum of
triadduct 2.
The reason that I obtained triadducts following the reaction conditions that the Echegoyen
group used only to get monoadduct remains mysterious to me. Three possible explanations are: 1)
dibenzyl bromomalonate is more reactive than diethyl bromomalonate; 2) toluene could enhance
the reaction compared to o-dichlobenzene; and 3) during the nitrogen flow the concentration of
the reactants significantly increased that helped the reaction go completion. The latter 2
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explanations are more plausible in my opinion. With higher availability of the starting material,
the mystery of enhanced reactivity could be figured out by parallel experiments.
Another important factor left for future work is the structural characterization of the two
regioisomers. These two purified derivatives, approximately 100-200 µg each (triadduct 1 is in
higher abundance), are being analyzed by our collaborators in the Balch laboratory at UC Davis
with single crystal structural determination. Alternatively,

13

C enriched Y3N@C84 could be

functionalized in the same fashion and the derivatives could be analyzed by 13C NMR.
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Chapter 7 Magnetic Moments of Gadolinium Endohedral Metallofullerenes
7.1 Introduction
As mentioned in Chapter 1, gadolinium endohedral metallofullerenes (EMFs) are excellent
candidates for next generation magnetic resonance imaging (MRI) contrast agents for their super
high relaxivity,1,2 non-cytotoxicity and longer retention near the tumor.3 Also in Chapter 4 I
discussed the electronic dipole moment of trimetallic nitride template (TNT) EMFs and predicted
that the enhanced dipole moment caused by pentalene group may have profound influence in
their MRI. In this regard, there is a more direct factor that is essential to the MRI contrast agent
candidates: the magnetic moment. The experimental magnetic moment is often referred as the
effective magnetic moment, or µeff. It is a measure of the local magnetism generated by
paramagnetic materials under an external magnetic field, and probably is the most important
physical property to describe paramagnetism. The µeff is defined as:
µeff = (3k/N)1/2(χT)1/2 = [g2s(s+1)]1/2 µB
in which k is the Boltzmann constant, N is the Avogadro’s number, χ is the magnetic
susceptibility, g is electronic g factor, s is the spin of the nuclei, and µB is the Bohr magneton.
The unit of µeff is µB.
Relaxivity r1 is the physical term to reflect the effectiveness of T1 weighted MR imaging, which
is obtained from experimentally measured T1. According to the Solomon-Bloembergen-Morgan
equation,4 the relaxation rate, 1/T1, is consist of two terms which are dipole-dipole interaction and
scalar contact (SC) interaction:

121

The two terms are determined by the equations below:
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In the case of gadolinium EMFs, the dipole-dipole term is more important. From the definition of
µeff, it can be derived that
µeff2

Therefore, it is important to investigate the molecular magnetic moment of gadolinium EMFs.
The µeff of Gd@C82 has been experimentally measured to be 6.90 µB.5 However, as the
gadolinium TNT-EMFs become more promising in MRI than gadolinium monometallic EMF,
their molecular magnetic moment study has fallen behind. In this chapter, I describe our
investigation of the magnetic properties of gadolinium TNT-EMFs with a superconducting
quantum interference device (SQUID) in collaboration with Dr. Gorden Yee.
7.2 Experimental Methods
7.2.1 Purification of samples
Gadolinium based EMFs were synthesized in commission at LUNA Innovations and the empty
cages were removed by chemical separation6 as described in previous chapters. The HPLC traces
for the raw soot extract and for the resulting mixture after the chemical separation are displayed
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in Figure 1. Only the two species with higher yield, namely, the Gd3N@C80 and Gd3N@C84,
were in sufficient amounts for SQUID experiment.

Figure 1. HPLC traces of gadolinium EMFs before (top) and after (bottom) chemical
separation.
After further multi-stage HPLC process, Gd3N@C80 and Gd3N@C84 samples were isolated and
the purity of both were checked with chromatography and mass-spectrometry (Figure 2).
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Figure 2. HPLC and mass spectral characterization of purified Gd3N@C80 (top) and
Gd3N@C84 (bottom).
7.2.2 The SQUID measurements
The SQUID measurements were performed in NMR tubes. Four samples were prepared for the
measurements: Gd3N@C80, Gd3N@C84, Gd3N@C80 diluted with C60, and Gd3N@C84 diluted
with C60. As a general method, the solvent was removed from toluene solution of the samples
and diethyl ether was added to wash away the oily residuals. The suspension of fullerene and
EMF in diethyl ether was filtered with a fine fritted funnel (pore size 4.0-5.5 µm) under reduced
pressure. The dry powder left in the funnel was collected and used for the SQUID measurements.
The magnetization of the sample was measured at temperatures from 5K to 300K, in increments
of 5K. Independent measurements of an empty NMR tube and an NMR tube with C60 was
performed in same fashion for diamagnetic corrections.
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7.3 Results and Discussion
The magnetization was plotted vs temperature as shown in Figure 3. As expected for
paramagnetic materials, all samples showed high magnetization at low temperature and low
magnetization as the temperature went up. Meanwhile, I also note that for the pure samples the
magnetization went all the way down and for the C60 diluted samples, both curves showed a peak
at low temperature.

Figure 3. Magnetization of gadolinium EMFs as a dependence of temperature.
According to the Curie-Weiss law,

where χ is the molar magnetic susceptibility, T is the temperature, C is a material specific Curie
constant, and θ is a correct factor called Curie temperature. When θ is positive, it is called
ferromagnetic in sign. When θ is negative, it is called antiferromagnetic in sign.
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The experimental χ values contain three factors:
χobs = χ + χd + α
where χ is the intrinsic magnetic susceptibility of the molecule of interest, χd is a small negative
contribution from diamagnetic material. In the data for Gd EMFs, this term is very negligibly
small. Term α is the contribution from residual ferromagnetic material in the samples (e.g. iron
content at the nanogram scale), which could be mathematically corrected by fitting the data into
Curie-Weiss law.7 After correction for the diamagnetic and ferromagnetic content in the sample,
the χ for the paramagnetic content is used to make the χ-1 vs T graphs in Figure 4.

Figure 4. χ-1 vs T plots for Gd EMFs. The Curie constant C, effective magnetic moment µB,
and Curie temperature θ are displayed in respective plot.
Both pure sample of Gd3N@C80 and Gd3N@C84 showed good linear relationships between the
reciprocal of magnetic susceptibility and temperature. I note that there is one data point off the
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line for Gd3N@C84 at 265K, which is repeatable in different trials. This is possibly due to the
cessation of cluster rotation, which will be discussed further below. The effective magnetic
moment for Gd3N@C80 is 10.7 µB, and the effective magnetic moment for Gd3N@C84 is slightly
higher 11.5 µB. Compared to the reported value of 6.90 µB for Gd@C82, the values for the TNT
EMFs are 1.55 and 1.67 fold higher respectively, corresponding to expected 2.4 fold higher T1
relaxivity for Gd3N@C80 and 2.8 fold higher T1 relaxivity for Gd3N@C84. This result is in
excellent agreement with our experimental study,3 in which functionalized Gd3N@C80 showed
2.3-2.5 fold higher T1 relaxivity compered to functionalized Gd@C82. The higher T1 relaxivity of
functionalized Gd3N@C80 was attributed to the 3:1 Gd3+ ratio compared to Gd@C82 at same
concentration, but my study showed that it is more likely due to the intrinsic difference in
effective magnetic moment, and the previous explanation could be just a mathematical
coincidence which was not very close nevertheless. However the relaxivity values are also
dependent on the functional groups attached; therefore, investigation of the TNT EMFs
functionalized by the same reaction as reported for Gd@C82 should be conducted to further
validate the comparison.
In the samples diluted with C60, the curves in Figure 4 are divided to 3 parts. In the low
temperature region (below 50 K for Gd3N@C80 and below 30 K for Gd3N@C84, shown in
purple), there was a small increase in magnetic susceptibility, and this region does not obey the
Curie-Weiss law. In the middle region (50-235 K for Gd3N@C80, and 30-245 K for Gd3N@C84,
shown in blue), both samples showed good Curie paramagnetic behavior, and effective magnetic
moment of 11.5 µB and 11.6 µB were calculated for Gd3N@C80 and Gd3N@C84, respectively,
which are very close to each other. After a transition (shown in green), in the high temperature
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region (245-300 K for Gd3N@C80, 270-300 K for Gd3N@C84, shown in red) a linear relationship
was recovered with lower calculated effective magnetic moments.
Although diamagnetic C60 has no direct contribution to magnetization, it can separate Gd TNT
EMF molecules and reduce intermolecular interactions. Therefore, any change in intramolecular
interaction among the three Gd3+ inside a cage is magnified. In the results from the pure samples,
the curve for Gd3N@C80 showed linearity through the whole temperature range, while the curve
for Gd3N@C84 showed very minor deviation from linearity, which is however consistent with
that of the C60 diluted Gd3N@C84 sample in terms of both direction and corresponding
temperature. In aqueous solutions of functionalized Gd TNT EMFs, the buckyballs are stacked
together to form over 100-1,000 nm sized aggregates2,8 (Figure 5) in which exist the
intermolecular interactions among the Gd3N clusters; therefore, the results for pure TNT EMFs
may be a better model to discuss the relaxation behavior of the functionalized Gd EMFs.
Meanwhile, the results for C60 diluted TNT EMFs give more insight about the influence of the
molecular or cluster motion.

Figure 5. Aggregation of functionalized Gd EMF in aqueous solution
The change of the curves for C60 diluted samples can be explained by cluster motion in the TNT
EMFs. At low temperature the clusters are frozen from motion, and at 30-50 K, the clusters start
ammonia-like nitrogen inversion and the magnetic behavior reflects an average position of the
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nitrogen atom, which is in the tri-metal plane. As seen in Figure 4, this factor has a larger effect
in Gd3N@C80 which has a pyramidal cluster9 than in Gd3N@C84 which has a planer cluster.10 At
230-250 K, the clusters start to rotate, which accounts for the change in magnetic behavior in that
region. The cluster rotation in Gd3N@C80 is in-plane rotation of the three Gd3+ ions (Figure 6,
top), and the influence of rotation is averaged on the time scale of magnetization measurement;
therefore, the observed magnetic behavior for Gd3N@C80 with and without cluster rotation is
similar. In the cluster rotation of Gd3N@C84, nevertheless, one Gd3+ ion (Gd1) is fixed near the
pentalene unit, while the other two Gd3+ ions (Gd2 and Gd3) rotate about the Gd1-N axis
perpendicular to the tri-metal plane (Figure 6, bottom). In such rotation, the magnetic
contribution from Gd2 and Gd3 are canceled by the cluster rotation, and only Gd1 contributes to
the molecular effective magnetic moment, which resembles the situation in Gd@C82. Therefore,
the 6.67 µB effective magnetic moment for Gd3N@C84 is close to that of Gd@C82, 6.90 µB. On
the contrary, the magnetic susceptibility of pure Gd3N@C84 is not significantly affected by
temperature, suggesting the cluster rotation is limited by intermolecular magnetic interactions.

Figure 6 Cluster rotation in Gd3N@C80 and Gd3N@C84.
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7.4 Conclusion
The magnetic behavior of Gd3N@C80 and Gd3N@C84 were investigated via SQUID
measurements. Both TNT EMFs have higher effective magnetic moment than Gd@C82,
suggesting a 2.4-2.8 fold higher T1 relaxivity in their water-soluble derivatives. The influence of
cluster motion can be clearly seen in C60 diluted samples. Compared to Gd3N@C80, Gd3N@C84
is more significantly affected by cluster motion, and its derivative can be a good MRI contrast
agent only when they aggregate. Experimental studies of Gd3N@C80 and Gd3N@C84 derivatives
as MRI contrast should be performed to confirm the theory.
REFERENCE
(1) Mikawa, M.; Kato, H.; Okumura, M.; Narazaki, M.; Kanazawa, Y.; Miwa, N.; Shinohara, H.:
Paramagnetic Water-Soluble Metallofullerenes Having the Highest Relaxivity For MRI Contrast
Agents. Bioconjugate Chem. 2001, 12, 510-514.
(2) Zhang, J.; Fatouros, P. P.; Shu, C.; Reid, J.; Owens, L. S.; Cai, T.; Gibson, H. W.; Long, G.
L.; Corwin, F. D.; Chen, Z.-J.; Dorn, H. C.: High Relaxivity Trimetallic Nitride (Gd3N)
Metallofullerene MRI Contrast Agents with Optimized Functionality. Bioconjugate Chem. 2010,
21, 610-615.
(3) Shu, C.; Corwin, F. D.; Zhang, J.; Chen, Z.; Reid, J. E.; Sun, M.; Xu, W.; Sim, J. H.; Wang,
C.; Fatouros, P. P.; Esker, A. R.; Gibson, H. W.; Dorn, H. C.: Facile Preparation of a New
Gadofullerene-Based Magnetic Resonance Imaging Contrast Agent with High 1H Relaxivity.
Bioconjugate Chem. 2009, 20, 1186-1193.
(4) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R. B.: Gadolinium(III) Chelates as MRI
Contrast Agents: Structure, Dynamics, and Applications. Chem. Rev. 1999, 99, 2293-2352.
(5) Funasaka, H.; Sakurai, K.; Oda, Y.; Yamamoto, K.; Takahashi, T.: Magnetic Properties of
Gd@C82 Metallofullerene. Chem. Phys. Lett. 1995, 232, 273-277.
(6) Ge, Z. X.; Duchamp, J. C.; Cai, T.; Gibson, H. W.; Dorn, H. C.: Purification of Endohedral
Trimetallic Nitride Fullerenes In A Single, Facile Step. J. Am. Chem. Soc. 2005, 127, 1629216298.
(7) Smirnova, T. I.; Smirnov, A. I.; Chadwick, T. G.; Walker, K. L.: Characterization of
Magnetic and Electronic Properties of Trimetallic Nitride Endohedral Fullerenes by SQUID
Magnetometry and Electron Paramagnetic Resonance. Chem. Phys. Lett. 2008, 453, 233-237.

130

(8) Shultz, M. D.; Wilson, J. D.; Fuller, C. E.; Zhang, J.; Dorn, H. C.; Fatouros, P. P.:
Metallofullerene-based Nanoplatform for Brain Tumor Brachytherapy and Longitudinal Imaging
in a Murine Orthotopic Xenograft Model. Radiology 2011, 261, 136-143.
(9) Stevenson, S.; Phillips, J. P.; Reid, J. E.; Olmstead, M. M.; Rath, S. P.; Balch, A. L.:
Pyramidalization of Gd3N inside a C80 Cage: the Synthesis and Structure of Gd3N@C80. Chem.
Commun. 2004, 2814-2815.
(10) Zuo, T.; Walker, K.; Olmstead, M. M.; Melin, F.; Holloway, B. C.; Echegoyen, L.; Dorn, H.
C.; Chaur, M. N.; Chancellor, C. J.; Beavers, C. M.; Balch, A. L.; Athans, A. J.: New Eggshaped Fullerenes: Non-Isolated Pentagon Structures of Tm3N@Cs(51365)-C84 and
Gd3N@Cs(51365)-C84. Chem. Commun. 2008, 1067-1069.

131

APPENDIX
Hydrogenation of endohedral metallofullerenes. The hydrogenation of TNT EMF was
carried out by the Benkeser reduction following Wujun Fu’s description. A representative
experimental procedure is as follows: Sc3N@C80 (13.5 mg, 0.012mmol) was dissolved in
30 mL of ethylenediamine and 909 mg (12.3 mmol) of t-butanol was added. The resulting
solution was deoxygenated with bubbling argon for 30 min, and 86 mg (12.3 mmol) of
lithium metal was added. The mixture was stirred vigorously under a N2 atmosphere. The
dark brown solution slowly changed to yellow and then blue. The blue color disappeared
gradually due to the decay of the solvated electrons. After 24 h, the solution turned pale
yellow. The resulting solution was poured into 20 mL of ice water to destroy the excess
lithium metal. The mixture was extracted with toluene and the toluene layer was washed
with brine, dried over anhydrous Na2SO4 and evaporated under reduced pressure to
obtain the hydrogenated product (~1.2 mg).
The product was purified on HPLC (PYE, 17 min, 2 mL/min toluene), and was subject to
1
H and 13C NMR characterization. The NMR results as shown below are informative but
not conclusive on the structure of the product.

1

H and 13C NMR results for hydrogenation products of Sc3N@C80.

Direct hydrogenation of the Sc3N@C80 was performed in toluene with Pd/C, and in
ethanol with Pt/C, respectively. Both reactions were allowed for 7 days, and no
hydrogenated product was detected from the reaction mixture.
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"accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and
conditions established by the Copyright Clearance Center Inc., ("CCC’s Billing and Payment
terms and conditions"), at the time that you opened your Rightslink account (these are
available at any time at http://myaccount.copyright.com)
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1. The materials you have requested permission to reproduce (the "Materials") are protected
by copyright.
2. You are hereby granted a personal, non-exclusive, non-sublicensable, non-transferable,
worldwide, limited license to reproduce the Materials for the purpose specified in the licensing
process. This license is for a one-time use only with a maximum distribution equal to the
number that you identified in the licensing process. Any form of republication granted by this
licence must be completed within two years of the date of the grant of this licence (although
copies prepared before may be distributed thereafter). The Materials shall not be used in any
other manner or for any other purpose. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the publisher.
You shall also duplicate the copyright notice that appears in the Wiley publication in your use
of the Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Material. Any third party
material is expressly excluded from this permission.
3. With respect to the Materials, all rights are reserved. Except as expressly granted by the
terms of the license, no part of the Materials may be copied, modified, adapted (except for
minor reformatting required by the new Publication), translated, reproduced, transferred or
distributed, in any form or by any means, and no derivative works may be made based on the
Materials without the prior permission of the respective copyright owner. You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the
Materials. You may not license, rent, sell, loan, lease, pledge, offer as security, transfer or
assign the Materials, or any of the rights granted to you hereunder to any other person.
4. The Materials and all of the intellectual property rights therein shall at all times remain the
exclusive property of John Wiley & Sons Inc or one of its related companies (WILEY) or their
respective licensors, and your interest therein is only that of having possession of and the
right to reproduce the Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Materials or any of
the intellectual property rights therein. You shall have no rights hereunder other than the
license as provided for above in Section 2. No right, license or interest to any trademark, trade
name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with
respect thereto.
5. NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY
KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE
MATERIALS OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF MERCHANTABILITY, ACCURACY,
SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR
NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.
6. WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.
7. You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.
8. IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS REGARDLESS
OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS
OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.
9. Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly
as possible the same economic effect as the original provision, and the legality, validity and
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enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.
10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either
party unless such waiver or consent is in writing signed by the party granting such waiver or
consent. The waiver by or consent of a party to a breach of any provision of this Agreement
shall not operate or be construed as a waiver of or consent to any other or subsequent
breach by such other party.
11. This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.
12. Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt.
13. These terms and conditions together with CCC’s Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and authorized assigns.
14. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC’s Billing and Payment terms and conditions, these
terms and conditions shall prevail.
15. WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC’s Billing and Payment terms and conditions.
16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.
17. This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state’s conflict of law rules. Any legal action,
suit or proceeding arising out of or relating to these Terms and Conditions or the breach
thereof shall be instituted in a court of competent jurisdiction in New York County in the State
of New York in the United States of America and each party hereby consents and submits to
the personal jurisdiction of such court, waives any objection to venue in such court and
consents to service of process by registered or certified mail, return receipt requested, at the
last known address of such party.
Wiley Open Access Terms and Conditions
All research articles published in Wiley Open Access journals are fully open access:
immediately freely available to read, download and share. Articles are published under the
terms of the Creative Commons Attribution Non Commercial License. which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and
is not used for commercial purposes. The license is subject to the Wiley Open Access terms
and conditions:
Wiley Open Access articles are protected by copyright and are posted to repositories and
websites in accordance with the terms of the Creative Commons Attribution Non Commercial
License. At the time of deposit, Wiley Open Access articles include all changes made during
peer review, copyediting, and publishing. Repositories and websites that host the article are
responsible for incorporating any publisher-supplied amendments or retractions issued
subsequently.
Wiley Open Access articles are also available without charge on Wiley's publishing platform,
Wiley Online Library or any successor sites.
Use by non-commercial users
For non-commercial and non-promotional purposes individual users may access, download,
copy, display and redistribute to colleagues Wiley Open Access articles, as well as adapt,
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translate, text- and data-mine the content subject to the following conditions:

The authors' moral rights are not compromised. These rights include the right of "paternity" (also
known as "attribution" - the right for the author to be identified as such) and "integrity" (the right for
the author not to have the work altered in such a way that the author's reputation or integrity may
be impugned).
Where content in the article is identified as belonging to a third party, it is the obligation of the
user to ensure that any reuse complies with the copyright policies of the owner of that content.
If article content is copied, downloaded or otherwise reused for non-commercial research and
education purposes, a link to the appropriate bibliographic citation (authors, journal, article title,
volume, issue, page numbers, DOI and the link to the definitive published version on Wiley Online
Library) should be maintained. Copyright notices and disclaimers must not be deleted.
Any translations, for which a prior translation agreement with Wiley has not been agreed, must
prominently display the statement: "This is an unofficial translation of an article that appeared in a
Wiley publication. The publisher has not endorsed this translation."
Use by commercial "for-profit" organisations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires
further explicit permission from Wiley and will be subject to a fee. Commercial purposes include:
Copying or downloading of articles, or linking to such articles for further redistribution, sale or
licensing;
Copying, downloading or posting by a site or service that incorporates advertising with such
content;
The inclusion or incorporation of article content in other works or services (other than normal
quotations with an appropriate citation) that is then available for sale or licensing, for a fee (for
example, a compilation produced for marketing purposes, inclusion in a sales pack)
Use of article content (other than normal quotations with appropriate citation) by for-profit
organisations for promotional purposes
Linking to article content in e-mails redistributed for promotional, marketing or educational
purposes;
Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer or
other form of commercial exploitation such as marketing products
Print reprints of Wiley Open Access articles can be purchased from: corporatesales@wiley.com
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v1.7
If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number 500962778.
Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.
Make Payment To:
Copyright Clearance Center
Dept 001
P.O. Box 843006
Boston, MA 02284-3006
For suggestions or comments regarding this order, contact RightsLink Customer Support:
customercare@copyright.com or +1-877-622-5543 (toll free in the US) or +1-978-6462777.
Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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