
1. Introduction

Development of the modern society is inconceivable with-

out the use of magnetically active systems and materials.

First of all, this refers to magnetic materials able to exhibit

magnetic ordering throughout their bulk. Such materials

were known back in ancient times, they were used to design

the first navigation instruments.1, 2 During the scientific and

technological revolution, the demand for materials possess-

ing specified magnetic characteristics has spiked, which

resulted in the discovery and practical mastering of an

extensive group of magnets based on transition and rare

earth metals, their diverse alloys, metal oxides and other

binary and ternary compounds.3 A sound achievement is

the successful use of molecular approach to design magnetic

materials based on organic, organometallic and coordina-

tion compounds, the solid phase of which is able to switch

to the ferro- or ferrimagnetic or weakly ferromagnetic state

below the critical temperature.4 ± 12

Another group of magnetically active materials is com-

prised of paramagnetic compounds containing isolated

exchange-coupled two- (and more) spin systems. Under the

action of external factors, these systems can change their

state, which results in either drift or abrupt change of

physical characteristics at the macroscopic level.13 These

materials can actually transcode an external signal or an

external stimulus at the molecular level into an easily

detectable macroparameter; therefore, they are considered

as working elements of ultrasensitive sensors, non-volatile

magnetoresistive random access memory cells and quantum

computer components.

There also exists a special group of single-spin systems

with a specific quantum nature causing them to behave as

permanent magnets even at the level of a single molecule or

atom (single-molecule and single-atom magnets, respec-

tively).12 ± 16 The magnetic bistability of these materials

makes them applicable in spintronics, first of all, for the

design of ultradense data recording and storage devices and

ultrasmall spin diodes and transistors.
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For many years, compounds with d- and f-element

atoms as spin carriers predominated in magnetically active

systems and materials. The continuous search for new

magnets carried out in the last decade resulted in the

discovery of ferromagnetic materials containing only p-

and s-elements.17 These compounds may possess a number

of attractive properties such as low density, biocompatibil-

ity, plasticity, etc., which stimulates the search for magnet-

ism in systems based on light elements.18 One more encour-

aging fact is that Curie points of up to 65 K (under

pressure) have been attained among ferromagnets of this

type, which is currently the record high value.19, 20

While speaking of record high values of various sorts, it

should be noted (without citing the relevant publications)

that syntheses of organic compounds exhibiting magnetic

hysteresis that is retained up to hundreds of Kelvin degrees

have been regularly reported in the literature. However,

subsequently the reported results could not be reproduced,

which initially raised skepticism and distrust in the possibil-

ity to prepare magnets based on s- and p-elements. The

development of physicochemical methods for studying pro-

cesses behind the functioning of magnetic materials crucially

changed the situation. A turning point in the attitude to the

magnetism of light elements, in particular the magnetism of

carbon-based systems, was associated with the appearance of

reproducible results obtained for polymerized fullerene 21, 22

and proton-irradiated graphite.23 It was realized that under

extreme conditions (high temperature, high pressure, or

exposure to radiation or ion bombardment), numerous

defects of paramagnetic nature, the topological structure of

which is favourable for ferrimagnetic ordering of p-deloca-
lized spins, may arise in carbon or organic materials via

stochastic structural rearrangements. The total number of

spins in separate ferromagnetic clusters is relatively low;

therefore, the full magnetization of these purely carbon

structures is always low.18 However, the most important

issue is that, upon drastic impacts, organic compounds are

converted to complex mixtures consisting of numerous and

diverse molecular structures. The use of these mixtures as

magnetic materials is problematic, because their composition

and magnetic characteristics can vary over broad ranges

depending, for example, on the amorphous structure and on

the preparation and annealing conditions. This is why the

integrated problems that come to the forefront include the

atomically precise step-by-step assembly of graphene nano-

structures with specified magnetic properties, development

of systems for quality control and physical manipulation of

separate graphene molecules and design of the interfaces

between these molecules and the final consumer.24, 25

The present review considers the modern trends in the

development of synthetic chemistry of graphene nanostruc-

tures. The methods for the preparation of magnetically

active graphene materials are integrated, focusing on spin-

labelled graphene structures. Such structures are required

for the development of prospective technologies in the

organic and graphene spintronics and magnetronics; there-

fore, a considerable increase in the number of relevant

publications is to be expected in the near future. We believe

that this goal would benefit from this review where we

attempted to depict the way from spin-labelled fused poly-

cyclic aromatics to magnetically active graphene nanostruc-

tures and to define the challenges faced by researchers in

this field and possible solutions.

The following abbreviations and designations are used

in the review:

AGNR Ð armchair edge graphene nanoribbon;

BTBN Ð nitronyl nitroxide-substituted dibromotetra-

thiafulvalene;

DCM Ð dichloromethane;

DEER Ð double electron7electron resonance;

dppf Ð 1,10-bis(diphenylphosphino)ferrocene;
dppp Ð 1,3-bis(diphenylphosphino)propane;

ESBN Ð benzodiselenafulvalene derivative bearing

nitronyl nitroxide;

FFT Ð fast Fourier transform;

GNR Ð graphene nanoribbon;

HBC Ð hexabenzocoronene;

hfac Ð hexafluoroacetylacetonate;

J Ð exchange interaction parameter;

I Ð intensity;

kB Ð Boltzmann constant;

K region Ð convex armchair edge in the graphene

nomenclature;

NIT Ð nitronyl nitroxide;

p-TSA Ð p-toluenesulfonic acid;

t Ð time;

TBAF Ð tetrabutylammonium fluoride;

TFA Ð trifluoroacetic acid;

TIPS Ð triisopropylsilyloxy;

TSBN Ð spin-labelled derivative of benzotetraselena-

fulvalene;

TTF Ð tetrathiafulvalene;

V Ð voltage;

ZGNR Ð zigzag-edge graphene nanoribbon;

w Ð magnetic susceptibility.

2. Nanoscale graphene structures

The design of magnetically active graphene nanostructures

is a nascent area of research; therefore, it is reasonable to

consider the trends in which (and at the interfaces between

which) considerable advances were made. First of all, this

refers to the studies of graphene, a two-dimensional carbon

allotrope, which attracts attention of researchers and engi-

neers.26 The results of studying graphene gave rise to the

general concept of the development of a broad class of sp2-

materials, including polycyclic aromatic molecules, fuller-

enes, carbon nanotubes, graphene quantum dots, graphene

nanoribbons and their derivatives obtained by structuring,

chemical treatment, insertion of non-carbon atoms or

defects. Perfect graphene is non-magnetic by itself, but its

derivatives show various magnetic properties depending on

the structure.20 Particular interest is aroused by graphene

structures with zigzag edges such as quantum dots and

nanoribbons.27 ± 30 Below are given examples of such struc-

tures: hexabenzocoronene (HBC, 1) and fused polycyclic

aromatic hydrocarbons with armchair and zigzag edges

(2, 3). The edges and selected benzene rings are indicated

in bold; for the Kekule polyaromatic hydrocarbon 3, one of

the biradical resonance structures is shown (3 0).
Zigzag-edge nanoribbons are antiferromagnetic, their

spin density is concentrated at the edges and their band

gap is <0.1 eV. Despite the reasoned skepticism,31 these

nanostructures are considered as working devices for spin-

tronics in which spin current rather than electrical current

(as in electronics) serves as the information carrier. This

opens up prospects for information processing and transfer

at higher rates and with lower energy consumption.

It is possible to distinguish two approaches for targeted

synthesis of graphene nanostructures (graphene molecules,
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quantum dots and nanoribbons). According to one

approach, molecules of organic monomers are supposed to

be deposited on a hot metal surface, and nanoribbons with

required geometry and edge shape are formed between them

via carbon ± carbon bond formation. In the first stage,

monomers are sublimed on the metal surface (silver, gold),

which is accompanied by removal of halogen substituents,

while the subsequent heat treatment leads to diffusion of the

generated radicals over the surface and their addition to one

another to give a linear polymer chain (Scheme 1). The

second stage is heat treatment at a higher temperature,

which induces polymer cyclodehydrogenation and trans-

formation into a narrow graphene ribbon with perfect

armchair edge structure (9-AGNR). The illustrated bot-

tom-up approach is widely used; depending on the type of

the starting molecules, graphene nanoribbons with diverse

structures and shapes were obtained.32 ± 49 Outstanding

achievements are the fabrication of the 6-ZGNR graphene

nanoribbon with zigzag edges on a gold(III) surface, its

imaging by non-contact atomic force microscopy and

experimental observation of a localized spin state at the

edge of the graphene fragment (Scheme 2).50 ± 52

The second approach consists in the step-by-step assem-

bly of graphene structures via reactions conducted in

solution.53 The most vivid example illustrating this

approach is the sequence of chemical reactions the key

step of which is the Diels ±Alder polymerization of mono-

mer 4, giving rise to substituted polyphenylenes with an

average molecular mass of 5 66105 Da (Scheme 3). The

oxidative cyclodehydrogenation of the polymer gives gra-

phene nanoribbons with an average length exceeding

600 nm and the narrowest width corresponding to the size

of the biphenyl group. It is also impressive that the rational

design of the monomer structure in terms of the proposed

concept resulted in the synthesis of several extended

(4 100 nm) nanoribbons with ter- and tetraphenyl moieties

in the narrowest part and nanoribbons bearing functional

groups, apart from alkyl groups, at the edges (see

Scheme 3).54 ± 58

A milestone in the development of this concept is the

appearance of the method for fabrication of graphene

nanoribbons of not only specified width, but also specified

length. The essence of the method is successive Pd-catalyzed

annulation of the polyaromatic system under the action

of benzonaphthosilole, which ensures chain growth

(Scheme 4). The point is in the use, in the first step, of

phenanthrene, in which the double bond reactivity

(K region is the convex armchair edge in the graphene

nomenclature) is much higher than in the annulation

products due to steric factors.59 Generally, this ensures a

lower rate of chain growth compared with the initiation

rate. With specially selected conditions, polymerization

becomes `living' and, as a consequence, it is possible to

prepare narrow-dispersion polymers with substantially dif-

ferent number-average molecular masses, varying from

2.96103 to 1.56105 Da as the monomer to initiator ratio

changes from 10 to 500, respectively.60

Thus, the structure-oriented synthesis of graphene nano-

ribbons, which seemed impossible only recently, became a

reality. Obviously, this area will be actively developed, in

particular, towards the synthesis of magnetically active

graphene materials and then towards targeted design of

spin devices and required interfaces based on them. Cur-

rently, it is necessary to specify the guidelines for further

progress in this area considering the accumulated experi-

1
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ence. The final goal is to develop methods for the atomically

precise synthesis of graphene conductors possessing mag-

netic properties. It was shown above that under high

vacuum, it is possible to prepare graphene nanoribbons

wih zigzag edges, on which the spin density is relatively

high. Rough quantum chemical calculations showed that

the edge carbon atoms of these ribbons in the antiferro-

magnetic state should have the magnetic moment of

*0.14 mB.61 Hence, these atoms are highly reactive.62 This

highly complicates investigation and application of purely

graphene magnets and interferes with their preparation by

reactions in solutions.

These problems could be solved by using a stable

graphene nanoribbon with semiconductor properties bear-

ZGNR is zigzag-edge graphene nanoribbon

BrBr
n

625K475K

6-ZGNR

Scheme 2
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4
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R R R
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R R R
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ing stable spin carriers on the edges, which endow the

nanomolecule with desired magnetic characteristics.63, 64

Thus, for attaining the above goal, it is necessary to solve

a number of key problems, which include:

Ð development of the synthesis of graphene nanorib-

bons suitable for subsequent functionalization with para-

magnetic groups in solution;

Ð systematic investigation of graphene nanostructures

with various spin carriers;

Ð implementation and detection of spin-dependent

states in magnetically active graphenes.

In the synthetic aspect, it appears rational to use stable

paramagnetic groups as spin carriers; such groups have

been thoroughly studied for the preparation of polyfunc-

tional derivatives, they are convenient for grafting and can

efficiently inject spin density into the graphene nanorib-

bon.65 Currently, stable nitronyl nitroxides (structure 5)

and tert-butyl nitroxides (structure 6) are without a rival

in this respect.

For this reason, for methodological assistance to the

recently started investigations into spin-labelled graphene

nanostructures, we deemed it reasonable, first, to consider

the synthesis and properties of their immediate precursors Ð

fused polycyclic aromatic hydrocarbons and heteroaromatic

analogues bearing nitroxide groups Ð and then to formu-

late problems related to the design of magnetically active

graphene materials.

3. Nitronyl nitroxide-substituted fused polyarenes
and -hetarenes

Fused polycyclic aromatic hydrocarbons have always

served as a testing area for sharpening the skills of targeted

organic synthesis and for verification of the theory of

structure and reactivity of organic compounds.66 ± 72 It is

necessary to give proper respect to chemists whose efforts

gave rise to elegant methods for construction of fused

polyaromatic structures with different modes of coupling

of aromatic rings and provided the synthesis of hetero-

atomic polyaromatic structures and diverse functional

derivatives, which found use as dyes, organic semiconduc-

tors and components of optoelectronic devices.73, 74 The

research in the field of fused polyarenes greatly benefited

from the active use of scanning probe and electron micro-

scopy, which allowed not only visualization of polycyclic

aromatic compounds,28, 75 but also recording of the cur-

rent ± voltage characteristics for single molecules.76 ± 80 The

results of these unique experiments demonstrated that fused

aromatic molecules can act as single-molecule diodes and

field effect transistors, i.e., they can provide the charge

control of electrical conductivity.

Researchers specializing in organic electronics and in

spintronics actively exchange ideas; this gave rise to pub-

lications aimed at the development of polyaromatic com-

pounds with spin-dependent conductivity. In this area, two

concepts have been proposed, crystal chemical and supra-

molecular ones. The former concept implies studying the

effect of the magnetic field on the conductivity of crystals of

spin-labelled polyarenes with a polymer-stacked packing.

According to the latter concept, the studies are focused on

the spin-dependent conductivity through a single paramag-

netic molecule, which is obviously an exceptionally compli-

cated task regarding the arrangement of the required

interfaces. A Japanese research team 81, 82 succeeded in

finding an elegant solution, according to which two closely

spaced gold electrodes are treated first with a solution of a

paramagnetic organic conductor and then with a solution of

gold nanoparticles. This treatment induces the spontaneous

formation of a conducting bridge between electrodes, which

represents, depending on the conditions, either a network of

nanoparticles connected by organic conductors or a net-

work composed of bound nanoparticles and granules

(Fig. 1). It was shown that the electrical properties of

composite conductors based on the pyrrole-thiophene

oligomer, which incorporates paramagnetic compound 7

and that obtained using diamagnetic analogue 8, are con-

siderably different. The former have a markedly lower

conductivity at low temperature and a negative magneto-

resistance, which is caused by interaction of the spin of

electron that tunnels from one nanoparticle to another with

the localized spin of the organic conductor.
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According to the crystal chemical concept (unlike the

supramolecular one), the role of the conductor is played by

the single crystal, the packing of which is formed by stacks

of organic molecules, rather than by the heteroaromatic

oligomer. The stacks can contain identical molecules or

ions, alternating neutral and oxidized organic molecules of

the same type (D_D+.
_D_D+.

), or neutral

(D_A_D_A) and charged donor (D) and acceptor (A)

molecules (D7_A+_D7_A+). The obligatory condi-

tions for the design of magnetically active conductors are,

first, high electrical conductivity of the stacks and, second,

the presence of spin-labelled molecules in them, the struc-

ture of which is favourable for high-energy exchange inter-

action between the localized unpaired electrons of para-

magnetic substituents and conduction electrons. Being

guided by these considerations, Japanese researchers 83

focused attention on the development of structures using

tetrathiafulvalene derivatives (TTF). The search for appro-

priate derivatives led them to the design of several para-

magnets Ð ESBN (9, Scheme 5), TSBN (10) and BTBN

(11), which are TTF nitronyl nitroxide derivatives.

A specific feature of the obtained paramagnetic com-

pounds is that the tetraselenafulvalene moiety possesses a

lower single-electron oxidation potential compared to

nitronyl nitroxide; therefore, for example, diselena deriva-

tive ESBN is converted to the radical ion salt (ESBN)2ClO4

during electro-crystallization.83 The salt packing is formed

by stacks composed of alternating paramagnetic molecules

and their biradical cations, thus giving electrical conduction

channels. The electron mobility in these channels depends,

in a complicated manner, on the applied voltage (V ) and

temperature. For example, at 2 K, the current ± voltage

dependence

I=constVn (1)

typical of the salt (ESBN)2ClO4 sharply changes at

V4 4.5 V, in particular, the exponent n increases to 12.

This pronounced conductivity dependence is typical of

conditions under which the current is determined by the

spatial charge arising under the action of strong electric

field.84, 85 Under these conditions, which promote the for-

mation of holes, a considerable effect of the magnetic field

on the conductivity of (ESBN)2ClO4 was detected. It was

shown that the electrical resistance of (ESBN)2ClO4

decreases in magnetic fields (in a �9 T field, the decrease

can be as high as 70%).83, 86 The monotonic decrease in the

conductivity with increasing temperature completely stops

at *20 K, which actually determines the exchange inter-

action energy (characterized by the parameter J ) between

the localized and conduction electrons. Pay attention to the

fact that this value is an order of magnitude lower than the

exchange interaction energy in a single radical cation

ESBN+. (2 J& 200 K), which is formally incorporated in

(ESBN)2ClO4 (Scheme 5).

In reality, according to magnetic measurements, the

formula fragment of ESBN has one spin, in particular the

spin of the nitroxide group, while the spins of the p-donor
moieties are coupled in the conduction band and are

perturbed upon application of strong electric fields to give

holes, which are delocalized over several ESBN donor

groups. Nevertheless, the Japanese researchers succeeded

for the first time in designing a purely organic conducting

and magnetically active system, for which they demon-

strated the giant magnetoresistance effect. This effect is

caused by the alignment of spins of the nitronyl nitroxide

groups in a magnetic field, which suppresses scattering of

conduction electrons generated by the applied electric

potential on these spins, and thus reduces the resistance to

current. The mechanism of influence of the localized

unpaired electron spin on the conductivity of the salt

(ESBN)2ClO4 is illustrated in Scheme 6 (the differently

coloured arrows designate different orientations of the

spins of unpaired electrons and electrons of the highest

occupied molecular orbital).

Nearly the same magnitude of negative magnetoresist-

ance effect (776%) was detected in neutral crystals of the

b

a

c

Au electrode

2.4 mm

1.6 nm

Au nanoparticles (4 nm)

Granules
(100 nm)

Granules
(100 nm)

100 nm

Figure 1. Composite conductor consisting of spin-labelled organic
molecules 7 and gold nanoparticles.81

(a) The chain connecting the electrodes consists of *100 nm
granules; (b) granules consisting each of *5 800 gold nanoparticles
connected by paramagnetic organic conductors 7; (c) structure of
the contact between the granules ensuring the highest electrical
resistance.
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dibromo derivative BTBN at 2 K in a �5 T magnetic

field.87 Apparently, the crucial role belongs to the packing

of BTBN molecules giving conducting stacks, which are, in

turn, connected by short intermolecular Br_O and Br_S

contacts to give well-like tetramer structures. The major

exchange channels in the solid phase of BTBN are contacts

between the nitronyl nitroxide groups within the stacks,

which form exchange-coupled chains with J=6.5 K. In the

author's opinion,87 this fact, more precisely, the fact that

the conduction electrons in BTBN interact with the whole

cluster of ferromagnetically coupled spins is responsible for

a considerably stronger magnetic field dependence of the

BTBN conductivity compared with that of the salt

(ESBN)2ClO4. These conclusions, however, should be

treated with caution, because of scarcity of the data on the

relationship between the structures of paramagnetic systems

and the electrical conductivity response to the magnetic

field. Meanwhile, this relationship can be quite substantial.

Indeed, in the crystal of TSBN .THF, the molecules do not

form stacks, but are connected into layers via van der Waals

interactions between chalcogen atoms. The absence of

stacks in the structure of TSBN .THF crucially changes

the influence of the magnetic field on the electrical con-

ductivity; at a temperature of 2 K, the resistance decreases

by only 5% in a 5 T magnetic field, while at 4 K, it increases

by 1% (Ref. 88).

It can be assumed that a spin-dependent type of con-

duction can arise only if stacks containing spin-labelled

polyaromatic molecules are formed in the crystal. In order

to conceive how much spin-labelled polyarenes tend to form

this type of packing, it appears reasonable to summarize the

available structural data about nitronyl nitroxide-substi-

tuted poly- and hetarenes in which the aromatic rings are

parallel to one another. The first example is biradical 12

with the benzo[1,2-b:4,5-b0]dithiophenediyl bridge, the crys-
tals of which contain dimers with a distance between the

polyaromatic planes of 3.423 �A.89 This distance can occur if

the biradical molecules are slightly rotated relative to each

other, which reduces the electronic and steric repulsion of

four nitronyl nitroxide groups (Fig. 2). In the solid phase of

biradical 13 with the dithieno[3,2-b:20,30-d]thiophene bridge,
the molecules form stacks with a distance of 3.303 �A
between the planes of the aromatic rings. The biradicals

are arranged at an angle of 908 relative to one another, and

the sulfur atoms of the central thiophene ring are located

virtually on one straight line, parallel to the [001] crystallo-

graphic axis (Fig. 3).90 It is also worth noting how the

successive replacement of bromine atoms in di(5-bromo-

thieno)[2,3-d;20,30-d 0]-4,5-didodecylbenzo[2,1-b:3,4-b0 ]dithio-
phene 14 affects the crystal structures of compounds 15 and

16. Whereas dibromide 14 tends to be packed in pairs with a

3.42 �A distance between the ring planes and a slight (like in

structure 12) rotation of molecules relative to each other

(Fig. 4 a),91 monoradicals 15 form centrosymmetric dimers

in the solid phase, which are arranged in stacks with a

distance of 3.58 �A between the sulfur atoms (Fig. 4 b).92 In

the crystals of biradical 16, two independent molecules form

pairs of centrosymmetric dimers A_A and B_B, respec-

tively, which alternate in inclined stacks with the shortest

distance between the sulfur atoms of the biradicals of

neighbouring dimers being 3.56 �A (Fig. 4 c).
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The above examples demonstrate that the introduction

of the nitronyl nitroxide group into a polyaromatic struc-

ture causes a considerable perturbation to the packing of

the initial diamagnetic molecules; interactions involving the

paramagnetic group (exchange interactions, C7H_ONO

hydrogen bonds) may come to the forefront, while stacking

interactions become less significant. A typical example is

pyrene and some of its functional derivatives, which form

diverse supramolecular structures via p7p stacking.73, 93

However if a nitronyl nitroxide group is introduced into

the pyrene molecule,94 the proneness of the molecules to

form stacks is surpassed by stronger interactions. There is

only one example pointing, to some extent, to the opposite,

namely, the nitronyl nitroxide biradical 17 with a tetrame-

thoxypyrene bridge. In the crystals of this compound, the

molecules are arranged in layers in the herringbone pattern

in such a way that the distances between the pyrene planes

of the biradicals located in neighbouring layers are 3.730 �A

(Fig. 5). Curiously, the replacement of one nitronyl nitro-

xide group by an imino nitroxide group (biradical 18) does

not affect the general packing motif, but induces a consid-

erable increase in the interplanar distances (up to

4.258 �A).95

As a whole, it can be stated that nitronyl nitroxides with

fused polyaromatic substituents do not tend to form uni-

form stacks in the crystals. This is due to relatively low

energy of stacking interactions between neutral aromatic

rings, which is lower than the energy of van der Waals

interactions involving the nitronyl nitroxide group. The

stacking interactions can be enhanced by using charge

transfer complexes, radical ion salts or cation ± anion sys-

tems in which functionally substituted nitronyl nitroxides

serve as active components. For example, crystallization of

pyren-1-yl-substituted nitronyl nitroxide 19 from perfluoro-

3.6�A

3.3�A

Figure 3. Packing of molecules of biradical 13 in stacks.90
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benzene or co-crystallization of compound 19 with per-

fluoronaphthalene gives solid phases composed of packed

triads 19 .CnFm
. 19 (Fig. 6).94, 96 In triads 19 .C10F8

. 19 and

19 .C6F6
. 19, the angles between the planes of parallel

pyrene rings and perfluoroarene are 2.58 and 7.158, while
the distances between the centroids of the pyrene moieties

and perfluoroarenes are 3.407 and 3.524 �A, respectively.

These triads are packed into stacks with relatively short

distances between the pyrene planes (3.328 and 3.381 �A).

Thus, the use of perfluoroarenes enforces the stacking

interactions between pyren-1-yl-substituted nitronyl nitro-

xides, and this can be employed for the design of electrically

conducting crystals of spin-labelled fused benzoid struc-

tures. In addition, it is of interest to prepare adducts of

graphene-like quantum dots or nanoribbons with perfluoro-

aromatic compounds. The formation of these adducts may

induce disaggregation of graphene nanostructures, increase

their solubility and provide control over the electronic and

magnetic properties. The development of this method

requires separate comprehensive investigations.

4. tert-Butyl nitroxide-substituted fused polycyclic
arenes

In the nitronyl nitroxides considered in the previous Sec-

tion, the spin density on the carbon atom of the para-

magnetic ONCNO moiety is negative and, according to

polarized neutron diffraction data, it is 2 ± 3 times lower

than the spin density on the nitrogen and oxygen

atoms.97, 98 Furthermore, the nitronyl nitroxide group is

often rotated through a considerable angle relative to the

plane of the polyaromatic substituent. All this results in a

low proportion of unpaired electron density in polyarene,

which has an adverse effect on the performance of spin-

tronic devices with working elements based on nitronyl

nitroxide radicals. For this reason, in the design of magneti-

cally active organic conductors and magnets, it is better to

use kinetically stable radical groups (for example, tert-butyl

nitroxide) able to efficiently inject spin density into the

fused aromatic system.99 The active use of the tert-butyl

nitroxide group allowed researchers of the outstanding

Hiizu Iwamura's school to design a number of high-spin

organic compounds with high energy of exchange interac-

tions between the paramagnetic centres (J/kB4 50 K) and

to produce magnets based on manganese complexes with

tert-butyl aryl nitroxides, with magnetic ordering temper-

atures reaching 46 K.100, 101

In recent years, research in the chemistry of tert-butyl

aryl nitroxides has been focused on the development of

dynamic spin systems containing a paramagnetic group (or

several such groups) and a fused polyaromatic moiety.102

For example, a family of spin-labelled naphthalene-1,8:4,5-

bis(dicarboximide) and perylene-3,4:9,10-bis(dicarbox-

imide) derivatives (20 ± 23), parent compounds for a group

of photo- and thermally stable dyes with strong visible

absorption, were prepared and found wide use as photo-

active materials in electronics.103 These compounds con-

taining a tert-butyl nitroxide group were used to detect

photoexcited spin states, the initial polarization and evolu-

tion of which are determined by the structure, more pre-

cisely, by the p-topology of the group { binding the spin

systems.104, 105 In view of the high proneness of naphtha-

lene-1,8:4,5-bis(dicarboximide) (20) and perylene-3,4:9,10-

bis(dicarboximide) derivatives (21 ± 23) to self-assembly of

organized structures, the results indicate the possibility of

formation of supramolecular photoinduced polarized spin

ensembles, in which coherent transfer of spin information

takes place during relaxation.

Considerable interest is also attracted by the properties

of spin-labelled pyrene compounds. Targeted synthesis of

tert-butyl nitroxide mono- (24, 25) and biradicals (26 ± 29)

with regularly varying structure was implemented. A tetra-

methoxy-substituted pyrene serves as the parent struc-

ture.106 ± 108 According to X-ray diffraction data, spin-

labelled pyrenes 24, 25 and 28 form dimers and stacks with

a pronounced shift of aromatic systems relative to one

another in such a way that the methoxy groups of neigh-

bouring molecules are actually located above and below

each aromatic system (Fig. 7). Quantum chemical model

calculations [UBLYP/6-31g(d)] indicate that the singlet ±

triplet splitting energies (DEst= 2 J/kB) for isomeric birad-

a

19

triad

b

19

triad

Figure 6. Structures of triads in the co-crystals of pyren-1-yl-
substituted nitronyl nitroxide 19 with perfluorobenzene (a) and
perfluoronaphthalene (b).94, 96

N

N

O

O

19

.

Structure 19

{By p-topology of a group is meant the relation of this group to a definite

canonical hydrocarbon biradical: trimethylenemethane, trimethylenepro-

pane, m- or p-phenylene, etc.
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icals 26 ± 28 differ by an order of magnitude, being 7216,

7243 and72010 K, respectively, with their absolute values

being markedly higher than the absolute value of this energy

for biradical 29, which amounts to 760 K.

The presence of strong antiferromagnetic exchange

interaction in biradical 28 was confirmed by experiments

using temperature-dependent EPR spectroscopy. It was

shown that raising the temperature of a single-crystalline

sample from 273 to 353 K results in a considerable growth

of the EPR signal. Theoretical analysis of the obtained

dependence in terms of the Bleaney ± Bowers equation 109

resulted in the singlet ± triplet splitting energy equal to

1185 K. Actually, this means that under ambient condi-

tions, the major contribution to the structure of compound

28 is made by the quinoid resonance structure 28-SQ(S0),

located markedly below triplet biradical 28-SQ(T0) in the

energy diagram [Scheme 7; the vertical arrows show the

triplet ground state 28-SQ(T0) and the singlet state 28-BZ].

As a consequence, the N7O groups in molecule 28 (see

Fig. 7 c), unlike those in radicals 24, 25 and 29 (see

Figs 6 a,b,d ) lie virtually in the plane of the neighbouring

aromatic ring. It is of interest that, according to UV

spectroscopy, compound 28-SQ occurs in solution in an

equilibrium with benzoid structure 28-BZ, the conversion to

which proceeds apparently via triplet state 28-SQ(T0).106

It was noted above (see Section 2) that the targeted

formation of stacks for nitronyl nitroxide radicals should

reasonably be performed using charged spin-labelled com-

ponents such as biradical 30+ (Scheme 8) with a low-lying
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triplet state (J/kB4 103 K). The paramagnetic cation 30+

was obtained by single-electron oxidation of trioxytriphe-

nylamine substituted with three tert-butyl nitroxide groups

and isolated as stable salt 30+SbCl67 (Ref. 110). According

to X-ray diffraction analysis, the core of cation 30+ was

planar; therefore, this triplet biradical can be used for the

formation of conducting magnetically active stacks held

together by Coulomb forces.

Thus, a skilled approach to the design of high-spin

systems can furnish neutral and charged biradicals with a

planar core and a triplet or singlet ground state, which is

specified by the p-topology of the group linking the spin

systems. This experience can be applied to design spin-

labelled graphene materials.

5. Magnetically active graphene nanostructures

The magnetism of carbon structures is quite a broad notion

covering the main carbon allotropes: diamond, graphite,

nanographite, nanotubes, fullerenes, graphene and their

reduced and oxidized forms. The structures of these allo-

tropes can be either perfect or defective, they can contain

heteroatoms and various (including magnetic) impurities

and form hybrid structures. The latter can represent, for

example, complexes of carbon materials with molecules or

ions serving as paramagnetic centres or exchange-coupled

clusters of these centres.

The present review does not consider the major part of

magnetic carbon structures to which the notion molecular

magnetism is, in principle, inapplicable, because their

magnetism is random and the structural unit responsible

for the magnetism has not been defined. The attention is

concentrated on the advances in the targeted design of

carbon materials containing paramagnetic centres, which is

done using three approaches

Ð preparation of various host ± guest complexes in

which a carbon nanostructure (fullerene, nanotube, gra-

phene) serves as the host, while a carrier of one or several

paramagnetic centres is the guest; despite the fact that the

magnetic properties of such complexes are borne by the

d

c

b

a

Figure 7. Fragments of the crystal packing of spin-labelled pyrenes 24 (a), 25 (b), 28 (c) and 29 (d ).106 ± 108
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paramagnetic host molecule, its quantum characteristics

and spin system dynamics substantially depend on the

structure and state of the nanocarbon environment

(Fig. 8);111

Ð targeted synthesis of carbon nanostructures with

zigzag edges implemented by deposition of specially

designed organic molecules on a hot surface; zigzag-edge

ribbons are expected to have antiferromagnetic properties

and a band gap of 50.1 eV, which monotonically decreases

with increasing width of the ribbon;112 these magnets

possess high reactivity; therefore, they can be handled only

in high vacuum;50, 52, 113, 114

Ð synthesis of spin-labelled kinetically stable graphene

nanostructures incorporating a chemically inert graphene

nanostructure and a stable carrier of an unpaired electron,

for example, a nitronyl nitroxide or tert-butyl nitroxide

group; comprehensive investigation of magnetic structural

correlations inherent in these systems would make it possi-

ble to evaluate their applicability to spintronics.

A road towards spin-labelled graphene materials was

paved by the previously mentioned pioneering works, which

developed approaches to step-by-step assembly of graphene

nanostructures from simple molecular precursors. Using

these approaches, it was possible to obtain molecules

comprising 48, 60 and even 96 carbon atoms in the fused

aromatic part.54, 60, 69, 115 Especially significant in this

respect is a series of works, which resulted in a universal

method for the construction of halogen-substituted gra-

phene quantum dots and nanoribbons, because the presence

of a halogen (in particular bromine) atom enables function-

alization of giant molecules. The method is based on the

synthesis of two key compounds: dodecyl-substituted

a-diketone (31) and 1,3-diphenylacetone (32),63, 116 which

are condensed with each other to give tetraphenyl-substi-

tuted cyclopentadienone 33. The Diels ±Alder reaction of

compound 33 with diphenylacetylene in refluxing diphenyl

ether affords hexaphenylbenzene 34. Graphitization of this

product is induced by FeCl3 in nitromethane; the yield of

the resulting hexabenzocoronene 35 is up to 90%

(Scheme 9).44 ± 48

Compound 35 obtained in this way was subjected to

cross-coupling with boronic acid bearing a protected tert-

butyl(hydroxy)amino group to give compound 36, the

subsequent hydrolysis and oxidation of which furnished

the first conjugated spin-labelled derivative 37

(Scheme 10).117 Using differential scanning calorimetry

and wide-angle X-ray scattering, it was shown that nitro-

xide 37 transforms from the hexagonal crystalline to col-

umnar liquid-crystalline phase at a temperature of 4368 K.

The reverse transformation takes place on cooling in the

range of 320 ± 310 K and leads to enhancement of magnetic

interactions in the resulting crystalline phase within the

stacks (Fig. 9), which is manifested, in particular, as a

half-field signal in the EPR spectra at 140 K.

For a skilled organic chemist, it is sufficient to have a

look on Scheme 9 to assess its synthetic potential. It is

evident that by varying substituents in the substrates sub-

jected to the Diels ±Alder reaction, it is possible to prepare

differently substituted hexaphenylbenzenes and their deriv-

atives (see structures 34 and 35, respectively). Despite the

drastic conditions of the Diels ±Alder reaction, this scheme

proved to be applicable for the preparation of a number of

bromo- and dibromo-substituted polyalkylated HBC ana-

logues. It was shown that they possess sufficient solubility

and can participate in many reactions giving carbon ±

carbon or carbon ± heteroatom bonds, which made it possi-

ble to synthesize a broad range of functionalized HBC

derivatives.118 ± 125 This means that the preparation of a

highly interesting family of magnetically active systems with

a hexabenzocoronene core and similar graphene nanostruc-

tures can be expected in the near future. There are two

probable routes of further development in the field of spin-

labelled hexabenzocoronenes and their analogues:

Ð the first route is specified by the above-considered

compound 37 in which the paramagnetic substituent is

conjugated with the polyaromatic core and injects spin

density into it;

Ð the second route is associated with yet the only HBC

38 bearing the nitronyl nitroxide group at the end of a long

chain.126

The reaction of Co(hfac)2 (hfac is hexafluoroacetyl-

acetonate) with HBC derivative 38 followed by product

precipitation affords the heterospin complex

[Co(hfac)2 . 38]n (Fig. 10, method 1). Its magnetic properties

crucially differ from those of the complex

[Co(hfac)2]m . {38}n, which was prepared by the reaction of

Co(hfac)2 with nanotubular {38}n precipitated in advance

(Fig. 10, method 2). On cooling of the complex

[Co(hfac)2 . 38]n down to a temperature of 510 K, the

product of magnetic susceptibility and temperature (wT ),

inherent in this compound, sharply increases, whereas for

analogue [Co(hfac)2]m . {38}n, this value continues to

a cb

Figure 8. Approaches to the molecular design of magnetically active carbon nanostructures.
(a) Graphene ± paramagnetic guest complexes; (b) paramagnetic carbon nanostructures; (c) spin-labelled carbon nanomolecules.
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monotonically decrease (Fig. 11). The observed difference

between the magnetic properties of the complexes

[Co(hfac)2 . 38]n and [Co(hfac)2]m . {38}n is probably attrib-

utable to different structures of exchange clusters they

contain. When Co(hfac)2 reacts with compound 38, polymer

chains 7(Co738)n7 are initially formed via binding of

nitronyl nitroxide groups (ONCNO) to cobalt ions. Sub-

sequently, during precipitation of [Co(hfac)2 . 38]n and for-

mation of the nanotubular structure, the polymer chains

7(Co7ONCNO)n7 are laid down on the surface of nano-

tubes in a somewhat ordered fashion,126 which induces

weak magnetic ordering effects (see Fig. 10). Meanwhile,

during the reaction of Co(hfac)2 with polymer {38}n pre-

cipitated in advance, cobalt ions randomly bind paramag-

netic groups of molecules 38 packed in nanotubes; the

polymer chains 7(Co7ONCNO)n are formed in an irreg-

ular manner, if at all; therefore, the cooperative magnetic

effects do not appear. The magnetic structure correlations

revealed in the studies of complex formation of Co(hfac)2
with compound 38 are unique, and they should be taken

into account in the design of heterospin systems based on

complexes of paramagnetic metal ions with spin-labelled

graphene nanostructures.

It is noteworthy that, being guided by the synthetic

paradigm of the general approach to the preparation of

nanographene structures (see Schemes 9, 10), one can pre-

pare not only substituted HBC, but also graphene nano-

ribbons, and, what is especially valuable from the synthetic

standpoint, unique polybrominated nanoribbon derivatives.

The synthetic route to bromine-substituted nanoribbons

includes the production of monoalkylated diketone 39,

0.9
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Figure 9. Variation of the relative signal intensity (1) and EPR
line width (2) on cooling from 380 to 270 K.117

DB1/2 is the full width at half maximum.
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bearing a protected acetylenic group, production of 1,3-

diphenylacetone 40 and the subsequent Knoevenagel con-

densation of these ketones to give functionalized cyclo-

pentadienone 41. The deprotection of the acetylenic moiety

of compound 41 yields desired monomer 42

(Scheme 11).63, 116

Cyclopentadienone 42 polymerizes according to the

Diels ± Alder reaction on heating in Ph2O to give polyphe-

nylene polymer 43 with the average molecular mass of

*1.26105 g mol71. The subsequent graphitization of this

polymer on treatment with FeCl3 in nitromethane affords

black-coloured poorly soluble compound 44 as a bromi-

nated graphene nanoribbon. The average length of the

nanoribbon was estimated as *100 nm. The palladium-

catalyzed cross-coupling of polymer 43 or graphene nano-

ribbon 44 with excess gold(I) complex 45 furnishes spin-

labelled polymer 46 as a reference sample and nanoribbon

47 (Scheme 12).63

The introduction of radical groups into the phenylene

polymer and graphene nanoribbon was confirmed by thor-

ough (in particular, quantitative) EPR experiments (see

Fig. 12 a); the degrees of substitution of nitronyl nitroxide

groups for bromine atoms in the spin-labelled samples 46

and 47 were found to be *0.8% and 1.3%, respectively.127

Actually, the distribution of radical groups in these mole-

cules is random, but not equiprobable, if for no other

reason, because of the fact that more lightweight compo-

nents of a mixture of polybrominated substrates 46 or 47

are more soluble and, hence, they are more prone to

undergo the cross-coupling reaction with organogold deriv-

ative 45.

According to EPR spectroscopy data, in nanoribbon 47,

parameters of exchange interactions between the unpaired

electrons of nitronyl nitroxide groups located on opposite

sides (J1) or on the same side (J2) of the nanoribbon differ in

the sign and amount to 725� 5 MHz (78.361074 cm71)

and 12� 3 MHz (4.061074 cm71), respectively (see

Fig. 12 b). The signs of exchange parameters correspond to

those found in theoretical studies,128 but the absolute values

are markedly lower than those found by quantum chemical

calculations for model nitronyl nitroxide-substituted gra-

phene nanoribbons.129 Indeed, the calculated parameters J1
between the most proximate nitroxide groups are in the

range from 70.4 to 70.2 cm71, while the J2 values are

close to 0.06 cm71. The cause behind the difference of oders

of magnitude between the experimental and calculated Jn
values is the low content of nitronyl nitroxide groups in

nanoribbon 47. Nevertheless, this content proved to be

sufficient for conducting comparative EPR experiments,

which revealed fundamental differences between the mag-

netic properties of spin-labelled nanoribbon 47 and polymer

46.

To begin with, the EPR spectra of nanoribbon 47

exhibit, apart from the resonance signal of the nitronyl

nitroxide groups, an additional signal with gk=2.0024(3)

and g?=2.0041(2) associated with the edge p-electron state

of the graphene nanostructure (see Fig. 12).63, 130 This

indicates that the magnetic behaviour of compound 47 is

unique, as it contains two unpaired electron ensembles

associated with nitronyl nitroxide groups and graphene
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nanoribbon edges. For studying the transitions between the

Zeeman levels of nanoribbon 47, virtually the whole range

of available EPR spectroscopy techniques was used.63 First

of all, paramagnetic relaxation times were measured, in

particular the spin ± spin relaxation time T2, which defines

the phase memory time of the system, and the spin ± lattice

relaxation time T1, which determines the return time of the

excited spin to the ground state. According to the data of

time-resolved EPR for paramagnetic graphene 47 at a near-

room temperature, T1 is *10 s, which corresponds to

theoretical predictions.131 As temperature decreases, T1

increases and reaches 103 ± 104 s at temperature 525 K,

i.e., when the spin7phonon mechanism of spin relaxation

becomes predominant.
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Analysis of the results of experimental determination of

the spin echo dephasing time (Tm) for compound 47

demonstrated that the major contribution to the loss of

spin coherence is made by the spin ± spin relaxation, which

means that the times Tm and T2 are similar. The Tm values

proved to be 0.5 and 1.1 s at 300 and 85 K, respectively,

which is orders of magnitude higher than this value for

previously described graphene-based spintronic devices.132

However, the key distinctive feature of nanoribbon 47 is the

above-noted presence of two paramagnetic subsystems Ð

the proper nitroxide and the edge ones. The electron ± elec-

tron interaction between these subsystems was studied using

four-pulse double electron ± electron resonance (DEER). In

the experiment, system excitation and detection of the signal

were performed at the resonant frequency of nitroxide

radicals, and perturbation was at the edge state resonant

frequency. The obtained DEER spectrum of nanoribbon 47

represents a superposition of fast and slow oscillations. The

former are due to dipole ± dipole interactions D1 and D2 (see

Fig. 12 b), while the latter are attributable to the interaction

of spins of the nitroxide group and spins of the edge states

(Fig. 13). Fourier transformation of the DEER signal gives

the electron ± electron interaction energy of 1.5 MHz, which

corresponds to the characteristic inversion time of spin

subsystems (330 ns). This time is markedly shorter than

Tm, which enables coherent inversion operations using

graphene edge states and nitroxide spins.

Currently, there are conditions for initiation of a new

research area pertaining to molecular magnetism at the

junction of the synthetic chemistry of stable radicals and

studying of graphene carbon nanostructures, namely, syn-

thesis and studies of stable spin-labelled graphene struc-

tures. Certainly, this area would be of interest for specialists

and would become a part of the synthetic chemistry of

graphene directed towards the manufacture of operating

spintronic devices.

6. Conclusion

The review summarizes the data on the synthesis and study

of spin-labelled fused polyaromatic compounds, including

graphene nanostructures such as hexabenzocoronene and

graphene nanoribbons. Advantages of the latter include

stability and the conceptual possibility for them to be

prepared with atomic precision, which determines the

whole set of their physical properties. For efficient use of

these advantages, in particular for approaching the design

of valuable materials for molecular spintronics, it is neces-

sary to define the immediate tasks and prospective chal-

lenges. First of all, it is impossible to do without elucidation

of magnetic structure correlations of spin-labelled graphene

nanostructures. For example, the synthesis of regularly

spin-labelled graphene nanoribbons of different width is to

be implemented and the effect of the structure of the

aromatic core and the nature of paramagnetic substituents

on the interaction of unpaired electrons is to be elucidated

(Structures 48 ± 50).

In addition, with the goal of manufacturing materials

for spintronics, it would be highly valuable to synthesize

graphene nanoribbons with various spin carriers, especially

systems with a regular structure, in which the geometry of

exchange channels is strictly specified (structure 51).
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Spin carriers can be represented by stable organic

radicals, chelated or clathrochelated paramagnetic metal

ions, including those undergoing spin transitions, and

various systems with a thermally accessible high-spin state.

It is of particular interest to obtain graphene nanoribbons

incorporating single-molecule magnets capable of magnetic

bistability and, hence, acting as single qubits.

A special challenge is to characterize spin-labelled gra-

phene nanoribbons. This can be done relying mainly on the

advanced scanning electron and atomic force microscopy

methods and, for elucidation of magnetic properties, resort-

ing to micro-SQUID magnetometry;133, 134 this requires the

development of methods for mechanical manipulation of

single molecules. The latter is by the way necessary to design

experiments on measuring the conductivity of single mole-

cules of spin-labelled graphene nanostructures, in particular

in magnetic fields. In this respect, a number of nanotechno-

logical problems are to be solved, in particular creating

contacts between gold electrodes and nanoribbons. One of

the ideas how to do this is as follows. The 7S7SC6H13-n

groups should be introduced at the end faces of spin-

labelled graphene nanoribbons; this would enable grafting

of nanoribbons either directly to gold electrodes or to gold

electrodes with the participation of gold nanoparticles (see

Fig. 1). It can be expected that self-assembly of these

conductors would be accompanied by selection of graphene

nanoribbons in terms of length corresponding to the dis-

tance between the electrodes.

Considerable attention will be attracted by the prepara-

tion of charge transfer complexes, radical ion salts or

cation7anion systems with spin-labelled hexabenzocoro-

nenes (or their analogues) as active components. In partic-

ular, stacked structures, resulting from co-crystallization of

spin-labelled hexabenzocoronenes with perfluoroaromatic

(especially fused) systems, may prove to be promising.

These structures are expected to show an interplay between

the structure, conductivity, magnetic properties and

responses to external stimuli.

Obviously, the design of spin-labelled graphene nano-

structures will open up prospects for unique experiments,

for example, related to detection of the spin state of para-

magnetic substituents (including spin-polarized ones) by

measuring the current of electrons; control of the spin

currents by variation of electric fields; design of spin diodes,

transistors and capacitors; transfer of quantum information

by conduction electrons along the spin ensembles of para-

magnetic substituents and edge states interacting with each

other. The project of elaboration of magnetic and spin logic

elements using spin-labelled graphene nanoribbons con-

nected or superimposed onto each other seems quite practi-

cable.

All these challenges in the field of chemistry and physics

of spin-labelled graphene nanostructures are highly sophis-

ticated, their list would be expanded, but their solution

would create prerequisites for the onset of the graphene era

in spintronics and magnetronics.

This review was written with the financial support of the

Russian Science Foundation (Project No. 18-13-00173).

Figure 1 is courtesy of American Physical Society pub-

lishers; Figure 9 is courtesy of American Chemical Society

publishers; Figures 10 and 11 are courtesy of the Royal

Society of Chemistry; Figures 12 and 13 are courtesy of

Macmillan Publishers Limited, part of Springer Nature.

References

1. W.M.Saslow. Electricity, Magnetism, and Light. (New York:
Academic Press, 2002)

2. B.Bunch, A.Hellemans. The History of Science and
Technology. (New York: Houghton Mifflin Company, 2004)

3. B.D.Cullity, C.D.Graham. Introduction to Magnetic
Materials. (New York: Wiley, 2011)

4. A.Caneschi, D.Gatteschi, P.Rey. Prog. Inorg. Chem., 39, 331
(1991)

5. O.Kahn.Molecular Magnetism. (New York: VCH Publishers,
1993)

6. J.S.Miller. Adv. Mater., 6, 322 (1994)
7. L.B.Volodarsky, V.A.Reznikov, V.I.Ovcharenko. Synthetic

Chemistry of Stable Nitroxides. (Boca Raton, FL; CRC Press,
1994)

8. H.Iwamura, K.Inoue, T.Hayamizu.Pure Appl. Chem., 68, 243
(1996)

9. V.I.Ovcharenko, R.Z.Sagdeev. Russ. Chem. Rev., 68, 345
(1999)

10. J.S.Miller. Mater. Today, 17, 224 (2014)
11. B.Sieklucka, D.Pinkowicz. Molecular Magnetic Materials:

Concepts and Applications, 2016
12. J.Ferrando-Soria, J.Vallejo, M.Castellano, J.MartõÂ nez-Lillo,

E.Pardo, J.Cano, I.Castro, F.Lloret, R.Ruiz-GarcõÂ a, M.Julve.
Coord. Chem. Rev., 339, 17 (2017)

13. M.A.Halcrow. Spin-Crossover Materials: Properties and
Applications. (Wiley, 2013)

14. R.A.Layfield. Organometallics, 335, 1084 (2014)
15. C.A.P.Goodwin, F.Ortu, D.Reta, N.F.Chilton, D.P.Mills.

Nature (London), 548, 439 (2017)
16. F.Donati, S.Rusponi, S.Stepanov, C.Wackerlin, A.Singha,

L.Persichetti, R.Baltic, K.Diller, F.Patthey, E.Fernandes,
J.Dreiser, ZÆ .SÆ ljivancanin, K.Kummer, C.Nistor,
P.Gambardella, H.Brune. Science, 318 (2016)

17. J.A.Crayston, J.N.Devine, J.C.Walton. Tetrahedron, 56, 7829
(2000)

18. T.Makarova, F.Palacio. Carbon Based Magnetism:
an Overview of the Magnetism of Metal Free Carbon-Based
Compounds and Materials. (Amsterdam: Elsevier, 2006)

(M=Co, Fe, Mn)

M2+

NNN

N NN

NNN

H
Cl7

H

H

O

O

O

B

(R1)
.

Alk

(R2)
.

Alk n

51

N

O

tBu

(R1)
.
= , (R2)

.
=

.

Structures 51

Yu.A.Ten, N.M.Troshkova, E.V.Tretyakov

710 Russ. Chem. Rev., 2020, 89 (7) 693 ± 712



19. A.J.Bannister, N.Bricklebank, I.Lavender, J.M.Rawson,
C.I.Gregory, B.K.Tanner, W.Clegg, M.R.J.Elsegood,
F.Palacio. Angew. Chem., Int. Ed. Engl., 35 , 2533 (1996)

20. F.Palacio, G.Antorrena, M.Castro, R.Burriel, J.Rawson,
J.N.B.Smith, N.Bricklebank, J.Novoa, C.Ritter. Phys. Rev.
Lett., 79, 2336 (1997)

21. T.L.Makarova, B.Sundqvist, P.Esquinazi, R.Hohne,
Y.Kopelevich, P.Scharff, V.A.Davydov, L.S.Kashevarova,
A.V.Rakhmanina. Nature (London), 413, 718 (2001)

22. R.A.Wood, M.H.Lewis, M.R.Lees, S.M.Bennington,
M.G.Cain, N.Kitamura. J. Phys.: Condens. Matter, 14, 385
(2002)

23. K.-H.Han, D.Spemann, P.Esquinazi, R.Hohne, V.Riede,
T.Butz. J. Magn. Magn. Mater., 272 ± 276, 1190 (2004)

24. M.E.Abbassi, M.Perrin, G.B.Barin, S.Sangtarash,
J.Overbeck, O.Braun, C.Lambert, Q.Sun, T.Prechtl,
A.Narita, K.MuÈ llen, P.Ruffieux, H.Sadeghi, R.Fasel,
M.Calame. arXiv:1912.10712v1

25. J.Overbeck, G.B.Barin, C.Daniels, M.L.Perrin, O.Braun,
Q.Sun, R.Darawish, M.D.Luca, X.-Y.Wang, T.Dumslaff,
A.Narita, K.MuÈ llen, P.Ruffieux, V.Meunier, R.Fasel,
M.Calame. ACS Nano, 13, 13083 (2019)

26. K.S.Novoselov, A.K.Geim, S.V.Morozov, D.Jiang, Y.Zhang,
S.V.Dubonos, I.V.Grigorieva, A.A.Firsov. Science, 306, 666
(2004)

27. A.V.Vorontsov, E.V.Tretyakov. Phys. Chem. Chem. Phys.,
20, 14740 (2018)

28. X.-Y.Wang, X.Yao, A.Narita, K.MuÈ llen. Acc. Chem. Res.,
52, 2491 (2019)

29. D.Lungerich, O.Papaianina, M.Feofanov, J.Liu,
M.Devarajulu, S.I.Troyanov, S.Maier, K.Amsharov.
Nat. Commun., 9, 4756 (2018)

30. X.-Y.Wang, A.Narita, K.MuÈ llen.Nat. Rev. Chem., 2, 00100
(2017)

31. J.Kunstmann, C.OÈ zdogÆ an, A.Quandt, H.Fehske.
Phys. Rev. B, 83, 045414 (2011)

32. J.Cai, P.Ruffieux, R.Jaafar, M.Bieri, T.Braun,
S.Blankenburg, M.Muoth, A.P.Seitsonen, M.Saleh, X.Feng,
K.MuÈ llen, R.Fasel. Nature (London), 466, 470 (2010)

33. T.Dienel, S.Kawai, H.Sode, X.Feng, K.MuÈ llen, P.Ruffieux,
R.Fasel, O.Groning. Nano Lett., 15, 5185 (2015)

34. C.Ma, L.Liang, Z.Xiao, A.A.Puretzky, K.Hong, W.Lu,
V.Meunier, J.Bernholc, A.P.Li. Nano Lett., 17, 6241 (2017)

35. P.H.Jacobse, A.Kimouche, T.Gebraad, M.M.Ervasti,
J.M.Thijssen, P.Liljeroth, I.Swart. Nat. Commun., 8, 119
(2017)

36. M.Ohtomo, Y.Sekine, H.Hibino, H.Yamamoto. Appl. Phys.
Lett., 112, 021602 (2018)

37. M.C.Chong, N.Afshar-Imani, F.Scheurer, C.Cardoso,
A.Ferretti, D.Prezzi, G.Schull. Nano Lett., 18, 175 (2018)

38. T.H.Vo, U.G.Perera, M.Shekhirev, M.MehdiPour,
D.A.Kunkel, H.Lu, A.Gruverman, E.Sutter, M.Cotlet,
D.Nykypanchuk, P.Zahl, A.Enders, A.Sinitskii, P.Sutter.
Elsevier, Nano Lett., 15, 5770 (2015)

39. F.Maaû, M.Utecht, S.Stremlau, M.Gille, J.Schwarz, S.Hecht,
T.Klamroth, P.Tegeder. Phys. Rev. B, 96, 045434 (2017)

40. M.Mehdi Pour, A.Lashkov, A.Radocea, X.Liu, T.Sun,
A.Lipatov, R.A.Korlacki, M.Shekhirev, N.R.Aluru,
J.W.Lyding, V.Sysoev, A.Sinitskii.Nat. Commun., 8, 820 (2017)

41. G.D.Nguyen, H.Z.Tsai, A.A.Omrani, T.Marangoni, M.Wu,
D.J.Rizzo, G.F.Rodgers, R.R.Cloke, R.A.Durr, Y.Sakai,
F.Liou, A.S.Aikawa, J.R.Chelikowsky, S.G.Louie,
F.R.Fischer, M.F.Crommie. Nat. Nanotechnol., 12, 1077
(2017)

42. C.Bronner, R.A.Durr, D.J.Rizzo, Y.L.Lee, T.Marangoni,
A.M.Kalayjian, H.Rodriguez, W.Zhao, S.G.Louie,
F.R.Fischer, M.F.Crommie. ACS Nano, 12, 2193 (2018)

43. L.Talirz, H.Sode, T.Dumslaff, S.Wang, J.R.Sanchez-
Valencia, J.Liu, P.Shinde, C.A.Pignedoli, L.Liang,
V.Meunier, N.C.Plumb, M.Shi, X.Feng, A.Narita, K.MuÈ llen,
R.Fasel, P.Ruffieux. ACS Nano, 11, 1380 (2017)

44. M.Di.Giovannantonio, O.Deniz, J.I.Urgel, R.Widmer,
T.Dienel, S.Stolz, C.Sanchez-Sanchez, M.Muntwiler,
T.Dumslaff, R.Berger, A.Narita, X.Feng, K.MuÈ llen,
P.Ruffieux, R.Fasel. ACS Nano, 12, 74 (2018)

45. Z.Chen, H.I.Wang, J.Teyssandier, K.S.Mali, T.Dumslaff,
I.Ivanov, W.Zhang, P.Ruffieux, R.Fasel, H.J.Rader,
D.Turchinovich, S.D.Feyter, X.Feng, M.Klaui, A.Narita,
M.Bonn, K.MuÈ llen. J. Am. Chem. Soc., 139, 3635 (2017)

46. Z.Chen, H.I.Wang, N.Bilbao, J.Teyssandier, T.Prechtl,
N.Cavani, A.Tries, R.Biagi, V.D.Renzi, X.Feng, M.Klaui,
S.D.Feyter, M.Bonn, A.Narita, K.MuÈ llen. J. Am. Chem. Soc.,
139, 9483 (2017)

47. A.Candini, L.Martini, Z.Chen, N.Mishra, D.Convertino,
C.Coletti, A.Narita, X.Feng, K.MuÈ llen, M.Affronte. J. Phys.
Chem. C, 121, 10620 (2017)

48. H.Sakaguchi, S.Song, T.Kojima, T.Nakae. Nat. Chem., 9, 57
(2017)

49. C.Ma, Z.Xiao, W.Lu, J.Huang, K.Hong, J.Bernholc, A.-P.Li.
Chem. Commun., 55, 11848 (2019)

50. K.A.Ritter, J.W.Lyding. Nat. Mater., 8, 235 (2009)
51. L.Talirz, P.Ruffieux, R.Fasel. Adv. Mater., 28, 6222 (2016)
52. A.Narita, Z.Chen, Q.Chena, K.MuÈ llen. Chem. Sci., 10, 964

(2019)
53. I.C.-Y.Hou, A.Narita, K.MuÈ llen.Macromol. Chem. Phys.,

221, ID Art.1900374 (2020)
54. A.Narita, X.Feng, Y.Hernandez, S.A.Jensen, M.Bonn,

H.Yang, I.A.Verzhbitskiy, C.Casiraghi, M.R.Hansen,
A.H.Koch, G.Fytas, O.Ivasenko, B.Li, K.S.Mali,
T.Balandina, S.Mahesh, S.D.Feyter, K.MuÈ llen. Nat. Chem.,
6, 126 (2014)

55. A.Narita, I.A.Verzhbitskiy, W.Frederickx, K.S.Mali,
S.A.Jensen, M.R.Hansen, M.Bonn, S.D.Feyter, C.Casiraghi,
X.Feng, K.MuÈ llen. ACS Nano, 8, 11622 (2014)

56. R.Konnerth, C.Cervetti, A.Narita, X.Feng, K.MuÈ llen,
A.Hoyer, M.Burghard, K.Kern, M.Dressel, L.Bogani.
Nanoscale, 7, 12807 (2015)

57. I.Ivanov, Y.Hu, S.Osella, U.Beser, H.I.Wang, D.Beljonne,
A.Narita, K.MuÈ llen, D.Turchinovich, M.Bonn. J. Am. Chem.
Soc., 139, 7982 (2017)

58. Y.Hu, P.Xie, M.D.Corato, A.Ruini, S.Zhao, F.Meggendorfer,
L.A.Straaso, L.Rondin, P.Simon, J.Li, J.J.Finley,
M.R.Hansen, J.S.Lauret, E.Molinari, X.Feng, J.V.Barth,
C.A.Palma, D.Prezzi, K.MuÈ llen, A.Narita. J. Am. Chem. Soc.,
140, 7803 (2018)

59. K.Ozaki, K.Kawasumi, M.Shibata, H.Ito, K.Itami.
Nat. Commun., 6, 6251 (2015)

60. Y.Yano, N.Mitoma, K.Matsushima, F.Wang, K.Matsui,
A.Takakura, Y.Miyauchi, H.Ito, K.Itami. Nature (London),
571, 387 (2019)

61. D.-E.Jiang, B.G.Sumpter, S.Dai. J. Chem. Phys., 126, 134701
(2007)

62. Q.Tang, Z.Zhou, Z.Chen. Nanoscale, 5, 4541 (2013)
63. M.Slota, A.Keerthi, W.K.Myers, E.Tretyakov,

M.Baumgarten, A.Ardavan, H.Sadeghi, C.J.Lambert,
A.Narita, K.MuÈ llen, L.Bogani. Nature (London), 557, 691
(2018)

64. F.Luis, E.Coronado. Nature (London), 557, 645 (2018)
65. E.V.Tretyakov, V.I.Ovcharenko. Russ. Chem. Rev., 78, 971

(2009)
66. E.Clar. Polycyclic Hydrocarbons. Vols I, II. (London:

Academic Press, 1964)
67. E.Clar. The Aromatic Sextet. (London: Wiley, 1972)
68. Q.Ye, C.Chi. Chem. Mater., 26, 4046 (2014)
69. K.MuÈ llen. ACS Nano, 8, 6531 (2014)
70. X.Y.Wang, X.Yao, K.MuÈ llen. Sci. China Chem., 62, 1099

(2019)
71. Y.Segawa, H.Ito, K.Itami. Nat. Rev. Mater., 1, 15002 (2016)
72. Y.Gu, X.Wu, T.Y.Gopalakrishna, H.Phan, J.Wu. Angew.

Chem., Int. Ed., 130, 6651 (2018)
73. T.M.Figueira-Duarte, K.MuÈ llen. Chem. Rev., 111, 7260

(2011)

Yu.A.Ten, N.M.Troshkova, E.V.Tretyakov

Russ. Chem. Rev., 2020, 89 (7) 693 ± 712 711



74. C.Wang, H.Dong, W.Hu, Y.Liu, D.Zhu. Chem. Rev., 112,
2208 (2012)

75. P.Samori, J.P.Rabe. J. Phys.: Condens. Matter, 14, 9955
(2002)

76. A.Stabel, P.Herwig, K.MuÈ llen, J.P.Rabe. Angew. Chem.,
Int. Engl., 34, 1609 (1995)

77. W.Hong, H.Valkenier, G.MeÂ szaÂ ros, D.Z.Manrique,
A.Mishchenko, A.Putz, P.M.GarcõÂ a, C.J.Lambert,
J.C.Hummelen, T.Wandlowski. Beilstein J. Nanotechnol., 2,
699 (2011)

78. X.Li, B.Xu, X.Xiao, X.Yang, L.Zang, N.Tao. Faraday
Discuss., 131, 111 (2006)

79. H.Song, M.A.Reed, T.Lee. Adv. Mater., 23, 1583 (2011)
80. D.Xiang, X.Wang, C.Jia, T.Lee, X.Guo. Chem. Rev., 116,

4318 (2016)
81. T.Sugawara, M.Minamoto, M.M.Matsushita, P.Nickels,

S.Komiyama. Phys. Rev. B, 77, 235316 (2008)
82. P.Nickels, M.M.Matsushita, M.Minamoto, S.Komiyama,

T.Sugawara. Small, 4, 471 (2008)
83. M.M.Matsushita, H.Kawakami, Y.Kawada, T.Sugawara.

Chem. Lett., 36, 110 (2007)
84. P.Mark, W.Helfrich. J. Appl. Phys., 33, 205 (1962)
85. P.E.Burrows, Z.Shen, V.Bulovic, D.M.McMarty,

S.R.Forrese, J.A.Cronin, M.E.Thompson. J. Appl. Phys., 79,
7991 (1996)

86. M.M.Matsushita, H.Kawakami, T.Sugawara, M.Ogata.
Phys. Rev. B, 77, 195208 (2008)

87. H.Komatsu, M.M.Matsushita, S.Yamamura, Y.Sugawara,
K.Suzuki, T.Sugawara. J. Am. Chem. Soc., 132, 4528 (2010)

88. H.Komatsu, R.Mogi, M.M.Matsushita, T.Miyagi,
Y.Kawada, T.Sugawara. Polyhedron, 28, 1996 (2009)

89. K.Kolanji, L.Postulka, B.Wolf, M.Lang, D.Schollmeyer,
M.Baumgarten. J. Org. Chem., 84, 140 (2019)

90. E.Tretyakov, K.Okada, S.Suzuki, M.Baumgarten,
G.Romanenko, A.Bogomyakov, V.Ovcharenko. J. Phys.
Org. Chem., 29, 725 (2016)

91. A.Keerthi, C.An, M.Li, T.Marszalek, A.G.Ricciardulli,
B.Radha, F.D.Alsewailem, K.MuÈ llena, M.Baumgarten.
Polym. Chem., 7, 1545 (2016)

92. E.Tretyakov, A.Keerthi, M.Baumgarten, S.Veber, M.Fedin,
D.Gorbunov, I.Shundrina, N.Gritsan. Chem. Open, 6, 642
(2017)

93. A.T.Haedler, H.Misslitz, C.Buehlmeyer, R.Q.Albuquerque,
A.KoÈ hler, H.Schmidt. ChemPhysChem, 14, 1818 (2013)

94. H.Akpinar, J.T.Mague, M.A.Novak, J.R.Friedmane,
P.M.Lahti. CrystEngComm, 14, 1515 (2012)

95. P.Ravat, Y.Ito, E.Gorelik, V.Enkelmann, M.Baumgarten.
Org. Lett., 15, 4280 (2013)

96. H.Akpinar, J.T.Magueb, P.M.Lahti. CrystEngComm, 15, 831
(2013)

97. A.Zheludev, V.Barone, M.Bonnet, B.DeUey, A.Grand,
E.Ressouche, P.Rey, R.Subra, J.Schweizer. J. Am. Chem.
Soc., 116, 2019 (1994)

98. F.M.Romero, R.Ziessel, M.Bonnet, Y.Pontillon,
E.Ressouche, J.Schweizer, B.Delley, A.Grand, C.Paulsen.
J. Am. Chem. Soc., 122, 1298 (2000)

99. A.Ueda, K.Ogasawara, S.Nishida, K.Fukui, K.Sato,
T.Takui, K.Nakasuji, Y.Morita. Aust. J. Chem., 63, 1627
(2010)

100. F.Kanno, K.Inoue, N.Koga, H.Iwamura. J. Phys. Chem., 97,
13267 (1993)

101. J.Veciana, H.Iwamura. MRS Bull., 25, 41 (2000)
102. Y.Teki, S.Miyamoto, K.Koide. Phys. Chem. Chem. Phys., 17,

31646 (2015)
103. S.-S.Sun, L.R.Dalton. Introduction to Organic Electronic and

Optoelectronic Materials and Devices. (Boca Raton, FL:
Taylor and Francis, CRC Press, 2016)

104. E.T.Chernick, Q.Mi, A.M.Vega, J.V.Lockard, M.A.Ratner,
M.R.Wasielewski. J. Phys. Chem. B, 111, 6728 (2007)

105. E.M.Giacobbe, Q.Mi, M.T.Colvin, B.Cohen, C.Ramanan,
A.M.Scott, S.Yeganeh, T.J.Marks, M.A.Ratner,
M.R.Wasielewski. J. Am. Chem. Soc., 131, 3700 (2009)

106. P.Ravat, Y.Teki, Y.Ito, E.Gorelik, M.Baumgarten.
Chem. ±Eur. J., 20, 12041 (2014)

107. P.Ravat, M.Baumgarten. J. Phys. Chem. B, 119, 13649 (2015)
108. P.Ravat, M.Baumgarten. Phys. Chem. Chem. Phys., 17, 983

(2015)
109. B.Bleaney, K.D.Bowers. Proc. R. Soc. London, Ser. A, 214,

451 (1952)
110. S.Suzuki, A.Nagata, M.Kuratsu, M.Kozaki, R.Tanaka,

D.Shiomi, K.Sugisaki, K.Toyota, K.Sato, T.Takui, K.Okada.
Angew. Chem., Int. Ed., 51, 3193 (2012)

111. C.Cervetti, A.Rettori, M.G.Pini, A.Cornia, A.RepolleÂ s,
F.Luis, M.Dressel, S.Rauschenbach, K.Kern, M.Burghard,
L.Bogani. Nat. Mater., 15 , 164 (2016)

112. Y.W.Son, M.L.Cohen, S.G.Louie.Nature (London), 444, 347
(2006)

113. N.Merino-DõÂ ez, J.Li, A.Garcia-Lekue, G.Vasseur,
M.Vilas-Varela, E.Carbonell-SanromaÁ , M.Corso, J.E.Ortega,
D.PenÄ a, J.I.Pascual, D.G. de Oteyza. J. Phys. Chem. Lett., 9,
25 (2018)

114. L.Yan, P.Liljeroth. Adv. Phys., X, accepted (2019)
arXiv:1905.03328v3

115. Q.Chen, D.Wang, M.Baumgarten, D.Schollmeyer, K.Mellen,
A.Narita. Chem. ±Asian J., 14, 1703 (2019)

116. Yu.A.Ten, N.M.Troshkova, E.V.Tretyakov. Russ. Chem.
Bull. (Int. Ed.), 69, 172 (2020)

117. P.Ravat, T.Marszalek, W.Pisula, K.MuÈ llen, M.Baumgarten.
J. Am. Chem. Soc., 136, 12860 (2014)

118. S.Ito, M.Wehmeier, J.D.Brand, C.KuÈ bel, R.Epsch, J.P.Rabe,
K.MuÈ llen. Chem. ±Eur. J., 6, 4327 (2000)

119. A.Keerthi, I.C.-Y.Hou, T.Marszalek, W.Pisula,
M.Baumgarten, A.Narita. Chem. ±Asian J., 11, 2710 (2016)

120. I.C.-Y.Hou, V.Diez-Cabanes, A.Galanti, M.ValasÂ ek,
M.Mayor, J.Cornil, A.Narita, P.SamoruÈ , K.MuÈ llen. Chem.
Mater., 31, 6979 (2019)

121. S.K.Albert, I.Sivakumar, M.Golla, H.V.P.Thelu,
N.Krishnan, J.Libin K.L., Ashish, R.Varghese. J. Am. Chem.
Soc., 139, 17799 (2017)

122. C.-W.Chen, H.-Y.Chang, S.-L.Lee, I-J.Hsu, J.-J.Lee,
C.-h.Chen, T.-Y.Luh.Macromolecules, 432, 18741 (2010)

123. W.Jin, Y.Yamamoto, T.Fukushima, N.Ishii, J.Kim, K.Kato,
M.Takata, T.Aida. J. Am. Chem. Soc., 130, 9434 (2008)

124. J.P.Hill, W.Jin, A.Kosaka, T.Fukushima, H.Ichihara,
T.Shimomura, K.Ito, T.Hashizume, N.Ishii, T.Aida. Science,
304, 1481 (2004)

125. Y.Yamamoto, T.Fukushima, W.Jin, A.Kosaka, T.Hara,
T.Nakamura, A.Saeki, S.Seki, S.Tagawa, T.Aida.
Adv. Mater., 18, 1297 (2006)

126. V.K.Praveen, Y.Yamamoto, T.Fukushima, Y.Tsunobuchi,
K.Nakabayashi, S-i.Ohkoshi, K.Kato, M.Takatae, T.Aida.
Chem. Commun., 51, 1206 (2015)

127. D.Stass, E.Tretyakov. Magnetochemistry, 5, 32 (2019)
128. M.Golor, S.Wessel, M.J.Schmidt. Phys. Rev. Lett., 112,

046601 (2014)
129. V.Morozov, E.Tretyakov. J. Mol. Model., 25, 58 (2019)
130. S.S.Rao, A.Stesmans, J.van Tol, D.V.Kosynkin,

A.Higginbotham-Duque, W.Lu, A.Sinitskii, J.M.Tour.
ACS Nano, 6, 7615 (2012)

131. P.R.Struck, G.Burkard. Phys. Rev. B, 82, 125401 (2010)
132. M.DroÈ geler, C.Franzen, F.Volmer, T.Pohlmann,

L.Banszerus, M.Wolter, K.Watanabe, T.Taniguchi,
C.Stampfer, B.Beschoten. Nano Lett., 16, 3533 (2016)

133. F.Foroughi, J.-M.Mol, T.MuÈ ller, J.R.Kirtley, K.A.Moler,
H.Bluhm. Appl. Phys. Lett., 112, 252601 (2018)

134. M.J.MartõÂ nez-PeÂ rez, D.Koelle. Phys. Sci. Rev., 2, 20175001
(2017)

Yu.A.Ten, N.M.Troshkova, E.V.Tretyakov

712 Russ. Chem. Rev., 2020, 89 (7) 693 ± 712


	1. Introduction
	2. Nanoscale graphene structures
	3. Nitronyl nitroxide-substituted fused polyarenes and -hetarenes
	4. tert-Butyl nitroxide-substituted fused polycyclic arenes
	5. Magnetically active graphene nanostructures
	6. Conclusion
	References

