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Since the discovery of fullerene, carbon-based nanostructures have become one of the
hottest research topics in science. Carbon allotropes based on sp3-hybridized carbon (dia-
mond) and sp2-hybridized carbon (graphite, graphene, fullerenes, nanotubes) have well-es-
tablished properties, many of which are technologically relevant. But carbyne — the third
allotropic form of carbon, based on the sp-hybridization of its atoms, despite of the fact
that it was opened 50 years ago, still remains one of the most controversial allotropic
forms of carbon. In this critical review the wide spectrum of the information concerning
synthesis, investigation of properties and application of carbyne and carbyne-based nanos-
tructures is presented. Necessity of consideration carbyne as cluster nanomaterial with
special characteristics is proved.

Ilocie oTKpBITUA (PYyJIIEPEHOB yIriaepPOJHbIE HAHOCTPYKTYPBI CTAJN OJHON M3 CAMBIX aKTy-
aJlbHBIX TEM HAYJYHBIX wHcciaegoBanmii. CBolicTBa ajJIOTPOHHBIX MoOAuMpHUKANUII yriaepona,
OCHOBAHHBIX Ha SpS-(anmas) u sp2-rubpususanuu ero aroMoB (rpadur, rpadeH, (yJIepeHs,
HAHOTPYOKM), HOCTATOYHO XOPOIIO M3ydYeHbl M MHOTHE M3 HUX DPeaJrn30BAaHbl HA IPAKTHUKE.
Ho kapbun — Tperbsa ajsorponHas @dopma yriaepoaa, HMeIOmas Sp-THOPUAMSAIUIO €ero
aTOMOB, HECMOTPs HA TO, UTO OH ObLI OTKPHIT Gosee 50 jser HaA3am, 4O CHUX IIOP OCTAETCS
ONHOM M3 CaMbIX I[IPOTHMBOPEUMBBIX U MAUCKYCCHMOHHBIX AJIJIOTPONHBIX (OpM yriepoza. B
ITaHHOM KPHUTHUYECKOM 0030pe IIPeACTaBJeH IIHPOKMUH CIEKTP uH(OpMAIuHN, KacamIlileics
[IOJTyYeHN s, UCCIEJOBAHUSA CBOMCTB M IIPMMEHEeHUs KapOWHA M HAHOCTPYKTYD HA ero OCHOBE.
O6ocHOBBIBaeTC HEOOXOAMMOCTh PACCMOTPEHMA KapOMHA KaK KJAaCTEepPHOro HaHOMAaTepuaJa C
0COOBIMHU CBOIMCTBAMMU.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

Since the discovery of fullerenes in 1985
investigations of carbon and various carbon-
based materials is one of the most actual
directions in fundamental and applied sci-
ence. In resent years among a great family
of different carbon materials research of
carbon-based nanostructures, namely,
nanographites, nanodiamonds, fullerenes,
nanofibers, carbon nanotubes, graphenes
and others named allotropic forms or simply
carbon nanoforms have aroused considerable
interest. This is attributable to their unique
physico-chemical properties and their appli-
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cations in various fields of science and engi-
neering both already realized, and poten-
tially possible. At the same time the scien-
tific discussion concerning carbon allotropy
is not terminated. And if there are no sig-
nificant contradictions in understanding of
two allotropic modifications of carbon,
namely, graphite and diamond known to a
man since ancient times, the same cannot be
said about its third allotropic modification
— carbyne.

Carbyne, which was synthesized artifi-
cially more than 50 years ago, still remains
one of the least clear and contradictory allo-
tropes of carbon. There are vastly different

411



N.1.Slipchenko, V.G.Udovitsky / Carbyne as a cluster ...

opinions as to its existence as independent
allotropic modification of carbon — from
recognition to complete negation. Let us
cite some judgments on it of experts, com-
plete authorities in the field of carbon ma-
terials published at different time. "Over
many years diamond and graphite were the
objects of the sophisticated treatment and
hence they are studied and characterized
comprehensively. But unambiguous and rig-
orous evidences of carbyne individuality
and its structure have not been yet re-
ceived, unfortunately. But there is a great
number of publications devoted to carbyne,
there are critical reviews of the accumu-
lated experimental data, new approaches to
synthesis and methods for analysis of carb-
on linear forms. Interest in them has quick-
ened appreciably within recent years. Based
on all this one might expect that carbyne
existence will be soon found imperatively.”
This quotation is taken from the work [1]
published in 2003. But 7 year later, in
2010, Harold Crotoc — one of the Nobel
prize laureates in chemistry awarded to him
in 1996 for discovery of fullerenes stated his
explicit belief that "... existence of carbyne is
a myth based on poor science and, if not,
accepting of desirable for the reality” [2].
Nobody has not yet succeeded in synthe-
sizing carbyne crystals of macroscopic di-
mensions and at present solution of this
problem seems hardly probable or impossi-
ble in general. All experimental results in
carbyne being published till now are associ-
ated with synthesis and investigation of its
nanoclusters, nanowires and nanofilms, i.e.
nanostructures with 0D, 1D and 2D dimen-
sionality which can be used according to
different functions. So, if carbyne is consid-
ered not as an ordinary allotropic form of
carbon, comparing it to graphite and dia-
mond, but as a cluster material, i.e. its spe-
cial nanoallotropic form, then consensus can
be reached between contradictory points of
view about its existence. Taking into ac-
count this circumstance and mentioned
above discrepancy of opinions about car-
byne, the aim of this paper consists in mak-
ing critical analytical overview of the avail-
able information relating to the history of
discovery and study of the structure and
different properties as well as fields of ap-
plication of carbyne. Such information of
the review will be useful to experts who are
interested in carbon materials and those
who want to understand the existing contra-
dictions of different points of view to car-
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Fig. 1. Scheme of sp3 (a) and sp2-hybridized
(b) orbitals of the carbon atoms.

byne as one of the allotropic modifications
of carbon.

2. Condensed carbon as a
polymeric material

Carbon, according to its properties, dif-
fers greatly from the elements following it
in the Mendeleev’s periodic system — nitro-
gen, oxygen and fluorine. The first and
foremost surprising thing is that carbon in
any of its forms under conventional condi-
tion is a solid, while nitrogen, oxygen and
fluorine are gases. Melting point of nitro-
gen is about —210°C, and melting point of
carbon in the form of graphite is about
+4000°C. D.I.Mendeleev paid attention to
this fact and supposed that such difference
in their properties was determined by the
polymeric structure of carbon molecule, i.e.
solid carbon is a polymeric substance [3].
Now the fact that the diamond crystal (of
either modification — cubic or hexagonal)
represents one giant spatial-laced macro-
molecule with sp3-hybridization of valence
electrons (Fig. la) is beyond doubt. At the
same time a monatomic layer in the ideal
graphite also represents one polymeric but
two-dimensional-laced macromolecule with sp?-
hybridization of valence electrons (Fig. 1b).

It appeared reasonable to assume the pos-
sibility of existence of one-dimensional
(chain, linear) form of carbon with sp-hy-
bridization, which the atom of carbon re-
veals in many combinations with other
atoms.

3. Short history of carbyne
discovery

The linear form of the condensed carbon
has not being discovered in a nature or syn-
thesized artificially and remained a missing
link in the carbon allotropy for a long time.
In 1885 A.Bayer, the known German
chemist, tried to perform synthesis of the
chain carbon using derivative of acetylene

Functional materials, 18, 4, 2011



N.1.Slipchenko, V.G.Udovitsky / Carbyne as a cluster ...

(H-C=C-H). However Bayer’s attempts to
receive polyyne (compound containing no
less than three insulated or conjugated C=C
bonds in the molecule) were not successful.
He received very unstable hydrocarbon con-
sisting of four molecules of acetylene joint
in a chain. Instability of the lowest
polyynes served Bayer as a basis for crea-
tion of the stress theory in which he made
the conclusion about impossibility to obtain
the chain carbon. Authority of the scientist
(in 1905 he was awarded the Nobel Prize in
chemistry for the works in organic dyes and
hydroaromatic compounds) damped ardor of
researches to the polyynes synthesis and
over an extended period the works were not
conducted in this direction.

In 1960 Soviet scientists V.I.Kasato-
chkin, A.M.Sladkov, Yu.P.Kudryavtsev and
V.V.Korshak received carbyne — polyyne
(-C=C-),, and cumulene (=C=C=), forms of
carbon with linear hybridization experimen-
tally using the method of oxidization dehy-
dropolycondensation of acetylene and later
using other methods. The polyyne and poly-
cumulene forms are furthermore denoted,
respectively, by o-form (a-carbyne) and B-
form (B-carbyne). It was also determined
that carbyne can be crystallized in a hex-
agonal system and under the pressure of
9 MPa at 1800°C a transformation of a less
dense a-form into more dense B-form [4]. 11
years later the scientific discovery with the
formula: "existence of a new unknown ear-
lier phenomenon of a crystalline form of
carbon — carbyne characterized by chain
(linear) structure of carbon macromolecules
in contrast to diamond and graphite is es-
tablished experimentally”™ was registered in
the USSR [5]. Registration of the given dis-
covery with the priority of 1960, as it was
mentioned in [4], became possible and took
place only after discovery of carbyne-like
materials in the nature. In 1967 it was re-
ported about detection of the material very
close to the carbyne structure in the mete-
orite New Urey [6]. In 1968 in a meteoritic
crater Rice (Bavaria, Germany) the crystal-
line form of carbon of white colour called
chaoite was detected [7]. Later it was re-
vealed, that the characteristics of X-ray dif-
fraction from chaoite also closely coincide
with retrieved ones for carbyne. After find-
ing of carbyne about two tens of other ma-
terials similar to carbyne were synthesized
experimentally and found out in the nature:
o- and B-carbyne, chaoit and some forms not
having titles, and simply labeled by serial
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a)

Fig. 2. Loop model of carbyne for polyyne (a)
and cumulene (b) of Heimamm’s et al. [14].

numbers [8]. But in all these materials ex-
cept for sp-carbon atoms the presence of
atoms in the conditions of sp2- and sp3-hy-
bridization was revealed, and also atoms of
other chemical elements, i.e. such materials
which could not be considered as carbyne in
the pure state [9].

4. Carbyne structure

All long-standing history of investigation
into carbyne structure and its other proper-
ties down to the present time is disputable.
It contains contradictory judgements of the
contributors, among which there is even a
full denying carbyne as an independent allo-
tropic modification of carbon grounded only
on the sp-hybridization of its atoms [2, 10—
12]. The first model of carbyne structure,
offered by the authors of its discovery,
guessed, that the carbon chains have the
strictly linear form and are arranged in par-
allel with each other forming a lattice of a
hexagonal type. Later this model was im-
proved and for the best conformity to the
data of X-ray diffraction a little bit other
arrangement of linear carbon circuits in a
unit cell was offered [13]. But this model
also didn’t give a good conformity between
theoretical and experimental data and R.He-
imann has offered a "loop” model for better
correspondence with experimental data [8,
14]. According to this model the carbyne
chains are perceived not to be linear, and
contain fractures (loops), as it is shown in a
Fig. 2.

It is supposed that such chains with
loops-fractures are placed in space in such a
way that they also form a lattice of a hex-
agonal type (Fig. 3) [11].

Mathematical calculations show that the
loop length, i.e. ¢y parameter can be ex-
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pressed through the fractures angles of the
chain in polyyne o and cumulene o,, and
also through a number of atoms in the
chain fracture n and a length of single,
double and triple bonds between atoms of
carbon (C-C, C=C, C=C) in the following
way [14]:

co(polyyne) =
n _ 11__ _
=57(C=0) + (5 — 1 + cosa,)r(C - O),

colcumulene) =

= (n - Dr(C = C) + cosa, r(C — C).

Parameters n, o,, o, are variable in the
given model; this makes it possible to carry
out fitting for reaching better correspon-
dence between theoretical calculations and
experimental data of diffraction. Now when
analyzing the peculiarities of the carbyne
structure based on the loop model the ideas
are also suggested that in such a structure
the carbon atoms can form a covalent bond
not only with atoms of this chain but with
the carbon atoms from the closely located
neighboring chains [15]. It was hypothe-
sized [16] that the carbyne structure can be
considered as an intermediate between the
graphite and diamond structures. Such a
structure in authors’ opinion can be ob-
tained if graphite is subjected to a strong
compression along the axis c¢. One more
structure model suggests that the linear sp-
sections in carbynoids alternate with the
carbon atoms in sp2- and sp3-states. In this
case sp2- and sp3-atoms bend chains, and the
bonds remaining free can be used for forma-
tion of interchain bonds or for binding of
impurity atoms [9, 17, 18].

A short overview of the offered carbyne
structure models has shown that there is no
general agreement as to the given problem,
and three dimensional structure of the ideal
carbyne remains the subject of the continu-
ing discussions. In the last few years inter-
est to computer modeling increased and in-
vestigations into computer modeling of a
possible three dimensional carbyne struc-
ture were started [15, 17-19].

5. Diagram of the carbon phase
state and discussion aboul the
carbyne place on it
Plotting the carbon phase diagram in the

possible bigger range of values for pressure
and temperature represents considerable sci-
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Fig. 8. Carbyne hexagonal lattice
formed by the chains with loops [11].

model

entific interest for studying the properties
of carbon in different aggregate forms and
understanding of patterns of formation and
interconversions of its different allotropic
modifications. Moreover, the phase diagram
of carbon represents also a considerable
practical interest, as it allows forecasting
capabilities of creation and properties of
different carbon materials. First of all, the
phase diagram of carbon is interested ear-
lier (and continuous to be interested now)
for the scientists involved in the studying
of the problem of diamonds synthesis. The
curve of graphite — diamond equilibrium
and condition of each of these phases equi-
librium represent a special interest for such
purposes. One of the first phase diagrams of
carbon in a broad band of pressures and
temperatures has been created by F. Bandy
and his employees [20]. Later, in the proc-
ess of appearance of new experimental data,
it was repeatedly updated and supplemented
by him. One of the last versions of the dia-
gram plotted by this author on the data for
1994, which even now are frequently used
and cited in the literature, is shown in
Fig. 4 [21].

It should be noted, that, despite of a
great number of carried out researches into
thermal properties of carbon, its phase dia-
gram still contains much "blank spaces™ and
inconsistency between results obtained by
different authors. It is stipulated by consid-
erable experimental difficulties, because the
miscellaneous phases of carbon become sta-
ble at extreme temperatures and pressure.
The researches in the field of high tempera-
tures and pressures are hampered not only
by complexity of their reaching, but also
methodically exact measurement with a

Functional materials, 18, 4, 2011
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Fig. 4. P, T — phase diagram of carbon: solid
lines represent equilibrium phase boundaries;
A — a segment of commercial synthesis of
diamond from graphite using catalysts; B —
P/T threshold of very fast solid-solid trans-
formation (less than 1 ms) of graphite to dia-
mond; C — P/T threshold of very fast trans-
formation of diamond to graphite; D — a
segment of a hexagonal diamond; E — the
upper ends of shock compression that convert
of particles of hexagonal graphite to particles
of hexagonal diamond; F — the upper ends of
shock compression that convert hexagonal
graphite to cubic diamond; B, F, G — thresh-
old of P/T cycles that convert either type of
graphite or hexagonal diamond into cubic-
type diamond; H, I, J — a path along which
a single crystal hexagonal-type graphite com-
pressed in the c-direction at room tempera-
ture reversibly loses some graphite charac-
teristics and acquires properties of diamond-
like polytype [21].

minimum error, that is necessary for com-
parison of the results of different re-
searches. In such a situation the role of
theoretical calculations and physical simula-
tion, and comparison between the obtained
results and experimental data increases
[22—-24].

As of carbyne, the problem where on the
phase diagram is a segment of its existence
is also debatable. Until recently the problem
of carbyne existence on the phase diagram
of carbon found the reflection in existence
of two alternative phase diagrams of carbon
[25]. According to first of them [26, 27] in
temperature range 2600-3800 K there are
steady phases of carbyne. At full conversion
of graphite into carbyne the carbyne triple
point a solid-liquid-vapor is implemented,
its pressure and temperature are, respec-
tively, equal to: P = 2.10% Pa, T = 3800 K.
According to the second phase diagram [21]

Functional materials, 18, 4, 2011

P.Pa
12410° |
6-10°

10°

2.10*

410"

1 1
2.600 3.800 T,K

Fig. 5. The part of the phase diagram of
carbon, in which there is a carbyne segment:
1 — diamond, 2 — carbyne, 3 — liquid, 4 —
graphite, 5 — vapor.

there is only graphite triple point with pa-
rameters: P ~ 107 Pa, T ~ 5000 K. The ex-
istence of the carbyne segment in this dia-
gram is questioning. One of the most impor-
tant motives for discussion about the phase
diagram of carbon is the necessity of legible
understanding of behavior and prediction of
melting point of carbon construction mate-
rials, first of all of graphite at its heating
to high temperatures. The generalization of
numerous experimental works results in a
conclusion that graphite as a construction
material, depending on heating velocity,
will behave variously. At fast heating, for
example, with a pulsed laser beam, in ex-
periments it was obtained the melting point
T se1r. ~ 5000 K, and at sluggish heating in
fixed experiments T, of graphite turns
out to be approximately 1000 K (or even
more) less. It is quite correctly explained by
fact that at sluggish heating the graphite-
carbyne solid phase transition is possible in
graphite [28]. For the first time such sug-
gestion was proposed by A.G.Whittaker [26,
27] and he marked the carbyne segment on
the phase diagram. Fig. 5 shows this phase
diagram supplemented by value a triple
point (+) obtained in [29].

Until the present time the solid state
graphite — carbyne transition was observed
by different authors in many experiments
and consequently does not provoke the spe-
cial objections against the possibility for ex-
istence of the mentioned above two alterna-
tive phase diagrams — with carbyne seg-
ment and without it [21, 25—27]. The
apparent inconsistency in existence of dif-
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ferent phase diagrams of carbon is elimi-
nated in the event that for the description of
all possible thermodynamic states passing by
carbon at its heating, not only pressure and
temperature (P, T), but also the third vari-
able — dT/dt (heating rate U;) are used. In
such a case the phase diagrams, close to the
fixed diagrams with the carbyne triple point
(carbyne-liquid-vapor) are implemented at
U;<10 K/c. At 10 K/e<U,<108 K/c the non-
steady phase diagrams are implemented. In
the process of increase in Uy the expansion
of carbyne segment is narrowing and tem-
perature and pressure in the triple points of
graphite-carbyne-vapor and carbyne-liquid-
vapor are increasing. At Uh2108 K/c the
phase diagram without the carbyne segment
is implemented [28, 30].

6. Development of methods of
carbyne synthesis on the basis of
modern technologies

The development and research of differ-
ent chemical and physical methods of car-
byne and carbyne containing structures syn-
thesis, for example, thin films, composites
etc. is now proceeded. Alongside with elabo-
rated earlier methods of chemical synthesis
of carbyne by realization of different reac-
tions of liquid and gaseous reactants, meth-
ods of electrochemical synthesis and synthe-
sis in a flame of combustion of different
hydrocarbon and other carbon-containing
compound are also developed. Among the
physical methods of synthesis, which now
are frequently mentioned in the publica-
tions associated with laboratory synthesis of
carbynes, it should be noted the following:

— Synthesis in plasma of an arc dis-
charge between graphite electrodes located
in the gas or liquid environment;

— Synthesis at laser ablation of graphite;

— Synthesis at magnetron and ion-beam
sputtering of carbon targets etc.

It is possible to acquaint in more detail
with different methods of carbyne and car-
byne containing materials synthesis in the
monographs and reviews [8, 9, 11, 31-33],
and also in the numerous original articles
indicated in the references of these works.
But despite of a great number of executed
experimental synthesis of carbyne nobody
has yet succeeded in receiving its pure crys-
tals of the macroscopic sizes or pure powder
till now. Only carbyne containing mixtures
with different quantity of impurities and
cross-links between the chains were always
received [12]. Therefore commercial produc-
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Fig. 6. Model demonstrating stabilization of
carbyne chains.

tion and sales of the certificated material is
also absent, and the researches are carried
out only using the samples obtained under
laboratory conditions. Moreover, the works
on chemical synthesis of solid phase struc-
tures consisting only of carbon linear chains
are explosion-dangerous owing to a high re-
activity of such chains and tendency to for-
mation of cross-links between them with
exothermic effect [2, 34]. Therefore, accord-
ing to the settled now opinion a pure car-
byne as the third allotropic form of carbon,
in contrast to graphite and diamond, can
exist only in the form of nanoc structures
(particles, films, clusters etc.) or incorpora-
tions in matrixes of any other materials. In
[35], for example, it is said, that the car-
byne crystals, synthesized and detected in
the nature, do not exceed 100 nm in size.

7. Methods of carbyne chains
stabilization

Different methods of long carbyne chains
stabilization are now developed taking into
account the surveyed above problems of in-
stability and poor reproducibility arising at
their synthesis. One of such methods con-
sists in fastening (vaccination) of different
molecules or functional groups on each of
end of the chain [11, 36], which should per-
form some role of an anchor stabilizing a
chain, as it is shown in a Fig. 6 [36].

In this case the maximum long linear
carbon chains, which has been synthesized
and stabilized using a vaccination of
endgroups, contain no more than 44 atoms
of carbon [37, 38]. An alternative method,
which is theoretically modeled now and is
already implemented in experiment, is the
synthesis of carbyne chains inside carbon
nanotubes [39-41]. Fig. 7a shows the
atomic model of a carbyne chain placed in-
side the central tube of the four-layer carb-
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on nanotube and Fig. 7b shows transmission
electron microscopy image of a high resolu-
tion [40], supporting the opinion of the
authors about the presence of the carbon
chain (C-chain), about 20 nm in length
(such a chain should contain more than
100 atoms of carbon), in a right-hand part
of the innermost tube of the multilayer
carbon nanotube.

The presence of carbon chains inside the
multilayer CNT, obtained by an arc method
in [40], besides the electron microscopy im-
ages is also confirmed instrumentally by the
Raman spectroscopy. The sp—sp? hybrid sys-
tems (Cn@SWNT), consisting of the aligned
single-wall CNT containing inside the linear
carbon circuits (Cn) obtained using PECVD
method are considered in [41]. Confirmation
of the presence of linear carbon chains in-
side single-wall CNT in such hybrid system
is also the presence of a strong band in
range of wave numbers ~1760-1860 cm™! of
its Raman spectrum. It is also noted, that
the conduction electrons in such hybrid sys-
tem behave similarly to a Tomonaga-Luttin-
ger liquid. In [42] it was reported that Ag
nanoparticles, their average size being equal
to 20—-40 nm, forming water-colloidal solu-
tion are used for stabilization of linearly-
bound carbon chains. Such solution was
mixed with a solution containing polyyne
chains and then put on a substrate. After
evaporation of a solvent the cluster system
containing silver nanoparticles and carbon
chains was formed. The system was stable
enough in time. Other methods for stabiliza-
tion of the chains of linearly-bound carbon
atoms are also being developed.

8. The main properties and
application of carbyne and
carbyne containing materials

Let’s dwell on the properties and already
known and potential applications of carbyne
and materials based on. Thus it is necessary
to take into account the fact that now, as
mentioned above, there are no well repro-
ducible methods and techniques for obtain-
ing carbyne samples identical enough in a
structure and properties. Therefore the re-
sults, received by the different authors, de-
scribing carbyne properties can not be com-
pared among themselves quantitatively with
a high correctness and it is possible to com-
pare them only qualitatively. For example,
chaoite, found in the nature, has white
color (sometimes with a grey shade) [7] and
it is frequently named as a white carbon.
The main properties of carbyne synthesized
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Innermost tube

a)

Fig. 7. Atomic model of a carbon chain inside
the four-layer CNT (a) and transmission elec-
tron microscopy image of a high-resolution
fragment of multilayer CNT containing in the
internal tube a carbon chain (b) [40].

by the authors of the discovery [5] were as
follows [4]. Outwardly it represented a mi-
crocrystalline powder of a black color with a
density of ~ 1.9-2 g/cm3. It was a semicon-
ductor of n-type, its band gap was ~1+2 eV
and photoconductivity was considerable,
which was not lost up to the temperature of
500°C. This gave the possibility to use it for
creation of photoresistors and different pho-
toelectric devices. Heat capacity of all car-
byne samples being studied was signifi-
cantly higher than that of graphite, for ex-
ample, at the temperature of 80 K — it was
more than by a factor of 1.5. Thus on in-
crease of the heat capacity a series appears:
diamond-graphite-carbyne. The studied sam-
ples of carbyne demonstrated inertness to
different oxidizers, except for ozone. With
chlorine the reaction took place at tempera-
tures above 800°C. Carbyne showed chemi-
cal inertness approaching to diamond at
boiling in a mixture of nitrogen and sulphu-
ric acids (1:1) [4]. But these and a number
of other results obtained earlier about ther-
mal and chemical stability of carbyne and
materials on its basis weakly conform with
the recently obtained results concerning sta-
bility of carbyne-like structures included in
the structure of cluster carbon materials.
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Nanostructure carbon films prepared in a
high vacuum has been in situ and ex situ
studied in the works [43, 44]. The films
represented matrixes of spZ-carbon with in-
clusions of sp-carbon clusters, in which
polyyne and polycumulene chains were pre-
sent. Stability of the films content in a high
vacuum, and also at effect on them of gase-
ous hydrogen, helium and nitrogen was de-
tected by Raman spectroscopy method. The
effect of dry air resulted in destructions of
a sp-fraction, as a result an essential de-
crease in intensity of an appropriate band
(2100 em 1) at invariable D and G bands in
Raman spectra was observed. The one of
these spectra is shown in Fig. 8 [43].

From the given figure it is apparent that
the band ~2100 em ! is strongly asymmetri-
cal and its fitting by Gaussian functions
gives two separate bands appropriate to cu-
mulene and polyyne. The authors of the
work [44] also studied stability of the films
composition at their heating in the range
from the room temperature up to 200°C and
have found out, that the samples heating,
even a little bit above that of the room
temperature, resulted in destruction of car-
byne fraction in the films. It was reported
in [45] that thermal destruction of car-
bynoide structures, obtained through dehy-
drochlorination of polyvinylchloride, started
only at heating above 220°C, this is indica-
tive of higher thermal stability of the re-
searched structures, than it was informed
in [44].

Carbyne and a number of materials based
on it basis have the properties rather valu-
able for their biomedical application. These
are such properties, as absence of toxicity,
high biological compatibility, and chemical
stability to biological liquids, high throm-
boresistence and also antibacterial and anti-
fungal action. Such wvaluable properties
make it possible to use carbyne-based coat-
ings, for example, for creation of synthetic
prostheses of blood vessels or various types
of implants, which are used in orthopedy,
urinology, stomatology etc. [46—48].

There are great potentials in application
of separately taken carbyne chains in
nanoelectronics, in particular, to realization
of the carbon electronics concept offering
creation of all units of electronic circuits
only on the basis of carbon materials. Theo-
retical investigations show, that the linear
carbon chains consisting only of sp-hybrid-
ized carbon atoms, should have perfect con-
ductivity, i.e. they should have properties
of quantum molecular conductors with 1D-
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Fig. 8. Fragment of Raman spectra, taken in
situ (upper) and ex situ (lower).

dimensionality [49, 50]. More sophisticated
quantum structure with still weakly studied
properties, which can find broad application
in nanoelectronics, is also a unit carbon
chain surrounded by a single- or multi-
walled carbon nanotube [39-41], together
with every possible other structures con-
taining carbon chains and CNT. Thus, it
was revealed, that the carbon chains located
in the structures with CNT, have rather
high thermal stability. In [51] the clusters
of double-walled CNT were subjected to an
annealing in the graphite furnace at tem-
perature 1500°C in argon environment.
Such heat treatment has resulted in forma-
tion of carbon chains in the space between
outside walls of adjacent tubes. It was sub-
stantiated by a high-resolution electron mi-
croscopy and occurrence of new band sam-
ples at 1855 em™1l in the Raman spectrum
which was referred to oscillatory modes of
again formed carbon chains. Otherwise
Raman spectrum did not undergo changes.
Then the obtained samples with carbon
chains were subjected to a heat treatment in
the oxygen-containing environment. The
new band remained strong enough after the
heat treatment at 400°C, it considerably
weakened after the heat treatment at 500°C
and after the heat treatment at 600°C faded
absolutely. In [52] there was developed an
original technology of obtaining nanostruc-
tures representing CNT, inside which there
are two other CNTs, bridged among them-
selves by the chain of carbon atoms (Fig. 9).

The authors mark a sufficiently high sta-
bility of such a nanostructure, which did
not fail under the action of an electron
beam within 30 seconds. By the results of
molecular-dynamic modeling they conclude,
that such nanostructure, which can find ap-
plication in nanoelectronies, can be stable
up to the temperature of 1000 K. However,
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Fig. 9. TEM-image of nanostructure contain-
ing two CNTs that are inside other CNTs and
which are interconnected by a carbon chain
[52].

this conclusion has not been yet confirmed
experimentally.

Owing to the unique electronic structure
of carbyne and different structures based on
it have a non-linear optical sensitivity and
hyperpolarizability [53], that is wvaluable
when developing different electrooptical
systems. The feasibility of obtaining a fer-
romagnetic state is also demonstrated [54],
the probability of existence of superconduc-
tivity in carbyne-like structures is also sup-
posed [8, 55]. Moreover, the materials based
on carbyne have also demonstrated interest-
ing magneto-resistance and thermoelectric
properties, which can find practical use [56].

Carbyne as a nanocluster
material

In resent years clusters and cluster mate-
rials attract the increasing attention of ex-
perts of different profile, because in com-
parison with conventional materials having
homogeneous structure and composition,
clusters have special electrical, optical,
magnetic, mechanical etc. properties [57—
60]. A number of the theoretical and experi-
mental works published recently testifies
validity of carbyne-containing materials
consideration as cluster materials with dif-
ferent degree of ordering. An estimation of
the quantitative contents of carbyne chains
in the nanocluster material is given in some
of them. The Raman spectroscopy is one of
the basic methods for determination a type
of carbon atoms hybridization in a sample
[61]. It was established in [62], that in
amorphous diamond-like films of carbon,
obtained by laser ablation of graphite, the
concentration of sp-, sp2- and sp3-hybidized
carbon makes ~6 %, ~43 % and ~51 %, re-
spectively. And in [63] it was established by
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Fig. 10. Two of the offered structures of gra-
phyne layers: a — oa-graphyne, b — [ gra-
phyne.

a NEXAFS-method (NEXAFS-Near Edge
X-ray Absorption Fine Structure) that insitu
studied cluster carbon films obtained by
condensation of carbon nanoparticles
formed by laser ablation of graphite in He
environment, the contents of sp- and sp?-
carbon equal, respectively, 10 % and 25 %.
Thus, later in one of recent works [64] it
was reported, that the atoms of carbon are
mainly in a sp-hybridization in nanoparti-
cles at once after their formation (up to the
moment of condensation on the substrate).
Then, with the increase in a life time of
such nanoparticles a signal appears, testify-
ing occurrence of a sp2-hybridization of the
carbon atoms in their spectra.

It is known, that action of high-pressure
and temperature on carbyne-containing
carbon materials results in alteration of a
quantitative ratio of phases with a different
hybridization of carbon atoms [65]. Using
the mentioned method the authors of [66—
68] received cluster carbon materials with
the different contents of sp-, sp?- and sp3-
phases in them. Then, studying temperature
dependence of specific electrical resistance
of samples at constant and alternating cur-
rent of different frequency and interpreting
conductivity in the framework of the theory
of jump-conductivity, it was found, that the
increase in part of sp2-bond in carbyne sam-
ples causes transition from one dimensional
to two dimensional, and then to three-di-
mensional conductivity. Investigation into
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the features of cluster carbon material con-
ductance gives the possibility to estimate
approximately size of the clusters in it. It is
reported in [66], that physical properties of
the synthesized carbyne-containing solid-
state samples can be described in the frame-
work of the model of nanocluster material
with typical dimensions of carbyne clusters
1-10 nm.

The materials considered above on the
basis of carbyne as a matter of fact repre-
sent cluster materials being a mixture of
non carbon phases and sp-, sp2-, sp3-carbon
phases with different spatial distribution
and quantitative ratio between them, which
can change in time or at variation of ther-
modynamic conditions. Thus it is supposed,
that inside the cluster the atoms of carbon
have the same hybridization and only on the
boundary of clusters, where their intercon-
nection takes place, the mixed hybridization
of carbon atoms is possible. It is really ex-
isting materials. Different problems touch-
ing hypothetical new carbon structures,
consisting of hybrid carbon phases are also
considered in the scientific literature now.
One of such structures, where the presence
of considerable quantity of carbyne chains
and distant order in their arrangement is
supposed, has been named graphyne [69,
70]. In the graphyne layers sp2-hybridized
atoms of carbon are joined by polyyne car-
byne chains of different length, i.e. they
represent a hybrid (sp + sp?) carbon phase.
Two of the offered graphyne structures are
shown in Fig. 10. Depending on the length
of sp chains they distinguish accordingly
graphyne, graphyne — 2, graphyne — 3,
graphyne — 4, ..., graphyne — n, where n
is a quantity of pairs of atoms in the chain.

Different exotic graphyne structure of
carbon, for example, nanoribbons [71],
nanotubes [72], as well as the structures
based on the hybrid sp + sp3-carbon phase
etc. are researched theoretically and consid-
ered in the literature. Many times carbon
surprised the researchers by its wonderful
properties. Time will probably show the real
existence of the mentioned above hypotheti-
cal carbon phases based on the strictly or-
dered arrangement of carbyne chains.

10. Conclusions

The analysis of the given above informa-
tion on carbyne structure and properties,
which in many cases has a contradictory
nature, gives the basis for following conclu-
sions. Carbyne as an independent allotropic
form of carbon which based on sp-hybridiza-

420

tions of its atoms, can be stable or quasi
stable to exist only as nanostructures (clus-
ters), i.e. it is not usual, in the accepted
understanding, allotropic form of carbon, as
graphite and diamond, but nanoallotropic
form of carbon. Therefore, there is a reason
to consider carbyne-containing materials as
cluster nanomaterials, representing a ma-
trix of various types of carbon or other ma-
terials including nanosized clusters of sp-
hybridized carbon. At such approach the
mentioned above doubts and inconsistencies
in views on a capability of existence of car-
byne as independent allotropic form of carb-
on fade and according to our opinion there
are all grounds to assert, that carbyne ex-
ists as the third allotropic form of carbon,
but it has its own peculiarities. This con-
firms once more the diversity of carbon in
the nature recognized by all.

At the first stages of development of ma-
terials production technology and study of
their properties the principle "contents -
property” was used for a long time, then it
became clear, that more exact and produc-
tive is the principle "contents — structure —
property”. The present stage of development
of materials technology, in particular, of
nanomaterials dictates the necessity of tran-
sition to the principle "contents-dimension-
structure-property”. And in the situation
with the carbyne application of such princi-
ple allowed us to interpret correctly all fea-
tures of its physicochemical properties.
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Kap6in Ak KiIacTepHa HAaHOAJOTPOIHA (¢GopMa BYIJIEIIO

M.I.Crinuenko, B.I'.Y0osuyvxuil

ITicna BigkpuTTA (QysaepeHiB ByrielneBi HAHOCTPYKTYPU CTaJU OAHi€0 3 HAiOiJIbII axkTy-
aJIbHUX TEeM HayKOBUX [IOCIHiJKeHb. BiacTmBocTi ajgoTpomHumx MomupikKaimiil ByrJemio, IIo
GasyloThes Ha spS-(anmmas) Ta sp2-ri6pmamsanii #ioro artomir (rpadir, rpaden, ¢yaepemnu,
HAHOTPYOKM), JOCUTH J0oOpe BUBUEHO i O6arato 3 HUX MPAaKTHUUHO peajiidoBaHo. Aje Kapbin —
TpeTsA aJoTpomHa (popMa BYIJIEIIO, IO Ma€e Sp-Tibpuausallio #oro aToMiB, He AMBIAYUCH Ha
Te, 110 foro O6yso BigkpuTo 6inbmi AK 50 pokiB ToMy, IO IILOTO YACy 3aJUIIAETHCI OLHi€IO 3
HaMOIIBII CyepeuIUBUX Ta JUCKYCIHMX aJoTpomHUX (opM Byrienioo. ¥ IHOMY KPUTHYHO-
My OIJIAALI IIpeJfCcTaBJieHO IIMPOKUil crnekTp iHdopmarii, o crocyeTbcss OTPUMAaHHA, [JO-
CIiI)KEeHHS BJIACTUBOCTEll i 3acTocyBaHHA KapOiHy Ta HaHOCTPYKTYpP Ha ioro ocHoBi. O6rpyH-
TOBYeTbCA HEOOXimHiCTb POBrAAAy KapOiHy fK KJacTepHOro HaHOMATEpianay 3 ocoBJUBUMU
BJIACTHUBOCTSAMU.
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