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We apply the density functional theory with B3LYP exchange-correlation energy functional and the basis set 6-31G(d) to
investigate structural, energetic, and electronic properties and stability of extended armchair and zigzag nitrogen nanotubes
with a length of =3 nm. The capping effect, as well as the passivation of nanotubes’ ends by hydrogen atoms and hydroxyl
groups on their stability, are studied. According to our calculations, pristine nitrogen nanotubes are unstable. Both capping
and passivation of the nanotube ends provide thermodynamic stability only for (3,0) and (4,0) zigzag nitrogen nanotubes.
Moreover, the calculated frequency spectra of considered systems confirm their dynamic stability. We stress the fact that some
extended nitrogen nanotubes are found to be stable under ambient conditions, i.e., in the absence of external factors such as
pressure, spatial confinement, etc. The calculated HOMO-LUMO gaps for these stable extended systems are of the order of
4 eV, so they can be assigned to the class of insulators. It is shown that nitrogen nanotubes are able to store a large amount of
energy and can be used as a basis for new high-energy-density materials. We expect that the all-nitrogen tubes with the longer
effective length of similar chiralities are also should be stable.
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ViccnegoBaHue yCTOMYMBOCTY M SHEPreTMYECKNX XapaKTepUCTUK
IPOTsKEHHBIX a30THBIX HAHOTPYOOK B paMKax Teopuu
(¢ yHKIIMOHATA NTOTHOCTHU
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B pamkax Teopynt GyHKIMOHAIA INIOTHOCTY ¢ 0OMEeHHO-KOPpeIALMOHHBIM PyHKIOHamoM B3LYP n anexTpoHHbIM 6a311cOM
6-31G(d) mccnemoBaHbl CTPYKTYpHBIE, SHepreTUYecKye U 3JIeKTPOHHbIE CBOJICTBA, a TAK)XXe YCTONYMBOCTD IPOTAKEHHBIX
KpeCelbHBIX ¥ 3MI3aroo0pa3HbIX a30THBIX HAHOTPYOOK JUIMHOM =3 HM. V3y4eHO BINMAHME KOHIIOB HAaHOTPYOOK
Ha MX YCTOMYMBOCTDb: PAacCMaTpUBANNCh KaK 3aKpbITble MOTychepryecKVMM OKOHYAHUAMY KOHIIBI, TaK M OTKPBITHIE
TpyOKY, IaCCUBMPOBAaHHBIE aTOMaMM BOJOPOJA ¥ TIMAPOKCIWIbHBIMU rpymmamu. COITIACHO INPOBEIEeHHBIM pacyeTaM,
VICXOIHbIE a30THbIe HAHOTPYOKY C OTKPBITBIMU ¥ HEIIACCUBMPOBAHHBIMY KOHIIAMU — HeCTaOMIbHBL. Kak 3akpbITble, Tak
U TaCCYBYMPOBAHHbIE KOHIIBI 00eCIIeYNBAIOT TEPMOIMHAMIYECKYIO YCTOYMBOCTD TONBKO I (3,0) u (4, 0) 3ursaroo6pasHbIx
a30THBIX HAHOTPYOOK. PaccuMTaHHble YacTOTHBIE CIEKTPbI 3TUX [BYX TPYOOK IOATBEP)KHAIOT VX HMHAMUYECKYIO
yCTOMYMBOCTD. IloguepKHeM, 4TO YKasaHHbIe IPOTSXKEHHble HAHOTPYOKM YCTONYMBBI IIPM HOPMAJIbHBIX YC/IOBUAX,
T.e. IIPY OTCYTCTBUY BHENIHMX (aKTOPOB, TAaKUX KaK JaBJIeHMe, IIPOCTPAHCTBEHHOE OrpaHM4eHue ¥ T.J1. PaccuuTaHHbIe
9HepreTIYecKye ey A CTaOV/IbHBIX IIPOTSHKEHHBIX CUCTEM COCTABJIAIOT OKONO 4 9B, I03TOMY MX MOXXHO OTHECTU
K KJTacCy M30/1ATOpoB. IIokazaHo, YTO a30THBIe HAHOTPYOKI CIIOCOOHBI HAKAIUIVBATh OO/IbIIOE KOMNYECTBO 9HEPIUY VL MOTYT
VICTIO/Ib30BAThCA B Ka4eCTBE OCHOBBI Il HOBBIX MaT€PUAJIOB C BBICOKOM IIJIOTHOCTDBIO 9HEPTUM. MBI 0)XMjaeM, 9TO a30THbIE
HAHOTPYOKM C YKa3aHHBIMU XMPAbHOCTAMM YCTONYYBBI U IIpU 60/IbIINX 3¢ GEeKTUBHBIX IIMHAX.

KnroueBblie c1oBa: a30THbBIE HaHOpr6KI/I, TeopuAa CI)YHKILI/IOHaHa IVIOTHOCTHU, MaT€pUaJbl C BBICOKOJ TJIOTHOCTBIO JHEPIUN.
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1. Introduction

Nitrogen-rich compounds attracted considerable attention
for a long time due to their great potential for creating
high-energy-density materials (HEDM). Under normal
conditions, nitrogen exists as diatomic N, molecules with an
extremely strong triple covalent bond, making N, chemically
inert. The energy of the triple bond N=N is 229 kcal/mol,
while the double bond energy N=N is 100 kcal/mol, and
the single bond N-N is even weaker, and its energy is only
38.4 kcal/mol [1]. Thus, for nitrogen, the sum of the energies
of three single bonds is much less than the energy of the triple
bond, which allows one to create the allotropic modifications
of nitrogen, consisting of single and double bonds, to store
energy that can be used as next-gen fuel elements. Moreover,
their subsequent decomposition is environmentally friendly
since it leads to the formation of non-toxic N..

In 1992, it was theoretically predicted that the most likely
form of the polymeric nitrogen at high pressure is the cubic
gauche phase [2]. Its existence was proved in 2004 using
the experiments with diamond anvil cells at the pressure of
110 GPa and the temperature of 2000 K [3]. Subsequently, it
was theoretically predicted a number of new stable crystalline
nitrogen forms, such as the metallic phase with a chainlike
structure [4], Cmcm chain [5], layered boat [6], poly-N [7],
chaired web [8], black phosphorus [9], the layered Pba2 and
the helical tunnel P22 2 structures [10], P4/nbm phase [11],
Pcen phase [12], 3D single-bonded trigonal nitrogen allotrope
(TrigN) [13]. Out of all these phases, experimentally in the
pressure range from 120 to 180 GPa, only the phase similar to
the layered Pba2 phase was detected [14].

A significant number of theoretical papers in recent
years have also been devoted to the search for structures of
isolated nitrogen clusters N with #m>3. The structural and
energy characteristics of N [15], N, [16,17,18], N [19,20],
N: [20,21], N, [17,18], N, [18,22], N [23,24], N, [25,26],
N, [25], N [25], N, [25], N [25,27], N, [25,28,29],
N,, [28,29], N, [29], N, [28,29], N, [29], N [29], N,, [29],
N,, [29], N, [29], N, [1,29,30], N, [31], N [32] clusters are
studied in detail. Among these clusters, it is worth noting the
experimentally synthesized tetranitrogen N, [16], azide anion
N; [15], pentanitrogen cation N/ [21], and pentanitrogen
anion N; [19] that was only detected in the gas phase.
Clusters containing a large number of atoms are of particular
interest because they allow one to store a large amount of
energy. Theoretical works [28,32,33] showed that stabilizing
factors for the large nitrogen clusters include the presence
of a large number of pentagons and three-membered rings
in the structure, as well as the cylindrical structure of the
nitrogen cell.

Despite the progress achieved in the physics of nitrogen
systems, the problem of creating of metastable extended
single-bonded allotropic modifications of nitrogen, that
can be stable under normal conditions, remains open.
In the presented study, we consider the nitrogen analogs of
traditional well-known carbon nanotubes, which, at present,
due to their exceptional electronic, mechanical, and optical
properties, have found a large number of applications in
modern science and technology [34]. The main purpose of
this work is to analyze the nitrogen nanotubes that are stable

under normal conditions and to study their structural and
energy characteristics. In addition, we analyze the prospects
of using such systems as high-energy-density materials.

2. Materials and methods

In this paper, we consider a family of zigzag and armchair
nitrogen nanotubes that are completely similar in structure
to the corresponding carbon nanotubes. The diameter of the
systems under consideration does not exceed the value of
4.7 A, i.e., our calculations are limited to the systems (1,0) and
(m, m) with n=3+6 and m=2,3. We investigate the extended
systems whose length is about 3 nm. The study of extended
systems is of particular interest since they are potentially
capable of storing more energy than elementary systems.
Calculations are carried out for the nitrogen nanotubes with
free (open) ends, as well as in the presence of passivation with
hydrogen and hydroxyl groups, and for capped nanotubes.

Geometry optimization and characterization of nitrogen
nanotubes were made in terms of density functional theory
(DFT). All DFT calculations were performed using the
TeraChem software [35-38]. The Becke’s three-parameter
hybrid method, and the Lee-Yang-Parr exchange-correlation
energy functional (B3LYP) [39,40] was used. B3LYP
functional was combined with Pople basis set 6-31G(d) as
implemented in TeraChem. During geometry optimization,
the global charge of all systems considered was neutral.
The maximum force and root mean square forces were
45x10™ and 3x10™* (hartrees per bohr and hartrees per
radian), whereas the maximum displacement and root mean
square displacement were 1.8 x10~* and 1.2x107°.

3. Results and discussion

We studied the stability of different zigzag and armchair
nitrogen nanotubes 3 nm in length. For zigzag tubes, this
length corresponds to eight unit cells, for armchair tubes,
it corresponds to eleven unit cells. We chose a rather long
effective length of the considered systems since the extended
systems can store a large amount of energy. The diameter of
the considered nitrogen nanotubes does not exceed d <4.7 A,
i.e., zigzag nanotubes (n,0) with n=3-6 are considered, as
well as armchair nanotubes (1, m) with m =2, 3.

Structural optimization of nitrogen nanotubes has shown
that open nanotubes without passivation of the boundary are
unstable. The dissociation of such systems occurs due to the
separation of the boundary nitrogen atoms with dangling bonds.

In the case of capped nitrogen nanotubes, only (3,0)
and (4,0) zigzag nanotubes are thermodynamically stable.
The (3,0) nanotube, whose boundary is capped with only
one nitrogen atom consists of 98 N atoms, and we denoted
it as (3,0)NNT(N,,). Similarly, nitrogen nanotube of
type (3,0) with three nitrogen atoms in the cap layer and
nanotube of type (4,0) with four nitrogen atoms in the cap
layer are denoted as (3,0)NNT(N, ) and (4,0)NNT(N,,),
respectively. Their geometry is shown in Fig. 1. The values
of the bond lengths [, and [, correspond to the interlayer and
intralayer N-N bonds obtained as a result of the geometrical
optimization are | =1.488 A, I, =1.460 A for nanotubes of
type (3,0) and [, =1.472 A, I, =1.444 A for nanotubes of type
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Fig. 1. Atomic structures of the capped nitrogen nanotubes (3,0 )NNT(N

102 (@), (3,0)NNT(N,,) (b), (4,0)NNT(N,,,) (c). Top-side view and

bottom-top view. Symbols / and I, correspond to the interlayer and intralayer N-N bonds in the distance of the capped ends, respectively.

(4,0). These values are close to the experimental single N-N
bond length of 1.449 A [30].

Thefrequency spectrum of capped (3,0) and (4, 0) nitrogen
nanotubes does not contain imaginary frequencies, that
indicates their dynamic stability. Example of the frequency
spectrum for stable capped (3,0)NNT(N, ) is shown in
Fig. 2 (we used Gaussian broadening to transform discrete
spectral lines into the continuum spectrum). Nitrogen cage
systems that consist only of hexagons are usually unstable.
The most striking example, in this case, is nitrogen fullerenes.
The geometry of hexagons in the case of nitrogen nanotubes
of the types (3,0) and (4,0) is strongly distorted, so they are
stable, in contrast to nitrogen nanotubes of larger diameter.

Geometry optimization and calculation of frequency
spectra show that in the case when the boundaries of (3,0)
and (4,0) nitrogen nanotubes are passivated with functional
groups H and OH, their stability is preserved.

Table 1 presents the values of HOMO-LUMO gaps A
and binding energies

atom | N,

at

(”HE(H)+n0 (0)+nyE(N)- mr) (1)
where E(H), E(O), and E(N) are the energies of isolated H,
O, and N atoms, respectively; n,,, n, and n are the number
of H, O, and N atoms, respectively; N is the total number
of atoms in the system; E, , is the total energy of the system.
The HOMO-LUMO gap of these nanotubes is about 4 eV.
Therefore, such systems can be classified as insulators.
The values of the binding energy of the considered systems are
close to each other. At the same time, nitrogen nanotubes of
type (3,0) possess higher binding energy, which means they
are more thermodynamically stable. The most energetically
beneficial is the passivation of the nanotube boundaries by
the hydrogen atoms.

Finally, to estimate the stored energy in our stable nitrogen
nanotubes, we determine the reaction energy for one atom

AE[G, O)NNT(N,OZ)—>51N]— (51E(N) E,) (2)

Intensity

| | | | |
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Fig. 2. Frequency spectrum of capped nitrogen nanotube
(3,0)NNT(N, ).

102

Table 1. Binding energies (E,) and HOMO-LUMO gaps (A, ) for the
stable nitrogen nanotubes.

Nitrogen nanotube Eb, eV Am_’ eV
(3, O)NNT(N ) 2913 4.34
3, O)NNT(NIOZ) 2.960 4.43

3, 0)NNT(N%H6) 2.996 4.88

(3, O)NNT(N9606H6) 2.976 4.82
(4, O)NNT(NBG) 2.837 3.90

(4, O)NNT(lesHs) 2.893 4.08

(4, O)NNT(N12808H8) 2.880 4.22

is equal to 1.88 eV/atom. This value is comparable with the
calculated energy difference AE[N, — 2N, ] =2 eV/atom [30]
for experimentally synthesized N, [16], which demonstrates
the prospects of using these systems as the high-energy-
density materials.

368



Grishakov et al. / Letters on Materials 9 (3), 2019 pp. 366-369

4. Conclusions

According to the presented calculations, only (3,0) and (4,0)
zigzag nitrogen nanotubes with extremely small diameters
can be stable under ambient conditions. Their stability can
be achieved via the capping or passivation of their ends
by the hydrogen atoms or hydroxyl groups. Among all the
systems considered, the most energetically feasible is the
(3,0) nitrogen nanotube with passivated by hydrogen atoms
ends. It can release a large amount of energy during the
decomposition to isolated nitrogen molecules. We believe
that the obtained results provide a new step toward all-
nitrogen high-energy-density materials.

Acknowledgments. The reported study was funded by RFBR

according to the research project No. 18-32-20139 mol_a_ved.

10.

11.

12.

13.

14.

15.

References

P.C. Samartzis, A. M. Wodtke. Int. Rev. in Phys. Chem. 25
(4), 527 (2006). Crossref

C. Mailhiot, L. H. Yang, A.K. McMahan. Physical Review
B. 46 (22), 14419 (1992). Crossref

M.I.Eremets, A. G. Gavriliuk, N.R. Serebryanaya, I. A. Trojan,
D.A. Dzivenko, R. Boehler, H.K. Mao, R.]. Hemley. The
Journal of Chemical Physics. 121 (22), 11296 (2004). Crossref
M.M.G. Alemany, J.L. Martins. Phys.Rev. B. 68, 024110
(2003). Crossref

W.D. Mattson, D. Sanchez-Portal, S. Chiesa, R. M. Martin.
Phys. Rev. Lett. 93, 125501 (2004). Crossref

E Zahariev, A. Hu, J. Hooper, E. Zhang, T. Woo. Phys. Rev.
B. 72, 214108 (2005). Crossref

A.R. Oganov, C.W. Glass. J. Chem. Phys. 124, 244704
(2006). Crossref

E Zahariev, ]. Hooper, S. Alavi, F. Zhang, T. K. Woo. Phys.
Rev. B. 75, 140101 (R) (2007). Crossref

J. Kotakoski, K. Albe. Phys.Rev. B. 77, 144109 (2008).
Crossref

Y. Ma, A.R. Oganov, Z. Li, Y. Xie, ]. Kotakoski. Physical
Review Letters. 102, 065501 (2009). Crossref

J. Sun, M. Martinez-Canales, D.D. Klug, C.]J. Pickard,
R.]J. Needs. Physical Review Letters. 111, 175502 (2013).
Crossref

A.A. Adeleke, M.]. Greschner, A. Majumdar, B. Wan,
H. Liu, Z. Li, H. Gou, Y.Yao. Physical Review B. 96,
224104 (2017). Crossref

S.V. Bondarchuk, B. Minaev. Phys. Chem. Chem. Phys.
19, 6698 (2017). Crossref

D. Tomasino, M. Kim, J. Smith, C.-S. Yoo. Physical Review
Letters. 113, 205502 (2014). Crossref

T. M. Klapotke. New Nitrogen-Rich High Explosives. In:
High Energy Density Materials. Structure and Bonding.
Vol. 125. Berlin, Springer-Verlag GmbH (2007). p.
85-121. Crossref

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

369

F. Cacase, G. Petris, A. Troiani. Science. 295, 480 (2002).
Crossref

S. Ajith Perera, R.]. Bartlett. Chem. Phys. Lett. 314, 381
(1999). Crossref

W.J. Lauderdale, J.E Stanton, R.]. Bartlett. J. Phys. Chem.
96, 1173 (1992). Crossref

A. Vij, ]. Pavlovich, W. Wilson, V. Vij, K. Christe. Angew.
Chem. Int. Ed. 41, 3051 (2002). Crossref

A. Vij, WW. Wilson, V. Vij, ES. Tham, J.A. Sheehy.
J.Am. Chem. Soc. 123, 6308 (2001). Crossref

K. Christe, W. Wilson, J. Sheehy, J. Boatz. Angew. Chem.
Int. Ed. 38, 2004 (1999). Crossref

M. Schmidt, M. Gordon, J. Boatz. Int.]. Quantum Chem.
76, 434 (2000). Crossref

S. Fau, K.J. Wilson, R.]. Bartlett. J. Phys. Chem. A. 106,
4639 (2002). Crossref

L.J. Wang, P.G. Mezey, M. Z. Zgierski. Chemical Physics
Letters. 391 (4-6), 338 (2004). Crossref

C. Chen, S.-FE Shyu. International Journal of Quantum
Chemistry. 73 (4), 349 (1999). Crossref

M.N. Glukhovtsev, H. Jiao, P. von R. Schleyer. Inorganic
Chemistry. 35 (24), 7124 (1996). Crossref

T.-K. Ha, O. Suleimenov, M. T. Nguyen. Chemical Physics
Letters. 315 (5-6), 327 (1999). Crossref

D.L. Strout. The Journal of Physical Chemistry A. 108
(13), 2555 (2004). Crossref

H. Zhou, N.-B. Wong, G. Zhou, A. Tian. The Journal of
Physical Chemistry A. 110 (10), 3845 (2006). Crossref
M.R. Manaa. Chemical Physics Letters. 331 (2-4), 262
(2000). Crossref

H. Zhou, N.-B. Wong, G. Zhou, A. Tian. The Journal
of Physical Chemistry A. 110 (23), 7441 (2006).
Crossref

H. Zhou, N.-B. Wong, A. Tian. Journal of Molecular
Graphics and Modelling. 25 (4), 578 (2006). Crossref
L.Y. Bruney, T.M. Bledson, D.L. Strout. Inorganic
Chemistry. 42 (24), 8117 (2003). Crossref

P. Slepicka, T. Hubéacek, Z. Kolska, S. Trostova,
N. Slepickové Kasdlkova, L. Bacakova, V. Svoréik. The
Properties and Application of Carbon Nanostructures,
In: Polymer Science. IntechOpen (2013). Crossref

L.S. Ufimtsev, T.]. Martinez. J. Chem. Theory Comput. 5,
2619 (2009). Crossref

A.V.Titov, I.S. Ufimtsev, N. Luehr, T.]. Martinez, J. Chem.
Theory Comput. 9, 213 (2013). Crossref

]. Kastner, J.M. Carr, T.W. Keal, W. Thiel, A. Wander,
P. Sherwood. J. Phys. Chem. A. 113, 11856 (2009).
Crossref

T.P.M. Goumans, C.R. A. Catlow, W. A. Brown, J. Késtner,
P. Sherwood. Phys. Chem. Chem. Phys. 11, 5431 (2009).
Crossref

. C. Lee, W. Yang, R. G. Parr. Phys.Rev. B. 37, 785 (1988).

Crossref
A.D. Becke. J. Chem. Phys. 98, 5648 (1993). Crossref



https://doi.org/10.1080/01442350600879319
https://doi.org/10.1103/physrevb.46.14419
https://doi.org/10.1063/1.1814074
https://doi.org/10.1103/PhysRevB.68.024110
https://doi.org/10.1103/PhysRevLett.93.125501
https://doi.org/10.1103/PhysRevB.72.214108
https://doi.org/10.1063/1.2210932
https://doi.org/10.1103/PhysRevB.75.140101
https://doi.org/10.1103/PhysRevB.77.144109
https://doi.org/10.1103/physrevlett.102.065501
https://doi.org/10.1103/physrevlett.111.175502
https://doi.org/10.1103/physrevb.96.224104
https://doi.org/10.1039/C6CP08723J
https://doi.org/10.1103/physrevlett.113.205502
https://doi.org/10.1007/430_2007_057
https://doi.org/10.1126/science.1067681
https://doi.org/10.1016/S0009-2614(99)01186-0
https://doi.org/10.1021/j100182a029
https://doi.org/10.1002/1521-3773(20020816)41:16<3051::AID-ANIE3051>3.0.CO;2-T
https://doi.org/10.1021/ja010141g
https://doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14<2004::AID-ANIE2004>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1097-461X(2000)76:3<434::AID-QUA12>3.0.CO;2-W
https://doi.org/10.1021/jp015564j
https://doi.org/10.1016/j.cplett.2004.04.114
https://doi.org/10.1002/(sici)1097-461x(1999)73:4<349::aid-qua4>3.0.co;2-j
https://doi.org/10.1021/ic9606237
https://doi.org/10.1016/s0009-2614(99)01271-3
https://doi.org/10.1021/jp0378889
https://doi.org/10.1021/jp056435w
https://doi.org/10.1016/s0009-2614(00)01164-7
https://doi.org/10.1021/jp062214u
https://doi.org/10.1016/j.jmgm.2006.05.009
https://doi.org/10.1021/ic034696j
https://doi.org/10.5772/51062
https://doi.org/10.1021/ct9003004
https://doi.org/10.1021/ct300321a
https://doi.org/10.1021/jp9028968
https://doi.org/10.1039/B816905E
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.464913

