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ABSTRACT

A family of novel large cage Tb-based TNT-EMFs TbsN@C;, (40 <n <44), and a
family of novel dimetallic endohedral metalloazafullerenes with the molecular formula of
M,@C79N (M=Y, Tb, and La), were for the first time systematically synthesized, isolated, and
structurally characterized. The protocol developed in this thesis provides an effective and
systematic method for the synthesis, purification, and characterization of TNT-EMFs and other
novel EMFs.

Structural information about this family of Tb-based TNT-EMFs strongly supports the
TNT formation mechanism of TNT-EMFs. It also demonstrates for the first time that EMFs do
not necessarily choose an IPR-obeying cage even if the IPR cages are available. At room
temperature and in a non-polar organic solvent, the fluorescence of the hydrogenated product of
TbsN@Cso was for the first time successfully obtained based on the proposed idea:
de-shielding the screen effect of the fullerene cage on the metal ions or clusters inside the
fullerene cage.

The structural characterization of Tbo,@C79N using single crystal X-ray diffraction
crystallography demonstrated that the fullerene cage of My@C79N is an I, eighty-atom cage. The
presence of the N atom in the molecule was further confirmed by mass spectra of the °N labeled
samples. ESR data demonstrated that there is a single-electron bond between the two Y atoms in
Y,@C79N molecules. Theoretical calculations showed for the first time that the single-electron
bond is low-lying at the HOMO -2 orbital and thereby resulting in a large HOMO-LUMO gap. It

is, in fact, this large HOMO-LUMO gap and the low-lying single-electron orbital (hidden at



III

HOMO-2) that are jointly responsible for the stability of M>@C79N. The single-electron bonds
are the longest metal-metal bond reported so far.

The chromatographic retention behavior of TNT-EMFs was also systematically studied
on 5PBB and 5PYE columns. Both experimental and theoretical data demonstrated that the
SPBB column is sensitive to a fullerene’s predicted cage size but indifferent to its cage
symmetry, while the SPYE column is more sensitive to the density and distribution of © electrons
in a fullerene cage. Therefore, the SPYE column is more suitable for separating structural
isomers. The combination of the SPBB column in the first stage and the SPYE column in the

second provides a highly effective way for isolating specific isomers.
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Chapter 1 — Literature Review

1.1. Introduction

The concept of a fullerene was introduced by Kroto, Heath, O’Brien, Curl and Smalley
(the Smalley team) in a paper published in Nature in 1985." In order to explain the prominent
intensity of peak M/Z=720 of a Ce stable carbon cluster in mass spectra (see Figure 1-2), they
suggested a truncated icosahedron structure for Cg (see Figure 1-1). This structure is a polygon
with 60 vertices, 32 faces and 90 edges. In this truncated icosahedron of Cgp, each of the 60
carbon atoms was placed at each of the 60 vertices, hence, each edge is a bond between two
carbon atoms. Of the 32 faces, 12 faces must be pentagons and the remainders are hexagons.

In an attempt to model a stable structure for the Ce cluster, Kroto et al. were inspired by
the work of American architect R. Buckminster Fuller, whose geodesic dome is constructed on
the same stable structural principles (Figure 1-1a). They built a paper model of a truncated
icosahedron representing the Cg cluster (I),” and named it the Buckminsterfullerene (or, more
simply, the Buckyball). Fullerene is the comprehensive name for the family of carbon clusters
that includes Cgo, C70, and Cgq_ etc. The suffix “-ene” indicates that there are some carbon-carbon
double bonds in the stable Cg cluster that satisfy the bonding requirement for sp” hybrid carbon
atoms. Actually, the Cep (Ip) structure is easier to visualize if one replaces each vertex on the

seams of a soccer-ball with a carbon atom (Figure 1-1b).

1
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Figure 1-1. (a) Geodesic dome designed by Buckminster Fuller. (b) Comparison of soccer ball and Cg (I,). Both the
soccer ball and Cg (I)) are composed of 12 pentagons and 20 hexagons. Each pentagon is surrounded by 5
hexagons. Thus, each of the 12 pentagons is all isolated. The diameter of Cg (1) is about 0.71 nm. Therefore, it is a
typical nano-particle. Cg (I) in toluene is purple in color (reprinted from Ref. 2).

il

44 52 60 68 76 B84
No. af carbon atoms per cluster

Figure 1-2. Mass spectra of carbon clusters obtained at different experimental conditions (reprinted from Ref. 1). (a)
In the condition of maximizing the cluster thermalization and cluster-cluster reactions. (b) About 760 Torr helium
present over the graphite target vaporized. (c) Less than 10 Torr helium present over the graphite target vaporized.
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Graphite

Figure 1-3. The structures of carbon allotropes: diamond, graphite, Cg (I;,) fullerene (diameter is about 710 nm), and
(10,10) single-wall carbon nanotube (SWNT) (diameter is about 1360 nm)’. Both diamond (sp® hybrid) and graphite
(sp® hybrid) have boundaries, while the third form of carbon, a fullerene (sp* hybrid), has no boundary due to the
satisfaction of all the bond formation requirements in its structure. SWNT is a special form of a fullerene.

Prior to the Cg (I) —Buckminsterfullerene concept, two allotropic forms of carbon—
diamond and graphite—were well known to chemists (see Figure 1-3). However, the soccer-ball
form of Cgo had, in fact, already been conjectured by E. Osawa in 1970.* It was later studied
theoretically by Bochvar and Gal’pen using Hiickel theory in 1973.* Their work showed that the
soccer ball configuration of Cgy could be stable. Although intriguing, neither report really caught
the attention of the scientific world, perhaps because they were published in Japanese and were
not supported by sufficient experimental data. In addition to the theoretical studies noted above,
other researchers investigated carbon clusters at high temperatures, particularly with respect to a
new allotropic form of carbon. Specifically, they suggested that the third carbon allotrope had

the structure of a carbyne (see references of Ref. 5).’
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Figure 1-4. Time-of-flight (TOF) mass spectrum of carbon clusters (C,) produced by laser ablation of graphite
(reprinted from Ref.5). There are three areas in this mass spectrum: the fullerene zone (n> 36), where all peaks
correspond to the even number of carbon atoms; the forbidden zone (n is about 28~35); and the small cluster zone
(n=28, n can be even or odd numbers).

In 1984, Rohlfing, Cox, and Kaldor in an Exxon research group reported the prominent
intensity of peaks Cgo and Cy clusters in the TOF mass spectrum of carbon clusters ablated by
lasers® (See Figure 1-4). This beautiful mass spectrum clearly demonstrated a bimodal cluster
distribution. As the carbon cluster sizes exceeded Csg, the carbon clusters were only composed of
an even number of carbon atoms. Rohlfing et al. interpreted this phenomenon by proposing a
carbyne structure with alternating long (single) and short (triple) carbon-carbon bonds for the
clusters. Their argument was that since the basic unit of the carbyne is C, (-C=C- unit), the high
temperature crystalline form of carbon (namely, the carbyne form) has an even number of carbon
atoms. In the same publication, they also documented the mass spectra of metal-carbon complex
clusters.”® These experimental conditions were similar to those later adopted by the Smalley
team to demonstrate the existence of metallofullerenes. After Smalley et al. published their

Buckminsterfullerene research in 1985, the Exxon group carried out a systematic study of
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carbon clusters under variable experimental conditions in 1988.” In this publication, another
famous mass spectrum of a “magic number” of carbon clusters was reported (see Figure 1-16)
(This mass spectrum was later used by Kroto as additional evidence to support their
Buckminsterfullerene proposal).” Based on their work with carbynes, however, they concluded
that: “Our observations and explanations proposed neither confirm nor refute the claim that Cey
may possess the structure of a truncated icosahedron. Positive structural determination most
likely must await further characterization studies of chemically isolated Cgp.”’

In 1990, another exciting chapter in fullerene history was written. Specifically,
Kritschmer, Lamb, Fostiropoulos and Huffman invented a method for synthesizing and
purifying macroscopic quantities of fullerenes®— the so called Kritschmer-Huffman arc-
discharge method. They isolated a macroscopic amount of a pure Cgo, which was the dominant
component in the extractable mixture using an organic solvent, and obtained an infrared
spectrum of a solid Cgp sample. The resulting four-band IR vibrational absorption spectrum is
perfectly consistent with the theoretical prediction of the IR vibrational pattern of I-Ceo based on
its icosahedral symmetry. This means that Smalley et al.’s research on the
Buckminsterfullerene' was at last confirmed by experimental evidence.

Due to the availability of macroscopic amounts of fullerenes, other characterization using
Raman, >C NMR and photoelectron spectra were soon reported. These results were all
consistent with the proposed fullerene structure. Just a couple of months after Kratschmer-
Huffman’s innovation, the first single crystal X-ray diffraction structural determination of Ceo’s
derivative, Cg0(OsO4)(4-tert-butylpyridine),, was reported (see Figure 1—5).9 The structure of Cgg
was exactly the same as the one originally proposed by the Smalley team. The Smalley team not

only discovered the important relationships between the structure of Ce (In) and its outstanding



Literature Review 6

stability, they also delivered compelling theoretical and experimental evidence to support their
Buckminsterfullerene proposal. Indeed, their work has withstood all scientific challenges, and
has inspired expanded research in the field of fullerenes by scientists throughout the world. For

these reasons, they were awarded the Nobel Prize in Chemistry in 1996.

Figure 1-5. First single crystal X-ray diffraction structure of a C¢ derivative. It confirmed that Cy, was constructed
by 20 hexagons and 12 pentagons without a fused pentagon pair, as was originally proposed.

1.2. Fullerene Cage
1.2.1 Application of Euler’s Theorem to Fullerene Cages

Fullerenes (C,) are defined as polyhedral closed cages made up entirely of n three-
coordinate carbon atoms and having 12 pentagonal and (1/2-10) hexagonal faces, n>20."° Each
carbon atom in a fullerene C, is placed at the vertex of the polyhedron and connected to three
other carbon atoms on the surface of the closed carbon cage. The carbon cage is a convex
polyhedron with only pentagons and hexagons, which means that a fullerene cage assumes the
shape of an Archimedean solid."' Since fullerenes are polyhedrons, they obey Euler’s theorem,
which states that in a spherical polyhedron the sum of vertices (v) and faces (f) equals the edges

(e) plus two,'* i.e.
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frtv=e+ 2 —mmemev (Equation 1.1)
For a fullerene C,, by definition, we know that:
V=R =mmmmmmmmmmm e (Equation 1.2)
Since each carbon atom bonds to three other carbons, we have the following equation
In=2e --------------—- (Equation 1.3)
Equation 1.3 means that 3n counts each edge two times.
By incorporating Equations 1.2 and 1.3 into Equation 1.1 and eliminating v and e, we now have
the following relationship:
f=n/2+ 2 e (Equation 1.4)

Equation 1.4 tells us that for any fullerene C,, » must be an even number since fis an
integer. Therefore, with respect to Figure 1-4, we know why only an even number of carbon
peaks in the fullerene zone can exist when # is larger than the forbidden zone (# is about
28~35).°

Using Equations 1.3 and 1.4, we can immediately determine the numbers of edges and
faces once 7 is known for C,. For example, for Csy, n=60, it has 3n/2=3x60/2=90 edges and
60/2 + 2 = 32 faces. Using the same equations for C7y, we know that it has 105 edges and 37
faces.

Since fullerenes can only have pentagonal faces (p) and hexagonal faces (%), we have:

h+tp=f - (Equation 1.5)
We can also have:
S5p + 6h = 3n —-----mmmmem - (Equation 1.6)
We have Equation 1.6 because both 3n and (5p + 6n) count each edge twice (=2e),

therefore, (5p + 6h) equals to 3n.
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By incorporating Equations 1.5 and 1.6 into Equation 1.4 and eliminating f'and n, we can state:
p =12 (Equation 1.7)
h=n/2—-10 -—-----mmem- (Equation 1.8)

Equation 1.7 tells us that fullerenes must have 12 pentagons. Using Equation 1.8 enables
us to calculate the number of hexagonal faces in a fullerene. For example, any Cg has 20
(hexagons) + 12 (pentagons) = 32 faces; while any Cy has, pentagons =12 and hexagons = 70/2-
10 = 25; hence, there are 37 faces in a Cy cages.

Equation 1.8 also tells us that n >20 since & = n/2 - 10 and / cannot be a negative
integer. Therefore, we know that the smallest possible fullerene is Cy. For Cyo, n=20, h=0,
which means that C, consists of only twelve pentagons (no hexagons). Therefore, fullerene C
has the shape of a Platonic solid."! One exception to this definition of a fullerene is that Cy;
cannot exist because there is no way to build a polyhedron with a hexagon and 12 pentagons.
1.2.2 Rationale for the Necessity of Pentagons

Carbon atoms in fullerene cages are all bonded to three other carbons (all sp” hybrid).
Therefore, hexagons are the natural result of connecting sp” hybrid carbon atoms without strain.
The question is: why must there be pentagons and not other poly-lateral faces—for example,
square (quadrilateral faces) and heptagonal faces? To answer this question, several factors must
be taken into account. First, only hexagons cannot form a closed-cage because they can only
form planar sheets (graphene in graphite) and bucket walls of carbon nanotubes. Second, carbon
atoms are all sp” hybrids in a fullerene cage, so each carbon atom also has one n-electron. These
n-electrons on the cage surface form a conjugated system, which is highly stabilized by
hexagons, but less stabilized by pentagons and heptagons. Moreover, the further away the

structure is from a hexagon, the less stabilized the n-conjugated system becomes. When a
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pentagon is fused with two hexagons, as shown in Figure 1-6, d,; (=34/5) is an angle in the
pentagon, while 63, (=27/3) and 0,4 (=27/3) are angles in the hexagons, resulting in the
following equation: d,3+ d34+ d24= 29/15 <27 Therefore, C;, C,, C;, C4 cannot be coplanar
and C; will be a vertex. In addition, the introduction of a pentagons to hexagons will cause
pyramidalization, resulting in strain energy for both the 6-bonds and the n-bond on the surface of

the fullerene cage.

Figure 1-6. Curvature caused by the incorporation of a pentagon to hexagons.

Calculating the vertex defect angles will show the relationship between the sum of these
angles and the solid angle of a closed cage (47). The vertex defect angle (¢) is the amount by
which a full rotation (27 radian) exceeds the sum of the bond angles at that vertex.'® By this
definition, at vertex 1 in Figure 1-6, we have the following relationship:

¢ =2 (523"‘ 0347+ 524) =27-297/15 =7/15 ------ (Equation 19)

60
z¢:60x”/15:4” (Equation 1.10)

n=1

The integer 60 in Equation 1.10 refers to 12 pentagons with a total of 60 inner angles.
Equation 1.10 tells us that the total vertex defect angle in a fullerene cage is equal to the total
solid angle of a fullerene cage. " Therefore, we understand that there must be 12 pentagons in a
fullerene cage. The introduction of 12 pentagons to hexagons is necessary and sufficient to form

a closed fullerene cage."*
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The pyramidalization of the ¢ -bond skeleton of the fullerene cage will cause the
rehybridization of the m-orbital system. The effects of pyramidalization and rehybridization are

shown in Figure 1-7.

% Bending
—
% Pyramidalization

Graphite Fullerene

S ———

rehybridization

Figure 1-7. Relationship between pyramidalization and rehybridzation.

More generally, Equations 1.1 and 1.6 can be written, respectively, as:

v+2f Ly J—— (Equation 1.11)

and ann =30~ (Equation 1.12)

15-17

where f, refers to a face with n sides. For example, f; indicates a pentagonal face, f

corresponds to hexagonal face, etc. If we allow a polyhedron of a fullerene to have pentagonal
faces, hexagonal faces, and heptagonal faces, i.e. a polyhedron of fullerene with n=35, 6, 7, the

following equations will result:

fs 12 +f7 ---------------- (Equation 1.13)

n .
f6=5_1o_2f7 ---------------- (Equation 1.14)
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Equations 1.13 and 1.14 tell us that if we introduce a heptagonal face into a fullerene
cage, we will have an extra pentagonal face and two less hexagonal faces than a fullerene cage
with only pentagonal and hexagonal faces. Since pentagons and heptagons have c-strain and
hexagons have no o-strain, clearly, the incorporation of a heptagonal face to a fullerene cage will
cause more strain than evidenced in a fullerene cage with only pentagonal and hexagonal faces.
Indeed, these suppositions concerning fullerene cages with only pentagonal and hexagonal faces
have been confirmed by IR and NMR> ¥ of Ceso (In) and Cyg (D5h).19 If heptagonal faces exist in
the cages of fullerenes Cgp and C7, the NMR of Ce (In) and C7o (Dsp,) cannot have just 1 and 5
peaks, respectively (see Figure 1-8). If the single *C NMR peak of Cg cluster can be
rationalized by another possibility, for example, a sixty member ring of sp hybrid carbons,” the
5 peaks (3x10, 2x20) in the BC NMR of a Cro cluster provides conclusive evidence for the
validity of the Buckminsterfullerene proposal; it also reinforces the legitimacy of the fullerene

conjecture.

Figure 1-8. Structures of Cg (I) (Ieft) and C; (Dsy) (right). All sixty carbon atoms in Cg (1) are identical while
there are five kinds of carbon atoms (3x10, 2x20) in Cy, shown as a(10), b(10), ¢(20), d(20), e(10)."

Recently, Rubin and co-workers reported the detection of Cs, ~ by the LD-FTMS

spectrum of its precursor. As a result, they proposed a mechanism by which the precursor formed
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the Cg,, which involved the incorporation of a four-membered ring in the gas phase. However,
due to the complexity of gas phase reactions during the mass spectometry,”' their proposed
mechanism could not be conclusively proved, thus rendering the four-membered ring of the Cg;
strongly in question. The resulting Cg; cluster may anneal to other classical fullerene structures.
1.2.3 Isolated Pentagon Rule (IPR), Pentagon Index and Hexagon Index
1.2.3.1 IPR and the Steric Strain Energy of Fullerene Cage

According to the definition of a fullerene C,, when 7 increases, the number of possible
isomers will increase rapidly. For example, Cy, Ca4, and Cys, all have only 1 isomer; Csg has 15
isomers; Cg has 1812 fullerene isomers when enantiomers are regarded as equivalent, but it has
3532 fullerene isomers when enantiomers are regarded as distinct."? However, for fullerene Cgo,
only 1 isomer I;-Cgp was experimentally isolated, which means I;-Cgp must have a
thermodynamic and/or kinetic energy advantage compared to other fullerene isomers of Cgo. **

We already know that the incorporation of a pentagonal face to hexagonal faces causes
the pyramidalization of carbon atoms in fullerene cages. Pyramidalization of a 6-bond network
and rehybridation of a m-orbital system are sources of strain energy.”>> Thus, if two pentagonal
faces are fused together, there will be more local strain. Isolated pentagon rule (IPR) was
developed according to that logic. IPR states that the most stable fullerenes are those in which all
(12) pentagons are isolated by hexagons. In other words, there are no fused pentagons in the
stable fullerenes. Apparently, a natural extension of IPR is that the isomer with the lowest energy
of fullerene C,, will be the one that has the minimum achievable number of fused pentagon pairs
(a.k.a. the pentagon adjacency penalty rule, PAPR).?”*’ Before fullerenes were experimentally
isolated, theoretical chemists had already suggested some constraining criteria for stable

fullerenes and their isomers. These criteria include: “(1) three-valent (sp” hybrid) o-network, (2)
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cage homeomorphic to a sphere, (3) five- and six- sided rings only, (4) higher symmetry, (5)
non-abutting five-sided rings, (6) uniform curvature spreads over the cage.”'

So far, the isolated and well characterized empty cage fullerenes are all classical
fullerenes containing five- or six-membered rings and following IPR. However, after capturing
metal atoms and clusters or exo-functionalization, IPR may not be obeyed and other membered
rings may also be present.’® Non-IPR structural fullerenes can be obtained through the exo-
passivation of the highly active sites of an otherwise extremely unstable cage. An example of the
exo-passivation of a non-IPR structural fullerenes is C50C110.26 Non-IPR structural fullerenes can
also be obtained through endo-passivation by a metal atom sitting in the folder of pentalene and
coordinating with the carbon atoms of the pentalene folder. Examples of the endo-passivation of
a non-IPR structural fullerenes include 803N@C68,28 Tb3N@Cg4,3 land Sczcz@C66.32

Due to the introduction of pentagons to hexagons, the carbon atoms are no longer co-

planar. In other words, the carbon atoms have pyramidalized. Since the carbon atoms are non-

planar, the w-orbitals are no longer parallel, as shown in Figure 1-9.

(b) © /1

Figure 1-9. (a) m-orbitals in graphite, (b) m-orbitals in fullerene, (c) angle between n-orbital and c-bond due to the
pyramidalization.

(a)

In order to overlap with each other in the fullerene, the n-electron orbital must be
rehybridized. In Figure 1-9 (a) the n-electrons are in the pure p-orbitals, which are parallel to
each other. However, in Figure 1-9 (b) the lobes of the n-electron orbitals are no longer pure p-

orbitals. They are rehybridized to contain partial s-orbital character. The strain due to the non-
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planarity is shown in Figure 1-9(c). Apparently, the larger the 6, the more severe the
pyramidalization and the more curvature expressed in the fullerene cage. When 6,,= /2, the

carbon atoms are pure sp° hybrids and co-planar. Consequently, there is no strain. Therefore,

< V4 . .
Z @, - 5)2 was used to assess the strain due to the non-planarity of fullerene C,.

Approximately:

i(é’m —%)2 =47 /(3\3) = 2.418 -------------- (Equation 1.15)

According to m-orbital axis vector theory (POAV) approximation,” the mt-orbital

rehybridization (s"p) is related to the pyramidalization angle:

2sin’(0, — E) .
R — (Equation 1.16)

m = p
1-3sin*(4,, -~
sin” (6, 2)
SR 2t (6, “Iyx 206, 2N e (Equation 1.17)
m+1 2 2
P o< 2>, _%)2 % 2x 47 /(33) = 4.837 —--—-- (Equation 1.18)
m+

Equations 1.15 and 1.18 show that both pyramidalization and rehybridization in
fullerenes are approximately conserved. Thus, the total strain in fullerenes, including
pyramidalization and rehybridization, is approximately conserved at the POAV level .
However, the total strain per carbon atom changes greatly from one fullerene to another. Kinetic
stability will mainly depend on the local strain.” Figure 1-10 shows how the trend of

rehybridization changes with the number of increasing pentagons.
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Figure 1-10. The change of s and p components of ¢ and © hybrid orbitals on the central carbon atom with
increasing number of fused pentagons.'”

1.2.3.2 Pentagon Index and Hexagon Index"

The pentagon index was developed to compare the stabilities between isomers of a
fullerene. The pentagon neighbor index of each pentagon is defined as the number of other
pentagons to which it is adjacent. The pentagon neighbor index can be expressed in the form of a
pentagon signature: (Py, P;, P,, P3, P4, Ps), where P denotes the number of pentagons with
pentagon neighbor index k. For example, fullerene C,o has the pentagon signature (0, 0, 0, 0, 0,
12) since each of the /2 pentagons is adjacent to five other pentagons and the pentagon neighbor
indices of /2 pentagons are all 5 (Ps); Conversely, for Ce (I1), which abides by IPR, each of the
12 pentagons is adjacent to 5 hexagons (no fused pentagon), and their pentagon neighbor indices
are all 0 (Py). Hence, its pentagon signature is (12, 0, 0, 0, 0, 0). Therefore, the pentagon
signature can clearly show the local and global topography of a fullerene cage.

To use the pentagon signature to compare the stabilities between isomers, we should also
know that the smaller the maximum pentagon neighbor index in the pentagon signature, the
lower the energy of the isomer. In other words, most stable non-IPR cages contain the minimum
achievable number of pentagon adjacency since each [5,5] junction greatly increases the local

ring strain of the cluster (see Section 2.3.1). The cost per pentagon adjacency (pentagon
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adjacency penalty) increases when the cage size becomes larger. For example, the energy penalty
grows linearly from 72 kJ/mol for Cso to 111 kJ/mol for Ceo.*” The pentagon adjacency penalty
rule (PAPR) suggests that the energetic driving force for maintaining the IPR will grow stronger
with larger fullerene cages. Therefore, ignoring cages with fused pentagons in the screening of
low-energy structures for larger fullerene isomers will become a better and better approximation.
PAPR can be rationalized on both steric and electronic grounds because fused pentagon pairs
introduce both cage skeleton strain and an anti-aromatic pentalene folder into a fullerene.”’
According to the definition of pentagon neighbor index, it is easily understood that

Py+ P+ Py+ Ps+ P+ Ps =12 —-———--- (Equation 1.19)
However, in the case of some of the larger fullerenes, the pentagon neighbor index becomes
useless. For example, Cgg has seven isomers, 80:1 (Dsy), 80:2(D>), 80:3(C>,), 80:4(D3),
80:5(C5,), 80:6 (Dsy), 80:7 (1), which all follow IPR, so the pentagon signature for each of
these seven isomers is (12, 0, 0, 0, 0, 0). Therefore, another index is needed —namely, the

hexagon index— to analyze the implication of steric strain in larger fullerenes.

The hexagon neighbor index of each hexagon in a fullerene is the number of other
hexagons to which it is adjacent. Similar to the pentagon index, the hexagon index can be
expressed in the form of a hexagon signature: (hg, h;, hy, hs, hy, hs, hs). Since a hexagon index is
used for fullerenes abiding by IPR (i.e. hy=h;= h,=0 for all IPR fullerene), a hexagon signature
can be simplified as (3, hy, hs, hg). According to the definition of hexagon index, therefore, we
can make the following association:

3hs+2hy+ hs - 60 --------- (Equation 1.20)
where (343 + 2hy + hs) is the total number of edges in all pentagons. consequently, the total edges

of pentagons should be 12x5=60 edges. In order to obtain the optimum solution for [PR
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fullerenes with minimum steric strain, Raghavachari’s argument is needed. Raghavachari’s
argument states that for IPR fullerenes with minimum steric strain, the indices of all the
hexagons in the structure should be as similar to one another as possible. The nature of
Raghavachari’s argument is that for a stable fullerene cage, the strain should be averaged over
the entire cage and the cage should seek as a high symmetry as possible (see Section 2.3.1). For
example, in the case of Cg (I1), hexagons =60/2-10=20. Using Raghavachari’s argument, 4,=20
and /5=20 cannot satisfy Equation 1.20; instead, only /#3;=20 can satisfy this equation.
Specifically, #;=20 means that each of the 20 hexagons is adjacent to 3 hexagons and 3
pentagons in alternative pattern (without any fused pentagons). This structure mirrors the I
isomer of Cgp, which had already been proven experimentally and theoretically to be a stable
1somer of the Cg fullerene.

With respect to physical chemistry, stable isomers of fullerenes should exhibit their
thermodynamic and/or kinetic energy advantages. However, the peak intensity of Cyo (Dsp) is
lower than that of C¢ (In) in Figure 1-4, even though C7¢ (Dsy) has lower energy per carbon atom
compared to Cgo (Iy).** This fact suggests that the kinetic stability, which corresponds to

c o1 .. 23,33,35-38
chemical inertness or nonreactivity, >

may play a more important role than
thermodynamic energy in the formation of fullerenes. However, a stable isomer of a fullerene
normally has a structure with both thermodynamic and kinetic stabilities. This is easily
understood since fullerenes screened by IPR, PAPR and other methods exhibited minimal global
and local steric strains, reflecting their thermodynamic and kinetic stability, respectively.

In addition to topological structural rules (IPR, PAPR, etc.), which correspond to the

stability of the fullerenes, their electronic structures, including HOMO-LUMO gap, multiplicity

(open shell or closed shell), and low-lying single-electron molecular orbital, etc., are all strongly
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associated with the stability of the fullerenes. For example, among all the 31924 empty Cs,
fullerenes, seven isomers, 80:1 (Dsg), 80:2(D>), 80:3(C,,), 80:4(D3), 80:5(C>,), 80:6 (Dsy), 80:7
(1), obey the IPR. However, only two of these, 80:2(D;) and 80:1 (Ds,4), are experimentally
isolated. This experimental evidence clearly proves that one can successfully predict for the
fullerenes’ stability using IPR. However, according to Raghavachari’s argument, the 80:7 (1)
isomer, which has the highest symmetry among the seven IPR-obeying isomers, should be more
stable than 80:2(D,) and 80:1 (Ds,). However, 80:7 (I;) isomer has not yet been isolated. Thus,
the invalidity of the topological structural rule in this case suggests that other considerations may
be important and necessary. High level theoretical calculations, in fact, have demonstrated that
the instability of the empty 80:7 (1) isomer is due to its small HOMO-LUMO gap and open-
shell electronic configuration in the HOMO. The HOMO of the empty 80:7 (1I;) should be four-
fold degenerate orbitals, but there are only two electrons in them. The Jahn-Teller distortion thus
results in a small HOMO-LUMO gap. However, after acquiring six electrons, Cgo" (I;,) has a
closed-shell electronic configuration and a large HOMO-LUMO gap. Thus Cgo® (1) is very
stable with temperature and chemical reagents as in the case of [SC3N]6+@C806' (In).
1.2.4 Symmetry and Theoretical Calculation
1.2.4.1 Symmetry Assignment and Point Groups of Fullerene

As discussed in Section 2.1, we know that for fullerene C,, there are n vertices (carbon
atoms), 3n/2 edges (bonds) and (n/2+2) faces (pentagons and hexagons). Therefore, there are a
total of (3n + 2) special points on the fullerene cage.'>**’ The (3n+2) special points are n
vertices, 3n/2 edge mid-points and (n/2 +2) face centers (see Figure 1-11). When a computer is
used to assign a symmetry to a fullerene, it should first generate the coordinates for the (3n+2)

special points, as well as find all vectors from the coordinate origin to the special points, all
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possible rotation axes, and all possible reflection planes (¢, and o,). With these geometrical data
in hand, a series of symmetry operations can be performed. Using a symmetry tree chart, a
computer can easily figure out the point group for specific fullerene cages. In total, there are only

28 fullerene point groups which are listed in Table 1-1.

vl (]

Vertex Edge center Pentagon center Hexagon center

Figure 1-11. The (3n+2) special points in a fullerene cage. The special points include vertices, edge centers, and
pentagon and hexagon centers.

Table 1- 1. The 28 fullerene point groups and their subgroups (reprinted from Ref. 39)

Group Order Subgroups Group Order Subgroups -
In - 120 I, T, Dsq, D3a Do 8  Cay, C2n, D2
I 60 T, Ds, Ds D24 8  Cv, D2, S4
Ty 24 T, Dag, Csy Dy 4 (4

Th 24 T, Dop, Se Se 6 Cs, C;

T 12 Dz, Cs : S4 4 Ch

Desp, 24 Dsq, D3n, De, D2p Csh 6 C3,Cs

Dgq 24 Dg, Dag Cav 6 Cs,Cs

Dsg 12 "Ds, Do Cs 3 i

Dsp, 20 Ds, Cay Con 4  C,, Cs, C;
Dsq 20 Ds, Con Cay 4  Cq, Cs

Dy 10 C- Cs 2 1

Dsp, 12 Csy, Csp, D3, Cay Cs 2 C

Dsq 12 Csy, D3, Se, Can Cs 2 1

Ds 6 Cs, Cs C1 1 -

The carbon atoms in fullerene cages are all located at the vertices. Thus, the site
symmetries for each carbon atom can only have four possibilities: C3,, C3, Cy and C; (see Figure
1-11). In Table 1-1, Cs, and C; are mutually exclusive among the 28 point groups; therefore, for

each fullerene cage, there are only three site symmetries available for carbon atoms. The *C
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NMR intensity is directly proportional to the number of equivalent nuclei, which is inversely
proportional to the order of the site group. Consequently, for a pure fullerene isomer, there are at
most three different peak intensities in its carbon-13 NMR spectrum. In other words, more than
three peak intensities can be associated with impurity of the sample or an endohedral carbide

metallofullerene. The °C NMR peak intensity patterns of the 28 point groups are list in Table 1-

2.
Table 1-2. The *C NMR peak intensity patterns of the 28 point groups of fullerenes™ *°
Symmetry Peak intensity
Cy, Gy, Cy, 84, Dy, Ds, Dg 1 peak intensity (All peak intensities are equal)

C&‘) ij CZ/’D CZv, S6; D3} D2I’l1 Djh) D6l’l1 D2a’; D5d1

Dea, T, 1 <2 peak intensities

Csn Csy, Dsn, D3a, Ty, T, In < 3 peak intensities

1.2.4.2 Procedure of Theoretical Calculation

An Atlas of Fullerenes, by Fowler and Manolopoulos, provides the spiral codes and
pentagon indices for most fullerenes under Cgo. As they reported, a spiral code can be generated
by the “fullerene surface unwind conjecture,” which states that “the surface of a fullerene
polyhedron may be unwound in a continuous spiral strip of edge-sharing pentagons and
hexagons such that each new face in the spiral after the second shares an edge with both (a) its
immediate predecessor in the spiral and (b) the first face in the preceding spiral that still has an

12
open edge.”
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Figure 1-12. Two Schlegel diagrams of Cg, (I,) and three symmetry-distinct spirals which successfully unwind
(reprinted from ref. 12).

Three spiral codes of Cg fullerene in Figure 1-12 are as follows:

Full spiral code Simplified spiral code (pentagon positions)

56666656565656566565656565666665 <« 1791113 15182022242632
65656566656656656566566565656566 <« 24610131618 2124262830
66565656566566565665665666565656 < 357 9 1215172023272931

Since a fullerene cage consists of only pentagons and hexagons, the number of hexagons
that can be obtained for fullerene C, is determined by (n/2-10). Therefore, the full spiral code and
simplified spiral code can be easily inter-converted because all other positions except for the 12
pentagons are hexagons.

By utilizing the spiral code, a Schlegel diagram of a fullerene can be built. A Schlegel
diagram is a topological planar diagram showing the connectivity of carbon atoms in a fullerene
(see Figure 1-12). Through the use of Schlegel diagram*' and a molecular mechanics program, a
primary three-dimensional cage can be optimized as an input file for further higher level

calculations—for example, ab initio calculations. The coordinate structures of various fullerene

cages can now be freely downloaded from the Internet and can be recognized and edited using
GaussianView as an input structural file. Another basic task that must precede higher level
calculations is determining the multiplicity of the corresponding input files. This can be

accomplished using the Hiickel program, which is provided freely on the Internet.*> Once the
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electron distribution in the HOMO is known by Hiickel theory, the spin multiplicity can be
calculated using:
Multiplicity= 2s+ [----------------- (Equation 1.21)

and
s= number of unpaired electrons x% ------------ (Equation 1.22 *)

A useful rule in figuring out multiplicity is that fullerene C,, with n=60+6k (k#1, k is integer) and
carbon cylinders with n=2p(7+3m) (p=5 or 6, m is integer) will have closed-shell electronic
structure, which means that its multiplicity is one.'?
1.2.5 The Mechanisms of Fullerene Formation

Fullerene can be generated by the vaporization of carbon materials at high temperature
(over 4000 °C) in an inert gas environment. Under such conditions, the carbon material will be
vaporized as carbon atoms or small carbon clusters. Rationally, the resulting random collisions
of the small clusters should entropically favor the formation of unorganized products.
Interestingly, however, well ordered, highly symmetrical fullerenes, such as Cg (I,) and Cy
(Dsn), were the main products after extraction using organic solvents. Thus, the mechanism of
fullerene formation was initially somewhat of a mystery. Based on experimental evidence and
theoretical simulations, several mechanisms for fullerene formation were proposed in the early
1990’s, with the “Pentagon Road” and the “Fullerene Road” mechanisms most widely
discussed.***
1.2.5.1 The “Pentagon Road” Mechanism
The main points of the “Pentagon Road” mechanism include the following: *°

(1) Whenever the number of carbon atoms in a carbon cluster is ~ 30 or higher, it is

energetically favored to form a carbon network in the form of a “bowl.” The bowl-like
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surface formed by the small C, chain clusters increases the coordination numbers of

carbon atoms and thus is a more stable structure.

(2) This “bowl” consists of only pentagons and hexagons.

(3) The pentagons should avoid being fused. In other words, each pentagon should be
surrounded by hexagons to form a so-called “isolated pentagon” via the isolated pentagon
rule (IPR). The rationale of IPR is that the fused pentagons introduce an energy penalty
for fullerene cages (See Sections 2.2 and 2.3).

(4) Pentagons should be as numerous as possible so that the “bowl” is effectively curved to
reduce the number of “dangling bonds” (free valences on the periphery of the bowl).
Above a certain size, the rearrangement of the bonding pattern will drastically reduce the
dangling bonds and eventually form the first IPR structure, C60 (I), followed by the
second IPR structure, C;o (Dsp,). The energy released as a result of reducing the dangling
bonds is the driving force for the closure of a fullerene cage.

Although the “Pentagon Road” mechanism can explain many experimental facts, its
weakest point (compared with the “Fullerene Road” mechanism described below) is that the
so-called “bowl]” is still very energetic due to dangling bonds on its periphery. However, the
supporting evidence for the existence of a “bowl-like” structure is the existence of a trace
amount of corannulene in the fullerene-rich soot.

1.2.5.2 The “Fullerene Road” Mechanism
The main points of the “Fullerene Road” mechanism include the following:”'
(1) Whenever the number of carbon atoms in carbon clusters is ~ 28 or higher, it starts to

form closed fullerene cages rather than to stay open as “bowls.”
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(2) The small fullerene cages (smaller than Cg) inevitably have fused pentagons, which do
not conform with IPR because the smallest fullerene satisfying IPR is Cey.

(3) The small and closed fullerenes are expected to have lower energies than the open
“bowls” because the dangling bonds disappear in the closed fullerene cages.

(4) From the smaller fullerene cages to the larger cages, the Stone-Wales rearrangement, C,
gain (Endo-Kroto insertion) and C, loss (O’ Brien exclusion) may be required in the
annealing process.

Stone - Wales
transformation

- ——————

+C,

ﬂ

_C2

a b C

Figure 1-13. Stone-Wales rearrangement,™ "> Endo-Kroto insertion (a—b—-c),'? and O’ Brien exclusion (c—b—a).*
52

Before carbon clusters can form open bowls or small, closed fullerene cages, they exist in

different sizes at different stages. C;—C5 clusters exist as atoms and/or small clusters. C;—Cj
are mainly linear chains, C;yp—Cy clusters are monocyclic rings, and C,;—Cyg exist in the form

of different rings or loops or even as bi-cyclic carbon structures. Newton and co-workers
reported the formation energy per carbon of carbon clusters, including linear, planar, and

polyhedral carbon clusters** >

(see Figure 1-15). The crossover in the energy preference from
planar to polyhedral structures is at about C49, which is fairly consistent with the observations

that fullerenes start to form at C35~Ca (see Figure 1-4).
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Figure 1-14. Carbon cluster structures of the different sizes in the process of fullerene formation (reprinted from Ref.
54).
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Figure 1-15. Formation energy per carbon of carbon clusters. The crossover in energy preference from planar to
polyhedral structures is at about Cy0.**

Since the formation of a fullerene was initially associated with the experiments in which
the graphite was “vaporized” with a laser, many thought that graphite sheet fragments might
have been ablated from the graphite target and rearranged into Cqp. However, even after the
graphite target (sp” hybrid) was replaced with a diamond (sp’ hybrid),* ** the same distribution of
peaks (as shown in Figure 1-4) was still obtained. This experiment suggests that Cgp was

produced as a result of nucleation from carbon vapor consisting initially of carbon atoms and
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very small carbon molecules, rather than by a process involving the ablation of bulk fragments

from the target. This result was further confirmed by the *C/"*C isotope scrambling

: 56,5
experiment.” 7

l-Photon Ionisation

Cgo

Cs0
Czs
€3z J
C24 C70
I ll“ lﬂ'l_l"‘h_j MAAAp .
20 40 €0 80 n(Cp)

Figure 1-16. Magic number of smaller fullerenes ( reprinted from Ref. 7). Fullerenes C, with magic number n=24,
28,32, 50, and 70 were expected to exhibit enhanced stability due to their minimal achievable number of abutting
pentagons at their fullerene sizes. (see Figure 1-17)

As discussed earlier, in 1988 the Exxon research group reported an MS corresponding to
a “magic number” of carbon clusters,” shown in Figure 1-16. They deduced that the carbon
clusters with that “magic number” size would significantly reflect their electronic character.
Kroto, however, believed that carbon clusters with a “magic number” size reflected their
structural stability, based on the Buckminsterfullerene proposal. Cep and C7g are the predominant
peaks in the mass spectrum because they are, respectively, the first and second IPR-obeying
fullerene cages formed from small carbon clusters. Other magic numbers clusters, such as Cya,
Cas, Cs32, and Csy, all correspond to the minimal achievable number of abutting pentagons at their
fullerene sizes. Thus, they have a minimal energy penalty compared to their neighboring carbon
clusters. A more detailed explanation is provided graphically in Figure 1-16, as well as its

descriptive caption.
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Joar

Figure 1-17. Types of the fused pentagons.'* The local strain increases in order from I to IV. For type I, the smallest
fullerene size is Cqo; type 11, the smallest size is Cso, Type III, the smallest size is Cyg~ C36 (see Figure 1-16).

1.2.6. Production and Purification
1.2.6.1 Production of Fullerenes

In the laboratory setting, fullerenes are typically produced according to two methods: (1)
the laser ablation method, and (2) the Kritschmer-Huffman method (see Figure 1-18). The
advantage of the laser ablation method is that it is easier to use in conjunction with the analytical
instruments needed for characterization, such as the mass spectrometer, etc. The Kriatschmer-
Huffman method is popular because it can produce macroscopic amounts of fullerenes required

for further characterization and other applications.
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Figure 1-18. Laser ablation apparatus (upper, reprinted from Ref. 1) and Kratschmer-Huffman generator (bottom,
reprinted from documents from the Dorn Lab)

Fullerenes can also be prepared at lower temperatures, for example, at 1800 K in a
limited oxygen atmosphere in order to burn hydrocarbon precursors such as benzene, or by
pyrolysis of the polycyclic aromatic hydrocarbons (PAHs), such as naphthalene, at 1300 K in an
argon stream.”* Recently, Scott reported the 12-step chemical synthesis of Cgo using the starting
compound, 4-bromo-chlorobenzene, with an overall Cg yield of 0.1~1%. The last step of this

process involved the flash vacuum pyrolysis of a polycyclic aromatic precursor bearing chlorine
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substitutes. Although in practice this method cannot supplant the graphite vaporization method,
its rationale is very important to chemists.”®

In the Kritschmer-Huffman method, the carbon rods (anode) are vaporized at above
4000°C (melting and boiling points of carbon are 3527°C and 4027°C, respectively) by DC
electric arc-discharge between two electrodes in the noble gas atmosphere (normally helium) at
about 100~200 Torr. The vaporized small carbon clusters are annealed to form fullerenes at the
outer sphere of the arcing plasma. This area is called the fullerene formation zone, wherein the
temperature ranges between 1000 and 2000°C. The choice of noble gas is also very important.
Helium provides the highest fullerene yield compared with other noble gases, such as argon. This
phenomenon is related to the dynamic annealing process in which the noble buffer gas passivates
the nascent fullerenes by transferring their energy through collisions. As shown earlier in Figure
1-2, Kroto and co-workers demonstrated the effect of different helium pressures on the formation
of fullerenes.
1.2.6.2 Solubility of Csy in Some Organic Solvents

After the anode is consumed, the soot is collected in a thimble and extracted using the
Soxhlet method. The fullerene mixture is soluble in some non-polar solvents, such as benzene,
carbon disulfide, chloro-benzene, hexane, chloroform, pyridine, carbon tetrachloride, etc. It
should be noted that a fullerene mixture yield can change tremendously, depending on the
solvent used in extraction. After rotary vaporization, the resulting solid sample needs to be

washed several times using ether® or acetone™ in order to remove the ubiquitous PAHs.



Solvent Solubility (pg/ml)
Hexane 37~52
Cyclohexane 35~54
Carbon tetrachloride 101~447
Mesitylene 994~1699
Toluene 2268~3197
Benzene 878~1858
Dioxane 41
Carbon disulfide 5162~12024
Acetone 0.72
Methanol 0.03
Water 1.3x10™
Chlorobenzene 5702~6998
1,2-dichlorobenzene 22896~27000
1,2,4-trichlorobenzene 4846~21312
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Table 1- 3. Solubility of Cgy in some organic solvents (at 25°C)%

Under optimized conditions of fullerene generation and using toluene as the solvent, the
Kritschmer-Huffman method typically provides 5~15% yields.>* Parker, however, reported a
29~44% yield of fullerene mixture from Cgo to Cygp via a multi-step extraction using a
combination of solvents.’! The fullerene mixture of Cgo and Cg is about 95% with Cg:Co being
about 5:1, the higher fullerenes such as Cys, C73, Csp, Csa, etc. afford a yield of only about 5%
together.”
1.2.6.3 Purification of Fullerenes

In a high vacuum or inert gas environment, Cq) can be vaporized from the soot and
collected using cooling finger by heating the soot to 300~400°C.* ®* Further purification of a

single component from a fullerene mixture normally involves the processes of LC*’ and HPLC.*
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The HPLC columns routinely used to separate components in a fullerene mixture include the 3-
[(pentabromobenzyl)oxyl]propylsilyl column (PBB),** the 2-(1-pyrenyl)ethylsilyl column
(PYE),” the tripodal 2,4-dinitrophenyl ether column (Buckyclutcher), and the 3-(1-
pyrenyl)propylsilyl column (Buckyprep).®® PYE and Buckyprep, in particular, are used for high

efficiency fullerene separation—for example, Xe@Cqp from Cgpand fullerene structural isomer

separations. PYE and Buckyprep have the largest conjugated & electronic systems (pyrene
moiety) and thus have better n-n stacking interactions with fullerenes in the mobile phase. This
improved 7-7 stacking interaction may be responsible for their enhanced ability to separate
fullerenes efficiently. Buckyprep has one more -CH,- group than PYE in the chain connecting
the silica supporting material and the pyrene moiety and thus is more hydrophobic than the PYE
column. The advantage of the PBB column is that it can handle large sample loading and
therefore be used in preparative separation, even with a small column. The retention behavior of
a fullerene on a PBB column is very special in that its capacity factor is directly proportional to
its fullerene cage size. Therefore, this property is very helpful in determining the structure of a
fullerene. Since the Buckyclutcher has very polar moieties (tripodal 2,4-dinitrophenyl, DNP) in
its stationary phase, metalloendofullerenes have longer retention times than empty cage
fullerenes on the same column. Thus, the Buckyclutcher is used for separating endohedral
metallofullerenes from empty cage fullerenes. However, the separation capabilities of the
Buckyclutcher are poorer than the other three columns. For special separations, a combination of
these columns is also desirable. The structures of the stationary phases of these columns are

shown in Figure 1-19.
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Figure 1-19. Frequently used stationary phases of HPLC columns in the purification of fullerenes.

As fullerene research has evolved, many new separation methods and strategies have
emerged, including the electrochemical and retro-exofunctionalization methods. Recently,
Echegoyen reported the electrochemical separation of I, and Dsj, isomers of ScsN@Csp by taking
advantage of the 270 mV difference in their first electrochemical oxidation potentials.®’ Since the
Dsy, isomer is less abundant than the I}, isomer, and its first electrochemical oxidation potential is
270 mV lower than the I, isomer, the two isomers’ purification was based on the selective
oxidation of the Dsj, isomer using tris(p-bromophenyl)ammonium hexachloroantimonate
(TPBAH) with the subsequent removal of Ds, ScsN@Cgo " from the mixture using liquid
chromatography (LC) with a silica column. The retro-exofunctionalization method involves a
three-step process. The first is the exo-functionalization of the isomers in a mixture. The second
involves HPLC or LC separation. Since isomers have different symmetries and reactivities
toward the selected functionalization reagent, the functionalized isomers generally have an
enhanced difference in their retention times compared with those of isomers before the reaction.

Furthermore, the organic exo-functionalized products have shorter retention times for separation.
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Therefore, separating the products will be much easier with the functionalized sample than with
the original sample. The third step corresponds to the retro reaction to remove the exo-groups on
the fullerene cages. Although this method has not yet been published, a preliminary study in our
research group demonstrated its potential application. Apparently, this method is suitable for
large scale separations.
1.2.7. Fullerene Chemistry

Fullerene cages can be considered as three-dimensional building blocks in organic
chemistry (compared with two-dimensional molecules, such as benzene). Although their n-
orbitals in the cages are conjugated, their aromatic properties are still under discussion.” ®* %
Due to the curvature of the cages, fullerenes are much more reactive than graphite. Moreover, the
smaller the cages, the more reactive they are. For example, addition reactions for Cgp occur more

easily than for C7o. """ Since there is no hydrogen on a fullerene cage, substitution reactions

cannot occur. However, two other kinds of chemical reactions—addition and redox—can take

place with fullerenes. Since the discovery of the soccerball configuration of Cg, there has been a
desire to encapsulate atoms or small clusters into a fullerene cage so that the buckyball
conjecture could be confirmed. Therefore, endohedral fullerene chemistry has been a very

72-76

important branch in fullerene science. The replacement of carbon atoms with other atoms—

for example, N atoms and B atoms (a.k.a. heterofullerene chemistry) is also an interesting

field.””™ The various possible chemical transformations with fullerene are shown in Figure 1-20.
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Figure 1-20. The possible chemical transformations with fullerene represented by Cg (reprinted from Ref. 82).

1.3. Endohedral Fullerenes
1.3.1 Confirmation of Endohedral Fullerene

When first identified, fullerenes were thought to have a hollow space in the carbon cage.'
One test of this hypothesis is that some atoms or small clusters should be able to be inserted into
the hollow cage. Actually, just a few days after the discovery of Cgo, the Smalley team also found
evidence of metal atoms being inserted into a fullerene. In the laser ablation of a La-doped
graphite disc, a series of peaks of C," and La C, ion such as LaCg and La,Cg," were observed
by mass spectrometry.® Therefore, they suggested that the lanthanum atom had been
encapsulated in the fullerene cage. However, this speculation could not be proven because there
was also a possibility that the lanthanum atom had either combined with the cage or was still

external to the cage. Later on, this group demonstrated the famous “shrink-wrapping” experiment
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in which the critical smallest cage sizes occur at n = 48, 44, 44~42 for Cs, K, and La,
respectively, which are in accord with the sizes of the encapsulated atoms, as seen by multi-

photon fragmentation of CsoM*.** These results are shown in Figure 1-21.

+ + 0 c4:
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Figure 1-21. Fragmentation of C¢oK" and C¢Cs" by intense laser excitation (reprinted from Ref. 83). The series of
endohedral metallofuerenes created by O’Brien exclusion in which K-C clusters and Cs-C clusters stop at C44K " and
C4sCs’, respectively.

Based on two experimental observations that (1) a series of C, cluster exclusion without
losing metal atoms and (2) critical cage sizes matching the sizes of corresponding metal atoms,
Smalley team concluded that metal atoms were trapped inside fullerene cages. If the complexes
were exohedral in structure, a series of C, exclusion without losing the metal atom could not be
rationally explained. Therefore, this observation can only be justified by an endohedral model.
Moreover, since the metal was encapsulated in a Cq fullerene cage, the C, exclusion can only

reduce the cage size, preventing the metal atom from escaping. At the critical cage size, a cage



Literature Review 36

cannot become smaller because a metal atom of similar size was inside the cage. Thus, the cage
would be completely destroyed by high energetic multiphotons. Therefore, the peaks of metal-
enclosing fullerenes, which are smaller than the critical cage size, would disappear. In the early
1990’s, many other reports also provided convincing evidence for this endofullerene model
although they also provided indirect supports. Two examples are Saunder’s helium releasing and
neon encapsulating experiments®* (see Section 3.2) and ESR studies of metallofullerenes.®

At this stage there was still some room for people to doubt the encapsulation of some
atoms inside fullerene cage. After all, people did not directly see that the atoms had been
entrapped in the fullerene cage. As a result, many researchers directed their efforts toward
proving the existence of the endofullerene. In fact, in 1994, the Dorn group at Virginia Tech,
together with two other research groups (IBM and Caltech), succeeded in preparing
metallofullerene Sc,@Css crystals. Following their structural determinations by electron
diffraction and high-resolution transmission electron microscopy (TEM), they provided the first
conclusive evidence that Sc atoms could be inevitably encapsulated in a fullerene cage since the
additional charge density (compared with the simulated images of empty Cgs) was observed
within the fullerene cage of the Sco@Cs4 sample.® Later in 1995, Shinohara’s group also
provided structural evidence for the endohedral metallofullerene Y @Cs, using the maximum
entropy method (MEM) /X-ray powder diffraction techniques.®” To show the endohedral nature
of the Y@Css, they compared the electron density distributions of Y@Cs, and empty Cg,. as
shown in Figure 1-22, there was a significant high electron density inside the Cg, cage of Y(@Cs:
while there was none in the empty Cg,. The number of electrons in the maximum region is about
38 (atomic number of Y is 39). The radius of the empty Cs; is 4.10 A, whereas the distance from

the center of the Y@Cs, to the Y atom is 3.14 A. These structural data clearly demonstrated that



Literature Review 37

the Y atom was encapsulated in the Cgy. Meanwhile, it also showed that the Y was off the center
in Cg, cage of Y@Cs,, which is consistent with the theoretical predictions for Y@Cs,.** * The
close contact of the Y atom with the Cg;, cage is due to the electrostatic attraction between Yt

and Cg,> by charge transfer model of Y>*@Cs,™.

Y@ Ce

001] —2

Figure 1-22. The electron density distributions of Y@Csg, (left) and empty Cg, (right) using MEM /X-ray powder
diffraction techniques (reprinted from Ref. 87).

1.3.2 Noble Gas Endohedral Fullerenes
In addition to endohedral metallofullerenes, noble gas atoms have also been encapsulated

. 84, 90-99
in fullerene cages.™

Examples of these encapsulations include He(@Cgp and Xe@Ceo.
Similar to these types of endofullerenes, N and P atoms have also been encapsulated in fullerene
cages via the ion-implantation method (see Figure 1-23). "% The noble gases, N, and P
endofullerenes have little or no charge transfer between the capturer and captive. The
interactions between these intercalants and cages can be considered as van der Waals
interactions. The global minimum energy structures of these endofullernes correspond to
structures in which these intercalants are located at the center of the cages.'® In addition to the

ion-implantation method, the noble gases are more generally encapsulated via a high temperature

(600~650°C) and a high pressure (~3000 atm) procedure, which normally affords higher yields



Literature Review 38

as compared to the ion-implantation method. The high temperature and high pressure method are

thought to thermally induce window opening on the cage, followed by a high pressure squeeze-in

: . . 90,91, 105
mechanism (window mechanism, see below).” "

ion source
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Figure 1-23. The illustration of noble gas endofullerene formation via the ion-implantation method (left part) and the
model of noble gas endofullerenes without charge-transfer between the entrapped atom and the fullerene cage (right
part) (reprinted from Ref.105).

The first two noble gas endofullerenes, He@Cgp and Ne@Ceo, were reported by the
Saunders group in 1993. * Their experiment was based on the idea that He@Cgo might already
exist in commercial Cgp samples because these samples had been produced by the Kritschmer-
Huffman method in which the helium gas was used for cooling. In this experiment, 40mg
commercial Cgy sample (Cep>90%) was heated. They found that helium atoms were mainly
released at 780~850°C. Helium gas was collected and measured with a mass spectrometer. The
ratio of He@Csp to the Cgp empty cage was at the parts-per-million (ppm) level and the isotopic

ratio of *He/*He in the collected helium gas was different from that of atmospheric helium. These
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results demonstrated that the helium was indeed inside the Cqy cage. They also heated a
commercial Cq fullerene sample at 600°C under three atmospheric pressures of *Ne gas for one
hour. The recovered fullerene sample weighing 22 mg was heated again at 200~900°C and the
released neon gas was collected. They found that most of the **Ne atoms had been released at
700~900°C. These results indicated that the neon atoms were encapsulated when heated at 600°C
in the presence of neon gas, and subsequently released when heated at a higher temperature
(700~900°C) due to the damage to the fullerene cages. Based on these observations, they
proposed a “window” mechanism. This “window” mechanism states that when fullerenes are
heated to 600~650°C, some bonds on the fullerene cages undergo reversible breaking and
reforming so that there is an equilibrium of the window opening and re-closing on the fullerene
cages. Based on this mechanism, the Saunders group demonstrated the incorporation of helium,
neon, argon, krypton and xenon into fullerene cages using the high temperature and high
pressure method.”’ The yields of Ne@Cgo, Ar@Ceo, and Kr@Cgo were 0.2%, 0.3%, 0.3%,
respectively. Xe@Cgo was detected but was difficult to quantify. The yield of Xe@C7o was about
0.04% which is an order of magnitude lower than the yields of other noble gases in the C7
endofullerenes. These data showed that xenon is much more difficult to encapsulate in fullerene
cages than other noble gases, especially for the Cg cage. These results are somewhat intuitive
because the “window” on a fullerene cages may not be large enough for xenon atoms to pass

106 the

through. For example, the van der Waals radius of a xenon atom is about 216 pm,
calculated diameter of a C¢ cage is about 710 pm, and the calculated radius of a carbon atom is

about 67 pm.' Therefore, we can propose the following equation:

Van der Waals diameter of Xenonatom  2x216

- = =75%
Net diameter of C,, cage 710 -2 %67
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The calculation above shows that xenon atoms are just slightly smaller than Cgy molecules,

making them very difficult to encapsulate in Cg cages.

Figure 1-24. Nucleophilic addition of cyanide (reprint from Ref. 15)

The Saunders group also used an improved high temperature and high pressure method to
demonstrate the inclusion of xenon atoms into Cgo cages. Their improved methodology resulted
in increased yield of noble gases into Cgy cages by about an order of magnitude. Specifically, the
yield of Xe@Cgo was about 0.3%.”° The only difference between the improved method and the
prior method is that they used a ground mixture of a Cgp sample and KCN material, instead of a
pure Cgo sample. Although the mechanism by which they improved the yield of Xe@Csgo is not
entirely clear, they suggested that the nucleophilic addition of cyanide on the Cg cage weakened
the C-C bonds near the addition sites. "> Therefore, a larger “window” on a cage might be easier
to produce via this method. The nucleophilic addition of cyanide to a fullerene cage is shown in

Figure 1-24.



Literature Review 41

LIV signal

10 12 14 16 18 20
t{min)

Figure 1-25. Chromatogram of Xe@Csy on PYE column (10x250 mm). Mobile phase is toluene, flow rate is 2
ml/min. The first peak at 13.0 min. is due to Cg, the second peak at 13.8 min. is due to Xe@Cg. The shoulder on
the second is due to Cg, epoxide (reprinted from Ref. 90)

Since no charge transfer exists between the encapsulated noble gas atoms and fullerene
cages, noble gas endofullerenes and their corresponding empty cages have very similar retention
times in an HPLC chromatogram. Therefore, the separation of noble gas endofullerenes from
their corresponding empty fullerenes is very difficult. For example, as demonstrated in Figure 1-
25, the retention time difference between the Xe@Cgp and Cep peaks was only 0.8 minutes. PYE
and Buckyprep columns are more effective for isolating noble gas endofullerenes (see Figure 1-
19)%0-%

1.3.3 The Trimetallic Nitride Template (TNT) Endohedral Metallofullerenes (EMFs)

From 1999, the Dorn group at Virginia Tech has synthesized a series of trimetallic nitride
template (TNT) endohedral metallofullerenes, which can be expressed by Ls xMN@C,, (x=0~3;
n=34, 39, 40; L and M are Sc, Y or Lanthanides). 28, 10710 Thig series of TNT endofullerenes
includes Sc;N@Ces, SC2EIN@Ces, ScsN@C7s, ScsN@Cso, SciErdN@Cso (x=1~2), LusN@Cso.
These endofullerenes provide indirect support for the fullerene conjecture because with an

increase in the captive cluster size, the cage size also increases. For example, LusN clusters were
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not found in Cgg fullerene cages, but were found in the Cgy cage. Since the Ceg cage contains
annelated pentagons, ScsN@Cses and Sc,Er@Ces are called non-classical metallofullerenes.
1.3.3.1 Production and Purification of TNT-EMF's

Endohedral metallofullerenes are generally produced using the Kratschmer-Huffman

method.54’ 111-113

To produce endohedral metallofullerenes, the graphite rod connected to the
anode is drilled out and packed with a mixture of metals or metal oxides along with graphite
powder. In order to minimize the production of polycyclic aromatic hydrocarbons, the packed
rod should be baked for several hours under vacuum or an inert gas atmosphere at about 1200
°C.* """ The rods are then vaporized by arc-discharge at about 4000 °C in a cooling gas
(generally helium) at about 100~300 Torr. For the production of TNT-EMFs, about 20 Torr of
nitrogen gas needs to be introduced into the chamber with the other cooling gas.

Dunsch and co-workers reported the alternating reactive nitrogen source-ammonia
method."'> "> ''® The advantage of the ammonia method is that the empty cages are effectively
depressed and converted to PAHs. Thus, after washing out the PAHs using acetone or ether, the
task of separating the endofullerenes from the empty cage fullerenes would be much less than
with the dinitrogen method.'"? The downside of this method, however, is that the ammonia is
corrosive to gas tubes and gas flow meters. Moreover, the pollution of ammonia fumes in
working environment is also a problem. To balance the positive and negative aspects of the
dinitrogen and ammonia methods, a solid nitrogen source, such as melamine, might be a viable
solution. The solid nitrogen source method is now under development in the Dorn lab. After
vaporizing the rod, the soot is collected and extracted in Soxhlet extractor using non-polar
organic solvents, such as CS, and toluene (see Section 2.6). The extract is a mixture of empty-

117

cage and endofullerenes. ' HPLC methods with various columns are generally used to purify the
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endohedral metallofullerene, which is a very time-consuming process. For instance, HPLC
purification may involve hundreds of injections in order to produce just enough material for one
NMR sample. To purify MsN@Cso (M is metals in Group III B and lanthanide), the Dorn group
recently developed a purification method based on the Diels-Alder reaction.''® For these
purifications, Merrifield’s peptide resin is functionalized and connected with cyclopentadiene
(CPDE-MPR). Since the Cg (I) cage is stabilized by the charge transfer of six electrons from
the trimetallic nitride cluster'"” and the Cgo (I,) lacks a pyracylene reactive site (see Figure 1-
28),54 M;N@Cso will not react with the CPDE-MPR and is eluted by a mobile phase. In contrast,
other empty cages and endofullerenes are more reactive and are connected to the CPDE-MPR so
that they cannot be eluted. Aihara calculated the reactivities of empty cages and TNT-EMFs
using the minimum bond resonance energy method and concluded that the TNT-EMFs are
kinetically much more stable than empty cages.*> >’ The procedures associated with this

chemical separation methodology are shown in Figure 1-26.

RN o S
0 /N CPDE ion e D
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MPR CPDE-MPR

Fullerene extracts or crude soot in toluene

J

CPDE-MPR column Active cages react with CPDE-MPR

and connect on the resin

TNT EMFs eluted

Figure 1-26. Synthesis of cyclopentadiene functionalized Merrifield peptide resin (CPDE-MPR) and principle of
chemical separation process.

1.3.3.2 Discovery and Characterization of ScsN@C,, (n=34, 39, 40)
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1.3.3.2.1 ScsN@Cso (In)

ScsN@Cso (In) was the first reported TNT-EMF, as documented by the Dorn group in
1999. The eventual assignment of the 1109 M/Z peak to the molecular formula Sc;N@Cgg took
quite sometime to determine. Once they finally realized that the nitrogen was due to air leaks,
they intentionally added dinitrogen to the cooling gas (helium), which greatly improved the yield
of ScsN@Csp. In fact, among all the endohedral metallofullerenes, Sc;N@Cso had the highest
yield. Under optimized conditions, the peak area of Sc;N@Csgo was even higher than that of Cga.
This means that the yield of Sc;N@Cs is just lower than those of Cgp and C7, which are the
most abundant. Moreover, ScsN@Cs is very stable in air. By heating in vacuum, it can survive
up to 600 °C. The 3C NMR of ScsN@Cgo has only two peaks with a 3:1 peak area ratio. As
judged by *C NMR data, the Cg, cage of ScsN@Cso should be I, symmetry, in which there are
only two types of carbon atoms, three hexagon [666] junction points (pyrene type, total 20
carbon atoms, with '°C chemical shifts in the range of 130-138 ppm) and two hexagon and one
pentagon [665] junction points (corannulene type, total 60 carbon atoms, with *C chemical shifts
in the range of 138-145 ppm). >C NMR data also suggests that the Sc;N cluster provides an
averaged chemical environment for all the 80 carbon atoms in the NMR time scale. If this was
not the case, the >C NMR spectrum could not maintain such a pattern (two °C peaks with a 3:1
peak area ratio). Based on this observation, Dorn and coworkers proposed that the Sc3N cluster

rotates as a wheel inside the Cgo(Is) cage.
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Figure 1-27. The X-ray diffraction structure of single crystal Sc3N@C80(Ih)'CoH(OEP)'1.5CHC13'0.5C6H6 and °C
NMR spectrum of Sc;N@Csg(Iy,) (reprinted from Ref.107)

This proposed structure was confirmed by the X-ray diffraction measurement of single
crystal ScsN@Cso(Iy) Co"(OEP)- 1.5CHCl5-0.5CsH, (OEP is the dianion of octaethylporphyrin).
Until now, the major occupation of ScsN cluster in the Cgg (I) cage has not been found, even
with good quality co-crystals similar in composition to the original. Theoretical calculations
later showed that the Cg”(I;,) cage has a very smooth electrostatic potential interior surface (see
Figure 1-35).”* "1 119120 pye to this iso-potential surface, there is barely a rotational barrier to
force the Sc;N cluster in any major orientation. The crystal structure of
ScsN@Cso(In) Co"(OEP)-1.5CHCI3-0.5C¢Hg demonstrated that ScsN@Cso(I,) was placed in the
cradle formed by the eight ethyl groups and the plane of Co"(OEP). The crystal structure of pure
Co"(OEP) showed that the eight ethyl groups of Co"(OEP) have two opposite orientations
relative to the plane of Co"(OEP), with four ethyl groups in each side of the plane. These
structures suggest that there are favorable van der Waals interactions between Sc;N@Csg (1) and
Co"(OEP). This, in fact, was clearly demonstrated by the inter-molecular distances between
them.'"”” The detailed electronic structure of ScsN@Cg (In) shows that each of the three Sc atoms
donates two electrons to the Cg (I) cage and one electron to the central N atom. Thus, it can be

formally expressed as [803N]6+@C306'. Furthermore, theoretical calculations showed that the
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neutral Cgy (I) cage has a four-fold degenerate HOMO and only two electrons associated with
the HOMOs. Thus, it has an open-shell electronic structure. Because of Jahn-Teller distortion, it
also has a very small HOMO-LUMO gap. Therefore, the neutral Cg (I) cage is very unstable.
Among the 31924 structural isomers, only seven isomers, 80:1 (Dsy), 80:2(D>), 80:3(C5,),
80:4(Dj3), 80:5(C>,), 80:6 (Dsy), 80:7 (1), obey IPR (see Figure 1-33). Two of the seven isomers,
80:1 (Dsy), 80:2(D,), were experimentally isolated. Cgo (In) (80:7) is the least stable isomer
among these seven IPR structures. However, after obtaining 6e from a Sc;N cluster, the four-fold
degenerated HOMOs were fully occupied (closed-shell) and also resulted in a large HOMO-
LUMO gap. Thus, ScsN@Cso (I) is very kinetically stable. This is the reason that Sc;N@Csgo (In)

has an outstanding yield and is very stable in air and with heating.

Figure 1-28. (a) empty Cgp (1) cage which has no pyracylene patch and (b) ScsN@Cg (I,) in which the planar Sc;N
cluster rotates as a wheel ( reprinted from Ref.107).

1.3.3.2.2 SC3N@C80 (DSh)
The HPLC peak on the SPYE column of component of Sc;N@Cso, which was produced

via the TNT process, has a small tail (see Figure 1-29).!1°

The area of the tail peak is roughly
10% of the main peak. The mass peak of the tail also corresponds to1109 M/Z, making it another
1somer of 803N@Cgo.“0 Since this small tail is situated behind a huge main peak in the HPLC

trace, separating it from the main peak will be quite difficult. The first structural characterization



Literature Review 47

of this minor isomer was based on an NMR spectrum of a mixture of the main peak and the tail
peak. In order to obtain sufficient NMR signals for the minor isomer, the sample was labeled
with '°C isotope when it was synthesized.''® From the peak area ratio of 1:2:2:1:1:1 in the °C
NMR of the minor isomer, its structure was assigned with Dsy symmetry.110 The Ds, symmetry
of the minor isomer was confirmed by the single crystal X-ray diffraction measurement.'*' Its
HPLC trace and NMR spectrum were shown in Figure 1-29. The assignment of the six ?C NMR

peaks of ScsN@Csgo (Dsy) is listed in Table 1-4.
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Figure 1-29. BC NMR of BC isotope labeled sample of Sc;N@Csg ( I, and Dsy). Peaks marked with * and A are due
to the well characterized Sc;N@Csg (I,) isomer and its J-J carbon coupling, respectively. Six peaks marked with ¢
are due to the ScsN@Cyg (Dsp,) isomer (reprinted from Ref. 110).
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Table 1- 4.The assignment of the BC NMR peaks of ScsN@Cso (Dsp) (reprinted from Ref. 110)

Experiment Theory Site

149 8 150.7 Corannulene
145.0 149.8 Corannulene
143.9 148.2 Pyracylene
139.3 1457 Corannulene
138.5 141.6 Pyrene

135.2 1414 Pyrene

1.3.3.2.3 Sc;N@Ces (D3)

Based on the reported ScsN@Csgo (In), the mass peak of 965 M/Z can be easily assigned to
the formula Sc;N@Ces. For fullerene cages smaller than Cy, only Cg (I) follows IPR.
Apparently, Ceg of ScsN@Ces must have a non-IPR structure. 3¢ and C NMR spectra of the
ScsN@Ces have one single symmetrical peak and 12 singlet lines (11 lines at full intensity and 1

line at one-third intensity), respectively.”®
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Figure 1-30. *Sc (left) and "*C (right) NMR spectra of the Sc;N@Ces at 121.5 MHz and 150MHz, respectively
(reprinted from the supporting information of Ref. 28).

Interpreted jointly, the 3¢ and PCNMR spectra of the Sc;N@Cgs clearly indicated that
its likely structure assumes either a D3 or an S¢ symmetry. Among the 6332 structural isomers of
fullerene Cqg, only 11 candidates are possibly consistent with both the experimental *Sc and *C

NMR spectra shown in Figure 1-30. The 11 candidates are shown in Figure 1-31.
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Figure 1-31. The structures of the eleven Cqg candidates with 3-fold symmetry and the proposed the structure for
ScsN@Ces (reprinted from Ref. 28).

Among these 11 isomers, isomers 6140 and 6275 had the minimum fused pentagon pairs
(Np=3), while the N, of the other candidates varied from 6 to 15. Since each pair of fused
pentagons in a neutral fullerene cage will result in a 70~90 kJ/mol energy penalty, further
screening of the candidates focused on isomer 6140 (D) and 6275 (Ds).*® High level calculations
using DFT demonstrated that the 6140 isomer had energy advantages larger than 120kJ/mol
when both cages carried formal charges from -2 to -6. Thus, the final cage structure of
ScsN@Ces was proposed to be the 6140 (Dj3) chiral isomer.

As shown in Figure 1-31, each Sc atoms of the SciN core cluster sits in each of three
pentalene patches of Cgg (6140, D3).%* Theoretical calculations showed that 76% of the total
charges transferred from the Sc;N core cluster to the Cgg cage were distributed in the three

pentalene patches. Thus, the antiaromatic pentalene folder was converted to the aromatic form so
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that the strain of the fused pentagon pair could be released.”” At the B3LYP/6-31G* or higher
level calculations, the ScsN neutral molecule had planar D3, symmetry,”” in contrast to the

pyramidal Cs, geometry reported before.'*

The rotation of the Sc;N cluster inside the Sc;N@Ces
is hindered by the energy barrier of 4.52 eV,” suggesting that the Sc;N cluster was completely
stuck by the pentalene folders. So far the reported non-IPR endohedral metallofullerenes all
share a common characteristic, namely, their fused pentagon pair is coordinated with one metal
atom.

In addition to the ScsN@Cgs, other similar examples include Sc;@Ces (Cay),'
ScoCo@Cos (6073,Cay),>* 12* and ThsN@Css (51365,C5).>' From neutral Ces (D) to Ces® (Ds),
the average bond elongation was reported to be 1.33%, while it was only 0.39% from Ces® (D)
to ScsN@Ces (D3).27 Thus, the cage distortion from a hexaanionic model to an endohedral model
is much smaller than that from a neutral cage to a hexaanionic charged cage. The complexation
energy, as defined by the following formula, reflects the adiabatic bonding energy between the
cage and the trimetallic nitride cluster:*’

Ecomplex (Se3sN@Can) =E (ScsN@Can) - E (ScsN) —E (Can)
The calculated complexation energies for Sc;N@Ca, (n=34, 39, 40) at B3ALYP/6-31G*

are listed in Table 1-5. The high complexation energy reflects a substantial degree of interaction

(hybridization) between the ScsN subunit and the fullerene enclosure.

Table 1-5. The calculated complexation energies for ScsN@C,, (n=34, 39, 40)

SC3N@C2n Ecomplex (CV)

ScsN@Ces (D5) -12.077

ScsN@Cos(Dsn) | -9.37,'% -9.62%

SesN@Cso (Iy) | -11.60,'% -10.72'%
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1.3.3.2.4 ScsN@Crs (D3n)'”
ScsN@Crs was one of the three TNT EMFs produced in the process of vaporizing
graphite rods doped with Sc,03 in the mixed cooling gases of helium and dinitrogen. Figure 1-32

shows the mass spectra and images of the three pure samples dissolved in carbon disulfide.

Figure 1-32. Mass spectra and images of the three scandium-based TNT EMFs. a) Sc;N@Cqs(D3), b)
ScsN@Cg(Dsp), and ¢) ScsN@Cg(Iy,) (reprinted from Ref. 109).

The mass peak of 1085 corresponds to ScsN@C7s. Unlike the procedures used for the
ScsN@Ces (D3) and ScsN@Cs (1) reported earlier, the crystal structure of the Sc;N@C7s was
first obtained and then confirmed by its >C NMR spectrum. There are a total of five isomers for
the Cg fullerene obeying the IPR. The five isomers are listed in the order of their stabilities as
follows: D3 (78:1)>Cyy (78:2) > C2y(78:3)> D3n(78:4)> D3n(78:5). The isolated isomers of empty
Cys fullerenes are D3 (78:1), Cay (78:2), and C,,(78:3) following their stabilities. However,
similar to the ScsN@Cso (In), the crystal structure of the Sc;N@C7s demonstrated that the ScsN
cluster was encapsulated in D3,(78:5), the least stable IPR cage. The planar ScsN cluster lies in
the horizontal plane of Dsp(78:5) with each of the three Sc atoms coordinated with each [6,6]
ring junction of the three pyracylene patches of Dsp(78:5). The coordination of the Sc atom with
the double bond of the [6,6] ring junction is similar to the coordination of a metal ions with an
alkene. The eight line >°C NMR spectrum (five full intensity lines and three half intensity lines)
suggests that the cage of the ScsN@C7s has D3, symmetry. Since there are two Ds, symmetry

cages among the five IPR isomers listed above, the structure assignment using only >°C NMR
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spectrum is problematic. If no crystal structure is available, theoretical calculations must be
involved to further screen the final structure, as was the case for the reported Sc;N@Ces (D3).
Therefore, the single crystal X-ray diffraction determination will often have the final “say” in
resulting structural characterization. Theoretical calculations showed that the Sc;N cluster of
ScsN@Crs can only swing along the three [6,6] ring junctions of the pyracylene patches in the
horizontal plane of ScsN@C7s (Dsp). If it is further away from the range of the equilibrium
swing, it will face a rotational barrier of 1.12eV, in contrast to that of Sc;N@Cso (I1,), rotation
barrier, 0.23 eV (5.3 kcal/mol). This 0.23 eV rotation barrier suggests that the Sc;N cluster can
freely rotate in Sc;N@Cso (I).

Although the ScsN@Ca, (n=34, 39 and 40) can be formally expressed as [ScsN]* @Ca,,
the theoretical calculations showed that the ionic model is simplified in comparison with the
actual situation. There exists a d-r orbital interaction between the Sc atoms of the core ScsN
cluster and the interior surface of the fullerene cage;126 nevertheless, the d-7 orbital interaction
may vary with the relative ratio of the Sc;N cluster size to the fullerene cages’ size (see Chapter
5).

As discussed above, a ScsN cluster was often adopted by the least stable and higher
symmetry cage among the corresponding available isomers. The phenomenon can be
theoretically explained by the [ScsN] 6+@Czlf' model. When the six charges were transferred to
the fullerene cage, the previous least stable neutral cage became a closed-shell electronic
structure with large a HOMO-LUMO gap. Thus, its kinetic stability was dramatically improved
and it is capable of surviving the arcing-discharge synthesis process with significant yield.
However, the large HOMO-LUMO gap may not form a complete picture to explain the high

yield of the TNT-EMFs.
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Krause et al summarized possible reasons based on the reported experimental and
theoretical observations for Sc;N@Csgo. They proposed that the high yield could be the result of :
“(1) a significant charge transfer from the ScsN cluster to the Cgg cage, (2) the strength of the
three Sc-N bonds, (3) the chemical bond between the Sc;N cluster and the Cgy cage, and (4) a
large HOMO-LUMO gap.”'"” As the investigators have continued to explore the field of TNT-
EMFs, new questions have emerged. For example, why does the MsN@Cs (1) always have the
highest yield in the series of M3N@C,, (39 <n <44, M=Sc, Lu, Tm, Er, Ho, Dy, Y, Tb, and Gd)
even though the size of M3N becomes increasingly larger and even has a significant pyramidal
geometry, as in the case of Gd;N@Cs (1) and TbsN@Cso (I)? The recently reported Nd;sN@Cs,
is the first case in which Nd;N@Csg was shown to be dominant over the Nd;N@Cso. However,
its primary data suggest that NdsN@Css has a small HOMO-LUMO gap.'*’
1.3.3.2.5 Other TNT-EMFs: M3N@C,, (M=Metals in Group III B and Lanthanide, 39<n<49)

In addition to the TNT-EMFs examined in this study, many others have been reported,
including: TmsN@Caq (39 < n < 44),'> %12 Dy.N@Cs, (39 < n < 49),"% 12130 Gd;N@Cyo
(Ih),m’ 132 and Y3N@Cgo(lh).133'136 Characterization studies, however, have focused primarily on
the most abundant isomer, namely, MsN@ Cgo (In) and have typically included UV-Vis, IR,
Raman, XPS, mass spectra, electrochemistry, magnetic property, and rare crystallography.

1.3.4 Endohedral Metallofullerenes (Mx(@C,,, M=metals, x=1~2) and Metallic Carbide
Endohedral Metallofullerenes (MxCo@Cz,, M=metals, x=2~3)
Mx@Csn (M=metals, x=1~2) is the largest family of endofullerenes. Although the metal

137,138 139 140, 141
> Ba,”" T,

atom can be either Ca, or Cu,'* ' Group III B and lanthanide elements
are typically associated with endohedral metallofullerenes since they exhibit multiple

ionizations.” In an extracted mixture of empty cage fullerenes, Cqgo (Ih),l’ 38,18 Cro (D5h),19 Crs
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(Dz),144 Crs (Cay, D3),145 Csa (Cay, Csy ),146’ 7 and Cgy (Do, DZd)l%’ 8 are the most commonly
observed fullerenes via a mass spectrum and a HPLC chromatogram, indicating they are more
stable than others. However, for endohedral metallofullerenes, they generally do not adopt the
fullerene cages mentioned above. For example, La,@Cso (Ih),74’ 149-151 ScsN@Ces (D3),27’ 28 and
Ba@Cr4 (D). These observations can be readily explained by the charge-transfer from the
metal atoms to the fullerene cages, which would not otherwise survive in the empty cages
themselves.'>> For neutral empty fullerene cages, the electrostatic potentials inside the cages are
all positive. This means that the neutral empty cages are originally better suited for
accommodating negative species. However, upon transferring electrons onto a fullerene cage,'>

74131154 making it capable of

the electrostatic potential inside the cage becomes highly negative,
holding the cations inside. In order to identify the most suitable cage for endohedral
metallofullerenes, one must assess the relative energy (thermodynamics) and HOMO-LUMO
gap (kinetics) of the negatively charged cage. For example, Ces" (D3) for ScsN@Ces (6140, D3)*
and Cgo6' (In) for La,@Cso (Ih).151 In this respect, empty cage fullerenes and endohedral
metallofullerenes share a common characteristic, i.e. the most stable candidate is the one with
both thermodynamic and kinetic advantages. However, with respect to a fullerene cage with
negative charges, the most favorable cage isomer for it is often different from one for neutral
empty cage in the same cage size. As reported, this is due to the fact that they will isomerize to
their most favorable structure during the annealing process as they form.'*?
1.3.4.1 The Structure of La)@Cso (I1)

The first experimental evidence (mass spectrum) for the existence of Lay@Cso (In) was

reported in 1991.">° Since the only available data was the mass spectrum of La,@Cso, the authors

proposed that the two La atoms should be encapsulated in one of seven IPR isomers—based on
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the principle of minimizing adjacent pentagons, namely, the pentagon adjacency penalty rule
(PAPR). Instead of the oblate and quasi-spherical I,-Cso, they proposed elongated or prolate
structures, such as Dsq-Csg or the twisted D,-Cg as the favored cages (see Figure 1-33).155 Their
reasoning for the proposed cages probably is that these cages can keep the two La cations as far
away as possible. Since the empty Cgy is a stable cage, they further proposed an electronic
structure of [La,]*"@[Cso]* so that the resulting fullerene cage can preserve the 84 P, electron
count, which is similar to that of the stable empty Cs4 fullerene cage.'> The seven IPR isomers’

structures of Cgy are shown in Figure 1-33.
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Figure 1-33. The structures and the symmetries of the seven IPR isomers of Cg. The relaxed lower symmetries
resulting from the full structural optimization are list in parentheses.”

Fowler and Zerbetto calculated the negatively charged Cgy~ with n=2.4,6 for the seven
IPR isomers. They found that Cso®(I1) had both thermodynamic and kinetic energy advantages
compared with the other IPR isomers carrying different charges.'>* This finding was confirmed
by BC and *’La NMR spectra of Laz@C3o.15 6 Thus, the electronic and geometric structure of
La@Cso (1) should be presented as [La2]6+@[Cgo(Ih)]6'. Figure 1-34 depicts the %9La NMR

spectrum of La,@Cso. As shown, the single peak of the '**La NMR spectrum suggests that the



Literature Review 56

two La atoms were equivalent. Theoretical calculations also showed that the electrostatic
potential surface of the interior C806' (In) had very smooth concentric circles without a clear local
minima (see Figure 1-35) and that the barrier for the movement of La atoms was only about 5
kcal/mol (0.23 eV).'* This smooth electrostatic potential surface further suggests that the
placement of the La atoms in specific positions would not result in stable structures. Based on
the *’La NMR spectrum and theoretical calculations described above, the authors suggested a
dynamic circular movement for the two La atoms inside the Cso™ (In) (see Figure 1-35). The
calculated and MEM/retrieved La-La distances were 3.655 A'* and 3.84 A, respectively. The
circular motion of the two La atoms provides an average chemical environment for all the carbon
atoms of the Cgo® (I)."”” Thus, the >C NMR of the La,@Cso (I) would display minimum peaks
due to the highest symmetry of the Cgo® (I1). However, the experimental >C NMR of La,@Cso
(Ip) only showed one peak'*® (see Figure 1-36), although theoretically it should have had two
peaks with a 3:1 ratio of the peak areas (60 atoms of [665] junctions and 20 atoms of [666]

L 54,107
junctions).”™

r T T T T T T
-340 -360 -380 -400 -420 -440 -460 —4E]30

-

Figure 1-34. *’La NMR spectrum of La,@Cs, (I;) (reprinted from Ref. '),
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Figure 1-35. Left: The demonstration of the electrostatic potential surface inside the Cgo" (I,) (reprinted from
Ref.120). Right: The dynamic circular movement of the two La atoms in Cg,* (I,) (Reprinted from Ref. '*°).
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Figure 1-36. The experimental *C NMR spectrum of La,@Csj (I,) (reprinted from Ref. '*°).

Kobayashi and Nagase calculated the structures of M,@Cg for other metals in Group III
B and lanthanide.”* ! They found that the stability, structure and electronic states of M@Cgo
are all strongly metal dependent. For example, Sc,@Cso (I) can only be expressed as
[Sca]" " @[Cso (In)]*. Thus, the four-fold HOMO orbitals cannot be fully occupied and will result
in a low-energy LUMO orbital with small HOMO-LUMO gap, which leads to high reactivity for
Sco@Cso (I). The experimental evidence for the existence of Sco@Cso (In) 1s, as yet,
undiscovered.

With the development of fullerene research, several endohedral metallofullerenes—

originally reported with a molecular formula of My@Cs, (x = 2 ~ 3)—were instead found to be
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metallic carbide endohedral metallofullerenes with a molecular formula of MxCo,@Cy, (x =2 ~
3). Examples include SC3@C82158’ 159 vs. Sc;Co@Cso (1), 6% 161 SCQ@C86162 vs. Sc,Co@Caq
(D2q),'® and Sco@Cga (1) vs. Sc,Co@Csy. ' 1% These misinterpretations could be the result
of several factors, including complicated ?C NMR due to low symmetric fullerene cages, the
low resolutions of available instruments, as well as lack of understanding of the structures of
fullerenes.
1.3.4.2 The Structure of Sc;C@Csy (D2g)

The first confirmed metallic carbide endohedral metallofullerene was identified as
Sc,Co@Css (Dag), which was reported by the Shinohara group via *C NMR and maximum
entropy method (MEM) /X-ray powder diffraction techniques.'®'®” S¢,Co@Css (D24) was

previously reported as Sc,@Css (I) by the same research group.'®
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Figure 1-37. >C NMR spectrum (left) and UV/Vis/NIR spectrum (right) of Sc,C,@Css (Daq) (reprinted from
Ref.'").

As shown by *C NMR (Figure 1-37), there were a total of 12 lines in the pattern of
(10x8, 1x4, 1x2) using the following notation: ([number of NMR lines] x [ number of carbon
atoms]). Line 12, showing an intensity of two carbon atoms, is attributed to the two carbon atoms
of the core cluster Sc,C,. The other 11 lines (10x8, 1x4) are due to the Cgs (D2q4) cage, which is

the No. 23 IPR isomer of Cg4. The assignment of the >C NMR spectrum was confirmed by
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maximum entropy method (MEM) /X-ray powder diffraction measurement, which is shown in

Figure 1-38.

Figure 1-38. Left: The half section of the iso-electronic density (1.9 e A”) surface of Sc,Co@Css (Dag). Right: The
structure of Sc,C@Cgq (Dyg). Sc-Sc, C-C, and Sc-C distances in the Sc,C, core cluster are 4.29(2) A, 1.42(6) A, and
2.26(3) A, respectively. For comparison, the C-C distance connecting two pentagons in C4 and the Sc-C distance in
ScC, cluster are 1.43A and 2.135A, respectively (reprinted from Ref.'®").

1.3.4.3 The Structure of Sc;C@Cso (1)

The existence of Sc3@Cs, was first reported by the Shinohara group in 1992,'%® but its
structural determination using MEM/Rietveld analysis was not reported until 1999.'° As they
documented in 1999, an equilateral triangle of the Sc; trimer was encapsulated in an IPR Cg;
(C3y) cage and the Sc-Sc distance was 2.3(3) A. From an MEM charge density analysis, its
electronic structure was presented as SC33+@C323_.169 However, prior theoretical calculations had
anticipated different electronic and geometric structures,'’° namely an electronic structure of
[Sc;]®" @Cs.® and a much longer Sc-Sc distance (about 3.6 A). They also predicted that
encapsulation of the Scs trimer in the IPR Cg; (Csy) would not be the most favorable structure.'”’

As indicated above, theoretical calculations and MEM/Rietveld analyses delivered
completely different electronic and geometric structures, prompting further investigation of this
interesting molecule. Akasaka and Nagase, in fact, presented a revised research result for Sc;Cg,
molecule in 2005.!"! Since the Sc;Cs; is an EPR active molecule, it is a paramagnetic molecule.

Thus, obtaining its *C NMR spectrum is challenging. However, by reducing Sc;Cs, to its
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diamagnetic anion [Sc3Cs,] form, an NMR spectrum of [Sc3Csz]” was obtained. This *C NMR
spectrum clearly suggested that the fullerene cage of [Sc;Cs,] is a Cgo (In) cage with 2 peaks

! Therefore, its structure should be

showing a ratio of 3:1 peak areas (see Figure 1-39).
Sc;Co@Cso (In) with an electronic state of [Sc3Ca]® @[Cso(I1)]®. This structure was confirmed by
the single crystal X-ray diffraction measurement of its functionalized product (see Figure 1-
40)."" Later on, the structure of Sc3Co@Cso (In) was also confirmed by the MEM/third
generation synchrotron radiation X-ray powder diffraction (see Figure 1-41), which documented
that the Sc-Sc distance was 3.61(3) A in the Scs triangle, while the distance between the Sc and

the center of C, in the core Sc3C, cluster was 2.07(1) A.'7

. ACelone-dy

acetone-dz ”F.'”*” L Mesi
|| | C3s I
I »
| I .
a | |
‘ | I
*-.l '.:_' | - - n AI-,_- L_ _.__,___

200 150 100 50 0

chemical shift / ppm

Figure 1-39. *C NMR spectrum of [n-BusN]+[ Sc;Co@Cso (I)] . The peaks marked with © are due to the sixty [665]
and twenty [666] carbon atoms of Cg, (1) (reprinted from Ref. '").
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Figure 1-40. (a) Single crystal X-ray diffraction structure of the adamantylidene carbine functionalized Sc;C,@Csgo
(Iy). (b) Optimized structure of (a). (reprinted from Ref. '"")

Figure 1-41. Two views of the molecular structure of Sc;C,@Cs (I) determined by the MEM/Rietveld analysis
using third generation synchrotron radiation X-ray powder diffraction (reprinted from Ref. '),

1.4. Endohedral Metalloheterofullerenes

“Heterofullerenes are fullerenes in which one or more carbon atoms on the cage structure
are replaced by non-carbon atoms, i. e. by heteroatoms such as nitrogen, boron, silicon, etc.” 8
Replacing carbon atoms with heteroatoms on a fullerene cage will result in significant
modifications of its geometry, as well as the chemical functionality and electronic characteristics
of the fullerenes. Thus, the resulting heterofullerenes are likely to possess new physico-chemical

7717317 including altered electronegativity, better funtionalization ability, etc.

properties,
When a carbon atom is replaced by a nitrogen atom and a boron atom, the resulting

molecules are called azafullerenes and borafullerenes, respectively. Although heterofullerenes

have been synthesized via the laser-ablation method ' and the arc-discharge method,'”® neither
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78, 82

of them have been shown to produce macroscopic yields. Most of the heterofullerene

research focuses on the azafullerenes since the macroscopic yield is available by conventional
organic synthetic processes.”™ " 17317

Although several empty azafullerenes or dimers have been reported, endohadral
metalloazafullerenes have only rarely been discussed. In fact, La@Cs;N and La,@C79N are the
only endohedral metalloazafullerenes reported so far.”' The mass signals of La@Cg N and
La,@C7N" were observed in the gas phase by firing their corresponding adducts,
La@Cs2(NCH,Ph) and La,@Cgo(NCH,Ph), respectively, via fast atom bombardment mass
(FABMS) fragmentation (see Figure 1-42).*' The replacement of one carbon atom with a
nitrogen atom on the cages of La@Csg, and La,@Csg (1) have been confirmed by the FABMS
fragmentations of their °N isotope labeled adducts, La@Csg,('’NCH,Ph) and
La,@Cso('"NCH,Ph), respectively (see Figure 1-43). Due to their special structures and potential

applications in the field of quantum dots, endohedral metalloazafullerene are likely to be more

fully investigated in the future.
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Figure 1-42. FABMS fragmentation spectra of (a) La@Cs,, (b) La@Cg(NCH,Ph), (c) La,@Cg, and (d)
La,@Cgo(NCH,Ph) (reprinted from Ref. 21). By comparison of (a) and (b) as well as (c) and (d), the replacement of
a carbon atom with a nitrogen atom on the cages of La@Csg, and La,@Cso was clearly demonstrated by the

enhancement of the (M+2) peak.
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Figure 1-43. FABMS fragmentation spectra of (a) La@Csg,('"NCH,Ph), (b) La,@Cjgo(°NCH,Ph), (reprinted from
Ref. 21). The replacement of a carbon atom with a nitrogen atom on the cages of La@Cs, and La,(@Cgo was clearly
demonstrated by the enhancement of the (M+3) peak due to their "°N isotope labeled adducts.
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Chapter 2 — Research Overview

Based on a comprehensive review of the literature, it is clear that the TNT-EMF family of
endofullerenes produces higher yields and exhibits better air and temperature stability” "+ 177178
compared to other endohedral metallofullerenes. These attractive features make them ideal
candidates for a variety of important applications.'” '* Among the TNT-EMFs reported thus
far, the following well-characterized compounds have had their structures fully documented:
MiN@Cso (In) (M=Sc,'”” Tb,"* Lu,'™ Gd,'® Dy'*), MsN@Cso (Ds) (M=Sc,'?! Tb'®"),
ScsN@Ces (D3),%* ScsN@Cs (Dsn),'” ErScN@Cso (In), ™ and CeScaN@Cso (In).”” In the
current research effort, MsN@Csg (Dsp) (M=Sc, Tb), Tb sN@Cs (In), and CeSc;N@Cs (1) have
been characterized. Except for Sc;N@Ces (D3), ScsN@Crs (Dsp), and MsN@Cso (Dsn) (M=Sc,
Tb), these well-characterized structures all have a Cg (I) cage with the formula A; «BxN@ Cso
(In) (x =0 ~ 3), which is the most abundant structure due to the outstanding thermodynamic and
kinetic stability of Cgo™(Iy).

Recently, other investigators have reported two families of Tm and Dy based TNT-
EMFs, namely TmsN@Can, (39 < n < 43)'® and Dy;N@Ca, (39 < n < 44),''® despite the fact that
experimental evidence for these two families of molecules was confirmed by HPLC traces, mass
spectra, and UV-Vis spectra, their structures were not elucidated. This study, therefore, has
focused on the Tb and Y based TNT-EMFs, with the goal of determining the structures for these
TNT-EMFs and their related dimetallic endohedral metalloazafullerenes.

The challenges for this research are to obtain enough isomerically pure samples and to
characterize their structures based on the limited amount of sample. Following the research

process, the research focus and challenges are as follows.

2.1 Research Focus on Synthesis and Isolations
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With respect to “obtaining enough isomerically pure sample,” this research faces several
barriers. First, the yield of endohedral metallofullerenes is very low, which has frustrated
scientists working in fullerene research—especially those engaged in applied research.'®®
Although ScsN@Cso (In) (also LusN@Cso (In)) has the highest yield among all the endohedral
metallofullerenes, its yield is still only about 10~15 % of the total fullerene mixture under
optimized experimental conditions according to the peak areas in HPLC chromatograms of
toluene extracts from the raw soots.>* Generally, the total fullerene mixture yield is 5~15% for
metal Sc and Lu via the TNT process; but for other Group III B elements and lanthanides, the
total fullerene mixture yield is suppressed to less than 1%. For Y, and Tb in this research, the
yield for even the most abundant component, M3N@Csg (Ir) (M=Y, and Tb), was only about
1~3% of the total fullerene mixture in the extract. Furthermore, this research mostly focused on
the larger cage (> Cso) TNT-EMFs. However, the yields for these larger cage TNT-EMFs
generally represented only about 1~5% of the corresponding M3sN@Csy (I1), which is the most
abundant component of the selected metal-based TNT-EMFs. For the Y, and Tb based larger
cage TNT-EMFs in this research, the final available amount was about 0.1~0.3 mg, which was
separated from the fullerene mixture in raw soot extract by vaporizing about 100 quarter inch
rods (6.4 mm in diameterx152 mm in length) packed with selected metal oxides and catalyst.
Obtaining even this small amount of sample required intensive lab work, synthesis and isolation
over the course of several months. Second, the components of the extract were quite
complicated. For example, the extract from the raw soot produced via the TNT process by
vaporizing metal-doping graphite rods generally contained C,, (n > 30) empty cage fullerenes (~
95%),%* Mx@Cny (x =1 ~ 3, n>30) classical endohedral metallofullerenes, and MsN@C,, (M is

the Group III B and lanthanide) TNT-EMFs (about 1 ~ 3%). TNT-EMFs are normally co-eluted
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with large empty cage fullerenes and classical endohedral metallofullerenes, which may exist as
several isomers. Therefore, the purification process for each isomeric sample was very difficult
at best, and practically impossible in some cases. The primary chemical separation process
utilized in this research kinetically removed the reactive empty cage fullerenes and reactive
classical endohedral metallofullerenes.'®* Using such a process, the co-elution behavior of TNT-
EMFs became much simpler than that of the original extract. Furthermore, after removing most
of the abundant empty cage fullerenes, the surviving TNT-EMFs could be concentrated by
vaporizing the solvent. As a result, the isolation process using HPLC became much more
efficient. However, the process of chemical separation was only the first step in accessing a
viable sample. In order to isolate an isomerically pure samples, a two-stage HPLC process
involving complementary columns and cycling processes was used. Separations easily accounted
for 40% to 50% of this research work. Third, the air stability of some components in the samples
was uncertain. During the HPLC purification process, in fact, frequent filtration of the injection
samples was required, suggesting that some components of the samples were not very stable in
air and were oxidized or polymerized to insoluble materials.'*®
2.2 Research Focus on Structural Characterization

Even after a pure isomeric sample was obtained, another challenge involved the structural
characterization of the molecule. Since the available amount of a pure sample was often only in
the 0.1~0.3 mg range, available methods for its structural determination were quite limited.
Generally, due to a sample’s paramagnetic property, the limited sample size, and the lower
symmetries of the large cage endofullerenes, NMR spectroscopy was often useless for most of
the samples in this research. Therefore, we often had to rely on structural characterization via

single crystal X-ray diffraction. The quasi-spherical shape of a fullerene molecule makes it rotate
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with a very small energy barrier.'””'®® Consequently, crystallizing the fullerenes themselves will
result in the disorder of their structural data. Therefore, the co-crystallization of fullerene
molecules and organometallic agents by means of inter-molecular interactions, which fix the
orientations of fullerene cages, led to the success in the structural characterization of several
larger cage TNT-EMFs in this research work in spite of the failure to do so in some other very

31,181

precious samples. Via use of a home-made crystallization device, this research was most

productive in obtaining the single crystal for the X-ray diffraction analysis in the field of
fullerene research, especially using trace amounts of sample at 0.1 mg levels.*"- 12- 177 181

In addition to isolating the novel TNT-EMFs, other new classical endohedral
metallofullerenes have also been isolated. The structural characterization of the new classical
endohedral metallofullerenes may demonstrate new fascinating aspects for this seemingly well-
developed research field.

With the isolation and characterization data of several series of TNT-EMFs and
consideration of the retention mechanism of the different HPLC columns, this research also
endeavored to associate the retention behavior of the isolated endohedral metallofullerenes with
their geometric and electronic structures.'®® Understanding these associations will enable
researchers to obtain valuable structural information—even during the sample purification
stage—based on these retention behavior and mass spectrum data.

Heterofullerenes are fullerenes in which one or more carbon atoms on the cage are
replaced by non-carbon atoms, e.g. heteroatoms such as nitrogen. The substitution of a carbon
atom by a nitrogen atom leads to an unstable radical structure, and dimerization of two unstable

radicals forms a dumbbell-like stable structure as typified by (CsoN),.”” Interestingly, however,

the metal-doped azafullerenes have rarely been reported. In effect, the only reported
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azafullerenes were [La,@C79N]" and [La@CsN]" fragments, which were observed in the gas
phase via fast atom bombardment (FABMS) fragmentation by bombing their corresponding
precursors.”! Therefore, actual endohedral metalloazafullerenes have never been isolated. Due to
the special electronic states of endohedral metalloazafullerenes, they are expected to have novel
properties. In order to develop their potential applications, it would be essential to isolate these
metal-doped azafullerenes. Therefore, another important aspect of this research involved the
introduction of a nitrogen source in the TNT process to synthesize endohedral
metalloazafullerenes. The identification and isolation of this type of molecule represents an
important chapter in this research.

As computational chemistry becomes more important and technologically more powerful
in the 21st century,® tremendous efforts have also been made in theoretical calculations to
understand and interpret the novel structures and properties of the new types of endohedral

metallofullerenes disclosed in this research.
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Figure 2-1. Outline of current research.

In summary, this research emphasizes the exploration and well-structured

characterization of novel endohedral metallofullerenes and endohedral metalloheterofullerenes

which are typically in the nanometer scale. Specifically, well developed synthesis, separation,

and crystallization processes, as well as the theoretical calculations and other analytical

techniques in this research provide an effective way to further explore previously unknown, and

now highly intriguing, nanometer sized novel endohedral metallofullerenes. These novel nano-

particles may have special potential applications in electronic, material, and medical fields in the

future.

2.4 The Highlights of Research Results
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The highlights of results in this research are listed below:

Published structures of endohedral metallofullerenes:

TbsN@Cso (I1)

TbsN@Cso (Dsh)

TbsN@Cse (D3) JACS, 2007, 129, 2035~2043
TbsN@Css (Ds)

TbsN@Css (Cy) JACS, 2006, 128, 11352~11353
CeScaN@Cso (In) JACS, 2006, 128, 8834~8889
ScsN@Cso (Ds) JACS, 2006, 128, 8581~8589

Methano monoadducts of

SC3N@C8() (Ih)

JACS, 2007, 129, 15710~15717

Tm3N@Cg4 (Cs)

Chem. Comm., In press

To be published structures of new endohedral metallofullerenes:

Tm,@Cs; (Cs) Y:3N@Csgo (In)

Tm@Co4 (Csy) Y:3N@Css (Cy)
TmsN@Cgo (In) Y3N@Css (D3)
Tm3;N@Csgo (Dsn) Y:3N@Css (D2)
Tm;N@Css (D3) HosN@Cso (In)
Tm;N@Css (D7) ErsN@Cso (In)

endohedral metallofullerenes:

To be published novel structures of endohedral metalloazafullerenes and metallic oxide
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sz@C79N YZ@C79N
La,@C79N Y,0@Cr4
Tb@c81N La@CSIN

Patent (Pending):

(a) A New Class of Endohedral Metalloheterofullerenes, Mo@C79N (M=Group III B or

Lanthanide Metal)

(b) Trimetallic Nitride Clusters Entrapped within C,N Heteroatom Cages and Method for

Making the Same using Oxidizing Gas and Combustion
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Chapter 3 — Synthesis, Isolation, and Characterization of Th-based TNT-EMFs,
ThsN@Czn (40 <n < 44)

3.1 Introduction

Endofullerenes represent atoms and/or clusters encapsulated inside a fullerene carbon

. . : 6, 86, 107, 160, 178
cage and have been the focus of many recent investigations.® *¢ 197 160-17

During the past 10-15
years, several Group III B and lanthanide ions'®’ encapsulated inside carbon cages have been
prepared via the Kriatchmer-Huffman electric arc-process. Due to their f~electron configurations,
the lanthanides have many special physico-chemical properties such as magnetic properties,
unique optical properties (fluorescence, activator/sensitizer for laser host materials, and
luminescence), as well as large atomic cross sections.'®® Also, gadolinium containing endohedral
metallofullerenes have been reported as promising next generation magnetic resonance imaging

(MRI) contrast agents.179

In 1999, ScsN@Csgp was discovered in the Dorn laboratory, and numerous other
trimetallic nitride template endohedral metallofullerenes (TNT-EMFs) have also been reported.54’
107. 108 189 The initially discovered TNT-EMFs were documented to have eighty carbons and I
symmetry, but other cage sizes have also been reported, including Sc;N@Ces (D3)* in 2000 and

ScsN@Crs (D3h)109 in 2001. Recently, the existence of additional isomer, Dsp, of the ScsN@Csy

has been confirmed by X-ray crystallography.'*!

Detailed single-crystal X-ray structural
information about lanthanide TNT-EMFs has been limited to Gd;N@Csy (Iy),"™ LusN@Cso
(Ih)182 and mixed metal CeSc,N@Cso (Ih)177 and Er,ScN@Csg (Ih).108 The TNT-EMFs with Cgg

(In) generally have the highest yields compared to other related TNT-EMFs, therefore, it is
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generally easier to obtain necessary amounts of samples for growing crystals and subsequent

crystallographic analysis.

Two families of TNT-EMFs, Tm-based and Dy-based, with Cgy and larger cages have

116, 184, 190, 191 However, their characterization methods,

been reported by Dunsch and coworkers.
including mass spectrum, UV-Vis, FTIR, Raman, XPS spectroscopy, and cyclic voltametry, have
been unable to provide any conclusive structural information for these larger cage TNT-EMFs.
In summary, besides the relatively abundant Cgy (I) caged TNT-EMFs, the only other family of
TNT-EMFs that has been structurally well characterized is the Sc-based TNT-EMFs, including

SC3N@C80 (Ih and D5h), SC}N@Cég (D3), and SCgN@Cm (D3h).

With respect to the four-member Sc-based TNT-EMF family, the ScsN cluster always
maintains a planar structure in the fullerene cages because of the small size of the Sc atom.
Except for the ScsN@Cqs (D3), the other three members all have a fullerene cage obeying IPR.
The fullerene cage of ScsN@Ces, however, is a non-IPR structure because all fullerene cages

smaller than C; cannot satisfy IPR— the only exception being Ceqo (In). Based on these

observations, we have attempted to answer the following research questions during the course of

this investigation:

1. When larger lanthanide metals form TNT-EMFs, what size fullerene cage will they

choose?

2. If IPR fullerene cages are available, does the M3N cluster always choose the IPR-

obeying fullerene cages?
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3. Does an MsN cluster always maintain a planar structure?

To further explore these issues, we selected the middle-sized lanthanide metal, Tb, to
synthesize the corresponding TNT-EMFs and to carry out systematic studies of Tb-based TNT-

EMFs.

3.2 Results and Discussions
3.2.1 Preparation of TbsN@C;, (n =40 ~ 44)

Raw soot containing the TbsN@C,, (n = 40 - 44) family of endofullerenes was
synthesized in an arc-discharge generator by vaporizing composite graphite rods containing a
mixture of Tb4O7, graphite powder, and iron nitride (FexN) with a weight ratio of 2.03:1.0:0.4,
respectively. Together with the graphite tube for packing the mixture, the molar ratio of Tb:C
was about 3%. The arc-discharge process was conducted in a dynamic flow of helium (280 Torr)
and dinitrogen (20 Torr). The pressure was ~ 300 Torr at the start of the arc-discharge. The raw
soot was extracted using toluene as a solvent in a Soxhlet extractor for 20 hours. In order to
compare the synthesis effect, we also conducted a controlled arc discharge experiment without
packing Tb4O7. The HPLC chromatograms of the extracts are shown in Figure 3-1. By
comparing (a) and (b) of Figure 3-1, one peak after Cg4 in Figure 3-1b showed some bulging.

The mass spectrum in Figure 3-2 confirmed that the Tb-related endofullerenes were synthesized.
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Figure 3-1. HPLC chromatograms of the control experiment extract (a) and the Tb-based extract (b). The peak

containing TbsN@Cs after Cg4 in (b) is generally about 2~3% of the total peak area.
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Figure 3-2. The negative DCI mass spectrum of the peak after Cq4 in Figure 3-1b.

Figure 3-2 demonstrates that TbsN@Cgy was not a main component in the peak after Cg4
in Figure 3-1b, as its yield was generally very low. To achieve higher TNT-EMFs yields,
synthetic conditions were optimized in the following way.
3.2.1.1 Optimization of Synthesis Conditions

The synthesis of macroscopic amounts of fullerenes generally uses the arc-discharge
method, which features a variety of important factors. These include choice of cooling gas and
its supply method, total cooling gas pressure, partial pressure of dinitrogen in TNT process,

packing materials, pre-processing of the packed rod, catalyst, electric current and voltage, etc.
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With respect to the choice of cooling gas, helium typically affords a much higher fullerene yield
than other noble gases such as argon. Electric current and voltage were generally set at 105
Amperes and 32 Volts (controlling the gap between the anode and cathode) for a high enough
temperature of vaporizing graphite rod, maintaining stable plasma, and consuming speed of the
packed rods. The other variables are discussed in greater detail below.

Static Method versus Kinetic Method: Supplying the cooling gas and the nitrogen source of
dinitrogen can use the static or dynamic method. For the synthesis of Tb-based TNT-EMFs, the
dynamic method provides much higher yield of extract than static method. The relative yield
refers to the normalized peak area to Cs4 peak area. The ratio of (A1/Csa)static : (A2/Cs4)dynamic Was
about 0.5 in Figure 3-3. Thus, taking into account the extract yield and the relative yield of the
peak containing TbsN@Cso, the dynamic method affords a much higher yield of TNT-EMF than

the static method.

Static Dynamic
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Figure 3-3. Comparison of the relative yields of Tb-based TNT-EMF in static and dynamic methods.

Pre-processing of the Packed Rods — Temperature Effect: The packed rods were preheated
at 600 °C and 1000 °C in a dinitrogen atmosphere for 12 hours. The extract yields for both kinds
of rods, which were processed at different temperatures, were very good. However, the ratio of

relative yields of (A2/Cs4)1000 °c to (A1/Csa)s00 °c, Was about 1.5, suggesting that the preheating
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process at a higher temperature was better than at a lower temperature. Possible reasons for this
include the fact that the packed materials (carbon, Tb4O7, and Fe,N) may have reacted to
produce terbium carbide or nitride at a high temperature and that the terbium carbide or nitride
may have functioned as seeds in the formation process of classical endofullerenes and TNT-
EMFs. Nevertheless, the packed rods preheated at a higher temperature produced higher yields

of endofullerenes.
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Figure 3-4. Comparison of the temperature effect in the pre-processing of packed rods.

Plasma modifier: FexN (x = 2 ~ 4) versus CuO. The plasma modifiers used in this experiment,
FexN and CuO, afforded similar extract yields and similar relative yields (see Figure 3-5). The
ratio of relative yields of (Ay/Cgs)rexn to (A1/Csa)cuo Was about 1.0. These results suggest that

there was no difference between the selected plasma modifiers.
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Figure 3-5. Comparison of the relative yield of endofullerenes using different plasma modifiers.

Other variables: Tb:C molar ratio, total cooling gas pressure, and partial pressure of
dinitrogen. Tb:C molar ratios of 1:100, 3:100, and 5:100 were tested. There were no apparent
differences in their fullerene extract yields and in their HPLC chromatograms for these various
packing mixtures. Thus, the Tb:C molar ratio of 3:100 was used for the packing mixture. With
respect to total cooling gas pressures, 150, 300, and 600 Torr of total cooling gas pressure were
tested. As expected, while the lowest pressure (150 Torr) was suitable for the production of
empty cage fullerenes, it was inappropriate for the production of endofullerenes. The highest
pressure (600 Torr), however, suppressed the productions of both empty cage fullerenes and
endofullerenes. Thus, a 300 Torr cooling gas was chosen for the synthesis of the endofullerenes
in this research. With respect to the partial pressure of the nitrogen source, dinitrogen, 10, 20, 40,
80, and 160 Torr were tested while the total gas pressure was maitained at 300 Torr. The results
showed that 10 Torr of dinitrogen produced the most abundant amount of empty cage fullerenes;
20 Torr of dinitrogen afford a relatively high yield of endofullerenes; 40 and 80 Torr of
dinitrogen suppressed the total extract yield; while 160 Torr of dinitrogen almost completely

extinguished the production of fullerenes.
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In summary, the optimized conditions for Tb-based TNT-EMF synthesis were as follows:
the packing material was a mixture of Tb4O7, graphite powder, and FexN with the mass formula
0f 2.03:1.0:0.4, respectively. The packed rods were preheated at 1000 °C in a steady dinitrogen
flow and then vaporized in the dynamic atmosphere of a mixture of helium and dinitrogen in a
Kratschmer-Huffman generator. The total gas pressure was 300 Torr with 20 Torr of dinitrogen
and 280 Torr of helium. Under these optimized conditions, the yield of TbsN@Cs, was around
0.1 mg per quarter inch rod (6.4 mm in diameter x 153mm in length).

3.2.2 Separation of TbsN@C,, (n =40 ~ 44)
3.2.2.1 Chemical Separation Approach

The primary purification process was carried out using a chemical separation method.
The toluene extract was subject to chemical separation on a cyclopentadiene functionalized
Merrifield peptide resin (CPDE-MPR) column."® "> The HPLC chromatogram of the effluent
after the chemical separation utilizing the CPDE-MPR column is shown in Figure 3-6b. In
general, this approach relies on the inherent chemical kinetic stability of trimetallic nitride
template endohedral metallofullerenes (TNT-EMFs) relative to empty-cage fullerenes and non-
TNT-EMFs. Since the TNT-EMFs, MsN@C», (78 < 2n < 88), are all large-gap compounds
(HOMO-LUMO gap > 1.0 eV),”” they are all relatively kinetic stable species (although their
individual kinetic stabilities may differ). The synthesis of the CPDE-MPR and the chemical
separation approach are shown in Figure 1-26.

Synthesis of CPDE-MPR." To prepare CPDE-MPR, 25 g (30 mmol Cl) of Merrifield peptide
resin was suspended in 600 mL toluene in a 1 L flask. The mixture was cooled to -20 °C and
held at that temperature using a dry ice and an ethyl alcohol bath. A 60 mL portion of a sodium

cyclopentadienide solution (2 M in tetrahydrofuran, total 120 mmol CPDE ion) was added
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dropwise to the stirred suspension. After the addition was complete, the suspension was stirred at
-20 °C for 2 hours. The suspension was collected by vacuum filtration on a Buchner funnel and
washed with water until the filtrate was colorless. Then the filtration and washing processes
were repeated using toluene. The sample of CPDE-MPR was dried under a N, flow in the hood
and kept in glove box. The resulting product was a light brown solid.
Chemical Separation of TbsN@C,,: The toluene extract was applied to a glass column (22
mm in diameter by 280 mm in length) packed with approximately 20 grams of cyclopentadiene-
functionalized Merrifield peptide resin (CPDE-MPR) in toluene. Toluene extract was flushed
through by gravity feed (about 20 mL/hour). The effluent was collected and the toluene solvent
of the effluent was vaporized to obtain the concentrated solution containing TNT-EMFs and
other EMFs.
3.2.2.2 HPLC Separations

The concentrated effluent from the chemical separation was further separated using a
two-stage HPLC approach. First, the pentabromobenzyloxypropyl silica, 5SPBB, column (4.6 mm
by 250 mm, Alltech Associates) was employed with toluene as the mobile phase. The flow rate
was 2.0 mL/minute and the detection wavelength of the UV detector was 390 nm. The seven
fractions from Tb1 to Tb7 with this SPBB column were collected. Second, the 2-(1-pyrenyl)ethyl
silica, SPYE, column (10 mm by 250 mm, Nacalai Tesque) was employed for further separation
of the seven fractions obtained from the first HPLC stage using SPBB column. The pure samples
of TbsN@Cs,, Tho@C79N, and Tb,C,, were obtained with repeated cycling separation of the
samples on SPYE column. Toluene was also used as the mobile phase (2.0 mL/minute). The

detection wavelength was 390 nm.
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First Stage of HPLC Using SPBB Column: By comparing Figure 3-6a and 3-6b, we know that
the chemical separation process concentrated the TNT-EMFs by getting rid of most of the
reactive fullerenes. If the CPDE-MPR column approached saturation, peaks due to Cgy and Cyy
appeared in the subsequent chromatogram of the effluent as shown in Figure 3-6b. The larger
cage TNT-EMFs (TbsN@C,,, 2n > 80) also passed through the CPDE-MPR column and were
eluted. In Figure 3-6b, there are seven fractions that are labeled Tb1 to Tb7. The main
components of each fraction are indicated in Figure 3-6b. For example, fraction Tb2 contains
TbsN@Cso (I and Ds;, isomers); fraction Tb5 contains TbsN@Cse and Tb,Co; and fraction Tb6

contains Tb3N@ng and Tb2C92.
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Figure 3-6. Chemical separation effects for removing the reactive empty cage fullerenes. (a) HPLC chromatogram of
the original toluene extract of the raw soot. (b) HPLC chromatogram of effluent from the chemical separation
column filled with CPDE-MPR. Column: 5SPBB column (4.6 mm by 250 mm); Mobile phase: toluene; Flow rate:

2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-7. Negative DCI mass spectra of the Tb-fractions: Tb2 (a), Tb3 (b), Tb4 (c), Tb5 (d), Tb6 (e), and Tb7 (f).

The mass spectra of material present in fractions from Tb2 to Tb7 are shown in Figure 3-
7. Fraction Tb1 will be discussed separately in Chapter 4. From these mass spectra, we know that
each fraction still represents a mixture of endofullerenes. However, with the help of the chemical
separation approach, the components of each fraction are not very complicated. Specifically,the
main components of each fraction are TNT-EMFs and dimetallic endofullerenes. The co-elution
of the TNT-EMF and dimetallic endofullerenes in each fraction has a clear pattern in their
fullerene cage sizes. For example, TbsN@Cs, co-eluted with Tb,Cse in Fraction Tb3 while
TbsN@Cs4 co-eluted with Tb,Cgg in Fraction Tb4. As the cage size of the TNT-EMF increases
by two, the cage size of its co-eluted dimetallic endofullerene also increases by two. This pattern

suggests that the retention behavior of fullerenes is closely related to their fullerene cage size on
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a SPBB column, as shown Table 3-1. The retention behavior of these fullerenes will be discussed

in greater detail in Chapter 5.

Table 3- 1. Comparisons of the cage sizes of the co-eluted TNT-EMFs and dimetallic EMFs

Fractions TNT-EMFs Dimetallic EMFs
Tb2 TbhsN@Cso TbyCs4
Tb3 TbhsN@Cs» Tb,Cse
Tb4 TbhsN@Cs4 Tb,Css
Tb5 TbhsN@Css Tb,Cop
Tb6 Tbh;N@Css Tb,Co»
Tb7 N/A TbyCos

The Second Stage of HPLC Using a SPYE Column: The fractions from Tb2 to Tb7 were
further purified using a SPYE column. Since each fraction is still a mixture of endofullerenes and
their isomers, the second stage HPLC on a SPYE column involves the repeated cycling
processes. HPLC chromatograms of the first cycling process for these fractions are documented

in Figures 3-8 through 3-13.
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Figure 3-8. HPLC chromatograms of fraction Tb2 in the first cycling process on a SPYE column. Mobile phase:
toluene; Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-9. HPLC chromatograms of fraction Tb3 in the first cycling process on a SPYE column. Mobile phase:
toluene; Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-10. HPLC chromatograms of fraction Tb4 in the first cycling process on a SPYE column. Mobile phase:
toluene; Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-11. HPLC chromatograms of fraction Tb5 in the first cycling process on a SPYE column. Mobile phase:
toluene; Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-12. HPLC chromatograms of fraction Tb6 in the first cycling process on a SPYE column. Mobile phase:
toluene; Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-13. HPLC chromatograms of fraction Tb7 in the first cycling process on a SPYE column. Mobile phase:
toluene; Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.

Each peak in the chromatograms of these fractions during the first cycling process on a
SPYE column was collected and was further cycled on the SPYE column until its purity was
satisfied via the inspection of mass spectra. In this fashion, Tb-based TNT-EMF pure samples,
including the 7, and Ds;, isomers of Tb3N@Cso, TbsN@Cs,, TbsN@Css (two isomers),
TbsN@Css, and TbsN@Cgs, and Tb-based dimetallic endofullerene pure samples, including
TbyCss, TbaCop, TbCo,, and TbyCoy4 (two isomers), were obtained. Their HPLC chromatograms
are shown in Figure 3-14 and Figure 3-15, respectively. The images of the pure TNT-EMFs are

shown in Figure 3-16.
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Figure 3-14. HPLC chromatograms of pure Tb-based TNT-EMFs on a SPYE column. Mobile phase: toluene; Flow
rate: 2.0 mL/minute; Detection wavelength: 390 nm.
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Figure 3-15. HPLC chromatograms of pure Tb-based dimetallic EMFs on a SPYE column. Mobile phase: toluene;
Flow rate: 2.0 mL/minute; Detection wavelength: 390 nm.

Figure 3-16. Images of the pure Tb-based TNT-EMFs in toleune.

3.2.3 Characterization of Tb-based Endofullerenes
3.2.3.1 Negative DCI Mass Spectra of Pure TNT-EMF's

The following five figures (Figure 3-17 through Figure 3-21) depict negative DCI mass
spectra for a variety of pure TNT-EMFs.
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Figure 3-17. Negative DCI mass spectrum of TbsN@Csg.
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Figure 3-18. Negative DCI mass spectrum of Tb;N@Cs,.
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Figure 3-19. Negative DCI mass spectrum of Tb;N@Csgj.
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Figure 3-20. Negative DCI mass spectrum of Tb;N@Cgs.
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Figure 3-21. Negative DCI mass spectrum of TbsN@Cgs.

3.2.3.2 UV-Vis Spectra of Pure TNT-EMF's

Generally, the electronic structure of an endohedral metallofullerene depends on its cage
structure (size and symmetry) and charges on the cage. The UV-Vis spectrum, a valence
electronic spectrum, is particularly advantageous for identifying cage structure and charges on it.
For example, many publications about MsN@Cs, (I and Dsp) have been reported. Although the
M;N cluster inside the Cg cage changes depending on the type of metal ion, their UV-Vis
spectra between the I, isomers and between the Ds;, isomers are very similar to each other.
Therefore, UV-Vis spectra mainly reflect the electronic structure of a fullerene cage. Given the
availability of different UV-Vis spectra, comparing them will be valuable for structural
characterization and determining purity. For example, for many years fullerene Sc;Cs, had been
reported as Sc3@Cs,. However, more precise findings have since determined that its UV-Vis
spectrum is actually quite different from other Cg, cage endofullerenes—but very similar to those
of endofullerenes with C806-(Ih) cage. Indeed, fullerene Sc;Cg, was found later to have a
Sc;C@Cso (In) structure via *C NMR and single crystal X-ray diffraction crystallography.

Another important aspect of the UV-Vis spectra of endofullerenes is the concept of onset
absorption. The onset absorption in UV-Vis spectroscopy reflects the electronic transition

energy. The band gap (HOMO-LUMO gap) and electronic transition energy are approximately
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related according to the following formula: g-¢; (Band-gap, or HOMO-LUMO gap) = AE;_
+constant. The states of the transition electron are indicated by i and k.''> The constant is a
positive value and changes with different compounds. Since the constant is unknown, we cannot
quantitatively calculate the band gap directly just using the onset wavelength. However, when
similar structures are compared, onset absorption data can still provide useful qualitative
information about the kinetic stability of compounds. For example, the onset absorptions of the Ij
and Ds;, samples of Tb;N@Cgo in Figure 3-22 are approximately 760 nm and 900 nm,
respectively. The onset absorptions of isomer 1 and isomer 2 of TbsN@Csq4 in Figure 3-24 are
around 980 nm and 850 nm, respectively. These data suggest that the I, isomer of TbsN@Cs is
kinetically more stable than its Ds, isomer, and isomer 2 of TbsN@Cs4 is kinetically more stable
than its isomer 1. These observations are consistent with their relative ease of production in high
yields, as well as with theoretical calculations for their kinetic stability. Moreover, the 980 nm
onset absorption of TbsN@Cs; is consistent with its low synthetic yields compared to Tb;N@Cso

(Ih and D5h), Tb3N@Cg4 (H, CS), Tb3N@Cg6 (D3), and Tb3N@ng (Dz).
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Figure 3-22. UV-Vis spectra of pure I;, and Ds;, samples of TbsN@Csgy.
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Figure 3-23. UV-Vis spectrum of Tb;N@Cs,.
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Figure 3-24. UV-Vis spectra of Tb;N@Cs, (I and II).
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Figure 3-25. UV-Vis spectrum of Tb;N@Cgs (D;).
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Figure 3-26. UV-Vis spectrum of Tb;N@Cgs (Dy).
3.2.3.3 Negative DCI Mass Spectra of Pure Tb-based Dimetallic EMFs

The following four figures (Figure 3-27 through Figure 3-30) depict negative DCI mass

spectra for a variety of pure Tb-based dimetallic EMFs.
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Figure 3-27. Negative DCI mass spectrum of Tb,Cgg.

1398
100+
1359 ThyCqq
%o 1400
1401
-
1200 1260 1300 1350 1400 1450 1500

Figure 3-28. Negative DCI mass spectrum of Tb,Cgy.
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Figure 3-29. Negative DCI mass spectrum of Tb,Co;.
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Figure 3-30. Negative DCI mass spectrum of Tb,Coj.
3.2.3.4 UV-Vis Spectra of Pure Tb-based Dimetallic EMFs

The following five figures (Figure 3-31 through Figure 3-35) depict UV-Vis spectra for a

variety of pure Tb-based dimetallic EMFs.
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Figure 3-31. UV-Vis spectrum of Tb,Cgs.
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Figure 3-32. UV-Vis spectrum of Tb,Co.
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Figure 3-33. UV-Vis spectrum of Tb,Co,.
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Figure 3-34. UV-Vis spectrum of Tb,Cyy (I).
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Figure 3-35. UV-Vis spectrum of Tb,Coy (II).

3.2.3.5 Crystallographic Structures of the Tb-based TNT-EMFs

TNT-EMFs have an electronic state of [M3N]6+@C2n6', with the metal ion in the +3
valence state. The electronic state of Tb*" is /¥, with 6 unpaired electrons in its f orbitals. As a
result, TbsN@Ca, is paramagnetic. Due to the paramagnetic property of TbsN@Can, a °C NMR

spectrum of the fullerene cage is very difficult to obtain—even for the highest symmetry I,

isomer of TbsN@Cso. Even if 3C NMR data were available for other diamagnetic TNT-EMFs,
detailed structural data for the M3N cluster inside the fullerene cage, as well as the structural
relationship between the MsN cluster and the fullerene cage, still cannot be clearly determined
by *C NMR. The most powerful method for structural determination is crystallography, i.e.
single crystal X-ray diffraction. As described earlier in the research overview of this thesis
(Chapter 2), scientists face two challenges when using single crystal X-ray diffraction method:
obtaining enough pure sample and growing the qualify crystal. Using a homemade device, we
developed a method for growing the suitable crystals using very small amounts of pure sample
(<0.1 mg). With expertise in the structural determination of fullerene samples using single

crystal X-ray diffraction crystallography, the Balch and Olmstead research group at the
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University of California, Davis, revealed the structures of a series of our fullerene crystal
samples. The Tb-based TNT-EMFs are among these samples.

Crystal Growth for Th-based TNT-EMFs:'"* Co-crystals of TbsN@C,, and Ni"(OEP)
(OEP is the dianion of octaethylporphyrin) were obtained by layering a solution of TbsN@C,, in
0.5 mL benzene over a red benzene solution of Ni'"(OEP) in a glass tube placed in the homemade
device. Over a 14-day period, the two solutions diffused together and black crystals were
harvested.

107199 The crystals were removed from the glass

X-ray Crystallography and Data Collection.
tubes in which they were grown in a small amount of mother liquor and immediately coated with
hydrocarbon oil on the microscope slide. Suitable crystals were mounted on glass fibers with
silicone grease and placed in the cold dinitrogen stream of a Bruker ApexII diffractometer with
graphite-monochromatic Mo Ko radiation at 90(2) K. No decay was observed in 50 duplicate
frames at the end of each data collection. The structures were solved by direct methods and
refined using all data (based on F*) using the software SHELXTL 5.1. A semi-empirical method
utilizing equivalents was employed to correct for absorption. Hydrogen atoms were located in a
difference map, added geometrically, and refined with a riding model.

Structural Studies:*" '*' All Tb-based TNT-EMFs were stoichiometrically co-crystalized with
benzene and Ni'(OEP) molecules. The stoichiometry of fullerene, Ni'(OEP), and benzene was
1:1:2, respectively, except for the crystal of TbsN@Csgs where the stoichiometry of fullerene,
Ni''(OEP), and benzene was 1:1:2.5. In every case, a nearly planar porphyrin portion and eight
ethyl groups at the rim of porphyrin formed a cradle. This was similar to that observed in the

triclinic form of Ni"(OEP)'*” rather than the S, distorted structure found in the tetragonal

polymorph of pristine Ni"(OEP)."”* The cradle structure of Ni"(OEP) enhances the
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intermolecular interaction between the TNT-EMFs and Ni'(OEP) so that the orientation of TNT-
EMFs is largely fixed. Fullerene molecules are quasi-spherical structures with relatively small
intermolecular interactions. Consequently, their spin movement hinders their structural
determination if they are measured in the form of bare fullerene molecules.

Another effective way for determining a fullerene’s structure is to exo-functionalize the
fullerene molecule and crystallize the functionalized product. Due to the exo-group in the
fullerene cage, the functionalized fullerenes will tend to assume a similar orientation, thereby
reducing the disorder of the crystallization. However, there are a number drawbacks associated
with the exo-functionalization method. First, it may distort or even damage the structure of the
fullerene cage.'”” As a result, structural data may not reflect the actual structures of the bare
fullerene molecules. Second, multi-functional sites on a fullerene cage will produce a mixture of
products. Third, the low yield of endofullerene and the small sample size may be insufficient to
conduct a functionalization reaction.

The n-n stacking between the large conjugated n-systems of porphyrin portion and
fullerene cage as well as the dispersive interactions between the ethyl groups and fullerene cage
can effectively fix the orientation of the fullerene cage, and in so doing reduce the crystallization
disorder. Moreover, these interactions are intermolecular interactions in nature (which can be
inferred from the distances between Ni"(OEP) and the fullerene cage), and thus the fullerene
structure can be maintained in an almost intact form. Since the intermolecular interactions
between Ni' (OEP) and the Tb-based TNT-EMFs will make their relative orientations with
lowest energy, the orientations of the TbsN groups inside the cages will depend on the
orientations of their corresponding fullerene cages. Thus, they will vary from one compound to

another.
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As shown below, each of the structures displays some degree of disorder, which is a
common phenomenon in crystallography. Therefore, only the major orientation of the fullerene
and its contents are discussed in detail. Table 3-2 contains comparative interatomic distance and
angle information for the Tb;N units inside the cages. Table 3-3 shows the average geometric
information of the Tb;N clusters in different cages, which demonstrates that as the cage size
increases, the Tb-N bond elongates while the Tb-C shortens. It should be noted, however, that
the Tb-C distance is always longer than Tb-N bond length. Thus, no chemical bond forms
between Tb and C atoms. The pyramidal shape of the Tb;N cluster in Cgy becomes planar when
the cage size is Cg4 or larger. This suggests that when a fullerene cage becomes larger, it releases
the strain on the Tbs;N cluster so that the TbsN cluster stretches out to form a less strained

structure.
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Table 3- 2. Selected interatomic distances and angles

Tb3N@C88 ® Tng@ng ® Tb3N@C86 ® Tb}N@CSﬁ ®
Ni'(OEP)» | Ni'(OEP)+ | Ni"(OEP)+ | Ni"(OEP) -
2.5C¢He 2.5C¢He 2CeHg 2CeHg
site site 1 site 2 site 1 site 2
occupancy 0.43 0.40 0.60(2) 0.40(2)
distances (A)
Tb1-N1 2.207(3) 2.175(3) 2.158(6) 2.165(7)
Tb2-N1 2.171(3) 2.209(3) 2.159(3) 2.148(7)
Tb3-N1 2.180(3) 2.175(3) 2.159(3) 2.151(7)
Tb1-C 2.333(10) 2.418(8) 2.454(13) 2.36(2)
Tb2-C 2.43009) 2.337(10) 2.398(19) 2.383(19)
Tb3-C 2.328(8) 2.382(9) 2.398(19) 2.373(17)
angles (deg)
Tb1-N1-Tb2 | 117.26(12) 116.46(13) 119.53(14) 119.1(3)
Tb1-N1-Tb3 117.40(13) 125.22(14) 119.53(14) 118.8(3)
Tb2-N1-Tb3 | 125.23(13) 118.23(13) 120.3(3) 121.7(3)
2(Tb-N-Tb) | 359.89 359.91 359.36 359.6

102



Tb-based Large Cage TNT-EMFs

Table 3-2 Selected interatomic distances and angles (continued)

Ds;, Isomer of | I, Isomer of I, Isomer of Isomer 2
Tb3N@C80 ° Tb3N@C80 ® Tb3N@C80 ° Tb3N@Cg4 ®
Ni'(OEP)» | Ni"(OEP)s | Ni"(OEP)+ | Ni'(OEP)+
2C¢Hg 2C¢Hg 2C¢Hg 2C¢Hg
site site 1 site 1, N1A site 2, N1B site 1
occupancy 0.341(2) 0.60 0.40 0.512(3)
distances (A)
Tb1-N1 2.008(8) 2.056(4) 2.038(6) 2.182(4)
Tb2-N1 2.026(6) 2.089(4) 2.085(6) 2.130(4)
Tb3-N1 2.130(6) 2.077(4) 2.089(4) 2.120(4)
Tb1-C 2.287(17) 2.423(3) 2.483(6)
Tb2-C 2.315(15) 2.434(3) 2.406(6)
Tb3-C 2.18(2) 2.404(3) 2.333(6)
angles (deg)
Tb1-N1-Tb2 125.0(3) 116.78(18) 117.8(3) 124.5(2)
Tb1-N1-Tb3 110.8 117.65(19) 118.8(3) 114.6(2)
Tb2-N1-Tb3 111.9 111.63(18) 112.1(3) 120.7(2)
>(Tb-N-Tb) 347.7 346.06 348.7 359.8
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Table 3- 3. Average Tb-N and Tb-C distances (A)
TbsN@Css (D2) | ThsN@Cse (D3) | ThsN@Css (Cs) | ThsN@Cso (In) | ThsN@Csgo (Dsn)
Tb-N 2.186 2.157 2.144 2.072 2.055
Tb-C 2372 2.394 2.407 2.420 2.261
TbsN Planar Planar Planar Pyramidal Pyramidal

The Structure of ThsN@Cs (In): The major site for Tb atoms exhibits 97% occupancy, while

the N atom has two occupancies of 60% for N1A and 40% for N1B (Figure 3-37). As a

consequence, there are two predominant sites for the Tb;N cluster. The sum of the three Tb-N-

Tb angles is 346.06° and 348.7° for the TbsN (1A) and the TbsN (1B) cluster sites, respectively.

Therefore, the Tb;N cluster inside the Cg (I) assumes a pyramidal shape. Compared with the

planar shape of the ScsN cluster in Sc;N@ Cgo (I, and Dsy), ScsN@ Cqs (Ds3h), and SesN@, Ceg

(D3), it is clear that the TbsN cluster size is much larger than the Sc;N cluster, which is due to the

larger size of the Tb atom relative to the Sc atom. The orientation of the TbsN cluster is almost

perpendicular to the Ni(OEP) plane. This orientation is the same as other M3N clusters relative to

the Ni(OEP) plane among all the TNT-EMFs with Cg cage crystallographically characterized

thus far. For fullerene Cgy, there are a total of 31,924 isomers, but only 7 isomers obey the IPR.

Cso (In) isomer is one of those 7 IPR structures. Its pentagon ring spiral codeis: 1 8 10 12 14 16

28 30 32 34 36 42. Due to its high symmetry, there are only two kinds of carbon atoms in a Cg,

(In) cage: Sixty carbon atoms are at the junctions of two hexagons and one pentagon (665,

corannulene site), and another twenty carbon atoms are at the junctions of three hexagons (666,

pyrene site) (see Figure 3-40). Consequently, its °C NMR pattern is very simple: two peaks with

a 3:1 ratio. However, due to the paramagnetic property of Tb>™ (%), a >*C NMR spectrum of
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TbsN@Cg (In) is generally difficult to obtain. In fact, the Cso (1) isomer exhibits the least
stability among the 7 IPR isomers; thus, it has not yet been separated as an empty cage.
However, upon accepting 6¢ as in the TNT-EMF model, [MsN]* @[Cso(In)]*, [Cso(In)]*
becomes thermodynamically and kinetically stable (see Section 1.3.3.2.1 in Chapter 1).

Therefore, MsN@ Cso (In) has a very high yield compared with other EMFs.

Figure 3-36. Illustration of the relative spatial orientations of Tb;N@Csg (I,) and NiH(OEP) in TbsN@Cgo (Ip)®
Ni'(OEP)*2C¢Hg. Only one position of the fullerene cage and the major Tb;N cluster site are shown. Benzene
molecules are omitted for illustration effect. R1 is 0.035.

Figure 3-37. The spatial relationship between Tb atoms and the two locations of N atom and between Tb atoms and
C atoms of the fullerene cage in TbsN@Cso (Iy)* Ni''(OEP)*2C¢H.
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The Structure of Tb;N@Csy (Dsn): There are four sites for the Tb;N cluster in TbsN@Cso
(Dsy)*Ni'(OEP)*2CsH. The populations in these sites are 68.2%, 7%, 12.4%, and 12.4%. The
sums of the three Tb-N-Tb angles of the Tb;N cluster in the four sites are 347.8°, 358.9°, 350.8°,
and 349.5°. The scattered values for the sums of the Tb-N-Tb angles suggest that the Cgy (Dsp)
cage is longitudinal in shape compared with the Cgy (I) cage. Figure 3-39 shows the two
orthogonal views of TbsN@Cso (Dsn) with respect to the Cs axis. The Cg (Dsy) isomer is also
one of the 7 IPR isomers of Cgy. Its pentagon ring spiral code is: 1 7 10 12 14 19 26 28 32 34 39
42. The structures of the I, and Ds, isomers are closely related. The Cg (I) isomer can be
obtained from the Dsj, isomer by slicing the Ds;, isomer along its horizontal mirror plane, rotating
one-half by 36°, and putting the two halves back together.''° Due to the 36° rotation, the Dsy,
isomer has a much lower symmetry than its I counterpart. There are a total of six kinds of
carbon atoms in its fullerene cage, as labeled in Figure 3-40. Thus, the *C NMR spectrum of the

Dsy, isomer has 6 peaks with 1:1:2:2:1:1.

Figure 3-38. Illustration of the relative spatial orientations of Tb;N@Cs, (Ds,) and NiH(OEP) in Tb;N@Csg,
(Dsy)*Ni"(OEP)*2C¢Hs. Only one position of the fullerene cage and the major TbsN cluster site are shown. Benzene
molecules are omitted for illustration effect. R1 is 0.079.
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Figure 3-39. Two views of Tb;N@Cs, (Ds,) with respect to its Cs axis. A is with the Cs axis in the paper plane while
B is with the Cs axis perpendicular to the paper plane.

I Dsh

Figure 3-40. An illustration of the symmetry of the I, and Dsh isomers of Cgy with labels for the different kinds of
carbon atoms based on symmetry considerations.
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The Structure of ThsN@Cs4 (Cs):
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Figure 3-41. An illustration of the relative spatial orientations of Tb;N@Csg, (11, C) and Ni'(OEP) in Th;N@Cgy
(C,)* Ni"(OEP)*2C¢H; with uniform arbitrarily sized circle for cage carbon atoms and 50% thermal contours for
other atoms. Only one position of the fullerene cage and the major TbsN cluster site are shown. Benzene molecules
are omitted for illustration effect. R1 is 0.047.

Figure 3-41 illustrates the spatial relationship between TbsN@Cgs (II, Cs) and Ni" (OEP).
It clearly demonstrates that TbsN@Css (II) assumes an egg-shape, which rests in the cradle of
Ni''(OEP) in such a way that the contact (interaction) between TbsN@Cs, (IT) and Ni'(OEP) is
maximized. The placement of TbsN@Cs4 (II) in the cradle of Ni'(OEP) is very similar to the
orientation of a real egg on a planar surface. The most significant part of the TbsN@Csg4 (1)
structure is that the fullerene cage does not obey IPR as evidenced by the fact that there is a
fused pentagon pair in the fullerene cage of TbsN@Cs4 (IT)! For a Cga, there are a total of 51,592
isomers. Twenty-four isomers are IPR structures, while the other 51,568 isomers are non-IPR
structures. The fullerene cage of TbsN@Csg4s (I1) is No. 51,365 among the 51,568 non-IPR
isomers in Fowler and Manolopoulos’ sequence. This non-IPR No.51365 isomer is in Cs
symmetry. Its pentagon ring spiral code is: 12 11 13 16 18 29 31 33 35 37 44. From this spiral
code, it is also clear that the first and the second pentagons adjoin each other. Prior to this

finding, other reported non-IPR endohedral metallofullerenes, Sc;N@Cgs (D3) and Sc,Co@Cee
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(Cay), are all with a fullerene cage smaller than C7. Their non-IPR structures are not surprising
because fullerenes smaller than C; cannot obey IPR except in the case of Cgo (In). In other
words, Sc3N@Ces (D3) and ScyCo@Ces (Coy) have no chance to adopt IPR structures. However,
with respect to TbsN@Csa (1), the situation is quite different because there are twenty-four [PR
structures available for TbsN@Cs4 (IT) to choose. This finding concerning the non-IPR structure
of TbsN@Cs4 (II) suggests that IPR is no longer the only criteria to follow for the selection of
fullerene structure. Another important aspect is the full occupation of one Tb>* ion in the
pentalene fold formed by a pair of fused pentagons. Among all the non-IPR endohedral
metallofullerenes reported so far, the pentalene fold always coordinated with a metal ion. The
full occupation of one Tb”" ion in the case of ThsN@Cs4 (II) may suggest the necessity of
coordination between the metal ion and a fused pentagon pair for a non-IPR structure.
Theoretical calculations show that the charge transferred from the metal atom to the fullerene
cage mainly focuses on the pentalene patch of the non-IPR cage. As a result, the antiaromatic

pentalene patch became aromatic and therefore stabilized.”’

Figure 3-42. Illustration of the egg-shaped Tb;N@Cs, (11, C,) and the planar TbsN cluster. Only the major Tb;N site
is shown.
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As we determined, the TbsN cluster inside the egg-shaped fullerene cage is disordered.
As shown in Figure 3-43, while Tb1 has full occupation, the site of the Tb2 and Tb3 pair has
0.512 occupancy. Other sites of Tb4 and Tb5, Tb6 and Tb7, and Tb8 and Tb9, in pair, have
occupancies of 0.212 (2), 0.229 (3), and 0.047, respectively. These results suggest that the TbsN
cluster spins along the Tb1-N bond inside the fullerene cage. The sums of Tb-N-Tb bond angles
in TbsN cluster sites are very close to 360° ( for example, 359.8° for the major site), suggesting
that the TbsN cluster is planar inside the egg shaped Cs4 (Cs) fullerene cage. The bond lengths
(A) in the major site of TbsN cluster are as follows: Tb1-N: 2.182(4), Tb2-N: 2.130(4), and Tb3-
N: 2.120(4). Tb1-N is significantly longer than Tb2-N and Tb3-N due to the coordination of Tb1

and the pentalene fold.
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Figure 3-43. Emphasized illustrations of the fused pentagon pair (pentalene fold is in red color), full occupation of
Tb1 in the pentalene fold, and disorder sites of other Tb atoms.

The disorder of the cage carbons of TbsN@Cs4 (11, Cs) 1s shown in Figure 3-44. While
the 64 carbon atoms around the pentalene fold are well behaved, the other twenty carbon atoms
at the opposite end of the pentalene fold of the egg-shaped cage are disordered and form two

sets. These two sets of 20 carbons are related by a C, axis (rotation 180°).
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There are two isomers of TbsN@Cs4, which were co-eluted in the SPBB column. This
suggests that their fullerene cages (P, electrons) are the same size. Their retention times on a
SPYE column, however, displayed a seven minute gap, with TbsN@Cs4 (II) eluted later,
suggesting the Tb;N@Cs4 (II) has a much lower symmetry than TbsN@Csq4 (I). Although
TbsN@Cs4 (I) was not fully characterized, the primary crystallographic data suggested a D,
symmetry (No. 21 isomer of 24 IPR isomers). After the structural determinations of many novel
endofullerenes in this thesis, some experimental results need to be rationally interpreted using
their electronic structures, which are normally generated by computational method. Liaosa Xu in
Dorn group graciously cooperated and undertook all the calculation work while the proposal of
initial electronic structures and interpretations of the calculation results were originated and
performed by myself.

Theoretical calculations were conducted for the Cg4®(D,) and the Cgs®(C,) cages. As
shown in Figure 3-45, while Cg4%(C,) was similar to Cgs"(D,) in thermodynamic energy, the
HOMO-LUMO gap of Cg46'(CS) was much larger than that of Cg46'(D2), suggesting Cg46'(CS) 1S
more kinetically stable than Cg46'(D2). These results are consistent with the dominant yield of

TbsN@Csa (11, Cs) over that of TbsN@Cs4 (I, Dy) in Figure 3-10.

Figure 3-44. Illustration of the disorder of the cage carbon atoms of TbsN@Cg,4 (Cs). Sixty-four carbon atoms around
pentalene fold are well behaved. Twenty carbon atoms at the opposite end of the pentalene fold are disordered and
form two sets. One set of twenty carbon atoms are connected with a solid line while the other set of twenty carbon
atoms are connected with a dash line. The two sets of twenty carbon atoms are related by rotating 180°.
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Figure 3-45. Theoretical calculations for Cgs" (D,) of ThsN@Cs, (I) and Cgs™(C,) of ThsN@Csy (I1).

Structure of Th;N@Cse: The orientation of the TbsN cluster and Cgg (D3) relative to the
Ni(OEP) is shown in Figure 3-46. As we documented, the TbsN cluster is planar inside the
fullerene cage and is parallel to the plane of Ni'(OEP). The average Tb-N distance was longer
than that in TbsN@Css (IT). The Cgq (D3) cage is placed in the cradle of Ni"(OEP) with its flat
surface in contact with the plane of Ni"(OEP), reflecting the maximum interaction between the
Cse (D3) fullerene cage and NiH(OEP). The flattened Cgs (D3) cage shape is shown in Figure 3-
47. The surface-to-surface distance (C; - Cs») along its Cs axis was 7.353 A, while the distances
along its three D, axis were 8.516A, 8.555 A, and 8.553 A. These structural data of the Csg (D3)
cage demonstrated that the Cge (D3) cage is flattened in the direction along its Cs axis.

The Cse (D3) cage is a chiral structure. The two enantiomers of Tb;N@Cse (D3) are
shown in Figure 3-47. Since the separation of any fullerene enantiomers has not yet been
reported, the separation of enantioners of Tb;N@Css (D3) is a new challenge for chemists. The
fullerene cage of TbsN@Cse (D3) is an IPR structure. It is the No. 19 isomer of the total 19 IPR
isomers of Cge in the sequence proposed by Fowler and Manolopoulos. Its pentagon ring spiral
codeis: 171012 14 19 28 33 35 37 40 45. The TbsN cluster relative to the C; (along C; and

Cgy) axis of Cgg (D3) is shown in Figure 3-48. The N atom of the TbsN cluster in the major site is
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at the middle point between the C; and Cs, atoms. The interactions between the three Tb ions of

the TbsN cluster in the major site and their closest carbon atoms are shown in Figure 3-49—

namely, that the three Tb ions all coordinate over the 6:6 ring junctions. Theoretical calculations
in Figure 3-50 show that the neutral Cgg (D3) has a small HOMO-LUMO gap. Upon accepting
6e, however, the HOMO-LUMO gap becomes very large, which accounts for the stability of

TbsN@Css (D3).

Figure 3-46. Illustration of the relative spatial orientations of Tb;N@Csgs (D) and Ni'(OEP) in Tb;N@Csg (D5)*
Ni"(OEP)*2C¢Hs. Only one position of the fullerene cage and the major TbsN cluster site are shown. Benzene
molecules are omitted for illustration effect. R1 is 0.054.

Figure 3-47. Illustrations of the two enantiomers of the Cgq (D3) cage of ThsN@Cg (D3). The Cgg (D3) cage is
flattened in the direction of its Cs axis which is in the plane of the paper.
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| -

Figure 3-49. Illustrations of interactions between the three Tb ions of the Tb;N cluster and their closest carbon
atoms. The three Tb ions of the Tb;N cluster coordinate over three 6:6 ring junctions.
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Figure 3-50. Illustration of the stabilization of the neutral Cgs (D;) upon accepting 6e and becoming Cy® (Ds).

Structure of TbsN@Css: Figure 3-51 shows the spatial relationships of the TbsN cluster and the
Cgs (D») cage relative to the Ni'(OEP) plane. The fullerene cage of TbsN@Css (D) is the largest
cage crystallographically characterized so far. In fact, the fullerene cage of TbsN@Css (D>) is so
large that it cannot be fully placed in the cradle of Ni"(OEP). Consequently, the fullerene cage,
along with the Tb;N cluster inside, is canted relative to the plane of Ni"(OEP). Due to this
change, TbsN@Css (D-) and Ni'(OEP) co-crystalize with the 2.5 C¢Hg molecules rather than
2C¢Hg molecules, as the stoichiometry in the cases of TbsN@Csgo, TbsN@Csgs, and Tb;N@Csg.
The Cgg (D7) of TbsN@Css (D-) is the No. 35 of a total of 35 IPR isomers of Cgs in the list of
Fowler and Manolopoulos’ book.'? Its pentagon ring spiral code is: 1 7 10 12 14 19 28 34 36 40
42 45. The Cgg (Dy) cage is also a chiral structure. The cage of TbsN@Css (D-) is disordered with
two enantiomers residing at a common site. Similar to the fullerene cage of TbsN@Css (D3), the
Css (D») cage is also flattened. The shortest distance between two surfaces along a C, axis of Cgg
(D,) is 7.245A. The longer C-C distance along the other two C; axes are 8.839 A and 8.531 A.
The TbsN cluster is also planar, indicated by the sums of the Tb-N-Tb angles (359.90 and 359.86
for the two major sites) in TbsN@Css (D2). The TbsN cluster is disordered. The two major sites

of the TbsN cluster have 0.43 and 0.40 occupancies. Other four minor sites have 0.07, 0.04, 0.03,
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and 0.03 occupancies. The average Tb-N distance (See Table 3-3) is even longer than that of
TbsN@Css, suggesting that the fullerene cage releases strain when the cage becomes larger.
Figure 3-53 demonstrates the electronic structures of neutral Csg (D;) and Css™ (D»). Neutral Css
(D») has a relative small HOMO-LUMO gap. Upon accepting 6e, however, the HOMO-LUMO

gap becomes significantly larger, which accounts for the stability of Tb;N@Css (Dy).

Figure 3-51. Illustration of the relative spatial orientations of Tb;N@Css (D,) and Ni"(OEP) in ThsN@Cqgs
(D,)*Ni"(OEP)»2.5C¢Hs. Only one position of the fullerene cage and the major TbsN cluster site are shown. Benzene
molecules are omitted for illustration. R1 is 0.056.

Figure 3-52. Illustrations of the two enantiomers of the Cgg (D;) cage of ThsN@Csg (D»). The Cgg (D;) cage is
flattened in the direction of its one C, axis which is in the plane of the paper.
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Figure 3-53. Theoretical calculations of neutral Cgg (D) and ngé'(Dz).
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Figure 3-54. The relationship between the M;N cluster sizes and fullerene cage sizes in TNT-EMFs, M;N@C,,

(M=Group III B and lanthanides). A larger size TbsN cluster can only be encapsulated in larger
fullerene cages (=C80) while smaller ScsN cluster can only be encapsulated in smaller fullerene
cages. When fullerene size increases, it releases the strain on the M3N cluster and the size of the
M;N cluster becomes larger. These results strongly support the trimetallic nitride template (TNT)

formation mechanism for TNT-EMFs, M3N@Cs,,.

3.2.4 Fluorescence of a Hydrogenated TbsN@Csgo Sample

117
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Because many lanthanide ion compounds display fluorescence, lanthanide-based
endohedral metallofullerenes were also expected to have fluorescence. If proven, this could be
significant for a number of applications. However, fluorescent endofullerenes have rarely been
reported. Solid Tb@Csg, was reported to fluoresce at 544 nm with excitation wavelength at 270
nm,"”° possibly due to the first overtone of the excitation light (270 nm). Moreover, Y@Cs, in
polar solvent (DMSO) was reported to have fluorescence at 490 and 570 nm, with excitation
wavelengths in the ranges of 405 to 420 nm and 500 to 530 nm, respectively. The 490 nm
fluorescence was attributed to Y (@Cs; itself while the fluorescence at 570 nm was attributed to
the nanoparticles formed by the aggregation of the Y@Cs, molecules.'”” Mixed metal TNT-
EMFs, Er,Scs <N@Cso (x=1~3), have been reported to exhibit fluorescence in a CS; solid
solution at a very low temperature (1.6 K), which was attributed to the Er’* ions in the fullerene
molecule.'”® Apparently, however, none of these reports measured the fluorescence in non-polar
solvents at room temperature.

As discussed earlier with respect to the UV-Vis spectra (see Section 3.2.3.2 of Chapter
3), the UV-Vis spectra of TNT-EMFs depend on the electronic structure of fullerene cage, but is
independent of the trimetallic nitride cluster. This observation suggests that the trimetallic nitride
cluster inside the fullerene cage is shielded from the incoming UV-Vis light. Due to this
shielding, the lanthanide ions in the cluster cannot be excited and thus no fluorescence will be
detected from them. This shielding may be attributed to two conditions: the conjugated ©
electron system in the fullerene cage and the rapid spinning of the fullerene cage. With reference
to the first condition, the incoming excitation light of UV-Vis is absorbed by the outer spherical
conjugated m electron system in the fullerene cage and thus cannot reach the trimetallic nitride

cluster inside. Second, the rapid spinning movement of the fullerene cage enhances the shielding
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effect from the incoming excitation light. Based on these two suppositions, we proposed the
following solution in order to observe fluorescence from an MsN cluster: reduce cage symmetry
by external functionalization (to slow down the spin movement of the fullerene molecules) and
partially destroy the conjugated m-electron system in the fullerene cage. To test this proposal, we
hydrogenated a TbsN@Csgo sample and measured its fluorescence. The hydrogenation reaction of
the Tb;N@Cs is as follows:

(CH;);COH, Li —* Product Seluble in Organic Solvents

ThsN@Cyg

NHy(CH),NH, —— Water Soluble Product

The hydrogenated product, soluble in organic solvents, was provided by Wujun Fu in
Dorn group. The sample was dissolved and vaporized in CS, several times to remove the original
toluene solvent. The resulting CS; solution was used to measure fluorescence. The fluorescence
spectra were measured with two different wavelength regions of excitation light. The shorter
wavelength region of the excitation light is from 260 to 290 nm, while the longer wavelength
region of the excitation light is from 360 to 420 nm.
3.2.4.1 Fluorescence at Shorter Wavelength Excitations

Fluorescence spectra of shorter wavelength excitation are shown in Figure 3-55 through
Figure 3-58. For short wavelength excitation (260~290 nm), three wavelengths were used: 260,
275, and 290 nm. With the wavelength change in this range, steady fluorescence spectra were
observed with the maximum fluorescence at about 460 nm. Even after subtracting the solvent
background, the resulting fluorescence spectrum maintains the same maximum fluorescence
wavelength (460 nm). Figure 3-56 shows a comparison of the fluorescence spectra of a

TbsN@Csp sample and the hydrogenated product of TbsN@Csg obtained using 275 nm excitation
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light. While the hydrogenated product demonstrated strong fluorescence, the fluorescent

intensity of the intact TbsN@Csg sample was even lower than that of CS; solvent.

15000 -
13000 -
11000 +
9000 -
7000 +
5000 -

Fluorescence

3000 -
1000 -
-1000

Fluorescence at 260nm Excitation

—— Tb sample
—— Solvent (CS2)
—— Solvent subtracted

200 300 400 500 600
Wavelength (nm)

120

Figure 3-55. Fluorescence spectra for excitation at 260 nm. Tb sample was the hydrogenated product of ThsN@Cgy.
Even after subtracting the solvent fluorescence background, the resulted fluorescence spectrum maintained the same
maximum fluorescence wavelength (460 nm).
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Figure 3-56. Comparison of the fluorescence spectra of the Tb;N@Cg sample and the hydrogenated product of

Tb;N@Cg obtained using 275 nm excitation light.
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Figure 3-57. Fluorescence spectra for excitation at 275 nm. Even after subtracting the solvent fluorescence
background, the resulting fluorescence spectrum maintained the same maximum fluorescence wavelength (460 nm).
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Figure 3-58. Fluorescence spectra for excitation at 290 nm. Tb sample was the hydrogenated product of Th;N@Cgy.

Even after subtracting the solvent fluorescence background, the resulting fluorescence spectrum maintained the

same maximum fluorescence wavelength (460 nm).

3.2.4.2 Fluorescence at Longer Wavelength Excitations

Fluorescence spectra from longer wavelength excitation are shown in Figure 3-59 to

Figure 3-62. With respect to the longer excitation wavelength (360~420 nm), four wavelengths
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were used: 360, 380, 400, and 420 nm. Regarding the wavelength change in this range, steady
fluorescence spectra were also observed with the maximum fluorescence at about 540 nm. No
fluorescence was observed at 360 nm excitation. Fluorescence at 380 nm excitation was much
weaker than those observed at 400 and 420 nm excitations. An excitation wavelength of 400 nm
was chosen for further fluorescence study. Even after subtracting the solvent fluorescence
background, the resulting fluorescence spectrum maintained the same maximum fluorescence
wavelength (540 nm), as shown in Figure 3-60 and Figure 3-61. With the 400 nm excitation,
fluorescence at 460 nm was also observed in the fluorescence spectrum after subtracting the
solvent effect. Figure 3-60 and Figure 3-61 display the results of repeated experiments, while
Figure 3-62 shows a comparison of the fluorescence spectra of the Tb;N@Csosample and the
hydrogenated product of TbsN@Cso obtained using 400 nm excitation light. While the
hydrogenated product demonstrates the strong fluorescence, the fluorescence intensity of the
intact TbsN@Cgy sample was even lower than that of the CS, solvent.

The fluorescence of the hydrogenated product of TbsN@Csg at 460 and 540 nm were
assigned to the transitions from *Dy to "Fg and from *Dy to 'Fs, respectively. The quantum yields
of these transitions, as well as the lifetimes of the fluorescence decay, required additional

quantitative studies.
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Figure 3-59. Fluorescence spectra of solvent (CS,) and the hydrogenated product of Tb;N@Cs, obtained using
excitation light of longer wavelength (360 to 420 nm). The maximum fluorescence wavelength occurred at about
540 nm.
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Figure 3-60. Fluorescence spectra for excitation at 400 nm. Tb sample was the hydrogenated product of Tb;N@Cs.
Even after subtracting the solvent fluorescence background, the resulting fluorescence spectrum maintained the
same maximum fluorescence wavelength (540 nm).



Tb-based Large Cage TNT-EMFs

Fluorescence

140000 |~

120000 -+
100000 +
80000 ~
60000 ~
40000 -
20000

0

Fluorescence at 400 nm Excitation

—— Tb Hydrogenation
Solent (CS2)
—— Solvent Subtracted

200

300 400 500 600 700 800

Wavelength (nm)

Figure 3-61. Fluorescence spectra for excitation at 400 nm. Even after subtracting the solvent fluorescence
background, the resulting fluorescence spectrum maintained the same maximum fluorescence wavelength (540 nm).
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Figure 3-62. Comparison of the fluorescence spectra of the Tb;N@Cg sample and the hydrogenated product of
Tb;N@Cg obtained using 400 nm excitation.

3.3 Summary

For the first time, a family of novel larger cage Tb-based TNT-EMFs TbsN@C»,

124

(40 < n < 44) was, systematically synthesized, isolated, and crystallographically characterized.

The protocol developed in this thesis also provides an effective and systematic method for the
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synthesizing, purifying, and characterizing TNT-EMFs and other novel EMFs. The structural
information of the larger cage Tb-based TNT-EMFs TbsN@C», (40 < n < 44) and the small cage
Sc-based TNT-EMFs Sc;N@Ca, (n = 34, 39, & 40) provides us for the first time an opportunity
to build the relationship between sizes of trimetallic nitride clusters and sizes of fullerene cages.
As documented earlier in Figure 3-54, the cage size of TNT-EMF is clearly dependent on the
size of trimetallic nitride clusters. Specifically, larger cage TNT-EMFs require larger templates
of trimetallic nitride clusters. Therefore, the successful structural characterization of a family of
Tb-based TNT-EMFs has provided strong support for the trimetallic nitride template (TNT)
formation mechanism of TNT-EMFs. The structures of TNT clusters inside the fullerene cages
are either planar or pyramidal, depending on the size ratio of the cluster to the fullerene cage.
With respect to the structure of the fullerene cage, EMFs may not necessarily choose an IPR-
obeying cage, as does the non-IPR Tb;N@Css (I, C;), even if the IPR cages are available. At
room temperature and in a non-polar organic solvent, the fluorescence of the hydrogenated
product of TbsN@Cg was, for the first time, successfully obtained. This outcome was based on
the idea of de-shielding and mitigating screening effect of the fullerene cage on the metal ions or
clusters inside the fullerene cage. The maximum fluorescence at 460 and 540 nm were assigned
to the transitions from °Dy to 'Fg and from D, to 7F5, respectively.lgg'zo4 As a result of this new
protocol, the fluorescence spectra of many other lanthanide-based endohedral metallofullerenes
are expected. The fluorescence of the lanthanide-based endohedral metallofullerenes is

anticipated to have many promising applications in medical and optical fields in the future.
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Chapter 4 — A New Class of Endohedral Metalloheterofullerenes --- A Low-lying Spin-

Doped Dimetallic Cluster Inside Aza[80]fullerenes: M,@C7N (M =Tb, Y, and La)

4.1. Introduction

Fullerenes are quasi-spherical carbon cages with each sp” hybrid carbon atom tri-valently
connecting to three other carbon atoms.'>* According to valence-bond theory each carbon atom
on the fullerene cage has one electron in its P, orbital, which radiantly orients to the fullerene
cage. These P, electrons thus form a conjugated system in a fullerene cage.” ®® The substitution
of a carbon atom with a heteroatom, such as a nitrogen atom, will partially damage the &t
conjugation system and result in a radical heterofullerene cage that is energetically unstable.”*>
29 The dimerization of the two unstable radicals forms a dumbbell-like stable structure, as
exemplified by the molecule (CsoN),.”>'”* Thus, the existence of a single heterofullerene
structure remains unclear. Upon encapsulating metal atoms or a cluster, however, the electronic
structure of the fullerene cage will dramatically change as a result of charge transfer between the
captive and the capturer.”*'"” Therefore, the supposition that a stable endohedral
metalloheterofullerene can exist is reasonable.

Due to the special electronic states associated with endohedral metalloheterofullerenes,
they were expected to have novel electronic and magnetic properties and very important
potential applications. Therefore, exploring metal doped heterofullerenes was intriguing to many
scientists, although the research results had rarely been reported. In fact, the only reported
endohedral metalloazafullerenes were [L212@C79N]Jr and [La@CglN]Jr fragments, which were
observed in the gas phase by bombarding their corresponding precursors via fast atom

bombardment mass spectrum (FABMS) fragmentation.”' Therefore, actual endohedral

metalloazafullerenes had not yet been isolated.
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We previously reported the preparation and novel properties of a new family of stable
endohedral metallofullerenes (EMFs), A3 xBiN@Csgo (x =0 ~ 3, A and B are Group III B and
lanthanide metals), formed via a trimetallic nitride template (TNT) process.’' "7 '8! The
introduction of the nitrogen source in this TNT methodology may facilitate the synthesis of the
endohedral metalloazafullerenes. While synthesizing these TNT-EMFs, therefore, we paid
particular attention to the interesting family of endohedral metalloazafullerenes. Herein, we
report the synthesis, isolation, and experimental and theoretical characterization of a new class of
dimetallic endohedral metalloazafullerenes: M,@C79N (M = Tb, Y, and La).

4.2. Experimental Results and Discussions
4.2.1 Synthesis and Isolation

The process utilized to prepare Mo@C79N (M=Tb, Y, and La) was analogous to the one
used for TNT-EMFs described in Chapter 3. To reiterate briefly, the core-drilled graphite rods
(6.4 mm in diameter X152 mm in length) were packed with a mixture of M,03 (Tb4O7 for
Tb,@C79N), graphite powder and iron nitride (FexN, x =2 ~ 4). The total M:C molar ratios were
about 3:100. In previous studies, we established that iron nitride functions as a modifier of the

electric-arc plasma.'®!

The packed rods were pre-heated to about 1000°C under N, flow for about
10 hours to remove air and moisture. The rods were then vaporized in a Kratschmer -Huffman
arc-discharge fullerene generator filled with a mixture of 20 Torr dinitrogen and 280 Torr helium
gases. The raw soot was extracted in a Soxhlet extractor using toluene as solvent for approxiately
20 hours to obtain the extract. The extract was initially separated utilizing a cyclopentadiene
functionalized Merrifield peptide resin (CPDE-MPR) column as previously described. With

chemical separation, most of the empty cages and reactive classical endofullerenes are retained

on the CPDE-MPR and thus cannot be eluted. The HPLC chromatograms of the Y-based sample
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before and after chemical separation are shown in Figure 4-1. The HPLC traces of Tb- and La-
based sample before and after chemical separations are shown in Figure 3-6 and Figure 4-21,

respectively.
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Figure 4-1. HPLC chromatograms of Y-based samples on 5SPBB column (4.6 mmx250 mm). (a) and (b) are HPLC
traces before and after the chemical separations, respectively. Flow rate: 2.0 ml toluene /minute; Detection: 390 nm.

As shown in Figure 4-1b, there were seven fractions from Y1 to Y7. Fraction Y1
contained Cg4 and Y,@C79N. The Tb-based sample after chemical separation had a similar
HPLC trace, and also had seven fractions from Tb1 to Tb7. Fraction Tb1 contained Cg4 and
Tby@Cy9N (see Figure 3-6). Fraction Y1 and Fraction Tb1 were collected and were further
separated using a SPYE column. Cg4 was easily separated from Y,@C79N and Tby@C79N since
their retention times on a SPYE column were very different (see Figure 4-2 and Figure 4-3). The

HPLC chromatograms of the pure Y,@C79N and Tb,@C79N samples are shown in Figure 4-4.
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Figure 4-2. Separation of Tb,@C7N from Cg4 on a SPYE column (10mmx250mm). Flow rate: 3.0 ml toluene
/minute; Detection: 390 nm.
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Figure 4-3. Separation of Y,@C7N from Cg4 on a SPYE column (10mmx250mm). Flow rate: 2.0 ml toluene
/minute; Detection: 390 nm.
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Figure 4-4. HPLC chromatograms of the pure Y,@C79N and Tb,@C7sN samples on a SPYE column
(10mmx250mm). Flow rate: 2.0ml toluene /minute; Detection: 390 nm.

4.2.2 Characterization
4.2.2.1 UV-Vis, Mass Spectra, and Retention Behavior

After obtaining the pure samples, we measured the UV-Vis of both the Y,@C79N and
Tb,@C79N samples. The similarity in UV-Vis spectra (see Figure 4-6) of these samples
suggested that they have the same fullerene cage structure. This was consistent with the fact that
Y,@C79N and Tb,@C79N samples had the similar retention behavior on both PBB and PYE

columns. We had established the relationship between the retention behavior and the fullerene
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cage sizes on SPBB column. By this relationship, both Y,@C79N and Tb,@C79N had a fullerene
cage size of about 85 P, electrons, which was consistent with our calculation for a model of
[M2]"@[C79N] (M =Y, Tb, and La). This cage size of about 85 P, electrons also suggests that
the N atom would be located in the fullerene cage rather than inside the cage. Since a fullerene
cage requires an even number of atoms, the other possible molecular formula is Mo,CN@Crs.
However, the structure of Mo,CN@C75 can only result in a maximum cage size of about 82 P,

electrons.
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Figure 4-5. Negative DCI mass spectra of the pure Tb,@C-N and Y,@C79N samples.
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Figure 4-6. The UV-Vis spectra of the pure Y,@C;oN and Tb,@C79N samples.

4.2.2.2 Mass Spectra of "N Isotopic Labeled Thy@Cr9N Sample
To verify the existence of the N atom in Tb,@C79N, we labeled the molecule with N.
The mass spectrum of the '°N labeled sample is shown in Figure 4-7. The "N labeled TbsN@Cso

sample is an internal reference.
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Figure 4-7. LD-TOF mass spectrum of "N labeled Tb,@C7sN and TbsN@Cso. Tb,@C7N and TbsN@Cs, samples
with natural abundant nitrogen have molecular weights of 1280 and 1451, respectively.
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4.2.2.3 Crystallographic Structure of Tb@Cr9N

From the HPLC separation chromatograms of Tby(@C79N and Y,@C79N shown in
Figures 3-6, 4-1, 4-2, and 4-3, we knew that the yields of both Tb,@C7N and Y,@C79N were
very low. However, the yield of Tbo@C79N was slightly higher than that of Y,@C79N. Thus, we
chose the Tb,@C79N molecule for growing the single crystal sample. The methodology for
growing crystals is very similar to that described in Chapter 3. Unfortunately, the available
amount of the Tb,@C79N sample was even much lower than those for the larger cage TNT-EMF
samples—namely, only about 5 micrograms. The crystal sample was harvested after a 45-day
crystallization process using our homemade device. As it turned out, utilizing the specialized
conditions controlled in our homemade device, only one small crystal was produced. This
observation suggests that a Tby(@C79N sample was not wasted for multiple crystallizations, but
was adequately utilized for growing the single observed crystal.

The space group for the black prism crystal of Tbh,@C79N*Ni(OEP)*2C¢Hg was C2/m.
The orientation of the Tb,@C79N molecule relative to Ni(OEP) is depicted in Figure 4-8. As a
result of this disorder, the crystallographic data could not specifically identify the site of the
nitrogen atom in the cage. Moreover, because of the similar sizes and scattering power of carbon
and nitrogen, differentiation between C and N atom sites was challenging in such a high
symmetry environment. The X-ray crystal structure of the carbocation, (CsoN)", also displayed
disorder in the position of the nitrogen atom.”’ The possibility of a specific interaction between
the nitrogen atom of the cage and the Ni(OEP) molecule was also examined and rejected. The
closest contacts for atoms in the cage with the nickel atom were shown to be 3.044(8) and
2.805(3) A for the two cage orientations. These distances were within the range found for

numerous analogous structures associated with all-carbon cages. If the N atom site was ignored
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and viewed as a carbon site, the fullerene cage had a structure of Cg (I1). There were two
orientations of the Cg (I1) cages in the collected crystallographic data set. One of the two balls,
which was present half the time, displayed crystallographic mirror symmetry. The other half of
the time, the Cgp was disordered with respect to the mirror plane. As shown in Figure 4-8b, there
were 11 pairs of Tb atom sites, most of which were in a circle, although they did seem to avoid
the Ni atom of Ni(OEP). Ten of the 11 pairs had occupancies ranging from 0.029 to 0.102.
However, there was one major pair of Tb1-Tb1A, as shown in Figure 4-8a, that had an
occupancy of 0.43. In Figure 4-8a, the mirror plane was vertical and came off the page. The Tb1-
Tb1A distance was 3.9020(10) A. Each of Tbl and Tb1A atoms coordinated in an n° fashion to
a hexagon of the fullerene cage. The Tb-C distances ranged from 2.366(10) to 2.523(11) A with
the Tb to ring centroid distance of 1.969(10) A. The placement of the Tb atoms above the
hexagons was remarkably similar to the location of the three Tb atoms in Tb;N@Cso-1;, where
the Tb-C distances ranged from 2.404(3) to 2.518(3) A and the Tb to ring centroid distance was

1.975(3) A"
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(b)

Figure 4-8. Illustrations of the Tb,@C79N molecule relative to Ni(OEP) in the co-crystal of
Tby@C,9N*Ni(OEP)*2C¢H¢ with uniform arbitrarily sized circle for cage carbon atoms and 50% thermal contours
for other atoms. Benzene molecules were omitted for clarity.
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Figure 4-9. Illustration of the positions of the Tb atoms in the major site inside the fullerene cage determined
crystallographically. At this site there is a crystallographic mirror plane which lies perpendicular to the plane of the
paper and bisects the line between the two terbium atoms. R1 is 0.0844.

4.2.2.4 DFT Theoretical Studies: Structure of M@ C79N

The structure of C79N can be thought of as a Cg (In) cage with one N atom replacing a C
atom. There are two types of carbon atoms in Cg (Ip,), 1. €. a three hexagon junction and a two-
hexagon and one-pentagon junction. Therefore, the N atom can only have two possible positions,
a three hexagon junction (666 junction) and a two-hexagon and one-pentagon junction (665
junction). The structures of My@C79N with 666 and 665 junctions are depicted in Figure 4-10.
[C7oN]> and [Cso]® are isoelectronic molecules. This, we believe, explains the stability of
[C79N]>". Our theoretical calculations using density function theory (DFT, B3LYP/6-31G*)***2!!
were initially carried out on both the 666 junction and 665 junction structures of [C7oN]”, and
these results are shown in Figure 4-11. As depicted, the 665 junction structure was shown to be
more thermodynamically and kinetically stable than the 666 junction structure. The

thermodynamic energy difference was 12.6 kcal/mol with the 665 junction structure in the lower
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level. The HOMO-LUMO gaps were 2.388 and 2.684 eV for the 666 junction structure and 665
junction structure, respectively, while that of [Cgo]® was 2.99 eV at the same calculation level.
We also carried out theoretical calculations for the Y,@C79N molecule at the same level.
Our computational approach for Y,@C79N predicted significantly higher thermodynamic and
kinetic stability for the 665 structure in comparison to the 666 species. In fact, the 665 structure
turned out to be 14.05 kcal/mol more stable than the 666 species. Moreover, the HOMO-LUMO
gaps were relatively large 2.43 eV and 2.50 eV for the 666 and 665 junction structures,
respectively. Clearly, calculations for [C79N]5' and Y,@C7N predicted similar results, i. e. a 665
junction structure was favored over its 666 counterpart based on both thermodynamic and kinetic
considerations. Therefore, our subsequent calculations for molecular orbital and spin density

focused on the 665 structures.
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Figure 4-10. Illustration of M,@C7N (M=Y, Tb, and La). N atom is placed at two possible positions: three hexagon
(666) junction and two hexagon and one pentagon (665) junction.
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Figure 4-11. DFT calculations of 666 junction and 665 junction structures of [C;oN]™.
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4.2.2.5 Electron Spin Resonance (ESR) Measurements of Y>@C9N Sample in Solution, Solid,
and Solid Solution

The [M2]” @[C7N]> (M=Y, Tb, and La) model suggests that there is an unpaired
electron in this type of molecule and they should be ESR active. Indeed, the electron spin
resonance (ESR) measurements of Y,@C79N confirmed this conjecture, and this is shown in
Figure 4-12. However, in the case of the Tby@C79N sample, no ESR signal was detected, which
we believe was due to the paramagnetic property of Tb>" and the associated short electron

212,213

relaxation time for the Tb* ion The electronic configuration of Tb*" was 4f* and there

were 6 unpaired electrons in the 4/ orbital.
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Figure 4-12. ESR measurements of Y,@C79N and 2,2,6,6-Tetramethyl-piperidinyl-1-oxy (Tempo). The g-factor (go)
value for nitrogen radicals is slightly larger than 2.0 with a hyperfine coupling constant (hfc) typically around 15
Gauss.

Figure 4-12 shows ESR measurements of Y,@C79N and 2,2,6,6-Tetramethyl-piperidinyl-
l-oxy (Tempo) samples. The g-factor (gyp= 1.9740) suggests that the ESR signals were not due to

the nitrogen atom (as gp=2.0067 in Tempo sample) but rather to the metal atoms inside the
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fullerene cage. The assignment of spin density on metals was also consistent with the large

214.215 The nuclear spin number of yttrium is / = 1/2, and

hyperfine coupling constant (81.23 G).
the total nuclear spin number of the two yttrium atoms is 1. The unpaired electron of Y,@C79N
molecule was shared by the two yttrium atoms and formed a single-electron chemical bond
between them. According to the (2/ +1) rule, the ESR signals will demonstrate 3 peaks with
1:2:1 ratios of peak areas, which was confirmed by the experimental observations.

To further test the assignment of the spin location, ESR measurements of the solid
Y,@C79N sample were carried out. As expected, a singlet ESR signal with the same gy value was
observed, which was associated with the Heisenberg spin exchange effect. Diluted with Cg4, a
solid solution of Y,@C79N in excess of Cgs again demonstrated ESR signals of three peaks. The
corresponding 1:2:1 ratio of peak areas was similar to the results of the sample in toluene. These
results of ESR measurements can only be explained by the fact that the cluster inside the

fullerene cage is a spin-doped dimetallic cluster. A comparison of the ESR measurements of the

Y,@C79N sample in different states is demonstrated in Figure 4-13.
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Figure 4-13. Comparison of the ESR measurements of Y,@C+N in different states.
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4.2.2.6 DFT Theoretical Studies: Low-lying Single-electron Orbital and Spin Density
The density functional theory (DFT, B3LYP) calculations, with basis sets of 6-31G* for
the C and N atoms, and DZVP (DFT orbital) for the Y atom,*'® showed that Y-Y distance was

3.864 A. The orientation of the two Y atoms relative to the N atom is illustrated in Figure 4-14.

Figure 4-14. The orientation of the two Y atoms relative to the N atom in the 665 junction structure.

The single-electron orbital between the two Y atoms was low-lying at the HOMO -2
orbital. This low-lying single-electron orbital— together with the large HOMO-LUMO gap (2.50
eV)—are responsible for the stability of the Y,@C79N molecule. The calculated isotropic Fermi
contact coupling was 65.79 G, which is very close to the experimental hyperfine coupling
constant (81.23 G). Moreover, the lack of an observed '*N nitrogen hyperfine coupling for the
cage nitrogen atom is consistent with the small calculated value 0.03 G. We also calculated the
Y,@Csg (In) molecule at same level. The LUMO of Y,@Cso (I1) corresponds to the empty orbital
between the two Y atoms and had a very low level of energy. As a consequence, Y>@Cso (I1)
exhibited a small HOMO-LUMO gap of 0.92 eV, suggesting that Y,@Cso (Ir) molecule is not
stable, which is consistent with missing observation of the Y,@Cso (Iy) molecule.

Notice that the Y,@C79N molecule has one more electron than Y,@Cs (Ir). Upon
accepting one electron, Y,@Cso (In) becomes [Y.@Cso (In)]’, which is the isoelectronic molecule

of Y2@C79N. The low-level energy LUMO of Y,@Cso (In) with the single electron accepted will
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be further lying down to the HOMO -2 of [ Y2@Cso (In)]’, resulting in a large HOMO-LUMO
gap, as well as the same molecular orbital distributions as those of Y,@C79N. A comparison of
the molecular orbital distributions between [Y>@Cso (In)] and Y>@C79N and the indication of
the low-lying process of Y>@Cso (In)’s LUMO upon accepting one electron are shown in Figure
4-15. Electrons in the Y,@Csg (In) molecule are all coupled, thus there is no spin density
associated with it. However, there is an uncoupled electron in both the [Y,@Cso] and Y,@C79N
molecules. The single electron in both the [Y,@Csgo] and Y,@C79N molecules is located in the
HOMO-2 orbital for the two molecules. The HOMO-2 orbitals in the [Y>@Cg] and Y,@C79N
molecules are mainly contributed by the two Y atoms, as shown in Figure 4-15. Moreover, the
spin density of [Y2@Cso] and Y2@C79N molecules are concentrated between the two Y atoms
and have a very similar shape to the HOMO-2 orbital. This observation suggests that the spin
density of the two molecules is due to the uncoupled electron at the HOMO-2 orbital. These

calculated results were confirmed by the ESR signals demonstrated in Figure 4-13.
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Figure 4-15. Illustrations of the low-lying process of Y,@Csg, (I)’s LUMO upon accepting one electron, and
comparison of the molecular orbital distributions between Y,@C7oN and [Y,@Csg] ', as well as comparisons of
HOMO-2 and spin density of Y,@C7N and [Y,@Cgo] .

Calculation of [Yz@C79N]Jr showed that when one electron was removed from Y,@C79N,
the electron was from the HOMO of Y,@C79N, not from the single electron occupied HOMO-2.
In order to further establish that the single electron at the HOMO-2 orbital was truly at low
energy level, the [Y>@C7oN]*" was calculated. This was done to ascertain the location where the
two electrons could eventually be removed from the Y,@C79N molecule. As expected, the two
electrons were removed from the HOMO orbital of the Y>@C79N molecule. The single electron
was still there, but now it was located in the HOMO-1 of [Yz@C79N]2+ molecular ion,
confirming that the single electron was truly low-lying in a low-energy orbital. The comparison
of the HOMO-1 orbital and spin density of the [Y2@C7oN]*" molecular ion is shown in Figure 4-

16.
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Figure 4-16. Comparison of the HOMO-1 orbital and spin density of [Y,@C7sN]*" molecular ion. The HOMO-1
orbital of [Y,@CoN]*" corresponding to the HOMO-2 orbital of Y,@C7oN.

Important comparisons among the HOMO of [Yz@Cgo]z', the LUMO of Y,@Cso (In), and
the HOMO -2 of [Y,@Cso] are depicted in Figure 4-17. In particular, by comparing the
symmetries of the molecular orbitals, we determined that the low-lying HOMO-2 orbital of
[Y@Cso (In)] was from the LUMO of Y»@Cso (In). Upon accepting one electron, the LUMO
with the single electron of is low-lying to HOMO-2 of [Y2@Cso (In)]. The small HOMO-LUMO
gap (0.92 eV) of Y2@Cso (In) thereby becomes the large HOMO-LUMO gap (2.64 eV) of
[Y@Cso (In)] (see Figure 4-15). Upon accepting two electrons, however, the LUMO remained

but became the HOMO of [Y,@Cso (Ir)]*” with smaller HOMO-LUMO gap of 2.00 eV. These



Dimetallic Endohedral Metalloazafullerene 144

results suggested that single electron bond between the two Y metal atoms is favored, while a

two electron bond between the two Y metal atoms is not.

HOMO of [Y>@Cgol?* LUMO of Y,@Cgg HOMO-2 of [Y,@Cgol”
Orbital is not low-lying Orbital is low-lying to HOMO-2

Figure 4-17. Comparisons of HOMO of [Yz@CgO]z’, LUMO of Y,@Cg, and HOMO-2 of [Y,@Cg]".

In order to confirm the kinetic stabilization energy of the single-electron bond between
dimetallic clusters inside a fullerene cage, theoretical calculations were also conducted on
[Y>@C7oNT, which is an isoelectronic molecule of [Y>@Cso]*". The molecular orbital diagram of
[Y@C7N] and its HOMO orbital are shown in Figure 4-18. Since Y,@C79N has a single-
electron bond between its two Y atoms, [Y2@C79N] should have two electrons shared by the two
Y atoms. As shown in Figure 4-18, the two-electron orbital between the two Y atoms was not
low-lying and remained as the HOMO of [Y,@C79N]". Consequently, the HOMO-LUMO gap

(1.89 eV) was much smaller than that (2.50 eV) of Y,@C79N molecule.



Dimetallic Endohedral Metalloazafullerene 145

[Y2@C7oNI
LUMO+1 0.000
LUMO —_— -0.009
1.89 eV
HOMO A -0.078
HOMO-1 —— -0.110
HoMO2 — 1', i~ 0116
l l |
Homo3 —i i l— -0.140

Figure 4-18. Molecular orbital diagram and the HOMO of [Y,@C79N]. The HOMO of [Y,@C79N] was mainly
contributed by two Y atoms.

Table 4- 1 Comparisons of Y-Y bond lengths and hybrids on bonding Y atoms

Y-Y Distance (A) Hybrid on Bonding Y Orbital
[Y.@C7N] | 3.613 554d"" HOMO, 2e Bonding
Y>@C7oN 3.864 5s4d'’ HOMO-2, le Bonding
[Y.@Cso]~ | 3.640 554d""° HOMO, 2¢ Bonding
[Y>@Cso] 3.893 554d"% HOMO-2, le Bonding
Y,@Cso 3.941 No bonding LUMO, no bonding
Yo" No minimum point | N/A N/A

As shown in Table 4-1, the Y-Y distances in the relative molecules clearly demonstrate
the formation of the metal-metal bond between the two Y atoms. Since no fullerene cage
constrains for two yttrium cations, Y>> cannot exist due to the strong electrostatic repulsion
between the two Y cations. In Y,@Cso molecule, the two Y cations participate in LUMO. Thus,
no bonding was formed between them. Its Y-Y distance was 3.941 A. Upon accepting le and 2e,

Y>@Cso became [Y,@Cso] and [Y,@Cso]* and their Y-Y distances were 3.893 A and 3.640 A,
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respectively. The decrease trend of Y-Y distances from Y,@Csg to [Y2@Cso] and from
[Y2@Cso] to [Y2@Cso]* supported that a single-electron bond and a two-electron bond were
formed between the two Y cations in the [ Y,@Cso] and [Yz@Cg()]z-, respectively. The cases of
Y,@C7oN and [Y,@C7oN] were similar. Their Y-Y distances (3.864 A in Y,@C79N and 3.613
A in [Y,@C79N]) also decreased, suggesting the metal-metal bond became stronger from the
Y,@CN to [Y2@C79N]', where there were a single-electron bond and a two-electron bond
between the two Y*" cations, respectively. The inspection of the hybrid on the bonding Y atoms
demonstrated that the bonding between the two Y cations was primarily between their 5s and 4d
atomic orbitals.

We also calculated La,@C7oN. The La-La distance (3.638 A) was much shorter than the
Y-Y distance (3.864 A) in Y,@C9N as well as Tb-Tb distance (3.902 A)in Tby@C79N. In
addition, the single-electron occupied LUMO was not low-lying. As a result, its HOMO-LUMO
gap (2.08 eV) of La,@C79N was much smaller than that (2.64 eV) of Y,@C79N. This
observation also suggests that the single-electron bond between two metals is very sensitive to
the distance between those two metals. This smaller HOMO-LUMO gap is consistent with the
much smaller yield of La;@C79N compared with Tby(@C79N and Y>@C79N. The molecular
orbital diagram of La,@C79N is shown in Figure 4-19, while comparisons of its a-HOMO, B-
LUMO, and spin density are shown in Figure 4-20. Since the total number of electrons in the
La)@C79N molecule is odd, the uncoupled electron is in the a-HOMO orbital. Therefore, we
anticipated that the a-HOMO and B-LUMO would have the same symmetry, and that the spin

density would reflect the symmetry of the a- HOMO.
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Laz@C]rgN
LUMO+1 -0.118
LUMO — -0.129
2.08 eV
HOMO —— -0.206
HOMO-1 S 0.218
| | 1l
HOMO-2 14 1 ¥ -0.226
: Il i 1

Figure 4-19. Molecular orbital diagram of La,@C79N. Contrast to those of Y,@C79N and [Y,@Cg]’, the uncoupled
electron was not low-lying and remained at the HOMO, resulting in a smaller HOMO-LUMO gap.

Figure 4-20. Comparison of a-HOMO, B-LUMO, and spin density of La,@C;oN.
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4.2.2.7 Synthesis and Separation of La,@C79N and La@Cg;N
The synthesis and isolation of La,@C79N was very similar to procedures used for both
Tb,@C79N and Y,@C79N. However, due to the large size of the lanthanum atom, La-based
TNT-EMFs were not found. Thus, the HPLC trace of effluent after chemical separation was
different from those of the Tb- and Y-based samples. Based on the known methodology of
separating Tby,@C79N and Y,@C79N, we knew that La,@C79N would co-elute with Cgq4 on a

5PBB column if it existed. Therefore, the peaks around Cg4 were collected in wide range to avoid

the loss of the La,@C79N sample, as shown in Figure 4-21.

Wider range
collection

Figure 4-21. HPLC chromatograms of effluent after chemical separation on a SPBB column (4.6 mm x 250mm). It
shows the two traces of continuous sample injections. Flow rate: 2.0 ml toluene /minute; Detection: 390 nm.

The sample collected during the first stage of HPLC using a SPBB column was further

separated on a SPYE column. This HPLC chromatogram is shown in Figure 4-22. There were
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three peaks in the SPYE trace. Cgs was expected because it had always co-eluted with Mo@C79N
molecules. Samples La 1 and La 2 were collected and further cycled on a SPYE column. Their

HPLC chromatograms are shown in Figures 4-23 and 4-24.

*f On 5PYE
L)
i
\ﬁ_._,‘\J\/ UM
La1l La2
1 1 i 1 1 | 1 i | { 1 1 1 1
10 20 30 40 50 60 70

Figure 4-22. HPLC chromatogram on a SPYE column (10 mm X 250mm) of the Cg4 portion collected during the
first separation stage on a SPBB column. Flow rate: 2.0 ml toluene /minute; Detection: 390 nm.

Surprisingly, the La 1 portion was identified as Tb;N@Csgo, which was confirmed by
mass spectrum. Upon further investigation, however, we ascertained that it had been
contaminated—probably as a result of the reclaimed extraction solvent. Due to the very low
yield of La,@C79N, the contamination became even more significant when we concentrated the
La-based sample by vaporizing the solvent. We also purified the La 2 sample by cycling on a
SPYE column. The resulting mass spectrum demonstrates that it contained both La,(@C79N and
La@CsgN. To further confirm the presence of La,(@C79N, the La 2 portion was characterized via

high resolution LD-TOF mass spectrometry, which is shown in Figure 4-25.
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TbsN@Cgo | La1
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Figure 4-23. HPLC chromatogram of the La 1 portion on a SPYE column (10 mm x 250mm). Flow rate: 2.0 ml
toluene /minute; Detection: 390 nm.
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Figure 4-24. HPLC chromatogram of the La 2 portion on a SPYE column (10 mm x 250 mm). The inserted mass
spectrum confirms that it contains both La,@C7sN and La@CgN. Flow rate: 2.0 ml toluene /minute; Detection: 390
nm.
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4.2.2.8 High Resolution LD-MS Spectra of Lax@C9N and La@Cs;N
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1075.18
1051.18 La@Cs La.@Cs
‘ 1122.90 1213.81
1027.17 ‘ . La,@C79N
| 1239.81
1002.91 ’: | 1190.09
] | g l
i i ‘ ;‘ lt 1 166.08 !
| LL i I LL N i, h 1244.91
N ST I e VVMW ¥ Wﬂvwmm RO || T WS
) 1080 1160 1240
Mass (m/z)

Figure 4-25. High resolution LD-TOF mass spectrum of La 2 portion. It demonstrates that in addition to the
existence of both La,@C79N and La@CgN, there are a series of La@C,, (2n<82) and a series of La,@C,, (2n < 78)
presenting in the La2 portion.

High resolution LD-TOF mass spectrum of the La 2 portion shown in Figure 4-25
confirms the existence of La,@C79N and La@CsN (as shown in Figure 4-24). In addition to the
existence of both La,(@C79N and La@Cg N, it also demonstrates the presence of a series of
La@Cs, (2n < 82) and a series of La,@Cs, (2n < 78) in the La 2 portion. Comparisons of the
experimental mass spectra and theoretical isotopic distributions of La,(@C79N and La@Cg N are

shown in Figure 4-26 and Figure 4-27, respectively.
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Figure 4-26. Comparison of the experimental mass spectrum of La,@C-oN and its theoretical isotope distribution.
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Figure 4-27. Comparisons of experimental mass spectra of La@CgN and La@Cg, and their theoretical isotope
distributions.
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2.2.9 DFT Theoretical Studies: Stability of M>@Cso (I1)

Due to the small size of La,@C79N sample, it could not be completely isolated. Instead, it
was mixed with La@Cg N and series of La,@C,, (2n< 78) and La@C;, (2n < 82), as shown in
Figure 4-25. It should be noted, however, that the well-characterized La,@Csg (molar mass:
1238) in literature is missing from the mass spectrum in Figure 4-25, suggesting that La,@Cs,
(I) is not a very stable species and cannot compete with Lay(@C79N in the process of synthesis
and chemical separation. Our theoretical calculations show that La,@Csg (I) exhibited a much
smaller HOMO-LUMO gap (1.30 eV) than La,(@C79N (2.08 eV). The electrochemical gap of
La,@Cso (I) was 0.87 V. These data suggests that La,@Cso (Ip) is kinetically much less stable
than the members of the Cgy cage TNT-EMFs, whose electrochemical gaps and HOMO-LUMO
gaps are generally around 1.8 V and 2.5 eV, respectively. This also explains why the yield of
La)@Cso (Iy) was much smaller than other MsN@Cso (I). Although Lay@Cgo (I1) has the
fullerene cage Cgo” (I), which is the same as that of TNT-EMFs, its stability was not the same as
that of Cgo6' (In) because the La, cluster also participates in the frontier molecular orbitals, and
thus affects the HOMO-LUMO gap. The molecular orbital diagram and the LUMO orbital of
La)@Cs (I) are shown in Figure 4-28. Clearly, the LUMO of the La;@Cgo was mainly
contributed by La, cluster. Due to the low-energy level of the LUMO, the HOMO-LUMO gap of

La)@Cs (I) is much smaller than that of Cgo6' (In).
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La,@Cygo
LUMO+2 0104
LUMO#+1 — -0.111
LUMO 0149
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HOMO ‘1‘7 -0.197
HoMo-1 — 1 = —— 0205
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Figure 4-28. Molecular orbital diagram and LUMO of La,@Csgy. The LUMO of La,@Cs (I,) was mainly
contributed by two La atoms.

Although the HOMO-LUMO gap (1.30 eV) of La;@Cso (In) was much smaller than those
of either La,@C79N (2.08 eV) or Y,@CN (2.50 eV), it was significantly larger than the
HOMO-LUMO gap (0.92 V) of Y,@Cso (In). These results are consistent with experimental
observations, namely that La,@Cs (I1) has been synthesized and well characterized in many

120, 151,160,165 wwhile Y,@Cso (I1) is a missing molecule. These results strongly suggest that

reports
the kinetic stability of M,@Csg (I1) is metal dependent. Since the LUMO of My@Cs (I1) 1s
primarily impacted by (1) the dimetallic cluster (M;) inside the Cg (I1,) fullerene cage, and (2)
the fact that generally the LUMO is at a low-energy level, Ma@Cso (I) is less stable than its
M,@C79N counterpart. Thus far, the reported M>@Cso (In) molecules include La,@Cso (I1),
Cex@Cso (In), Pro@Cso (In), and Gdr@Cso (In). However, due to the complicated isotope
distribution in mass spectrum of Gd,@Cso (Ip), the assignment of Gd,@Cso (I1) by only mass
spectrum characterization is questionable. Apparently, other three members of the M@ Cg (In)

family (M=La, Ce, and Pr) are the largest (or light) lanthanide-based dimetallic endofullerenes.

4.3 Summary



Dimetallic Endohedral Metalloazafullerene 155

In summary, a family of novel dimetallic endohedral metalloazafullerenes with the
molecular formula of M,@C79N (M=Y, Tb, and La) was synthesized, isolated, and characterized
for the first time. Mass spectra also demonstrated the existence of La@Cs;N and Tb@CsN. The
structural characterization of Tbo@C79N using single crystal X-ray diffraction demonstrated that
its fullerene cage was an I} eighty-atom cage and thus excluded the possibility of Tb,CN@Cs.
The presence of the N atom in the molecule was further confirmed by mass spectrum of °N
labeled sample. Based on their similar retention behavior and/or similar UV-Vis spectra, its Y-
and La-based counterparts should also have formula of Y,@C79N and La,@C79N, respectively.
Our ESR data demonstrated that there was a single electron between two Y atoms in the
Y>@C79N molecules. Our calculations supported the experimental observation and showed that
the single electron was low-lying at HOMO -2 orbital and thus resulted in a large HOMO-
LUMO gap for Y2@C79N. The large HOMO-LUMO gap and the low-lying single-electron
orbital (hidden at HOMO-2) were responsible for the stability of Y,@C79N. Theoretical
calculations of Y2@C79N vs. [Y2@Csgo]| and [Y2@C79N] vs. [Yz@Cgo]z' demonstrated that the
single-electron-two-metal-center bond inside the fullerene cages was favored while the two-
electron-two-metal-center bond was not. The single-electron-two-metal-center bond was
sensitive to the distance between the two metal centers. While the larger distance between the
two metal centers in Y2@C9N and [Y>@Cso] rendered the low-lying of the single-electron
occupied orbital and thereby resulted in large HOMO-LUMO gaps (2.50 eV and 2.64 eV for
Y,@CN and [Y,@Cso], respectively), the smaller distance between the two metal centers in
La@C79N did not have the low-lying phenomenon of the single-electron occupied orbital and
thus resulted in a small HOMO-LUMO gap (2.08 eV). These calculation results were consistent

with experimental results of ESR signals, sample stability, and synthesis yields. The low-lying



Dimetallic Endohedral Metalloazafullerene 156

orbital at lower energy level was further confirmed by the calculated results of their oxidized
counterparts.

Theoretical calculations also showed that the kinetic stability of M>@Cso (1) was metal
dependent since M, cluster participate in a frontier orbital, LUMO, of M,@Cs (I1). Because
larger lanthanide-based M,@Csgo (M=La, Ce, and Pr) had reasonable HOMO-LUMO gap (such
as 1.30 eV for La,(@Cs), they were isolated and characterized. However, smaller size metal-
based Y,@Csp was not experimentally observed. This was consistent with its smaller HOMO-
LUMO gap (0.92 eV).

Due to the special magnetic properties and novel electronic structures, Mo@C79N (M=Y,
Tb, and La) are expected to have many potential applications, such as nano-scale molecule
electronics, molecular semiconductors, and quantum computers.”'”*'® With the disclosure of
their structures in current research, more discoveries about the new nano-particles of My@C79N

are anticipated.”'®**°
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Chapter 5 — HPLC Retention Behavior of TNT-EMFs

5.1 Introduction

Fullerene synthesis via the arc-discharge method produces a mixture of both empty cage
fullerenes and endohedral metallofullerenes, with the former as dominant components. In the
current research, even after primary chemical separation using CPDE-MPR which removes most
of the reactive empty cage fullerenes,'® the surviving solutes were still mixed together and had
to be further separated. Due to this, the HPLC separation process generally is a necessary part of
fullerene research. Using modern techniques, HPLC can quantitatively provide precise and
reproducible chromatography for studying the intermolecular interactions between the solute and
the mobile and stationary phases.®®**! At a constant temperature, the HPLC retention behavior
of solutes, which reflect the intermolecular interactions, depend on the three variables: the
physicochemical properties of the mobile phase, the physicochemical properties of the stationary

221224 The physicochemical properties of

phase, and the nature (chemical structure) of the solute.
both mobile and stationary phases can be controlled once these phases are selected and the flow
rate of the mobile phase is determined. Under controlled conditions, the only independent
variable is the chemical structure of the solutes being studied. Therefore, HPLC was used in this
study not only as a method of isolating specific structural isomers, but also as one way of
studying the various mechanisms associated with chromatographic separations and the

relationships between the retention behavior and the chemical structures of the solutes.'®**** Th

e
columns used in this study were the SPBB (4.6mmx250mm) and the SPYE (10mmx250mm)

columns. The mobile phase was toluene, in which fullerenes generally have a moderate

solubility. Flow rate was 2.0 ml/minute. The UV-Vis detector was set at 390 nm for detection.
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In general, intermolecular interactions are due to intermolecular forces. In our study using
non-polar solvents and phenyl stationary phases, we focused primarily on the dispersive force
(London effect), the inductive force (Debye effect), and the directional force between dipoles
(Keesom effect). !

5.2 Results and Discussions

Based on the literature and our current research results, there are two families of Sc- and
Tb-based TNT-EMFs and a series of TNT-EMFs with Cgg (I, and Dsy) cages, whose structures
have been well characterized.” '+ 197 199 121 181 Thege structural data will be very helpful in
understanding the HPLC retention behavior of these TNT-EMFs of interest. Figure 5-1 shows

the structures of the Sc- and Tb-based TNT-EMFs.

Family of Scandium-based TNT EMFs

ScsN@Ces(D3) ScaN@Czg(Dan) ScsN@Csgo (Ih. Dsn)

Family of Terbium-based TNT EMFs

ThsN@Csgo (Ih. Dsn) TbsN@Csga(11) TbsN@Cge(D3) ThsN@Csgs(D2)

Figure 5-1. Structures of the Sc- and Tb-based TNT-EMFs.

2.1 Electronic Structures and Properties of SPBB®* and 5PYE Columns®
The structural and electronic properties of the SPBB and SPYE stationary phases were
calculated using density functional theory (DFT, B3LYP/6-31G*).The electrostatic potential

mapped onto the total electron density isosurface of 0.0004 is shown in Figure 5-2. The SPYE
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stationary phase was the pyrene moiety with a non-polar conjugated n-electron system. The
electrostatic potential of the conjugated n-electron system was negative, suggesting the electron
richness of the pyrene moiety.”*® This conjugated n-electron system of the pyrene moiety was
much larger than that of the benzene ring moiety of the SPBB stationary phase. Therefore,
intermolecular interactions between the SPYE stationary phase and the fullerene cages (fullerene
cages also have conjugated n-electron systems) were expected to the dispersive n-n stacking
interaction (London effect). Moreover, the larger conjugated n-electron system, as well as the
electron rich properties of the pyrene moiety of the SPYE stationary phase, increased the shape
(geometry) selectivity of the fullerene solutes. The later was also governed by the density and
distribution of the m-electron system on the fullerene cages.””' Consequently, a SPYE column or
a column with similar stationary phases (such as a Buckyprep column) is often used for final
isolation of structural isomers.

Potential range: -0.02 (Red) <«——» +0.02 (Blue)

PBB stationary phase PYE stationary phase

Figure 5-2. The structures and electronic properties of the stationary phases of SPBB and SPYE columns.*

With respect to the stationary phase of a SPBB column, the electrostatic potential surface
of the pentabromobenzyl moiety forms two concentric bands. The electrostatic potential of the
central area of the benzene ring is positive, while that of the outer band containing five bromine

atoms is negative.””® Therefore, when a fullerene cage interacts with the pentabromobenzyl
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moiety the outer band will repel the « electrons of the fullerene cage, while the central area will
attract the m electrons of the fullerene cage. As a result, the conjugated n-electron system of a
fullerene cage will be distorted or polarized, and the n-n stacking effect between a fullerene cage
and the pentabromobenzyl moiety will be greatly enhanced. This inductive molecular interaction
(Debye effect) mainly depends on the polarizability of the conjugated n-electron system of the
fullerene cage, which is directly proportional to the total number of the © electrons in the
conjugated system.'®*#*!:?*> A5 a result, the retention behavior of fullerenes on a 5PBB column
will reflect the sizes of the cages (predicted cage sizes or total P, electrons).

5.2.2 Comparison of the Retention Order of M3N@Cso (1) (M=Group III B and lanthanide)

The following represents the retention order of TNT-EMFs with a Cg (I,) cage on a SPBB
column:

ScsN@Cgo< Y3;N@Cgo <LusN@Cgo< TmzN@Cgy < ErsN@Cgo< HosN@Cgp< ThsN@Cgo< GdsN@Csg

While the sequence shown below represents the retention order of TNT-EMFs with a Cgg (1)
cage on a SPYE column:

Y3N@Cgo< LusN@Cgo< TmzN@Cgy < ErsN@Cgo < HosN@Cgo< Th;N@Cgo< Gd;N@Cgo<ScsN@Cgy

By comparing these retention orders, we determined that they were actually quite similar,
which we believe reflects the common phenyl properties of the two stationary phases. One
exception with respect to both of retention orders involved ScsN@Cso. The retention orders of
ScsN@Cgp on the two columns were opposite—namely, it has the shortest retention time on the
5PBB column, and the longest retention time on the SPYE column. Table 5.1 provides the
retention times of various TNT-EMFs with a Cg (I) cage and the corresponding experimental

uncertainties.
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Table 5- 1. I, isomer retention time (minute) on SPBB and SPYE columns

161

TNT EMFs tz (SPBB) tz (SPYE)

ScsN@Cso | 25.10+0.05 44.00 £0.02
YN@Cso | 27.64+0.05 38.92+0.12
LusN@Cso | 27.85+0.20 40.06 % 0.04
TmsN@Cso | 27.93 % 0.09 40.18 £ 0.11
EnN@Cso | 2843 +0.05 41.09 +0.06
HosN@Cso | 28.45+0.06 41.25+0.05
TbsN@Cso | 29.40 % 0.08 41.50 + 0.04
Gd;N@Cso | 29.62+0.23 4312+0.16

5.2.3 The Relationships between the Retention Behavior of Fullerenes and Their Structures

Fullerene separations generally use four HPLC columns, including the SPBB, 5SPYE,
Buckyprep, and Buckyclutcher columns. These columns all have a phenyl-type stationary phase.
The elution trends of fullerenes on these columns generally share some common characteristics,
including the fact that larger fullerene cages are eluted with longer retention times than smaller
ones, as well as the fact that endohedral metallofullerenes are elute later than their corresponding
empty cages. These retention trends suggest a common retention mechanism shared by these
columns, i.e. n-7 stacking. However, the structures of the phenyl moieties of these columns were
very different and thus would demonstrate specific retention behavior for separations of different
fullerenes.
5.2.3.1 Retention Behavior and Predicted Cage Sizes

Figure 5-3 shows the relationship between the capacity factors (K) and the fullerene cage
sizes on both SPBB and 5PYE columns. Based on this relationship, we calculated the predicted

cage sizes of M3N@Cso (M=Group III B and lanthanide) using their retention behavior on the
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SPBB column. The results are listed in Table 5.2, which shows that all the TNT-EMFs (except

for the ScsN@Cs) have predicted cage sizes of about 86 © electrons and are consistent with the

electronic model of TNT-EMFs, [M3N]6+@Cgo6'.

1.4
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Log K

086

Log K versus Cage Size on SPBB

Cage Size

0.8
0.6

Log K

Log K versus Cage Size on SPYE

Cage Size

Figure 5-3. The relationship between the capacity factors and the fullerene cage sizes on SPBB (a) and SPYE (b)

columns.®® 18



5.2.3.2 Retention Behavior of MsN@Csgy (1) on SPBB Column
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Table 5- 2. Predicted cage sizes of MsN@Csgp on a SPBB column

TNT-EMFs Log K Predicted Cage Size
ScsN@Cso 0.935 +0.002 83.3+0.1
Y;3;N@Cso 1.021 £ 0.006 85.8+0.2
LusN@Cso 1.014 + 0.002 85.6+0.1
Tm;N@Cso 1.018 +£.006 85.7+0.2
ErsN@Cso 1.035 £ 0.006 86.2+0.2
HosN@Cso 1.026 + 0.003 85.9+0.1
ThsN@Csgo 1.023 +£0.006 85.9+0.2
GdsN@Cs 1.014 + 0.004 85.6 +0.1
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Figure 5-4. HPLC retention behavior on 5SPBB column of Tm;N@Cg, and Sc;N@Cg.
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5.2.3.3 Special Retention Behavior of Sc-based TNT-EMF's on 5PBB Column: Effect of p-d
Orbital Interactions

Figure 5-4 shows the difference of the predicted cage sizes between the Sc;N@Cgo and
one of the lanthanide-based TNT-EMFs, TmsN@Csg. Although both Sc;sN@Csgp and Tm3;N@Cso
molecules have a Cg fullerene cage, their predicted cage sizes are very different. The predicted
cage sizes of the Tm;N@Csp and Sc;N@Cgo suggest that the Tms;N and Sc;N clusters transfer
about 5.8e and 3.3e to their Cg fullerene cages, respectively. In order to understand why
ScsN@Csp deviated so markedly from the typical electronic model of TNT-EMFs,
[M3N]6+@C806', the retention behavior of Sc-containing TNT-EMFs on a SPBB column were

systematically studied and listed in Table 5.3.

Table 5- 3. HPLC characterization of TNT EMFs containing Sc on a SPBB column

TNT EMFs | Predicted Cage Size | Charge Transferred
ScsN@Ces 74.6 £0.3 6.6e
SesN@Crs 82.3+0.0 4.3e
SesN@Cso 83.5+0.0 3.5¢
CeScoN@Cso 84.3+0.1 4.3e
Gd2ScN@Cso 84.9+0.2 4.9e
Gd;N@Csy 85.6£0.1 5.6¢e

Table 5-3 is easier to comprehend if one uses the graphic information provided in Figure
5-5 and Figure 5-6. Specifically, Figure 5-5 shows that the Sc atom transfers fewer electrons to
the Cg fullerene cage compared with the lanthanide elements, such as the Gd atom. The more Sc

atoms, the less charge transfer in the series of TNT-EMFs, Gd3.x)ScxN@Cso. The calculations
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show that there is a p-d orbital interaction between the Cg cage and the Sc metal ions.*” '*°

Because this interaction feeds back some electrons from the Cgy cage to the Sc metal ions, the
5PBB column feels fewer 7 electrons in the fullerene cage of the Sc;N@Cso and ScsN@Cso
elutes earlier than other TNT-EMFs. With a Gd atom as a reference, the charge feedback from
the Cg fullerene cage to each Sc metal ion via the p-d orbital interactions between the two was

about 0.7e.

Relationship of Charge Transferred and
Number of Sc Atoms in Gd(3-x)ScxN@C80

Gd;N@Cso y = -0.69x + 5.61
R? = 0.9971

CGSCzN@Cso

Charge Transferred
N
N

w
(621
|

SC3N@C80

w
o
=

2 3 4

Number of Sc Atoms

Figure 5-5. HPLC characterization of the relationship between charge transfer and the number of Sc atoms in
Gd(g,,x)SCXN@Cg() (X =0~ 3)

5.2.3.4 Special Retention Behavior on a SPBB Column of Sc-based TNT-EMFs: Ratio of Cluster
and Fullerene cage sizes

The charge transfer effect of Sc;N cluster versus fullerene cage size is documented in
Figure 5-6. It demonstrates the interaction effect between the ScsN cluster and fullerene cage. It

also suggests that the p-d orbital interaction between the C,, cage and the Sc metal ions require a
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proper ratio between SciN and fullerene C,, cage size. From Sci;N@Csp to ScsN@Crs, the charge

feed back effect of p-d orbital interactions became smaller (2.5¢ versus1.7e based on

[ScsN]* @[ Can]® model). Moreover, in the case of ScsN@Ces, the charge transferred from the

ScsN cluster to the Cgg cage was about 6e, which suggests that the charge feed back effect of p-d

orbital interactions was no longer present. Among all the TNT-EMFs discovered so far,

ScsN@Cso was shown to have the highest yield. The size ratio of the Sc;N cluster to the Cgy

fullerene cage, as well as its resulting charge feed back effect of p-d orbital interactions, may

play a critical role in the trimetallic nitride template formation mechanism of the TNT-EMFs. It

may also explain the reason for the high yield of Sc;N@Cso.

Relationship of Charge Transferred and Cage Sizes
Among Sc-Based TNT EMFs On 5PBB Column

Carbon Atoms

7 Sc:N@C
- N@Ces y = -0.2492x + 23.573 R?=0.991
8 65
5 6-
[
@ 5.5 -
S 5-
: 4.5 ScisN@Crs
> 4
D B35 .
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Figure 5-6. HPLC characterization of the relationship between charge transfer and full
of Se;N@Cy, (n=34, 39, and 40).

5.2.3.5 Retention Behavior of Large Cage TNT-EMF's on 5PBB Column

erene cage size in the family

The retention behavior on a SPBB column of the Tb-based TNT EMFs with the

molecular formula of TbsN@C,, (41 <n <44) were also studied. The results are listed in Table

54.
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Table 5- 4. Retention behavior of large cage Tb-based TNT EMFs on SPBB column

TNT-EMFs Capacity Factors (K) |Predicted Cage Sizes |Charges Transferred
ThsN@Cs, 14.79 £0.18 90.1£0.1 8.1e
ThsN@Css (1) 18.16 £ 0.23 92.6+0.2 8.6¢
TbsN@Css (II) (Cy) 18.42 £ 0.52 92.8+0.3 8.8¢
TbsN@Cses (D3) 21.25+0.20 94.6+0.1 8.6¢
TbsN@Css (D2) 2439+0.17 96.3 £ 0.1 8.3¢

When the two isomers of the Tb;N@Cs4 were isolated in the second stage HPLC using a
SPYE column, the difference in their retention times was about 7 minutes. This relatively large
difference suggests that isomer 1 maintains much higher cage symmetry than isomer 2 (egg-
shaped cage with C; symmetry). However, the two isomers co-eluted on a SPBB column,
suggesting that their cage sizes were actually quite similar. As documented in Table 5.4, the
predicted cage sizes of isomer 1 and isomer 2 were 92.6 + 0.2 and 92.8 £ 0.3, respectively.
Within the experimental uncertainties, their predicted cage sizes were identical. These
experimental data also suggest that the SPPB column was sensitive to fullerene cage size but
indifferent to cage symmetry. The charge transferred from the TbsN cluster to the larger
fullerene cages (> Csgy) was about 8e, which significantly deviates from the electronic model of
[M3N]6+@C2n6' for TNT-EMFs. Although the reason for this deviation is not clear, theoretical
calculations in the literature have shown that in the case of LasN@Csg, 8¢ were transferred from
the LasN cluster to the Cgg cage.111

5.2.3.6 Retention Behavior of Tb-based Dimetallic Endofullerenes on a 5SPBB Column
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Charges Transferred

Endofullerenes | Capacity Factors | Predicted cage sizes | Tby@Ca Model | Tb,Co@Can Model
Tb,Cgs 15.2+0.1 90.5+0.1 4.5¢ 6.5¢
Tb,Cy 204 +£0.8 94.1+0.5 4.1e 6.1c
Tb,Co; 24.0+1.0 96.1 £0.5 4.1e 6.1c
Tb,Coy 28.5+0.0 98.3+0.0 4.3e 6.3¢

In addition to isolating Tb-based TNT-EMFs, some dimetallic endohedral

metallofullerenes were also obtained. Their retention behavior on a 5SPBB column is listed in

Table 5-5. As shown in Table 5-5, the dimetallic endofullerenes may exhibit one of the

molecular formulas, either Tby@C,, or Tb,Co@Coy. The charges transferred from the endo-

cluster to the fullerene cages were about 4e for the Tb,@C,, model and 6e for the Tb,Co@Cz,

model. Since the dimetallic endofullerenes listed in Table 5-5 displayed similar retention

behavior, they should have the same pattern of molecular formula—namely, either Tb,@C>, or

Tb,Co@Can. Thus, if the structure of one molecule is crystallographically determined, the

formula of other molecules will also be clear. The relationship between the retention behavior on

a 5SPBB column and the total P, electrons in their fullerene cages was also demonstrated for these

classical dimetallic endofullerenes.
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5.2.3.7 Effect of Fullerene Cage Symmetry on a SPYE Column

Table 5- 6. Retention behavior of M3N@Csg (I and Dsy) on a SPYE column

TNT-EMFs tr (minute) Atg (minute) K AK

GdN@Cso | I, | 43.12+0.16 | 1.72+0.22 4.91+0.02

Ds, | 44.84+0.15 5.15+0.02 0.24+0.03
TbsN@Cso I, | 41.50+0.04 | 1.79+0.06 4.58 £0.00

Ds, | 43.29+0.04 4.82 +0.00 0.24+£0.00
HosN@Cso | 1n | 41.25+£0.05 | 2.15+0.07 4.68 +0.02

Ds, | 43.40+0.05 4.98 +0.02 0.30+0.03
ErsN@Cso I, | 41.09+0.06 | 1.91+0.08 4.66 +0.02

Ds, | 43.00+0.05 4.92 +0.02 0.26 +0.03
TmN@Cso | I, | 40.18+0.11 | 1.53+0.16 4.50+£0.03

Ds, | 41.71+0.11 471 £0.03 0.21+0.04
LusN@Cso | I | 40.06+0.04 | 1.75+0.10 4.49 £ 0.04

Ds, | 41.81+0.07 473 +0.04 0.24 £ 0.06
Y3N@Cso I, 38.92+0.12 | 1.57+0.18 4.28 0.02

Ds, | 40.49+0.13 4.49 +0.02 0.21+0.03
SciN@Cso I, 44.00+£0.02 | 1.38+0.03 4.53+0.03

Ds, | 45.38+0.02 4.70 £0.03 0.17+0.04

Table 5- 7. Retention behavior of large cage TbsN@C,, on a SPYE column

TNT EMFs K Predicted Cage Size |Charges Transferred
Tb;N@Cs, 5.69 +0.01 88.9+0.0 6.9¢
TbhsN@Cg4 (I) 6.13£0.02 90.0 £ 0.1 6.0¢
ThsN@Cg4 (1) (Cy) 7.12 £0.04 92.3+0.1 8.3e
Tb:N@Css (D3) 6.28 +£0.05 90.4 +0.1 4.4e
TbhsN@Cgs (D») 7.58 +£0.02 93.3+0.0 5.3e

Tables 5-6 and 5-7 show the retention behavior of TNT-EMFs on a SPYE column. The
retention behavior of the M3N@Cgo (M=Group III B and lanthanide) with I;, and Ds;, cage
symmetries are listed in Table 5-6. As documented, Table 5-6 shows that the Ds;, isomers were

always eluted behind their corresponding I, isomers. In addition, the gaps in both the retention
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times and capacity factors between the I, and Ds, isomers remained nearly constant (within the
experimental uncertainties) with the exception of the ScsN@Cs (I and Ds,) molecules. These
constant gaps suggest that the SPYE column is sensitive to the symmetries of fullerene cages.
The data in Table 5-7 show retention behavior of Tb-based larger cage TNT-EMFs with different
cage symmetries. In contrast to the retention behavior of the TNT-EMFs on 5SPBB columns—
which is typified by the model of [TbsN]** @C,." for these larger cage TNT-EMFs—the
retention behavior of these samples varied with their cage symmetries and no relationship could
be patterned between the retention behavior and the total P, electrons in their fullerene cages.
5.3 Summary

In summary, the retention behavior of two TNT-EMFs families, Sc and Tb-based, were
systematically studied in this research. Their retention mechanisms using both 5PBB and SPYE
columns are discussed based on theoretical and experimental data. Although these fullerenes
displayed similar overall elution orders on both columns as a result of the common properties of
their phenyl stationary phases, their detailed retention behavior on the two columns were quite

different.”*!

The 5SPBB column was sensitive to the fullerenes’ predicted cage sizes, but
indifferent to their cage symmetries. Therefore, the fullerenes with a similar predicted cage size
were co-eluted on the SPBB column. Once the retention behavior of a fullerene was obtained
from its chromatogram on a SPBB column, its real and predicted cage sizes, as well as the
charges transferred from the endo-clusters to the fullerene cages could be calculated based on the
relationship equation between capacity factors and fullerene cage size. The resulting structural
and electronic information associated with their retention behavior were very useful in the

determining fullerene structures. For example, when a pure sample was characterized by mass

spectrometry, there were often several candidates with a molecular formula matching the
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molecular peak in the mass spectrum. By checking their retention behavior on a SPBB column,
however, most of them could be easily ruled out because their fullerene cage sizes did not match
the calculated predicted cage sizes. SPYE column has a stationary phase of pyrene moiety with a
large conjugated & electron system and electron richness, it was more sensitive to the density and
distributions of © electrons in the fullerene cages. The distribution of © electrons in a fullerene
cage primarily depends on the geometric structures of the fullerene cages. Therefore, the SPYE
column was more suitable for the separating structural isomers. Combining separation process
with first stage HPLC using a 5SPBB column and the second stage HPLC using a SPYE column

provided an effective way for the isolating specific isomers.
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