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1. Introduction

The successive discoveries of fullerenes! and carbon
nanotubes? (CNTs) around 1990 triggered a hot wave
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of scientific research to explore the properties and
applications of these new forms of carbonous materi-
als over the past two decades. Figure 1 shows
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Endohedral complexes
Figure 1. Research areas centered on fullerene Cg.

schematically the research area centered at fullerene
Ceo. Differing from the two long-known allotropes of
carbon, i.e., diamond and graphite, fullerenes and
carbon nanotubes have displayed brand-new, unique,
and fascinating structural, electronic, electric, me-
chanic, and optical properties and should find their
power in a wide variety of applications.?>* Some of
their unique properties can be related to the curved
m-conjugation within their curved hexagonal (for
CNTs) or hybrid hexagon—pentagon (for fullerenes)
carbon—carbon networks. The curved s-conjugation
and aromaticity, as well as the related chemistry, of
fullerene[60] and its larger homologues have been the
subject of several review articles. Herein we review
recent studies on the curved z-conjugation within
small fullerenes (<Cg) and single-walled carbon
nanotubes (SWCNTSs) as well as their unusual chemi-
cal properties that are related to their curved 7-con-
jugation and aromaticity.

2. Curved s-Conjugation within Small Fullerenes
and the Related Chemistry

2.1 Curved m-Conjugation and Aromaticity within
Small Fullerenes

Fullerenes are convex carbon cages comprising
hexagons and exactly 12 pentagons. This building
principle follows Euler’s Theorem stating that exactly
12 pentagons must be accommodated to allow closure
of a carbon network consisting of n hexagons. The
geometry and stability of fullerenes are, in most
cases, governed by the so-called isolated-pentagon
rule (IPR),? i.e., the pentagons within the most stable
fullerenes are surrounded by five hexagons and,
hence, are isolated from each other. The smallest
carbon cage that faithfully fulfills this rule is the
icosahedral Cgo (1).8

Only Cgy and fullerenes not smaller than C7y can
fulfill the IPR. Non-IPR fullerenes with adjacent
pentagons are always unstable, due to enhanced
steric strain (steric effect) and resonance destabiliza-
tion pertaining to the pentalene-type 8m-electron
system (electronic effect). For fullerenes that cannot
follow the IPR rule, such as small fullerenes reviewed
in this article (Table 1), the relative stability of the
different isomers is directly related to the number of
adjacent pentagons; the isomer with the least adja-
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Table 1. Total Numbers (IV;) of Fullerenic Isomers for
C, (n = 2-58)*

C, Ni C, Ni C, N; Cn Ni

Cso 1 Cso 3 Cayo 40 Cso 271
Cog 0 Css 6 Cyo 45 Cse 437
Cos 1 Cas 6 Cus 89 Csqs 580
Cas 1 Cse 15 Cas 116 Css 924
Cas 2 Cas 17 Cus 199 Css 1205

Data extracted from ref 6.

cent pentagons is most favorable energetically.” This
is known as the pentagon adjacency penalty rule
(PAPR).® Nevertheless, stabilization of non-IPR
fullerenes larger than Cgy can be attainable by
charging or encapsulating electron-donating metal
atoms and clusters.? Stable derivatives of non-IPR
large fullerenes are exemplified by Scs@Cegg,'°
ScsN@Ces,'! and Las@Crs,2 whose carbon cages have
two or three fused pentagons.

Fullerenes smaller than Cg, unavoidably possess
adjacent pentagons and, meanwhile, a much higher
pentagon-to-hexagon ratio. Consequently, the curva-
ture of the carbon surface of small fullerenes is much
higher than that of their large homologues, which
results in a much severer steric strain on the small
fullerene carbon surface.>® Even worse, the z-conju-
gation within small fullerenes is more severely
curved and weakened, especially at those pentagon—
pentagon (PP) fusion sites. Accordingly, small fuller-
enes have been predicted to have narrow HOMO—
LUMO gaps and high reactivity, e.g., subject to
coalescence. Because of their high lability, thus far
they can only be observed and experimented upon
in the gas phase,'® whereas the efforts made for bulk
synthesis of them have proven to be mostly fruit-
less.’* As such, most of our knowledge regarding
small fullerenes comes from gas-phase experiments
and theoretical investigations. Yet, it has been shown
that for carbon clusters C,, generated in the gas phase
the most stable structures are probably fullerenes
with n > 30, whereas small carbon clusters prefer
chain or ring structures.!®

Much encouraging is the recently reported synthe-
sis of dodecachlorofullerene[50] (C50Clio),'® which
unambiguously provides evidence that small fullerenes
can definitely be stabilized and thus synthetically
approachable by functionalizing their active pentagon
abutments.!”1® Other recent exciting progresses in
small fullerenes include the synthesis of covalently
bonded assembly of Css and its derivatives (CggHy,
C36H40, and CseHg),* the gas-phase production of
endohedral metallofullerenes M@Cqg (M = U, Zr, Hf,
and Ti),’ and the gas-phase production and charac-
terization of the smallest fullerene Cg?° from its long-
known derivatives (CgoHg)?! followed by bromination.

Because of their spherical shapes, fullerenes suffer
large strain energy introduced by the deviation from
planarity. The curvature-induced pyramidalization
of the carbon atoms weakens the 7-conjugation and
in the meantime demands rehybridization of the
atomic s-orbitals with incorporation of fractional
s-character, resulting in the atomic s-orbitals of s™p-
character (m < 1).22 The curved-z conjugations
within the unsaturated carbon networks of fullerenes
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thus have not only 7w-character but also substantial
s-character, remarkably different from the planar
m-conjugations within graphite and planar polycyclic
aromatic hydrocarbons that are solely of p,-character.
The chemical reactivity of conventional fullerenes is
primarily driven by such type of curved z-conjuga-
tion.

The curved s-conjugation within the carbon sur-
faces of fullerenes and SWCNTs can be easily ana-
lyzed using the s-orbital axis vector (POAV) method
proposed by Haddon.?? In general, an sp?-hybridized
carbon atom prefers to form planar o-framework with
its neighbors, leaving its p,-orbital perpendicular to
the o-bonds. In fullerenes, the sp?-hybrized carbon
atom is pyramidalized; the angle between its pa-
orbital and the o-bonds is larger than 90°. The
pyramidalization angle (6,) for such a nonplanar sp?-
hybrized carbon atom can be defined as the angle
between its m-orbital and the o-bonds minus 90°
(Figure 2).22 Thus an sp3-hybridized carbon atom

0, = 109.47°
3 sy

8, =0° 0, = 19.47° 0, = 11.6°
a) b) c)
Figure 2. Pyramidalization angle (6, = (6,, — 90)°) for
(a) an ideally planar sp2-hybridized carbon atom (e.g., in
CoHy), (b) an ideally tetrahedral sp3-hybridized carbon
atom, and (c) for a nonplanar sp2-hybridized carbon atom
in Ceo.

H,C=CH, CH,

0, = 90°

(ideally tetrahedral) has a 19.5° pyramidalization
angle, 0, while a regular sp? carbon (as in a planar
benzene) has a 6, of 0°. All carbon atoms in the
icosahedral Cg have the same 6, of ~11.6°. The
pyramidalization angle 6, of a carbon atom in the
curved carbon surface is a good measure of the
curvature-induced local weakening of ;7-conjugation,
which in turn results in the chemical reactivity of
fullerenes. The larger pyramidalization angle is of an
unsaturated carbon atom in a fullerene, the higher
reactivity it is toward addition reactions.?? For small
fullerenes, their PP fusion apices always have the
largest pyramidalization angles, thus are the most
active sites subject to addition reactions.

While the pyramidalization angle can be used to
assess the local reactivity of carbon atoms in a
fullerene and to advocate the importance of steric
strain effect, the global aromaticity of such spherical
molecules (electronic effect) is another factor to
determine their global stability. However, it is worth
noting that aromaticity is only one factor to deter-
mine the overall stability of a molecule and can only
be decisive when other factors are similar or unim-
portant; the most stable isomers do not necessarily
have the largest aromaticities and vice versa.

Hirsch et al.?? proposed the spherical aromaticity
rule, i.e., 2(N+1)? electron-counting rule, to explain
the aromaticity of I;, symmetrical fullerenes. Follow-



3646 Chemical Reviews, 2005, Vol. 105, No. 10

ing this rule, the icosahedral Cgy and Cy are neither
of maximum aromaticity, whereas their charged
forms, Cgp'%" and Cq®", have much more enhanced
spherical aromaticity. Such a rule can also be ex-
tended to assess the aromaticity of fullerenes with
lower symmetries? as well as to deduce the stability
of heterofullerenes and endohedral metallofullerenes,
such as C4Ni22® and Sco@Cgs.1° As summarized
below, this rule is also very useful in explaining the
distinguished kinetic stability of some magic-number
small fullerenes (e.g., C32 and Csp)® and derivatives
(e.g., M@Cys (M = Ti, Zr, U))¥ observed in the gas-
phase experiments. For an up-to-date review on the
concept and applications of spherical aromaticity,
please refer to the “Spherical Aromaticity” paper by
Chen and King?8 in this thematic issue. However, it
was argued that the 2(N+1)2 electron-counting rule
based on the scalar surface harmonic theory is some-
times too simple to account for the unusual stability
of those fullerenes (e.g., C¢o and Cro) in which the
spherical harmonic count breaks down around the
HOMO-LUMO gap.?” Nevertheless, the effects of
local and global electron delocalization for the curved
m-conjugation within a fullerenic molecule may be
further characterized with the use of nucleus-
independent chemical shifts (NICS)?8 at the ring and
cage centers that can be readily computed with state-
of-the-art quantum chemical methods. For an up-to-
date review on the definition and applications of
NICS, please refer to the paper by Chen et al. in this
thematic issue.?’

2.2 The Smallest Fullerene C 5 and Its Molecular
and Solid Derivatives

2.2.1 Geometric and Electronic Structures of Fullerene
Ca

The dodecahedral fullerene Csy is the smallest
possible fullerene consisting solely of 12 pentagons
with extreme curvature. Owing to its fascinating
structure, this elusive molecule has been the subject
of many theoretical investigations.3%3! However, the
fullerenic cage structure of Coy has been computed
to be less stable than the ring- and bowl-shaped
structures, although the relative energies between
these three types of isomers depend on the sophis-
tication of the theoretical methods employed.3° Some
investigations even favored bicyclic rings®? and linear
chains.?? Nevertheless, it has been shown theoreti-
cally that the dodecahedral fullerene Cg is of the
lowest energy among all the mathematically possible
20-vertex polyhedral cages.?*

It is also interesting to note that dodecahedral
fullerene Cq does not adopt the perfect I, symmetry
due to Jahn—Teller distortion,?® whereas its lowest
energy form is still in dispute.313% In total five
possible dodecahedral structures (with Cs, Cop, C;, D3y
and Dy, symmetries, respectively) have been com-
puted to be its lowest-energy candidates, but their
relative stability depends on the theoretical methods
used. Nevertheless, the recent work by Chen et al.3!
demonstrates that all these five isomers are isoen-
ergetic (within 0.2 kcal/mol~! at BSLYP/6-31G*, and
within 0.5 kecal/mol™! at MP2/6-31G*) and have
essentially the same structural parameters at both
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Figure 3. The B3LYP/6-31G* optimized structure of Cq
(Cs). The arrow points to the invisible C—C bond (Reprinted
with permission from ref 31. Copyright 2004, VCH).

B3LYP and MP2 levels. The B3LYP/6-31G* opti-
mized Cs structure is shown in Figure 3.

Hence, it is inferable that the dodecahedral Cg
cage is highly fluxional and can readily convert from
one structure to another with negligible barriers. In
addition, all these structures have narrow HOMO—
LUMO gaps, e.g., 1.95 eV for the Cs isomer predicted
at the BSLYP/6-31G* level.

The extreme curvature of the dodecahedral fullerene
Cyo is evidenced by the rather large pyramidalization
angles ranging from 19.1 to 22.0° (calculated using
the B3LYP/6-31G* optimized geometry of Cs sym-
metry) at its carbon atoms, which are very close to
the 0, value of a regular sp3-hybridized carbon (19.5°).
Thus each carbon atom of the fullerene Cyq is nearly
sp3-hybridized with one dangling bond unsaturated.
Accordingly, the unsaturated Cgy cage is highly labile
and is subject to isomerization,?° oligomerization,3%37
or polymerization to form fullerite solid.?38"40 The
high lability of Cy fullerene can be demonstrated by
the high exothermicities of its hydrogenation reac-
tions (eqs 1—3).3! Hence, production of Cg fullerene
in its molecular form seems to be an impossible
mission.

Cy + 4 Hy = Cy \Hg (T)
AH (per H,) = —67.0 kcal/mol (1)

Cygo + 6 Hy = CyoH;5 (T),)
AH (per H,) = —36.5 kcal/mol (2)

CZO + 10 H2 = CQOHQO (Ih)
AH (per H,) = —61.9 kcal/mol (3)

Although neutral Cyy fullerene has a symmetry
lower than the perfect I, its dication, C2y?*, does have
an I, symmetry.*! Density functional theory (DFT)
calculations at the B3LYP/6-31G* level of theory
predicted that the C—C bond lengths in Cy** are
identical at 1.448 A but vary from 1.405 to 1.517 A
in the neutral Cqy (C3 isomer), suggesting a much
more pronounced degree of electron delocalization in
the dication. This was confirmed by GIAO—SCF
calculations.?32442 The NICS values (GIAO—B3LYP/
6-31G* prediction) at individual ring centers of
neutral Cqy range from 6.3 to —9.2 ppm, whereas the
NICS value at each pentagon center of dication is
—23.7 ppm (Figure 4). Meanwhile, the NICS value
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-36.7 (-19.2)

C20 (C24/C>)

Figure 4. Nucleus-independent chemical shift (NICS)
values (ppm) from GIAO-HF/6-31G* (B3LYP/6-31G* in
parentheses). The NICS at the cage centers are given in
bold below each structure, while those at individual ring
centers are shown in the corresponding ring.

~73.1 (-60.4)
C202* (Ip)

at the center of the dodecahedral cage is predicted
to be —60.4 ppm for Cs0?* and —19.2 ppm for neutral
Cgo (Co symmetry). This indicates more uniform and
higher diatroptic ring current effects in all the
pentagons of the dication, which in turn results in
much more diatropic shielding at the dication cage
center.?442 This huge difference between Cyy and Cg¢®"
was ascribed to the completely filled valence shell
with 2(N+1)? z-electrons (N = 2) and reflects the
perfect spherical aromaticity in Cg?".2324 In ac-
cordance with the higher aromaticity of Cyo2", its
calculated 3C chemical shift is uniformly 207.3 ppm,
whereas the ¢ ¥C’s are upfield (ranging from 165.1
to 191.8 ppm) for the neutral Cq.#2 Such a dicationic
Cgo cage might be synthetically approachable in ionic
solid, with which the predicted & 3C’s could be
confirmed.

2.2.2 Synthesis and Characterization of Fullerene Cy

Despite its labile nature, Co fullerene was suc-
cessfully generated in the gas phase with a lifetime
on the microsecond time scale by Prinzbach et al. in
2000.2° The synthetic strategy employed is schemati-
cally depicted in Figure 5. The starting material is
the dodecahedrane (CyoHgo) that can be synthesized

through an optimized “isodrin-pagodane route”.2!

Cz™* (9=1,2) Cao

Figure 5. Strategy for the synthesis of dodecahedral Cy
(ref 20).

Chemical Reviews, 2005, Vol. 105, No. 10 3647

Bromination of dodecahedrane was performed in
solution with dry, deoxygenated bromine under vis-
ible light irradiation for 3 days. Isomeric CooH,,Bris—p
(m = 0—3) trienes were produced as primary prod-
ucts. Electron-impact mass spectroscopy of the
CgoH,,Bris—p, (m = 0—3) trienes using 70 eV electron
energy for ionization gave a spectrum that unam-
biguously demonstrates the generation of Co™ and
C202" in the gas phase. The intensive Cgo?' signals
observed in the mass spectrum imply its remarkable
kinetic stability due to its unusually high spherical
aromaticity.?* On the other hand, upon gas discharge
of the CyoH,,Bris—,, (m = 0—3) trienes, C9Br,” (n =
0—9) anions were also observed in the mass spec-
trum, among which Cg~ had the largest abundance.
The photoelectron spectrum of the as-generated Cgy~
cluster revealed that neutral dodecahedral Coq
fullerene has an electron affinity (EA) of 2.25 4+ 0.03
eV and a vibrational progression of 730 £+ 70 cm™!,
in sharp contrast to the corresponding data measured
for its ring- and bowl-shaped isomers. Table 2 sum-

Table 2. Electron Affinities (EA) and Vibrational
Progressions (VP) of Cyy Isomers®

properties cage bowl ring

EA (eV) 2.25 +0.03 2.17 +0.03 2.44 4+ 0.03
(2.21) (2.18)° (2.86)°

VP (cm™) 730 £ 70 2060 + 70 2260 + 0.03

¢ Experimental data extracted from ref 20. ® Data predicted
at the BLYP/6-311G* level of theory are extracted from ref
30p.

marizes electron affinities and vibrational progres-
sions of fullerene Cy and its ring- and bowl-shaped
isomers detected by photoelectron spectroscopy
(PES).?° Density functional calculations at the BLYP/
6-311G* level by Saito et al. faithfully reproduced the
PES spectra of these Cg isomers and suggested that
neutral Cg fullerene most probably adopts a sym-
metry of C; or Cy,.3%P

2.2.3 Dimer, Oligomer, and Polymeric Solid of Fullerene
Cao

As mentioned before, fullerene Cqy is subject to
coalescence. In their gas-phase production of fullerene
Cqo, Prinzbach et al. also found that a series of (Cyp), ™
(n = 1-13) oligomers were produced upon coales-
cence of the as-generated Cy fullerenes, among which
Ceo" shows the largest abundance.?® Yet, it is not
clear whether the thus-produced Cgo" cluster adopts
the well-known buckminsterfullerene structure! or
other structures that are formed by simple additions
of Cy cages.31:37

Recently, the crystallized solid of Cg fullerene was
claimed to be prepared in the ultrahigh molecular
weight polyethylene samples during Ar* ion beam
irradiation; preliminary electron diffraction experi-
ments suggested a hexagonal crystal structure for the
as-prepared Cy solid.?® More recently, Igbal et al.402
reported the preparation of a Cyp-based solid phase
in thin diamond-like carbon films deposited by ul-
traviolet laser ablation from diamond onto nickel
substrates at room temperature in the presence of
10 Torr of cyclohexane or benzene. Desorption of
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Figure 6. The B3LYP/6-31G* optimized structures of
(Cq0)2 and its dianion (normal for singlet, italic for triplet,
underlined for dianion). Reprinted with permission from
ref 31. Copyright 2004, VCH.

Cgo, Co1, and Cog species from their Cyo-based solid
was detected by laser desorption mass spectrometry.
Micro-Raman spectroscopy and electron diffraction
from selected particles together with first principle
density-functional calculations indicated a cubic solid
with dodecahedral Coy cages as building blocks.
However, in their proposed structure, the dodecahe-
dral Cgy cages were linked with bridging carbon
atoms at interstitial tetrahedral sites to form a face-
centered-cubic lattice with 22 carbon atoms per unit
cell.40a

Several theoretical investigations have been re-
ported on the geometric and electronic structures of
oligomers, polymers, and solids formed from Cq
cages.31:373940 Choi et al.?” conducted a systematic
theoretical investigation on the dimerization of
fullerene Cs. Eight dimers, corresponding to the
[2+2], open-[2+2], [1+1], [6+2], di-[5+5], tri-[5+5],
tetra-[5+5], and tetra-[4+4] addition patterns, were
studied in their HF/6-31G* and B3LYP/6-31G* cal-
culations; all these dimerization patterns were pre-
dicted to be thermodynamically favorable with sub-
stantial exothermicity ranging from 24 kcal/mol (for
the tetra-[4+4] addition) to 145 kcal/mol (for the
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10 (Cyy)

Figure 7. The B3LYP/6-31G* optimized structure of
(Cg0)3. Reprinted with permission from ref 31. Copyright
2004, VCH.

open-[2+2] addition) at the BSLYP/6-31G* level of
theory. A stepwise mechanism with no net activation
barriers was elucidated for the formation of the most
favorable open-[2+2] dimer from Cyy cage monomers.
The first step is the barrierless formation of the
metastable [1+1] isomer, followed by the smooth
formation of the [2+2]-cycloaddition product. Such
facile [2+2] cycloaddition of fullerene Cgy demon-
strates its high reactivity. The [2+2] isomer can
undergo further isomerization to form the energeti-
cally more favorable open-[2+2] isomer. Similar
dimerization patterns have been found by Chen et
al. in a subsequent theoretical study.?' Figure 6
depicts five isomers of (Cy)s predicted at the BSLYP/
6-31G* level by Chen et al.,?! among which the open-
[2+2] isomer is the most favorable.

Besides dimers of Cg cage, the structures of
trimers, tetramers, and one-dimensional infinite
chains of Cy have been computed by Chen et al.3!
The optimized structures of these oligomers and
infinite chains are depicted in Figures 7—9, respec-
tively. The most stable forms of these oligomeric and
1-D polymeric structures are exclusively derived from
open-[2+2] additions of Cgp monomers. In light of
these oligomeric and 1-D polymeric structures, six
three-dimensional solid structures were designed and
computed with the density functional tight-binding
(DFTB) method. The content of tetracoordinated
carbons in these bce-structured solids derived from
Cg cages ranges within 0—80%. The thermodynami-
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Figure 8. The B3LYP6-31G* optimized structure of (Cg)4.
Reprinted with permission from ref 31. Copyright 2004,
VCH.

Figure 9. The DFTB-optimized structures and DOS of
infinite chains of Cop: (a) an open [2+2] chain and (b) a
twisted chain. Reprinted with permission from ref 31,
Copyright 2004, VCH.

cally most favorable solid structure (Figure 10) was
found to have moderate content (50%) of tetracoor-
dinated carbons, i.e., 10 carbon atoms within a Cs
monomer have been involved to form intercage C—C
bonds in the according solid. Such a Csy solid was
predicted to have a binding energy of 8.7 eV/atom and
a band gap of ~2 eV, thus being a semiconductor.
Earlier DFT calculations?®®? by Miyamoto and Saito
found that a simple-cubic-like solid phase of Cs
shows metallic properties, but it is much less stable
than that proposed by Chen at al.?! Another interest-
ing finding by Miyamoto et al.3%2 is that a metastable
1-D chain phase could be a semiconductor with high
density of states near the Fermi level, suggesting that
the 1-D polymer of Cy could become a superconductor
upon carrier doping.

Most recently, a new allotropic form of carbon [Cas],
based on fullerene Cyy and cubic cluster Cs was
proposed. This hypothetic solid has a simple cubic
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Figure 10. The DFTB optimized structure and DOS of
the most stable three-dimensional Cgy solid. Reprinted with
permission from ref 31. Copyright 2004, VCH.

lattice, in which the Cy cages are located at the
vertices of a cube, and was computed to be dielectric
with an energy gap of 3.3 eV.%3

2.2.4 Perhydrogenated Derivative of Fullerene Cx:
Dodecahedrane CzoHazp

The dodecahedrane CgoHgo, the chemical translit-
eration of the platonic dodecahedron,* once had been
widely and actively sought in organic synthesis.45~47
The motivation was 2-fold, i.e., the aesthetic appeal
to approach the translation of platonic dodecahedron
into real molecules and the synthetic challenge that
“requires the bonding together properly of twenty
methine units”.4* Early attempts to synthesize this
molecule had been unsuccessful until 1982. The first
successful synthesis of dodecahedrane was realized
by Paquette et al. in 1982.462b In their industrious
synthetic work, the authors eventually prepared
anion dodecahedrane along with its monosubstituted
derivative in 23 steps from cyclopentadienide. Sub-
sequently, Prinzbach et al. developed an optimized
“isodrin-pagodane-dodecahedrane” route,?47 with
which the production of dodecahedrane became much
more efficient. We do not discuss their synthetic
strategies in detail here; for more information on this
topic, please refer to refs 21 and 46.

The expected high symmetry of dodecahedrane was
fully manifested by the measured infrared (IR),
Raman, 'H and 3C NMR spectra.*s® Only three IR-
active frequencies appeared aptly at 2945, 1298, and
728 cm™!, whereas eight Raman-active bands were
observed at 2954, 2938, 1124, 1164, 1092, 840, 676,
and 480 cm™! In its 'H and 3C NMR spectra
measured in CDCl; solution, only singlets were
observed at 4 3.38 (H) and 6 66.93 (3C) ppm,
respectively.

The estimated heat of formation from experiments
is about 18.2 + 1 kcal/mol for dodecahedrane.*®
Because of its high symmetry, all the CH bonds in
dodecahedrane are eclipsed, giving rise to substantial
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strain energy. Indeed, a strain energy of 61.4 + 1
kcal/mol was estimated by Prinzbach et al.*®

Except the tremendous efforts of the experimental-
ists to achieve the synthesis and to explore the
properties of this fascinating molecule, dodecahe-
drane has been studied intensively at various theo-
retical levels with regard to the energy (e.g., heat of
formation and strain energy),*?5° vibrational frequen-
cies,”> NMR chemical shifts,*> and coupling con-
stants®® for 13C and 'H nuclei, inelastic neutron-
scattering spectrum,?® substituent effects,?!2 and
charge density.?® The GIAO-B3LYP/6-31G* calcula-
tions*? gave a fairly good prediction with regard to
the 'H and 3C NMR chemical shifts [0 3.4 (‘H) and
0 73.1 (13C) ppm] of dodecahedrane. The RMP2/
6-31G* calculations® reproduced the experimental
enthalpy of formation (17.4—18.9 kcal/mol by theory
vs 18.2 kcal/mol by experiment), whereas the MM2
method did quite well with the strain energy (65.4
kcal/mol by MM2 vs 61.4 by experiment).%

Note that the synthesis of dodecahedranes was
achieved three years before finding the first fullerene,
the buckminsterfullerene Cgo.! Unfortunately, de-
spite its close relation to the smallest fullerene Cyy,
dodecahedrane has long been neglected as, frankly
speaking, the first fullerene derivative made by
mankind. More significantly, this compound is also
the first fullerene derivative that can be prepared by
means of rational organic chemistry. Note that except
for dodecahedrane, only the rational chemical syn-
thesis of the buckminsterfullerene Cgy has been
reported.®

2.2.5 Other Exohedral Derivatives of Fullerene Cy

Following the successful synthesis of dodecahe-
drane CgoHgy, a large number of exohedral derivatives
of fullerene Cgy have been synthesized with dodeca-
hedrane as starting point. For example, under “bru-
tal” conditions all of the hydrogen atoms in dodeca-
hedrane could be replaced, giving rise to perhalo-
genated derivatives of Cgg, e.g., CgoBryo, and poly-
halogenated dodecahedrenes, e.g., CgClis and
Co0Ho-3Bris—11.2! As mentioned previously, these
halogenated derivatives of Cy could work as precur-
sors for the gas-phase generation of fullerene Cg.?°
Ever since its creation, rich chemistry centering at
dodecahedrane has been disclosed and was recently
reviewed by Parquette*%d and Prinzbach et al.21b47a-¢
In this subsection, we summarize only the chemistry
of polyunsaturated dodecahedranes that is closely
related to the theme of the current review.

Among various exohedral derivatives of Csg, of
particular interest are the polyunsaturated dodeca-
hedranes CyR,, (n =18, 16, 14, 12, 10; R = H or other
substituents) that have one to five highly bent
unsaturated C=C bonds (Chart 1).2'® Note that
pyramidalization of an unsaturated C=C bond re-
duces remarkably its energy gap between the x
(bonding) and 7* (antibonding) molecular orbitals,
leading to “diradical” character and, of course, much
higher reactivity.?® Hence, due to the presence of
highly pyramidalized C=C bonds, polyunsaturated
dodecahedranes can undergo thermally activated [79
+ @] cycloadditions,?'® which are generally sym-
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metry-forbidden for simple alkenes with a planar
C=C bond.?® Selective [2+2] dimerization or even
trimerization of polyunsaturated dodecahedranes
(Chart 2) were found experimentally upon heating,

Chart 2

for example, dodecahedrene diester (exclusion of Og)
to about 300 °C.2™® Indirect evidence for the formation
of higher oligomers from polyunsaturated dodecahe-
dranes is also available.’” A laser desorption time-
of-flight mass spectroscopic study disclosed that Cy
“dimers” to Cioo “pentamers” were formed from the
1,6-dibromododecahedrane after desorption with a
248-nm excimer laser. Dodecahedrenes and dodeca-
hedradienes were suspected to be key intermediates
in the formation of these oligomers. Upon release of
all hydrogen atoms at higher ion velocities, these
oligomers could even rearrange to pure fullerenes,
preferably Cego.

In addition to the unexpected [2+2] cycloadditions,
unsaturated dodecahedranes, as a dienophile, readily
undergo normal [4+2] cycloadditions (Diels—Alder
reaction), for example, with 1,3-butadiene and furan
even at room temperature (Chart 3).58

Chart 3
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Polyunsaturated dodecahedranes have much shorter
inner-shell diameters than the fully saturated one.
For instance, the shortest transannular 7—x distance
in the 1,16-dodecahedrodiene is about ~3.5 A% by
1.0 A shorter than that of dodecahedrane. It is thus
possible for polyunsaturated dodecahedranes to have
through-space homoconjugation.®® However, ab initio
calculations (HF/3-21G)*® predicted insignificant
transannular 7—x interaction either in the 1,16-
dodecahedradiene or in its cations (Chart 4). The

Chart 4

DG G,

transannular 7— distance in this cage-shaped diene
decreases with increasing its oxidation number but
is longer than 3.2 A even in the dication. The
dication, although having two m-electrons and fulfill-
ing the Hiuckel (4n + 2) rule of aromaticity, is more
like a bis(radical cation). Obviously, its high struc-
tural rigidity hinders the through-space homoconju-
gation.?® The theoretical prediction was confirmed
experimentally by subsequent ESR, PE, and CV
studies.®!

In contrast to the insignificant through-space 7-elec-
tron delocalization in 1,16-dodecahedradiene and its
cations, remarkable in-plane cyclic 7-electron delo-
calization was found in the [10]trannulene subunit
of dodecahedrapentaene CgoHio (Chart 5) by means

Chart
1=

NICS = -16.5 ppm
C2oH10 (Dsq)

1.396

NICS =-14.0 ppm
C1oH10 (Dsq)

NICS =-15.1 ppm
CgHs (Dgp)

of MNDO-CI calculations.??2 Such a “in-plane” delo-
calization due to the overlap of adjacent p,-orbitals
results in unusual “in-plane aromaticity” when ful-
filling the Hiickel (4n+2) rule of aromaticity.5® The
in-plane aromaticity in dodecahedrapentaene was
further confirmed by CSGT-B3LYP/6-31G* calcu-
lations.%?» The molecule was predicted to be in Dsq
symmetry with all the central C—C bonds in the same
length of 1.400 A; the NICS value of —16.5 ppm at
the cage center is comparable with NICS —15.2 ppm
for benzene and NICS —14.0 ppm for the parent [10]-
trannulene CioHig calculated at the same theoretical
level. Evidently, the in-plane delocalization gives rise
to a pronounced degree of diatropic ring current effect
within the [10]trannulene subunit of dodecahedrap-
entaene.5?

2.2.6 Dodecahedral Heterofullerenes

While the highly strained fullerene Cgy was mani-
fested to be unstable with a microsecond-scale life-
time observed in the gas phase,?® the search for its
stable analogues, namely, heterofullerene[20], be-
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comes appealing. In 1992, Castleman et al. discov-
ered the first metallocarbohedrene (Met-Car) TigCis.%4
Subsequently, a series of Met-Cars have been also
discovered with the stoichiometry MsCqo (M =V, Zr,
Hf, Cr, Nb, Fe, Mo) or Ti8-xM,C12 (M = Zr, Hf, Y, W,
Nb, Mo, and Si),% forming an important new class
of molecular clusters. Being one of the highlights in
nanoscience, Met-Cars have attracted much attention
from both experimentalists and theoreticians to
explore their properties.®® Interestingly, the TigCis
cluster was originally proposed to have a T, sym-
metry dodecahedron structure, in which each face of
a Tig cube was capped by a C=C group (Chart 6).6¢

Chart 6
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However, first-principle calculations overthrew such
a heterofullerene model and revealed that it can be
readily transformed into a much more stable struc-
ture with a T; symmetry (Chart 6).5” The latter was
confirmed to be more realistic by a critical compari-
son of the measured ionization potentials®® and
vibrational frequencies® for TisCi2 with the theoreti-
cal predictions. In the T; symmetry structure of
M;gCis, an inner (Ti), tetrahedron was capped by an
outer (Ti%, tetrahedron, with the six C=C groups
aligned along the Ti°—Ti° edges of the outer (Ti%,
tetrahedron. So the MsCio Met-Cars could not be a
heterofullerene analogue of dodecahedral Cy at all.

While the MgCi2 Met-Cars cannot be regarded as
heterofullerenes, the T), symmetry PsCis [more ex-
actly Ps(C=C)e] cluster was recently predicted to be
a stable, dodecahedral heterofullerene (Figure 11).7°

Figure 11. Skeletal and space filling models of PsC;; (the
latter is oriented perpendicular to one cubic face) (extracted
from ref 70).

In their density functional study using the BSLYP/
6-311G* method, Alder et al.” investigated the
relative strain energies for a series of T}, symmetry
XgCi2 X = P, N, CH) molecules by computing the
energy of isodesmic reaction, XgCioHio + CooHiza —
XgC1z + CooHgp. The reaction was predicted to be
highly exothermic (by 86.7 kcal/mol) for X = P but
highly endothermic (by 148.1 kcal/mol) for X = N.
Thus, the strain energy of the PsCis heterofullerene
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is far smaller than that of the T, symmetry dodeca-
hedratetraene. In accordance with its reduced strain
energy, the optimized geometry of the T%-PsCis ap-
pears to be nearly cubic with its alkenic >C=C<
groups being less pyramidal than those in Cg. The
alkene pyramidalization angle, ¢,>"! was calculated
to be 30.0° for T,-PsCi2, 31.7° for Cgo, much smaller
than that in the known dodecahedrene (43.7°).47 In
addition, T%,-PsCi2 has 28 m-electrons distributed
spherically and was predicted to be mildly aromatic
with an NICS value of —15 ppm at its cage center.
On the contrary, the isoelectronic (valence shell only)
T,-NsC12™ was found to be nonaromatic due to the
lack of effective vinylic delocalization between the
nitrogen lone pair and the adjacent double bonds.
Containing uniformly distributed P atoms, this mini-
mally strained heterofullerene[20] was envisioned to
be an interesting ligand for metals in the synthesis
of novel inorganic—organic hybrid materials.

Similar to T,-PgC12, heterofullerene C15Sis was also
calculated to adopt a Tj-dodecahedral structure,
whereas C12Geg and C12Sng prefer quite different Dy,
and D, structures, respectively.”® But the kinetic
stability of T},-C12Sig should be much lower than that
of Tj,-PsC12 because of the following two factors: (i)
T1-PsC1s is aromatic, but 77,-C12Sig is not; (ii) the Si
atoms in T,-C12Sig do not provide the same strain
relief as the P atoms in 7%-PsC12.7°

Very recently, the substitution patterns of mono-
BN-substituted fullerene[20] were™ explored by means
of semiempirical MNDO and DFT computations. The
structures with adjacent B and N atoms were pre-
ferred. BN-substituted heterofullerenes were pre-
dicted to have larger HOMO—-LUMUO gap, higher IP
and EA values than the pristine dodecahedral Cy,
implying enhanced kinetic stability upon BN-substi-
tution.

2.2.7 Endohedral Derivatives of CooHsp and Cog

_ Dodecahedrane CqoHgzo has an inner void of ~ 4.5
A in diameter, thus capable of encapsulating various
guest atoms and ions. Indeed, the “inside chemistry”
of CooHsy was already a popular area of research®0>.75
far prior to the emergence of the endohedral chem-
istry of fullerenes.”® For example, early quantum
chemical calculations®®®75 using various semiem-
pirical methods and ab initio HF/STO-3G methods
showed that the inclusion of small ions (H*, Li*, Be?",
Mg?") is favorable with no energy cost, whereas the
accommodation of an electron or atoms such as He
and Li is energy-costing. Using an ab initio MP2(FC)/
6-311G** method, the binding energies and equili-
bration constants for the formation of He- and
Ne-encapsulated CqoHgo were computed by Jiménez-
Viazquez et al.”” The predicted inclusion energies are
33.8 kcal/mol for He and 98.3 kcal/mol for Ne. The
equilibrium constant for He@ Cy,Hyy was calculated,
and the pressure corresponding to the experimentally
synthesized compound is 4 x 1026 atm.”” Thereafter,
more systematic and sophisticated theoretical studies
have been done by Schleyer and co-workers’® with
regard to the structures and stabilities of a number
of endohedral dodecahedrane complexes X@CqoHgy (X
= HY*, He, Ne, Ar, Li%", Be”+2+ Na¥*, Mg0/+/2+’ N,
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P,C-, Si", Of, ST). Interestingly, they found that H*
does not bind endohedrally but escapes from the
cavity to bridge a C—C bond exohedrally.”® Among
these endohedral minifullerenes, of particular inter-
est is the H@CyoDy that has been proposed for use
as single quantum bits (qubits) in solid-state quan-
tum computers.” Similar use has been proposed of
large endohedral fullerenes whose dopants atoms
retain their isolated atomic states.%°

Despite the intensive efforts made by theoreticians,
experimental investigation on the endohedral dodeca-
hedrane complexes is scarce. So far only He@CyoHgo
has been successfully obtained with a low yield
(~0.01%)8%! by using an experimental procedure de-
veloped for large fullerenes.3?

2.3 Cyg Fullerene and Its Molecular and Solid
Derivatives

éS’.l Geometric and Electronic Structures of Fullerene
28

Thanks to the amazing finding of endofullereneic
M@Cqos™ (M = U, Hf, Zr) clusters by Guo et al. in
1992,19 Cyg fullerene has been one of the most
intensively investigated small fullerenes.%4283.74 This
carbon cluster, together with its two smaller neigh-
bors C, (n = 24 and 26), is located at the crossover
from ring- or bowl-shaped carbon clusters (C1o—Csg)
to fullerenic ones (C,, n = 30).128¢ Under suitable
conditions, its cationic species, Cog™, can be produced
even with an abundance nearly as great as that of
Ceo in the laser vaporization of graphite.®

As disclosed by spin-polarized HF and DFT calcu-
lations,®8 Cyg has a ground-state fullerenic structure
of Ty symmetry (Figure 12a). This small fullerene

NICS aqe = —34.3

NICS age = 3.8
a) Cag (Ty) b) Cos* (T4)

Figure 12. Structures of (a) neutral and (b) tetraanion of
Cos (Tg) fullerene. B3LYP/6-31G* bond lengths (A) and
NICS values (ppm) from GIAO—B3LYP/6-31G* are also
given. Reprinted with permission from ref 42. Copyright
2001, Springer.

contains four separated six-membered rings con-
nected by four carbon atoms at each vertex of a
tetrahedron. In its open-shell ?A; ground state, there
are four singly occupied frontier orbitals, i.e., the 14t
and 8a; orbitals. Hence, fullerene Cys is highly
reactive, with four dangling bonds localized on the
triplet-pentagon-fusion apecies (i.e., the C1 atoms in
Figure 12a), and works as a “superatom” of tetrahe-
dral valence subject to formation of molecular deriva-
tives, e.g., endohedral!®#3"8 and exohedral deriv-
atives,19:83b:852.¢86 and solid assembly.’” However,
Paulus?®™ found that the 2T, state is 0.11 eV lower in
energy than the quintet °A; state when electron
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correlation is included in the coupled cluster level,
which shows the great influence of correlations
especially for open shell systems.

Cgs fullerene has in total 28 w-electrons delocalized
around its carbon surface; its curved z-conjugation
does not obey the spherical aromaticity rule at all.?32*
The most stable electronic configuration is an open-
shell quintet with T; symmetry and is nonaromatic
either globally or locally. This nonaromatic character
was confirmed by recent GIAO-B3LYP/6-31G* cal-
culations; the computed NICS values at the cage
center and each individual ring centers (cf. Figure
12a) are so small (3.8 ppm at the cage center, 3.1 ppm
at the pentagon center and —0.8 ppm at the hexagon
center) which reflects the very weak ring current
effects.*2 Once its valence shell is completely filled
upon reduction, the resulting Csg*~ anion (Figure 12b)
is highly aromatic both globally and locally because
its curved 32-electron sm-conjugation follows the
2(N+1)2 rule for spherical aromaticity.?®2* The highly
negative NICS values at the cage center and ring
centers (ranging from —12.2 at pentagon center to
—30.3 ppm for the cage center) computed by Chen et
al. clearly indicated the very strong diatropic ring
current effects around each individual rings and the
whole carbon surface in the Cgs*~ anion (Figure
12b).*2 Accompanying the reduction-enhanced aro-
maticity of the Cos*™ anion might be a drastic increase
in its kinetic stability. That is why Csg is preferen-
tially tetravalent and prefers to encapsulate a Group-
IV metal atom (e.g., Zr and Hf) inside to form
endohedral metallofullerenes M@Cys.'?

2.3.2 Endohedral Fullerenes of Cog

The first endohedral metallofullerene of Cayg, U@Cags,
was produced in the cationic form by laser vapor-
ization of a mixture of UOs/graphite in a cluster
FT-ICR apparatus.’® Further experiments on other
MOy/graphite composites (M = Zr, Hf, and Ti) led to
the finding of the corresponding endohedral metal-
lofullerenes M@Cyg™.1? XPS spectroscopic investiga-
tion on the as-prepared U@Cgys-containing thin solid
film indicates a formal 4+ valence state for the
encapsulated uranium atom as well as substantial
covalent bonding between the encapsulated metal
atom and the Csgs cage. Hence, these metallofuller-
enes can be better described as M* @Cqg*~.1° Follow-
ing this experimental study, Guo et al. performed a
systematic theoretical investigation on the electronic
structures of a series of endohedral fullerenes M@Cog
(M = Mg, Al, Si, S, Ca, Sc, Ti, Ge, Zr, and Sn).8®
Their SCF—HF calculations showed that only two
endohedral compounds, Zr@Cqs and Sc@Cqs, have a
large binding energy (2.8 and 1.5 eV, respectively),
whereas formation of the rest of the compounds is
thermodynamically unfavorable. In accordance with
such a theoretical prediction, La@Csys, which is va-
lence isoelectronic with the Sc@Csyg, was observable
in the laser vaporization experiments.%

A series of endohedral compounds that encapsulate
tetravalent atoms such as Zr, Ti, C, Si, Ge, and Sn%52b
were explored by means of density functional calcula-
tions, which predict that the inclusion of Zr, Ti, Si,
or Ge in the Cgg cage is thermodynamically favorable.
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Other endohedral fullerenes containing a nonmetal
atom such as B@Cys, N@Cgg, and O@Csg has been
considered theoretically, but the possibility of forming
these compounds could be very low.85d

In addition to the aforementioned endohedral
fullerenes, the possibility of simultaneous bonding
from the inside and outside of the Cog cage, as in a
hybrid compound Ti@CysHy, has also been considered
theoretically by Dunlap et al.8?¢ and Guo et al.®3 In
Ti@CqesHy, the encapsulated Ti remains in its neutral
atomic state, differing significantly from that of
Ti@Cos.

2.3.3 Exohedral Fullerenes of Cog

Because of the four dangling bonds at the tetra-
hedron apices, Ty Cas’s exohedral compounds, CgsXy
(X = H, F, Cl, Br, I), have been sought theoretic-
ally.83h.852.¢86 The attachment of four monovalent
atoms to the active C1 sites of the Cgs cage (see
Figure 12a for definition) greatly enhances its kinetic
stability due to saturation of the dangling bonds. For
example, a moderate HOMO—LUMO gap (~2.5 eV)
of CosHy (Ty) was predicted by LDA calculations.?52
In these exohedral derivatives (CgsXy), the four
separated benzene-like rings are aromatic.*? Exohe-
dral adduct of Cos (Ty) was predicted to the best
isomer of CygSi, in which the Si is attached to the
pentagon junctions (atom type 3, see Figure 12).%°

2.3.4 Heterofullerenes of Cog

Besides endohedral encapsulation and exohedral
functionalization, another way to stabilize the highly
reactive Cog cage is to substitute some of the cage
carbon atoms by heteroatoms.*?%° Indeed, the Ty
symmetrical heterofullerene Co4N, (Figure 13a), which

NICS sogo = -27.8
a) Co4Ny (To)

NICS g = 9.6 NICS g = 21.1

b) C24P4 (To) ¢) C24B4 (T)
Figure 13. Structures of heterofullerenes: (a) C24Ny, (b)
Ca4P4, and (c) C24B4. BSLYP/6-31G* bond lengths (A) and
NICS values (ppm) from GIAO-B3LYP/6-31G* are also

given. Reprinted with permission from ref 42. Copyright
2001, Springer.

is isoelectronic with the highly aromatic Cgs*™ anion,
was proven to have rather high local and global
aromaticity.*? A highly negative NICS value (—27.8
ppm) at the cage center of Cg4N4 was predicted by
GIAO-B3LYP/6-31G* calculations,*? indicating the
overall spherical aromaticity of this heterofullerene
and, meanwhile, suggesting a high delocalization of
the electrons rather than isolated electron lone pairs
at the nitrogen atoms. On the contrary, the valence
isoelectronic Cy4P; (Figure 13b) was found to be
nonaromatic with a positive NICS value (9.6 ppm)
at the cage center because of localization of the
phosphorus lone pairs. For the boron-substituted
heterofullerene, Co4B4 (Figure 13c), which has a total
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of 24 m-electrons, spherical antiaromaticity was
expected on account of the incomplete filling of the
valence orbitals in Ty symmetry. Indeed, the highly
positive NICS value (21.1 ppm) at its cage center
computed by GIAO-B3LYP/6-31G* calculations im-
plies remarkable paratropic ring current effects.
Among the three heterofullerenes, the N-substituted
one, Co4N4, might be synthetically viable owing to its
high aromaticity.

2.3.5 Solid of Cps: Hyperdiamond

Because of the presence of four dangling bonds
located at its tetrahedron apices, the tetravalent T
symmetrical Cog fullerene is undoubtedly isolobal
with an sp3-hybridized carbon atom. Therefore, an
arrangement of the superatomic Csg unit in a dia-
mond lattice should give rise to a new crystalline
form of pure carbon (Figure 14), which was called

Figure 14. Structure of the hyperdiamond lattice. The Cog
clusters are connected together at the black atoms. Re-
printed with permission from ref 87b (http:/link.aps.org/
abstract/PRB/v49/p8446). Copyright 1994, APS.

“hyperdiamond.” Properties of the hyperdiamond
from first-principle density functional calculations®’
are summarized as follows:

(i) The hyperdiamond carbon is a high-energy
material. Its cohesive energy was estimated to be
0.6772 eV/atom (or 5.43 kd/g) lower than that of
diamond.?’2 The energy release upon hyperdiamond-
to-diamond conversion would be as much as that of
trinitrotoluene (TNT).

(i1) The hyperdiamond carbon is a wide-gap semi-
conductor. Its band gap was predicted to be ~1.6 eV
by LDA computations but was empirically scaled up
to ~3.0 eV. 8

However, the presence of local defects in the
hyperdiamond would be unavoidable since a perfect
orientation of all Cog units in the solid would be
hardly approached due to the size of the Cog unit.8
Accordingly, a Cgg solid experimentally attainable
would probably be amorphous and porous with a
large pore size and may find its various applications
such as gas-storage, support of catalysts, etc.

2.4 Cs6 and Its Molecular and Solid Derivatives

2.4.1 Synthesis of Cs and Its Derivatives

C3s was one of the magic-number small fullerenes
detected by mass spectroscopy in the very early days
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of fullerene science.>”! After that, few experiments
have been done on Csg exclusively in the gas phase®?
until 1998 when Zettl’s group'® claimed the first
preparation of Cgss in the solid form by the arc-
discharge method.?® Together with Cgo and Crg, Csg
was found with a remarkable percentage in the soot
that was produced by repeated arc-discharge runs in
400 Torr helium. The Csg solid was found to be
soluble in pyridine and carbon disulfide (CSg) under
ultrasonic heating. 13C NMR spectrum of the purified
“Cse solid powder” showed two prominent peaks at
146.1 and 137.5 ppm. On the basis of this spectrum,
the synthesized solid was assigned to be aggregation
of molecular Csg fullerene in a Dg, symmetry, for
which density functional calculations predicted a 3C
NMR spectrum with one peak at 135 ppm and two
peaks around 158 ppm. However, the electron-dif-
fraction pattern of their Cge-based solid suggested an
intercage distance shorter than 1.7 A, strongly im-
plying the presence of covalent intercage bonding.
Indeed, subsequent theoretical investigations re-
vealed that molecular Csg should be unstable and
prone to polymerize.'”%* Further scanning tunneling
spectroscopic study of the “Cgs solid” indicated an 0.8
eV electronic gap, a phenomenon that was better
reproduced by density functional calculations on the
covalent dimeric and trimeric assemblies of Css.%°
Hence, the nature of the “Cs¢-based solid” is in
controversy, since sp® hybridized carbon signals were
not found in the 3C NMR spectrum.!42 Moreover,
various attempts to reproduce the production of Css
by arc-discharge failed.!c Stimulated by Zettl’s work,
Shinohara et al. prepared several derivatives of Csg,
e.g., CsgHy, C36H4O, and CsgHeg.'*>d Their structural
characterization is unfortunately not available to
date. Very recently, individual Cs fullerenes, in
addition to Cg and Crp, were observed in flame-
generated soots using high-resolution transmission
electron microscopy.”® Nevertheless, the limited and
controversial experimental findings on the synthesis
of Css and its derivatives have invoked intensive
theoretical investigations, the results of which will
be summarized and compared with the limited avail-
able experimental information in the following sub-
sections.

2.4.2 Geometric and Electronic Structures of Cs.

Cs6 has 15 conventional fullerene isomers;® among
them, the Dg, and Dyy isomers (Chart 7) have a
minimal number of adjacent pentagons and, hence,
are candidates for the most stable structure.® Inten-
sive theoretical studies have been reported on the
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structure and bonding of Csg30%27429497 and its
charged species.?”? The most systematic structural
searching work was done separately by Slanina et
al.”2 and Fowler et al,’” using various semiempirical
quantum chemical methods. Slanina et al. searched
through 598 cage structures of Css by the semiem-
pirical method and predicted the Dg; isomer to be the
lowest energy.’ Fowler et al. gave a similar predic-
tion after optimizing in total 88 Cs¢ fullerene struc-
tures with the DFTB, QCFF/PI, MNDO, AM1, and
PM3 methods.?*® Furthermore, their QCFF/PI cal-
culations revealed that the Dy, isomer is highly
diradicaloid in nature and should work as a hexava-
lent group in redox reactions.’* On the other hand,
various DFT calculations showed that the Dy; and
Dg;, singlet states and Dg, triplet state are quasi-
isoenergetic, but their exact stability order depends
on the type of functional used.?™~ More elaborate ab
initio calculations at the CASSCF, MP2, and MRMP2
level of theory convincingly demonstrated that the
Dg;, singlet state is the lowest energy state with
substantial diradical character, followed by the Dg),
triplet, Dgg triplet, and Ds, singlet states.?” Because
of its diradical character, it is extremely difficult to
obtain the pure molecular form of Cgs¢ fullerene
because it tends to form polymeric solid!4? or react
with other molecules/atoms/ions available in the
synthetic process to form derivatives.!**< Interest-
ingly, the Dg, and Dy isomers can transform via
Stone-Wales (SW) transformation,®® and a transfor-
mation barrier of ca. 6 eV was computed at DFT
level 100

Few experimental data are available on the prop-
erties of C3s molecule. From the photoelectron spec-
trum of selected Css~ anion generated in the gas
phase, an electron affinity ~3.0 eV and a HOMO—
LUMO gap of ~0.8 eV were estimated for neutral
C36.92d These properties have also been predicted by
different theoretical means. Table 3 lists the EA’s and

Table 3. Adiabatic Ionization Potentials (IP) and
Electron Affinities (EA) of the Dy; and Dg, Isomers of
Css Predicted by Different Theoretical Means® (eV)

isomer parameter HF LDA GGA B3LYP B3PW91

Dyq 1P 515 7.19 6.58 6.41 6.58
EA 1.68 3.01 2.43 2.31 2.50
Dg, IP 716 7.50 6.91 6.70 6.89

EA 0.28 3.25 2.66 2.50 2.67

@ The standard split-valence basis set 6-31G* was employed
in the computations. All the data listed are extracted from ref
97f.

IP’s predicted for the Doy and Dgj, isomers of Csg. It
appears that the theoretical calculations tend to
underestimate the electron affinity of Cgsg, except
LDA, which overestimated the electron affinity.
Because of the inherent diradical nature of the Dgy,
Cs6 ground state,®™ the inaccuracy of these predic-
tions listed in Table 3 is not unexpected at all,
because none of them could give a correct description
with regard to the ground-state electronic structure
of Cg6. This is also the reason the HF/6-31G* predic-
tion is the worst.

The global and local aromaticities of the neutral
and charged species of Dg;, C35 were assessed by Chen

Chemical Reviews, 2005, Vol. 105, No. 10 3655

et al.%" and Tanaka et al.?® using an NICS probe. The
NICS values at the center of the cages and the
pentagons and hexagons of (Figure 12) Dg, C3¢? (@ =
0, +2, —2) were computed using the GIAO-SCF/6-
31G* method and are schematically shown in Figure
15. For the neutral species, its singlet state is more

SN
535"

C3e (triplet) Cs¢ (singlet)

ISON

Figure 15. NICS values (ppm) calculated by the GIAO-
SCF/6-31G* method for Dgj, C3? (g = 0, +2, —2) (ref 97i).

aromatic (either locally or globally) than the triplet
state; the hexagons are locally more aromatic than
the pentagons. Interestingly, a decrease of aroma-
ticity is insignificant upon oxidation to the dication
but very remarkable upon reduction to the dianion.
In contrast to the very high global aromaticity of
the Dg;, Cs6 (singlet state), the global aromaticity of
the singlet-state Dy Cs isomer was found to be much
lower with an NICS value of —15.4 ppm at the cage
center.*? In addition, the local aromaticities of pen-
tagons and hexagons in the singlet-state Dgy Cse
isomer (NICS values ranging from 11.2 to —14.2 ppm)
are mostly lower than those of the Dg;, Cs¢ isomer.

2.4.3 Exohedral Derivatives of Css

Few exohedral derivatives of Csg have been dis-
closed experimentally. Shinohara et al. reported the
production and characterization of several Css-related
materials, including 036H4, C36H40, C36H6, and
C36HgO, by a high-temperature laser vaporization
(laser-furnace) method and the conventional DC arc-
discharge method.*d Upon laser-vaporization of a
Ni/Co-doped graphite rod, an enhanced production
of C3¢H,4 together with CsgH4O was obtained. How-
ever, transformation from the as-prepared Cs¢H4 and
C36H40 to Cs6Hg and C3sHgO was observed during the
extraction process using CS,; as solvent. Such a
transformation suggests CsgH4 and C36H4O are reac-
tive with two free valences available for further
chemical transformation. A MALDI mass analysis on
a dried CseHjg solid prepared by evaporating a puri-
fied CS; extract revealed that upon desorption/
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ionization, fragmentation of C3¢Hg occurs, preferen-
tially giving the magic fragment Ci3Hs.2*d Unfortu-
nately, no further experimental information is avail-
able about the structural characterization of these
Csg derivatives.

The lack of experimental information on the struc-
tures of hydrides and hydroxides of C3s has motivated
a number of theoretical investigations.!7-97gimnrt, A
lot of exohedral derivatives have been investigated
theoretically, including CssHs, (n = 1, 2, 3, 6),17:97:101
CgGF2,102 C360,103 and C360H+.104

Fowler et al.1”%42 have conducted a rather system-
atic search for the lowest energy isomers of CssHs,
(n =1, 2, 3) derived from the Dg; and Dy, Cs36 cages
by means of DFTB optimizations. It was concluded
that (i) hydrogen atoms are preferentially added to
the pentagon fusions of the carbon cages; (ii) the
lowest-energy isomers for CsgHg and CsgHy, adopt the
Dgj, C36 cage with a 1,4-addition pattern of hydrogen
distribution (Figure 16); (iii) the lowest-energy isomer

C36He (D3p) CagHa (C2y) C36Ha (D2p)

Figure 16. Structures of the most stable C3sHg and CsgHy
isomers. The black dot denotes the carbon atom on which
H atom is attached (from ref 17).

for C3gHs adopts the Dyy Cs¢ cage with a 1,4-addition
pattern of hydrogen distribution (Figure 17a), fol-
lowed by several quasi-isoenergetic isomers derived
from the Dg;, Cs6 cage (Figure 17b—d). The 3C NMR
spectra for various low-energy isomers of CsgHp, (n

—_———
P e——

a) C3gHz (Cy)

c) C3¢Hy (Cp)

d) C3¢H; (C3y)

Figure 17. Structures of the most stable CsgHy isomers.
The black dot denotes the carbon atom on which H atom
is attached (from ref 17).

Lu and Chen

= 2, 3) have also been computed by Heine et al. using
the density-functional PBE method.101d

The local and global aromaticity of CssHs, C36Hio,
and CzsHss was studied by Chen et al.®”" The Ds,
isomer of CgsHg (Figure 18a) was found to be globally

c) CzgHq2-1l (Dgp)

d) C36H36 (Dep)

Figure 18. NICS values (ppm) calculated by the GIAO-
SCF/6-31G* method for ngHG, Cgf,le, and C36H36. The
black dot denotes the carbon atom on which H atom is
attached (ref 971).

aromatic; the intact hexagons are aromatic, whereas
the hexagons with 1,4-addition of hydrogens are
nonaromatic. Two isoenergetic isomers have been
found for C3¢Hig; the isomer I (Figure 18b) has a [6]-
cyclacene belt, thus having higher aromaticity than
isomer II (Figure 18c). The perhydrogenated Csg,
CssHse (Figure 18d), is nonaromatic and should
behave as a normal saturated hydrocarbon.

Hundreds of CsgF5 isomers derived from Csg carbon
cages were optimized by Zhao et al.!%? using the
semiempirical AM1 and PM3 methods. The lowest-
energy isomer of CsgF's was found to have a structure
identical to that of CssHs.1” It was concluded that the
addition pattern of H or F atoms for the formation
of C36Xy (X = F, H) is predominantly determined by
the conjugation effect, rather than by relaxation of
strain,17.101c,102

Zhao et al. have also performed HF/STO-3G cal-
culations to search for the low-energy isomers of
C360.19 Four lowest-energy isomers derived from the
D¢, and Dyy cages of Czg proposed by them are
depicted Figure 19. It appears that they all have an
epoxy-like local structure. Among them, the isomer-I
(Figure 19a) derived from the Ds; Cs¢ cage was
predicted to be the most stable at the HF/6-31G/HF/
STO-3G level of theory.

2.4.4 Endohedral Derivatives of Czg

To the best of our knowledge, the only endohedral
metallofullerene of Cs¢ so far produced in experi-
ments was U@C3s by Guo et al.’® However, no further
information is available on its structure characteriza-
tion.
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Figure 19. Four lowest-energy isomers of C350 (ref 103).

Except U@Cg4, several endohedral complexes of Cgg,
X@Css (X = N, He,'% H, Li, Na, K°?¢), have been
investigated theoretically. It has been shown that in
N@Csg, the N atom is located at the center of the Dgy,
cage with no explicit covalent bond but prefers to
covalently bond to a C—C bond of the Dz, cage.'% In
He@Cg36, He atom is located exclusively at the cage
center for both the Dg, and Do, cages. For the
hypothetic endohedral complexes X@Cs¢ (X = H, Li,
Na, K),?’¢ the encapsulated monovalent atoms were
found to locate at the center of the D¢, carbon cage
with charge transfer from the trapped atom to the
carbon cage. The inclusion energy predicted at the
B3LYP/6-311+G* level of theory was —41.6, —24.0,
8.4, and 15.3 kcal/mol for Li, Na, H, and K, respec-
tively. Hence, the inclusion is thermodynamically
favorable for Li and Na, whereas the encapsulation
of H or K is unfavorable.

2.4.5 Heterofullerene Analogues of Cgs

The geometries and electronic structures of the
monosubstituted [36]fullerenes C35X (X =B, N, Si),106
the mono-BN-substituted [36]fullerene C3,BN,74°7
and the multisubstituted heterofullerenes C30Xs and
C24X12 X = B, N)?" were investigated by means of
density functional calculations. Ding et al.1% studied
the monosubstitution fullerenes C35X (X = B, N, Si)
using LDA and GGA methods and found that the
dopant atom prefers to occupy the site where the
replaced carbon atom has significant contribution to
the frontier orbitals of Cs¢ (Chart 8). The computed
IP, EA, and chemical hardness of these monosubsti-
tuted heterofullerenes suggested that the chemical
stability of the monosubstituted heterofullerenes
should be slightly lower than that of the pristine Csg.

In the mono-BN-substituted heterofullerene
C34BN, the B and N dopants prefer to pair up and to
occupy a hexagon—pentagon fusion rather than a PP
fusion (Chart 8).7* Mono-BN substitution of Csg (Dgp)
raises the IP and EA simultaneously, along with a
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Chart 8

small increase of the HOMO-LUMO gap. This
suggests an enhanced chemical stability due to mono-
BN substitution.

The geometries and electronic properties of various
isomers of disubstituted heterofullerene C3Xs; (X =
B, N) have been computed using the BSLYP and
TDB3LYP methods by Li et al very recently.?”” The
calculations suggest that the disubstituted heterof-
ullerenes could perform better in the two-photon
excitation process than does the pristine Csg.

Several multisubstituted heterofullerene[36]s, C30Xs
and Cy.X;2 (X = B, N), were proposed by Chen et al.®"
The NICS values at the center of the cages and the
pentagons and hexagons (Figure 20) were computed

C24N12

C24B12

Figure 20. Structures of several hypothetical multisub-
stituted heterofullerene[36]s and NICS values (ppm) cal-
culated by GIAO-SCEF/6-31G* calculations. (Reprinted with
permission from ref 97i. Copyright 2000, Elsevier.

(using the GIAO—SCF/6-31G* method) to assess the
global and local aromaticity of these heterofullerenes.
The computed NICS values indicate that the C30Xs
(X = B,N) and C¢4Nis heterofullerenes are less
aromatic than the pristine Dg, Csg (cf. Figure 15),
whereas the C34B12 species has a highly delocalized
structure and is more aromatic than the pristine
Dep, Cse.

2.4.6 Oligomers of Csz

Dimers. The preliminary density functional cal-
culations?9™¢ demonstrated that dimerization of the
diradicaloid Dgj, Csg fullerene is highly favorable with
a face-to-face 1,4-connection of two hexagons, forming
a dimer structure in Do, symmetry (Figure 21a). The
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c) (Cag)2-ll (C2p)
Figure 21. Structures of (Cgg)2 derived from Dg;, Cgg cage.

inter-cage bond length is about 1.60 A, slightly longer
than normal C—C bond (~1.55 A) in simple alkanes.
The exothermicity for the dimerization was predicted
to be 73 kcal/mol at the DFTB level,?2 about 10 times
higher than that of (Cg)2.1°7 In addition to this di-o-
bonded dimer, mono-o-bonded dimers in Cg;, sym-
metry (Figure 21b,c) were also found to be energeti-

0K

7,

(C36)2 (C2v)
Figure 22. (Csg); derived from Dy; Csg cage.

\_7

cally favorable but less stable than the di-o-bonded
one.?” A more systematic theoretical work to search
the dimeric structures derived from Dy, C3s was re-
ported by Huang et al.1% A total of 16 dimeric struc-
tures were considered in their BSLYP/3-21G calcula-
tions, among which the Dy, structure shown in Figure
21a was confirmed to be the most stable. Further-
more, their recent DFT-B3LYP/6-31G* calculations!®?
revealed that a Cg, dimeric structure (Figure 22) can
be formed by [2+2] addition of two Dz, Cs cages; such
a [24+2] dimerization is exothermic with an estimated
dimerization energy of 29.7 kcal/mol, far lower than
that of the Do, dimer of Dgj, Csg.

Trimers, Tetramers, and Hexameric “Super-
benzene”. The diradicaloid nature of the Dg, Cgg
cage as well as its inherent hexavalence® also
facilitates the formation of highly symmetric trimer
and tetramer with the face-to-face 1,4-connection
mode as proposed by Fowler et al.” 110 The exother-
micities for the formation of the D3, trimer (Figure
23a) and the Dy, tetramer (Figure 23b) from free
Dy, Cg¢ cages were predicted to be 137.8 and 259.3
kcal/mol, respectively, at the DF'TB theoretical level.
Note that free valences are available within the
hexavalent Dg, Csg cages involved in the formation
of these oligomers, e.g., each Cgs cage in the trimer
has two free valences. Attachment of more Css cages
at the edge of these oligomers should be highly
plausible. Hence, the oligomers shown in Figure 23
could be precursors leading to higher oligomers and
polymers.
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b) (C36)4

Figure 23. Trimer (a) and tetramer (b) formed by the Dy,
Cg36 carbon cage.

a) (Cze)3

In the presence of hydrogen, the free valences at
the edge of Cs¢-based oligomer can be saturated.
Indeed, Fowler et al.? proposed a hexamer of Csg
whose free valences are saturated by hydrogens. The
structure of such a hexameric “superbenzene” is
depicted in Figure 24. With no free valence at any

Figure 24. Hexameric “superbenzene” (CgsHg)s in Dy,
symmetry.

monomer, this “superbenzene” is quite stable with a
large HOMO—-LUMO gap. This implies that a stable
2D polymer of Csg, namely, “supergraphite”,®2 can
be obtained with the hexagonal hexamer as building
blocks.

2.4.7 Polymers and Solids of Cs.

In light of the oligomeric structures, various Cgsg-
based one-dimensional (1D)%&111 and 2D polymers,
and 3D-polymeric solidg?4297¢110,112,113 haye been pro-
posed and investigated by means of quantum chemi-
cal methods.

1D Polymer. An infinite linear chain of D¢, Cgg
cages (Figure 25a) was designed by Fowler et al.?*2
Their DFTB calculation revealed that this 1D-
polymer, with a Dy, symmetry and an optimal inter-
cage bond length of 1.61 A, has a band gap of 1.28
eV (semiconductive!) and a binding energy of 66.3
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a) Dy, 1D-polymer by 1,4-addition

b) Dgn 1D-polymer by [6+6] addition

c) Cap 1D-polymer by [1+1] addition

d) Cj, 1D-polymer by [2+2] addition
Figure 25. 1D polymers derived from Dg;, Csg fullerenes.

kcal/mol per Cgs. Besides this one, three more 1D
polymers (Figure 25b—d) consisting of the Dg, Csg
monomers were proposed in subsequent theoretical
investigations by Huang et al.!''2~¢ With the help of
ab initio crystal orbital (SCF—CO) method (at the
B3LYP/3-21G level), they predicted the following: (i)
all four 1D-polymers are semiconductors with band
gaps ranging from 0.55 to 2.04 eV, among which the
Dy, 1D-polymer is the most stable with the largest
band gap (2.04 eV); (ii) their negatively charged
forms, [C3¢™ 1o (m =1, 2, 3, 4), are metallic even at
very low temperatures.!t1¢

In contrast to intensively investigated 1D polymers
formed by Dgj, Cs6 fullerenes, less attention has been
paid to the 1D polymers derived from Doy Csg fullerene.
Huang et al.’'1d designed several 1D polymers based
on Dy; Cse fullerene. However, only two of them
(shown in Figure 26a,b) were found to be energeti-

b) [2+2]-1I

Figure 26. 1D polymers derived from Dy; Cs6 fullerenes.
Unit cells are included in parentheses.

cally favorable; they are semiconductive with a band
gap of ~1.0 eV predicted by density functional SCF-
CO calculations.

2D Polymer. Several 2D polymers of Css have
been supposed, derived exclusively from the highly
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e) Slab-V

Figure 27. 2D polymeric slabs derived from Dg;, Csg
fullerenes. The number of atoms for each monomer to
form intercage C—C bonds is 6 for slab-I, 12 for slab-II,
20 for slab-III, 12 for slab-IV, 8 for slab-V, and 16 for
slab-VI.

symmetric Dg;, C36 fullerene. 42110112 Figure 27 depicts
six 2D slabs proposed by Huang et al.!'?" The first
one (Slab-I in Figure 27a) is a hexagonal “super-
graphite”;%42 each C3¢ monomer is “hexavalent”, i.e.,
forming six intercage C—C bonds with its nearest
neighbors via the face-to-face 1,4-connection bonding
mode (see Figure 21a for the definition). Slab II
(Figure 27b) is derived from the “supergraphite” by
putting one more Cg cage into the hexagonal hole.
Accordingly, each monomer forms 12 intercage C—C
bonds, whereas the cage—cage bonding mode is the
same as that of Slab-I. Slab-III (Figure 27c) is an
evolution of Slab-II by indroducing intercage [2+2]
additions in one-dimension; there are in total 20
intercage bonds for each monomer. Slab-IV (Figure
27d) is topologically equivalent to Slab-II but adopts
a different intercage bonding mode (i.e., intercage
[2+2] addition). Slab-V (Figure 27e) and Slab-VI
(Figure 27f) adopt tetragonal structures. All these 2D
polymers were predicted to be semiconductors.!1?
However, only the supergraphitic Slab-I shows sub-
stantial stability relative to the free Dy, Csg fullerenes.
The predicted intercage C—C bond length in the
supergraphite is 1.60 + 0.02 A.942112b The predicted
band gap for this 2D polymer depends substantially
on the theoretical methods employed, ranging from
2.09 eV to 3.12 eV.11?» Nevertheless, it can be safely
concluded that the Csgs-based supergraphite would be
a semiconductor.

Solids of Cg¢. The first Css-based solid was pro-
posed by Cote et al.?* As depicted in Figure 28a, this
rhombohedral Css solid is composed of layers of Dg),
Css cages in a ABC stacking sequence with no
intralayer cage—cage bonding. Because of the forma-
tion of interlayer cage—cage bonding (optimal bond
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C36Xs (D3d)

View 1

View 1

b) Hexagonal C36Xe (D3n)

Figure 28. Css-based solids without intralayer cage—cage
bonding: (a) rhombohedral and (b) hexagonal structures.

length ~ 1.56 A), each Cgg cage has a local symmetry
of D34, similar to the D3, isomer of CssHs. Density
functional calculation using the local-density ap-
proximation predicted this solid to be metallic with
a binding energy of 2.2 eV/C36.°’ By simply altering
the interlayer stacking mode to an AB sequence, a
hexagonal crystal structure (Figure 28b) was found
by Grossman et al.''®® to be semiconductive and
by ~3.4 eV/C3s more stable than the previously
reported rhombohedral structure. Each Cs¢ cage in
this close-packed hexagonal form of Css solid has a
local symmetry similar to the Dg; isomer of CgsHs.
This solid was also predicted separately by Fowler
et al. 942

Since Cgg readily forms 2D-polymeric slab struc-
tures, 110112 the possibility that Css-based solids are
constructed by stacking of 2D-polymeric slabs was
investigated theoretically by Grossman et al,''32 and
Fowler et al.®* Considering the unusual stability of
2D-polymeric “supergraphite” slab (cf. Figure 27a),
Fowler et al. predicted that a solid constructed by
2D-polymeric “supergraphite” slabs with interlayer
van der Waals interactions would have a d-spacing
parameter of 6.78 A% in good agreement with the
d-spacing (~6.8 A) measured by TEM for the “Csg
solid” synthesized by Zettl et al.'42 Using a different
2D-polymeric slab (Figure 29a,b) as building blocks,
Grossman et al,’3 found two crystal structures
(Figure 29¢,d) with interslab covalent bonds that are
energetically favorable and semiconductive. Among
all the aforementioned solids, the AB-stacking crystal
shown in Figure 29d is the most stable and has an
optimal d-spacing parameter of 6.74 A,1132 also
compatible with the TEM measurement.!42

In addition to the aforementioned solids built up
solely with Cg¢ cages, other Cgs-based solids with
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d) stacking

Figure 29. Css-based solids with intralayer cage—cage
bonding: (a) Structure of a single Cs¢ layer, (b) local
symmetry of Csg (black dots denote those carbon atoms to
form intralayer cage—cage bonds), (¢) crystal structure
formed with the Csg layers in an AA-stacking sequence,
and (d) crystal structure formed with the Csg layers in an
AB-stacking sequence.

a) Top view

b) Side view

Figure 30. Clathrate structure formed by Css cages and
interstitial carbon atoms. All carbons are sp?-hybridized.

clathrate structures!'3ef (Figure 30) can be designed,
for example, by introducing Cs dimers into the
interstitial region of a polymeric crystal of pure Csg
solid. Owing to the presence of interstitial carbon
atoms, all carbon atoms in the clathrate Csg solid are
sp®-hybridized. Yet, the Csg-based clathrate form of
carbon solid is structurally different from the well-
known carbon allotrope, diamond, although both
consist of only sp®-hybridized carbon atoms.

In short, the journey to search for Css solids is full
of surprises, e.g., with the findings of brand-new
carbon allotropes such as the “supergraphite” solid?4110
and the clathrate form of carbon!'*¢f and demon-
strates that highly symmetric small fullerenes such
as Dgj, Cg¢ fullerene can provide remarkable flexibility
in the construction of various carbon allotropes
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comprising of both sp? and sp®-hybridized carbon
atoms or solely of sp3-hybridized carbon atoms.

2.5 Csp and Its Molecular and Solid Derivatives

2.5.1 Geometric and Electronic Structures of Csp

Fullerene Csy has a total of 50 z-electrons around
its spherical carbon surface, fulfilling the spherical
aromaticity rule.?? Hence, it was believed to be
synthetically approachable.’*® In gas-phase experi-
ments, Csp did show enhanced stability relative to its
neighbors in the carbon cluster distribution (for
examples see refs 1, 19, and 92).

Theoretical studies!®*!14115 revealed several low-
energy isomers of Cso; among them the D3 isomer is
the most stable (Figure 31), followed by the Ds;

Figure 31. Geometry of Cs, (D3): (a) top view and (b) side
view. The independent carbon atoms are numbered.

isomer (Figure 32) which is 2.3 kcal/mol'®® higher in
energy than the former. Note that D3 and Dsp, isomers
are the only two Cs¢ fullerene isomers without three
pentagons directly or sequentially fused; they only
have isolated and double pentagon configurations.
There are six and five PP fusions within the D5 and
Dy, isomers, respectively.

Figure 32. Geometry of Cso (Ds) (a) top view, (b) side
view. The independent carbon atoms are numbered.

As predicted by recent DFT calculations,® the D3
isomer has a singlet ground state (!A). The ground
state for the D5, isomer, however, is a little more
elusive. This isomer has three low-lying energy
states, two singlet states (denoted as 'A;'(A) and
TA;'(B)), and a triplet state (?Ay'); the lowest-energy
state 'A;'(B) is only 3.3 and 4.5 kcal/mol lower in
energy than the 1A;'(A) and %Ay’ states, respectively.
Both the HOMO and LUMO coefficients of Csq (Dsp)
are distributed around the equatorial PP annula-
tions, as shown schematically in Figure 33. The two
TA;' singlets of D5, Cso differ in the occupancy of the
frontier orbitals. In the 'A;' (A) state, the highest
occupied molecular orbital (HOMO) is the 13a;' MO;
the lowest unoccupied molecular orbital (LUMO) is
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5a,' 13a,'

Figure 33. Schematic presentation of the frontier molec-
ular orbitals of Cso (Dsy). (Top view along the Cs axis).

5ay’ (shown schematically in Figure 33). The HOMO
and LUMO are reversed (5as' and 13a;’, respectively)
in the 'A;' (B) state. It was found that due to such
an orbital-switching, the two singlet states differ
substantially in geometry and global aromaticity:!s

(i) The 13a;" MO is bonding, whereas the 5a’'s MO
is antibonding for C—C bonds at the equatorial PP
fusions. Accordingly, the equatorial pentaphenyl belt
within Cso (Ds;,) is quinoid-like (Scheme 1A) in the

Scheme 1

IA;" (A) state and benzene-like (Scheme 1B) in the
1A;" (B) state. The C—C bonds at the PP fusions
(~1.40 A) in the 1A' (A) state are shorter than those
(~1.47 A) in the 'A; (B) state. The lower energy of
1A;" (B) over 'A;' (A) indicates that the double CC
bonds at the equatorial pentagon—pentagon fusions
are not favorable.

(i1) The NICS value at the Cso (Ds5;,) cage center is
—32.4 ppm for the Ay’ (A) state and —2.7 ppm for
the A’ (B) state. Hence, the 'A; (A) state shows
spherical aromaticity, but the more energetically
favorable 1A;’ (B) state is nonaromatic.

Note that Cso(D3) with six adjacent pentagons is
lower in energy than Cso(D5;) with only five adjacent
pentagon. This violates the PAPR.8 However, D5 Cso
has a more spherical shape!!® and is more aromatic
(NICS —40.3 ppm) than D5, Cso. (NICS —2.7 ppm at
the cage center for electronic state B). The aromatic
stabilization energy of D3 isomer compensates its
larger strain energy and results in the higher stabil-
ity of Cso(Ds3). Most recently, the Gibbs energies of
Cso isomers were computed to clarify the relative
stabilities at elevated temperatures, and it was found
that Cs¢(D3) is more stable thermodynamically than
Cs0(Dsp,) within a wide temperature range related to
fullerene formation.!1?

In addition to the predominant distribution of
frontier orbitals around the pentalene-like fusions of
D5, Cso, these sites also have the largest curvature.
Hence these sites are the most active sites for
chemical reactions, such as addition reaction and
dimerization etc.18>1140,115118 Thig explains why the
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Cl atoms in the synthesized C5¢Clyo are bound to the
equatorial PP fusions.'® Indeed, full chlorination or
hydrogenation of the PP fusions in the D3 and Dj;,
isomers of Cso (eqs 4—7) was predicted to be highly
exothermic, leading respectively to the formation of
exohederal derivatives C50Xi12 and C50X;19 (X = Cl,
H).18b

Cso (D5p) + 5Cly — C50Clyy (D)
AH (per Cl,) = —50.7 kcal/mol (4)

Cso (D5p) + 5Hy — C50Hy (D)
AH (per Hy) = —50.9 kcal/mol (5)

Cso (D3) + 6Cl, — Cy,Cly5 (Dy)
AH (per Cl,) = —37.5 kcal/mol (6)

Cso (D3) + 6Hy — CgoH,p (D)
AH (per Hy) = —35.2 kcal/mol (7)

Upon functionalization of the PP fusions, the large
strain in the bare fullerenes can be drastically re-
leased. For example, a strain energy was estimated
to be 529.4 kcal/mol for the bare D5, Cso and to be
225.1 keal/mol for CsoH1o (Dsp,) at the BSLYP/6-31G*
level 115

Cs0 has a narrow HOMO—-LUMO gap of ~0.8 eV
measured experimentally®?d by XPS experiments. The
predicted HOMO—-LUMO gaps for the D3 and D5,
isomers are 2.27 and 1.37 eV, respectively;!? both
are higher than the experimental measurement.
Nevertheless, the narrow HOMO—-LUMO gap is
indicative of its low kinetic stability. Reduction of Cs
would increase its stability. At BSLYP/6-31G* level,
the dianionic Cs5¢?>~ has a larger HOMO—-LUMO gap
(~2.12 eV) than that of neutral Ds; Cso (1.37 eV).180

Cso appears to be better electron acceptor than Cgo.
The experimental electron affinity (EA) of Cso (~3.35
eV92d) is even higher than that of Cgo (2.668 £ 0.008
eV119), In agreement with the experimental measure-
ment, the predicted vertical electron affinities for the
nearly isoenergetic D3 and Dj;, isomers of Csg are 2.97
and 3.40 eV at the B3LYP/6-31+G* theoretical level,
respectively.'® This suggests that both isomers are
probably attainable in the gas-phase experiments.

2.5.2 Exohedral Derivatives of Cs

Using a modified graphite arc-discharge method,'?°
Xie et al. successfully prepared the first Cso deriva-
tive, decachlorofullerene[50] (C5¢Cly), in milligram
quantities.’® By means of multiple staged mass
spectrum (MS/MS), 13C NMR, infrared (IR), Raman,
ultraviolet—visible absorption (UV—Vis), and DFT
calculations, it was demonstrated convincingly that
this new compound has a Dyj;, fullerene[50] structure
with 10 chlorine atoms attached to the equatorial PP
fusions (Figure 34).1618 This finding, for the first time,
provides evidence experimentally that small fullerenes
can be remarkably stabilized and, hence, attainable
in macro quantity by covalent functionalization of its
active PP fusions.”

In the ¥*C NMR spectrum of C5oClyg (Ds),) measured
in C¢Dg solution, four peaks were observed at 143.2,
146.8, 161.5, and 88.7 ppm for C1, C2, C3, and C4
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C1-C1 1.438 RLFE

C1-C21.408 *

1~ C2-C3 1.433

~C3-C3 1.379
C3-C4 1.526

& C4-Cl 1.604

(a) (b)

Figure 34. The B3LYP/6-31G* optimized geometry of

Cs0Clyo (Dsp) (a) top view, (b) side view.

atoms, respectively.!® Such an assignment was con-
firmed by DFT calculations with the predicted C
chemical shifts at 141.5 (C1), 146.1(C2), 163.6(C3),
and 87.5(C4) ppm. Its UV—Vis spectrum of C5¢Cly
(Dsr) shows several absorption bands at 433.8, 356.5,
334.0, 322.0, and 238.5 nm. Subsequent TDDFT
calculations!®12! reproduced the experimental spec-
trum and predicted an optical gap of 532.8 nm.

C50Clyo (Dsp,) appears to be highly electron affini-
tive. According to DFT calculations, its EA (3.04 eV)
is ~0.5 eV higher than that of Cgp. Hence, like its
large homologous CgoX,, X =F, Cl, Br),'22 C5,Cl;o may
work as a good electron acceptor with possible pho-
tonic/photovoltaic applications.

C50Clyg (Dsp) also shows interesting solvo-chemistry
in protic solvents. It was found that solvolysis of
C50Clyp in methanol solvent at room temperature
leads to the formation of C5,Clio_.(CH30), (x = 1—5).16
Moreover, recent density functional studies showed
that both the average static polarizability and the
second hyperpolarizability of C50Clo are larger than
those of Cgp; thus, C50Clyy was predicted to be a
promising nonlinear optical material.?3

In addition to the C5¢Clyo(Ds51), another chlorinated
exohedral derivative of Csg, C50Cli2, was also pro-
duced by Xie et al., although isolation and charac-
terization of this molecule is yet unsuccessful.l®
Actually, C5¢Cly2 is even more abundant than C5oClyg
in the HPLC chromatogram,'?* and thus a promising
target for isolation. The D3 symmetrical structure
(Figure 35) was predicted for C5oCl;2.1%> Note that Ds

Figure 35. B3LYP/6-31G* optimized structure of C5,Cl;s
(D3), in which the 12 Cl atoms are attached to the
pentagon—pentagon fusions of Cso (D3).

Cs is the ground state of C5p and has exactly 12 most
strained sites for chlorine additions.
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Most recently, Cso(Ds;) oxide, Cs500, was computed
at BSLYP/3-21G level of theory.'?> Among a total of
eight possible isomers, the structure (Figure 36)

Figure 36. B3LYP/6-31G* optimized geometry of the most
stable isomer of Csy0.

which as an annulene-like structure with oxygen
bridging across a [5,6] type COC bond at the site
between the pole and the equatorial belt, is found as
the ground state. However, the unfavorable electronic
state of D5, Cs0 was used in the computation.

2.5.3 Endohedral Derivatives of Csg

In experiments to produce the first small metal-
lofullerene U@Css by laser vaporization of a mixture
of UOy/graphite in a cluster FT-ICR apparatus,
monocations of U@Csy and Us@Cs, were also observed
as byproducts by Guo et al.!® Preliminary XPS
spectroscopic characterization indicated the encap-
sulated U atom in neutral U@Cs¢ and U.@Csy most
probably adopts formal 4+ valence state. Using
similar experimental techniques, a series of Cso-based
endohedral metallofullerenes, M@Cs, (M = Sc, Y, La,
and Ca), were observed in their cationic forms in the
gas phase.!?6

The possibility of forming other endohedral deriva-
tives of Cso such as X@Cso (X = Mg, He, Ne, Ar) was
recently sought by means of DFT calculations.8>42127
The inclusion energies predicted for He@Cs (Dsy),
Ne@Cs (Dsp), and Ar@Csg (Dsy) are 2.12, 5.77, and
26.41 kcal/mol at the B3LYP/6-311G* theoretical
level (plus basis set superposition error correction).!2”
Accommodation of Mg in Csy was also predicted to
be endothermic by 16.0 kecal/mol for the Ds; isomer
and by 43.6 kcal/mol for the D3 isomer.'®® Hence,
these endohedral fullerenes should be attainable in
the gas phase. Note that a helium atom has been
incorporated into the much smaller CooHgy (I),) cage®!
and that the computed accommodation energy is 35.0
keal/mol.4?

2.5.4 Heterofullerenes of Cs

Disubstituted derivatives of the D5, isomer of Cs,
CyXe (X = B, N), were investigated by means of
semiempirical AM1 and MNDO methods.'?® Three
low-energy isomers are schematically shown in Fig-
ure 37. It appears that the substitution occurs
preferentially at the equatorial PP fusion sites. The
lowest-energy Isomer-I (Figure 37a) adopts the 1,4-
substitution pattern (at the equatorial pentalene
belt). Most recently Xu et al.'?® studied the BN
substituion pattern of Csy at semiempirical (AM1 and
MNDO) and density functional (B3LYP/3-21G*) and
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a) Isomer-| b) Isomer-Ii c) Isomer-lil

Figure 37. Three low-energy isomers (top view) of heter-
ofullerene CyXs (X = B,N).

found that the BN units prefer to stay together
following “single-bond”, “hexagon filling”, and “con-
tinuity and equatorial belt” rules.

2.5.5 Oligomers of Csp

Dimers. It was predicted theoretically that dimer-
ization of Csy (Ds,) can readily occur at its PP
junctions. Four possible dimerization modes were
proposed by Lu et al.,'® as depicted in Figure 38. The
formal [2+2]-addition mode (Figure 38a) appears to
be the most favorable, whereas the [4+2] and [4+4]-
additions (Figure 38b,c) are also exothermic. The
open-[2+2] mode (Figure 38d), which involves cleav-
age of the two formal C—C bonds of the closed dimer
(Figure 38a) and the formation of two C=C bonds
between two Cso cages, is thermoneutral. On the
contrary, dimerization of the D3 isomer of Cso (Figure
39) was predicted to be energetically unfavorable.

The aforementioned dimers of Cso (Dsy), although
thermally favorable, still suffer kinetic instability
from the rest of the PP fusions. Functionalization of
or further oligomerization through these active sites
gives rise to trimeric and oligomeric species with
enhanced stability, as was predicted by Heine et al.11®
Figure 40 lists several stable dimeric and oligomeric
species of Cso (Ds;), whose PP fusions were all
saturated by H atoms. On the basis of these struc-
tures, it was concluded that formation of regular
covalently bound Cs solids is impractical.!1®

2.6 Other Small Fullerenes and Their Derivatives

Except the aforementioned Csp, Cas, Csg, and Cso,
other small fullerenes such as Cg4, Csz, Cy0, Cy4, etc.
have been seldom investigated either experimentally
or theoretically.

2.6.1 C» and Its Derivatives

The ground-state structure of Cg4 is the most
elusive and under controversy, varying from poly-
acetylenic, dodecadehydrocoronenic, to fullerenic struc-
tures with the quantum chemical methods used.!3°
Recent CCSD(T) calculations indicate the fullerene
(Dg) structure (Figure 41a) with a singlet 'A; ground
state is the most stable one.!! This fullerenic struc-
ture can be regarded as a [12]trannulene®? capped
with two benzene rings at both sides. Its optimized
structure*” is indeed affirmative of such a consider-
ation with the uniform C—C bond length (1.423 A)
of the benzene-like rings, the localized C=C bond
lengths of 1.365 A and C—C bond lengths of 1.463 A
in the central [12]trannulenic ring, and the much
longer C—C bond lengths of 1.531 A between the six-
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(a) [2+2]
-40.2 kcal/mol

(b) [2+4]
-17.3 kcal/mol

(c) [4+4]
-27.2 keal/mol

(d) [2+2]-open
-0.6 kcal/mol

Figure 38. Four possible modes for the dimerization of Cso (Ds;). Key geometric parameters (bond lengths in angstroms)
optimized at the B3LYP/6-31G* level; the dimerization energies are also given.

6.6 kcal/mol

Figure 39. [2+2] dimer of Cso (D3) (bond lengths in
angstroms) and dimerization energy.
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Figure 40. Minimal energy pathway from monomeric
CsoH1o to hexameric C3ooHyo. All the oligomeric structures
contain only the D4 intercage-bonding pattern (from ref
115).

membered rings and the central [12]trannulenic ring.
The local ring currents are diatropic within the six-
membered rings and, in sharp contrast, paratropic
within the [12]trannulenic ring. Compensation of
these two local effects results in an NICS value of
15.6 ppm at the cage center,*? which is much smaller
compared to the [12]-trannulene value (35.7 ppm).62P
So Co4 fullerene is not aromatic at all.

The aromaticity of the Cqo4 (Dg) cage can be tuned
by chemical functionalization.> When all the [12]-
trannulene-ring carbon atoms are attached with H

NICS;e=15.6(37.7) NICSpe.=-18.0(-14.2)

a) Cay (D) b) Co4Hy2 (Dga)

NICS,0ye=15.6(37.7)

©) CyyHy (D)

NICS pge=-18.0(-14.2)
d) CgByNy (C3)

Figure 41. Structures of (a) the Cg4 (D) fullerene and its
derivatives: (b) Cz4H12 (DGd), (C) CQ4H12 (DG), and (d) CGBQNQ
(Cs3). B3LYP/6-31G* bond lengths (A) and NICS values
from GIAO-SCF/6-31G* (B3LYP/6-31G* in parentheses)
are also given. The NICS values at the cage centers are
given in bold below each structure, while those at indi-
vidual ring centers are shown in the corresponding ring.
Reprinted with permission from ref 42. Copyright 2001,
Springer.

atoms (Figure 41b), the resulting hydride CosH1s (Dgg)
is aromatic with a highly negative NICS value (—18.0
ppm) at the cage center due predominantly to the
local diatropic ring currents within the two benzene-
like rings. On the contrary, another hydride CosHio
(De) with all the rim carbons being sp3-hybridized
(Figure 41c) is antiaromatic with a highly positive
NICS value (11.6 ppm) at the cage center because of
the antiaromatic [12]trannulene ring. So the exohe-
dral derivative Co4H1s, if synthesized, should adopt
the aromatic Dg, structure (Figure 41b).132
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Oe
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Qc

a) By2Nyp (Th) b) C24 (Op)

Figure 42. Structures of (a) Bi;sNis (Th) and (b) the
nonclassical O,-symmetric Cq4 fullerene.

Two heterofullerenes of Co4, Cs6B9Ny (Figure 41d)
and BisNjs (Figure 42a), have been suggested by
Chen et al.*? and Strout,!3 respectively. The former
was predicted to have a rather small NICS value
(—6.7 ppm) at the cage center and, hence, to be
nonaromatic.*? The latter, though isoelectronic with
the Cyo4 (Dg) fullerene, was found to have a nonclas-
sical fullerene structure with the presence of six four-
membered rings. The analogous structure for Cy4 of
O, symmetry (Figure 42b) was found to be ~30
kecal/mol higher in energy than the Dg isomer.130¢

Although the nonclassical O, Cqq4 is less stable than
its D¢ isomer, it has an octahedral distribution of
four-membered rings, facilitating the construction of
a cubic solid based on this nonclassical fullerene. The
possibility of forming a cubic lattice from the Cg4 and
B12N12 cages was predicted by Pokropivny et al.l34
Figure 43 shows the simple cubic lattice of a fullerite

Figure 43. Local view of the simple cubic lattice of
fullerite consisting of nonclassical Op-symmetric Coq4
fullerene. Included in the bracket is a Co4 cage.

consisting of the Oy, Cq4 cages or the T, B12Ni2 cages.
This cubic fullerite and its analogues may serve as
structural models for intermediate carbon phases,
e.g., “cubic graphite”, whose structures are elusive.!3
It is interesting to note that the simple cubic fullerite
Cas (or B1sNjz) shown in Figure 43 has a two-
dimensional lattice of cylindrical nanopores with a
diameter of 0.41 nm, and, hence, may find its ap-
plication as molecular sieves.!3*

2.6.2 C3, and Its Derivatives

Cso is such a remarkable magic-number carbon
cluster that always shows very intensive signals in
the gas-phase experiments.}®2 PES studies?d re-
vealed that the neutral Cs; molecule has a large
HOMO-LUMO gap (~1.3 eV), comparable to those
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of its larger, very stable homologues C7y and Cg (1.3
vs 1.6 eV). The experimental EA of Csz (~2.8 eV) is
also comparable to those of C7o and Cgo (~2.8 vs ~2.7
eV). The unusual stability of Css (compared to its near
neighbors) has been ascribed to its spherical aroma-
ticity arising from its completely filled 32-7-electron
valence shell.232442 Despite its high stability, bulk
synthesis of C32 has never been accomplished yet.
The lowest-energy structure of Css was predicted
to be a D3 fullerenic cage.'3¢ This cage has six unique
carbon atoms and three unique ring centers (Figure
44). The computed NICS values at the ring and cage

Cs2 (D3)

-32.7 (-28.6)
C3H; (D3)

Figure 44. Structures of the Cs, (D3) fullerene and its
derivative CssHy (D3). BSLYP/6-31G* bond lengths (A) and
NICS values from GIAO-SCF/6-31G* (B3LYP/6-31G* in
parentheses) are also given. The NICS values at the cage
centers are given in bold below each structure, while those
at individual ring centers are shown in the corresponding
ring. Reprinted with permission from ref 42. Copyright
2001, Springer.

centers are highly negative,*>137 indicating that both
the pentagons and the hexagons exhibit strong dia-
tropic ring currents, which in turn result in a very
large endohedral shielding of —53.2 ppm.*? The very
large endohedral shielding is indicative of the spheri-
cal aromaticity of Csq (D3) cage.

Note that there are two pentagon—pentagon-—
pentagon (PPP) fusion apices in the Csq (D3) cage.
Saturation of these highly strained PPP sites with
H atoms gives rise to the stable hydride, Cs2Hs (D3),
in which the remaining 15 double bonds are con-
tained within three naphthalenic subunits (Figure
44).1362,138 Bacause of the diatropic ring currents of
the three aromatic naphthalenic subunits, this hy-
dride also exhibits a large endohedral shielding of
—32.7 ppm.

The possibility of encapsulating a metal atom M
(M = Li, Na, K, and Be) or a small molecule (Hs) into
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the Css (Ds) cage were predicted by Sun et al.!36¢ Their
DFT calculations reveal that inclusion of a Li or Na
atom is favorable, while encapsulation of K, Be, or
Hs; is energetically unfavorable with inclusion energy
ranging from 13 (for Be) to 24 kcal/mol (for Hy).
Accommodation of a noble-gas atom such as He, Ne,
or Ar is energy consuming too; the endothermicity
was predicted to be 14.8, 42.7, and 154.2 kcal/mol for
He, Ne, and Ar, respectively.?” On the basis of the
predicted inclusion energy, it appears that most of
these concerned endohedral derivatives of Cso are
viable, except Ar@Css.

Inspired by the structure of the stable hydride
C32Hg, we further propose the following (Chart 9),

Chart 9

&

a) 1D-polymer

b) C30N2 (D3)

(1) A one-dimensional polymer consisting of the Csg
(D3) cage might be attainable upon chain reaction of
Css (D3) monomers.

(i1) Heterofullerene C3yN3 (D3) would be stable, ex-
hibiting similar endohedral shielding as does the
hydride.

2.6.3 Cy and Its Derivatives

Gas-phase experiments showed that the neutral
Cyo cluster has an EA of ~2.8 eV and a HOMO-
LUMO gap of ~0.7 eV.?2d The much narrow HOMO—
LUMO gap is indicative of its low kinetic stability.

To find the most stable structure of C49, Albertazzi
et al.” have searched through a total of 40 fullerene
isomers of Cy with 12 theoretical methods varying
from molecular mechanics to full ab initio SCF and
DFT approaches. It was concluded that the most
stable structure for Cy is the Dy isomer, followed by
the D5y isomer (Figure 45).713° Both isomers have the
minimal number (10) of PP fusions; the energy differ-
ence between them is quite small, only 10.6 kcal/mol
predicted at the BSLYP/6-31G* level.*? Subsequent
GIAO-SCF calculations*? revealed that both isomers
are nonaromatic with quite small positive NICS
values (4.0 ppm for the Ds isomer vs 2.8 ppm for the
D5, isomer) at their cage centers (cf. Figure 45). In
detail, their hexagons show weak diatropic ring
currents (aromatic) with negative NICS values at the
ring centers, while pentagons have paratropic ring
currents giving positive NICS values.

Apart from the Dy and D5, isomers, the Ty isomer
(Figure 46) is of special interest. This isomer has a
total of 12 PP fusions, with four triplet vertexes of
pentagons (i.e., C1 atoms in Figure 46). Although not
very stable, this T,; C4 has a ®As open-shell ground
state with four singly occupied MOs, i.e., the 9a; and
19t; orbitals; the four dangling bonds are mainly
localized at the C1 atoms which are vertices of a
tetrahedron.'! Hence, Cy (Ty) is highly reactive and
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Ca0 (D2)

2.8 (11.5)
Ca0 (Dsa)

Figure 45. Structures of the Dy and D5, isomers of Cyo.
B3LYP/6-31G* bond lengths (A) and NICS values from
GIAO-SCF/6-31G* (BSLYP/6-31G* in parentheses) are also
given. The NICS values at the cage centers are given in
bold below each structure, while those at individual ring
centers are shown in the corresponding ring. Reprinted
with permission from ref 42. Copyright 2001, Springer.

Cy™* (T

-11.8 (-7.3)
C36Ng (T

Figure 46. Structures of Cyo* (T) and CssN4 (Ty). BSLYP/
6-31G* bond lengths (A) and NICS values from GIAO-SCF/
6-31G* (B3LYP/6-31G* in parentheses) are also given. The
NICS values at the cage centers are given in bold below
each structure, while those at individual ring centers are
shown in the corresponding ring. Reprinted with permis-
sion from ref 42. Copyright 2001 Springer.

could behave as a superatom of tetrahedral valence,
analogous to Cos (T). It is inferable that the reactive
neutral Cy (T;) cage can be stabilized by covalent
addition, reduction, and heterosubstitution to form
correspondingly exohedral derivatives in the form of
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C40X4 (X is a monovalent atom or group), tetraanion
C40,* and heterofullerenes CssY4 (Y is a heteroatom
such as P and N).42140-142

The tetraanion Cy* (T3) having a close-shell 1A
ground state!*! is globally aromatic.*? As indicated
by the computed negative NICS values at the rings
and cage centers (Figure 46),%? all pentagons and
hexagons in Cy*™ (T4) cage have diatropic ring
currents, which cooperatively give rise to endohedral
shielding. The isoelectronic heterofullerene C3sNy
(Figure 46) exhibits similarly local and global aro-
maticity. On the contrary, the exohedral derivative
C4H4 and two heterofullerenes Cs3Y4 (Y = B, P)
(Figure 47) are nonaromatic with rather small NICS

C36B4 (To)

-3.5(0.3)
Cs6Py (T

-3.6(0.2)
CaoHy (To)

Figure 47. Structures of C3B4 (Tyg), C36P4 (Ta), and CsoHy
(T9). B3LYP/6-31G* bond lengths (A) and NICS values from
GIAO-SCF/6-31G* (B3LYP/6-31G* in parentheses) are also
given. The NICS values at the cage centers are given in
bold below each structure, while those at individual ring
centers are shown in the corresponding ring. Reprinted
with permission from ref 42. Copyright 2001, Springer.

values at the cage centers.*?> Note that all these
heterofullerenes as well as the exohedral hydride
have a close-shell ground state with large HOMO—
LUMO gaps, which are suggestive of their substan-
tial kinetic stability.!*! Indeed, the semiempirical
PMS3 calculations by Lu et al.'¥2 demonstrated that
the exohedral derivatives C4X, (X = H, F, CI, Br, I)
have a stability similar to the known 1,3,5,7-tetra-
haloadamantane molecules.
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Apart from the heterofullerenes C3Xy (X = N, P,
B), more surprising is the finding of cage-subsitituted
fullerenes MCsy™ (M = Nb, La) and its homologues
in the gas phase by Jarrold et al.'*? because the metal
atom in these metallofullerenes is networked, rather
than encapsulated (for normal endohedral metallo-
fullerenes), in the fullerene cage. By means of DFT
calculations, Cui et al.’! predicted a Cs,-symmetic
cage structure (Figure 48) for NbCsg", which is

3) NBC39+

b) NBCj,"

Figure 48. Geometries of (a) NbCso" (C3,) and (b) Nb@Cyo*
(Ta).

derived from the Cy4o (Ty) cage by substituting one of
the PPP vertex with Nb atom. Because of the het-
eroatoms substitution, the NbCsy™ cage adopts a Cs,-
symmetric structure and a close-shell 'A; ground
state with the 34(a;?)14(ap?)44(e*) electronic config-
uration.!! The predicted binding energies per atom
for NbCss"™ and the normal endohedral metallo-
fullerene Nb@Cy4" are 6.333 and 6.327 eV, respec-
tively, implying that NbCso" is thermodynamically
favorable over Nb@C4t.141

In addition to Nb@Cyy", other endohedral metal-
lofullerenes composed of the Cy (T4) cage and a
tetravalent metal atom (e.g., Hf and Zr) were pro-
posed by Fan et al.14* These metallofullerenes should
have a close-shell electronic configuration and be
substantially stable.

Like Coqs (Ty), the tetravalent Cy (Ty) cage may also
serve as “superatomic” building block to construct
“hyperdiamond” solids containing both sp3- and sp?-
hybridized carbons. This deserves further theoretical
investigations.

2.6.4 Cy44 and Its Derivatives

Under suitable conditions, C44~ can show an en-
hanced abundance even higher than Cg~ in mass
spectroscopy.??d It was estimated by PES experi-
ments that neutral Cy4 molecule has a EA of ~3.3
eV and a HOMO—-LUMO gap of 0.8 €V, quite similar
to C50. 92d

Cy4 has in total 89 fullerene isomers.® The ground-
state structure of Cy4 has been studied in various
papers.!#4145 Early tight-binding molecular dynamics
total energy calculations by Zhang et al.%2 show Cyy
(75,D5) (Figure 49) as the most stable. In a recent ab
initio study, Lin et al.'*?¢ considered two Dy, and two
D3, isomers of Cyy and found that Cyy (72, D3y,) is the
most stable. A similar suggestion was put forward
by Fan et al.** However, a systematic computation
on all possible isomers at the BSLYP/6-31G* level by
Sun et al.!#%¢ shows that the C4(75, Dy) is the most
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Cy3(72.Dyy) C44(75.D7) C44(89.D5)
Figure 49. Structures of the most stable isomers of Cyq4.

stable isomer, closely followed by C44(89, D2) (0.6 kcal/
mol less stable), while C44(72, D3p,) is the third lowest
energy isomer, 8.0 kcal/mol higher in energy than Cyy-
(75, Ds). These two Ds isomers have the lowest
number (eight) of PP fusions, while the D3 isomer has
nine PP fusions, which suggests the instability of
abutting pentagons for small fullerenes. Note that
Cu4 has in total six Dy isomers with only eight PP
fusions (in contrast to only two as believed in ref
145d); thus counting the PP fusions can only give a
qualitative answer for the stability of small fullerenes.

A series of endohedral metallofullerenes of Cug,
M@Cy (M = Ca, Sc, Y,'262 La,8 and UY), were
produced and observed in their cationic forms with
remarkably intensive signals in the FT-ICR positive
mass spectra from M-doped graphite disk. Notably,
the monoanion of La@C, was also found to be
dominant in the FT-ICR negative mass spectra.’® A
structure model of M@Cy4, (M = Sc, Y, Ca, and La)
was proposed that has a Ds,-symmetric Cy4y cage
(Figure 50),81262 hut no theoretical calibration is yet
available.

Figure 50. A structural model of M@Cy (M = Sc, Y, Ca)
proposed by Kimura et al. (ref 126a).

2.6.5 Czg Cso, Csa, Css, Caz, Cu, Cus, Csz, Csa, Css, Csg,
and Their Derivatives

Neither these fullerenes nor their endohedral
derivatives have been found to show highly remark-
able signals in mass spectra. So these fullerenes have
much lower kinetic stability than those magic-
number clusters such as Csg, Csg, Cas, and Cs.%2

Cgs. Topologically Cgg has only one fullerene struc-
ture and its highest possible symmetry of the fullerene
cage is Ds;. The Cos cage has three hexagons and 12
pentagons with 21 PP fusions. This D3, structure has
a nondegenerate singlet ground state, and no first-
order Jahn—Teller distortion is expected.?** However,
early tight-binding molecular dynamics %% and
recent diffusion quantum Monte Carlo calculations®*
both revealed that the stable structure for Cos is not
ideally Dg;-symmetric but of Cg, symmetry (Figure
51). In contrast, BSLYP/6-31G* computations show
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Figure 51. Structure of Cgg (Co/Cy,/Ds;) fullerene.

that both D3, and Cs, isomers are higher saddle
points (with three imaginary frequencies), and mode
following of the first imaginary frequency leads to a
C; local minimum. Moreover, the wave function of
singlet Cg6 (C2) has a RHF to UHF instability, and
the triplet state is more stable.!46

Nevertheless, the anion Ce¢*~ was predicted to have
the D3, symmetry with a large HOMO—-LUMO gap
(3.15 eV at B3LYP/6-31G*) and is highly aromatic
(NICS value —25.9 ppm at the cage center at GIAO-
B3LYP/6-31G*//B3LYP/6-31G*).146 Accordingly, it was
assumed that the heterofullerene C22N4 (Cs,) and en-
doheral metallofullerenes such as Ti@Cyg are stable.144

Cso. For Csp, PES experiments revealed a EA of
~3.5 eV and a HOMO—-LUMO gap of ~0.4 eV,
indicative of its low kinetic stability. There are three
fullerenic isomers of Cgy consisting of 12 pentagons
and 5 hexagons, i.e., one Dj;, isomer and two Cy,
isomers (Figure 52).6 Because of the Jahn—Teller

-G,

I-C5y/Dsy,
Figure 52. Structures of Cs fullerenes.

116/

effect, the singlet state of I-Dj), distorts to Cy, sym-
metry (denoted as Cq,/D5;). The I-Co,/Dj5;, isomer has
a total of 20 PP fusions, whereas the II-Cy, and III-
Csy, isomers have 18 and 16 PP fusions, respectively.
According to the PAPR,® the order of stability for
these isomers should be III-Cy, > II-Cy, > I-Cs,/Dsp,.
Indeed, the III-Cy, isomer having minimal number
of PP fusions is the most stable from tight-binding
molecular dynamics!#? and density functional com-
putations (the relative energies are 0.0, 4.0, 55.6, and
56.4 kcal/mol for III, II, I (singlet), and I (triplet) at
the BSLYP/6-31G* level).1#6* Although it was consid-
ered that the instability of the highly symmetric I-Ds;,
isomer is related to its open-shell A’ ground state,'*4
the D5, triplet is 2.0 kcal/mol higher in energy than
the I-Cy,/Ds;, singlet at the BSLYP/6-31G* level.146P

The ITI-Cy, isomer appears to be aromatic with a
negative NICS value (—11.4 ppm) at the cage center
predicted at the GIAO-B3LYP/6-31G* level of
theory.1462 The dianions of these isomers having 32
m-electrons are expected to have more pronounced
spherical aromaticity?>?* and, hence, would show
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higher kinetic stability than the neutral cages.
B3LYP/6-31G* computations show that Cso?~ (ITI-Cy,)
is the most stable among the dianions; its I-D5;, and
II-Cy, isomers are 78.1 and 29.3 kcal/mol higher in
energy. The lowest-energy isomer (ITI-Cy,) of Cso?~
has also the most significant aromaticity (NICS
—41.2 ppm at GIAO-B3LYP/6-31G*//B3LYP/6-31G¥),
C302 (IT-Cy,) is also highly aromatic (NICS —29.3
ppm), while C30>~(I-Ds;,) is weakly antiaromatic (NICS
9.9 ppm). As such, one can assume stable endohedral
metallofullerenes such as M@Cs, (II-Cs, and III-Cy,,
M = Be, Mg, Ca, and Sc™).

Theoretical studies of various possible structures
of CgoSi and CggSi have been performed. At the
HF/3-21G level, the best structure of Cy9Si has a
closed-cage structure with the silicon atom incorpo-
rated into the III-Cy, Cso cage.®®

C3s4. C34 has six fullerenic isomers, i.e., three Cs,
two Cs, and one Cs, (Figure 53).% Interestingly, they

G

120 1-C,

IV-C, V-G,
Figure 53. Structures of Cy4 fullerenes.

all have an equal number (15) of PP fusions. The Cs,
symmetric cage has an open-shell triplet ground
state,'#* and its singlet state structure distorts to C;
symmetry (denoted as C1/C3,) due to the Jahn—Teller
effect (the C; singlet is 2.8 kcal/mol higher in energy
than the Cs, triplet).14* Such a C1/Cs, structure was
predicted to be the most stable among all the fullerene
isomers of Cg4 by tight-binding molecular-dynamics
calculations.'*%2 However, B3LYP/6-31G* computa-
tions show that isomer V is the most stable, followed
by VI (5.8 kcal/mol higher in energy), while the Cs,
triplet is 22.7 kecal/mol less stable than V.1462 GTAO—
SCF/6-31G* computations revealed that all these
isomers are aromatic with negative NICS values
ranging from —16.9 ppm (isomer I-Cs) to —37.9 ppm
(isomer V-Cs) at the cage centers.!462 However, all of
them have small HOMO—-LUMO gaps and should
have quite low kinetic stability. Indeed, PES ex-
periments?2d indicated a HOMO—LUMO gap of only
~0.3 eV for Cs4 cluster produced in the gas phase.
Notably, the tetraanion of Cs4 (C3,) was predicted to
have a close-shell electronic configuration with a
large HOMO—-LUMO gap.'** At the B3LYP/6-31G*
level, C344(Cs3,) has a 2.66 eV HOMO—-LUMO gap
and an NICS value of —19.9 ppm at the cage center
(at GTAO—B3LYP/6-31G*),146> which indicates its
high aromaticity.

Css. In total, 17 conventional fullerene isomers can
be constructed for Css.° Among them, a Cs isomer
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Figure 54. Structures of three isomers of Csg: (a) Css
(17,C2), (b) Css (16,C3,), and (c) Css (15,Cgy).

(Figure 54a) has the minimal number (10) of PP
fusions, followed by the Cs, and Cq, isomers (Figure
54Db,c) that have 12 and 13 PP fusions, respectively.
Hence, the C, isomer can be expected to be the most
stable, as was predicted by tight-binding molecular-
dynamics!#? and B3LYP/6-31G* computations.l4%®
The rather small negative NICS value (—7.3 ppm)
at the cage center (at the GIAO-SCF/6-31+G*//
B3LYP/6-31G* level) %% indicates that the most
stable Cq isomer is nonaromatic or weakly aromatic.
The low stability of Css was evidenced by its relatively
small HOMO—-LUMO gap (~0.7 eV) estimated by
PES experiments.92d

Cy. Cgo has a EA of ~ 3.0 eV and HOMO—-LUMO
gap of ~0.7 eV from PES experiments.??d Among its
45 fullerene isomers,® the (45,D3) isomer shown in
Figure 55 has the minimal number (9) of PP fusions

Figure 55. Structure of the C4y (45, D3) fullerene.

and was predicted to be the most stable at the
B3LYP/6-31G* level.1#5¢ The Cy (45, Ds) fullerene has
a pseudo close-shell electronic structure and was
assumed to form stable endohedral metallofullerenes
by trapping a hexavalent metal such as W.1* It is
nonaromatic; the overall ring currents around the Cyy
cage is just weakly endohedral shielding with a small
negative NICS value (—6.4 ppm) at the cage center.!4%

Cy46. There are 116 conventional fullerene isomers
for C46.6 Most recently, 32 isomers, which have only
isolated pentagons and pentagons fused with one or
two other pentagons, have been computed at the
B3LYP/6-31G* level. The computations show that
C4(109, Cs) is the most stable isomer, followed by
(108,Cs), which is 1.9 kcal/mol higher in energy.'4>
These two isomers (Figure 56) have the minimal
number (8) of PP fusions. The NICS values at the
cage center are —11.4 and —14.2 ppm, respectively,
for (109,C3) and (108,C,);'*¢ thus these two most
stable Cy isomers are aromatic. The aromaticity of
these C4 cages would be enhanced upon reduction
to their tetraanions (Cys*™) that fulfills the 2(N+1)2
rule of spherical aromaticity. For the same reason,
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Cye (108, C)

Caling.c)
Figure 56. Structures of the most stable Cy4 fullerene
cages.

these Cy4 cages would be stabilized by encapsulating
a tetravalent metal atom such as Ti, Zr, and Hf to
form endohedral metallofullerenes.

Cys. The structure of Cy4s has been the subject of a
number of theoretical investigations with both con-
ventional fullerene structures'*®1%7 and nonclassic
fullerene structures'® being considered. For example,
Dunlap et al.'*® proposed a nonclassic fullerene
structure of Cys (Figure 57) consisting of 12 squares,

Figure 57. Nonclassic fullerene isomer of Cy4 in O
symmetry.

8 hexagons and 6 octagons in O, symmetry and
predicted that all the carbon atoms in this nonclassic
fullerene are equivalent. Another nonclassic fullerene
isomer of Cyg was suggested by Gao et al.'*%2 to have
2 squares, 8 pentagons and 16 hexagons in Dy
symmetry. But these nonclassic fullerene isomers
were proven to be less stable than some classic
fullerene isomers.'*7

Topologically, there are 199 possible conventional
fullerene isomers for Cy.% Figure 58 depicts the
structures of four classic fullerene isomers that have
the minimal number (7) of PP fusions (ref 147d
miscounted the PP fusions of I-C; as six). According
to the PAPR, 8 they are candidates for the most stable
structure of Cys. Indeed, recent DFT calculations!47d
revealed that these four isomers are energetically
favorable over other classic and nonclassic fullerene
isomers and have very similar energies (difference
within 5 kcal/mol) in the stability order: I—(171,Cs)
> I1-(199,Cs) > II1-(196,C1) > IV—(197,C;). These
four fullerene isomers are aromatic with the NICS
values (cf. Figure 56) ranging from —17.3 (for isomer
IV—(197,Cy)) to —37.4 ppm (for isomer I—(171,Cy)).147d
The corresponding dianions possessing 50 s-electrons
fulfill the 2(N+1)? electron-counting rule of spherical
aromaticity, and, accordingly, are expected to have
enhanced spherical aromaticity. This is true for the
isomers II-1IV, whose dianions are more endohedral
shielding (i.e., more negative NICS values) than the
neutral cages, whereas the aromaticity of isomer I-Cy
decreases upon reduction to the dianionic form. The
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[-Cys(171,C) 11-C45(199,C5)
NICS -37.4 (-27.1) NICS -24.4 (-40.4)

IV-C45(197,C,)
NICS -17.3 (-32.0)

111-C4(196,C})
NICS -27.6 (-36.8)

Figure 58. Structures of four most stable conventional
fullerene isomers of Cys and NICS values at the cage
centers that are computed at the HF/6-31+G*//B3LYP/6-
31G* level of theory (from ref 147d). The NICS data for
the dianions (Cy27) are given in parentheses.

predicted stability for the dianions of these isomers
follows the order: II—(199,Co) > III—(196,C;) >
1-(171,Cy) > IV—(197,C,).1¥"d Thus, the dianion of
isomer II-C; is the most stable among dianion iso-
mers. Note that Cu? (II-C3) has a more spherical
shape and is more aromatic than other isomers;
its stronger aromatic stabilization energy makes
C4g2~(II-C5) more stable than other isomers. Stable
endohedral metallofullerenes M@Cys (M can be a
divalent metal atom such as Mg, Ca) can be formed
preferentially with the II-C; fullerene cage.

C,. (n = 52, 54, 56, 58).These near neighbors of
Ceo were observed in the gas phase with intensive
mass signals in mass spectra.®? Chlorine derivatives
of Cs4 and Cs¢ such as Cs4Clg and Cs6Cliy were
synthesized as byproducts in preparation of C5,Clo.%
Theoretical investigations on the ground-state struc-
tures of this series of carbon clusters are
scarce.452,149,150 Fioure 59 depicts the conventional
fullerene structures of these clusters predicted by
tight-binding molecular-dynamics optimizations!452
and first principles DFT calculations.!®% These struc-
tures have the minimal numbers of PP fusions among
possible fullerene isomers (in total 1205, 924, 580 and
437 fullerene isomers for Css, Csg, Cs4 and Csg,
respectively), i.e., three, four, four, and five PP
fusions within C;5g(1205, Cy/Cs,), C56(916, Ds), C54(540,
Csy,), and Cs2(422, Cy), respectively. However, it was
also suggested that these clusters might have non-
classic fullerene structures as the most stable be-
cause they can be produced by laser-irradiation-
induced fragmentation of Cg.92°® For example, a
nonclassic fullerene structure containing a seven-
membered ring was proposed as the most stable
structure of Csg (Figure 60),'° which is derived by
simply deleting a Cg unit (a pentagon—hexagon
fusion) from Cgy (Z;,). However, this nonclassic fullerene
structure is 2.5 kcal/mol less stable than the conven-
tional fullerene structure (Figure 59a) of Csg at
B3LYP/6-31G* level.1#%® Sulfur-doped Css cage was
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Csy (540.Cy,) Csy (422.C)
Figure 59. Conventional fullerene structures for Csg, Csg,

Cs4, and Csg, in which the pentagon—pentagon fusions are
highlighted in blue.

Css(Cy)

Ceo ()
Figure 60. Nonclassic fullerene structure of Csg formed
by deleting a Cs unit (a pentagon—hexagon fusion, high-
lighted in red) from Cgo ().

studied at the DFT level: the most stable CssS
represents an open cage structure with a nine-
membered ring orifice, and a endohedral fullerene
based on the nonclassic fullerene was also calcu-
lated.!®® Note that the S@Csg isomer considered in
ref 151 is not the best one and is 8.7 kcal/mol less
stable than that based on the conventional fullerene
cage (Figure 59a) at the BSLYP/6-31G* level.14* Most
recently, an intense beam of Csg* ions were produced
by using electron-impact induced dissociation/ioniza-
tion of Cgo molecules,’®?2 and solid Csg films were
created in ultrahigh vacuum by utilizing the ag-
gregation process of Css molecules deposited onto
highly oriented pyrolytic graphite from a mass se-
lected low-energy ion beam comprising Css™.152> Be-
cause of significantly stronger cluster—cluster bonds,
the Csg film created exhibit much higher thermal
stability than the Cgy solid phase.

Alcami et al.’®% carried out systematic investiga-
tions on the structures and electronic energies of neu-
tral, mono-, and dications of fullerenes C5o—Csg. Inter-
estingly, it was found that the most stable structure
of Cse2" is the (437,T) isomer (shown in Figure 61)
having six adjacent pentagons, which contradicts the
PAPR. The Cs32%(437,T) is highly aromatic, as sug-
gested by its remarkably negative NICS value (—46.2
ppm at GIAO-6-31G*//B3LYP/6-31G*); its high sta-
bility is a consequence of complete filling of the
HOMO 7 shell and the near-perfect sphericity.

2.7 Small Metal-Substituted Metallofullerenes MC

While metallofullerenes with metal atoms either
inside or outside the carbon cage have been widely
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Figure 61. Structure of the C52(437,T) isomer, in which
the pentagon—pentagon fusions are highlighted.

studied and well-known,19:76:126,153,154 metal-substi-
tuted fullerenes with metal atoms as part of the
carbon cage framework are far less common and less
understood.#315 Yet, mass spectroscopic and ion
mobility studies have disclosed a number of hetero-
fullerenic clusters with metallic heteroatoms incor-
porated into the carbon cage network.#315 The
pioneering work by Jarrold et al. demonstrated that
niobium-substituted small fullerenes NbC,* (n is an
odd number ranging from 29 to 49) could be gener-
ated by laser vaporization of graphite/NbC com-
posites.!32 Similar cage substituted metallofullerenes
with such atoms as La,!262143bc Fe  Co, Ni, Rh,15%2b
Pt, and Ir'®®¢d were also reported. Of particular
interest is the chemistry of Ir- and Pt-containing
hereofullerenes MC, (M = Ir, Pt; 56 < x < 59), among
which both the odd- and even-numbered clusters
adopt heterofullerene structures. It was demon-
strated that the anions of Ir-series heterofullerenes,
IrC,~ (56 < x < 59), could bind simple alkenes such
as 2-butene to form complexes [IrC.(2-butene)],
whereas the Pt-containing ones, except PtCso~, are
unreactive toward simple alkenes under similar
conditions.1%5d

Few theoretical investigations have been reported
with regard to the geometric and electronic structures
of these metal-substituted small fullerenes. HF cal-
culations on a heterofullerenic structure of LaCog"
(Figure 62)143" revealed that the contribution of the

Figure 62. Structure of LaCy9"t metallofullerene derived
from Ds;, C3o by substitution of a La atom for a carbon atom
at a junction of three pentagons (ref 143b).

La atomic orbitals to the m-system of fullerene is
trivial with the three-coordinated La atom protruding
far away from the fullerene surface. Similar findings
were made on some monosubstituted heterofullerenes
such as NbCsg'(cf. Figure 48a),4! MCs9 (M = Pt,
Ir,1%5d Fe, Co, Ni, Rh'%¢), and MCsgy (M = Co, Rh, Ir).157
However, the situation for the heterofullerenes MCsg
(M = Pt, Ir) is a little more complicated. Recent DFT
calculations' showed that MCj;g preferentially adopts
a Cy,-symmetric structure (Figure 63a) formed by
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MCsg (Cy)

Figure 63. Optimized structures of MCss (M = Pt, Ir)
metallofullerenes (ref 155d).

substitution of a metal atom for a C; unit at a
hexagon—hexagon junction in Cgy, whereas a Cs-
symmetric isomer (Figure 63b) resulted from substi-
tuting a Cq unit at a pentagon—hexagon junction is
energetically less favorable. The metal atom is four-
coordinated in MCss (Cg,) and does not protrude far
away from the cage. Both the neutral PtCss (Cy,) and
anionic IrCss~ (Cg,) have a close-shell singlet ground
state, in which the M atomic orbitals are rather
localized in the occupied states but contribute sig-
nificantly to the delocalized unoccupied states.!5%d
Accordingly, the extent of electron-delocalization
within MCsg heterofullerenes can be reversibly tuned
through redox reactions.

3. -Conjugation in the Sidewalls of
Single-Walled Carbon Nanotubes (SWCNTs) and
the Related Sidewall Chemistry

3.1 Geometric and Electronic Structures of
SWCNTs

A single-walled carbon nanotube (SWCNT) is a
seamless graphene cylinder constructed by rolling-
up a two-dimensional (2D) graphite layer in such a
way that the end of the roll-up vector Cy is super-
imposed on its origin (see Figure 64).3* As such, the

Figure 64. Roll-up vector C;, (C;, = na; + mag) and chiral
angle 0 for a (n,m) SWCNT (for this special case,n =5, m
= 3), where a; and ay are the primitive vectors of a
graphene sheet.

structure of a SWCNT can be uniquely defined by
the roll-up vector, C, = na; + mas, and is simply
designated by (n,m). By definition, three types of
SWCNTSs can be constructed, i.e., achiral armchair
(n,n) SWCNTs, achiral zigzag (n,0) SWCNTSs, and
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chiral (n,m) SWCNTs (n > m and m = 0). For a chiral
(n,m) SWCNT, the chiral angle, 6, is defined as the
angle between the roll-up vector Cy and the (n,0)
zigzag direction (Figure 64).

3.1.1 Zone-Folding Approximation

Because of the aforementioned structural similarity
of SWCNTSs and graphene sheets, the simplest model
to describe the electronic band structure of SWCNTs
is the m-only band theory that is derived from the
band theory of graphite!®® by neglecting the effects
of curvature-induced rehybridization (see its defini-
tion in subsection 2.1). This simplest model states
that an infinite-length SWCNT adopts a one-dimen-
sional band structure fulfilling the periodic boundary
condition: keCy = 27q, where ¢ is an integer and k
is the wavevector quantized along the circumferential
direction. Following this model, all infinite-length
armchair (n,n) SWCNTs are metallic, whereas an
infinite-length SWCNT either of zigzag (n,0) type or
of chiral (n,m) type is metallic only if (n-m)/3 is an
integer, and otherwise is a semiconductor with a
band gap depending inversely on its diameter. Such
simple predictions were confirmed by both sz-only
tight binding calculations'®®16° and low-temperature
STM observations,'®! which demonstrate that the
m-only model is capable of approaching the essential
physics of SWCNT band structure. The above treat-
ment is also called zone folding (or confinement)
approximation and applies reasonably well for the
larger diameter SWCNTs. However, other factors,
such as finite curvature and intertube interactions
also have significant influence on the electronic
properties of SWCNTs.

3.1.2 Curvature Effects

The curvature effects become important for small
diameter nanotubes, since their high curvature in-
duces rehybridization of o, ¢*, &, and 7* orbitals
within its graphenic sidewall. Consequently, some
narrow tubes that should be semiconducting in the
curvature-less zone folding picture, such as (5,0)
tubes, are metallic according to the first principles
calculations,'®2 while some small diameter tubes
expected to be metallic have a small gap in the band
structure (see below).

The severe curvature may open up a small band
gap around its Fermi point, as indicated by full-
valence tight binding calculations.'®® Such a consid-
eration led to the development of a Fermi-point
shifting model proposed independently by Ouyang et
al.1%42b and Kleiner et al.'%4 The Fermi-point shifting
model states that the finite curvature will induce
shifts of the Fermi points of SWCNT's from “original
Fermi points” (i.e., the Fermi points from simple
m-only model). More interestingly, the direction of the
Fermi-point shifting was found to be helicity-depend-
ent, e.g., shifting along the circumference direction
for “metallic” zigzag (n,0) SWCNTs and shifting along
the tube axis for armchair (n,n) SWCNTs.% Conse-
quently, when the curvature effect is taken into
account, infinite-length armchair (n,n) SWCNTSs
remain metallic; however, the (n—m)/3 zigzag and
chiral nanotubes have a finite gap proportional to
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1/d? (d is the tube diameter) and sin 36 (6 is the chiral
angle).163.164d The expected 1/d% dependence of the
(n—m)/3 zigzag SWCNT band gap and the zero-band
gap of the armchair SWCNTs were confirmed by
Ouyang’s experiment.1642

3.1.3 Intertube Interactions in Nanotube Bundles

Although isolated armchair SWCNT's are metallic
in nature, the existence of a small energy gap,
namely, “pseudo gap”, at the Fermi level was dis-
closed both theoretically'® and experimentally!6le1642
for armchair SWCNTs bundles. Such a phenomenon
is attributed to the fact that the n-fold rotational
symmetry of an armchair SWCNT is certainly broken
upon the intertube interaction within a tightly packed
bundle of armchair SWCNTs.

It can be concluded that the unique 1D electronic
band structure of SWCNTs depends subtly upon
helicity, carbon surface curvature (or diameter), and
intertube interactions, and, hence, can be finely
tuned by controlling these structural factors. An
extreme case is that the electronic properties of
SWCNTs can be modified by radial deformation upon
external pressure or strain;!% for example, the band
gap of a semiconductive SWCNT can reduce and
eventually vanish (e.g., metallization) with increasing
applied radial strain.

3.2 Aromaticity of SWCNTs
3.2.1 Clar Valence Bond (VB) Model Description

A general relationship between the aromaticity and
helicity (as well as conductivity) of infinite, defect-
free SWCNTs has been established recently by
Ormsby and King using the Clar aromatic sextet
valence bond (VB) model.’®” The Clar VB mode]'68169
employs both aromatic sextets (i.e., benzenoid six-
electron 7z-cycles) and conventional two-electron
m-bonds to describe the valence-bond structure of
polycyclic aromatic hydrocarbons (PAHs). It has
been demonstrated that for a large variety of PAHs,
the VB structures with the largest number of aro-
matic sextets best model chemical reactivity, and
that the fully benzenoid structures, i.e., possessing
only aromatic sextets, have large HOMO—-LUMO
gaps and, of course, display unusual chemical
stability.1%87170 For example, the Clar VB structures
of four PAHs are depicted in Figure 65; among them
only pyrene (Figure 65a) is not fully benzenoid.
Indeed, the fully benzenoid dibenzopyrene (Fig-
ure 65b) does not show the reactivity of pyrene at
all. The fully benzenoid triphenylene (Figure 65c)
and hexabenzocoronene (Figure 65d) are also unusu-
ally unreactive.’%%® It should be added that Clar’s
rule on the extra stability of 6ns-electron PAHs has
a wider and more general applicability than the
well-known Hickel 4n+2 rule, even though the
former has received much less attention than the
latter.169

Very recently, Ormsby and King applied the Clar
VB model to describe the 7-bonding (and aromaticity)
in infinite-length and defect-free (n,m) SWCNTSs.167
They found that three variations exist, depending on
the value of R(n,m) = m — n modulo 3 (Figure 66).
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Figure 65. Clar VB representations of (a) pyrene (C16H1o),
(b) dibenzopyrene (Ca4H14), (c) triphenylene (C1sHi2) and
(d) hexabenzocoronene (C4H;g), where the aromatic sextets
and the conventional two-electron sz-bonds are represented
by circles and lines, respectively.

Figure 66. Clar VB representation of (12,9), (12,8), (12,7),
and (19,0) SWCNTs (from ref 167).

For a potentially metallic (n,m) SWCNT with R(n,m)
= 0 (e.g., (12,9)), all w-electrons can be represented
by aromatic sextets, and the SWCNT is fully ben-
zenoid; the converse is also true. Since m — n = 3k
is known to be a necessary criterion for conductivity
in CNTs, only fully benzenoid CNTs are metallic, and
only potentially metallic CNTs are fully benzenoid.
This behavior is in sharp contrast with that of planar
PAHs, among which the fully benzenoid structures
always have quite large HOMO—-LUMO gaps. This
can be explained by the opposite operation of the
leapfrog rule, which gives exactly the two disparate
results for leapfrog fullerenes and nanotubes, i.e.,
leapfrog fullerenes have closed shells, and leapfrog
infinite nanotubes are metallic in the Hiickel model.!™!
For a semiconductive SWNCT with R(n,m) = 1 or 2
(e.g., (12,8) and (12,7)), a seam of double bonds wraps
about the otherwise fully benzenoid SWCNT. How-
ever, it is unexpected that for an achiral zigzag (n,0)
SWCNT with R(n,0) =1 (e.g., (19,0)), an enatiomeric
pair of chiral Clar VB structures can be constructed,
each having a seam 60° offset from the tube axis. In
this special case, an alternative Clar VB structure
having an achiral quinoidal seam parallel to the tube
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axis (Figure 66) can be constructed with the same
double bond: aromatic sextet ratio as the chrial
representations. To support these Clar VB models,
Ormsby and King performed NICS calculations (HF/
STO-3G//PM3) on a series of short, H-terminated
chiral SWCNTSs, including (12,9), (12,8), and (12,7)
tubes. As demonstrated in Figure 67, the calculated
NICS values of these short SWCNTSs agree with the
Clar VB model.

Figure 67. Planar representations of short (12, 9), (12,
8), and (12, 7) CNTs shown with the Clar VB structures.
Filled circles represent the magnitude of the average of the
NICS values inside and outside the CNT, with the radius
normalized to the largest value. Red is negative, and green
is positive (from ref 167).

The Clar VB model was also employed to under-
stand the effect of tube length on the structures,
aromaticity, and sidewall reactivity of finite-length
SWCNTSs.17217 Nakamura et al. found that the chem-
ical structure of finite-length armchair (n,n) SWCNT
(n = 5 or 6) depends on the length of the tube and
falls into three different classes, i.e., Kekulé (Fig-
ure 68(i) and (iv)), incomplete Clar (Figure 68(ii) and
(v)), and complete Clar (Figure 68(iii) and (vi))
structures.!” More interesting is that the energy
of the frontier orbitals and the HOMO—-LUMO gap
also oscillate periodically with increasing the tube
lengths (Figure 69). As a result, the chemical reactiv-
ity of finite-length SWCNTSs should change periodi-
cally as the tube length increases. Indeed, the DFT
calculations by Bettinger on the addition of fluorine
atom and methylene to the sidewalls of a series of
armchair (5,5) SWCNT slabs with the formula,
Cs0+10nHoo (n = 0, 1, 2, ... 18), confirmed such an
inference. Figure 70 shows the oscillation of the
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Figure 68. Schematic structures and color-coded NICS
(ppm) maps of finite-length (n,n) SWCNTs (n = 5 and 6).
Hydrogen atoms are omitted for clarity. Chemical bonds
are schematically represented by using single-bond (solid
single line; bond length > 1.43 A), double-bond (solid double
line; bond length < 1.38 A), single-bond halfway to double-
bond (solid-dashed line; 1.43 A > bond length > 1.38 A),
and Clar structures (i.e., fully benzenoid). NICS coding:
red, aromatic < —4.5 ppm; blue, nonaromatic > —4.5 ppm
(from ref 172).
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Figure 69. HOMO/LUMO levels and band gap oscillation
of the finite-length (5,5) CNTs (Cy¢Hs0). The values were
determined by PM3 level calculations, and the trend
parallels the one observed in the B3LYP/6-31G* calcula-
tions (for C4Hyy until Ci99Hgg) (from ref 172).

calculated addition energy (for fluorine atom) with
the increase of the tube length.
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Figure 70. Reaction energies (in kcal mol™1) for the
addition of fluorine atom to (5,5) SWCNT models Cso+10,Hz2o
(n = 0—18) as computed at the (U)B3LYP/6-31G*//(U)PBE/
3-21G level of theory (from ref 173).

3.2.2 Aromaticity and Chemical Reactivity: A Chemist's
View

Carbon nanotubes can be regarded as quasi-1D
cylindrical aromatic macromolecules. Aihara showed
that both armchair and semiconducting carbon nano-
tubes have positive resonance energies, and nano-
tubes with realistic size are as highly aromatic as
graphite,'™ although “metallic” nanotubes are slightly
less aromatic than semiconducting ones,'”® which is
contrast with the Clar VB model rationalization as
given above.

Joselevich qualitatively correlated the aromaticity
with the chemical reactivity of SWCNTs.17® According
to Joselevich, semiconducting nanotubes are analo-
gous to aromatic [4n+2]annulenes, whereas metallic
nanotubes are analogous to antiaromatic [4n]Jannu-
lenes. Such reasoning explains well the high reactiv-
ity of metallic nanotubes over their semiconducting
counterparts.!”” However, it is also important to note
that a major practical difficulty with functionaliza-
tion of nanotubes is actually their restricted solubil-
ity, which is essentially a matter of molecular size
and overrides the steric and electronic factors men-
tioned above.

3.3 Curvature-Induced Pyramidalization and
Misalignment of sz-Orbitals

The extent of curvature-induced weakening of
m-conjugation within SWCNT depends on the helicity
and diameter of the tube, according to the POAV
analyses.** Besides the curvature-induced pyrami-
dalization of s-orbitals of carbon atoms (similar to
the fullerene case, see Figure 2), curvature also
induces misalignment of 7-orbitals of carbon atoms
within a SWCNT (Figure 71).“¢ As a result, the
sidewall of a SWCNT could be more reactive than a
flat graphene sheet; a SWCNT of smaller diameter
having larger m-orbital pyramidalization and mis-
alignment angles suffers more severe curvature-
induced weakening of z-conjugation and, hence, is
more reactive. However, due to the different bending
pattern, the nanotubes have less curvature compared
with fullerenes with comparable diameters;'”® ac-
cordingly nanotubes are generally less reactive than
fullerenes, and more critical experimental conditions
are required to functionalize carbon nanotubes.
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Figure 71. A schematic description of the s-orbital
pyramidalization and misalignments in the sidewall of a
(5,5) SWCNT. The m-orbital pyramidalization and mis-
alignment angles are designated by 6, and ¢, respectively
(ref 4e).

A computational analysis on the dependence of
exohedral and endohedral sidewall reactivity of
SWCNTSs on the tube diameter (or sidewall curva-
ture) was performed by Chen et al.1’® For the addition
of a univalent X atom (X = H, F) to the sidewalls of
a series of short, H-terminated armchair (n,n)
SWCNTSs (n = 2—6), their BSLYP/6-31G* calculations
revealed the following effects of curvature on the
sidewall reactivity:

(i) Exohedral addition is much more favorable over
endohedral addition.

(i1) For the energetically favorable exohedral ad-
dition, the addition energy increases with decreases
in tube diameter (or with the increase of the pyra-
midalization angle 6, of the sidewall carbon atom)
(Figure 72).

(i1) In sharp contrast to the inert concave sur-
face of fullerenes.!™ the inside wall of normal
SWCNTs is still reactive to hydrogen and fluorine
radicals.

In addition to Chen’s work on the single atom
addition, theoretical work by Lu et al.'® on the 1,3-
dipolar cycloaddition (1,3-DC) of O3 molecule to the
sidewalls of a series of armchair (5,5) SWCNT's with
n ranging from 5 to 10 (Figure 73), that by Park et
al.’8! on the monovalent functional group additions
and that by Zheng et al.'82 on the sidewall SWCNT
additions of O/NH/CH; electrophiles predicted a
similar trend.

Experimental evidence on the aforementioned de-
pendence of sidewall reactivity on the tube diam-
eter is scarce. Indirect evidence can be extracted from
the experiments on the fluorination!®? of HiPCO—
SWCNTSs (produced by a high-pressure CO dispro-
portionation process'®*) and L-SWCNTs (laser-ab-
lated graphite-grown carbon nanotubes!®). It was
found that under the same fluorination condition
more fluorine atom can be attached on the side-
walls of HIPCO—SWCNTSs than on L-SWCNTSs, while
HiPCO—-SWCNTSs have smaller average tube diam-
eters (~ 1 nm) than L-SWCNTs (~ 1.38 nm).183
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Figure 73. Predicted exothermicity (E,) of the 1,3-DC
reaction of ozone vs diameters of (n,n) SWNTs (from ref
180).

3.4 Sidewall Chemistry of SWCNTs Related to the
Curved m-Conjugation and Aromaticity

Bearing a curved graphene-like structure, the
sidewalls of carbon nanotubes were once believed to
be chemically quite stable and, meanwhile, display
notorious insolubility. This impedes the separation
and manipulation of SWCNTs for various specific
applications. Chemical modification of SWCNTSs,
although it appears to be a great challenge for
chemists and material scientists, is highly desirable
since it may provide a chemical means to circumvent
such a hindrance and may furnish SWCNTs new
physical and chemical properties (e.g., increased

Lu and Chen

solubility, increased chemical reactivity, high bioac-
tivity, and biocompatibility) for more specific applica-
tions. Indeed, efforts made in this field are remark-
able within the past five years; successful approaches
toward chemically functionalized SWCNTSs reported
so far can be generally divided into three categories,
namely, defect functionalization, noncovalent (su-
pramolecular) functionalization, and covalent func-
tionlization of the sidewalls.4>186.187 Among these,
covalent sidewall functionalization appears to be
rather challenging, as a result of the rather high
chemical stability of the graphene-like sidewalls of
SWCNTs. Yet several experiments successfully ap-
proaching covalent sidewall-derivatization have been
reported, which include fluorination,'8? addition of
alkyl and phenyl radicals,'81% [241] cycloaddi-
tion,!8%190 birch reduction,'9%2191 e]lectrochemical and
solvent-free arylations,'”72192 1 3-dipolar cycloaddi-
tion (1,3- DC),193.194 ozonolysis,'® amination,'®® osmyla-
tion,'7™:197 and Diels—Alder (DA) reaction,!?® etc. In
the meantime, a number of theoretical predictions
have also been made on the viability of sidewall
derivatization of SWCNT's by ozonization'®® and 1,3-
dipolar cycladditions,819 [44-2] cycloaddition (also
known as Diels—Alder reaction),?’° osmylation,?0!
hydroboration,?°? [2+1] cycloaddition,??® and oxida-
tion.2* On one hand, these covalent sidewall-deriva-
tizations were found to result in, for most cases
reported,’®-198 g remarkable increase in the solubil-
ity of functionalized SWCNTSs and, for some specific
cases,'?3 marvelous bioactivity and biocompatibility.
On the other hand, these experimental and theoreti-
cal findings convincingly provide evidence for the
curvature-induced higher chemical reactivity of nano-
tube sidewalls than that of flat graphenes,*-2% and
constitute a brand-new topic of modern chemistry,
namely, covalent sidewall chemistry of carbon nano-
tubes. 4187

3.4.1 Fluorination

Fluorination is probably the first chemical means
that was found for the chemical derivatization of
carbon nanotubes.'83 In 1998, Margrave et al.83
found that Fs can react with SWCNTSs in the tem-
perature range of 250—600 °C, giving rise to fluori-
nated SWCNTSs (namely, F-SWCNTs). The reaction
can be more efficient in the presence of HF (as
catalyst). The saturated ratio could be as high as
C/F = 2:1 for F-SWCNTs. Higher level of fluorination
led to the collapse of the carbon skeleton of the
CNTs.

The structures of F-SWCNTs have been actively
investigated both experimentally and theoretically.
Controversy exists regarding the favorable pattern
of F addition onto the sidewalls of SWCNTs.2% On
the basis of scanning tunneling microscopic (STM)
images and semiempirical CNDO and AM1 calcula-
tions, Kelly et al.2%2 proposed two possible addition
patterns (Figure 74), i.e., 1,2-addition and 1,4-addi-
tion, and concluded that the 1,4-addition pattern is
more stable. On the contrary, more sophisticated
DFT calculations (PBE/3-21G and LSDA/3-21G) us-
ing periodic boundary conditions (PBC) on a fluori-
nated (10,10) SWCNT with a C/F ratio of 2:1 pre-
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(a)

Figure 74. Two possible addition patterns of F atoms on
the sidewalls of F-SWCNTSs: (a) 1,2-addition and (b) 1,4-
addition.

dicted that the 1,2-addition pattern is energetically
favorable over the 1,4-addition one by about 4
kcal/mol per CoF unit.?%® Such a small energy dif-
ference between the two addition patterns implies
that both types of F-SWCNTs probably coexist.
Further PBC-PBE/3-21G calculations on a series of
armchair F-SWCNTs (ranging from (3,3) to (12,12))
of CoF stoichiometry?%6¢ revealed that the thermody-
namic stability of these F-SWCNTSs as well as the
average C—F bond energy decreases with increase
of tube diameter.

On the other hand, Bauschlicher?%6d investigated
the addition of several fluorine atoms on a short,
H-terminated zigzag (10,0) SWCNT by means of
the ONIOM approach?®” and found that the F atoms
tend to bond next to existing F atoms, accounting well
for the STM observation that the fluorinated regions
in a F-SWCNT appear to form bands around the
tube.

F-SWCNTs display physical and chemical proper-
ties differing significantly from those of pristine
SWCNTs, including solvation property, conductivity,
and chemical reactivity. F-SWCNTs were shown to
have much better solvation properties than pristine
SWCNTs.2%% F-SWCNTSs can form metastable solu-
tions in several ordinary organic solvents such as
DMF, THF, and alcohols after sonication but are
insoluble in perfluorinated solvents and water.

In F-SWCNTs, the sidewall carbon atoms, on which
F atoms are attached, are tetrahedrally coordinated
and adopt sp? hybridization. This perturbs the peri-
odicity of the pseudo 1D lattice and destroys the
delocalized electronic band structure of the other-
wise metallic or semiconductive SWCNTs. Hence,
F-SWCNTs are insulating. DFT calculations?%® re-
vealed that both the bottom level of conduction band
and the Fermi level of F-SWCNTSs are drastically
lowered in energy compared to that of pristine
SWCNTSs. As a result, F-SWCNTs are better electron
acceptors and much more reactive toward nucleo-
philic reagents than are pristine SWCNT. Indeed,
F-SWCNTs have been found to react with many
nucleophilic reagents, e.g., organolithium compounds
and Grignard reagents,?%%219 leading to a variety of
new derivatives of SWCNTSs. Some typical chemical
reactions of F-SWCNTSs are summarized as follows

(i) Reactions with Hydrazine and Diamines.
F-SWCNTs react with hydrazine (NoH,) at room
temperature, leading to defluorination of the F-
SWCNTs with release of Ny and HF'.183b The balanced
equation for this highly exothermic process is 4C,F
+ NoHy; — 4C,, + No + 4HF. This process can be
useful for purification of SWCNTs and for production
of partially fluorinated SWCNTs with controlled
fluorine contents. On the other hand, the reaction of
terminal diamines, HoN(CH,),NHy (n = 2, 3, 4, 6),
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with F-SWCNTs in the presence of a catalytic amount
of pyridine was found to adopt a different mechanism
(Scheme 2) that results in alkyldiaminated

Scheme 2
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SWCNTSs.2!! Because of the presence of terminal NH,
groups, the as-obtained alkyldiaminated SWCNTs
are soluble in dilute acids and water. More important,
the known chemistry of primary amines can thus be
employed to further functionalize such amino-func-
tionalized SWCNTSs, e.g., to bind amino acids and
DNA to the sidewalls of SWCNTSs for biochemistry
applications.

(ii) Reactions with Organolithium Compounds
and Grignard Reagents. Both reagents can ac-
tively react with F-SWCNTs, forming alkylated
SWCNTs (Scheme 3).209210 The alkylated SWCNTs

Scheme 3
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are soluble in common organic solvents such as THF
and chloroform, and can be completely dealkylated
upon heating at 500 °C in Ar with recovery of the
pristine SWCNTs.

3.4.2 1,3-Dipolar Cycloadditions: A Facile Way to
Sidewall Functionalization

1,3-Dipolar cycloaddition (1,3-DC) is the union of
a 1,3-dipolar molecule with a multiple bond system
(a dipolarophile) to form a five-membered ring.?!2 The
1,3-dipole is a triad of atoms that has a four-electron
7w system and can be represented by a zwitterionic
octet resonance structure.?'?2213 The great majority
of 1,3-dipoles are isoelectronic with either 16-valence-
electron (e.g., nitrile ylide and diazomethane) or 18-
valence-electron (e.g., azomethine ylide and ozone)
compounds. The dipolarophiles are usually olefins or
acetylenes, but other multiple bonds, such as the
C=N bond of imines and the C=0 bond of aldehyde,
also can act as dipolarophiles.?212724 The 1,3-DC
process can be understood in terms of the orbital
symmetry and frontier molecular orbital (FMO)
theory?!? or in terms of the configuration mixing
model.?’® Scheme 4 depicts the relevant FMOs of a
1,3-dipolar molecule and a dipolarophile (e.g., ethyl-
ene) involved in a 1,3-DC reaction. Because either
1,3-dipoles or dipolarophiles may contain one or more
heteroatoms (N,O and S, etc.), the 1,3-DC process is
one of the most useful methods for the synthesis of
five-membered ring heterocycles and has been widely
exploited in synthetic organic chemistry and phar-
maceutical chemistry.?122 A very important extension
of 1,3-DC is its recent applications in the chemical
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functionalization of highly s-conjugated carbon allo-
tropes, fullerenes,?14217 and SWCNT's.180,193,194,199 Jp-
fortunately, due to the chemical stability of SWCNTSs,
only most active 1,3-dipoles such as ozone, azo-
methine ylide, and nitrile imine have been found
experimentally to react with the sidewalls of SWCNTs.
These brand new 1,3-DC processes on the sidewalls
of SWCNTSs are summarized in the following subsec-
tions.

3.4.2.1 1,3-DC of Ozone — Ozonization of
SWCNTs. Ozone (Oj) is a highly reactive, 18-valence-
electron 1,3-dipole that readily undergoes 1,3-dipolar
cycloaddition (1,3-DC) reaction with olefins followed
by complicated decomposition/isomerization of the
thus-formed primary ozonide (POZ).2'® Such an ozo-
nolysis process follows the Criegee’s mechanism
(Scheme 5).2182 The first step, i.e., the ozonization of
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olefin, is the 1,3-DC of O3 onto the alkenic group.
Similar ozonization process has been found to occur
on the highly z-conjugated Cgy, producing fullerene
ozonide (CgyO3) followed by the formation of CgyO.21"
It is these chemical precedents that stimulated the
recent theoretical exploration of the viability of
sidewall-ozonization of SWCNTSs,18%192 which was
soon exploited experimentally.19%219

In early 2002, Lu et al.'%2 conducted the first
theoretical investigation regarding the sidewall-ozo-
nization of an armchair (5,5) SWNT by means of a
two-layered ONIOM(B3LYP/6-31G*:AM1) approach
207 using a short, H-terminated tube model (CgoHzgo).
The calculations revealed that the 1,3-DC of O3 onto
the tube wall is exothermic and somewhat site-
selective, i.e., the addition onto the 1,2-pair site is
much more favorable over the addition onto the 2,3-
pair site (see Figure 75a for definitions of the sites),
preferentially yielding the primary SWCNT-ozonide
(Figure 75b). Thermolysis of the as-formed sidewall-
ozonides was predicted to preferentially lead to
desorption of ozone rather than to the formation of
sidewall-epoxides with elimination of O2. An exother-
micity of ~20.2 kcal/mol and an activation barrier of
2.9 kcal/mol for the formation the primary SWCNT-
ozonide were predicted by cluster model calculations
(B3LYP/6-31G*) using a larger model (C130Hs).199d
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Figure 75. (a) A short, H-terminated tube model of (5,5)
SWCNT; (b) geometry of the primary SWCNT-ozonide by
1,3-DC of O3 to the 1,2-bond.

Note that a (5,5) nanotube is among those of the
smallest SWCNTs that can be experimentally syn-
thesized;??? the theoretical prediction based on the
(5,5) tube should be considered to be only an upper
boundary of the reactivity of realistic samples. Sub-
sequent theoretical effort!®® was made to explore the
viability of the 1,3-DC of ozone on the sidewalls of a
series of armchair (n,n) SWCNTSs (n = 6—10) modeled
by Cos,Hy, tubes and, meanwhile, to unravel the
dependence of the 1,3-DC reactivity of the nanotube
sidewalls on their diameters. The ONIOM calcula-
tions showed that the 1,3-DCs of O3 to the sidewalls
of these larger SWCNTs are also plausible and that
the bigger the pyramidalization angles of the tube
wall carbon atoms are, the higher reactivity the tube
wall carbon atoms display in the addition reaction
(cf. Figure 73). (Caution should be paid when apply-
ing the ONIOM approach and short tube models for
the study of sidewall chemistry of SWCNTSs, as was
discussed in refs 172, 173, 199b,c, 203b,c,d and
section 3.4.5.3 and section 5) The theoretical finding!%%2
demonstrates, for the first time, the viability of
functionalizing the sidewalls of SWCNTs by means
of 1,3-dipolar cycloadditions of 1,3-dipolar molecules.

The theoretically predicted sidewall-ozonization of
SWCNTSs was then confirmed and exploited experi-
mentally by Wong et al.19-219 in the purification and
organic functionalization of SWCNTSs. In the experi-
ments, ozonolysis of HIPCO SWNTs dispersed in
methanol was carried out on a commercial Welsbach
ozonolysis apparatus at —78 °C, affording primary
SWCNT-ozonides. The as-generated primary SWCNT-
ozonides were subject to cleavage by independent
chemical treatment with various “cleaving” agents
such as hydrogen peroxide (H2O2), dimethyl sulfide
(DMS), and sodium borohydride (NaBH,), yielding a
high proportion of carboxylic acid/ester, ketone/alde-
hyde, and alcohol groups on the nanotube surfaces.?2
Such a process led to purified nanotubes by removing
amorphous carbon and metal impurities from raw
HiPCO nanotubes, broadening the chemical process-
ability and reactivity of SWCNTSs by introducing a
large number of oxygenated functional group on the
sidewalls of SWCNTs,195:219

3.4.2.2 1,3-DC of Azomethine Ylides (the Prato
Reaction). Prato et al.'?32 reported the first experi-
ment of the 1,3-DC on SWCNTs in early 2002. The
1,3-diplolar molecules used in their experiment were
a series of azomethine ylides generated in-situ by
condensation of an o-amino acid and an aldehyde
(Scheme 6). An analogous synthetic strategy was
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Scheme 6
Ry
R4-NHCH,COOH + R,—CHO M’ SWCNT
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(3) Ry = ~CH;CH,0CH,CH;0CH,CH,0CH;, R;=H
(4) Ry = ~CH3(CH2)¢CH3, Rz=H
(5) Ry = ~CH;CH,0CH;CH,0CH,CH,0CH;, Ry= HyC—{ )~

(6) Ry = ~CH,CH,0CH,CH,0CH,CH,0CH;, R, = QgQ

widely applied to the organic functionalization of Cgo
fullerene.?’® Prato et al. found that this protocol is
capable of functionalizing different types of carbon
nanotubes, including long purified SWCNTSs, short
oxidized SWCNTSs, and purified MWCNTs obtained
from Bucky USA as well as HIPCO SWCNTSs ob-
tained from Carbon Nanotechnologies, Inc. The het-
erogeneous reactions (Scheme 6) were performed at
130 °C for 5 days, yielding functionalized SWCNTs
(83—6) with five-membered pyrrolidine adducts on
their sidewalls. The abundance of pyrrolidine adducts
(about one pyrrolidine adduct corresponding to about
95 carbon atoms of SWNT's) on the tube walls largely
improves the solubility of SWNTSs; the thus-function-
alized nanotubes were found to be remarkably soluble
in most organic solvents and even in water. For
example, the modified SWCNT 3 (R; = —CH,CHo-
OCH2CH;OCH>CH;OCH3;, R = H) could reach a
solubility of 50 mg/mL in CHCI; without sonication.!932

A theoretical investigation of the 1,3-DC of azo-
methine ylide (H;CN(H)CHz) onto the sidewall of an
armchair (5,5) SWCNT was performed by Lu et al.18°
using a two-layered ONIOM approach. In accordance
with the experimental finding, the ONIOM(B3LYP/
6-31G*:AM1) calculations predicted that the het-
erogeneous 1,3-DC reaction is exothermic by 39.3
kcal/mol with an readily accessible activation energy
of 3.4 kcal/mol. This heterogeneous 1,3-DC reaction
is by 17.3 kcal/mol less exothermic than its molecular
analogue, the gas-phase reaction of HoCN(H)CH;
with ethylene (CsHy). The lower exothermicity of the
reaction on the tube wall can be ascribed to the rather
high sz-conjugation within the nanotube sidewall. As
a result, the pyrrolidine adducts on the tube wall can
be easily detached upon thermal treatment, facilitat-
ing the purification of SWCNTSs.

An immediate application of the Prato reaction is
the purification of carbon nanotubes.!¥3 Raw sample
of HIPCO SWCNTs always contains metal particles
as a result of using transition metal catalysts in the
synthesis of SWCNTSs. Organic functionalization of
such raw sample by means of the 1,3-DC protocol
resulted in the greatly enhanced solubilization of
SWCNTSs but left metal impurities insoluble. The
organic groups covalently attached on the sidewalls
of SWCNT's can be removed simply by heating at 350
°C, leaving carbon nanotubes intact and purified. As
a result, the missing electronic properties in the
functionalized carbon nanotubes can be fully recov-
ered in the purified carbon nanotubes.'® Such
derivatization-enhanced solubilization and purifica-
tion of SWCNTs provide a high flexibility in routine
manipulation of SWCNTs.
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Further applications of the Prato reaction are the
peptide'®¢ and amino acid'?*d functionalization of
carbon nanotubes, a stepping stone to biological
applications of carbon nanotubes. The amino acid
functionalization of SWCNTs was achieved by fol-
lowing the synthetic processes shown in Scheme 7.

Scheme 7
Bocw/\
O,
[e] \1
BocNH
\/\ SWCNT + (CH,O Mvvuvvvvv
0’\,0\’\ #L" SWCNT
7 Ncoon DMF.130°C,120h YWY
HCIICH,CI,
NHCOCH;NHFmoc
I~ 2 NH3*CI-
Wo\/\o \/\o/\/o
1) DIEA in DCM J\MN\X—-Z\N\NV
wwm 2) Fmoc-Gly-OH, HOBt, SWCNT
10 and DIC in DMF/DCM 9

The first step is the 1,3-DC of an azomethine ylide
(generated by condensation of amino acid 7 and
paraformaldehyde) onto the sidewalls of SWCNTs,
yielding N-protected amine functionalized SWNTs 8.
Subsequent chemical treatment of the amine func-
tionalized SWCNTSs 8 solution (in dichloromethane)
by gaseous HCI could remove the N-tert-butoxy-
carbonyl (Boc) protecting group at the chain-end,
producing amine functionalized SWCNTSs 9. 9 are
highly water-soluble (a solution made of 20 mg of 9
in 1 mL of water can be stable for more than one
month with no precipitation). The high water-solubil-
ity of 9 is of critical importance to extend the
applications of CNTs to medicinal chemistry. The
free amino group at the chain-end of the modified
SWCNTSs 9 can be easily derivatized with N-termi-
nal protected amino acid, affording the N-termi-
nal amino acid functionalized SWCNTSs 10.'%34 More-
over, the amine functionalized and water-soluble
SWCNTSs 9 can be a starting point for the covalent
attachment of bioactive peptides onto SWCNTSs. 193¢
This target can be approached by two different
methods: (i) the fragment of condensation of fully
protected peptides??! and (ii) selective chemical liga-
tion.2?? Significantly, it was found that the as-pro-
duced peptide-SWCNT conjugate is “immunogenic,
eliciting of antibody response of the right specificity”.
Thus, the peptide—SWCNT conjugates could be
potentially useful in disease diagnosis and vaccine
delivery. ™

The high versatility of the Prato reaction is also
beneficial to the development of novel SWCNT-based
nanohybrids for nanotechnological applications.!®*
For example, amidoferrocenyl-functionalized SWCNTs
12 were prepared by following the Prato’s protocol
(Scheme 8). Upon photoexcitation with visible light,
such a novel ferrocene—SWCNT nanohybrid displays
fascinating “intramolecular” electron transfer be-
tween the attached ferrocene (Fc¢) and SWCNT,
producing long-lived SWCNT* -Fc'* species.!?¢ It was
also found that 12 can work as an efficient exorecep-
tor for the redox recognition of HoPO,~,1%%f owing to
the presence of the amidoferrocenyl group.??3
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Scheme 8
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3.4.2.3 Addition of Other 1,3-Dipoles. Besides
the most reactive 1,3-dipoles, ozone and azomethine
ylide, the viability to covalently attach other 1,3-
dipolar molecules (e.g., nitrile ylide and nitrile imine)
on the sidewall of an armchair (5,5) SWCNT by 1,3-
DC reaction were examined theoretically using a two-
layered ONIOM approach.'® The 1,3-dipoles con-
cerned include five 16-valence-electron (16VE) 1,3-
dipoles, i.e., nitrile ylide (HCNCHy), nitrile imine
(HCNNH), nitrile oxide (HCNO), diazomethane
(H2CNy), and methyl azide (CH3N3), and an 18-val-
ence-electron (18VE) 1,3-dipole, i.e., nitrone (HoCN-
(H)O). The predicted reaction heats and activation
energies for the 1,3-DCs of these 1,3-dipoles to the
sidewall of an armchair (5,5) SWCNT and to ethylene
are listed in Table 4.1%° These theoretical data suggest
that the 16VE nitrile ylide and nitrile imine are
reactive enough to react with the tube wall. Hence,
these two 1,3-dipoles are the best candidates for
experimentalists to try, in addition to the most
reactive azomethine ylides and ozone.

Following the theoretical prediction, the 1,3-DC of
nitrile imine to SWCNTs was recently realized and
exploited to synthesize photoactive derivatives of
SWCNTs 18 (Scheme 9).19%¢ The whole synthetic

Scheme 9
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process starts from acid-purified HIPCO SWNCTs 13
containing carboxylic acid groups at their open ends.

Lu and Chen

Esterification of 13 results in the ester-modified
SWCNTSs 14. The nitrile imine 17 is generated in-
situ from its molecular precursor 16. The 1,3-DC
addition of nitrile imine 17 to the sidewalls of ester-
modified SWCNTSs 14 produces the pyrazoline-modi-
fied SWCNTSs 18, which are photoactive.

3.4.3 Diels-Alder Cycloaddition

Generally, a DA reaction occurs between a 1,3-
diene (e.g., 1,3-butadiene) and a dienophile (e.g.,
ethylene), involving four z-electrons of the 1,3-diene
and two sr-electrons of the dienophile. Accordingly, a
DA reaction resembles a 1,3-DC reaction mechanisti-
cally and both types of reaction have been referred
to as [4n+27] cycloaddition.?25226 Such a mechanistic
resemblance inspired one of us to investigate the
viability of DA reactions on the sidewalls of SWNT's.2%0
The ONIOM(B3LYP/6-31G*:AM1) calculations?® re-
vealed that among the three dienes (19, 20, and 21)
concerned, the latter two dienes (i.e., o-quinodi-
methanes 20 and 21) can be attached to the sidewall
of a (5,5) SWCNT by following the DA mechanism
with substantial exothermicity, whereas the DA
addition of the prototype diene, 1,3-butadiene (19),
onto the tube wall is nearly thermoneutral and
kinetically unfavorable. The much higher reactivity
of the o-quinodimethanes than that of butadiene can
be definitely ascribed to the much stronger aromatic
stabilization at the transition states and products in
the DA reactions of o-quinodimethanes.2°%227 Note
that similar effects have been shown to be advanta-
geous to the chemical functionalization of fuller-

enes.2277228
C X O
™ \N
19 20 21

Experimental verification of such aromaticity-
facilitated DA reactions on the sidewalls of SWCNTs
was reported very recently by Delgado et al.1% The
DA functionalization of the ester-functionalized
SWCNT 14 was performed with o-quinodimethane
(generated in situ from 4,5-benzo-1,2-oxathiin-2-oxide
22) under microwave irradiation (Scheme 10). The
product, modified SWCNT 23, was characterized by
'H NMR, UV—Vis, FT-IR, FT-Raman, and surface
force microscopy (SFM).

Table 4. Calculated Reaction Energies (E,, in kcal/mol) and Barrier Heights (E,, in kcal/mol) for the
Cycloadditions of a Series of 1,3-Dipoles to the 1,2-Pair Site on the Sidewall of a (5,5) SWNT and to Ethylene

(CaHy)“

16VE 1,3-dipoles

18VE 1,3-dipoles

HCNCH; HCNNH HCNO H.CN; CHsN3; H,CN(H)CH,; H,CNH)O O3
(5,5) SWNT®? E. —38.5 —28.6 —13.2 —3.2 6.1 —39.3 —5.0 —31.3
E, 13.7 15.3 20.6 22.1 29.2 3.4 155 2.8
Ereve 52.2 43.9 33.8 25.3 23.1 42.7 20.5 34.1
CoHye E, —63.2 —55.2 —38.7 —30.0 —22.9 —56.0 —23.2 —56.6
E, 8.7 8.0 13.0 16.1 17.7 5.9 16.6 -1.8
Er° 71.9 63.2 51.7 46.1 40.6 61.9 39.8 56.6

@ The barrier heights (E*" in kcal/mol) of the retro-1,3-DC reactions are also given (from ref 180). ® Data obtained by two-
layered ONIOM(B3LYP/6-31G*:AM1) calculations. ¢ Data obtained at the BSLYP/6-31+G* level of theory (see ref 224).
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Scheme 10
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3.4.4 Sidewall Osmylation: Base-Catalyzed and
Photo-Promoted Reactions

Transition metal oxides such as OsO4 and MnO4~
containing metal-oxo groups were long known to be
powerful oxidants in the oxidation of alkenes.??® OsO,
is among the most powerful ones; the base-catalyzed
[3+2] cycloaddition of OsO4 with alkenes (i.e., osmy-
lation) occurs readily at low temperatures (Scheme
11), forming osmate esters that can be further

Scheme 11
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hydrated to give rise to diols.????30 An interesting
extension of this reaction is the osmylation of fulle-
rens, which gave birth to the first exohedral fullerene-
metal complex single crystal.?3!

In light of these chemical precedents, it was
proposed that analogous process could be viable on
the sidewalls of SWTNs.2°! The inference was sup-
ported by QM/MM calculations on the [3+2] cycload-
dition of OsO4 on the sidewall of an armchair (5,5)
SWNT.20t The calculations predicted that the het-
erogeneous [3+2] cycloaddition of OsO4 could be
viably catalyzed by organic base, giving rise to
osmylated SWCNT 24 (Scheme 12).

Scheme 12
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Although this theoretical prediction has not been
confirmed experimentally, it was reported by Cui et
al.’97a that sidewall-osmylation of SWCNTs with the
use of OsO, vapor could be approached by UV
irradiation in the presence of Og, which immediately
brought about an increase in resistance for the carbon
nanotube. Without UV irradiation, the resistance of
the as-osmylated nanotube did not show any further
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change. After the removal of OsO4 vapor, the original
resistance could be slowly recovered by UV irradia-
tion in a vacuum or in the O atmosphere.¥’2 By
analogy with the photostimulated osmylation of
arenes,?? they proposed that the following mecha-
nism to account for the UV-photostimulated sidewall-
osmylation of carbon nanotube (Scheme 13): the first

Scheme 13
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step, which is rate-limiting, is a photoinduced charge
transfer from nanotube to OsO,, yielding a meta-
stable charge-transfer (CT) OsO4nanotube complex
25; the second step is the quick formation of the
osmyl ester adduct 26. It was speculated that oxygen
plays a role to assist the photoinduced charge
transfer.!972 This speculation is not convincing, given
the fact that oxygen is indispensable for the photo-
simulated sidewall-osmylation but was not needed
in the osmylation of arenes at all. This proposed
reaction mechanism was also not supported by our
ONIOM prediction that the simple osmyl ester ad-
duct 26 is thermally unstable (or, more exactly,
metastable).201233 Hence, further investigation is still
desired to elucidate the reaction mechanism.

Very recently, a comprehensive experimental in-
vestigation was conducted by Wong et al. to under-
stand the photopromoted (OsO4 + SWCNT) reaction
in solution phase.'®™ They showed that such a
solution-phase photoreaction occurs selectively with
metallic SWCNTs in the presence of O, and UV
irradiation at 254 nm, leading predominantly to
thickly coated SWCNTs that are densely covered with
0s0q. A reaction mechanism analogous to the pho-
toactivated osmylation reactions of benzenoid hydro-
carbons (Scheme 14)%32 was proposed to account for

Scheme 14
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the selectivity. Under UV irradiation at 254 nm,
0s0Oy is photoactivated from its A; ground state to
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the Ty excited state, which is more oxidizing. Note
that the ionization potentials of metallic SWCNTs
(e.g., ~6.4 eV for (5,5) SWCNT?23* and 6.0 eV for (4,4)
SWCNT?35) are lower than those of common arenes
(9.23 eV for benzene and 7.11 eV for the electron-
rich 9,10-dimethylanthracene?¢). Thus, the higher
electrophilicity of the excited OsOy, triggers electron
transfer from SWCNTSs to the oxide, leading to the
formation of a short-lived charge-transfer (CT) com-
plex, [SWCNT]*[OsO4]~. This is followed by subse-
quent formation of covalently bonded complex inter-
mediate (similar to the one shown in Scheme 14 for
anthracene oxidation to anthraquinone???2). The final
step is the oxidation of SWCNTSs with precipitation
of OsOs. Within the whole process, the formation of
the CT complex is of critical importance. Hence,
oxidation of metallic SWCNTSs should be favored over
that of semiconductive SWCNTS, since semiconduc-
tive SWCNTSs are much less electron-donative than
metallic SWCNTs.237

3.4.5 [2+1] Cycloadditions

3.4.5.1 Addition of Carbene. The [2+1] cycload-
dition of dichlorocarbene (CClg) was reported for the
first time by Haddon et al.’®2-d The synthetical
protocol is presented in Scheme 15. In 2001, the

Scheme 15
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27
presence of Cl in the as-prepared [Clo.C<SWCNT] 27
was estimated to be ~2 atomic% using energy-
dispersive X-ray spectroscopy.?*® A very high modi-
fication ratio (varied between 12 and 23%)'9%4 was
achieved in 2003. (The dichlorocarbene functional-
ization ratio is based on the number of CI atoms on
CCl; groups and the number of C atoms on the tube
sidewall, as used in the original experimental
papers.'?%d) It was found that over 90% of the far-
infrared (FIR) intensity is removed by 16% CClg
functionalization, and it was estimated that 25%
functionalization would disrupt the SWCNT band
structure completely. Such covalent chemistry exerts
the largest effects on the electronic band structures
of metallic SWCNTs by rapidly opening a gap at their
Fermi levels, i.e., changing a metal to a semicon-
ductor.190¢

Scheme 16
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In addition to the [2+1] cycloaddition of dichloro-
carbene, another [2+1] cycloaddition reaction of
carbene, the Bingel reaction,??® was recently exploited
for the organic functionalization of SWCNTs under
more moderate conditions (Scheme 16).1%°¢ In the
Bingel reaction (step 1 in Scheme 16), diethyl bro-
momalonate works as the precursor of carbene. The
[2+1] addition to SWCNTSs dispersed in 1,8-diazobi-
cyclo[5,4,0lundecene (DBU) affords the modified
SWCNTSs, [(COOEt):C<SWCNT] 28. Subsequent re-
action of the Bingel-SWCNTs 28 with an excess of
2-(methylthio)ethanol (step 2 in Scheme 16) results
in [(COOCH2CHsSMe)e:C<SWCNT] 29. The added
organic functional groups in 29 could be “tagged”
using ~5 nm gold colloids (step 3 in Scheme 16). The
as-tagged modified SWCNTs 30 can be readily ob-
served in AFM. On the other hand, transesteri-
fication of a suspension of the Bingel- SWCNTs 28
with the sodium (or lithium) salt of 1H,1H,2H 2H-
perfluorodecan-1-ol were found to afford [(COOCH;-
CH,CgF'17)sC<SWNT] 31, which can be readily char-
acterized by F NMR and XPS spectroscopy. The
degree of functionalization by Bingel reaction was
estimated to be ~2%.19%

3.4.5.2 Addition of Nitrenes. Using alkyl azido-
formate as nitrene precursor, Hirsch et al. obtained
(R)-oxycarbonylnitrene-functionalized SWCNTs
(Scheme 17).18819% The first step of their synthetical
protocol is the thermal decomposition of the organic
azide 32, which gives rise to (R)-oxycarbonylnitrene
33 with elimination of Ng; the second step is the [2+1]
cycloaddition of 33 to the sidewalls of SWCNTs,
affording the (R)-oxycarbonylaziridino SWCNTs 34.
Such a synthetical protocol allows for the covalent
bonding of different functional groups onto the side-
walls of SWCNT's by the reaction with different (R)-
oxycarbonylnitrenes generated from the correspond-
ing azidocarbonates. A variety of organic functional
groups such as alkyl chains, aromatic groups, crown
ethers, dendrimers, and oligoethylene glycol units
were successfully attached to SWNTSs, leading to a
considerable increase in the solubility in organic
solvents such as DMSO, 1,1,2,2-tetrachloroethane
(TCE), and 1,2-dichlorobenzene (ODCB) and allowing
for their separation from insoluble contaminants such
as starting SWCNTSs and metal impurities.’®f More
interestingly, it was found that the modified SWCNTs
containing chelating donor groups in the addends are
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subject to complexation of metal cations such as Cu?"
and Cd2".19f As such, the [2+1] addition of (R)-
oxycarbonylnitrenes onto the sidewalls of SWCNTSs
offers a flexible route to expand the chemistry of
carbon nanotubes.

3.4.5.3 Structures and Energetics of the [2+1]
Cycloadditions. One of the greatest difficulties in
the study of the sidewall chemistry of SWCNTSs is
the lack of suitable physical chemical techniques for
a stratifying structure characterization of the func-
tionalized SWCNTs. Consequently, the detailed in-
formation regarding the structures of the attached
functional group as well as the local structures of the
SWCNTSs, where the addends are attached, remain
unclear and are the subject of controversy. A perti-
nent case is the SWCNTs functionalized by the [2+1]
cycloadditions of carbenes and nitrenes.

A number of quantum chemical investigations have
been performed to elucidate the local structure of the
[2+1] product. Two possible structures have been
proposed, as depicted in Figure 76. One is a bisnor-

(X=carbene, nitrene etc.)

Figure 76. Two possible local geometries for the product
of [2+1] cycloaddition to the sidewall of a SWCNT: (a)
bisnorcaradiene-like structure with a three-membered ring;
(b) delocalized annulenic structure with the substrate C—C
bond opened.

caradienic structure with a three-membered ring
(Figure 76a) and another with a bridged annulenic
structure. While the two-layered ONIOM(B3LYP/
6-31G*:AM1) calculations using a 16-C-atom inner
shell in a (5,5) tube model preferred the former as
the most stable geometry for the [2+1] products
formed by additions of carbene, nitrene, germylene,
and silylene to the armchair SWCNTSs,2%%2 the latter
was favored by more sophisticated DFT calculations
using either finite-length tube models (Figure
77a)173:1994,203b.cd or infinite tube model (with periodic
boundary conditions).2%3d Moreover, the diagonal CC
bonds in (8,0) zigzag SWCNTSs, rather than CC bonds
parallel to the axis, are the favorable sites for
chemical modification (Figure 77b). In contrast to
previous experimental expectations, both armchair
and zigzag SWCNTSs with carbene and nitrene ad-
dends favor opened structures rather than three-
membered rings.2%3~d The computed band structure
using PBC calculations also revealed the metallic-
semiconducting transformation with increasing the
dichlocarbene functionalization ratio,2°*d which agrees
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(b)
Figure 77. The B3LYP/6-31G* optimized CH; adduct of
the finite model of (a) (5,5) SWCNT and (b) (8,0) SWCNT.
The carbon atoms attached to the CH, addends are given
in red for clarity; their distances are 2.186 and 2.190 A,
respectively.

well with the experiments,'°° which shows that the
electronic properties of SWCNTs can be engineered
by chemical functionalization. The energetically favor-
able C—C bond breakage upon [2+1] cycloaddition
can be ascribed to the strain energy release of the
otherwise available three-memberred ring and to the
aromatic stabilization of homoconjugation in the open
structure.1731994.208b Simjilar structural features have
been well-known for the bridged 1,6-X-[10]annu-
lenes?’® and the methylene adducts at the 6—5
junctions of fullerenes.5°

Interestingly, based on DFT computations Lu et
al.24! found that the [2+1] cycloaddition derivatives
of armchair SWCNTs evolve from open structures to
closed three-membered ring structures with increas-
ing the tube diameter, and the diameter upper limit
of the opening of the sidewall of SWCNTSs upon [2+1]
cycloaddition is predicted to be 15 A ((11,11) tube).
It can be understood that the energy cost to push
away the two addend-bridged six-membered rings
increases in larger diameter tubes (one may consider
the extreme, a graphite sheet model). Note that the
reactivity of SWCNTs decreases with increasing tube
diameters, and the SWCNTSs used in the chemical
modifications are mainly HiPCO tubes with small
diameters (7—14 A).13 Thus, it is safe to characterize
the experimentally synthesized [2+1] cycloaddition
derivatives as open structures. Lu et al.’s result?4!
showed the importance of the curvature effect (size-
dependence) in the SWCNTSs, but was rather artifi-
cial.

Theoretically it was predicted that the [2+1] cy-
cloadditions of carbenes and nitrenes to the sidewalls
of armchair SWCNTSs are highly exothermic!?3:19%d
with small or no activation barrier at all,2%32¢ whereas
the addition of silylene (SiHg) is moderately exo-
thermic.2%%a¢ Nevertheless, this latter prediction sug-
gests the viable functionalization of SWCNTs by
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[2+1] cycloaddition of silylenes. In practice, silylenes
can be generated, for example, by photolyzing trisi-
lanes.?*2

3.4.6 [2+2] Cycloaddition of Singlet O, and Sidewall
Oxidation

The intensive interest in the interaction of O, with
the sidewalls of SWCNTs243244 was invoked by the
serendipitous finding that the electronic properties
of SWCNTs are sensitive to air exposure, e.g., a
semiconductive SWCNT can be reversibly converted
to a conductor by a small dose of adsorbed oxygen.2432
It has been shown both experimentally?4%2~1 and
theoretically?*#2—d that O, in its triplet ground state
(3%,7) can only be physisorbed on the sidewalls of
SWCNTSs. The experimentally measured adsorption
energy (Ea.g) of Oz (3Z;7) to CNT bundles is ~0.19
eV, 243l whereas the theoretically predicted E.qs var-
ies from ~0.1 to ~0.6 eV, depending on the theoreti-
cal methods and models employed.2442-4 More recent
experiments have even shown that the so-called
“oxygen-sensitivity” of SWCNTs has nothing to do
with the weak interaction between the physisorbed
O, (3%;7) and the tube walls but is artifical and likely
due either to the residual chemical contaminants in
the CNT bundles?*3¢ or to modification of the barriers
at the metal—semiconductor contacts induced by
oxygen 243hii

While the thermal oxidation of CNTs in air (by Og¢)
occurs at high temperature (>700 °C),24> facile pho-
toinduced oxidation of CNTs can proceed by exposing
CNTs concomitantly to UV light and oxygen.?*3 The
accelerated oxidation of CNTs by UV light implies
the involvement of the highly reactive singlet Oy (*A,)
generated by photoexcitation. Further evidence on
the chemical reaction of singlet O with SWCNTs
comes from the experiments that demonstrated the
reversible surface oxidation and efficient lumines-
cence quenching in semiconductor SWCNTs upon
reacting with Oq (*A,) at low pH. 243k

A number of theoretical investigations have been
performed concerning the mechanism of singlet Oq
reaction with the sidewalls of SWCNTs.243k-244d-1 The
following remarks can be drawn:

(i) Singlet Oz (1Ag) can be covalently bonded to the
sidewalls of SWCNTSs. As shown in Figure 78, the

g gf iy

a)

Figure 78. Predicted local geometries for the [2+2]-
cycloaddition products of singlet Os to the sidewalls of (a)
a zigzag (8,0) SWCNT and (b) an armchair (6,6) SWCNT.

most favorable bonding mode for singlet Oz (*A,) to
a tube wall is the [2+2]-addition mode, i.e., forming
a 1,2-dioxitane surface species.

(i1) The predicted activation energy for the [2+2]-
addition to (8,0) SWCNT ranges from 0.6 to 0.8 eV
for different substrate C—C sites.244k

(ii1)) Upon thermal activation, the [2+2] adducts
(i.e., the 1,2-dioxitane surface species) can readily
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undergo O—O0 bond cleavage, giving rise to epoxide
surface species.

3.4.7 Sidewall Epoxidation or Sidewall Opening by
Oxidation

No experiments have been reported regarding the
sidewall epoxidation of SWCNTs. It was proposed
that sidewall epoxidation of SWCNTs might be
approached by photolysis of sidewall ozonides formed
by 1,3-dipolar cycloaddition of ozone with SWCNTs!%%2
or by direct epoxidized by dioxiranes?** on the basis
of the ONIOM(B3LYP/6-31G*:AM1) method.

However, sophisticated DFT computations show
that the epoxide of SWCNTs will not exist; in
contrast, the sidewall can be opened by the oxi-
dation.203b

3.4.8 Sidewall Hydrogenation

Hydrogen storage in carbon nanotubes once was a
very hot topic.2*6¢ However, this has little to do with
the hydrogenation of carbon nanotubes. Quantum
chemical calculations revealed that the dissociative
chemisorption of Hy on SWCNTs is endothermic, i.e.,
thermodynamically unfavorable.?*” Nevertheless, side-
wall hydrogenation of SWCNTs was found to be
plausible by a modified Birch reduction method?% 191
and by atomic hydrogen generated from a glow
discharge.?4®

Birch reduction was widely applied for the partial
hydrogenation of conjugated systems and carboneous
materials such as fullerenes and graphites. For
example, a modified Birch reduction that was per-
formed with metal Li and methanol dissolved in
liquid ammonia (Scheme 18) leads to the hydrogena-

Scheme 18. Birch Reduction of SWCNT's
Li + nNH; — Li* + e (NH,), (a)
e (NH;), + C —> nNH; +C”  (b)
C  + CH;OH ——» CH+ CH,0" (¢)

tion of fullerenes.?* A similar mechanism holds true
in the reaction of CgK graphite intercalated com-
pound with weak protic acids in THF suspension that
produces partially hydrogenated graphite with the
stoichiometry of CgH.?® The Birch reduction of
MWCNTs, SWCNTSs, and graphites (Scheme 19) was

Scheme 19
F,C—CF;
1
F,c—CF2
7
F, F, F, F, F,c—CF2
L OO /C\ hv 2I
FsC" ¢ o3 (% —> c—CF,
F, F, F, F2 36

SWCNT

“

recently investigated by Pekker et al.'®! By means
of thermogravimetry-mass spectroscopy (TG-MS)
analysis, the hydrogenated CNTs (MWCNTSs or
SWCNTSs) from Birch reduction were found to have
a stoichiometry of C11H, whereas a higher C:H ratio
(~5:1) was reached for the Birch reduction of graphi-
tes. Desorption of Hy from the hydrogenated CNTs
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takes place by heating at the temperature range of
400—600 °C and eventually results in pristine CNTs.

Sidewall hydrogenation of SWCNTSs by direct ad-
dition of atomic hydrogen generated in a cold plasma
was attempted by Khare et al.2*® The as-prepared
hydrogen-functionalized SWCNTs were characterized
by FTIR with an intensive band around 2924 c¢m™!
for the stretching mode of sidewall C—H bonds.

3.4.9 Addition of Radicals

3.4.9.1 Addition of Alkyl Radicals. Besides the
reactions of fluorinated SWCNTs with the Grignard
reagents or with organolithium compounds,209210
sidewall alkylation of SWCNTs can also be ap-
proached by direct addition of free alkyl radicals.188189
By photolyzing the heptadecafluorooctyl iodide 35
with a medium-pressure mercury lamp, perfluorooc-
tyl radicals can be generated and attached to the
sidewalls of SWCNTs (Scheme 19).188

As shown in Scheme 20, free radicals can also be
generated by the thermolysis benzoyl peroxide. The

Scheme 20
(o]
n 1 Benzene
Ph-C-0-0-C-Ph ————> 2CO, + 2Phe
75-80 °C

——> Phl + Re

i
NN CNNNN
SWCNT 37

Phe + RI

R. _SWCNT
a. R = (CHp);;CH,

¢. R = -CH(CH;)CH,CH;
e. R = (CHy),Cl

g. R = -(CH,);-O-THP

b.R= -(CH2)3CH3
d. R = -CH,CONH,
f. R = -CH,CN

reaction of phenyl radicals with alkyl iodides pro-
duces free alkyl radicals, which react with SWCNTs
to form alkylated SWCNTSs 37.1%° Phenylated SWCNTs
were also formed as a byproduct.

3.4.9.2 Addition of Aryl Radicals. Tour et al.
reported that the electrochemical reduction (Scheme
21) or thermal treatment (Schemes 22 and 23) of aryl

Scheme 21. Electrochemical Arylation of SWCNTs

N
Il BFy R
N+
[ d
+ e @ N, SWCNT O
R R SWCNT
38 39 40

diazonium compounds with SWCNTSs results in the
radical-involving arylation of SWCNTSs.!? Aryl di-
azonium salts have been widely used as arylating
agents in the arylation of olefins,?’! aromatic com-

Scheme 22. Self-Catalyzed Selective Arylation of
Metallic SWCNTs.

R
R—@—L‘IEN BF,” R—@—LGEN BF,~
‘Yi Ni

( metallic SWCNT J — ( SWCNT ]
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Scheme 23. Solvent-Free Arylation of SWCNT's

NH,

ONO
Stir bar, no solvent, 333 K
+ SWCNT- >

or
SWCNT

NaNO,, H,SO, or AcOH
40

no solvent, 333 K
M

pounds,?? and graphites.?*> As shown in Scheme 22,
electrochemical reduction of the aryl diazonium salts
38 produces aryl radicals 39, whose addition to small-
diameter SWCNT sidewalls gives rise to the arylated
SWCNTs 40.1°22 The functionalization ratio was
estimated to be 5% (one out of 20 carbon atoms in
the CNTs bearing a aryl group). The aryl-SWCNT
bonding is apparently covalent in nature, as thermal
dearylation of the derivatized SWCNTs requires a
high temperature (~500 °C in an argon atmosphere).
Following this pioneering work, Tour et al. disclosed
that even without electrochemical reduction, the
arylation can proceed selectively with metallic
SWCNTSs (Scheme 22).19% Underlying this marvelous
finding is a self-catalyzing reaction mechanism, i.e.,
the reaction of the aryl diazonium salts is catalyzed
by the more electron-donative metallic SWCNTSs. The
electron transfer from the metallic SWCNTSs to the
aryl diazonium salts triggers the formation of aryl
radicals. The metallic SWCNTs were converted to
semiconductors (arylated SWCNTs) upon such a
selective arylation.

While the aforementioned arylations were per-
formed with commercially available aryl diazonium
salts and require SWCNTSs diluted in solvents,!92ab
arylations using in-situ generated aryl diazonium
compounds were also studied,'9?¢® leading to the
discovery of a solvent-free protocol'¥2d for the aryla-
tion of SWCNTSs (Scheme 23).

3.4.10 Chemical Reactivity of Sidewall Defects

While perfect infinite SWCNTs ideally have curved
graphenic hexagon networks with strong, pseudo 1D
m-conjugations, the presence of a variety of imperfec-
tions, such as vacancies, SW defects,” pentagons,
heptagons, and dopants, is unavoidable in pristine
SWCNTSs.?>* These defects can be inevitably formed
during the growth of CNTs or introduced by post-
processing (e.g., ultrasonication and oxidative clean-
ing). It has been shown that these defects play a
pivotal role in tailoring the physical*-?5* and chemi-
cal properties!86b:244.255,256 of SWCNTs. For ex-
ample, defects have been shown to be of critical im-
portance in the chemical etching and shortening of
CNTs.186h.256ac Qwing to the importance of defects in
the chemistry of SWCNTSs, a number of theoretical
investigations have been conducted recently, mainly
focusing on the chemical reactivities of the following
four types of defects: vacancies, dopants (e.g., B, N,
Si, etc.), ad-dimers and SW defects.

3.4.10.1 Vacancies. Vacancies with unsaturated
dangling bonds are of course highly reactive and can
readily form covalent bonds with adsorbed species.
For instance, recent temperature-programmed de-
sorption (TPD) experiments by Chakrapani et al.25%
showed that acetones can be chemisorbed on HiPCO—
SWCNTs, and at least five chemisorption states were
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formed with measured activation energies of acetone
desorption ranging from 24.5 to 59.5 kcal/mol. Fur-
ther theoretical calculations using hybrid quantum
mechanical and semiempirical methods and short
zigzag tube models revealed that the most stable
chemisorption states are due to acetones covalently
bonded to atomic vacancies, while those weaker ones
are attributed to the [2+2]-cycloaddition adducts of
actones on the SW defects.

3.4.10.2 Dopants. Doping the sidewalls of SWCNTs
with heteroatoms such as B and N?%7 modifies their
electronic structures and chemical properties. Recent
first-principles DFT calculations by Peng et al.2%%
predicted the following properties for the B- or/and
N-doped zigzag (8,00 SWCNTs:

(i) Small polar molecules such as CO and H2O that
have electron-donative lone pair(s) can be chemi-
sorbed onto the B sites of the B-doped and BN-doped
CNTs, whereas physisorption occurs only on the
intrinsic CNTs.

(i1) The B-doping drastically enhances the charge-
transfer capability of the CNTs. Consequently, elec-
tron transfer from the chemisorbed CO or H5O on the
B-doped and BN-doped CNTs is also enhanced as
compared to the CO/CNT and HoO/CNT physisorp-
tion systems.

(iii) B-doped CNTs are good sensors of CO and
water molecules.

Moreover, DFT computations of Nevidomskyy et
al.?%b showed that nitrogen substitutional impurities
have different effects on metallic armchair and
semiconducting zigzag nanotubes: at low concentra-
tion, the defect in a semiconducting tube creates a
spatially localized state, which makes the impurity
site chemically and electronically active, while the
impurity in armchair nanotubes is totally delocalized.

Because of its electron deficiency, boron atoms
doped in SWCNTSs have a strong propensity to accept
electrons from lithium energetically; thus, boron
doping is expected to improve the Li absorption in
SWNTs.2%® The electron-deficient boron doped
SWCNTSs, especially BC3 nanotubes,?® are computed
to absorb lithium very favorably and exhibit superior
Li absorption capabilities than the pure carbon
nanotubes.

3.4.10.3 Stone-Wales Defect (5—7—7—5 Defect).
The SW defect (an assembly of 5—7—7—5 rings) is a
very important topological defect in the science of
CNTs and graphites. By definition, an SW defect can
be generated topologically by rotating one of the C—C
bonds in a hexagonal network by 90° (Scheme 24).%°

Scheme 24. Formation of a Stone-Wales Defect
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Recently, the presence of SW defects in carbon and
boron nitride nanotubes was identified experimen-

Stone-Wales defect
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tally by combining resonant photoabsorption and
vibration spectroscopy with scanning tunneling mi-
croscopy.26!

Recent theoretical investigations showed that the
central C—C bond (i.e., the 7—7 ring fusion) in the
SW defective sites has a bond length with a range of
1.32—1.38 A, shorter than that of an ordinary C—C
bond (around 1.42 A) in a defect-free SWCNT. 1994244262
This implies the central C—C bond in an SW defect
can be considered as a double bond with highly
localized m-electron density. Consequently, the cen-
tral C—C bond in an SW defect should be more
reactive than the ordinary C—C bonds of a defect-
free SWCNT. This is true for most of the cases
concerned so far.244:255b.262 For instance, acetone was
found to undergo exothermic [2+2]-cycloaddition with
the central C=C bond of a SW defect in the sidewall
of a zigzag (10,0) tube but does not react with a
defect-free tube at all.?®*® A similar trend was pre-
dicted for the [2+2]-additions of singlet O5?*4 and
[241] cycloaddition of methylene?®?2 to the sidewalls
of the defective and defect-free (10,0) tube.

However, an exception exists: recent DFT compu-
tations show that the central C—C bond of an SW
defect in an armchair (5,5) SWNT is chemically less
reactive than perfect sites (Figure 79).19%d Note that

02T -¢4
f) OSW_III (RE= —74.0 kcalimol)

e) OSW_II (RE= -73.2 kcal/mol)

Figure 79. (a) Seven-layered defect-free (5,5) tube model
(C7oHgp); (b) seven-layered defective (5,5) tube model
containing an SW defect (colored yellow); (¢) optimized O
adduct of a defect-free (5,5) tube model; (d) Optimized O
adduct at the SW defect of defective (5,5) tube model; (e)
optimized O adduct at a 6—6 ring fusion near the SW defect
of defective (5,5) tube model; (f) Optimized O adduct on a
6—6 ring fusion far away from the SW defect of defective
(5,5) tube model. The reaction energies (RE) for the
additions of O were predicted at the BSLYP/6-31G* level
of theory (bond length in angstroms) (from ref 199d).
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the local carbon skeleton at the 5—7—7—5 ring fusion
of the SW defect is nearly planar with a curvature-
induced pyramidalization angle of only ~0.3° at the
Cl and C2 atoms, whereas the pyramidalization
angle (~5.3°) at the C atoms of a defect-free tube is
much larger. Clearly, the local curvature of the SW
defect is far less severe than that of a perfect site.
The much lower chemical reactivity at the defective
7—1T ring fusion can be ascribed to the constraints of
its planar local structure. On the contrary, its pe-
ripheral C—C bonds (e.g., the 5—6 and 6—7 ring
fusions) were predicted to be more reactive than an
ordinary 6—6 ring fusion in the tube wall due to the
much severe local curvatures at these sites.1994.262
Thus, the local curvature introduced by the topologi-
cal defect affects subtly the chemical reactivity of the
sites in its vicinity.

3.4.10.4 Ad-Dimer Defect (7—5—5—7 Defect). In
addition to the SW defect, another type of defect that
also contains 5—7 ring pairs is the 7—5—5—7 defect
(Scheme 25) generated by adding a C, dimer to bridge

Scheme 25. Ad-Dimer Induced Formation of a
7—5—-5—7 Defect.

+C;
—_—

Hexagonal network 7-5-5-7 defect

two parallel C—C bonds of a hexagon of the SWCNT
sidewall with concomitant cleavage of the substrate
C—C bonds. Ad-dimers, i.e., the central 5—5 ring
fusion in the 7—5—5—7 defect, appear to have large
pyramidalization angles (severe local curvature) and
a short C=C bond. DFT calculations by Grujicic et
al.?*4 showed that the ad-dimers on the sidewalls of
both a zigzag (10,0) SWCNT and an armchair (5,5)
SWCNT are much more reactive than the ordinary
C—C bonds of the corresponding defect-free tubes,
and the chemisorption of singlet Oz on an ad-dimer
is quite strong.

3.5 Hybrid Materials Consisting of Small
Fullerenes and Single-Wall Carbon Nanotubes:
Peapods

SWCNT-based hybrid materials are a quite re-
cent research field. So far various atoms or molecules
have been filled into the hollow core of SWCNT.263
Among which, peapods, i.e., SWCNTSs containing a
self-assembled chain of fullerenes (exemplified by
Cs0@SWNCTSs, Figure 80), represent a class of nano-
scale materials with tunable properties.
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Flgure 80. High- resolutlon TEM image of one of the first
Ceo@SWNTS (peapod) ever observed. The carbon nanotube
diameter is that of a regular (10,10) SWNT (14 A).
Reprinted with permission from ref 264. Copyright 1999,
Elsevier.
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Peapod Cs0@SWNCTs were first discovered seren-
dipitously by Smith, Monthioux, and Luzzi in 1998;265
such “endotubular fullerenes” formed spontaneously—
and unexpectedly—during the purification and an-
nealing treatments on raw SWNT materials produced
by a pulsed laser vaporization method. In 2000, a
high-yield production method was developed,2%¢ in
which opened SWCNTs and fullerenes were heated
simultaneously in a vacuum. This vapor phase reac-
tion based method is applicable to various materials
for doping inside individual SWCNTSs. So far, higher
fullerenes such as C7(,267 Crg, Cgo, Cgo and Cgy,267
endohedral fullerenes such as Cd@Cygy,2662:2672,268
Dy@Cp, 2% Sc@Cy, 2™ Ce@Clp, 2™ L.a@Clp, 2™ Las@Clgo 272
Sco@Cgy,2872 Cdo@Cyy,2™ and exohedral fullerene de-
rivatives such as Cg1(COOEt),2 and Cgo027 have
also been successfully inserted into SWCNTs. Al-
though the detailed formation mechanism is still not
known, it is assumed that after the nanotubes are
synthesized, at high temperatures free fullerenes
enter the nanotubes through the open ends or more
possibly through defects in the tube wall?"® by surface
diffusion and gas transportation.

In the Cgp peapods, fullerenes are aligned in a
necklace-like chain, with an average interval distance
of ca. 10 A (9.7 A est1mated by electron diffraction
analys1s 267 9.9 A nm measured by scanning tunnel-
ing microscopy®’?). Such a Ceso—Cgo distance is about
3% shorter than that (10 A) in Cgy crystals, which
indicates that the interaction between the Cgy mol-
ecules was influenced by the SWNT walls (perhaps
associated with the small amount of electron transfer
from the fullerene cage to SWCNTSs). The fullerene—
SWCNT interaction also results in a selectivity of the
fullerene—SWCNT diameter match, i.e., the exo- or
endothermicity of the encapsulation reaction depends
decisively on the space between the nanotubes and
the encapsulated fullerenes.?’® The experimentally
measured fullerene—nanotube spacing (3 A) corre-
sponds to the interplanar van der Waals distance in
graphite.?65266 T,ocal density approximation (LDA)
computatlons revealed a theoretical critical value of
12.8 A, as is (10,10) SWCNT, for an energetically
favorable Cso encapsulation, Whlle other peapods with
a smaller diameter such as (8,8) and (9,9) are
endothermic.?2 Once inserted into the interior space,
the Cgp molecules remain mostly unchanged up to
~800 °C in the SWCNT without dedoping under a
high vacuum.?™

Because of the fullerene—fullerene and fullerene—
SWCT interactions, the electronic structure of the
peapods is not a simple sum of those fullerenes and
nanotubes, and novel nanoelectronic devices might
be constructed. Fullerenes can modify the local
electronic structure of the SWCNTSs, mixing its
orbitals with the nanotube’s electronic band.?782
Electronic measurements of Cg, peapods using a
scanning tunneling microscope demonstrate that the
encapsulated Cgp molecules modify the local elec-
tronic structure of the nanotubes. The experiments
and calculations show that a periodic array of Cg
molecules gives rise to a hybrid electronic band,
which derives its character from both the nanotube
states and the Cgo molecular orbitals.2”” Theoretical
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studies show that the electron states near the Fermi
level depend crucially on the innerwall spacing
between fullerenes and nanotubes, and the size and
shape of the encapsulated fullerenes add important
variety to the electronic structures of the peapods.
In this sense, it is possible to engineer the Fermi level
of the peapods by controlling the space in the tube
and the species of the encapsulated fullerenes.?®? On
the other hand, the inherent nanometric inner cavity
of SWCNTSs serves as a highly confining reaction
vessel, which can modify the reactivity of the encap-
sulated molecules. Most recently, researchers have
polymerized CgO in SWCNTs to form a linear,
unbranched polymer that has never been observed
before.?”> The technique may allow other unprec-
edented linear polymers to be synthesized.

However, small fullerenes have not been encapsu-
lated in the SWCNT's experimentally so far, due to
the infancy of small fullerene science. Once encap-
sulated in nanotubes, small fullerenes may sponta-
neously form a one-dimensional polymer by covalent
bonds, due to their rather high strain energies. When
Ceo peapods are heated to 1000—1200°C, the Cgo
molecules coalesce and change into a new SWNT, and
this results in a double-wall carbon nanotube
(DWCNT).?™ Similarly, a small fullerene peapod may
transform to a DWCNT with a much smaller inner
diameter when heated (most likely under lower
temperature than Cgp peapods).

Few theoretical studies have been performed on
small fullerene peapods.281:282 The smallest nanotube
diameter for encasing a single Cg exothermically was
computed. However, using the same generalized
gradient-corrected approximation (GGA) by Perdew,
Burke, and Ernzerhof,?®® different critical values
were obtained: ca. 9.53 A (that of a (7,7) tube) by
Liu et al,?12 and ca. 10.64 A (that of a (8,8) tube) by
Lu et al,®!» which correspond to a tube—fullerene
distance of 2.83 and 3.22 A, respectively. Note that
the tube—fullerene spacing of 2.83 A obtained by Liu
is less than the interlayer separation in graphite. Lu
et al?81P also found that when Csy forms a double-
bonded chain inside the (8,8) and (9,9) tubes two
carrier channels exist, each of which distributes along
either the nanotube or the Csy chain. Thus, when
properly doped with electrons, the peapod with
encapsulated double bonded Cy chain might have a
higher T'. than that of CgK3. But the one-dimensional
chain of Cs, most likely, adopts the open [2+2]
structure, instead of the close [2+2] one as in ref 281b
(Figure 81). Moreover, several Met-Car (MgC1s, where
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Figure 81. Schematic presentation of Cgy peapod geom-
etries (a) Cqoo forms a close [2+2] chain as in ref 281b; (b)
Cy forms a open [2+2] chain in a (8,8) SWCNT
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M is Sc, Ti, or V) peapods were investigated theoreti-
cally, and it is found that modification of the chemical
composition of the Met-Cars may be an effective way
to control the electronic properties of such peapods.?®?

4. Pros and Cons of Different Approaches in
Computational Nanotube Chemistry

Because of the large size of nanotubes, carefully
chosen truncated models, appropriate for the problem
being investigated, are required. There are basically
three approaches: the finite cluster model, the
ONIOM technique, and the periodic boundary condi-
tions (PBC) method.

Using small finite nanotube models to simulate a
full nanotube, we can carry out computations at a
relatively high level 17828 The finite model is power-
ful in local bonding; however, it is not able to examine
the electronic band structures and the results depend
on the model used. For example, Bettinger!” showed
that the energy for addition of fluorine to the nano-
tube sidewall depends strongly on the length of the
nanotube and pointed out that “the pronounced
length dependence needs to be taken into account
when probing the viability of sidewall functionaliza-
tion computationally. As the infinite-length armchair
nanotubes have zero band gaps, we suggest focusing
on fully benzenoid slabs when the binding energy of
a radical to an armchair tube is of interest.” In light
of the oscillating periodicity of the HOMO—-LUMO
gap of the finite armchair tubes,'"%173 we recommend
that at least finite nanotube models with lengths
covering one periodicity should be investigated.

The other approach uses the ONIOM technique,2°7
which treats part of the system at a high theoretical
level but the rest of the system at a lower level. This
strategy allows larger systems to be simulated at a
practical computational cost. However, ONIOM has
the following drawbacks. First, partitioning the full
system to high and low level regions, or the choice of
the size of the higher level, is still something of art,
and a careful selection of layers is crucial. Second,
the combinations of the chosen computational meth-
ods in different layers are also critical for application.
For example, the well-employed ONIOM(B3LYP/6-
31G*/AM1) using pyrene in the higher theoretical
region failed to get the open structure of the meth-
ylene and nitrene adducts of armchair nanotubes.203>d
With regard to this concern, Kar et al.'®® recom-
mended the “same level different basis set” protocol
for studying SWCNTSs. Instead, Irle et al.?8 stressed
the importance of circumferential z-conjugation in
the high level model system and recommended the
ONIOM rings approach for carbon nanotube chem-
istry. Third, using ONIOM to simulate carbon nano-
tubes violates a golden rule: the high—low level
boundary should not cut across double, triple, or
aromatic bonds; if so, the model system in the high
level cannot be properly terminated. However, using
ONIOM in nanotube systems unavoidably cuts the
aromatic C—C bonds, which leads to the inevitable
technical limitation of ONIOM in computational
nanotube chemistry. As a compensation, a rather
large high level region is desired so that the active
site is far from the boundary and the improper
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termination will not result in significant effects on
the site of interest (which will sacrifice the efficiency
of the ONIOM method to some extent). In general,
the ONIOM method is not a “black box” at all; careful
validation of the ONIOM approach for any given
application (such as the S-value test as recommended
by Morokuma)?%6 is highly desired. Unfortunately,
such an evaluation has rarely been performed in
computational nanotube chemistry in the literature.
Like the finite cluster model, the ONIOM method is
not capable of computing the band structures and
other bulk properties.

The third approach is the periodic boundary condi-
tions (PBC) method, which is a well-established
method in solid-state physics and is becoming popu-
lar in computational chemistry. PBC is a clever
approach to make a simulation that consists of only
a relatively small number of atoms (as in a supercell)
to behave as if it was infinite in size. Using a finite
model, the system size would have to be extremely
large to ensure that the boundary has only a small
influence on the bulk properties, which usually
makes the model too large to simulate. The PBC
method removes the severe artifacts of the boundary
effect in the finite models without increasing com-
putational effort and thus allows simulation of the
bulk properties (such as band structure, electronic
transport, and elastic properties, etc.) using a reason-
able CPU cost (note that it is important to choose a
suitable supercell in PBC computations). However,
when dealing with local bonding site (such as defects,
molecule functionalization, or adsorption), PBC cre-
ates periodic local bonding sites and the coupling
between each other might lead to some fictitious
effects. PBC is also not so powerful in locating the
transition state in the investigations of the reaction
mechanism, which may be improved technically with
better implementation.

In summary, every approach used in computational
nanotube chemistry has its own advantages and
disadvantages, and using combined approaches, if
possible, may be the best choice. Moreover, it may
be recommended that the effects of chirality and the
electronic structures of the nanotubes are considered
in computations. This means that at least three types
of tube models should be taken into account: metallic
armchair tubes such as (6,6), metallic zigzag tubes
such as (9,0), and semiconductor zigzag tubes such
as (10,0).

5. Concluding Remarks

In his recent book, Hirsch?? concluded, “Although
comparatively young, fullerene chemistry is already
a mature discipline.” This is true for fullerenes
exemplified by Cgo but generally not true for small
fullerenes (the smaller counterparts of Cg) and
nanotubes (elongated giant fullerenes). Although the
general principles established in fullerene chemistry
can be extended to small fullerenes and nanotubes
to some extent, small fullerene and nanotube chem-
istry is still in its infancy, a research field full of
challenges and opportunities to both experimentalists
and theoreticians.

Small fullerenes are very reactive due to their
highly strained cage structures; thus, it is impossible
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or extremely difficult to isolate them in the pure
molecular form. However, their exohedral and en-
dohedral derivatives are good targets for preparation
and isolation. The recent isolation of Cs¢Cljy in
macroscopic amounts gave us momentous encourage-
ment and confidence. Using efficient instruments
(such as multistage HPLC) and given enough pa-
tience, the bulk synthesis of small fullerene deriva-
tives using the modified graphite arc-discharge method
are expected to be a routine in the lab. Another
possible way to get stable small fullerene derivatives
is by losing carbon atoms in Cgp adducts, as was just
achieved by Taylor et al.?®” In Taylor’s landmark
experiment, two seven-memberred ring Csg fullerene
derivatives, Cs5sF17CF3 and CsgFis (Figure 82) were

(b) )
Figure 82. Schlegel diagrams for CsgF'17CF3 (a) and CssFs
(b) (@ = F), and the semiempirical AM1 optimized struc-
tures for CssF'17CF3 (¢) and CsgF1is (d).

produced in milligram quantities by fluorinating Ceo
at 550 °C using a fluorinating agent based on a
cesium lead oxyfluoride salt. It is suggested that the
strain that has hindered past attempts to prepare
smaller quasi-fullerenes is mitigated because fluorine
addition changes the hybridization of some of the
pentagon carbons from sp? to sp®. Hopefully small
fullerene derivatives can be generally available, and
routine investigations of the properties and applica-
tions of small fullerenes will become possible in the
very near future.

Carbon nanotubes, discovered in 1991,2 have an
even shorter history than fullerenes (discovered in
1985),! and the SWCNT chemical modification began
only around 7 years ago. Because of the less curved
surface, the reactivity of the common SWCNTs are
much lower than that for fullerenes, and generally
very reactive addends and more critical reaction
conditions are required to functionalize SWCNTs.
Nevertheless, great progress has been achieved in
nanotube functionalization. However, the production
and separation according to diameter, length, and
chirality of SWCNTs is still far from being achieved,
and the purification and characterization of SWCNT
derivatives are still not satisfactory. Hopefully these
two major problems can be solved in next few years.
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Afterward, SWCNTs will serve as standard building
blocks in organic synthesis, and the potential of the
unprecedented properties of SWCNTs will be fully
unleashed for practical applications. Recent achieve-
ments are rather encouraging: using a water-as-
sisted chemical vapor deposition (CVD) method,
impurity-free SWCNTs can be synthesized with high
efficiency;?® moreover, now it is possible to separate
the metallic and semiconducting SWCNTSs,?%° and the
large-scale separtion is especially remarkable.??0

The interplay between theory and experiment has
played such an important role in fullerene chemistry
that this field has reached a mature stage as a
teenager (only 15 years old). Definitely, the healthy
development, especially of our dreamed precocity of
small fullerene and nanotube chemistry, will also
heavily depend on the synergy of theoretical and
experimental investigations from many different
disciplines.
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7. Notes Added in Proof

During the acceptance and proof of this review,
several papers pertinent to this review appeared.
They are briefly summarized below.

Two hypothetical Cgs crystalline phases, namely
hyperdiamond and hyperlonsdaleit, were studied by
Seifert et al.?*! at the density-functional based tight-
binding level. It is found that both solid phases of
Cgs have very similar characteristics, which are
compared with those of crystals of other small
fullerenes, Cq and Cgsg; moreover, the 7 component
of the C—C bonds (the sp? hybridized atoms) in the
lattice changes considerably the mechanical and
electronic properties.

Billups et al.2?2 found that SWCNT can be reduced
by lithium in liquid ammonia and the resulting
nanotube salts can be treated with aryl iodides to
yield debundled, functionalized SWCNTs (Scheme
26). Furthermore, the Billups group?®® found that

Scheme 26.
Li/NH3 RI R .
—_—| LI il |Lit ———— + Lil
SWNT bundle SWNT salt

alkylation of nanotube salts prepared using lithium,
sodium, or potassium in liquid ammonia can yield
highly functionalized nanotubes that are soluble in
organic solvents. The SWCNT derivatives from dif-
ferent alkali metals have radically different thermal
behavior during detachment of the alkyl groups,

Lu and Chen

which may indicate differences in the relative amounts
of 1,2- and 1,4-addition of the alkyl groups.

A recent exciting finding is that carbon nanotubes
can be used to kill cancer cells. Dai et al.?%* showed
that carbon nanotubes solubilized in the aqueous
phase by noncovalent functionalizations can be se-
lectively directed to cancer cells and kill them by the
excessive local heating of SWCNTs in vitro with near-
infrared radiation. However, along with the disinte-
gration of the cancer cells, the nanotubes aggregate
and give rise to insoluble materials. To overcome this,
Prato?®® pointed out that “for biological uses, co-
valently functionalized and fully soluble carbon nano-
tubes would probably be more tolerated”.
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