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Abstract—The diamond-like phases containing carbon atoms with the same degree of hybridization, which
is close to sp, are classified. Tt is found that twenty such phases can exist, and ten of them are described for
the first time. Molecular mechanics and semi-empirical quantum-mechanical methods are used to calculate
the geometrically optimized structures of diamond-like phase clusters and to determine their structural
parameters and properties, such as the density, the bulk modulus, and the sublimation energy. The difference
between the properties of the diamond-like phases and those of diamond is found to be determined by the
difference between the structures of these phases and diamond.
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1. INTRODUCTION

Diamond-like carbon phases consist of carbon
atoms in which every atom forms four ¢ bonds with the
neighboring atoms, as in the diamond structure. These
phases can be divided into the following two groups: in
the phases of the first group, all atoms have the same
degree of hybridization (close to sp*) and are located in
crystallographically equivalent positions; in the phases
of the second group, the hybridization states of atoms
are also close to sp? but are crystallographically non-
equivalent. The first-group phases are basic, and the
number of these phases is limited. The second-group
phases can be formed as a combination of the struc-
tures of the first-group phases, and the number of such
combinations is very large and can hardly be classified.
Therefore, we will restrict ourselves to considering the
diamond-like phases of the first group.

The first diamond-like phase detected experimen-
tally was hexagonal *H polytype of diamond, lonsdale-
ite. The unit cell of lonsdaleite belongs to the hexago-
nal system with parameters a = 0.252 nm and ¢ =
0.412 nm and contains four atoms [1], and the density
of this phase is 3.51 g/cm?3, which is slightly smaller
than the diamond density. The space group of this
phase is P6;/mmec.

The second experimentally synthesized diamond-
like phase is represented by polymerized cubic fullerite
C,4. This phase was first synthesized from conven-
tional graphite at low temperatures (7 = 77 or 296 K)
and a pressure P > 15 MPa [2]. The unit cell of this
phase belongs to the cubic system with a lattice param-
eter a = 0.5545 nm and has 24 atoms, and the phase
density is p = 2.80 g/cm?. The authors of [3] were the
first to interpret this phase as a phase consisting of
structural C,, elements. The calculated energy gap of
this phase is 1.6 eV and its bulk modulus is 196 GPa
[4]. The authors of [3, 5] hypothesized the presence of
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other diamond-like phases based on crystal-forming
C,q fullerenes.

A number of diamond-like phases were predicted
theoretically and their structures were calculated.

The first of them, supercubane, was first studied in
[6]. Its structure can be represented in the form of
cross-linked carbon cages of cubane molecules [7, 8]
so that cubic molecule cages are connected to each
other by carbon—carbon bonds along cube diagonals.

Four diamond-like phases were theoretically stud-
ied in [9]. These phases result from the cross-linking of
bundles of single-layer carbon nanotubes of the same
chirality, (2,2), (3,3), and (6,0).

One of the phases is formed upon the cross-linking
of (2,2) tubes and was called rectangulane [9]. The
unit cell of this phase is tetragonal with lattice param-
etersa =0.4283 nm and ¢ = 0.2540 nm, contains eight
carbon atoms, and has space group /4/mmm. The rect-
angulane density is 3.425 g/cm?, which is smaller than
the diamond density by 4.6%. The strength character-
istics of rectangulane are of particular interest: its cal-
culated bulk elastic modulus is 403 GPa, which is only
6.8% lower than that of diamond. It was found in later
works [10, 11] that the rectangulane phase should be a
semiconductor with an energy gap of 2.3—2.59 eV. The
body-centered tetragonal carbon phase theoretically
studied in [12, 13] and called bct C, is the rectangu-
lane phase described earlier in [9]. The authors of [12,
13] found that rectangulane can be synthesized from
graphite at a low temperature and a pressure more
than 18.6 GPa. The authors of [ 14] tried to experimen-
tally synthesize rectangulane: at a high pressure
(18 GPa) and room temperature, they were able to
synthesize a transparent mixed lonsdaleite—rectangu-
lane phase (quasi-lonsdaleite), which transformed
into graphite under normal conditions. The measured
bulk modulus of quasi-lonsdaleite is 425 GPa.
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Another phase consisting of structural units in the
form of carbon nanotubes (2,2) differs from rectangu-
lane in that these nanotubes are cross-linked by stairs.
The tetragonal unit cell of this phase has parameters
a =0.6409 nm nd ¢ = 0.2549 nm and contains 16 car-
bon atoms, the phase density is 3.048 g/cm?, and the
space group of this phase is /4/mmm [9]. The bulk
modulus of this phase was calculated to be 352 GPa.
Domingos [11] found that the phase formed from
polymerized nanotubes (2,2) is a semiconductor with
an energy gap of 0.70 eV.

The unit cell of the phase that forms upon cross-
linking of a bundle of nanotubes (3,3) belongs to the
hexagonal system with parameters ¢ = 0.5966 nm and
¢ = 0.2602 nm and contains 12 carbon atoms, and the
calculated phase density is 2.984 g/cm? [9]. The space
group of this phase is P6;/mmc, and the bulk modulus
is 332 GPa.

In contrast to the previous three phases, the struc-
ture of the next phase can be formed from cross-linked
bundles of the same zigzag carbon nanotubes, (2,0),
(3,0), or (6,0). The hexagonal unit cell of this phase has
lattice parameters ¢ = 0.6722 nm and ¢ = 0.4213 nm
and contains 24 atoms, and the calculated density is
2.904 g/cm? [9]. The space group of this phase is
P6/mcc, and the calculated bulk modulus is 326 GPa.

The polycyclopropane diamond-like carbon phase
proposed in [10] can be formed from cross-linked car-
bon cages of cyclopropane rings. The unit cell of this
phase is hexagonal and contains six carbon atoms. The
elementary translation vector lengths are a = 0.440 nm
and ¢ = 0.251 nm, and the calculated phase density is
2.84 g/cm3. The space group of the phase made of
polymerized cyclopropane rings is P6,;/mmc. The cal-
culation results demonstrate that this phase represents
a semiconductor with an energy gap of 2.3 eV.

The diamond-like phase made of polymerized car-
bon nanotubes (4,0) was theoretically studied in [11].
The structure of this phase consists of covalently
bound nanotubes (4,0). The unit cell of the phase con-
tains 32 atoms and belongs to the tetragonal system.
The space group of the phase is /4/mcm, and the phase
density is 3.23 g/cm?>. The calculations demonstrate
that a crystal made of polymerized nanotubes (4,0) is
a semiconductor with an energy gap of 3.18 eV.

Another series of the phases that can be formed
from graphite, fullerene-like clusters, and nanotubes
(M carbon, clathrate and tubulane phases) were stud-
ied experimentally and theoretically in [9, 12, 13, 15—
20]. These phases consist of carbon or silicon atoms in
states close to hybridized sp? states. However, atoms in
these phases are located in nonequivalent crystallo-
graphic states; therefore, they are not considered in
this work, in which we analyze the structures of dia-
mond-like phases consisting of atoms in equivalent
crystallographic states.

Thus, a number of diamond-like carbon phases
have been experimentally synthesized and theoreti-
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Fig. 1. Schematic diagram for model formation of dia-
mond-like phases.

cally studied to date; however, the laws of formation of
such phases are still poorly understood, a classification
of these phases is absent, and the number of such
phases and their structure are still unknown. The pur-
pose of this work is to answer these questions.

2. PROCEDURE OF MODEL FORMATION
OF DIAMOND-LIKE PHASES

Carbon nanotubes (CNTs) can be formed by roll-
ing of a graphene sheet, but this method cannot be
executed experimentally. A model consideration of the
CNT formation by rolling of graphene layers makes it
possible to classify them. Similarly, we can propose a
method for producing the first-group diamond-like
phases that cannot be executed experimentally but can
be used to describe their structures.

A model approach to forming diamond-like phases
with the same degree of hybridization of all atoms was
first suggested in [9]: the phases were formed from
cross-linked bundles of single-layer CNTs of the same
chirality. Our analysis demonstrates that this tech-
nique should be used to generate phases from not only
CNTs but also from fullerenes and graphene layers.
Phases can be formed by both cross-linking of struc-
tures and their superposition; the latter method is an
obviously model method and cannot be effected
experimentally.

The scheme of a model formation of diamond-like
phases is shown in Fig. 1. This scheme demonstrates
that the structure of any diamond-like phase can be
formed by cross-linking or superposition of the sp?
hybridized atoms making up the structures of precur-
sors, with the atoms in the precursors being in equiva-
lent crystallographic states.

As precursors, we can use various graphite-like
structures consisting of sp? hybridized atoms. Such
graphite-like structures can be represented by cage
carbon nanostructures, namely, fullerenes (zero-
dimensional) and single-layer nanotubes (one-dimen-
sional) and layers consisting of sp?> hybridized atoms

Vol. 113 No. 1 2011
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(a)

(d) : (e) (f)

Fig. 2. Carbon nanotubes (a) (2,2), (b) (3,3), (c) (2,0),
(d) (3,0), (e) (4,0), and (f) (6,0).

(two-dimensional). As the precursors, i.e., the initial
structural elements, of diamond-like carbon phases,
we considered the following elements: a graphene
sheet, single-layer carbon nanotubes (Fig. 2), and car-
bon fullerene-like molecules (Fig. 3).

Apart from real graphene layers serving as precur-
sors, we also considered three types of theoretically
predicted sp? sheets consisting of the following regu-
lar geometric figures: (i) tetragon and octagon;
(ii) triangle and dodecagon; and (iii) tetragon, hexa-
gon, and dodecagon [21]. However, our model anal-
ysis showed that the diamond-like phases that form
upon their linking can also be generated from precur-
sors such as CNTs and some types of fullerene-like
molecules. Therefore, as the two-dimensional pre-
cursors of diamond-like phases, we only considered
graphene layers.

As the precursors of diamond-like phases made of
single-layer CNTs, we used the following six nano-
tubes: (2,2), (3,3), (2,0), (3,0), (4,0), and (6,0) (see
Fig. 2). This limited number of nanotubes is related to
the following: when CNTs with large indices are cross-
linked or superposed, some carbon atoms remain sp?

e

Fig. 3. Carbon cages of fullerene-like molecules: (a) Cy,
(b) C, (¢) Cg, (d) Cyg, (e) Cyy, and (f) Cyg.
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hybridized, which results in hybrid sp3—sp? rather than
diamond-like structures; when chiral tubes with small
indices (e.g., (2,1), (3,1)) are cross-linked, diamond-
like phases consisting of sp® atoms in different hybrid-
ized states, which are not considered in this work,
form.

The third possible sp? precursor of a diamond-like
phase can be represented by a series of cage carbon
nanostructures, namely, fullerene-like molecules C,,
Cs, Cg, Cig, Cyy, and Cyq (Fig. 3). A small number of
fullerenes in this series is related to the fact that only
hybrid sp*—sp? phases can be obtained by cross-linking
or superposition of fullerenes containing a large num-
ber of atoms, as in the case of large-diameter CNTs.
The second limiting factor (which eliminates many
fullerene-like molecules with less than 48 atoms), is
the requirement that carbon atoms must be in equiva-
lent states. Therefore, the molecules that do not meet
this requirement do not enter into this series. The third
limitation decreasing the number of precursor mole-
cules is the necessity of forming periodic crystalline
structures from precursor molecules. Periodic struc-
tures can be constructed from molecules that only
have a two-, three-, four-, six-, or eightfold symmetry
axis. Among the fullerene-like precursor molecules
noted above, only the C,, molecule is absent; it is not
eliminated according to these three criteria. This mol-
ecule does not enter in the series, since the diamond-
like phase that results from the cross-linking of such
molecules can also be formed by cross-linking of cage
C,g molecules.

The first mechanism of generating diamond-like
phases is the cross-linking of sp?> hybridized nano-
structures. One operation leads to the formation of
carbon—carbon bonds between precursor atoms.
Examples of diamond-like phase formation by the
cross-linking of fullerene-like molecules and CNTs
are given in Figs. 4 and 5, respectively. The cross-link-
ing mechanism is not only a model mechanism: it
occurs experimentally during polymerization.

The second mechanism of model formation of dia-
mond-like phases consists in the superposition of the

Fig. 4. Model formation of the structure of fullerane A4 by
linking of the square faces of C,4 fullerenes.

2011
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Fig. 5. Fragment of the structure of tubulane A1l that dem-
onstrates linking of two nanotubes (2,2).

(a) (b)

Fig. 6. Mechanism of forming the structure of fullerane A6
by the superposition of C,4 fullerenes: (a) approaching of
the square faces of the fullerenes and (b) superposition of
the fullerene walls.

Fig. 7. Mechanism for the formation of tubulane A6 based on the superposition of zigzag nanotubes (4,0): (a) approaching of nan-

otubes and (b) superposition of the CNT walls.

Fig. 8. Fragments of the structures of graphanes (a) Al, (b) A2, and (c) A3.

atoms of their sp? precursors: the same faces of precur-
sor nanoparticles are superposed, atoms in one of the
coinciding faces are removed, and the broken bonds
are joined. Figure 6 and 7 show examples of forming
diamond-like phases from fullerenes precursors and
CNTs, respectively.

3. RESULTS AND DISCUSSION

An analysis of the scheme of diamond-like phase
formation indicates that all diamond-like phases can
be divided into the following three structural fami-
lies: (1) graphanes are formed from graphene shets;
(2) tubulanes, from nanotubes (tubulenes); and
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(3) fulleranes, from fullerene-like molecules. All
families of diamond-like phases are called from the
names of precursor structures by changing suffix
“en” into suffix “an,” which is used for alkanes in
which every carbon atom form four ¢ bonds with the
neighboring atoms.

Moreover, we introduced symbols in the names of
phases indicating the method of their production: A
stands for cross-linking and B is superposition. Differ-
ent phases from the same family produced by the same
method were indicated by different numbers.

As a result of a theoretical analysis, we found
twenty diamond-like phases (Table 1): three of them
are graphanes (Fig. 8), eight of them are tubulanes

No.1 2011
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Table 1. Structural characteristics of diamond-like phases calculated by molecular mechanics method MM+ (in parenthe-

ses, we give the values calculated by semi-empirical quantum-mechanical method PM3 if they differ from those calculated
by the MM+ method)

Bond angles, deg
Phase Precursor
B2 | Bis ‘ Bra ‘ P23 | Baa | B34
Graphane Al | Graphene sheet 109.47
Graphane A2 | Graphene sheet 109.71 (109.78) | 109.23 (109.16)
Graphane A3 | Graphene sheet 114.14 112.61 (113.48) 90.00
(111.41)
Tubulane A1 | CNT (2,2) 112.73 (113.61) 135.00 113.74 90.00
(110.99)
Tubulane A2 | CNT (3,3) 117.33 (118.07) 120.00 115.97 90.00
(114.18)
Tubulane A3 | CNT (2,0) 90.00 110.23 (111.44) 131.56 (131.16) | 83.13 (82.32)
Tubulane A4 | CNT (3,0) 117.75 101.13 140.03 116.06 90.00
(115.51) (104.05) (141.41) (113.44)
Tubulane A5 | CNT (4,0) 117.20 111.19 128.97 116.29 90.00
(115.92) (113.37) (129.49) (114.56)
Tubulane A6 | CNT (4,0) 111.71 118.77 (119.72) 110.95 (109.87) 82.66 (83.37)
(111.35)
Tubulane A7 | CNT (6,0) 112.34 126.98 107.12 111.90 111.13 82.27 (83.31)
(111.63) (128.54) (108.48) (110.67) (109.28)
Tubulane B | CNT (3,3) 117.19 116.83 (117.65) 60.00
(115.20)
Fullerane Al | C, 144.74 60.00
Fullerane A2 | C¢ 129.45 (132.60) 132.80 60.00 90.00
(128.30)
Fullerane A3 | Cg 125.26 90.00
Fullerane A4 | Cq 135.00 120.00 90.00
Fullerane AS | Cj4 128.30 90.00 135.00 118.79 90.00
(126.61) (122.50)
Fullerane A6 | Cy, 90.00 120.00 90.00
Fullerane A7 | Cyg 120.00 135.00 90.00 135.00 90.00
Fullerane A8 | Cyg 120.00 135.00 91.10 (91.72) 90.00 88.90 (88.28) 125.26
Fullerane B | Cyq 90.00 135.00 120.00 60.00
Lengths of C—C bonds, A
Phase Precursor
L, | L, ‘ Ly | L,
Graphane Al | Graphene sheet 1.543 (1.546)
Graphane A2 | Graphene sheet 1.538 (1.522) 1.540 (1.548)
Graphane A3 | Graphene sheet 1.548 (1.522) | 1.562 (1.567)
Tubulane Al | CNT (2,2) 1.508 (1.492) 1.561 (1.564) 1.539 (1.572)
Tubulane A2 | CNT (3,3) 1.524 (1.486) 1.548 (1.545) 1.570 (1.606)
Tubulane A3 | CNT (2,0) 1.576 (1.586) 1.519 (1.502) 1.551 (1.562)
Tubulane A4 | CNT (3,0) 1.504 (1.483) 1.558 (1.566) 1.594 (1.606) 1.542 (1.554)
Tubulane A5 | CNT (4,0) 1.506 (1.485) 1.552 (1.554) 1.554 (1.561) 1.549 (1.583)
Tubulane A6 | CNT (4,0) 1.520 (1.487) 1.551 (1.541) 1.572 (1.593)
Tubulane A7 | CNT (6,0) 1.523 (1.489) 1.551 (1.536) 1.552 (1.555) 1.605 (1.662)
Tubulane B | CNT (3,3) 1.495 (1.498) 1.478 (1.515)
Fullerane Al | Cy4 1.408 (1.406) 1.442 (1.494)
Fullerane A2 | Cq4 1.440 (1.441) 1.479 (1.543) ‘ 1.499 (1.573)
Fullerane A3 | Cg 1.510 (1.446) 1.568 (1.570)
Fullerane A4 | Cq 1.498 (1.456) 1.546 (1.557) 1.565 (1.591)
Fullerane A5 | C¢ 1.517 (1.505) 1.535 (1.511) 1.573 (1.589) | 1.549 (1.579)
Fullerane A6 | Cy, 1.562 (1.560)
Fullerane A7 | Cyg 1.511 (1.501) 1.540 (1.566)
Fullerane A8 | Cyq 1.550 (1.505) 1.611 (1.600) ‘ 1.561 (1.497) | 1.592 (1.583)
Fullerane B | Cyq 1.450 (1.499) 1.495 (1.540) 1.450 (1.492)
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Fig. 9. Fragments of the crystal structures of tubulane phases (a) Al, (b) A2, (c) A3, (d) A4, (e) AS, (f) A6, (g) A7, and (h) B.

(Fig. 9), and nine of them are fulleranes (Fig. 10). The
graphane phases can only have type A; that is, they can
only be produced upon cross-linking of graphene lay-
ers. Graphane B phases are absent. From all tubulane
and fullerane phases, only two phases, namely, tubu-
lane B and fullerane B are formed by superposition,
and the other 15 phases belong to A phases formed by
cross-linking. Fullerene-like molecule C, is the mini-
mum structural element in the precursors of diamond-
like phases (Fig. 3a), and their maximum element is
represented by a graphene sheet.

The designations of diamond-like phases accord-
ing to the developed classification scheme correspond
to the following names of the well-known phases:
graphane Al corresponds to diamond; graphane A2,
to lonsdaleite; graphane A3, rectangulane; fullerane
A3, supercubane.

A comparative analysis of the structures of all dia-
mond-like phases consisting of sp® hybridized carbon
atoms shows that they differ only in the states of atoms.
The difference in the states is determined by the rela-
tive orientation of the carbon—carbon ¢ bonds formed
by every atom. The structural states of atoms (relative
orientation of their bonds) is most correctly described

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 113

by six angles B; (i #/;i,j=1, 2, 3, 4, where i and j are
bond numbers) between each pair of four bonds
(Fig. 11). Bond lengths L, represent another group of
parameters that characterize the structural state of an
atom; these quantities are likely to be functions of
three angles adjacent to each bond.

The geometrical optimization of the structures of
all diamond-like phases was performed by molecular
mechanics method MM+ [22] and semi-empirical
quantum-mechanical method PM3 (parametric
method number 3) [23, 24]. The semi-empirical PM3
method uses the LCAO (linear combination of atomic
orbitals) modification of the MO (molecular orbital)
method. To find the eigenfunctions (MO) and eigen-
values (MO energies) of a Hamiltonian, we solved the
Hartree—Fock—Roothan equation by neglecting the
diatomic differential overlap. We used a change of
0.002 kcal/(A mol) in the energy gradient as the crite-
rion of completing the geometrical optimization of a
structure in calculations.

Bond angles 3; were measured for all diamond-like
phases in the fragments of geometrically optimized
structures. The numerical values of the angles are
given in Table 1. A comparative analysis of angles [3; of
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Fig. 10. Fragments of the structures of fulleranes (a) Al, (b) A2, (c) A3, (d) A4, (e) AS, (f) A6, (g) A7, (h) A8, and (i) B.

all phases demonstrates that they fall in the range from
60.00° to 144.74°. The bond angles in all diamond-like
phases apart from diamond are lower or higher than
109.47°. The number of angles f3; lower than 109.47°
was found to vary in the phases from one to three, and
the number of angles B; higher than 109.47° varies
from three to five. Angles B; were determined in struc-
tures geometrically optimized by different methods;
therefore, the numerical values of the angles are not
always identical. The maximum discrepancy between
the values of B; calculated by the MM+ and PM3
methods was 4.5° for fullerane A2.

Fig. 11. Example of the numbering of bonds and the deter-
mination of angle ;4 (graphane A3).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 113

The bond angles calculated in the diamond-like
phases vary from 1.408 to 1.611 A for the MM+
method and from 1.406 to 1.662 A for the PM3
method (Table 1). All four o bonds are the same only
in diamond and fullerane A6; two types of bonds are
detected in six phases; three different bonds are
present in seven phases; and five phases are character-
ized by four types of ¢ bonds. The bond lengths calcu-
lated by the MM+ and PM3 methods are strongly dif-
ferent: the minimum difference between the ¢ bond
lengths is 0.002 A for tubulane A5, and the maximum
difference is 0.074 A for fullerance A2.

Another structural characteristic of diamond-like
phases (R) symbolically describes the structure of the
rings consisting of the minimum number of covalent
bonds and including one atom. The number of such
different rings passing through one atom in diamond-
like phases is always six, since such a ring should
always have two bonds adjacent to a certain atom and
every atom has four bonds. Therefore, the number of
various combinations of bond pairs is six. Figure 11
shows the fragment of the structure of graphane A3
that contains a four-member cyclobutane ring formed
upon the closure of three and four bonds. In diamond-
like phases, cyclobutane and cyclohexane rings are
most often present (they were detected in 16 phases);
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Table 2. Structural parameters and properties of diamond-like phases calculated by semi-empirical quantum-mechanical
method PM3 (in parentheses, we give the values calculated by molecular mechanics method MM+). C is the cubic crys-
tallographic system, T is the tetragonal crystallographic system, and H is the hexagonal crystallographic system

Structural parameters
Phase R (rings of sp3 D erad Unit cell parameters
atom) ' system a, A c, A N¢, atoms
Graphane Al 6° 0.00 (0.00) C 3.57 (3.56) - 8
Graphane A2 6° 1.86 (1.44) H 2.52 (2.51) 4.15 (4.12) 4
Graphane A3 4163 37.45 (36.68) T 4.35 (4.31) 2.52 (2.60) 8
Tubulane Al 4%638! 74.28 (75.33) T 6.46 (6.40) 2.58 (2.61) 16
Tubulane A2 4%6* 71.38 (71.78) H 6.03 (6.04) 2.59 (2.63) 12
Tubulane A3 426282 93.94 (91.52) T 3.56 (3.58) 4.31 (4.23) 8
Tubulane A4 4%638! 86.31(92.90) H 6.84 (6.76) 4.41 (4.52) 24
Tubulane AS 4%638! 74.70 (74.67) T 6.92 (6.84) 4.41 (4.48) 32
Tubulane A6 4163 49.28 (50.61) T 7.01 (6.98) 4.17 (4.23) 32
Tubulane A7 4163 49.77 (54.19) H 6.86 (6.81) 4.17 (4.26) 24
Tubulane B 3l6° 87.91 (86.63) H 4.42 (4.31) 2.53 (2.55) 6
Fullerane Al 33123 254.21 (254.21) C 7.47 (7.33) - 32
Fullerane A2 314283 153.79 (150.37) H 5.04 (4.79) 4.94 (4.95) 12
Fullerane A3 4383 105.79 (105.79) C 4.81 (4.88) - 16
Fullerane A4 43628! 105.00 (105.00) C 5.87 (5.88) — 24
Fullerane A5 4383 114.11 (112.08) T 7.05(7.13) 4.80 (4.63) 32
Fullerane A6 426* 81.06 (81.06) C 4.41 (4.45) - 12
Fullerane A7 436'82 120.00 (120.00) C 7.38 (7.35) — 48
Fullerane A8 43682 110.26 (109.53) C 8.97 (9.18) - 96
Fullerane B 31416282 141.06 (141.06) C 9.40 (9.12) — 96
Properties of phases
Phase density p, g/cm’ packing coefficient f bulk modulus K, GPa Su%:ia]t(l:ar]l /fg]l(e){gy
Graphane Al 3.50 (3.53) 0.34 (0.34) 483 167.2
Graphane A2 3.49 (3.55) 0.34 (0.34) 474 166.3
Graphane A3 3.36 (3.30) 0.32 (0.33) 427 163.7
Tubulane Al 2.97 (2.98) 0.29 (0.29) 393 159.9
Tubulane A2 2.93 (2.89) 0.28 (0.28) 333 158.9
Tubulane A3 2.92 (2.95) 0.29 (0.29) 329 160.0
Tubulane A4 2.58 (2.68) 0.26 (0.26) 331 159.4
Tubulane AS 3.03 (3.05) 0.29 (0.29) 390 160.0
Tubulane A6 3.12 (3.10) 0.31 (0.31) 418 162.0
Tubulane A7 2.82 (2.80) 0.28 (0.28) 354 161.0
Tubulane B 2.79 (2.92) 0.25 (0.25) — 157.6
Fullerane Al 1.53 (1.62) 0.13 (0.13) — 133.4
Fullerane A2 2.20 (2.43) 0.21 (0.20) — 145.7
Fullerane A3 2.87 (2.75) 0.27 (0.27) 342 154.3
Fullerane A4 2.37 (2.36) 0.23 (0.23) 249 153.7
Fullerane A5 2.68 (2.72) 0.26 (0.26) — 157.0
Fullerane A6 2.79 (2.77) 0.28 (0.28) 323 161.8
Fullerane A7 2.38 (2.41) 0.23 (0.22) 207 158.9
Fullerane A8 2.66 (2.47) 0.26 (0.26) - 155.0
Fullerane B 2.31 (2.53) 0.21 (0.21) — 154.9
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Fig. 12. Dependences of (a) density p and (b) sublimation energy E, of a diamond-like phase on deformation parameter D cal-

culated by the PM3 method.

cyclooctane rings are found in 11 phases; cyclopro-
pane rings are detected in four phases, and cyclodode-
cane rings are found in one phase (Table 2).

To characterize the deformation of the structures of
diamond-like phases, we introduced parameter D,
which is the sum of the moduli of the differences
between angles ; and diamond angle Bgimonda =
109.47°,

3 4
D = Zz’Bl‘j‘_Bdiamond"

i=1j>i

A comparative analysis of the deformation param-
eters of various diamond-like phases demonstrates
that, for both optimization methods (MM+, PM3),
the values of D fall in the range from 0° to 254.21°
(Table 2). The deformation parameters are minimal
for graphanes (lower than 37.45°), range from 50.33°
to 93.94° for tubulane phases, and are maximal for
fulleranes (81.06°—254.21°). Parameter D correlates
with the number of rings consisting of less than six
links: the deformation parameter increases with
decreasing number of links in rings or increasing the
number of such rings.

The unit cells of the diamond-like phases belong to
the following crystallographic systems (Table 2): seven
phases belong to the cubic system, seven phases belong
to the tetragonal system, and six phases belong to the
hexagonal system.

The densities of the diamond-like phases calcu-
lated by the MM+ method fall in the range from
1.62 g/cm? for fullerane A1 to 3.55 g/cm? for graphane
A2, and those calculated by the PM3 method range
from 1.53 g/cm? for fullerane Al to 3.50 g/cm? for
graphane Al (see Table 2). The maximum discrepancy
between the densities calculated by the MM+ and
PM3 methods is 9.5% for fullerane A2, and the mini-
mum discrepancy is 0.4% for tubulane A5. When
comparing the data in Table 2, we found that the den-
sity of the diamond-like phase is proportional to
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deformation parameter D (Fig. 12a), and this depen-
dence is interpolated best of all by the function

p=A+BD,

where A, = 3.5 £ 0.1 g/cm?® and B, = (-8 + 2) x
1073 g/(cm? deg). Packing coefficient fa diamond-like

phase (Table 2) ranges from 0.13 (fullerane Al) to 0.34
(diamond).

Bulk elastic moduli K of diamond-like phases at
298 K were calculated by the semi-empirical quantum-
mechanical PM3 method with the procedure proposed
in [25]. The bulk modulus of diamond Kj;,,,,nq calcu-
lated by the PM3 method (483 GPa) agrees well with
the experimentally measured modulus (442 GPa)
[26], which proves the correctness of the calculated
bulk moduli of the diamond-like phases presented in
Table 2. The cubic (graphane Al) and hexagonal
(graphane A2) diamonds have the maximum bulk
moduli, 483 and 474 GPa, respectively. Fullerane A7
has the minimum bulk elastic modulus (207 GPa),
which is smaller than Kyj,menq bY 57%. The following
two phases among the diamond-like phases have the
maximum bulk moduli: graphane A3 (427 GPa) and
tubulane A6 (418 GPa). These values are smaller than
Kjiamona BY 12 and 13%, respectively. The diamond-
like phases having graphene sheets as precursors have
larger bulk moduli as compared to the phases contain-
ing links of nanotubes or fullerene-like units. Defor-
mation parameter D is found to be directly propor-
tional to bulk modulus K: D o« K.

The sublimation (atomization) energies of dia-
mond-like phases were calculated by the PM3 method
(see Table 2). The small difference between the energy
calculated for diamond (£, = 167.2 kcal/mol) and
the corresponding experimental energy (170 kcal/mol
[27]) indicates the correctness of the sublimation
energies calculated for the diamond-like phases. The
sublimation energies presented in Table 2 range from
133.4 kcal/mol for fullerane Al to 167.2 kcal/mol for
graphane Al. Diamond-like phases with high densi-
ties and bulk moduli have the maximum sublimation
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energies. The dependence of the sublimation energy of
a diamond-like phase on the deformation parameter
(Fig. 12b) is well approximated by the function

ESle = A2 + BzD,

where 4, = 169 + 3 kcal/mol and B, = (—12 + 2) x
102 kcal/(mol deg).

4. CONCLUSIONS

We suggested a classification scheme for the dia-
mond-like phases consisting of carbon atoms in equiv-
alent crystallographic states. We found that twenty
such phases can exist. We were the first to describe ten
of them. We used molecular mechanics method MM+
and semi-empirical quantum-mechanical method
PM3 to calculate the geometrically optimized struc-
tures of diamond-like phase clusters and to determine
their structural parameters and properties, such as the
density, the bulk modulus, and the sublimation energy.

The sublimation energies of all diamond-like
phases are lower than that of diamond, which points to
their lower thermodynamic stability. This means that
such phases cannot be synthesized under thermody-
namically equilibrium conditions. Graphane phases
are thought to be synthesized from graphite under
shock loading. Tubulane phases can be formed by the
compression of bundles made of CNTs of the same
chirality in the direction normal to the nanotube axis.
Fullerane phases can be formed upon three-dimen-
sional compression of fullerites. The necessity of
searching for the methods of experimental synthesis of
diamond-like phases is related to the fact that they can
be used as structural and abrasive materials and as a
molecular sieve due to their high strength and low
density.
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