Spin Chemical
Physics of Graphene

Elena Sheka

PAN STANFORD PUBLISHING



Published by

Pan Stanford Publishing Pte. Ltd.
Penthouse Level, Suntec Tower 3
8 Temasek Boulevard

Singapore 038988

Email: editorial@panstanford.com
Web: www.panstanford.com

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

e T —

FOCCHNTKRS aKanSmma sayK
brib/IVIOTEKA

HAYUHOTO UEHTPA |

| g2 Yepuoranoske

. P —

Spin Chemical Physics of Graphene

Copyright ® 2018 by Pan Stanford Publishing Pte. Ltd.

All rights reserved. This book, or parts thereof may not be reproduced in any form
or by any means, electronic or mechanical, including photocopyving, recording
or any information storage and retrieval system now known or to be invented,
without written permission from the publisher.

For photocopying of material in this volume, please pay a copying fee through
the Copyright Clearance Center, Inc, 222 Rosewood Drive, Danvers, MA 01923,
USA. In this case permission to photocopy is not required from the publisher;

ISBN 978-981-4774-11-6 (Hardcover)
ISBN 978-1-315-22927-0 (eBook)

Printed in the USA



Preface

Introduction

Contents

1. Open-Shell Molecules, Unrestricted Hartree—Fock

Formalism, Electron Correlation, and Spin—Orbit Coupling

1.1

1.2

1.3

1.4

1.5

1.6

1.7

Introduction: Molecular-Crystalline Dualism of

Graphene and the Ground of Its Spin Chemical

Physics

Graphene as an Object with Open-Shell

Electronic System

1.2.1 About Open-Shell Molecules in General

1.2.2 Reality of the UHF Peculiarities of sp*
Open-Shell Molecules

What Is the Origin of the sp* 0SMs UHF

Peculiarities?

Nonrelativistic and Relativistic UHF Formalism

1.4.1 Hamiltonian

1.4.2 Wavefunctions

1.4.3 Analytical Results

1.4.4 Computational Justifications

Correlation and Relativity Effects in sp® 0SMs

1.5.1 Phenomenological UHF Peculiarities
of sp* OSMs

1.5.2 Phenomenological Characteristics of
Spin-0rbit Coupling in Molecules

1.5.3 Para- and Ferrodiamagnetism of sp®
0OSMs

Attempted UHF-Based Determination of SOC

Parameters

1.6.1 A Confine Collection of Necessary

Relations

1.6.2 UHF-Based SOC Parameter a°° of sp?
Nanocarbons

Conclusion

xvii
Xix

1

n

11
13
14
15
15
16
18

18

21

23 -

28

28

30
32



Contents

2. Stretching and Breaking of Chemical Bonds Leading
to Open-Shell Character of Molecular Electronic Systems

2.1
2.2
2.3

2.4

2.5

2.6

Introduction

Basic Theoretical Concept

Covalent Bonds in Light of Their Stretching

and Breaking

2.3.1 Ngl[R) Graphs of C<»C Bonds

2.3.2 NglR) Graphs of C-0, C-H, and F-F Bonds

2.3.3 NplR) Graphs of X<X Covalent Bonds of
Heavier Tetrels (X=5i, Ge, and Sn)

Statically Stretched Bonds in Covalent

Compounds
2.4.1 General Characteristics Related to Bond
Stretching

242 Chemically Stretched Covalent Bonds
2.42.1 Single C-C bonds
2422 Double and triple C-C bonds
Evolution of Double and Triple C-C bonds in
Diphenylacetylenes, Graphynes, and
Graphdiynes
Conclusion

3. Spin Roots of Dirac Material Graphene

31
3.2
33

3.4
3.5

3.6

3.7

Introduction

Relativistic Electrons of Graphene

Molecular Essence and Topological Character

of Graphene Magnetism

3.3.1 General Features of Experimental
Observations

3.3.2 Magnetic Behavior of Graphene Molecules

3.3.3 High-Temperature Ferromagnetic
Topological Insulating Phase of
Graphene

Local Spins in Graphene Molecule Landscape

Introduction to Graphene Computational Spin

Chemistry

Comments on Converting Graphene from

Semimetal to Semiconductor

Conclusion

41
41
44

48
48
56
57
60
60
61

61
66

70
76

83
83

92
92
95
100
104

111

114
119

Contents
4. Silicene and Other Heavier Tetrelenes 127
4.1 Introduction: Silicene is a Material Phantom 127
4.2 Dirac Fermions in 2D Silicene Crystal 129
4.3 Spin Effects of Silicon-Based Open-Shell
Molecules 132
4.3.1 Peculiarities of the Ny(R) Graphs of
C=C, 5i=C, and 5i=5i Bonds 132
43.2 Siliceous Analogues of sp* Carbonaceous
Molecules 134
4.4 Last News on New One-Atom-Thick 2D
Silicene-Based Material—Si;BN 139
4.5  Silagraphenes 142
4.6 A Few Comments about Germanene and
Stannene 146
4.7 Conclusion 154
5. Spin Molecular Theory of Graphene Hydrogenation 159
5.1 Introduction 159
5.2 A Brief View on Graphene Hydrogenation 161
5.3 Algorithmic Computational Design of Graphene
Polyhydrides 163
5.4 Pristine Molecule and the First Stage of
Hydrogenation 168
2.9 Two-Side Hydrogen Adsorption on the Basal
Plane of Fixed Membrane 170
5.6 One-Side Hydrogen Adsorption on the Basal
Plane of Fixed Membrane 175
5.7 Comments on Hydrogen Adsorption on
Free-Standing Graphene Membranes 178
5.8 Hydrogenation-Induced Structure
Transformation of (5, 5) NGr Molecule 180
5.9 Energy Characteristics Accompanying
Nanographene Hydrogenation 182
5.9.1 Energetics of the Hydrogenation of
NGr Basal Plane 184
592 Framing and Multistage Hydrogenation
of Graphene Molecules 186
593 General Regularities 187
5.10 Empirical Evidences, Computational
Predictions, and Conclusive Remarks 189

il



wil

Contents

6. Spin Molecular Theory of Graphene Oxidation

6.1
6.2

6.3

6.4

6.5

6.6
6.7

0.8

6.9

6.10

Introduction: General Tendencies and Problems

Graphene Oxide Chemistry from the

Conventional Computational Viewpoint

6.2.1 Morphology

6.2.2 Graphene Oxidation as a Process in
General

6.2.3 Chemical Composition of Graphene
Oxide

6.2.4 Theoretical and Computational
Approaches

Graphene Oxide Chemistry from the Viewpoint

of Spin Molecular Theory

First-Stage Oxidation of (5, 5) NGr Molecule

6.4.1 Homo-Oxidant Action

6.4.2 Hetero-Oxidant Action

Second-Stage Oxidation of the Free-Standing

(5, 5] NGr Membrane

6.5.1 Oxidation of Hydroxyl-Framed GOs

6.5.2 Oxidation of Hetero-Oxidant-Framed
G0s

Oxidation-Induced Structure Transformation

Main GO Characteristics and Properties Based

on the Computational Experiment

Conclusive Remarks and Comparison with

Experimental Data

6.8.1 Morphology

6.82 Graphene Oxidation as a Process in
General

6.83 Chemical Composition of Graphene
Oxides

How Does Chemical Modification of Graphene

Molecules Affect Electronic Structure?

6.9.1 Size-Dependence of Chemical
Reactions Final Products

6.9.2 Chemically Induced Destruction

of Graphene Samples
Conclusion

195
195

197
198

198
199
200
202
203
203
206

207
208

210
210

216

218
219

221

223

225

226

227
230

Contenis

7. Technical Graphene (Reduced Graphene Oxide) and Its Natural

Counterpart (Shungite Carbon) 235
7.1 Introduction: Technological Material for Low-
Performance Applications 235
7.2 Spin Chemistry of Graphene about Reduced
Graphene Oxide 237
7.3 Rediscovery of Shungite Carbon in Light of Spin
Chemistry of Reduced Graphene Oxide 242
7.3.1 Shungite as New Carbon Allotrope 243
7.3.2 Structure of Shungite Carbon 244
7.3.3 Shungite Carbon Chemical Composition 247
74 Shungite Carbon in View of Molecular Chemistry
of Graphene 248
7.4.1 Shungite Carbon Was Caused by
Terminated Graphitization 249
7.4.2 Chemical Modification of Graphene
Lamellae in Due Course of Geological
Time of Life 251
7.4.3 Partnership of Oxidation and Reduction
for Shungite Carbon Formation 253
744 Hydrogenation Completes the Basic
Element Chemical Content 255
7.4.5 Shungite Carbon Stacks and Globules 256
7.4.6 Two-Type Shungite Carbon Pores 257
7.5  Conclusive Remarks 260
Parent and Reduced Graphene Oxides of Different
Origin in Light of Neutron Scattering 265
8.1 Introduction: Neutron Scattering among Other
Experimental Techniques 265
B.2 INS Theoretical Background 267
8.3 Neutron Scattering Experiment 271
8.3.1 Neutron Powder Diffraction 271
8.3.1.1 Shungite carbon 271
8.3.1.2 Synthetic GO and rGO
products 271
8.3.2 Inelastic Neutron Scattering 275
8.4 Comparative Analysis of Experimental G{w)
Spectra 276

il



Kiw

Contents

8.5

8.6
8.7

8.4.1 Retained Water Spectra
8.4.2 rGOSpectra
(@) Spectra and Computational Dynamics of
GO and rGO
8.5.1 Computational Models Used
85.1.1 {GO + water} model
8512 rGO models
8.5.1.3 About "riding effect” again
852 Calculated INS Spectra of the GO Core
and Retained Water
8.5.3 INS Spectrum of rG0O: Computational
Results and Discussion
GO Instability Revealed by INS
Conclusion

Spin Mechanochemistry of Graphene.
1. Static Deformation and Uniaxial Tension of

Nanographene Molecule

9.1

9.2

9.3

9.4

9.5

Introduction: Graphene Deformation as

Mechanochemistry

Static Mechanochemistry of Graphene

9.2.1 Bubbles, Wrinkles, and Ripples on the
Surface of Graphene

9.2.2 Strengthening of Magnetism and
Chemical Activity of Deformed Graphene

Mechanochemistry of Graphene under Uniaxial

Tension: Basic Grounds

9.3.1 Preceding History

9.3.2 Mechanochemical Internal Coordinates
and Main Mechanical Characteristics

93.3 Graphene as the Object of Mechanical
Deformation

Tensile Deformation and Rupture of Benzene

Molecule

Tensile Deformation of (5, 5] NGr Molecule

9.5.1 ach Mode of graphene Tensile
Deformation

9.5.2 zg Mode of Graphene Tensile
Deformation

276
281

283
283
283
286
287
289
292

294
297

301

301
303

305

309

316
316

318

320

321
323

324

325

10.

11.

9.6

9.7

9.8

10.1
10.2
10.3

10.4

10.5
10.6

10.7

11.1

11.2

11.3

Contents

Tensile Deformation of Hydrogen-Terminated
(5,5) NGr Molecule 331
Topological Character of Electron Correlation in
Graphene 333
9.7.1 Bare [5,5) NGr Molecule 335
9.7.2 (5,5) NGr-H1 and (5, 5) Ngr-H2

Molecules 337
Conclusion 339

Spin Mechanochemistry of Graphene.

2. Uniaxial Tension of Nanographane 347
Introduction 347
Graphane as Computational Object 348
Nanographane Under Tensile Deformation 350
10.3.1 ach Deformation Mode 350
10.3.2 zg Deformation Mode 353
Energetic Characteristic of the Graphane
Tensile Deformation 356
Muolecular Aspect of Graphane Deformation 361
Mechanical Deformation and Dynamic
Properties 364
Conclusion 367

Spin Topochemistry of Spatially Extended sp?

Nanocarbons in General and Graphene in Particular 371
Introduction: sp* Nanocarbons as a New Class
of Topochemical Objects 371
General Regularities of Topochemical Reactions 373
11.2.1 Leitmotivs of Intermolecular Interaction

in sp? Nanocarbons 374
11.2.2 Spin-Marked Configurations of sp*

Nanocarbon Composites 376
11.2.3 Energetic Characteristics of Contact

Zones of sp* Nanocarbon Composites 379
“Double (C=C) Bond" Topochemical Reactions 380
11.3.1 Fullerene Ciy+Carbon Nanotube

Composites 380
11.3.2 Fullerene Cy+Graphene Nanobuds 384
11.3.3 IMI Profiles of sp® Nanocarbon

Composites 387

v



xvi

Contents
11.4 Carbon Nanotube-Graphene Composites
11.5 "Atom-(C=C) Bond" Topochemical Reactions
11.5.1 Graphene Hydrogenation
11.5.1.1 Topochemical aspects of
graphene hydrogenation
11.5.1.2 Topochemistry of graphene
hydrogenation in energetic
characteristics
11.5.2 Comparative View of the Hydrogenation
of Fullerene Czp and Graphene
11.6 Conclusions
12. Photonics of Graphene Quantum Dots
12.1 Introduction
12.2 Graphene Quantum Dots: General
Characteristics
12.3  Fractal Nature of the GQD Dispersion
12.4 rGO-5h Aqueous Dispersions
12.5 rGO-Sh Dispersions in Organic Solvents
12.5.1 rGO-Sh Dispersions in Carbon
Tetrachloride
12.5.2 rGO-Sh Dispersion in Toluene
12.6  General Features of rGO-Sh Dispersions
12.7  Optical Spectra of Open-Shell and Closed-Shell
Graphene-Based Molecules
12.7.1 HF Peculiarities of the Molecules
Ground State
12.7.2 ZINDO/S Excited States of GO
Closed-Shell Molecules
12.7.3 ZINDO/S Excited States of rGO
Open-Shell Molecules
12.7.4 General Remarks Concerning the
Interrelation between Experimental
and Calculated Optical Spectra of GQDs
12.8  Summary and Conclusions
Aposteriori Reflections

Index

390
397
397

397

400

402
404

411
411

415
417
418
421

422

425

428

431

434

435

437

438
442

451

457



