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Abstract:  All of the possible TNAZ/H2O complexes (1, 2 and 3), as well as the 
uncomplexed form, were fully optimized with the density functional method.  
Complex 3 was the most stable, with the largest corrected intermolecular interaction 
energy.  Charge redistribution mainly occurs on the adjacent N–O...H atoms of the 
submolecules.  Strong hydrogen bonds predominantly contribute to the interaction 
energies.  It is energetically and thermodynamically unfavourable for TNAZ to 
bind with H2O and to form any stable complexes at room temperature.
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Introduction

1,3,3-Trinitroazetidine (TNAZ) (Figure 1) is a high performance, melt 
castable explosive that has been proposed as a potential replacement for TNT 
[1].  The low melting point of TNAZ enables processing of its formulations on 
modified production lines, whilst its performance is approximately 30% greater 
than TNT.  It has also been reported that TNAZ is a highly energetic material, 
more powerful than RDX, and less sensitive than most other nitramines [2].  
Furthermore, TNAZ has many added advantages over known explosives.  TNAZ 
is a white crystalline material, crystallised from chloroform [3]. 
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Figure 1.	 Optimized structure of TNAZ.

TNAZ has a density of 1.85 g/cm3 (confirmed by X-ray crystallography), 
which further indicates the stability of the dense material [3, 4].  It has excess 
oxygen available for the oxidation of fuel ingredients and has only half the impact 
sensitivity of HMX, meaning that it can sustain twice the energy of impact as 
HMX without detonating.  Unlike HMX, TNAZ is soluble in molten TNT, and 
is compatible with aluminium, steel, brass and glass.  Furthermore, it is not 
hygroscopic and does not pose problems from a processing view point. TNAZ 
is a high-energy molecule with two energetic functional groups, i.e., C–NO2 and 
N–NO2, representing two active sites for its decomposition.  It is a strained-ring 
energetic material with a melting point of 101 °C and has good thermal stability 
up to 240 °C.  It may be safely concluded that TNAZ is a steam-castable material, 
which is attractive as an explosive or as a candidate component for explosives/
propellants with low sensitivity, good stability and enhanced performance over 
existing military formulations [5].

The hygroscopicity or sensitivity to moisture is one of the many physical 
properties of explosives and igniters.  Knowledge of the effect of a moist 
atmosphere is of interest to persons dealing with explosives.  There are many 
variables affecting the amount of moisture which will be adsorbed by solid 
substances.  This depends, among other things, upon unsaturated forces on the 
surface of the crystalline lattice of the substance [6].  It is possible that TNAZ 
could come into contact with water during manufacture or could absorb water 
during storage; this absorption of moisture relates to the interaction between 
TNAZ and water.  Consequently, the kinetics of its decomposition and explosive 
properties such as sensitivity, strength and velocity of detonation will be affected 
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by the formation of water complexes.  Stability is also affected by the presence 
of moisture since moisture promotes decomposition of the explosive and, in 
addition, can cause corrosion of the explosive’s metal container. 

The density functional theory (DFT) method deals with electron correlation 
but is still computationally economical.  By combining Becke’s three parameters 
with Lee-Yang-Parr correlation functions (B3LYP), both the structure and 
the binding energy have been found to be consistent with experimental data 
for systems with strong H-bonds [7-9].  Fortunately, a large number of recent 
calculations have shown that B3LYP can give a good prediction of the energies 
for nitramines [10, 11].

In a previous study [12], the quantities of the activation barriers, enthalpies, 
entropies and free energies of a few initial steps in the decomposition pathways 
of TNAZ and some of its derivatives with –F, –CN and –OCH3 groups were 
computed by means of DFT with the B3LYP/6–31G model.  For all of the 
derivatives, the results essentially confirmed that N–NO2 cleavage is the 
most convenient pathway in the kinetic and thermodynamic properties of 
their decomposition.

While TNAZ is not hygroscopic and does not pose problems from 
a processing view point [5], there is no theoretical or experimental information 
available about the intermolecular interactions between TNAZ and H2O.  In this 
work, we have attempted to evaluate complex formation between TNAZ and 
water molecules by carrying out DFT calculations at the B3LYP/6-311++G** 
level in order to obtain the best qualified, predicted and comparable theoretical 
results with experimental data from the energetic and structural pattern favourable 
from the complex formation point of view. 

Computational methods
TNAZ, H2O and their complexes obtained from Chem3D software were 

fully optimized at the DFT/B3LYP level by the Berny method [13] with the 
6-311++G** basis set.  The intermolecular interaction energy was calculated 
with the zero point energy (ZPE) correction and basis set superposition error 
(BSSE) correction, which can be checked by the Boys and Bernardi counterpoise 
procedure (CP) [14].  Natural bond orbital (NBO) analyses and frequency 
calculations were performed on each optimized structure.  NBO analysis 
was performed to reveal the origin of the interaction.  The thermodynamic 
data and their changes upon complex formation were derived from statistical 
thermodynamics based on the frequencies.  All quantum chemical calculations 
concerning the gaseous phase were performed with the Gaussian 03 [15] program 
on a PC equipped with a core i5® processor.
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Results and Discussion

Optimized geometries
Figure 2 shows the optimized geometries of TNAZ and its complexes with 

water (1, 2, 3) at the B3LYP/6-311++G** level.  All three complexes possess C1 
symmetry and have only one contacting point.  Table 1 summarises the optimized 
geometry structures of the monomer and three types of complexes.  It can be 
seen that the change in bond length for complex 3 is slightly greater than for 
complexes 2 and 3.  According to the intermolecular distances and the change 
in bond length, complex 3 is more stable than complexes 1 and 2.  In contrast to 
complexes 1 and 2, the dihedral angles of complex 3 are significantly changed 
from the TNAZ monomer, with a difference of 50°, which implies that the 
influence of the interaction on the internal rotation is large.  However, variations 
in the bond angles for all three complexes were small in comparison with TNAZ.  
This means that the influence of the interaction on bond bending is small.

1 2 3
Figure 2.	 Optimized structures of TNAZ/H2O complexes 1, 2, and 3.

NBO charges and charge transfer
The intermolecular NBO interactions that reveal the origin of the 

intermolecular interactions between donor and acceptor belong to different 
submolecules in a cluster.  The amount of transferred partial charge between 
a donor and an acceptor species (qdonor→ acceptor) was calculated by the occupation 
numbers from the NBO data for evaluating the orbital interaction energy (ΔE(2)) 
between the HOMO and LUMO of the donor-acceptor system.  In a quantitative 
sense, the energetic effects due to these interactions may be estimated by second-
order perturbation, theoretical expressions of the following form [16]:
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where F is the Fock operator, 
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Fock operator between the donor and acceptor wave functions and εdon and εacc 
are the energies of the donor and acceptor orbitals involved in electron transfer. 

Table 1.	 Optimized structural properties including bond lengths (Ǻ), bond 
angles and dihedrals angles of TNAZ, H2O, complexes 1, 2, and 3 
at B3LYP/6-311++G** level

Bond Mono-
mer 1 2 3 Bond Mono-

mer 1  2 3

C1-C2* 1.543 1.544 1.544 1.54 N5-O6 1.213 1.211 1.212 1.216
C1-N4 1.481 1.479 1.480 1.482 N5-O7 1.217 1.217 1.215 1.215
C1-H16 3.016 3.022 3.020 3.007 N8-O9 1.214 1.216 1.215 1.216
C1-H17 2.825 2.830 2.819 2.836 N8-O10 1.217 1.215 1.218 1.214
C2-C3 1.540 1.541 1.540 1.543 N11-O12 1.219 1.219 1.220 1.227
C2-N5 1.53 1.532 1.531 1.520 N11-O13 1.219 1.227 1.219 1.220
C2-N8 1.525 1.523 1.526 1.530 O18-H19 0.962 0.961 0.964 0.963
C3-N4 1.482 1.486 1.484 1.480 O18-H20 0.962 0.966 0.962 0.964
C3-H14 2.833 2.838 2.817 2.840 O10-H19 - 0.705 0.245 0.574
C3-H15 3.010 3.013 3.019 2.994 O7   -H19 - 0.632 0.397 0.295
N4-N11 1.396 1.382 1.394 1.388 O13-H19 - 0.372 0.577 0.405
Bond 
angle

Dihedral 
angle

3.2.1 89.48 87.51 89.37 89.58 4-1-2-3 9.33 -2.40 10.04 -7.69
4.1.2 87.33 89.10 87.39 87.54 5-2-1-4 128.14 117.78 128.12 127.60
5.2.1 113.91 113.66 114.38 114.97 6-5-2-1 105.09 89.08 124.45 54.60
6.5.2 117.25 118.54 118.19 115.05 7-5-2-1 -71.71 -88.88 -53.99 -125.34
7.5.2 115.47 116.80 114.59 117.81 8-2-1-4 -107.23 -112.45 -107.76 -107.64
8.2.1 116.05 114.41 114.54 115.48 9-8-2-1 -22.03 -16.31 -36.64 28.39
9.8.2 117.76 117.66 116.57 115.69 10 -8-2-1 157.74 162.37 143.75 -154.89

10.8.2 114.98 117.30 116.85 117.20 11- 4-1-2 -137.12 -130.40 -137.81 -134.96
11.4.1 119.44 119.83 119.26 119.83 12-11-4-1 -33.56 -32.95 -33.48 -31.84
12.11.4 116.05 117.59 116.13 116.43 13-11-4-1 149.02 151.78 149.18 150.83
13.11.4 116.05 117.85 116.16 116.25 14 -3-2 -1 -125.49 -114.46 -126.48 -123.49
14.1.4 113.16 116.62 112.99 113.20 15 -3 -2 -1 104.85 116.67 104.54 106.46
15.1.4 114.68 110.20 114.81 113.64 16-1-4-11 -22.56 -12.20 -23.97 -21.46
16.3.2 115.82 114.71 115.83 116.37 17-1-4- 11 106.41 114.01 105.08 108.19
17.3.2 112.71 114.74 112.71 112.23

* Atomic numbering from 1 to 17 belongs to TNAZ and that from 18 to 20 belongs to H2O.
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Table 2.	 The calculated natural atomic charges (e) of TNAZ, H2O, complexes 
1, 2, and 3 at B3LYP/6-311++G** level

Δ3Δ2Δ1*321Mono-
merAtom

-0.00120.001330.00229-0.19108-0.18855-0.18759-0.18988C1

0.007860.00374-0.000950.222920.218800.214110.21506C2

0.002330.00652-0.00398-0.18758-0.18339-0.19389-0.18991C3

0.01031-0.001510.01241-0.31583-0.32765-0.31373-0.32614N4

0.003100.011980.000810.484660.493540.482370.48156N5

-0.01742-0.005390.00434-0.33592-0.32389-0.31416-0.31850O6

0.00664-0.00388-0.00669-0.33569-0.34621-0.34902-0.34233O7

0.004620.00206-0.001030.480460.477900.474810.47584N8

-0.01646-0.00089-0.00897-0.34056-0.32499-0.33307-0.32410O9

0.00797-0.015670.01044-0.32772-0.35136-0.32525-0.33569O10

0.00325-0.000140.004480.626180.622790.627410.62293N11

-0.02012-0.004620.00370-0.39830-0.38280-0.37448-0.37818O12

-0.00586-0.00341-0.04204-0.38210-0.37965-0.41828-0.37624O13

0.019820.003470.002970.261870.245520.245020.24205H14

-0.00744-0.00718-0.002580.242280.242540.247140.24972H15

-0.008070.005280.033890.230640.243990.272600.23871H16

0.007810.00428-0.007190.262920.259390.247920.25511H17

-0.04057-0.03173-0.03405-0.95329-0.94445-0.94677-0.91272O18

0.020800.020670.009560.477160.477030.465920.45636H19

0.022630.015080.022580.478990.471440.478940.45636H20

*	 Δ1, Δ2 and Δ3 show the resulting deviations from the initial atomic charges for complexes 1, 2 and 3 in (e) 
respectively.** Atomic numbering from 1 to 17 belongs to TNAZ and that from 18 to 20 belongs to H2O.

Table 2 lists the atomic charges of TNAZ, H2O and the complexes obtained 
by NBO analysis.  The charge redistribution mainly occurs between the 
intermolecular contacting atoms of the two submolecules.  Table 3 gives the 
NBO analysis of the donor and the acceptor (bonding-antibonding) between 
the submolecules and their stabilization energy ΔE according to second-order 
perturbation theory.  This was carried out by examining all possible interactions 
between ‘filled’ (donor) Lewis-type NBOs and ‘empty’ (acceptor) non-Lewis 
NBOs; the stabilization energies ΔE are proportional to the NBO interacting 
intensities.  Table 3 shows that the oxygen atoms in the nitro group donate lone 
pairs to the neighbouring O–H antibonds belonging to the H2O in complex 1.  As 
opposed to complex 1, the oxygen in the nitro group in complexes 2 and 3 acts 
as a moderate hydrogen acceptor.  Table 3 also shows that complex 1 has two 
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large interaction energies, 6.025 and 3.849 kJ/mol, whilst the largest interaction 
energies for complexes 2 and 3 are 3.138 and 1.927 kJ/mol, respectively.  The 
order of the stabilization energies is 1 > 2> 3.  Therefore, charge transfer changes 
occur in an inconsistent fashion with the interaction energy and is not the main 
factor causing the weak intermolecular interactions in these complexes.  The data 
provided in Table 3 show that the charge transfer between the two subsystems is 
very small.  The dipole moments of TNAZ, H2O and complexes 1, 2 and 3 are 
2.1577, 0.5588, 1.7146, 2.5886 and 1.8336 Debye, respectively.

Table 3.	 NBO analysis results for complexes 1, 2, and 3 at B3LYP/6-
311++G** level

Com-
plex

Donor
NBO

Acceptor 
NBO q i→j/a.u. F(i.j)/a.u. ΔE/(kJ/mol)

1

BD (1)C3-H16 BD*(1)O18-H19 2.768×10-04 0.012 0.711
LP(1)O13 BD*(1)O18-H19 7.692×10-05 0.008 0.251
LP(1)O13 BD*(1)O18-H20 7.512×10-04 0.025 2.469
LP(2)O13 BD*(1)O18-H19 1.611×10-04 0.007 0.335
LP(2)O13 BD*(1)O18-H20 3.159×10-03 0.031 6.025
LP(3)O13 BD*(1)O18-H20 1.676×10-03 0.022 2.469
BD(1)O18-H20 BD*(1)C3-N4 7.346×10-05 0.006 0.209
LP(2)O18 BD*(1)C2-C3 3.055×10-04 0.011 0.759
LP(2)O18 BD*(1)C3-N4 9.512×10-05 0.006 0.251
LP(2)O18 BD*(1)C3-H16 1.401×10-03 0.027 3.849

2
LP(2)O10 BD*(1)O18-H19 3.287×10-04 0.010 0.628
LP(1)O18 BD*(1)C3-N4 4.354×10-04 0.009 0.628
LP(2)O18 BD*(1)C3-N4 1.336×10-03 0.023 3.138

3

LP(3)O7 RY*(1)O18 2.642×10-04 0.010 0.418
LP(3)O7 BD*(1)O18-H20 2.337×10-04 0.008 0.335
LP(1)O18 BD*(1)C1-H14 9.877×10-04 0.016 1.925
LP(2)O18 BD*(1)C1-H14 6.426×10-04 0.019 1.757

*	 ΔE denotes the stabilization energy; BD denotes bonding orbital; BD* denotes antibonding orbital; LP 
denotes lone-pair.  For BD and BD*; (1) and (2) denote σ orbital and π orbital, respectively.  For LP: (1), 
(2) denote the first and the second lone pair electrons, respectively; RY* denotes empty orbital out of va-
lence orbital. q i→j denotes amounts of transferred partial charge between a donor and an acceptor species 
and F(i.j) denotes the matrix element of Fock operator between donor and acceptor wave functions.

Interaction energies
The uncorrected and corrected interaction energies including ΔE, (ΔE)C and 

(ΔE)C,ZPE of the complexes are defined by: 
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ΔE = E(TNAZ +H2O) – (E(TNAZ) + E(H2O))� (3)
(ΔE)C = (ΔE) + BSSE� (4)
(ΔE)C,ZPE = (ΔE)C + ZPE� (5)

where (ΔE)C is the interaction energy corrected with the BSSE correction and 
(ΔE)C, ZPE is corrected with both the BSSE and ZPE corrections. 

Table 4 shows the uncorrected and corrected interaction energies of 
complexes 1, 2 and 3.  Generally, the energy will decrease when two molecules 
interact, which is called the interaction energy or binding energy.  The stability 
of the complex is closely related to the interaction energy [17].  The corrected 
binding energy for complex 3 is -18.49 kJ/mol, which is the largest for all 
three complexes, and is almost the same as the best experimental estimate for 
the dissociation energy (approx. 15 kJ/mol) of water dimers [18], indicating 
that hydrogen bonding in complex 3 is almost as strong as in a water dimer.  
The binding energy for complex 1, -14.12 kJ/mol, is the smallest of all the 
complexes, indicating that the oxygen in the nitro group acts as only a moderate 
hydrogen acceptor.

Table 4.	 Total energy (E), zero point energy (ZPE) and interaction energy 
(ΔE) of monomers, complexes 1, 2, and 3 at B3LYP/6-311++G** 
level* (in kJ/mol)

E ZPE ΔE DE)c DE)C,ZPE BSSE ZPE)C

TNAZ -2066132.39 278.33
H2O -200741.87 55.87

1 -2266897.21 340.47 -22.94 -20.14 -14.12 2.82 6.02
2 -2266900.18 340.82 -25.91 -21.03 -14.68 4.86 6.35
3 -2266905.34 341.40 -31.07 -25.41 -18.49 5.64 6.91

According to Table 4, the trend for the uncorrected interaction energies is 
complex 3 > complex 2 > complex 1.  After the BSSE and the ZPE corrections, 
the interaction energies of the complexes were in the same order as that for the 
uncorrected interaction energies.  The BSSE of the three complexes are 2.82, 4.86 
and 5.64 kJ/mol, respectively, and the corrected ZPE values are 6.02, 6.35 and 
6.91 kJ/mol, respectively.  This means that it is essential to carry out the BSSE 
and ZPE corrections.  According to the simple hydrogen bond X-H……A-Y 
model, where the group X-H is called the donor and A-Y is called the acceptor, 
the strength of the hydrogen bond is described by  geometrical parameters such 
as d, D, Φ, r and αHB which are introduced in Table 5.  These parameters for 
complexes 1, 2, and 3 have been collected and compared to reference parameters 
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[19].  Consequently, hydrogen bonding makes an insignificant contribution to 
the intermolecular interactions in the complexes 1, 2, and 3. 

Table 5.	 Calculated values of hydrogen bond parameters for TNAZ/H2O 
complexes 1, 2, and 3 at the B3LYP/6-311++G** level

r mon r dim Δr (Ǻ) d (Ǻ) αHB D(Ǻ)
1 0.96217 0.96634 0.00417 2.121 144.66 2.962
2 0.96217 0.96386 0.00169 2.445 115.33 2.987
3 0.96217 0.96314 0.00097 2.947 89.40 3.090

Thermodynamic properties
Based on statistical thermodynamics and vibrational analysis, the 

thermodynamic functions, including heat capacities (CP), entropies (S0
T), thermal 

correction to enthalpies (H0
T) and Gibbs free energies (ΔGT), were calculated 

by opposing the corrected factor 0.96 [20]; these have been listed in Table 6 for 
four temperatures (200, 298.15, 500 and 700 K).  Both the entropies and the 
enthalpies decreased during the formation of the complexes from their monomers; 
it can be predicted that the intermolecular interaction is an exothermic process 
accompanied by a decrease in the probability of formation.  The intermolecular 
interaction results in the CP values of the complexes being larger than the 
summation of the monomers’ CPs.  For the same temperature, the order (ΔHT)3 
> (ΔHT )2 > (ΔHT )1 also gives the same interacting order of 3 > 2 > 1 as derived 
from the interaction energies.  It is not difficult to find that the sequence of ΔGT 
is the same as that of ΔHT, and that the value of ΔGT increases as the temperature 
increases, thus the interactions are weakened as the temperature increases.  Since 
the value of ΔHT is less sensitive to temperature than that of TΔS, the effect of 
temperature upon ΔGT is mainly derived from the contributors to the TΔS term for 
the same complex.  It is energetically and thermodynamically unfavourable for 
TNAZ to bind with H2O and to form any stable complexes at room temperature.
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Table 6.	 Thermodynamic properties of TNAZ, H2O, complexes 1, 2, and 3 
at different temperatures

Struc-
ture

Temp.
(K)

CP
(J/mol·K)

S0
T

(J/mol·K)
H0

T
(kJ/mol)

ΔST
(J/mol·K)

ΔHT
(kJ/mol)

ΔGT
(kJ/mol)

TNAZ

200 130.838 403.409 17.202
298.15 172.695 463.445 32.102

500 246.538 571.296 74.848
700 294.031 662.419 129.277

H2O

200 33.288 186.016 6.650
298.15 33.477 194.414 9.924

500 35.912 211.472 16.940
700 38.640 223.986 24.394

1

200 130.801 405.681 17.234 -183.74 29.87 66.62
298.15 218.652 541.188 41.963 -116.67 -16.07 18.71

500 246.070 573.116 74.709 -209.65 20.18 125.00
700 296.186 664.453 129.282 -221.95 13.16 168.53

2

200 173.737 443.040 22.301 -146.39 -13.16 16.12
298.15 219.388 521.034 41.622 -136.83 -18.91 21.89

500 296.445 653.988 94.208 -128.78 -9.00 55.39
700 347.243 762.542 159.013 -123.86 -6.19 80.52

3

200 173.172 446.537 22.272 -142.89 -17.58 10.99
298.15 218.790 524.297 41.549 -133.56 -23.39 16.44

500 296.445 656.942 94.001 -125.83 -13.59 49.32
700 346.833 765.329 158.709 -121.08 -10.88 73.88

ΔST = [(S0
T)ii –∑(S0T)i] × 0.96;  ΔHT = [(Eo+Hcorr)ii - ∑(Eo+Hcorr)i]× 0.96;  ΔGT = ΔHT -TΔST

(i = TNAZ and H2O; ii = 1, 2 and 3).

Conclusions

We can draw the following conclusions from the DFT/B3LYP/6-311++G** 
calculations:
1.	 After the BSSE and ZPE corrections, the corrected intermolecular interaction 

for complex 3 was 18.49 kJ/mol.  Therefore, complex 3 is the most stable 
of the three complexes.  The sequence of the stability of the optimized 
complexes is 3 >2 >1.

2.	 The charge transfer between the two subsystems is very small.  However, 
charges on the intermolecular contacting atoms and the neighbouring atoms 
obviously change, but the charge transfers alter in an inconsistent fashion 
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with the interaction energy and charge transfer is not the main cause of the 
weak intermolecular interactions in these complexes.

3.	 The oxygen atoms of the nitro groups donate lone pairs to neighbouring 
O-H, C-N and C-H antibonds.  The stabilizing energies are proportional to 
the NBO interaction intensities.  The largest interaction energy is 6.025 kJ/
mol in complex 1.

4.	 The intermolecular interaction is an exothermic process accompanied by 
a decrease in the probability of conversion from monomers to complexes.  
As the temperature increases, the ΔST and ΔHT values decrease, while the 
ΔGT value increases; thus, the interactions are weakened as the temperature 
increases.  It is energetically and thermodynamically unfavourable for TNAZ 
to bind with H2O and to form a stable complex at room temperature, based 
on the ΔGT values.
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