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Abstract A theoretical analysis of structures of diamond-

like phases which are obtained from single-walled carbon

nanotubes and three-dimensional graphites is performed.

As a result of the analysis, the possibility of stable exis-

tence of thirteen phases in which carbon atoms are in

crystallographically equivalent positions is established. We

have found two novel chiral phases, precursors of which

are three-dimensional graphites. Using the density func-

tional theory method in the generalized gradient approxi-

mation, geometrically optimized structures for all phases

are calculated, as well as cohesive energies, electron den-

sities of states, bulk moduli, hardness, and X-ray powder

diffraction patterns. The chemical composition of dia-

mond-like phases is identical; however, their properties

vary within wide ranges.

Introduction

Diamond-like phases consist of carbon atoms in four-co-

ordinated states [1]. The number of diamond-like structures

consisting of atoms in crystallographically equivalent

positions should be finite similar to the limited number of

two-dimensional uninodal nets. So the number of the flat

two-dimensional nets formed by equivalent three-coordi-

nated nodes is equal to four [2]. The problem of describing

all possible three-dimensional nets of four-coordinated

atoms and related diamond-like phases has not been solved

yet. As a possible method of describing diamond-like

phases in which all atoms are in equivalent positions, it is

possible to use a model scheme for obtaining their struc-

tures from precursors of three-coordinated atoms [3]. For

obtaining diamond-like phases with equivalent positions of

atoms, precursors should also consist of equivalent atoms.

The number of such structural precursors is finite, and it is

possible to consider them all in detail and then obtain a full

set of diamond-like nets. These precursors relate to four

main structural groups [0Dc, 3], [1Dc, 3], [2Dc, 3], and

[3Dc, 3] typical representatives of which are fullerenes,

carbon nanotubes, graphene layers, and three-dimensional

(3D) graphites, respectively [3]. Of special interest are

diamond-like phases which can be obtained from nan-

otubes and 3D-graphites.

Carbon nanotubes (CNTs) are cylindrical frame nanos-

tructures formed by rolling graphene sheets. Carbon atoms

in the nanotube structure are in three-coordinated states

(sp2 hybridization). The early reports about a synthesis of

CNTs were made in [4, 5]. However, nanotubes became

widely known after Sumio Iijima’s observations [6]. The

interest in nanotubes is connected with the possibility of

their practical application in electronics, materials science,

medicine, and chemical technologies. In materials science,

CNTs can be used as initial materials for the synthesis of

diamond and diamond-like phases. This is related that

carbon atoms in nanotubes are on the surface of strongly

curved graphene layers in a hybridization state which is

intermediate between the hybridization of atoms in gra-

phene and diamond. Therefore, it is possible to synthesize

diamond-like phases from nanotubes under lower pressures

and temperatures than from graphite.

Cubic diamond (c-diamond) was experimentally

obtained from CNTs under 4.5 GPa and 1300 �C in the

presence of Ni/Mn/Co catalysts [7]. In [8], diamond was

synthesized from multi-walled nanotubes under 80 GPa

and 1500 �C. Lonsdaleite (2H diamond polytype) was
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obtained by compressing (P = 9 GPa) a nanotube bundle

under a temperature of 700 �C in the presence of Ni/Co

catalysts [9]. By changing pressures, temperatures, and

catalysts, it is possible to obtain a number of diamond-like

and hybrid phases from CNTs [10–13].

In [14–19], some theoretical investigations of the pro-

cess of obtaining compounds with diamond-like structures

from CNTs were performed. Diamond-like phases can be

derived by linking of zigzag (n, 0) single-walled carbon

nanotube (SWCNTs) bundles, where n = 2, 3, 4, 6 [14–

16]. Moreover, diamond-like phases can be obtained from

armchair (m, m) single-walled nanotubes, where m = 2, 3,

4, 6, 8, 10 [14–19].

One more new class of structural precursors for

obtaining diamond-like phases is represented by 3D-gra-

phites, which are just a subject of theoretical investigations

yet. Three-dimensional graphites are phases of three-di-

mensional covalent bonded three-coordinated (sp2) carbon

atoms. From the 3D-graphites, diamond-like structures can

be theoretically obtained by linking three-coordinated

neighboring atoms, as a result of which atoms converse

into a four-coordinated state [2, 20]. The 3D-graphites

should consist of atoms which are in crystallographically

equivalent positions. To date, only thirteen such sp2 phases

have been studied in detail: bct-4 (I41/amd), C1 31 (P6222),

C1 41 (K4, I4132), C2 4 (bct-8, I41/amd), C2 3 (R6, R �3 m),

H-6 (P6222), 6.8
2 P (Im �3 m), 6.82 D (Pn �3 m), 6.82 G (Ia �3

d), 6(3)1-06 (P6222), sp
2-diamond (Fd �3 m), 206-48e (Ia

�3), and 6(3)1–10 (rh6, R �3 m).

In this paper, we demonstrate the results of the theo-

retical analysis of the possible structures and properties of

carbon diamond-like phases with equivalent crystallo-

graphic atomic positions, which are obtained by linking or

combining nanotubes and as a result of internally linking

3D-graphites.

Method

To construct the structures of diamond-like tubulane pha-

ses (called T-phases), some carbon nanotubes (n, m) from

the structural group [1Dc, 3] are used whose sum of indexes

(n ? m) does not exceed six. This restriction follows from

the limit of the number of nanotube edges, while linking or

combining of which can form 3-coordinated regular graphs

of the structural group [2Dc, 3] in the projection onto the

001 plane. From three-dimensional graphites of the struc-

tural group [3Dc, 3], spiral diamond-like phases (called S-

phases) can also be obtained. In the present paper, four

previously investigated 3D-graphites are considered as

precursors of diamond-like phases: C1 31 (Fig. 1a), K4

(Fig. 1b), H-6 (Fig. 1c), and rh6 (Fig. 1d). The choice of a

limited number of 3D-graphites was determined that new

diamond-like phases are only derived from these precur-

sors. In diamond-like phase notation, symbols ‘‘T’’ and ‘‘S’’

characterize a group of precursors (CNTs and 3D-gra-

phites, respectively). Further, the phase name has the phase

number and a symbol indicating the method of obtaining

the phase from precursors (‘‘A’’ is linking; ‘‘B’’ is com-

bining) [20].

The structures, energy characteristics, and electronic

properties of diamond-like phases were calculated in the

Quantum ESPRESSO software package [21] using the

density functional theory (DFT) method within the gener-

alized gradient approximation (GGA), with a B3LYP

hybrid exchange-correlation functional [22]. Norm-con-

serving pseudopotentials are employed in conjunction with

plane-wave basis sets of a cutoff energy of 60 Ryd and

12 9 12 9 12 Monkhorst–Pack Brillouin-zone k-point

grids. The bulk moduli of diamond-like phases are calcu-

lated using a technique which was proposed in [23]. The

absolute values of atomic volumes and total energies,

necessary for defining the bulk moduli, were calculated by

the GGA-DFT method. The Vickers hardness of carbon

compounds was calculated by the Gao’s hardness model

[24]. The Knoop hardness was also determined according

to the Li’s method [25]. The standard method [26] for

calculating the powder X-ray diffraction (XRD) patterns

was used. Interatomic bond lengths and angles between

them were found for every diamond-like phase. Based on

these, deformation Def and Str parameters are calculated

which characterize the stress of the phase structure relative

Fig. 1 The crystal structures of C1 31 (a), K4 (b), H-6 (c), and rh6

(d) 3D-graphites
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to that of cubic diamond as the most stable carbon poly-

morph of four-coordinated atoms. The Def parameter rep-

resents the sum of moduli of the bond angle deviation from

diamond angle 109.47� [20]. The Str deformation param-

eter is calculated as the sum of moduli of the difference of

interatomic bond lengths in the phase and diamond [27].

Results and discussion

The theoretical analysis and model calculations showed the

possibility of existence of ten diamond-like T-phases and

four S-phases. Figure 2 pictures the crystal structures of

these phases. The TA1–TA8 phases were obtained by

linking of armchair or zigzag SWCNTs, while TB can only

be obtained in the process of combining nanotubes. The

structures of diamond-like S-phases are only formed by

internally linking 3D-graphites. Note that each of the four

S-phases has two enantiomorphous versions (Table 1).

Precursors, space groups, unit cell parameters, and ring

parameters (Wells’ parameter) of cubic diamond and dia-

mond-like phases are shown in Table 1. Table 1 also dis-

plays types of four-coordinated zeolite nets corresponding

to the carbon diamond-like phases. The ring parameter

shows that nine T-phases and three S-phases contain rings

of six carbon atoms; SA4 and eight T-phases contain

4-membered rings; rings of eight atoms are observed in

four T-phases and two S-phases; 3-, 5-, and 10-membered

rings found only in TB, SA1, and SA4 phases, respectively.

For any diamond-like phase, the deformation parameter

Def and Str values are larger than zero: Def 2 [34.87�;
95.40�] and Str 2 [0.038 Å; 0.290 Å] for T- and S-phases

(Table 2). The calculated densities of diamond-like phases

are given in Table 2. The TA4 phase has the minimum

density (less than qdiamond by 24.6 %), and the maximum

density corresponds to SA2 phase (it exceeds qdiamond by

3.7 %).

Table 2 also presents the calculated cohesive energies

(Ecoh) and the differential total energies of T- and S-phases

relative to those of cubic diamond (DEdiam). The calculated

cohesive energy of cubic diamond agrees completely with

the corresponding experimental energy (7.37 eV/atom

[28]). The total energies of all diamond-like phases exceed

the diamond energy by the value ranging from 0.12 eV/

atom (SA1) to 1.17 eV/atom (SA2). The diamond-like

phase cohesive energy decreases linearly with increasing a

linear combination of deformation Def and Str parameters.

The TA6 and SA1 phases should be the most stable dia-

mond-like phases since their cohesive energies are less

than those of cubic diamond not more than by 4.4 %. Other

phases have cohesive energy values lower than those of

diamond by 4.7–14.9 %. However, the TA1–TA5, TA7–TB,

and SA3 phases can also be stable under standard

conditions since one diamond-like phase, LA4 (C8), having

a cohesive energy by 9.5 % less than that of cubic diamond

[27], was synthesized and stably exists under standard

conditions [29].

The electron densities of states of diamond-like phases

are shown in Fig. 3. The calculated value of the electronic

band gap in diamond was 5.44 eV (Table 3; Fig. 3a) and is

in good agreement with the experimental value of 5.48 eV

[28]. The band gaps of T-and S-phases were also deter-

mined from the calculated DOS (Table 2). It was found

that the band gaps for diamond-like phases are less than

those in cubic diamond with the value from 0.56 to

4.13 eV. The band gap decreases with the discrete increase

of Str.

We also calculated the bulk modulus (B0) and the

Vickers (HV) and Knoop (HK) hardness of diamond-like

phases as listed in Table 2. The calculated bulk modulus

(445.1 GPa) and the Vickers and Knoop hardness (90.0 and

86.6 GPa, respectively) of cubic diamond agree well with

the corresponding experimental values (443 [28], 96 [30],

and 90 GPa [31], respectively). The bulk modulus values of

T- and S-phases are smaller than those of diamond by the

value in the range from 1.5 (SA2) to 31 % (TA4). The bulk

modulus is found to be directly proportional to the dia-

mond-like phase density: B0 / q. The calculations showed
that dense SA1–SA4 and TA6 phases have the maximum

hardness.

For the possibility to experimentally identify new dia-

mond polymorphs, powder XRD patterns were calculated

(Table 4). These patterns were compared with the experi-

mental diffraction patterns of cubic diamond, lonsdaleite,

and hexagonal (2H) graphite. The first and second

diffraction maxima of SA3 phase are close to the main

maximum of cubic diamond (2h111 = 43.91� [32]), to the

second 100 %-maximum of lonsdaleite (2h002 = 43.9�
[33]), and to the 6 %-maximum of 2H graphite

(2h101 = 44.39� [34]). For SA4 phase, the 100 %-peak is

close to the most intensive (002) peak of hexagonal gra-

phite. For other phases in comparison with diamond,

2H graphite, or lonsdaleite, either the angular divergence in

peak positions (D2h) exceeds 0.8�, or the phase peaks

overlap with maxima whose intensity is less than 24 %.

The presence structural units of diamond-like phases

available in experimentally obtained hydrocarbons indi-

cates the probable thermodynamic stability of these phases.

For example, four-membered rings with common sides,

which are structural units of the TA1, TA2, TA4, and TA5

phases, are contained in ladderanes [35], prismane [36],

cubane [37], pentaprismane [38], and pentacyclic propel-

lene [39]. The TA3 and TA6-TA8 phases consist of carbon

frames of polymerized cyclobutane rings, whereas the TB

phase contains cyclopropane carbon frames. Double

tetraasterane [40] is a structural motif of the TA8 phase.
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The spiral SA1 phase structure has units shaped as half the

dodecahedrane molecule [41]. All of the considered satu-

rated hydrocarbon molecules are stable under standard

conditions which make possible the stable existence of

diamond-like phases on their basis.

The existence of the sp2 precursor structures supports

the plausibility that the diamond-like phases could be

formed by their polymerization. Graphene layers [42] and

small-diameter (2, 2) [43], (3, 3) [44], (4, 0) [45], and (6, 0)

[46] SWCNTs relate to such precursors which stably exist

under standard conditions. Polymerization of these pre-

cursors makes it possible to experimentally obtain the

following phases: TA6, TA7, and TA8 (from graphene

layers); TA1 (from (2, 2) nanotubes); TA2 and TA8 (from

Fig. 2 Fragments of the

geometrically optimized

structures of the following

diamond-like phases: TA1 (a),
TA2 (b), TA3 (c), TA4 (d), TA5
(e), TA6 (f), TA7 (g), TA8 (h),
TB (i), SA1 (j), SA2 (k), SA3 (l),
and SA4 (m)
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(3, 3) CNTs); TA5 and TA6 (from (4, 0) CNTs); and TA7

(from (6, 0) CNTs).

Some possible methods for synthesizing diamond-like

phases from various precursors are given in Table 4. An

analysis showed that the main method for obtaining the

majority of T-phases is linking. This process can be

experimentally realized under strong compression of sin-

gle-walled or double-walled carbon nanotube bundles in

the directions perpendicular to nanotube axes. To provide

the irreversible formation of covalent bonds between

Table 1 Precursors, space

groups, unit cell characteristics,

ring parameters, and types of

analogous zeolitic nets for cubic

diamond and diamond-like

phases

Phase Precursor Space group a (Å) c (Å) Z (at.) Ring parameter Zeolite analog

c-diamond Graphene L6 Fd �3 m 3.597a 3.597 8 66 –

bct C4 Graphene L6 I4/mmm 4.401a 2.525a 8 4165 BCT

TA1 CNT (2, 2) I4/mmm 6.591 2.546 16 426381 ATN

TA2 CNT (3, 3) P63/mmc 6.147 2.574 12 4264 CAN

TA3 CNT (2, 0) P42/mmc 3.586 4.353 8 426282 DFT

TA4 CNT (3, 0) P63/mmc 6.987 4.381 24 426381 –

TA5 CNT (4, 0) I4/mcm 7.079 4.412 32 426381 MER

TA6 CNT (4, 0) I4/mcm 4.969 4.215 16 4165 –

TA7 CNT (6, 0) P6/mcc 6.888 4.218 24 4165 AFI

TA8 CNT (3, 3) R �3 m 10.582 2.511 36 4165 ATO

TB CNT (3, 3) P63/mmc 4.489 2.545 6 3165 NPO

SA1 C1 31 P6122 (P6522) 3.584 3.397 6 5581 –

SA2 H-6 P6222 (P6422) 2.621 2.830 3 6482 –

SA3 6(3)1-06 P6122 (P6522) 4.070 2.478 6 6581 –

SA4 K4 P4122 (P4322) 4.685 2.545 8 4263101 –

a Reference [27]

Table 2 Deformation parameters (Def and Str), densities (q), cohesive energies (Ecoh), differential total energies (DEdiam), band gaps (D), bulk
moduli (B0), and hardness (HV and HK) of cubic diamond and diamond-like phases

Phase Def (�) Str (Å) q (g/cm3) Ecoh (eV/atom) DEdiam (eV/atom) D (eV) B0 (GPa) HV (GPa) HK (GPa)

c-diamond (calc) 0.00 0.000 3.428a 7.86a 0.00 5.43 445.1 90.0 86.6

c-diamond (exp) – – 3.516b 7.37b – 5.48b 443b 96c 90d

bct C4 37.55a 0.110a 3.262a 7.64a 0.21 4.30a 439.9 86.8 82.1

TA1 73.83 0.081 2.886 7.32 0.53 1.31 356.6 79.8 72.2

TA2 70.96 0.130 2.842 7.40 0.46 3.28 343.9 79.1 71.1

TA3 95.40 0.066 2.851 7.18 0.68 2.48 337.7 78.9 71.2

TA4 83.92 0.133 2.585 7.16 0.69 4.62 306.2 73.4 64.0

TA5 74.23 0.121 2.887 7.37 0.49 3.59 336.5 78.8 71.8

TA6 49.50 0.117 3.067 7.51 0.35 4.16 372.7 83.1 76.9

TA7 49.79 0.124 2.762 7.38 0.47 3.80 319.5 77.0 68.7

TA8 60.27 0.232 2.949 7.27 0.58 3.10 353.9 78.8 73.0

TB 88.09 0.129 2.694 7.49 0.36 2.63 348.7 80.8 68.8

SA1 34.87 0.038 3.167 7.73 0.12 4.88 392.2 85.2 79.7

SA2 84.80 0.228 3.554 6.69 1.17 2.59 438.3 84.3 86.6

SA3 66.80 0.121 3.367 7.14 0.72 3.16 425.9 84.8 83.3

SA4 84.56 0.290 3.298 6.74 1.12 2.57 341.3 82.6 81.1

a Reference [27]
b Reference [28]
c Reference [30]
d Reference [31]
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Fig. 3 Densities of electronic states of the LA1 (a), TA1 (b), TA2 (c), TA3 (d), TA4 (e), TA5 (f), TA6 (g), TA7 (h), TA8 (i), TB (j), SA1 (k), SA2
(l), SA3 (m), and SA4 (n) phases (the valence band maximum is set to zero on the energy scale)
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Table 3 Diffraction maxima of

the highest intensity for cubic

diamond, lonsdaleite,

2H graphite, and diamond-like

phases

Phase d1/(Å) I1/(%) d2/(Å) I2/(%) d3/(Å) I3/(%)

c-diamond (exp)a 2.060 100 1.261 25 1.0754 16

Lonsdaleite (exp)b 2.19 100 2.06 100 1.26 75

2H graphite (exp)c 3.376 100 2.039 6 1.6811 4

TA1 3.295 100 4.660 88.8 1.9265 32.7

TA2 5.323 100 3.073 58.4 2.3173 21.9

TA3 3.586 100 2.768 28.6 2.1763 17.4

TA4 6.051 100 2.2869 2.9 2.1904 2.7

TA5 3.539 100 2.572 35.1 2.2061 24.4

TA6 3.514 100 1.9657 26.2 2.1073 22.9

TA7 5.965 100 1.9884 3.9 3.444 3.6

TA8 5.291 100 1.9998 14.2 2.2019 13.5

TB 3.888 100 2.1294 20.3 1.9439 14.8

SA1 2.291 100 3.104 69.9 1.5849 12.2

SA2 1.7707 100 2.270 36.6 1.2008 18.2

SA3 2.0267 100 3.523 88.2 2.0338 71.7

SA4 3.313 100 4.685 68.8 2.236 37.4

kCu-a = 1.5405 Å
a Reference [32]
b Reference [33]
c Reference [34]

Table 4 Possible methods for the synthesis of diamond-like phases from precursors (synthetic routes: 1—polymerization of a condensate under

high pressure; 2 and 3—polymerization of saturated or nonsaturated hydrocarbons, respectively)

Phase Precursors Synthetic route

TA1 (2, 2)/(8, 8)/L4–8 graphene 1

Ladderanes 2

Dimeric cyclo-octatetraene/tricyclo[4.2.2.22,5]dodeca-1,5-diene 3

TA2 (3, 3)/(3, 3)@(9, 9)/L4–6–12 1

Ladderanes 2

Didehydrobiphenylenes/tetracyclo[8.2.2.22,5.26,9]-1,5,9-octadecatriene 3

TA3 (2, 0)/L4-8 1

Cyclobutadiene/dimeric cyclo-octatetraene 3

TA4 (2, 0)/(3, 0)/L4–6–12 1

Didehydrobiphenylenes 3

TA5 (4, 0)/L4–8 1

Dimeric cyclo-octatetraene 3

TA6 (4, 0)/(4, 0)@(12, 0)/(8, 0)@(16, 0)/L6/L4–8 1

Dimeric cyclo-octatetraene 3

TA7 (2, 0)/(3, 0)/(6, 0)/(6, 0)@(18, 0)/L6/L4–6–12 1

Didehydrobiphenylenes 3

TA8 (2, 1)/(3, 3)/L6/L4–6–12 1

Tetraasteranes 2

Didehydrobiphenylenes/tetracyclo[8.2.2.22,5.26,9]-1,5,9-octadecatriene 3

TB ‘‘Sandwich’’ packing of L6 and carbyne chains/L3–12 1

SA1 Dense hexagonal bundle of carbyne chains 1

SA2 Dense hexagonal bundle of carbyne chains 1

SA3 (2, 1)/‘‘sandwich’’ packing of L6 and carbyne chains/dense hexagonal bundle of carbyne chains 1

SA4 (3, 1)/(5, 3)/incompact tetragonal bundle of carbyne chains 1
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nanotube walls, the pressure value should exceed 24 GPa

[10, 11] because it is only possible to observe the appear-

ance of nanotube wall faceting at lower pressures [47]. As

the theoretical calculations showed [16, 17, 48], an increase

in the nanotube surface curvature leads to a decrease in the

pressure value necessary for wall polymerization. There-

fore, it is more preferable to use nanotubes with minimum

diameters (i.e., with minimum chirality indices) for the

synthesis of new diamond-like phases.

The electronic bombardment of the initial fullerite or

CNT bundle is one more influence method which can result

in the formation of covalent bonds between walls of nan-

otubes [49]. It is also possible to irradiate nanotube bundles

using ion beams so that covalent bonds are formed, but in

this case initial CNTs can be considerably damaged by the

ion beam influence [50].

The TA6, TA7, and TA8 phases can be probably obtained

by compressing graphite crystals in the pressure range of

P[ 15 GPa in which transparent hybrid carbon com-

pounds are observed [51]. Except for CNTs or graphene

layers, diamond-like phases can be obtained from hydro-

carbon molecules. Initial molecules should have a carbon

frame similar to structural units of diamond-like phases.

New phase nanocrystallites can be prepared by polymer-

ization of such molecules. Thus, the TA1, TA3, TA5, and

TA6 phases can be obtained by polymerization of dimeric

cyclo-octatetraene, whereas the TA2, TA4, TA7, TA8, and

TB phases can be produced by polymerization of didehy-

drobiphenylenes. Using this method, apparently, it is

impossible to obtain crystals of macroscopic sizes, since

the number of stages in the procedure of synthesis quickly

increases with new phase nanocrystallite sizes.

Conclusions

In the present paper, the structures and properties of carbon

diamond-like T- and S-phases were theoretically investi-

gated. Nine T-phases can be obtained in the process of

linking or combining SWCNTs. The structures of four S-

phases are formed by internally linking three-dimensional

graphites. Two new diamond polymorphs, namely SA3 and

SA4 phases, were investigated for the first time. For all

phases, various structural parameters, cohesive energies,

bulk moduli, hardness, electron densities of states, and

powder XRD patterns were calculated.

Carbon materials formed on the basis of the majority of

T-and S-phases should be dielectric materials because

their band gap values calculated using the GGA-DFT

method are larger than 2.4 eV. Only the TA1 phase is a

semiconductor with a small band gap of 1.31 eV com-

parable to the corresponding value for silicone (1.11 eV

[28]). All diamond-like T- and S-phases should have high

strength properties; therefore, they can be used for

developing new abrasive and constructional materials.

The calculated XRD patterns of T- and S-phases can be

applied to identify these phases in synthesized carbon

materials. The XRD patterns of SA1, SA2, and nine T-

phases sufficiently strongly differ from those of cubic

diamond, lonsdaleite, and 2H graphite, and therefore their

identification should not cause difficulties; whereas new

SA3 and SA4 phases can only be identified based on

secondary diffraction maxima.
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