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Foreword

A Quintessential Aspect of the Human Condition — The
Appreciation of Beauty in All Its Forms

It is a pleasure to write the foreword for this book probing relationship between
mathematics and chemistry as well as computing as I am very conscious of the
fact that mathematics made some extremely important and elegant contributions to
the story of Cgo Buckminsterfullerene. Indeed in some ways the Cgg story epito-
mizes many aspects of the ways mathematics and science as well as art, architecture
and engineering interplay to mix-and-match and inspire sensations of beauty which
are at one and the same time complex in deeper aspects and yet simple to appre-
ciate visually. It is not only children that appreciate the elegant beauty of highly
symmetric structures such as the one epitomized in the magnificent drawing above
by Leonardo. More complex appreciation is engendered in the minds of people
who have some familiarity with mathematics which enables them to appreciate the
elegance of the general equation governing such structures polyhedral structures:

12=3xnm+2xn4+1xn5+0xng—1xn7—2xng...
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viil Foreword

In this equation ny, is the number of m-sided polygons in a closed network with
trivalent interconnections; when limited to hexagons and pentagons (i.e., only ns
and ng may be non zero) the equation indicates that the network must contain 12
pentagons but there is no limitation on the number of hexagons. Note however that in
this case ng # 1. The juxtaposition of Leonardo’s drawing with this generalized form
of Euler’s Equation encapsulates almost the complete spectrum of what it means
to be human. The motivation for such a selection of articles as this one reflects
perfectly the way in which the patterns of the physical world, often buried deeply in
mathematical concepts can be revealed by the combined drives of human curiosity
allied with the desire for the cathartic experience of recognizing such patterns for
the first time.

Tallahassee, Florida Harold Kroto



Preface

This book has been conceived during the 24th MATH/CHEM/COMP MCC
Conference in Dubrovnik, placed along the beautiful and inspiring coast of Croatia
in June 2009, and involves some of the most authoritative experts in this elegant
field of nanoscience, placed at the border between mathematics and chemistry.

Since their discovery, fullerenes molecules are intimately connected to math-
ematics. Geometry, topology, number theory and other mathematical instruments
greatly assist researchers to classify fullerenes structures and to predict their unique
physical and chemical properties. The name itself of these hollow molecules of pure
carbon is rooted in geometry, homage to Richard Buckminster Fuller and to his
geodesic dome, the inspiring structure of the “buckminsterfullerene” Cgp discov-
ered by Robert Curl, Harold Kroto and Richard Smalley in 1985. This epochal, and
in somehow epical, discovery has been awarder by 1996 Nobel Prize for Chemistry.

The amplitude of the topics and the level of the contributions are prominent char-
acters of this scientific book that will help researchers in studying and understanding
fullerenes properties. For this, we are fully indebted with all authors for their com-
petent and patient works and with Prof. Harold Kroto for his introduction to this
monograph that, in many pages, shows that beauty is present in science. We would
also like to thank Springer for the opportunity to publish this book and Springer
people who allowed all our efforts to become a real text.

Dubrovnik, Croatia Ante Graovac

Ottorino Ori
Franco Cataldo

ix






Contents

10

11

Omega Polynomials of Fullerenes and Nanotubes . . . . . .. . ..
Ali Reza Ashrafi, Modjtaba Ghorbani, Mircea V. Diudea, and
Ante Graovac

Wiener Index of Nanotubes, Toroidal Fullerenes and Nanostars . .
Ali Reza Ashrafi

Cgo Structural Relatives — An Omega-aided Topological Study
Aniela E. Vizitiu and Mircea V. Diudea

Local Combinatorial Characterization of Fullerenes . . . . . . . .
Tamas Réti, Istvan Laszlo, and Ante Graovac

Computation of Some Topological Indices of Cg9 and Cg
Fullerenes by GAP Program . . . . . . ... ... .. ........
Ali Iranmanesh

4-Regular and Self-Dual Analogs of Fullerenes . . . . ... .. ..
Mathieu Dutour Sikiri¢ and Michel Deza

Endohedral Fullerene Complexes and In-Out Isomerism
in Perhydrogenated Fullerenes . . . . . . . ... ... .......
Helena Dodziuk

Detailed Atlas of Kekulé Structures of the Buckminsterfullerene
Damir Vukicevi¢ and Milan Randié

A Graph Theoretic Approach to Atomic Displacements
in Fullerenes . . . . . . . ... ... ... ... ... ...
Ernesto Estrada, Naomichi Hatano, and Adelio R. Matamala

Counting Spanning Trees in Toroidal Fullerenes . . . . . . . . . ..
E.C. Kirby, R.B. Mallion, and P. Pollak

Topological Determination of > C-NMR Spectra of C¢g Fullerenes
Ottorino Ori, Franco Cataldo, Damir Vukicevi¢, and Ante Graovac

21

39

61

85

103

117

153

171

187

205

Xi



xii Contents

12 The Topological Background of Schwarzite Physics . . . . . . . . . 217
Giorgio Benedek, Marco Bernasconi, Eugenio Cinquanta,
Luca D’Alessio, and Marzio De Corato

13 High n-Electronic Stability of Soccer Ball Fullerene
Cgo and Truncated Octahedron C4 Among Spherically
Polyhedral Networks . . . . . . ... ... ... ........... 249
Haruo Hosoya

14 The Estrada Index and Fullerene Isomerism . . . . . . .. .. ... 265
Patrick W. Fowler and Ante Graovac



Contributors

Ali Reza Ashrafi Faculty of Science, Department of Mathematics and Computer
Science, University of Kashan, Kashan 87317-51167, Iran, ashrafi @kashanu.ac.ir

Giorgio Benedek Donostia International Physics Centre (DIPC), 20018
Donostia-San Sebastidn, Spain; Dipartimento di Scienza dei Materiali, Universita
di Milano-Bicocca, 20125 Milano, Italy, giorgio.benedek @mater.unimib.it

Marco Bernasconi Dipartimento di Scienza dei Materiali, Universita di
Milano-Bicocca, 20125 Milano, Italy, marco.bernasconi @unimib.it

Franco Cataldo Lupi Chemical Research Institute, 00133 Rome, Italy; Actinium
Chemical Research, 00133, Rome, Italy, franco.cataldo @fastwebnet.it

Eugenio Cinquanta Dipartimento di Scienza dei Materiali, Universitd di
Milano-Bicocca, 20125 Milano, Italy, eugenio.cinquanta@mater.unimib.it

Luca D’Alessio Dipartimento di Scienza dei Materiali, Universitd di
Milano-Bicocca, 20125 Milano, Italy; Department of Physics, Boston University,
Boston, MA 02215, USA, dalessio@buphy.bu.edu

Marzio De Corato Dipartimento di Scienza dei Materiali, Universitd di
Milano-Bicocca, 20125 Milano, Italy, m.decorato@campus.unimib.it

Michel Deza JAIST, Nomi, Ishikawa-ken, 923-1292, Japan, Michel.Deza @ens.fr

Mircea V. Diudea Faculty of Chemistry and Chemical Engineering, Babes-Bolyai
University, 400028 Cluj, Romania, diudea@chem.ubbcluj.ro

Helena Dodziuk Institute of Physical Chemistry, Polish Academy of Sciences,
Kasprzaka 44/52, 01-224 Warsaw, Poland, dodziuk @ichf.edu.pl

Mathieu Dutour Sikiri¢ Ruder Boskovic¢ Institute, Bijenicka 54, 10000 Zagreb,
Croatia, mdsikir@irb.hr

Ernesto Estrada Department of Mathematics and Statistics, Department of
Physics, Institute of Complex Systems, University of Strathclyde, Glasgow G1
1XQ, UK, ernesto.estrada@strath.ac.uk

Xiii



Xiv Contributors

Patrick W. Fowler Department of Chemistry, University of Sheffield, Sheffield
S3 7HF, UK, p.w.fowler @sheffield.ac.uk

M. Ghorbani Faculty of Science, Department of Mathematics, University of
Kashan, Kashan 87317-51167, Iran, mghorbani @srttu.edu

Ante Graovac Faculty of Science, University of Split, Nikole Tesle 12,
HR-21000 Split, Croatia; NMR Center, The “Ruder Boskovi¢” Institute,
Bijenicka c. 54, HR-10002 Zagreb, Croatia; IMC, University of Dubrovnik,
Branitelja Dubrovnika 29, HR-20000 Dubrovnik, Croatia, ante.graovac @irb.hr

Naomichi Hatano Institute of Industrial Science, University of Tokyo, Meguro,
Tokyo 153-8505, Japan, hatano@iis.u-tokyo.ac.jp

Haruo Hosoya Ochanomizu University (Emeritus), Bunkyo-ku, Tokyo 112-8610,
Japan, hosoya@is.ocha.ac.jp

Ali Iranmanesh Department of Mathematics, Tarbiat Modares University,
P.O. Box: 14115-137, Tehran, Iran, iranmanesh@modares.ac.ir

E.C. Kirby Resource Use Institute, Pitlochry, Scotland PH16 5DS, UK,
graphtheory @edwardkirby.eu

Istvan Laszlé Department of Theoretical Physics, Institute of Physics, Budapest
University of Technology and Economics, H-1521 Budapest, Hungary,
laszlo@eik.bme.hu

R.B. Mallion School of Physical Sciences, University of Kent, Canterbury,
CT2 7NH, England, UK, R.B.Mallion@kent.ac.uk

Adelio R. Matamala Facultad de Ciencias Quimicas, Departamento de
Fisico-Quimica, Universidad de Concepcién, Concepcion, Chile,
amatamal @udec.cl

Ottorino Ori Actinium Chemical Research, Via Casilina 1626/A, 00133 Rome,
Italy, ottorino.ori @alice.it

P. Pollak The King’s School, Canterbury, Kent CT1 2ES, UK

Milan Randi¢ National Institute of Chemistry, SI-10000 Ljubljana, Slovenia,
mrandic@msn.com

Tamas Réti Szechenyi Istvan University, Egyetem tér 1, H-9026 Gyor, Hungary,
reti.tamas @bgk.bmf.hu

Aniela E. Vizitiu Faculty of Chemistry and Chemical Engineering,
“Babes-Bolyai” University, Arany Janos Str. 11, 400084 Cluj, Romania,
anielavizitiu@yahoo.com

Damir Vukicevi¢ Department of Mathematics, University of Split,
Nikole Tesle 12, HR-21000 Split, Croatia, vukicevi@pmfst.hr



	Foreword
	1.1 A Quintessential Aspect of the Human Condition  The Appreciation of Beauty in All Its Forms

	Preface
	Contents
	Contributors
	1 Omega Polynomials of Fullerenes and Nanotubes
	1.1 Introduction
	1.2 Omega Polynomial
	1.3 Examples
	1.4 Omega Polynomial of Fullerenes

	References
	2 Wiener Index of Nanotubes, Toroidal Fullerenes and Nanostars
	2.1 Introduction
	2.2 Wiener Index of Nanotubes
	2.3 Wiener Index of Nanostar Dendrimers

	References
	3 C   60    Structural Relatives  An Omega-aided Topological Study
	3.1 Introduction
	3.2 Operations on Maps
	3.3 Coverings by Sequences of Map Operations
	3.3.1 Sequence             
	3.3.2 Sequence             
	3.3.3 Sequence             
	3.3.4 Sequence             

	3.4 Counting Polynomials
	3.5 Topology of the              Designed Cages
	3.6 Conclusions

	References
	4 Local Combinatorial Characterization of Fullerenes
	4.1 Introduction
	4.2 Basic Notions and Definitions
	4.3 Fullerenes, Fulleroids and Bifaced Polyhedra  Classification
	4.4 Line-Corona Detectors
	4.5 Some Combinatorial Properties of Polyhedra
	4.6 Characterization of Combinatorial Structure of BS Polyhedra
	4.7 Application
	4.7.1 Energetic Characterization of Fullerenes
	4.7.2 A Case Study Concerning the Classification of C   40    Isomers

	4.8 Final Remarks, Conclusions

	References
	5 Computation of Some Topological Indices of C   60    and C   80    Fullerenes by GAP Program
	5.1 Introduction
	5.2 Computing Schultz Polynomial, Schultz Index of C   60    Fullerene by GAP Program
	5.2.1 Schultz Polynomial and Schultz Index of C   60    Fullerene
	5.2.2 Computing Schultz and the Modified Schultz Polynomials of C   80    Fullerene

	5.3 Computing Wiener Polynomial, Wiener Index and Hyper Wiener Index of C   80    Fullerene by GAP Program
	5.4 Balaban Index of IPR C   80    Fullerene Isomers
	5.5 Computing Zagreb Indices of C   80    Fullerene

	References
	6 4-Regular and Self-Dual Analogs of Fullerenes
	6.1 Introduction
	6.2 Structural Properties
	6.3 Generation of    i   -Hedrites
	6.4 Central Circuits and Alternating Knots
	6.5 Self-Dual Graphs
	6.6 Going on Surfaces

	References
	7 Endohedral Fullerene Complexes and In-Out Isomerism in Perhydrogenated Fullerenes
	7.1 Serendipidous Development of Topological Chemistry
	7.2 Endohedral Fullerene Complexes and In, Out Isomers of Fullerene Derivatives as a Specific Domain of Topological Chemistry
	7.3 Types of Endohedral Fullerene Complexes
	7.3.1 Endohedral Metallofullerenes
	7.3.2 Group V Endohedral Fullerenes
	7.3.3 Nested Fullerenes and Analogous Structures
	7.3.4 Fullerenes with Noble Gas Atom(s) or Molecule(s) as Guest(s)
	7.3.5 Fullerenes with Neutral or Slightly Polar Molecule(s) as Guest(s)

	7.4 Unusual Properties of Endohedral Fullerenes
	7.5 In-Out Isomerism of Hydrogenated Fullerenes
	7.6 Hydrogen Molecule Inside C   60   : One or More Can Fullerenes Be Applied for Hydrogen Storage
	7.6.1 Hydrogen Storage
	7.6.2 Modeling Fullerene Endohedral Complexes with Hydrogen Molecule(s) Guests
	7.6.2.1 Molecular Mechanics Calculations
	7.6.2.2 Quantum Chemical Calculations of Fullerene Complexes


	7.7 Conclusions

	References
	8 Detailed Atlas of Kekul Structures of the Buckminsterfullerene
	8.1 Introduction

	References
	9 A Graph Theoretic Approach to Atomic DisplacementsINTnl; in Fullerenes
	9.1 Introduction
	9.2 Preliminary Definitions
	9.3 Atomic Displacements in Molecules
	9.4 Atomic Displacements and Expansion in Regular Graphs
	9.5 Atomic Displacements in Ramafullerenes
	9.6 Atomic Displacements in Isomers of Fullerene C   40   
	9.7 Conclusions

	References
	10 Counting Spanning Trees in Toroidal Fullerenes
	10.1 Introduction
	10.2 The Cycle Theorem
	10.3 Generic Circuits
	10.4 An Algorithm
	10.5 Toroidal Polyhexes
	10.5.1 General Considerations
	10.5.2 Generating an Extended TPH Bi-Periodic Pattern
	10.5.3 Counting the Spanning Trees

	10.6 Application to Pentaheptite (Azulenoid) Networks
	10.7 Notes on Writing an Algorithm for Determining the Complexity of a Toroidal Polyhex or Other Network
	10.7.1 Terminology
	10.7.2 An Outline Algorithm for Counting the Number of Spanning Trees (The Complexity) of a Toroidal Polyhex

	10.8 Concluding Remarks
	10.9 Appendix: The Relationship of a Toroidal Embedding of a Double-Azulene to the Cube

	References
	11 Topological Determination of    13   CNMR Spectra of C   66    Fullerenes
	11.1 Introduction
	11.2 Heuristic Topological Model
	11.3 Fullerene Automorphisms and Topological Orbits
	11.4 Results and Conclusions

	References
	12 The Topological Background of Schwarzite Physics
	12.1 Introduction
	12.2 The Birth of Random Schwarzites
	12.3 Schwarzite Topology
	12.4 Schwarzite Stability
	12.5 Thermodynamics
	12.6 Electronic Structure and Electron-Phonon Interaction
	12.7 Quantum Molecular Dynamics Simulations
	12.8 Conclusion

	References
	13 High <Emphasis Type="Bold">x03C0;</Emphasis>-Electronic Stability of Soccer Ball Fullerene C<Subscript>60</Subscript> and Truncated Octahedron C<Subscript>24</Subscript> Among Spherically Polyhedral Networks
	13.1 Introduction
	13.2 Spherically Polyhedral Networks
	13.3 Topological Symmetry
	13.4 Icosahedral Symmetry
	13.5 Octahedral and Tetrahedral Symmetry
	13.6 Networks with High Vertex-Degree
	13.7 Summary of the Results

	References
	14 The Estrada Index and Fullerene Isomerism
	14.1 Introduction
	14.2 Calculations
	14.2.1 Cubic Polyhedra
	14.2.2 Fullerenes

	14.3 Conclusion

	References
	Index

