#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

PAPER

A new chemical compound with an unusual ratio of
number of carbon and nitrogen atoms — C(N5,):
quantum-chemical modellingf
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Based on the results of a quantum chemical calculation using the DFT B3PW91/TZVP, MP2/TZVP and MP3/
TZVP levels, the possibility of the existence of carbon-nitrogen compounds having the unusual
carbon : nitrogen ratio 1: 12, which is unknown for these elements at present, was shown. Data on the
structural parameters are presented; it was shown that all CN4 groupings are strictly planar. In addition,

the bond lengths formed by nitrogen atoms and a C atom are equal to each other, and the bond angles
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Thermodynamical parameters, NBO analysis data and HOMO/LUMO images for this compound are

DOI-10.1039/d1ra075499 presented, too. Good agreement was found between the calculated data obtained using the above three
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Introduction

Carbon and nitrogen form among themselves a very significant
number of chemical compounds - both neutral and cations and
anions." Among neutral compounds containing atoms of only
these two elements, cyanogens C,N, (dicyan N=C-C=N, iso-
cyanogen C=N-C=N), diisocyanogen C=N-N=C), para-
cyanogen - a cyanogen polymer (NCCN),,, paraisocyanogen — an
isocyanogen polymer, (CNCN),,>* percyanoalkynes, -alkenes
and -alkanes,>™ dinitrilopolyynes, perazidoalkynes, -alkenes
and -alkanes,'®"” percyanoheterocycles,'® of which in total there
are at least several dozen." At the end of the 20th - beginning of
the 21st centuries, in connection with the discovery of fuller-
enes, numerous derivatives of them were added to this list,
which can be subdivided into two categories — cyanofullerens
that are a class of modified fullerenes in which cyano-groups are
attached to a fullerene skeleton with the Cg4(CN),,, formula (n =
1-9), and azafullerenes that are a class of heterofullerenes in
which the element substituting for carbon is nitrogen, f.e.
bis(aza[60]fullerenyl (CsoN),, diaza[60]fullerene CsgN,, triaza
[60]fullerene Cs,N; and dodecaaza[60]fullerene C,gN;,."*>* Tri-
carbon tetranitride or simply carbon nitride C3;N,, first
described 100 years ago in ref. 25 and considered in more detail

in a number of other works, in particular**** and review
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articles,*¢ stands apart from this background. The carbon-
: nitrogen ratio in these compounds varies from 69:1 in
diheterofullerene (CeoN), to 1:12 in tetraazidomethane
C(N3),.7*¢ Since a carbon atom is capable of forming four bonds
with a maximum of four neighboring atoms, and a nitrogen
atom - with three atoms, then for compounds of the above
types, a ratio of 1:12 seems to be extremely possible. Never-
theless, the indicated ratio C : N = 1 : 12 can also be realized in
another compound, which is an isomer of tetraazidomethane,
but which, as far as is known, has not yet been considered in the
literature  even  theoretically, namely in (dodeca-
azacyclododecantetraene-1,4,7,10)carbon(iv) C(N;,) having the
structural formula (¥)

N=N
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— " ~

N
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In this connection, the given communication is devoted to
the consideration of the question of the possibility of its exis-
tence and, in the case of a positive conclusion, to the determi-
nation of the parameters of its molecular structure and
thermodynamic characteristics using various modern
quantum-chemical methods of calculation, and namely, the
density functional theory (DFT), MP2 and MP3 methods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Method

To carry out the quantum-chemical calculation, in this work we
used the density functional theory (DFT), which combines the
standard extended split valence basis set TZVP and the hybrid
functional B3PW91, described in detail in ref. 37-39 and used
by us, in particular, in ref. 40-42. The use of the B3PW91/TZVP

RSC Advances
method, in this case, is because, according to,*”** it allows one
to obtain, as a rule, the most accurate (i.e., close to experi-
mental) values of the geometric parameters of molecular
structures, as well as much more accurate values of thermody-
namic and other physical-chemical parameters in comparison
with other variants of the DFT method.

Table 1 Bond lengths and bond angles in the CN;, calculated by and DFT B3PW91/TZVP, MP2/TZVP and MP3/TZVP methods

Calculated by

Structural parameter DFT B3PW91/TZVP MP2/TZVP MP3/TZVP
Carbon-nitrogen bond lengths in the CN, node, pm

CIN1 149.7 151.0 148.6
C1N4 149.7 151.0 148.6
C1N7 149.7 151.0 148.6
C1N10 149.7 151.0 148.6
Nitrogen-nitrogen bond lengths in macrocycle, pm

N1N2 132.1 132.4 133.0
N2N3 129.1 133.0 128.6
N3N4 132.1 132.4 133.0
N4N5 132.1 132.4 133.0
N5N6 129.1 133.0 128.6
N6N7 132.1 132.4 133.0
N7N8 132.1 132.4 133.0
N8N9 129.1 133.0 128.6
NON10 132.1 132.4 133.0
N10N11 132.1 132.4 133.0
N11N12 129.1 133.0 128.6
N12N1 132.1 132.4 133.0
Bond angles in the CN, node, deg

N1C1N4 90.0 90.2 90.3
N4C1N7 90.0 90.2 90.3
N7C1N10 90.0 90.1 90.3
N10C1N1 90.0 90.1 90.3
Bond angles sum (BAS), deg 360.0 360.6 361.2
Non-bond angles in the CN, node, deg

N1N4N7 89.9 89.7 89.5
N4N7N10 89.9 89.7 89.5
N7N10N1 89.9 89.7 89.5
N10N1N4 89.9 89.7 89.5
Non-bond angles sum (NBAS), deg 359.6 358.8 358.0
Bond angles in 5-membered cycles, deg

C1N1IN2 116.7 117.1 116.8
N1N2N3 108.3 107.8 108.0
N2N3N4 108.3 107.8 108.0
N3N4C1 116.7 1171 116.9
C1N4N5 116.7 117.1 116.8
N4N5N6 108.3 107.8 108.0
N5SN6N7 108.3 107.8 108.0
N6N7C1 116.7 1171 116.9
C1N7N8 116.7 117.1 116.8
N7N8N9 108.3 107.8 108.0
N8SNON10 108.3 107.8 108.0
NION10C1 116.7 117.1 116.9
C1N10N11 116.7 117.1 116.8
N10N11N12 108.3 107.8 108.0
N11N12N1 108.3 107.8 108.0
N12N1C1 116.7 117.1 116.9
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The calculations were carried out using the Gaussian09
program package.”® As in our previous articles, in which this
method of calculation was used,*** the correspondence of the
found stationary points to the energy minima in all cases was
proved by calculating the second derivatives of the energy to the
coordinates of the atoms; wherein, all equilibrium structures
corresponding to the minimum points on the potential energy
surfaces had only real (and, moreover, always positive) frequency
values. Of the optimized structures for further consideration, the
one with the lowest total energy was selected. Natural Bond
Orbital (NBO) analysis was carried out, using NBO version 3.1,
integrated with Gaussian09 program package®® according to the
methodology described in detail.** NBO methods are well known
for excellent numerical stability and the convergence with respect
to basis set expansion, sensibly proportionate to convergence of
energy and other calculated wavefunction properties (unlike
Mulliken analysis and related overlap-dependent methods in this
case). Since the C(N;,) structure maybe not trivial, a nontrivial
electron density distribution in it is quite possible. As it is well
known, the DFT methods when calculating structures with
a nontrivial distribution of electron density in some cases can
lead to an incorrect order of orbitals and even an incorrect
molecular structure. To exclude such a possibility, we decided to
carry out the calculation by other ab initio quantum chemical
methods, too. However, unfortunately, it was not possible to
complete the calculation with such methods with a stricter
account of electronic correlation as CCSD and QCISD due to high
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computational costs. That is why, in addition to the calculation
by the DFT B3PW91/TZVP method, as an alternative, we used
perturbation theory methods,” namely MP2 (ref. 46) and MP3
(ref. 47) in the combination with the extended split valence TZVP
basis set, the each of which is noticeably less computationally
intensive than the CCSD and QCISD methods. At the moment, it
was also not possible to complete the calculation using the MP4
method, since in terms of computational complexity it is
comparable to the CCSD method. The standard thermodynamic
parameters of formation (AHY 505, Sf205 and AGY,eg) for the C(Nj,)
compound under examination were calculated using the G4
method described in ref. 48.

Results and discussion

According to the data of each of the three above-mentioned
methods of quantum-chemical calculation, a chemical
compound of the composition C(N;,) is capable of independent
existence. The lengths of chemical bonds between atoms and
bond angles for this chemical compound calculated by
B3PW91/TZVP, MP2/TZVP and MP3/TZVP methods, were pre-
sented in Table 1. As it can be seen from these data, all three
methods give very close values of these key parameters of
molecular structures, in connection with which it seems
appropriate to discuss them together.

It is well known that in all those cases when a carbon atom is
bonded to four other atoms through single bonds, a tetrahedral

a

b

Fig.1 Molecular structures of the C(N;,) compound obtained as a result of DFT B3PW91/TZVP quantum-chemical calculation: (a) front view, (b)

side view.
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Table 2 NBO analysis data for the C(Ny,) calculated by DFT B3PW91/TZVP, MP2/TZVP and MP3/TZVP methods

Effective charge on atom, in units of electron charge (e)

Calculation method c1 N1 (N4) N7 (N10) N2 (N6) N3 (N5) N8 (N12) N9 (N11)
B3PW91/TZVP 0.2014 —0.0680 —0.0680 0.0089 0.0088 0.0088 0.0089
MP2/TZVP 0.3575 —0.1366 —0.1366 0.0237 0.0236 0.0235 0.0236
MP3/TZVP 0.4080 —0.1607 —0.1607 0.0294 0.0293 0.0293 0.0293

or close to it coordination of these same atoms relative to the
carbon atom occurs. Taking this into account, one would expect
that in the compound C(N;,) with the above structural formula
(*), the nitrogen atoms bound to the C atom by single bonds
should be located at the vertices of a regular tetrahedron or
a polyhedron close to it. However, the calculation of the
molecular structure of C(Nj,), using each of these three
quantum chemical methods, indicates that the group of four
nitrogen atoms bonded to a carbon atom is practically flat [the
sum of angles (N1N4N7), (N4N7N10), (N7N10N1) and
(N10N1N4) differ from 360° by no more than 2.0°]. What is even
more remarkable, the grouping of CN, atoms also turns out to
be practically flat [the sum of angles (N1C1N4), (N4C1N7),
(N7C1N10) and (N10C1N1) also differs from 360° by no more
than 1.2°] (Table 1). 5-Membered rings containing four nitrogen
atoms and a carbon atom as a kind of “central atom” are also
strictly planar since the sum of the internal bond angles in each

of them are the same and within the framework of each of the
above calculation methods are 540.0°, that coincides with the
sum of the interior angles in a flat pentagon (540°). Taking all
this into account, it can be argued that the considered
compound of carbon with nitrogen, according to the data of
each of the quantum-chemical methods used by us, as a whole,
has a molecular structure very close to coplanar. Each of the
three quantum-chemical calculation methods used by us gives
the same lengths of all four carbon-nitrogen bonds taking place
in this compound, although, depending on the method, they
differ slightly from each other (Table 1). As for the 12 chemical
bonds formed by nitrogen atoms, they are subdivided within
each of these methods into two groups containing four and
eight bonds, respectively, with the same lengths within each of
these groups. Wherein, for the molecular structures obtained by
the DFT B3PWO91/TZVP and MP3/TZVP methods, the bond
lengths in the group of four bonds are shorter than the bond

B3PW91/TZVP

MP2/TZVP

MP3/TZVP

LUMO (-3.897)

LUMO (-0.213)

LUMO (0.383)

HOMO (-8.005)

HOMO (-11.247)

HOMO (-11.259)

Fig.2 The images of highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals in the C(Ny,) (ground state — spin singlet, Mg
=1) according to DFT B3PW91/TZVP, MP2/TZVP and MP3/TZVP methods. The energies values of these molecular orbitals (in brackets) are given

ineV.
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Table 3 Standard thermodynamic parameters of formation (AH?»0s, SP20s and AGPsgs) for C(N1,) calculated by B3PW91/TZVP and G4 methods

Calculation method AH‘azgg, kJ mol™*

nggg, Jmol™ K AG?,Z%, kJ mol™*

B3PW91/TZVP 1614.8
G4 1581.5

lengths in the group of eight bonds, while for the molecular
structure obtained by the MP2/TZVP method, the opposite ratio
occurs (Table 1). On the whole, the molecular structures of this
compound obtained by these three methods show almost
complete similarity with each other; an example of such
a structure is shown in Fig. 1. The values of the dipole electric
moment for this compound calculated using the each of DFT
B3PW91/TZVP, MP2/TZVP and MP3/TZVP method, is practically
no different from 0.00 Debye units, that, taking into account the
practically coplanar structure of C(Nj,) obtained by each of
these methods, seems to be quite expected.

Key data of NBO analysis and, namely, the values of effective
charges on carbon atom and nitrogen atoms for macrocyclic
compound under study obtained by DFT B3PW91/TZVP, MP2/
TZVP and MP3/TZVP methods, are presented in Table 2.

As can be seen from these data, the values of the effective
charges on individual atoms calculated by the above methods
differ quite noticeably from each other, that seems quite natural
because these methods take into account electron correlation in
different ways. More reliable, in our opinion, are the values
obtained using the DFT B3PW91/TZVP method. Howbeit, these
values according to their module were considerably lesser than
+4.000e (for C1 atom) and —1.000e (for N1, N4, N7 and N10
atoms connected with C1 atom by the chemical bonds) which
would be in that case if all chemical bonds between C and N
atoms would be ionic. This fact indicates that the compound
under study has a very high degree of delocalization of the
electron density.

The ground state of this compound is a spin singlet (Mg = 1),
and the values of the operator of the square of the proper
angular momentum of the total spin of the system <S**2> in the
framework of each of these methods are equal to 0. In addition,
according to calculation data, the nearest excited state, which
has a different Mg value, namely the spin triplet (Ms = 3), is
363.7 k] mol™" higher than the ground state (according to the
G4 method). It should be noted, that testing the wave functions
of the ground state for stability using the standard STABLE =

378.1
374.3

1842.2
1810.1

OPT procedure showed that the ground state wave function at
Ms = 1 is stable under the considered perturbations.

The images of the highest occupied and lowest vacant
(unoccupied) molecular orbitals (HOMO and LUMO, respec-
tively) obtained by each of these three calculation methods are
presented in Fig. 2. As you can see from it, LUMO forms ob-
tained by each of these three methods, are practically identical
to each other; in this case, the electron density in the MO data is
concentrated on the peripheral nitrogen atoms, while it is
practically absent on the C1 carbon atom. As to HOMO, the
above similarities are noted only for orbitals obtained by DFT
B3PW91/TZVP and MP3/TZVP methods whereas HOMO ob-
tained by MP2/TZVP method, has another form (Fig. 2). Despite
this, the energies of these MOs obtained by the DFT B3PW91/
TZVP and MP2/TZVP and MP3/TZVP methods differ quite
significantly (Fig. 2).

The standard thermodynamic parameters of formation
(AHP 508, Sf20s and AGf,g) for the chemical compound under
examination were given in Table 3. As may be seen from it, all
these parameters are positive, and, therefore, this compound,
as it should be expected, cannot be obtained from the most
thermodynamically stable simple substances formed by carbon
and nitrogen (i.e., graphite and molecular nitrogen N,).

It is of some interest to consider the reaction of the inter-
action of C(N;,) with molecular oxygen, which proceeds in the
gas phase according to the eqn (1)

C(N)2) (gas) + O, (gas) — CO; (gas) + 6N, (gas) (1)

and the reaction of decomposition of this compound
according to the eqn (2)

C(Nj,) (gas) — C (diamond) + 6N, (gas) (2)

Standard thermodynamical parameters for these reactions
AH3os and 4,89 are presented in the Table 4. As may be seen
from these data, the reaction of the interaction of the C(Nj,)
compound under consideration with molecular oxygen, on the

Table 4 Standard enthalpies (4,H%g) and standard entropies (4,5%9g) of the reactions (1) and (2) obtained from B3PW91/TZVP and G4 methods

Reaction

C(Ny,) (gas) + O, (gas) — CO, (gas) + 6N,

(gas) C(N;,) (gas) — C (diamond) + 6N, (gas)
Calculation method AHbos, K] 4,859, J K1 AHes, k] A,8%05, JK !
B3PW91/TZVP —1806.8 788.0 —1613.0 823.7
G4 —1984.8 798.2 —1579.7 827.5
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one hand, is strongly exothermic, since the 4.Hys values for it
are negative, and they themselves are very significant in
modulus (~2000 kJ) within the framework of each of the
calculation methods we used. On the other hand, the value of
4,85 is positive for it, and in accordance with the well-known
Gibbs - Helmholtz eqn (3)

4,GUT) = 4, H%;s — T4,S%s 3)

the 4,.G°(T) value for it will be negative at any temperature,
which in turn means that the process described by eqn (1) is
irreversible. In this regard, it is interesting to note that a similar
situation takes place for reaction (2) (Table 4), which, in prin-
ciple, can be used to obtain an allotropic modification of carbon
-adiamond in the framework of the isobaric process. And since
the reaction (2) indicated in the article proceeds in the gas
phase [in any case, the initial substance in it is C(N;,) (gas)],
then we can assume with sufficient confidence that the energy
barrier to the activation of this reaction will not be too big and it
will not be kinetically inhibited, which means that it can be
realized within a reasonable time.

A priori, one would expect that the C(N;;) compound
considered in our article would be more stable than its isomeric
compound, tetraazidomethane C(Nj),, described in ref. 16,
since, as is known from organic and coordination chemistry,
with the same composition of substances, as a rule, those that
have a cyclic structure are more stable. Our calculation of the
above parameters using the DFT B3PW91/TZVP method gave
the values 4Hf 05 = 1350.5 and AG?,05 = 1550.3 k] mol ', using
the G4 method, the values AHf,0s = 1293.0 and AGf,es =
1490.6 k] mol ™~ *. Comparing this data with the data in Table 3, it
can be found that, in the case of the first of these methods, the
difference in the values of AH{ 5 is 265.3 k] mol ™", in the case
of the second one, 288.5 k] mol ', i.e. tetraazidomethane C(N;),
turns out to be a somewhat more stable compound than
(dodecaazacyclododecantetraene-1,4,7,10)carbon(iv) C(Ny).
These differences, in our opinion, are not very significant, so
this circumstance in no way disproves the possibility of
obtaining C(N;,) as a result of any chemical reaction (and,
possibly, result of isomerization of
tetraazidomethane).

even as a

Conclusion

So, the data obtained using three different methods of
quantum-chemical calculation, namely DFT B3PW91/TZVP,
MP2/TZVP and MP3/TZVP methods, presented above, unam-
biguously predict the possibility of the existence of a new, so far
unknown in chemical science, MACROTHETRACYCLIC
compound of carbon with nitrogen composition C(Ny,). Which,
on the one hand, is characterized by an unusual (and so far the
highest) ratio between the number of nitrogen atoms and the
number of carbon atoms (12 : 1), on the other hand, it has an
almost planar molecular structure. Wherein, the latter circum-
stance is also unusual, since it has long been well known that in
those compounds where a carbon atom is bonded to four other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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atoms through single chemical bonds, tetrahedral or close
coordination of these atoms with respect to the carbon atom
takes place. The noted results of quantum-chemical calcula-
tions, in our opinion, give all the grounds for a more careful
study of such an unusual macrocyclic compound, and now it
should confirm its existence experimentally since its synthesis
can be important for the further development of physical
chemistry and chemical technology of both these chemical
elements. Playing a very important role in nature. Predicting the
possibility of the existence of such an exotic chemical substance
and modelling its molecular and electronic structures using
modern quantum-chemical calculations, as it seems to us, can
serve as a very useful tool in the decision of the problems
associated with this synthesis.
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