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“The age of nanosystems was eventually consecrated from the 
fullerene discovery contemporarily strengthened by the ever-
growing mathematical–chemical topological studies of its organic 
precursors, especially benzenoid systems; however, the fullerene’s 
rather limitative technological readiness level in real applications 
damped the true potential of the “bottom world” as it was earlier 
predicted. The rise of graphene opened a new hope with a promise 
to revive the transdisciplinary nanosciences as physics and chemistry 
provide. This book by Dr. Sheka aptly serves the purpose of securing 
the graphene promise in being a reliable structural support, a 
versatile easy-to-integrate tool, and a means through which the 
wave−corpuscular complementary nature of nanomatter finally finds 
its true representative in both fundamental science and intelligent 
nanotechnologies. It is a compendium and an open book alike: It 
provides ultimate structural information and orients the graphenic 
framework for the real application by employing the spin (true 
quantum) nature of the electronic structure on the graphenic-landia. 
From quantum classics to quantum relativistic as well as to magnetic 
features and the chemical basic processes, such as hydrogenation, 
oxidation, and redox, and even to mixed systems when the scattering 
investigation is about (especially by neutrons’ scattering) or by 
spin mechanochemistry, spin topochemistry, and photonics on the 
graphenic quantum dots, all are synergistically presented in a complex 
nanoscale analysis. Besides, the book succeeds in making the step 
toward the characterization of silicenic and tetrelenic structures 
while learning the fullerenic–graphenic lessons and in assuring the 
molectronic context by which the future smart molecular spin–based 
electronics will be structurally explored for sustainable design and 
function.”

Prof. Dr. habil. Mihai V. Putz

West University of Timişoara, Romania
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“Speckled with the resourceful cogitations of Roald Hoffmann, the 
tome is an excellent guidebook in the mysterious world of graphene, its 
derivatives, and its analogues, where the chemistry and physics of this 
seemingly magical material are explained by systematic application 
of Löwdin’s unrestricted approach in quantum chemistry, avoiding the 
introduction of periodic boundary conditions. The interplay between 
radicalization and electron correlation and the treatment of graphene 
as an open-shell system allow the rationalization of its peculiarities 
and provide a remarkable correspondence to the experimental data. 
The narrative is captivating and easy to follow without excessive 
formalism or oversimplification. The overview of a huge amount of 
calculations and experiments on pristine and modified graphene 
reported in the literature is particularly useful, but its critical and 
comprehensive analysis makes it even more valuable for the reader.”

Prof. Dr. Alia Tadjer

Sofia University, Bulgaria

“This book represents something very new with respect to the immense 
editorial scenario devoted to the ‘miracle material’ graphene. It cannot 
simply be considered as a different point of view useful to look at a 
material under scientific or technological light, because for the first 
time, physics and chemistry of graphene have really been interlaced. 
The core of the approach used to describe the reality of graphene is the 
interpretation of its chemical/physical properties on the basis of spin 
effects derived from quantum-chemical computations. This cutting-
edge perspective could be a source of inspiration for scientists and 
young researchers, encouraging further developments and attractive 
applications for such a fascinating nanomaterial.”

Prof. Maria Letizia Terranova

University of Rome Tor Vergata, Italy
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Graphene, nicknamed ‘miracle material’, normally means a material 
with superior properties. However, all its characteristics are only 
the outward manifestation of the wonderful nature of graphene. The 
real miracle of graphene is that the species is a union of two entities: 
a physical and a chemical one, each of which is unique in its own way.
 The book concerns the close interrelationship between graphene 
physics and chemistry as expressed via typical spin effects of a 
chemical physics origin. Based on quantum-chemical computations, 
it	addresses	the	reflection	of	physical	reality	and	the	constitution	of	
graphene as an object of material science—sci graphene—on the 
one hand, and as a working material—high tech graphene—for a 
variety of attractive applications largely discussed and debated in 
the press, on the other.
 I have written this book as a user of quantum chemistry who is 
sufficiently	experienced	in	materials	science	and	have	presented	the	
chemical physics of graphene as a user’s view based on the results of 
extended computational experiments in tight connection with their 
relevance to physical and chemical realities. All the experiments were 
carried out at the same theoretical platform that allows considering 
different sides of the graphene life at the same level in light of its 
chemical peculiarity.
 I am indebted to people without whom this book would not 
have materialized and would like to thank my colleagues Profs. B. 
Razbirin, E. V. Orlenko, and M. Budyka and Drs. N. Popova, V. Popova, 
L. Shaymardanova, I. Natkaniec, D. Nelson, A. Starukhin, N. Rozhkova, 
and E. Golubev; Prof. L. Chernozatonskii, who took part in both the 
computational as well as in real experiments; Profs. R. Andrievski 
and E. Brändas, who inspired and supported me in all stages of the 
writing and the preparation of this monograph; Profs. R. Hoffmann 
and K. Novoselov, whose approval of the book project was very 
vitalizing; my friends and colleagues Profs. S. Gubin, Yu Rybakov, 
I. Mayer, J. Kawrowski, S. Vinitskiy, and I. Burmistrov, discussions 
with whom were very fruitful; and my family for their invaluable 
inputs. A particular gratitude goes to Prof. S. Demishev and Drs. L. 
Gross, L. Buchinsky, and S. Rols for granting the kind permission to 
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use their data at my own discretion as well as to Dr. A. Elbakian for 
allowing	free	access	to	the	hundreds	of	scientific	publications	on	her	
website SCI-HUB, which undoubtedly was a great necessity during 
the writing of the book.
	 I	would	also	like	to	acknowledge	the	financial	support	received	
through grant 022203-0-000 from the RUDN University under which 
this work was undertaken and also take responsibility of any faults 
that may be found in the book .

Elena Sheka
Fall 2017
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The current graphene science is an extremely large multidisciplinary 
valley well explored experimentally as well as theoretically and 
computationally. Monographic analyses and review of thousand 
and thousand of publications revealed that there are a number of 
thoroughly documented collections that are devoted to particular 
faces of graphene physics and chemistry [1–5] and that it is now 
time to bring out a detailed study on specialized subjects of graphene 
science or a number of its aspects. The appearance of the book by 
S.	 E.	 Shafraniuk	 [6]	 served	 as	 the	 first	 example	 of	 this	 kind,	 and	
this similar book on graphene chemistry was waiting for its time. 
The physically superior properties of 2D one-atom-thick graphene 
bodies have been widely discussed in various publications but 
much less has been told about its chemical uniqueness that is due to 
carbon	atoms	packing	in	a	flat	honeycomb	structure.
 The structure, based on benzenoid units, offers three neighbors 
to each carbon atom leaving the atom fourth valence pz electron on 
its own. These electrons form a pool of odd electrons, half of them 
with spins up (α) while the other half with spins down (b). The 
final	 electronic	 configuration	 strongly	 depends	 on	 the	 interaction	
between the electrons and may change from covalent bonding, a 
characteristic of p electrons, to unpaired electrons of radicals when 
the interaction changes from strong to weak. The two electron states 
belong to different limit cases in terms of the electron correlation: p 
electrons, occupying the same place in the space, are not dynamically 
correlated while unpaired electrons of radicals are strongly 
correlated so that two electrons with different spins are separated 
in space. Increase in the correlation of odd electrons, which takes 
place in graphene, makes the properties of the latter greatly spin-
dependent.
 This condition forms the ground for a peculiar interrelation 
between the physics and chemistry of graphene thus providing the 
intensification	of	each	of	them,	on	the	one	hand,	and	conflict	between	
them, on the other. Thus, graphene chemistry, which is consistent 
with physical expectations, covers the following issues:

Introduction
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 1. Small mass of carbon atoms that makes graphene the lightest 
material under ambient conditions;

 2. sp2 hybridization of the atom valence electrons that ensures a 
perfect	flat	2D	honeycomb	structure	of	condensed	benzenoid	
units;

 3. High strength of C=C valence bonds that is responsible for the 
exceptional mechanical strength.

 Graphene chemistry, which is inconsistent with the realization of 
superb physics expectations, constitutes a longer list that includes 
the most important issues, to name but a few, such as
 1. The presence of effectively unpaired odd electrons resulting 

in the radical character of graphene molecules;
 2. The collective behavior of the graphene odd electrons 

preventing local response on any external action;
 3. The topochemical character of its chemistry;
 4. The molecular nature and topochemical character of graphene 

mechanics;
 5. The topological nature of graphene magnetism.
 Each of these properties is a direct consequence of the odd 
electron correlation. A high propensity to sp2 Æ sp3 transformation 
of	carbon	atom	valence	electrons,	which	violates	the	flat	2D	structure	
of a carpet of condensed benzenoid units, should be added to the set.
 The existence of objective obstacles to the successful execution 
of the promising graphene applications according to, for example, 
the Graphene Flagship program, which is EU’s biggest research 
initiative, is clearly evident. A position view was distinctly 
formulated by K. Novoselov et al. [7] in 2012 at the early stage of 
the program in terms of ‘low-performance’ and ‘high-performance’ 
applications. It was repeated once again in 2015 while reconsidering 
the program road map [8]. In fact, this division takes into account 
the molecular (chemical) and crystalline (physical) components 
of graphene duality and shows that while the use of the unique 
chemical properties of graphene at the molecular level does not 
resist its physics, on opposite, the implementation of the unique 
physical properties is resisted by its chemistry.
	 The	 current	 book	 considers	 conflicts	 between	 graphene	
chemistry and physics from the position of the odd electron 
correlation, which promotes a fascinating spin chemical physics of 
graphene—the main subject of this monograph.

https://en.wikipedia.org/wiki/EU
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 The book presents the chemical physics of graphene based on 
the results of extended computational experiments performed 
by the use of Zayets’s version of the UHF AM1/PM3 approach in 
close connection with their relevance to physical and chemical 
realities. The experiments have been carried out by the author and 
her colleagues utilizing the same theoretical platform allowing the 
consideration of various sides of graphene ‘life’ at equivalent levels. 
The current approach made it possible to interpret different faces of 
graphene science in the light of its chemical originality. As per the 
author’s knowledge, such approaches are not presented anymore, 
and that is why other available calculations are only quoted in 
selective situations without a more fundamental perspective. It has 
been a deliberate choice and the author hopes for understanding 
and forgiveness from numerous colleagues and researchers whose 
works have not been mentioned. To strengthen the experimental 
database, the author initiated and participated in experimental 
studies of graphene by using neutron scattering and laser photonics.
 Chapter 1 of the book presents a theoretical concept that lays the 
ground for computational experiments to manifest the uniqueness 
of the graphene molecular electronic system. The concept addresses 
the open-shell electronic systems and is based on the nonrelativistic 
unrestricted Hartree–Fock (UHF) formalism. The formalism reliably 
evidences the broken spin symmetry and perfectly suits to self-
consistent description of fundamental characteristics of graphene, 
such as (i) open-shell character of electron spin orbitals; (ii) spin 
polarization of electron spectrum; (iii) spin contamination and 
depriving the spin multiplicity of electronic states; (iv) local spins 
pool at zero total spin density, and so forth. The formalism suitability 
is	justified	by	a	perfect	coincidence	of	its	results	with	those	obtained	
when	using	higher-level	configurational	interaction	(CI)	approaches	
as well as broken spin symmetry (broken Kramers pairs) general 
complex Hartree–Fock (GCHF) approach. Particular attention is paid 
to empirical evidence of the physical reality of UHF peculiarities.
 As shown in Chapter 1, the UHF formalism is quite suitable for 
a quantitative understanding of electron correlation that provides 
three characteristic criteria: (i) the misalignment of total energy, (ii) 
the appearance of effectively unpaired electrons, and (iii) the non-
zero squared spin value for singlet molecules. Chapter 2 presents 
the	first	realization	of	the	ability	of	UHF	theory	to	reveal	the	crucial	
role of the C=C bond length distribution in exhibiting the above spin-
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based features. This is further extended over triple C∫C bonds and 
a particular dependence of graphpolyynes on varied C´C bonds 
structure is highlighted.
	 Chapter	 3	 clarifies	 spin	 complexity	 in	 the	 electronic	 states	 of	
graphene crystals and molecules. It starts with quasi-relativistic 
description of the electronic state of the graphene hexagonal 
honeycomb structure in terms of Dirac fermions, and it concludes 
with the topological non-triviality of graphene crystals and 
molecules. General concepts of graphene spin molecular chemistry 
and magnetism are suggested.
	 Carbon	is	the	first	member	of	the	tetrel	family	of	group	14	atoms	
of Mendeleev’s table and the outstanding importance of C´C bonds 
in organic chemistry is worth observing while looking for a similar 
behavior of X´X chemical bonds formed by heavier tetrels. Chapter 
4 comprises similarity and/or differences between the members of 
this family, including silicene, germanene, and stannene.
	 Chapters	5	and	6	discuss	the	chemical	modification	of	graphene	
molecules in relation to their ‘spin chemistry-in-action’ on the 
example of hydrogenation and oxidation. Since the chemistry of 
graphene is the chemistry of its polyderivatives, the latter, related 
even to simplest reactions such as mentioned above, are highly 
variable and practically endless in number. Under these conditions, 
the best way to trace graphene chemistry is to follow the stepwise 
synthesis of the derivatives to identify general regularities that 
govern the course of each particular reaction.
 Chapter 7 is devoted to technical graphene, a joint name assigned 
to a large number of varied chemicals considered as reduced 
graphene oxides (rGOs), which lay down the foundation for the low-
performance applications of graphene. These are mainly synthetic 
products but a particular place is taken by a natural form known as 
shungite carbon. This chapter shows that spin molecular chemistry 
at the graphenization stage lays the foundation for the difference 
in the derivation of graphite and shungite carbon under natural 
conditions during geological time, thus giving birth to the natural 
‘pantry’ of technical graphene. To emphasize a particular importance 
of this carbon allotrope for the graphene material science, a photo 
of a natural deposit, known as ‘shungite brooch’, is put on the book 
cover.
 Chapter 8 summarizes the results of an extended neutron 
scattering study of a number of parent and reduced graphene 
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oxides (GOs and rGOs, respectively) of different origin aimed at the 
justification	 of	 the	 structure	 and	 the	 chemical	 composition	 of	 the	
species. The study clearly distinguishes GO and rGO species and 
shows that the water retained in GOs and the graphene hydride 
nature of rGOs are responsible for their dynamical properties, 
respectively. The study cogently shows the large polyvariance of 
both GO and rGO products evidencing their topochemical nature.
 Chapters 9 and 10 present the graphene spin-burdened 
mechanochemistry using the example of static deformation of 
graphene and dynamic tensile deformation of graphene and 
graphane. Chapter 11 exhibits the topochemistry of graphene 
and other sp2 nanocarbons. Its aim is to convince readers that sp2 
nanocarbons, in general, and graphene, in particular, present a 
new class of topochemical objects. The novelty lies in the fact that 
the species are spatially extended chemical targets, and that the 
chemical activity of the constituent atoms is uniquely distributed 
over the species, thus providing a complicated topological behavior. 
Topochemical reactions manifest a combination of the inherent 
topology of the species with the one provided by the action of 
external factors. Chapter 12 discusses graphene quantum dots and 
their photonics. Aposteriori	 Reflections	 summarize	 the	 vision	 of	
graphene as the most unique and distinctive substance known by 
now.
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