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The nitrogen-rich compounds of C2N10, C6N12, and C6N20 molecules are 
optimized at the (U)B3LYP/6-31G(d) level. Total energies, IR, NMR 
chemical shifts, and equilibrium geometries of C2N10, C6N12, and C6N20 
molecules are calculated. The stabilities of C2N10 and C6N20 molecules 
are discussed. The predicted IR spectra and NMR chemical shifts as well 
as equilibrium geometries of C6N20 molecules are in good agreement 
with available experimental measurements. Particularly, the high-
energy-density nitrogen-rich C6N12 molecule with nonet spin state and 
eight unpaired electrons is determined as the ground state with electronic 
state of 9Ag, reflecting that C6N12 is a high-spin organic magnetism and 
molecular-spin material. Furthermore, the average N-N dissociation 
energy with respect to the removal of N2 molecules from C6N20 
molecules is predicted, which corresponds to single N-N bond energy 
(40 Kcal/mol for the N-N single bond). On the basis of the calculated 
natural populations and natural electron configurations, the charge-
transfer is discussed and N3 chains in C2N10 and C6N20 molecules are 
bound tightly with triple covalent bonds. 

 

 
 

INTRODUCTION* 

The design and synthetic high-energy-density 
nitrogen-rich materials have been extensively 
investigated theoretically and experimentally,1-22 

Nitrogen-rich compounds are expected to release a 
large amount of energy when they are decomposed 
into N2 molecules; therefore, these species are 
potentially promising and interesting recently as 
high-energy-density materials.1,3,6 The pentanitrogen 
cation (N5

+) in bulk compounds has been 
demonstrated to be the feasibility of experimentally 
pursuing polynitrogen-containing materials.2,7 
                                                       
 

Although the cyclic N5
- anion was identified in the 

gas phase, which opened the route to explore 
further pentazole derivatives, suggesting the 
possibility of preparing the N5

+N5
- cluster, the 

synthetic scientists have given up trying to 
synthesize these all-nitrogen compounds because 
the calculated results indicate that they simply are 
too unstable to isolate as solids. The metastable N4 
and N6

.- diazide chain radicals were observed 
experimentally,9.10 and the N4-CH-N5,12 1,2,4,5-
tetrazine-based high-energy density materials 13 
have been investigated theoretically because these 
compounds can  be utilized  as the basis for the 
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preparing the high-energy-density materials. Further-
more, employment of reliable predictive methods can 
help scientists to synthesize, characterize, and 
formulate new candidate energetic molecules and the 
nitrogen compounds.11,18  

Experimental measurements and theoretical 
calculations indicated that cyanuric azide (C3N12) 
is a planar C3h symmetry.21 Moreover, the stepwise 
generations of the corresponding high-spin 
mononitrene, dinitrene, and trinitrene are observed 
by matrix IR and electronic paramagnetic 
resonance spectroscopy (EPRS)2 and septet 
trinitrene was confirmed by EPRS, together with 
the verification by the UB3LYP/6-31G* 
calculations.2 In addition, the synthesis and full 
characterization of an azobis (diazidorizine) C6N20, 
4 BN17, and PN17 5 compounds are reported in that 
these high-nitrogen compounds with N≡N triple 
bond dissociation energy of 945 KJ mol-1 form a 
unique class of energetic materials with very high 
positive heats of formation and the large number of 
inherently energetic N-N and C-N bonds 
contributes to the high heat of formation.5,16 A 
critical property for an effective high-energy-
density material is a high dissociation energy 
barrier, and these compounds, besides being an 
interesting gambit to gain fundamental chemical 
knowledge, are potential candidates as commercial 
high-energy-density materials that may be used as 
explosives, propellants, and fireworks.22  

Nitrogen-rich compounds, which are potential 
high-energy-density materials, have been extensively 
investigated theoretically.7,11,18-21 Accurate 
CCSD(T) calculations show that N5

- anion is a D5h 
geometry,11 lying 14.3 kcal/mol above N3

- + N2 
with an energy barrier of 27.8 kcal/mol for 
dissociation. A variety of all-nitrogen Nn (n=2-14, 
48, 60) compounds have been studied theoretically,19 
however, all-nitrogen compounds are generally 
kinetically unstable.24 The structures and relative 
energies of N5XN5, X2N10 (X=C, N),9,18 M(N5)n

2-

(M= Si, Cr, Mo, and W),23 and WNn 14 as well as 
metal-(N5)n (n=1,2) compounds24,25 have been 
predicted by using density functional methods 
while the high-energy-density materials with 
nitrogen-rich systems containing hydrogen, 
lithium, or aluminum have been reported.26,27 The 
N8H+ molecule, which consists of N5

++HN3, was 
successfully synthesized and calculated at the 
B3LYP/6-31++G** level, barrier heights of the 
synthetic pathway in the forward and reverse 
directions were predicted and the rate constant was 
obtained theoretically.26 The kinetically stable 

nitrogen–rich NnOm (n=4,6; m=1-3) clusters were 
calculated at the CCSD level,28 the heat of formation 
was calculated and the covalent bonded O atom was 
found to stabilize the planar nitrogen rings.  

COMPUTATIONAL DETAILS 

Due to the importance of accurate and reliable 
methods for estimation of density of energetic 
compounds, ab initio methods have been 
developed to predict density of some classes of 
energetic compounds. All calculations are 
performed with the Gaussian 98 program.30 
Geometrical optimizations of C2N10, C6N12, and 
C6N20 systems are carried out at the Becke three-
parameter Lee, Yang and Parr exchange-
correlation functional (B3LYP) level employing 6-
31G(d) basis sets. A systematic investigation of 
C2N10, C6N12, and C6N20 molecules at the 
B3LYP/6-31G(d) level gives general and 
reasonable conclusions. B3LYP/6-31G(d) 
calculation of N2 bond length gives 1.11 Å, which 
is in good agreement with reported experimental 
and theoretical results (1.13Å 31 and 1.10Å 32). 
B3LYP/6-31G(d) method is capable of providing 
results of very satisfactory and reasonable quality 
for the geometries, stabilities, and spectroscopic 
properties of C2N10, C6N12, and C6N20 molecules. 
For each stationary point of each molecule, the 
character (local minimum, transition state, etc) was 
determined by the harmonic vibrational 
frequencies. Vibrational frequencies predicted at 
the B3LYP/6-31G(d) level were scaled by 
0.9614.33 NMR chemical-shifts of carbon atoms in 
the isomers are computed with the Gauge-
Independent Atomic Orbital (GIAO) method34 
after the geometry optimizations are performed at 
the B3LYP/6-311G** level. In addition, the total 
energies of C6N20 and C6N12 isomers (single point 
calculations) are calculated at the (U)MP2/6-
311++G(2d,p)//B3LYP/6-31G(d) level. 

RESULTS AND DISCUSSION 

1. C2N10 isomers 

The 3,6-di(azido)-1,2,4,5-tetrazine C2N10 
molecule has been synthesized.5,8 In order to give a 
systematic investigation of the C2N10 molecule, the 
possible geometries of C2N10 isomers (Figure 1) 
are optimized at the (U)B3LYP/6-31G(d) level. 
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The calculated total energies of the stable isomers 
are presented in Table 1. The bond lengths and the 
natural net populations of the stable geometries are 

labeled in Figure 1, which are in good agreement 
with previous simulated results.7,9

  
 

Table 1 

Total energies and relative energies of C2N10 isomers at the B3LYP/6-31G(d) level.(Units: ET, hartree; ∆E, eV) 

Systems      Cs          C2v           C2v          C2v           Ci            Cs           C2v     
             A1         A2            A3          A4           A5            A6          A7    
ET     -623.5266733  -623.5275719  -623.5248861  -623.5048544  -623.5050678   -623.4839058   -623.490193   

∆E          0.02        0.00          0.07          0.62          0.61            1.19        1.02 
 
 

  
                     Cs    C2N10(A1)                          C2v   C2N10(A2) 

     
                       C2v     C2N10 (A3)                      C2v   C2N10(A4) 

 
                    Ci   C2N10(A5)                                        Cs  C2N10(A6) 

 
C2v   C2N10(A7) 

Fig. 1 – Equilibrium geometries of C2N10 isomers with singlet spin multiplicity. [0.05] represents natural atomic net charge  
while the others represent calculated bond lengths, the numbers which are not in parentheses are bond lengths (Å). 
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For the meta-Diazido-s-tetrazine isomers 
(Figure 1, A1, A2, and A3), Cs and C2v isomers are 
optimized, and total energy of C2v A2 isomer is 
about 0.56 kcal/mol lower than that of Cs isomer. 
Therefore, C2v A2 isomer is more stable than Cs A1 
and C2v A3 isomers. It is found that total energy 
difference between Cs A1 and C2v A2 isomers 
equals to calculated rotational energy barrier of 
N(7)-N(9)-N(11) chain (0.56 kcal/mol). 
Furthermore, the shortest N-N bond lengths in Cs 
A1 and C2v A2 isomers are shown to be triple 
bonds by natural orbital analysis. A1, A2, and A3 
units are the building blocks of the C6N20 isomers, 
which will be discussed later.  

Although the 3,6-di(azido)-1,2,4,5-tetrazine(para) 
C2N10 isomer has been synthesized,5,8 the 
equilibrium geometry of D2h C2N10 isomer is 
considered firstly. The calculated results show that 
the D2h isomer is not a stable structure because 
several imaginary frequencies are found. After 
appropriate distortion of the geometry, the new C2v 
A4 isomer is yielded as a stable geometry (Figure 
1, A4 and A5), and new Ci A5 isomer is yielded 
after rearrangement of the N(8)-N(9)-N12) chain. 
The calculated total energies of C2v A4 and Ci A5 
isomers show that C2v A4 isomer is about 0.13 
kcal/mol higher in total energy than Ci A5 isomer 
which results from the rotation of N(8)-N(9)-N12) 
chain. Therefore, Ci A5 isomer is more stable than 
C2v A4 isomer, which is consistent with the fact 
that only Ci A5 isomer was found in the crystal and 
matches the conformation in the X-ray structure.8 

The calculated geometry parameters of Ci A5 have 
little deviations to the experimental measurements, 
and are in agreement with the experimental results. 

Guided by the above calculated results, two 
new ortho-di(azido)-tetrazine isomers with C2v and 
Cs symmetries are obtained (Figure 1, A6 and A7) 
to be the only stable structures. The difference of 
total energies between C2v and Cs isomers is due to 
rotation of N(7)-N(9)-N(11) chain, calculated 
difference of energy is 3.95 kcal mol-1. The 
shortest N-N bond lengths in N3 chains of Cs 
C2N10 isomer are the same as that of free N2 
molecule23 and experimental value of 1.11 Å in the 
3,6-di(azido)-1,2,4,5-tetrazine(para) isomer.9 
According to calculated natural orbital analysis on 
N3 chains of C2v and Cs isomers, the shortest N-N 
bonds are triple bonds. In addition, the calculated 
geometries are in good agreement with previous 
reported results.9 

On the basis of calculated data shown in Figure 
1, it is easily found that rotation of N(8)-N(9)-N12) 

chain results in the different isomers. However, C2v 
A2 isomer is the most stable isomer. Moreover, 
A1, A2, and A3 isomers with small energy 
difference are obviously stable than others, 
consequently, they are the building block for the 
new high-energy material. 

2. C6N20 isomers 

Three nitrogen-rich compound 4,4’,6,6’-
tetra(azido)azo-1,3,5-triazine (Figure 2) isomers, 
corresponding to a so-called α-isomer and two β-
isomers, have been observed experimentally,5,7 On 
the basis of X-ray experimental results,5,7 the C1 α-
isomer is approximate centric molecular symmetry 
and four N3 chains direct to the direction of azo 
chain. The C(2)-N(1)-N(14)-C(15) and N(4)-C(2)-
N(1)-N(14) dihedral angles of β(1)-isomer (or 
β(2)-isomer) maintaining C1(or Ci) center 
symmetry are 180 (or 180) and 97 (or 135)°, 
respectively (Table 2). Four N3 chains in β(1)-
isomer point to the reverse directions of α-isomer. 
The possible geometries of α-isomer, β(1)-isomer, 
β(2)-isomer, γ-isomer, ε-isomer, and δ-isomer are 
considered theoretically with a trans N(1)=N(14) 
group in azo chain that connects the two separate 
and essentially planar halves of the C2N10 
molecules, which are discussed above. In order to 
characterize the chemical properties of the 
4,4’,6,6’-tetra(azido)azo-1,3,5-triazine and to 
compare with available experimental results, 
several possible C6N20 geometries based on the 
4,4’,6,6’-tetra(azido)azo-1,3,5-triazine are consid-
ered, geometrical optimizations of the possible 
isomers are performed. Furthermore, theoretical 
results show that the isomer with one triazine 
group being perpendicular to other has an 
imaginary frequency and corresponds to the 
transition state. 

The first structure considered is the C2v 
structure based on a cis-azo group, vibrational 
frequencies indicate that the planar C2v C6N20 
isomer is not a local minimum. The optimized new 
C2 isomer, obtained by slightly distorted C2v 
geometry in the direction of the imaginary 
frequency, is found to be a local minimum (Figure 
2). However, C2 isomer has not been observed 
experimentally. This is accord with the fact that its 
total energy is higher than those of the following 
isomers that are based on a twist azo chain, which 
will now be discussed. 
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      C2                                            α-isomer  Ci     

 
            β(1)-isomer  C1                                 β(2)-isomer  Ci       

 
    γ-isomer   C1                                    δ-isomer  C1  

 
                                               ε-isomer    C1                                

Fig. 2 – The equilibrium geometries of the possible C6N20 isomers with singlet spin multiplicity. [0.05] reprints the natural charge; 
azo chain connects two planar halves of C6N20 molecule, the numbers which are not in parentheses are bond lengths (Å). 

 
 

Table 2 

Experimental and calculated C(2)-N(1)-N(14)-C(15) and N(4)-C(2)-N(1)-N(14) dihedral angles for all C6N20 isomers  
at the B3LYP/6-31G(d) level. The experimental results are from Ref. 5 

 α β(1) β(2) γ δ ε 
C(2)-N(1)-N(14)-C(15) 180 180 180 180 180 177 

Exp 178 180 180    
N(4)-C(2)-N(1)-N(14) 134 134 134 134 125 137 

Exp 140 97 135    
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Table 3 

Calculated total energies for different C6N20 isomers by using B3LYP/6-31G(d) method(units: hartree) 

System        C2             α              β(1)           β(2)              γ             δ            
ε 
ET      -1323.3627467   -1323.3705468   -1323.3685197    -1323.3706338     -1323.3696419   -1323.3695771   -
1323.3710794 
 

The structures with a twist azo chain are 
considered. C2h α-isomer with azo chain and two 
triazine groups at the same plane, and Cs isomer 
with azo chain perpendicular to the two planar 
halves of molecules are optimized, which have 
several imaginary frequencies. Furthermore, the 
stable Ci geometry deviates slightly to the initial 
C2h and Cs isomers (Figure 2). The calculated C(2)-
N(1) bond length of the azo chain in Ci α-isomer is 
in good agreement with the available experimental 
results (1.21 and 1.43 Å for N(1)-N(14) and C(2)-
N(1) bond lengths, respectively).35 Furthermore, 
N(10)-N(12) and N(11)-N(13) bond lengths of the 
four N3 chains equal to that of free N2 molecule,23-

25 reflecting that N(10) and N(11) atoms are tightly 
bound to N(12) and N(13) atoms with triple bonds, 
respectively; natural orbital analyses on N3 chains 
of β-isomer and the previous calculated results on 
N8H+ systems24 support this finding. Additionally, 
experimental values of N(10)-N(12) and N(11)-
N(13) bond lengths35 are in good agreement with 
our calculated results.  

C1 β(1)-isomer is observed experimentally. 
However, final optimized C1 geometry is slightly 
distorted from Ci geometry. The difference of total 
energies between β(1)-isomer and α-isomer 
isomers is 1.29 kcal mol-1, in other words, the 
average rotational energy of each N3 chain in C1 
β(1)-isomer is 0.32 kcal mol-1, which is bigger than 
that of C2N10 (A3 or A4) isomer. The calculated 
N(1)-N(14) and N(1)-C(2) bond lengths in azo 
chain of C1 β(1)-isomer deviate slightly to the 
experimental results of 1.20 and 1.45 Å.35 The 
calculated N(11)-N(13) and N(10)-N(12) bond 
lengths equal to that of free N2 molecule,23,24 
reflecting that N(11)-N(13) and N(10)-N(12) 
bonds are formed with triple bonds. N(1)-N(14) 
bond length of C1 β(1)-isomer is shorter than that 
of Ci α-isomer, indicating that the elongated N(1)-
N(14) bond length of Ci α-isomer is resulted from 
the rotations of four N3 chains.  

Ci β(2)-isomer is observed experimentally 5 and 
Ci β(2)-isomer can be seen as the intermediate of 
C1 β(1)-isomer and Ci α-isomer. Total energy of Ci 

β(2)-isomer is about 0.05 and 1.33 kcal mol-1 lower 
than those of Ci α-isomer and Ci β(1)-isomer, 
respectively (Table 3). Therefore, Ci β(2)-isomer is 
more stable than their isomers above. On the basis 
of this finding, one can conclude that the rotational 
numbers of N3 chains of nitrogen-rich C6N20 
isomer affect total energy and N(1)-N(14) bond 
length; The N(10)-N(12) and N(11)-N(13) bond 
lengths in four N3 chains are in good agreement 
with those of available experimental results35 and 
with that of free N2 molecule.24 It obviously shows 
that inherently energetic (10)-N(12) and N(11)-
N(13) bonds in four N3 chains are formed with 
triple bonds. The calculated C(2)N(1)N(14) bond 
angle is equivalent to the experimental result of 
112°.35  

C1 γ-isomer is formed after rearrangement of 
four N3 chains. Specifically, C1 γ-isomer can be 
seen as a new intermediate of Ci α-isomer and C1 
β(1)-isomer forms. Total energy of C1 γ-isomer is 
about 0.71 kcal mol-1 lower than that of β(1)-
isomer. However, C1 γ-isomer is about 0.58 and 
0.62 kcal mol-1 higher in total energy than Ci α-
isomer and Ci β(2)-isomer, respectively; the 
difference of total energies are resulted from the 
rotations of four N3 chains. As can be seen from 
the findings related to the geometries of the 
examined systems, N(1)-N(14) bond lengths of azo 
chain of C1 γ-isomer is the same as that of Ci β(2)-
isomer, the calculated C(2)N(1)N(14) bond angle 
of C1 γ-isomer is in good agreement with those of 
Ci α-isomer and Ci β(2)-isomer. According to 
calculated geometry parameters labeled in Figure 
2, it is obvious that the calculated N-N bond length 
at the separate N3 chains is different each other, 
however, the shortest N-N bond lengths of four N3 
chains are in good agreement with those of the 
experimental results 5 and that of free N2 
molecule.23-25 Unfortunately, no experimental 
observation of this structure is reported. 
Additionally, δ-isomer and ε-isomer are considered 
and optimized also.  

The natural charges of C6N20 isomers are 
calculated, which are labeled in Figure 2, natural 
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populations of C atoms are positive while natural 
populations of N atoms in two triazine groups are 
negative, however, N atoms in the shortest N-N 
bond in N3 chains of C6N20 isomers are positive. 
On the basis of these findings, one notes that 
charges are transferred from C and N atoms 
(forming the shortest N-N bonds) to N atoms of 
triazine groups. Furthermore, charge-transfer in 
four N3 chains is very small because N-N bonds in 
four N3 chains of C6N20 isomers are formed with 
covalent bonds.  

According to the calculated total energies of C2 
isomer, α-isomer, two β-isomers, C1 γ-isomer, δ-
isomer, and ε-isomer (Table 3), the differences of 
total energies are very small. However, ε-isomer is 
lower in total energy than those of β(1)-isomer, α-
isomer, C1 γ-isomer, and δ-isomer. Therefore, ε-
isomer corresponds to the lowest-energy structure.  

3. IR spectra of C6N20 isomers 

The calculated IR frequencies of triazine groups 
in Ci α-isomer are 811.8, 1008.9, 1424.3, and 
1556.0 cm-1 (Table 4), which correspond to 
experimental observations of 823, 1011, 1435, and 
1549 cm-1, respectively.5 Additionally, 
experimental results show that four N3 chains of Ci 
α-isomer have three stretching vibration 
frequencies of 2132, 2155, and 2208 cm-1, 
respectively.5 Comparison of the calculated active 
IR results with the available experimental 
observations shows a slight deviation. 

The IR frequencies of C1 β(1)-isomer and C1 
β(2)-isomer have been reported experimentally,5 
the calculated IR frequencies for triazine groups in 
C1 β(1)-isomer and C1 β(2)-isomer are listed in 
Table 4. The calculated results show that the 
intense frequencies at about 1526.6 and 1549 cm-1 
correspond to the C-N stretching vibrational 
frequency of the triazine groups in C1 β(1)-isomer 
and C1 β(2)-isomer, respectively. The N-N bond 
stretching frequencies of N3 chains in C1 β(1)-
isomer are predicted to be 2205.2, 2216.6, and 
2219.8(inactive) cm-1, respectively; which are 
assigned as 2155 and 2132 cm-1 being shown in 
experimental results.5 Furthermore, 2216.6 cm-1 of 
β(1)-isomer is predicted to be the intense band 
theoretically. As for the stretching vibrational 
frequencies of N3 chains of β(2)-isomer, 
experimental results of 2155 and 2132 cm-1 are 

associated to be the calculated 2217.1 and 2212.3 
cm-1, respectively. On the whole, the ranges of the 
calculated values of IR spectra are in good 
agreement with the available experimental results.5   

The IR frequencies of γ-isomer, δ-isomer, and 
ε-isomer are calculated at the B3LYP/6-31G(d) 
level. According to the calculated results listed at 
Table 4, the calculated results show that C-N 
stretching vibrations of triazine of the isomers are 
about 1504-1551 cm-1, corresponding to the intense 
bands of IR spectra. In addition, N3 groups of the 
isomers generate the intense IR spectra peak of 
about 2211 cm-1.  

4. NMR chemical shifts of the C6N20 isomers 

In order to calculate NMR chemical shifts of 
C(2), C(5) and C(6) atoms in C6N20 isomers, 
geometries of C6N20 isomers are reoptimized at the 
B3LYP/6-311G** level. The calculated results are 
listed at Table 5. For C2 isomer, NMR chemical 
shifts are predicted as 181.6, 178.8, and 177.2 ppm 
(Table 5), respectively. The experimental α-isomer 
geometry has center symmetry, therefore, two 
NMR peaks are observed experimentally.5 
However, our optimized α-isomer geometry with 
Ci symmetry deviates to the high-symmetry 
experimental result; consequently, three NMR 
chemical shifts are found theoretically. The 
calculated NMR chemical shifts for C(2), C(5), 
and C(6) atoms in Ci α-isomer compare well with 
the experimental values of 176.4 and 173.7 ppm. 
The calculated NMR chemical shifts for C(2), 
C(5), and C(6) atoms in β(1)-isomer are predicted 
to be 184.35, 178.77, and 177.20 ppm, 
respectively; the calculated NMR chemical shifts 
of C(2) and C(6) atoms are assigned as the 
experimental observed 176.4 and 173.7 ppm, 
respectively (Table 5), which is in good agreement 
with experimental measurements of NMR values. 
However, the calculated NMR chemical shifts of 
C(2), C(5), and C(6) atoms of β(2)-isomer are 
182.97, 178.94, and 178.48 ppm, respectively; two 
NMR chemical shifts of C atoms of C1 β(1)-isomer 
should correspond to experimental measurements 
of 176.4 and 173.7 ppm, respectively. NMR 
chemical shifts of δ-isomer and ε-isomer are 
calculated also, unfortunately, no available 
experimental results are reported up to now.  
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Table 4 

Comparison of experimental observed IR data (cm-1) with intensities and calculated data for various geometries of 4,4’,6,6’-
tetra(azido)azo-1,3,5-triazine and experimental results are from Ref 5 

Exp calculated results 
 α β(1) β(2) γ δ ε 

2208(s)    2216.0(s) 2216.5(s) 2218.2(s) 
2155(s) 2215.3(w) 2216.6(s) 2217.1(m) 2211.89s) 2212.1(s) 2212.4(s) 
2132(s) 2213.6(s) 2205.2(w) 2212.3(s) 2205.5(m) 2205.3(s) 2211.6(s) 
1549(s) 1556.0(s) 1525.1(s) 1544.3(s) 1551.2(s) 1542.7(s) 1504.6(s) 
1521(s) 1487.1(m) 1514.8(s) 1498.4(s) 1528.1(s) 1528.7(s) 1504.6(s) 
1435(s) 1424.3(w) 1423.5(m) 1424.1(m) 1427.2 (s) 1424.9(s) 1428.0(m) 
1161(s) 1191.8(w) 1209.9(w) 1188.9(w) 1191.9(m) 1187.0(s) 1187.9(s) 
1011(s) 1008.9(w) 994.0(w) 993.9(w) 1008.1(m) 1001.5(s) 1011.2(s) 
823(s) 811.8(w) 812.1(w) 812.2(w) 811.8(m) 812.2(s) 803.2(s) 

where (s), (w), and (m) represent strong, weak, and moderate in intensities, respectively.  Unit: cm-1 
 

Table 5 

NMR chemical shifts of C atoms in C6N20 isomers. The experimental results are from Ref. 5 

Systems          C2       α       β(1)     β(2)    γ     δ      ε    exp 
 C(2)            178     182      184     183    180   183   180   176                             
 C(5)            182     180      179     179    178   177   177 
 C(6)            177     178      177     179    176   175   177   174 

Unit: ppm for NMR chemical shifts of C atoms.  
 

5. C6N12 isomer 

The previous experimental results shown that 
generation of 2,4,6-trinitreno-1,3,5-triazine upon 
the photolysis of 2,4,6-triazido-1,3,5-triazine is 
observed, the 2,4,6-trinitreno-1,3,5-triazine with a 
septet ground state is confirmed by experimental 
and theoretical methods.2 On the basis of the 
finding on the 2,4,6-trinitreno-1,3,5-triazine, one 
infers that generation of new C6N12 isomer with 
high spin configuration (Figure 3) from the 
nitrogen-rich 4,4’,6,6’-tetra(azido)azo-1,3,5-
triazine compound is possible. Consequently, 
C6N12 isomer is designed upon release of four N2 
molecules from C6N20 isomers. Specifically, the 
C(2)-N(1)-N(10) chain connecting two separate 
planar halves of molecules is found. The calculated 
total energies of Ci C6N12 isomer with S=0, 1, 2, 3, 
and 4 are -885.0428513, -885.0860792, -
885.128507684, -885.1169015, and -885.1590433 
hartrees, respectively. Unfortunately, geometry 
optimization on C6N12 isomer with S=5 turns out to 
be an unstable structure. Furthermore, spin density 
is not influenced by the spin and stabilities are 
generally increased as spin S goes from 0 to 4. The 
large energy gap between 9Ag and 7Ag states is 
26.47 kcal mol-1, which is bigger than 19.18 kcal 
mol-1 of the energy gap between 9Ag and 5Ag states, 
B3LYP method can be used for the cluster with the 
larger gaps between nearest spin states. Natural 
electron configurations of N(8), N(9), N18), and 
N(17) atoms are 2s0.872p2.47 and 2s0.852p0.79 for 

respective α-spin and β-spin orbitals, obviously 
indicating that there are two unpaired electrons at 
each of N(8), N(9), N(17), and N(18) atoms; and 
electronic state of Ci C6N12 isomer is 
ag

2au
1ag

1au
1ag

1au
1ag

1au
1ag

1, indicating that there are 
totally eight unpaired electrons. On the basis of 
calculated total energies and analyses above, C6N12 
isomer with nonet spin state is selected as ground 
state. Computational results predict that C6N12 
isomer has high-spin ground state with large nonet-
septet and nonet-quintet energy gaps; Furthermore, 
Ci C6N12 isomer with nonet spin state is perhaps 
the largest number of unpaired spin for a molecule 
among organic open shell species. On ground of 
equilibrium geometry of C6N12 isomer, N(1)-N(10) 
and C(2)-N(1) bond lengths in azo chain are in 
good agreement with those of β(1)-isomer. Thus, 
the removed four N2 molecules from N3 chains do 
not influence bond lengths of azo chain seriously. 
One infers that C6N12 isomer is a high-spin organic 
magnetism and molecular-spin material. 

The natural populations of C6N12 isomer are 
calculated. On the basis of natural charges of C6N12 
isomer, the charges in Ci C6N12 isomer are transferred 
from C atoms to N atoms. The charge-transfer 
between carbon and nitrogen atoms in triazine groups 
of Ci C6N12 isomer is bigger than that of C(5) and 
N(7) atoms. Furthermore, the charge-transfer 
between C(5) and N(7) atoms in high-spin Ci C6N12 
molecule is smaller than those of C(5) and N(8) 
atoms in C6N20 isomers.  
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C6N12    Ci   

Fig. 3 – The equilibrium geometries of the most stable C6N12 molecule with nonet spin configuration. [0.01] reprints the natural 
charge,the numbers which are not in parentheses are bond lengths (Å); the azo chain connects two planar halves of C6N12 molecule. 

 
According to the description of Ci C6N12 

formation above, Ci C6N12 isomer is yielded with 
the aid of dissociations of four N2 molecules from 
N3 chains of C6N20 molecule. In a further series of 
investigations, we evaluate average C6N20 
fragmentation energy with respect to the removal 
of four N2 molecules, defined according to the 
formula.36,37  

4
)N(CE - )N(CE + )(NE 4 206T126T2T=bE  

where ET(N2), ET(C6N12), and ET(C6N20) represent 
the total energies of the most stable N2, C6N12, and 
C6N20 molecules, respectively; the corresponding 
values at the (U)MP2/6-31++G(2d,p)//(U)B3LYP/ 
6-31G(d) level are -109.3229503, -883.1255464, 
and -1320.6429282 hartrees, respectively. Eb is the 
average dissociation energy with respect to the 
removal of one of four N2 molecules. Thus, the 
average dissociation energy with respect to the 
removal of one of the four N2 molecules at the 
(U)MP2/6-31++G(2d,p)//(U)B3LYP/6-31G(d) level 
is predicted to be 35.42 kcal mol-1, which is 
comparable with single N-N bond energy (about 
43 kcal mol-1),20 the average N-N dissociation 
energy gives a certification that N(8)-N(10) bond 
in N3 chains is a single bond. N(10) atom of N3 
chains has four covalent bonds: one of four 
covalent bonds is bound to N(10) atom, others are 
bound tightly to N(12) atom with shortest N-N 
bond lengths as discussed above.  

CONCLUSIONS 

C2N10, C6N12, and C6N20 isomers are 
investigated at the (U)B3LYP/6-31G(d) level. 
Total energies, natural populations, and 
equilibrium geometries of C2N10, C6N12, and C6N20 
isomers are calculated. The natural charges of the 
most stable C2N10, C6N20 and C6N12 isomers are 
calculated and discussed. The optimized 

geometries on the possible C6N20 isomers show the 
twist azo chain in C6N20 isomers connecting the 
separate planar halves of C2N10 molecule, which is 
confirmed by experimental results.13 Natural orbital 
analysis of four N3 chains of C2N10 and C6N20 
isomers exhibit that the shortest N-N bonds are the 
triple covalent bonds. The NMR chemical shifts 
and IR frequencies of the possible C6N20 isomers 
are calculated and discussed, which are in good 
agreement with experimental observations.  

The new C6N12 isomer with a twist azo chain 
connecting the two separate planar halves of 
molecule is formed by releasing of four N2 
molecules from N3 chains of C6N20 isomers, the 
average dissociation energy of C6N12 isomer at the 
(U)MP2/6-31++G(2d,p)//(U)B3LYP/6-31G(d) 
level is predicted, which is comparable with the 
single N-N bond energy. Theoretical results 
indicate that each of four N atoms in C6N12 isomer, 
which does not localize at two triazine rings of 
C6N12 isomer, has two unpaired electrons. In 
addition, C6N12 isomer with nonet spin state is 
confirmed as the ground state, the electronic state 
is predicted to be 9Ag.  
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