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Foreword

Some twenty years ago, an article in Nature (London) announced the synthesis of
the first fullerene. This fullerene was named Cg,, and is also commonly known as
Buckminsterfullerene. Cy, was isolated via the self-assembled products of graphite
heated by plasma. Later, the synthesis of nanotubes by the laser vaporization of
graphite, led to a further increase in the family of nanostructures and heralded
unprecedented perspectives for a new science and technology to impact humanity.

The coalescence reactions (illustrated by electronic microscopy) have shown
that the nanoworld is continuous, giving rise to zero- (fullerenes), one- (tubules),
two-(graphite) and three-(diamond, spongy carbon) dimensional carbon allotropes.
Peapods are nanotubes doped with fullerenes (zero-dimensional cages) or longer
capsules, formed inside the tube by coalescence of spherical units. Hetero-atomic
nanostructures, containing boron, nitrogen, germanium, selenium, etc. have also
been synthesized and studied.

Foam-like carbon structures, related to ‘schwarzites’, have been well
documented and represent infinite periodic minimal surfaces of negative curvature.
They contain polygons with dimensions larger than hexagons (w.r.t. to the graphite),
that induce the negative curvature. Units of such structures appear as nanotube
junctions, produced in an electron beam, with wide potential applications in
molecular electronics. Self-assembling supra-molecular structures, of various tessel-
lation, and diamond architectures, have also been recently proposed. The periodicity
of close repeat units of such structures is more evident in these structures, but is
also present in all the carbon allotropes.

Depending on the lattice tessellation, heteroatom type, and/or doping, metal
nanostructures (nanotubes in particular) can be metallic or semiconductors.
Therefore their properties can be changed by chemical functionalization. This has
led to the improved performance of Li-ion batteries, capacitors, and field electron
emitters in displays. Their use as tips in scanning tunneling microscopy (STM)

iX



X Foreword

and atomic force microscopy (AFM) has introduced a new generation of nanoscale
biological/chemical/physical devices.

This book is organized as follows.

Chapter 1 introduces the reader to the realm of periodic fullerenes, obtainable
by coalescence reactions. It presents literature data and the authors own results
on nanostructure building, and semiempirical and strain energy calculations. Novel
dimeric and oligomeric structures predicted to appear via the coalescence of Cg,
molecules and the cages that could result by loss of carbon atoms from the starting
molecules are the main subjects discussed herein.

Chapter 2 presents one of the most intensively studied carbon allotropes (entirely
covered by a benzenoid lattice) namely the polyhex torus. Original methods of
construction and tiling modification, nomenclature and correspondence to other
nomenclatures are presented. Criteria for metallic and aromatic character properties
are tabulated. Rules to identify identical polyhex toroidal graphs within families of
chiral embedding isomers (furnished by the authors building method) are formulated
in terms of the net dimensions. Resonance energy of polyhex tori is evaluated in
the context of a generalized Clar theory of aromaticity.

Chapter 3 introduces a new class of toroidal structures, named Distinct Walled
Tori (DWT), so called to indicate the varying number of atoms on the inner
and outer walls, respectively. The energetics and aromaticity for various types of
DWTs derived from armchair nanotubes or conical domains are presented. Diameter
doubling of single-walled carbon nanotubes and zigzag nanotubes are also discussed.

Chapter 4 begins with a background on Graph Theory followed by defining some
of the most discussed counting polynomials and the more recently proposed Omega
and Cluj polynomials. Some theorems in the two latter named polynomials are
discussed and demonstrated. Hosoya, Cluj, and Omega polynomials are detailed and
used in the topological characterization and stability prediction of nanostructures:
spherical, tubular, and toroidal. A factorization procedure, for describing the chiral
polyhex tori in terms of Omega polynomial is presented.

Chapter 5 deals with the study of planar and 3D surfaces by various polygonal
faces. Operations on maps and geometrical-topological transformation of a parent
covering, are systematically introduced, from the simplest, through to composites,
and up to generalized operations, which enable the embedding of various coverings
in any surface. General analytical relations among the parameters of transformed
and parent maps are presented. Molecular realizations of the proposed operations or
sequences of operations are illustrated. Stone-Wales edge-rotations (related to map
operations) are presented as possible routes of isomerization, enabling changes in
the nanostructure tessellation.

Chapter 6 offers a detailed discussion on the aromatic character of fullerenes,
with classical and non-classical covering. It is shown that aromatic character is
a multi-conditional molecular property which can be dependent upon energetics,
electronic structure, magnetic response, geometric characteristics, or chemical
behaviour.!®~!8 It is shown that having a varied aromaticity criteria results in a
random ordering of molecules. Generalized perfect Clar structures, with the 2-



Foreword xi

factor designed as corannulenic or corazulenic disjoint flowers have been proven.
Sequences of classical or single generalized map operations were used to obtain
these coverings (also given as 7r-electron partitions within Kekulé valence struc-
tures). As a structural/geometric parameter of aromaticity, the HOMA index enabled
an evaluation of local aromatic character of the featured supra-faces and thus
generated evidence for several dominant Kekulé valence structures. The described
operations and structures are believed to be helpful in the process of molecular
structure elucidation and in guiding researchers in finding novel nanostructured
materials.

Chapter 7 discusses triply periodic nanostructures and associated units which,
by a self-assembly process, provide architectures of negative curvature, also known
as schwarzites (or spongy structures). A short introduction to the theory of triply
periodic minimal surfaces is offered. Unit blocks built up by opening map opera-
tions could model the junctions of carbon nanotubes; these can be synthesized by
“nanowelding”, that is, crossing tubes in an electron beam. Junctions are rationalized
according to the building operation. A gallery of junctions and triply periodic archi-
tectures is offered in the appendices. This book is aimed at scientists working in
the field of nanoscience and nanotechnology, Ph.D. and MSc. degree students, and
others interested in amazing nanoarchitectures, which could inspire the cities of the
future.

kock ok

Although each author contributed to the entire book, Chapters 1 and 3 were
written by C. L. N. and Chapters 2, 4 to 7 by M. V. D. Each author takes respon-
sibility only for the materials outlined in the chapters written by himself. The
authors acknowledge the help of Dr. Aniela Vizitiu (contributing with objects and
calculations to the sections: 3.2 and 7.4.3 to 7.4.6) and Dr. Katalin Nagy (with
contributions to the Gallery). Many thanks are addressed to Prof. Tibor Braun,
Hungarian Academy of Sciences, for his valuable advice and encouragement during
the editing of this book.
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Abbreviations used:
T — tetrahedron

C — cube

D — dodecahedron

Le,,

Le,,

010

O30

Ca,,

Cas,

nf, — negative face of size s
Op — open

Op, , — consecutive open
Op,, — alternating open
A — array

D — supra dodecahedron
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Ca, (Op(Le, ((1)))- TU(6,3); v = 120
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P-type networks
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D- and FRD-type networks

v=3120-3; 3-fold axis v=3120-2; 2-fold axis
A(D(Op(Le(1))); [D(Op(Ley 4(T)))]




Index

13C NMR spectroscopy(spectra) 2,3

achiral tubes 22

Archimedes 117

armchair cylinders 21

armchair nanotubes 20, 23, 25, 28, 51, 52,
65, 100

armchair tubes 31, 65, 67, 99

aromaticity 46, 48, 64, 137-139, 144, 145,
147-152, 154-156, 158, 160-163

capped armchair nanotubes 25, 28
capped nanotubes 1, 23, 28

capped zig(-)zag nanotubes 26, 31
capra/sextupling 135

carbon allotropes 8, 35, 167, 168, 171, 180
carbon lattices 51, 170

chamfering 120, 121
chamfering/quadrupling 135
characteristic polynomial 43, 45, 46, 77
chiral rubes 22, 23

CI index 99, 103, 104

Clar representation 138

Clar theory 140, 141

closed nanotubes 1, 19, 23

Cluj matrices 75, 82, 84

Cluj polynomials 82, 83, 85, 86
coalescence in peapods 8

coalescence reactions 1, 7

cone angle 61

conetori 60, 61, 63, 64, 173

continuous transformation of origin of current
density - diamagnetic zero (CTOCD-DZ) 44

continuous transformation of origin of current
density (CTOCD) 145

corannulenic cages 140, 143, 144

corazulenic cages 145, 150, 154

counting polynomials 69, 77, 79, 83, 111

cutting procedures 92, 94, 135

cylinder rule 21

detour w index 72

diagonal junctions 173

diameter doubling 5, 65-67

disjoint corannulenic DFw structure 44, 141
distance degree sequence (DDS) 79, 90, 91
distinct topological objects 40, 45

distinct walled tori(torus) DWT 51-61, 67, 173
D-type schwarzites 171, 180

dualization Du 116-120, 135, 143, 144
DWNT 8, 9, 15, 51, 54, 61, 67

DWT precursors 51

electronic criterion 138

energetic criterion 138, 153, 154

Euler formula 115

Euler’s theorem 32, 35, 137, 167, 168, 173
external cone 63, 64

external V/A-tube 61, 62

factorization procedure 101
Fadeev, D.K. 77

205



206

finite-length carbon nanotubes 19

flowers 44, 141-143, 145, 146, 150,
153-155, 158, 159, 163

Frame, J.S. 77

FRD-type schwarzites 180

FT-IR 3

fullerene dimers 1

fullerene fusion 1, 5

generalized operations 128-130, 135,
141, 158

geometrical Kekulé structures 138, 158

Goldberg list 135

graph theory 22, 44, 69, 140

graphite zone-folding procedure 35

Hadamard matrix 74, 75

Haeckelite structure 9

half-buckminsterfullerene 61, 139

Harary, F. 71, 77

harmonic oscillator model of aromaticity
(HOMA) 139, 144, 145, 147-153, 155,
156, 158, 160-163

HF formation 14, 29, 31, 107, 110, 138

high genera 175, 177, 179, 187, 189

high genera structures 179

High-resolution transmission electron
microscopy (HRTEM) 8, 65, 168

HOMA index of aromaticity, see harmonic
oscillator model of aromaticity

HOMO-LUMO gap 29-32, 43, 45, 138, 142,
144, 148, 149, 151, 152, 160-162

Hosoya, H. 77, 79, 111

Hosoya polynomial 79, 89-94

Hiickel theory 20, 21, 31, 77, 143

hyper-detour index 72

hyper-Wiener index 71, 72

H/Z tube 41

icosahedral junctions 178

identical polyhex toroidal graphs 45
internal H/Z-tube 61-63
isomerization routes 130

joint corannulenic JFw pattern 141
junctions of nanotubes/nanotube junctions 168,
171, 172, 177, 189

KCN 2
Kekulé structure 2, 10, 22, 44, 46, 57, 77,
138-140, 145, 153, 154, 156-158, 163

Index

Kekulé-Dewar valence structure 155, 156, 163
Klein tessellation 188

labyrinth graphs 170

layer matrices 78, 79, 107

layer/shell matrices 78, 79, 82

Le Verier 77

leapfrog Le 44, 58, 106, 107, 117-120, 122, 130,
138, 140-144, 159-161, 176, 183-187, 204

leapfrog rule 21

leapfrog structures 22

leapfrog transformation 22, 118

LUMO 20, 21, 29-32, 43, 45, 125, 138, 142,
144, 147-149, 151, 152, 160-162

magnetic criterion 139, 154, 163
MALDI-TOF 3

medial Me 86, 116-118, 143, 144
memory element 8

Milig, L. 77

minimal surfaces 167, 170, 171, 180, 188
molecular mechanics procedure 37, 41

nanopeapods 7, 8, 14, 16, 51, 61, 66

nanostructure building 9

nanostructures 1, 23, 69, 89, 98, 111, 115, 130,
135, 138, 163, 167, 188, 189

nanostructures, aromaticity 137-163

nanotube caps 22-25, 28

numerical Kekulé valence structure 138

octahedral junctions 177

omega polynomials 40, 86, 87, 98, 100-104, 106,
107, 111

omega-derived descriptors 107

omega-type polynomials 86, 88

one-dimensional sp2-bonded objects 167

operations on maps 58, 86

pentagon fusions 107

pentagon/octagon/pentagon (POP) triplets 51

perfect clar DWTs 57

periodic fullerenes 1-33

periodic schwarzites 171, 180

planar junctions 173, 175

Platonic polyhedral 116, 146

POAV1 theory 41, 47, 138, 177

Poincaré, H. 116

Polygonal Pn capping 117

polyhex tori 3548, 54, 92, 93, 101-103, 106,
126, 140-142



Index

polynomial coefficients 78, 90

polynomials 69, 77, 82, 83, 85-89, 92, 101, 111
polynomials, counting 69-111

POP-DWTs 53-60

P-type schwarzites 171, 187

pyramidalization angle 41

QSPR studies 107
quadrupling Q 120, 121, 175
quasi-orthogonal cut (qoc) strip 86, 87

radialene 139, 142, 144, 154, 155

Raman spectroscopy(spectra) 2, 5, 9, 19, 168
resonance energy 4648, 77, 138, 145

retro endo-kroto reaction 161

rules of Valencia 45, 46

Sachs graph 77

Schlegel projection 100, 151, 156, 157

Schlegel representation 98, 104

semiempirical calculations 5, 11, 54, 57, 67, 110

septupling operations 112, 123, 125, 126, 143,
151

septupling operations, on maps 187

septupling operations, molecular realization 126,
135

shell matrices 78, 80

short closed nanotubes 1

simple Huckel theory 20, 21, 31, 143

single-walled carbon nanotube (SWNT) 1, 8, 19,
65, 67, 143

snub Sn 117, 118

Spialter, L. 77

spectral theory 43

square tiled tori 36

stellation 58, 117, 119

Stone-Wales bond flipping 7, 12

Stone-Wales SW bond rotations 7, 67

Stone-Wales transformation 1, 7, 12, 13, 15, 16,
65, 146, 147

strain energy calculations 9, 28, 33, 41, 47, 189

structural/geometric criterion 139

surface curvature 168

207

TEM 15, 16, 67, 172

Tessellation 40, 115, 119-121, 141, 143, 152,
153, 161, 162, 167, 170, 171, 173, 180-182,
187, 188

tetrahedral junctions 175

three-dimensional sp2-lattice of diamond 167

three-dimensional sp2-lattice of spongy carbon
167

topological effect on molecular orbitals (TEMO)
77

topological index 71, 77, 84, 87

topological resonance energy TRE 77, 145

toroidal nanostructures 89

toroidal structures 51-67, 127, 173

totally resonant sextet (TRS) 44, 58, 140

TPMSs 167, 170, 172, 180, 188

Triangulation 117, 119

triply periodic nanostructures 167-191

truncation Tr 116, 117, 119-122, 141, 146-148,
150, 151, 158, 159

tubular nanostructures 23, 98, 111, 130, 135

tubulenes 5-7, 10, 12-16, 26, 27, 31, 33, 67, 134,
170, 173

twisted/chiral tori 37, 101

two-dimensional sp2-lattice of graphite 167

unsymmetric Cluj distance detour (UCJDE) 76,
81, 82

unsymmetric Cluj distance matrix (UCJDI) 76,
81, 82, 84

unsymmetric Szeged matrices (USZ) 73

UV-VIS 3

Wiener 77
Wiener Index 79, 84, 92-94, 96, 98
Wiener numbers 92

X-ray analysis 2

zero-dimensional sp2-bonded objects 167
zigzag closed nanotubes 23

zig-zag cylinders 21

zig-zag tubes 22, 23, 66, 67, 99, 100



D

evelopments in Fullerene Science

Series Editor:

Tibor Braun, Institute of Inorganic and Analytical Chemistry,
L. Edtvos University, Budapest, Hungary

1

2.

. T. Braun (ed.): Nuclear and Radiation Chemical Approaches to Fullerence Science.

2000 ISBN 978-0-7923-6524-2
B. Tumanskii and O. Kalina: Radical Reactions of Fullerenes and their Derivatives.
2001 ISBN 978-1-4020-0716-5
T. Akasaka and S. Nagase (eds.): Endofullerenes. A New Family of Carbon Clusters.
2002 ISBN 975-1-4020-0982-2
D. M Guldi and N. Martin (eds.): Fullerenes: From Synthesis to Optoelectronic
Properties. 2003 ISBN 978-1-4020-0983-9
E. E Campbell: Fullerene Collision Reactions. 2004 ISBN 978-1-4020-1250-6
F. J. M Rietmeijer (ed.): Natural Fullerenes and Related Structures of Elemental Carbon.
2006 ISBN 978-1-4020-4134-1

. M. V. Diudea and C. L. Nagy: Periodic Nanostructures. 2007
ISBN 978-1-4020-6019-9

springer.com



