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Abstract 
In the paper, we aim to show N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine 
(HM-I) as explosive material that satisfies requirements of sensitivity and hy-
drolytically stability. The influence of nitro group substitutions on the thermal 
and chemical stability as well as the explosive performance of HM-I is also 
investigated. We found that nitro group substitution to the triazole ring of 
HM-I can significantly improve the properties of this new material. Only 
-NH2 substitution position (but not their number) in the core molecule is ap-
propriate to increase the stability and improve explosive performances of 
HM-I. 
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1. Introduction 

Recently, the research has been carried out into the synthesis of new energetic 
materials aiming to couple high density with high energy. The detonation pres-
sure approaching kilo bars (kbar), a specific impulse and/or enhanced stability, 
and insensitivity to such stimuli as impact, friction, and electrostatic discharge 
should also be considered [1]. Additionally, energetic materials could not be 
quite sensitive and hydrolytically unstable. Hence, the research is in progress 
worldwide searching for explosives with the combination of properties such as 
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safety, reliability, stability, cost-efficiency and eco-friendliness. For the synthesis 
of thermally stable explosives, nitro compounds have received special attention 
because of their ability to withstand high temperatures and the low pressures 
encountered in space environments [2]. Currently, general approaches influen-
cing the thermal stability of explosive molecules are very well known [3] [4]. 
These approaches are the following: 

1) Introduction of amino groups; 
2) Condensation with a triazole ring; 
3) Salt formation; 
4) Introduction of conjugation. 
Many studies are performed to better understand the effect of the introduc-

tion of amino groups to various compounds, e.g. 1,3,5-trinitrobenzene, 1,3- 
diamino-2,4,6-trinitrobenzene and etc. [5] [6] [7]. Based on these studies, it was 
concluded that the introduction of an amino (-NH2) group (in the ortho posi-
tion) into a benzene ring already having a nitro (-NO2) group enhanced the 
thermal stability of explosives. On the other hand, the new explosives containing 
amino groups as well as conjugation were synthesized and investigated [8] [9] 
[10]. Some of these new materials have the distinction of being the most ther-
mally stable explosive reported so far in comparison to well-known thermally 
stable explosives. 

Referring to the above studies, we modeled N-(2,4,6-trinitrophenyl)-1H-1,2,4- 
triazol-3-amine molecule and performed theoretical investigations of it aiming to 
clear the influence of the nitro group and its position to both the stability, optical 
and hazardous properties. It must be emphasized that our general aim was to de-
sign and synthesize new energetic materials.  

2. Methods of Investigations 
2.1. Synthesis and Experiment 

The reagents used in the study were provided by “Sigma-Aldrich, Fluka and 
Merck”. Melting temperature of the materials under study was measured by 
MELT-TEMP apparatus. The reaction steps and the final materials homogeneity 
were controlled by the thin-layer chromatography (PSL) method and silica gel 
on aluminum base plate (Merck). 

The IR spectra were measured on KBr matrix by Perkin-Elmer spectrophoto-
meter (FT-IR Spectrum BX II).  

An LC-MS investigation was performed by Agilent technologies 6246 apparatus. 
The general synthesis scheme is presented in Figure 1. 

2.2. Quantum Chemical Investigations 

The structure of the molecules and their fragments under study were investigated 
by the density functional approach (DFT). We applied Becke’s three-parameter 
hybrid functional applying the non-local correlation provided by Lee, Yang, and 
Parr (B3LYP) [11], a representative standard DFT method [12]. The cc-pVTZ 
basis set was also applied [13]. The approach was chosen taking into account 



J. Tamuliene et al. 
 

127 

 
Figure 1. The general synthesis scheme of N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine 
(HM-1) starting from 4-fluoronitrobenzene or 4-nitroanisole. 

 
sufficient accuracy and comparably less computing time.  

To obtain the most probable structure of the molecules, the Berny optimiza-
tion was performed without any symmetry constraint of several different initial 
geometrical structures of the molecules with the same chemical compositions. 
The method we used enabled us to find the most stable geometrical structure. 
We also computed force constants and the resulting vibrational frequencies to be 
sure that equilibrium point was obtained.  

To describe energetic properties of the compounds investigated, the detona-
tion velocity and oxygen balance were calculated. 

The detonation velocity was calculated as follows [14]:  

( ) ( )21 393.6877 0.2454 114.0793D NE M E M= − − −            (1) 

( ) ( )22 372.4122 1.3198 106.8382D NE M E M= − − −            (2) 

where N is a number of the -NO2 groups in the molecule. E is total energy of a 
molecule, a. u., and M is molar mass, g/mol. The regressed equations enabled us 
to get some fairly accurate ideas about detonation velocity values of explosives to 
compare their properties.  

The oxygen balance was determined by using the following equation: 

16 2 100
2
yOB x z

M
−  = + − × 

 
                      (3) 
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where M is molar mass, x—a number of C atoms, y—a number of H atoms, z—a 
number of O atoms [15]. Additionally, the toxicity and reactivity of the com-
pounds investigated were obtained.  

The transition states of the molecule under investigations were also obtained 
applying the Berny optimization procedure of the several different initial geo-
metrical structures. The structures possessing the highest energy were selected 
for future investigations.  

The IR spectra were obtained by using B3LYP/cc-pVTZ approach. The Gaus-
sian program packages were applied [16]. 

3. Results of the Investigations 
3.1. Geometric Structures 

The views of the core molecule investigated are presented in Figure 2, the 
meaning of R1, R2 and R3 is presented in Table 1. Substitutions R1, R2 and R3 
are -H or -NO2. Here, the substitution –NO2 is introduced as ‘the additional NO2 
(nitro) group’ in order to separate it from other groups in the core molecule. The 
largest number of the additional nitro groups attached to the core molecule is 
two and their placement is different (Figure 2, Table 1). Hence, the molecules 
under the study are different due to different number of the nitro groups and 
their positions in the core molecules. We indicated the molecules investigated as 
HM-I - HM-VI to simplify discussion. 

To observe the difference in the geometric structures of the molecules under 
study, the analysis of the bond length, angles and dihedral angles were per-
formed. Generally, the bond length and angles of the core molecule 
 

 
Figure 2. View of the core molecule investigated. The meaning of R1, R2 and R3 is pre-
sented in Table 2. 
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Table 1. Substitutions of R1, R2 and R3 for the investigated molecules. 

Name of the molecules under study R1 R2 R3 

HM-I -H -H -H 

HM-II -NO2 -H -H 

HM-III -NO2 -NO2 -H 

HM-IV -NO2 -H -NO2 

HM-V -H -H -NO2 

HM-VI -H -NO2 -H 

 
(HM-I) do not change significantly due to the additional nitro groups. However, 
the dihedral angles between planes that form (1, 2, 3), (5, 1, 2), (5, 1, 2) and (1, 2, 
4) atoms (Figure 1) are this nitro group depended (Table 2). 

Clearly the above dihedral angles are significantly different when an addition-
al nitro group is in -R1 or/and -R2 position(s). The positions are rather close to 
the -NO2 group of the core molecule (Figure 2). The difference between the 
geometrical structure of HM-I and HM-V, where the additional nitro group is in 
-R3 position, is insignificant (Figure 1). In this case, the additional nitro group 
is rather far from other nitro groups consisting of the molecules under investiga-
tions. It is obvious that the geometric structure of the molecules investigated is 
depended on the position of the additional group in the core molecule, i.e. de-
pended on how far this group is from other nitro groups. 

3.2. Thermal and Chemical Stability  

To compare the stability of the derivatives investigated, the binding energy per 
atom is calculated and presented in Table 4. It is evident, that the stability of the 
molecule HM-I, where R1, R2 and R3 are H atoms, is the lowest in comparison 
to that of other investigated compounds. However, the thermogravimetric anal-
ysis of HM -I was also performed to evaluate the thermal stability of this materi-
al. In the temperature range of 25˚C - 320˚C there was no observed mass change 
(Figure 3). That indicates that HM-I species are thermally stable, i.e. beyond 
~320˚C temperature the material will begin to degrade. 

It is evident that the stability of the other molecules should be higher in com-
parison to that of HM-I. However, we may not state that the stability of these mo-
lecules investigated increases when one of the above substitutions is -NO2, because 
the binding energy per atom of molecule HM-II is only 0.013 eV, i.e. less than kT ~ 
0.02 eV, and there is no possibility to recognize which of the above-mentioned 
molecules HM-I or HM-II is more stable (Table 3). Moreover, the comparison of 
the binding energy per atom of molecule HM-II and HM-VI (which are different 
because of the additional nitro group attached to different N atoms (Figure 2, Ta-
ble 3), allows us to predict that even the placement of the additional -NO2 group 
insignificantly influences the stability of N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol- 
3-amine taking into account that in both cases of N-NO2 similar additional 
chemical bonds are formed. 
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Table 2. The main difference of the geometric structure of HM-I - HM-VI. 

Name of the molecule under study 
Dihedral angles 

(1, 2, 3,) and (5, 1, 2) (5, 1, 2) and (1, 2, 4) 

HM-I 165.582 167.792 

HM-II 127.806 132.059 

HM-III 123.993 141.587 

HM-IV 125.656 136.341 

HM-V 164.336 168.827 

HM-VI 163.376 171.358 

 

 
Figure 3. Results of thermogravimetric analysis of the HM-I material. Heating rate 
5˚C/min (stream N2 gas 20 ml/min). 

 
Table 3. Binding energy per atom of the molecules investigated. 

Name of the molecules 
under study 

Binding energy per 
atom, eV 

Binding energy per atom in respect the 
stablest molecule, eV 

HM-I 6.376 0.062 

HM-II 6.389 0.048 

HM-III 6.412 0.025 

HM-IV 6.438 0 

HM-V 6.430 0.008 

HM-VI 6.403 0.035 

 
Molecules HM-V and HM-VI also have one additional -NO2 group that is at-

tached to the C and N atoms of the triazole ring, respectively. Referring to the 
obtained results of the binding energy per atoms, it is evident that the stability of 
molecule HM-V is greater than that of HM-IV. Recall that the stability of mole-
cule HM-II and HM-VI, when only the N-NO2 bond appeared, is not different. 
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These observations allow us to conclude, that the stability of the molecules in-
vestigated could increase because of the presence of the additional -C-NO2 bond. 
A similar phenomenon is obtained in the case of molecules HM-III and HM-IV. 
These molecules possess the two additional -NO2 groups, and they are different 
due to the additional nitro group position in the triazole ring. In the case of 
HM-III, the N-NO2 bond is formed, while C-NO2 takes place in molecule HM-IV. 
Hence, the stability of N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine could 
increase when the additional nitro group is attached to C atom. It is interesting 
that the number of the additional nitro groups does not have an influence on the 
stability of the investigated molecule: the binding energy per atom of molecule 
HM-IV and molecule HM-V is similar, although two and one additional nitro 
groups take place in these molecules respectively and one of them is attached to 
the C atom of the triazole ring. 

To evaluate the chemical stability of the molecules under study, the HOMO, 
LUMO and the HOMO-LUMO gap are analyzed and presented in Table 4. 

It is known that larger HOMO-LUMO gap indicates larger chemical stability 
of compounds. Hence, the sequence of the chemical stability of the molecules is 
as follows: HM-IV > HM-III > HM-II > HM-V > HM-VI > HM-I, i.e. HM-IV is 
chemically the most stable, while the chemical stability of the HM-I is the lowest. 
It must be emphasized, that the molecules consist of the two additional nitro 
groups are chemically more stable than other investigated molecules. On the 
other hand, the chemical stability of the HM-IV and HM-III also differs because 
one of the two additional nitro groups is joined with C, but not with N atom. 
Referring to the results, we may predict that an additional nitro group and its 
position could increase chemical stability of HM-I significantly.  

3.3. Activation Energy 

To evaluate which of the molecules under study would be better to use as ha-
zardous material, we calculated the activation energy—the minimum energy ne-
cessary to input to a system to cause a chemical reaction. The activation energy 
Eac is evaluated as follows: 

gra tc rEE E= −                         (4) 

where Egr is the total energy of the molecule at its equilibrium point, Etr is that in 
the transition state. The activation energy obtained is presented in Table 5. 

 
Table 4. Highest-lying occupied (HOMO), the lowest-lying unoccupied (LUMO) mole-
cular orbitals and the gap between them. 

Name HOMO, a.u LUMO, a.u HOMO-LUMO gap, eV 

HM-I −0.263 −0.130 3.624 

HM-II −0.292 −0.143 4.056 

HM-III −0.307 −0.153 4.207 

HM-IV −0.310 −0.154 4.257 

HM-V −0.282 −0.142 3.806 

HM-VI −0.281 −0.142 3.782 
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Table 5. The activation energy obtained (ΔEac) and that with respect to the smallest value 
of the activation energies. 

Name Eac, eV ΔEac, eV 

HM-I 0.276 0.047 

HM-II 0.615 0.387 

HM-III 0.645 0.417 

HM-IV 0.228 0 

HM-V 0.398 0.170 

HM-VI 0.366 0.138 

 
The results of the analysis of the activation energy exhibit, that the smallest 

energy must be input to the HM-IV to cause a chemical reaction. It is worth 
mentioning that the chemical stability of the molecule is the highest with respect 
to the other molecules under study. On the other hand, the activation energy of 
the molecules under study consisting of only one of the additional nitro groups 
is higher than that of HM-I. Hence, we may predict that the number of the addi-
tional nitro group have influences the amount of energy to be input to cause a 
chemical reaction. 

3.4. Detonation Velocity 

There are two well-known and widely used indicators of the performance of the 
hazardous materials. These indicators are the detonation velocity and pressure. 
The detonation velocity, an indicator of strength, is calculated using Equation 
(1) and Equation (2). The results are presented in Table 6. The detonation ve-
locity as an important property to be taken into consider when rating an explo-
sive. The detonation velocities for high explosives range from 3300 fps to 29900 
fps (1.01 km/s to 9.11 km/s). Hence, the results obtained indicate the molecules 
under investigations are highly explosive. 

We would like to remind that the detonation velocity is calculated applying 
the regressed equations received on the basis of the quantum mechanical calcu-
lations [17]. Hence, it is not evident how precisely the above equations describe 
the molecules under investigation despite the fact that the Equation (1) and Eq-
uation (2) have been obtained on the basis of the research of the widely used 
compounds such as nitramines, aliphatic and aromatic-nitro. It implies, that the 
results obtained required an experimental confirmation. However, the detona-
tion velocity of the molecules under investigation is obtained by using the same 
approach, i.e. the statistic errors of the investigations of the individual molecule 
could not be significantly different. It allows us to compare performance of the 
compounds investigated despite the model used and to rate the molecules under 
study. Referring to the results obtained the order of the strength of the materials 
is the following: HM-IV = HM-III > HM-V = HM-VI = HM-II > HM-I, i.e. the 
increasing the number of nitro groups in the molecule could strengthen the ex-
plosive performances.  
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Table 6. Detonation velocity calculated by using Equation (1) and Equation (2). 

Name D1, km/s D2 km/s 

HM-I 7.14 7.53 

HM-II 7.88 8.47 

HM-III 8.42 9.20 

HM-IV 8.42 9.20 

HM-V 7.88 8.47 

HM-VI 7.88 8.47 

3.5. Detonation Pressure 

We mention the detonation pressure as the other performance of the hazardous 
material to establish their ability to do the work and determine whether the ex-
plosive material is of high or low brisance. 

Generally, the detonation velocity and detonation pressure are calculated by 
using Kamlet-Jacobs equation [18]:  

( ) ( ) ( )
1 21 2 1 21.01 1 1.30D m s NM Q ρ= × +                 (5) 

( ) 1 2 1 2215.58P kbar NM Qρ=                      (6) 

where ρ is density of a compound (g/cm3), N is moles of gaseous detonation 
products, M is average molecular weight of gaseous products (g/mol), and Q is 
chemical energy of detonation (cal/g).  

At present time we have no necessary data to evaluate detonation velocity by 
Kamlet-Jacobs Equation, but combining that, the following equations to calcu-
late detonation pressure is  

( ) ( )( )( )2
15.58  1.01 1 1.30 P kbar D ρ ρ= +               (7) 

The detonation pressure obtained by Equation (7) is presented in Table 7. 
It is necessary to mention the detonation pressure of TNT that is equal to 

213 - 259 kbar and is used as a standard. So, the detonation pressure of the 
HM-I molecule is lower than that of TNT even then 10% - 20% deviation of the 
detonation velocity is accounted [19]. Referring to the results obtained, we could 
name the materials as high brisance (exception is HM-I) and rank them follow-
ing: HM-I < TNT < HM-II < HM-V < HM-VI < HM-IV < HM-III. Moreover, 
the ability to do the work of the molecules consist of the two additional nitro 
groups is larger than that consisting only one or none of the above -NO2 groups. 
Hence, the results obtained lead to the conclusion that the ability to do the work 
of the molecules under investigation depends on the number of the additional 
nitro groups. 

3.6. Oxygen Balance 

Oxygen balance is used to indicate the degree to which an explosive can be oxi-
dized. The sensitivity, strength, and brisance of hazardous materials are all 
somewhat dependent upon oxygen balance and tend to approach their maxima 
as oxygen balance approaches zero. 
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Referring to results presented in Table 8, we can conclude that the molecules 
under investigation contain less oxygen than needed and foresee that the com-
bustion would be incomplete, and large amounts of toxic gases would be present. 
However, the negative oxygen balance could be used to indicate the shock sensi-
tivity. It is expected that hazardous materials with the oxygen balance closer to 
zero will be more sensitive to a shock. Hence, the analysis of the oxygen balance 
indicates HM-I as less sensitive while HM-III or HM-IV as high sensitive. The 
results of the analysis indicate the relative sensitivity sequence of these mole-
cules: HM-I > HM-III = HM-IV > HM-II = HM-V = HM-VI, i.e. the additional 
nitro groups could increase sensitivity of the materials. 

4. Conclusions 

We modeled N-(2,4,6-trinitrophenyl)-1H-1,2,4-triazol-3-amine molecule and 
performed theoretical investigations of it aiming to clear the influence of the ni-
tro group and its position to both the stability, optical and hazardous properties. 
Referring to the results, we obtained:  
 The thermal stability of the HM-IV and HM-V materials is the highest 

among materials investigated. The chemical stability of these materials is also 
the highest;  

 The HM-IV material requires the smallest amount of energy to induce explo-
sion; 

 The HM-III and HM-IV materials could be named as the high brisance ma-
terials; 

 The materials are not sensitive. 
 
Table 7. Detonation pressure calculated by using Equation (7). 

Name Pressure, when D = D1, kbar Pressure, when D = D2, kbar 

HM-I 231.67 257.84 

HM-II 291.33 336.61 

HM-III 364.53 435.34 

HM-IV 343.60 410.34 

HM-V 294.22 339.93 

HM-VI 310.73 359.01 

 
Table 8. Oxygen balance values. 

Name Oxygen balance, % 

HM-I −67.76 

HM-II −47.04 

HM-III −31.16 

HM-IV −31.16 

HM-V −47.04 

HM-VI −47.04 
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The total energy of the investigated molecules. 
 

Name of the molecule under study Total energy, a.u. 

HM-I −1142.399 

HM-II −1346.919 

HM-III −1551.450 

HM-IV −1551.477 

HM-V −1346.959 

HM-VI −1346.932 

 
The coordinates of the optimized geometries of DFT calculations. 

HM-I 
C −0.660228 −1.868504 −1.584406 

C −1.810006 −1.035629 −1.479477 

C −2.706266 −1.118251 −2.591856 

C −2.513631 −2.004481 −3.636772 

C −1.418945 −2.841502 −3.626740 

C −0.483460 −2.772542 −2.606506 

N −2.087468 −0.236163 −0.421924 

C −1.734297 −0.394933 0.909406 

N −1.305609 −1.526762 1.434587 

N −1.156704 −1.182377 2.734705 

C −1.514275 0.098537 2.922455 

N −1.891873 0.633597 1.780181 

N −3.915684 −0.289124 −2.683141 

O −4.024043 0.677719 −1.923843 

N −1.221839 −3.792310 −4.727600 

O −2.050674 −3.794098 −5.624439 

N 0.506648 −1.707101 −0.692333 

O 0.787574 −0.569563 −0.353656 

O −4.752030 −0.585529 −3.515164 

O 1.143054 −2.706608 −0.413938 

O −0.241842 −4.519372 −4.670320 

H −2.810077 0.454438 −0.598830 

H −1.487335 0.591153 3.879435 

H −0.803197 −1.855125 3.393664 

H −3.229500 −2.045449 −4.441147 

H 0.397656 −3.393993 −2.626362 
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HM-II 

C −0.563491 −1.100138 −0.444656 

C −0.028302 0.176605 −0.237169 

C −0.937279 1.174352 0.150438 

C −2.287696 0.918029 0.296511 

C −2.744909 −0.373556 0.115551 

C −1.894382 −1.403690 −0.238500 

N 1.356672 0.371368 −0.384213 

C 2.276159 −0.269653 0.459472 

N 2.063857 −0.323272 1.763634 

N 3.102780 −1.072166 2.173592 

C 3.881320 −1.412350 1.125889 

N 3.372938 −0.928257 0.015542 

N −0.506267 2.560372 0.467832 

O −1.325515 3.439766 0.282034 

N −4.183059 −0.663399 0.309989 

O −4.900896 0.268530 0.626766 

N 0.294227 −2.207183 −0.932716 

O 0.913632 −2.015014 −1.958653 

O 0.612411 2.712632 0.923467 

O 0.273047 −3.235418 −0.277076 

O −4.544128 −1.815454 0.140401 

H 4.777264 −2.003035 1.215287 

H 3.205384 −1.296977 3.149287 

H −2.964729 1.711298 0.568959 

H −2.265431 −2.407542 −0.372907 

N 1.814925 1.420900 −1.239732 

O 2.980044 1.704409 −1.159218 

O 0.969717 1.894313 −1.970640 

HM-III 

C −0.485038 −1.361103 −1.748462 

C −1.772693 −0.885503 −1.479929 

C −2.808073 −1.396417 −2.277197 

C −2.567878 −2.305134 −3.290949 

C −1.278048 −2.762298 −3.482818 

C −0.222861 −2.317239 −2.710431 

N −1.961073 0.030315 −0.422707 

C −1.810534 −0.364043 0.907273 
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Continued 

N −2.145770 −1.582434 1.281851 

N −1.762166 −1.569136 2.566803 

C −1.232687 −0.360929 2.917312 

N −1.241116 0.418864 1.871158 

N −4.230589 −1.015435 −2.070135 

O −4.963649 −1.112340 −3.034862 

N −1.018709 −3.761820 −4.546453 

O −1.975257 −4.137527 −5.199348 

N 0.685909 −0.839899 −1.001586 

O 0.809599 0.366461 −0.930756 

O −4.565786 −0.665482 −0.952924 

O 1.447324 −1.675719 −0.545843 

O 0.133401 −4.132433 −4.686951 

H −0.869868 −0.139350 3.904897 

H −3.378836 −2.661397 −3.905310 

H 0.776652 −2.690983 −2.867721 

N −2.589283 1.287803 −0.721442 

O −2.961638 1.936033 0.217337 

O −2.653239 1.551234 −1.902181 

N −1.894121 −2.747336 3.408792 

O −1.538294 −2.567591 4.547791 

O −2.330414 −3.723974 2.875850 

HM-IV 

C −0.570186 −1.378523 −1.698125 

C −1.858197 −0.858995 −1.533211 

C −2.843991 −1.343893 −2.406727 

C −2.554352 −2.267711 −3.393334 

C −1.269386 −2.769570 −3.479494 

C −0.264002 −2.352145 −2.628896 

N −2.094986 0.071474 −0.500856 

C −2.031545 −0.303444 0.843123 

N −2.520753 −1.473746 1.244360 

N −2.199847 −1.480617 2.541943 

C −1.568478 −0.334919 2.848900 

N −1.424448 0.431742 1.803667 

N −4.266058 −0.921665 −2.310366 

O −4.919014 −0.976579 −3.333937 
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N −0.961444 −3.788063 −4.511231 

O −1.874927 −4.135456 −5.237541 

N 0.553258 −0.882956 −0.866028 

O 0.742598 0.316015 −0.847540 

O −4.681832 −0.585788 −1.215905 

O 1.212620 −1.733679 −0.293067 

O 0.183544 −4.202496 −4.554013 

H −3.325312 −2.602840 −4.068170 

H 0.732389 −2.758442 −2.705299 

N −2.689827 1.335506 −0.843361 

O −3.094725 1.997201 0.072601 

O −2.692834 1.589966 −2.027186 

H −2.426752 −2.251295 3.151900 

N −1.119312 −0.070805 4.209929 

O −0.573665 0.983806 4.432210 

O −1.348838 −0.973428 5.008398 

HM-V 

C −0.662287 −1.862500 −1.591187 

C −1.815058 −1.039886 −1.483546 

C −2.729956 −1.148202 −2.574108 

C −2.543996 −2.041134 −3.614408 

C −1.436960 −2.861952 −3.613676 

C −0.489244 −2.775457 −2.608464 

N −2.081865 −0.212859 −0.435730 

C −1.732861 −0.356597 0.891660 

N −1.298219 −1.488857 1.435383 

N −1.145717 −1.141950 2.723833 

C −1.509091 0.136519 2.882436 

N −1.889929 0.676457 1.753866 

N −3.954069 −0.333773 −2.651713 

O −4.047263 0.655455 −1.920816 

N −1.243930 −3.821894 −4.711691 

O −2.086173 −3.839347 −5.594438 

N 0.508098 −1.692954 −0.703964 

O 0.775169 −0.555014 −0.354056 

O −4.810607 −0.667212 −3.446045 
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O 1.155685 −2.687163 −0.435907 

O −0.254767 −4.535070 −4.661049 

H −3.272444 −2.100570 −4.406443 

H 0.396398 −3.390423 −2.633278 

H −2.801806 0.478512 −0.625382 

H −0.795485 −1.783923 3.417703 

N −1.462404 0.772144 4.189896 

O −1.824592 1.923414 4.273448 

O −1.051106 0.057105 5.098075 

HM-VI 
C −0.665744 −1.882579 −1.584754 

C −1.809013 −1.048596 −1.478863 

C −2.719101 −1.136448 −2.573369 

C −2.539166 −2.023808 −3.619730 

C −1.441960 −2.857574 −3.618321 

C −0.498195 −2.790288 −2.607896 

N −2.068836 −0.225422 −0.423301 

C −1.757707 −0.407240 0.905512 

N −1.335324 −1.537152 1.430048 

N −1.227562 −1.192729 2.729874 

C −1.603211 0.099827 2.933800 

N −1.949421 0.623182 1.789088 

N −3.931905 −0.304959 −2.650230 

O −4.008372 0.687842 −1.922596 

N −1.254321 −3.811379 −4.723598 

O −2.092448 −3.811767 −5.610426 

N 0.504738 −1.729477 −0.691877 

O 0.775517 −0.596443 −0.328470 

O −4.794865 −0.628860 −3.441544 

O 1.148613 −2.728672 −0.439307 

O −0.273573 −4.535633 −4.674037 

H −3.263849 −2.069040 −4.416118 

H 0.380088 −3.415783 −2.632277 

H −2.767546 0.487346 −0.611108 

N −0.756860 −2.128595 3.723190 

H −1.598777 0.568692 3.901211 

O −0.476136 −3.221116 3.324546 

O −0.715579 −1.671029 4.842295 
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