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Theoretical Studies on the Structures, Thermodynamic
Properties, Detonation Performance, and Pyrolysis
Mechanisms for Six Dinitrate Esters
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Density functional theory (DFT) has been employed to study the geometric and electronic structures of six dini-
trate esters including ethylene glycol dinitrate (EGDN), diethylene glycol dinitrate (Di-EGDN), triethylene glycol
dinitrate (Tri-EGDN), tetraethylene glycol dinitrate (TetrasEGDN), pentaethylene glycol dinitrate (Penta-EGDN)
and hexaethylene glycol dinitrate (Hexa-EGDN) at the B3LY P/6-31G* level. Their IR spectra were obtained and
assigned by vibrational analysis. Based on the frequencies scaled by 0.96 and the principle of statistic thermody-
namics, the thermodynamic properties were evaluated, which were linearly related with the number of CH,CH,O
groups as well as the temperature, obviously showing good group additivity. Detonation performances were evalu-
ated by the Kamlet-Jacobs equations based on the calculated densities and heats of formation. It was found that
density, detonation velocity, detonation pressure decreased with the increase of the number of CH,CH,O groups.
Thermal stability and the pyrolysis mechanism of the title compounds were investigated by calculating the bond
dissociation energies (BDE) at the B3LY P/6-31G* level. For the nitrate esters, the O—NO, bond is a trigger bond
during a thermolysisinitiation process.
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Introduction

Nitrate ester explosives are an interesting group of ex-
plosive systems. Historicaly nitrate esters have been
used for oil well fracturing, inserting a break in a forest
fire, mine field clearance, and liquid landmines. Nowa-
days, they are also used as plasticizer and as mono- or
bi-propellants. Therefore, they have been receiving con-
siderable attention and a lot of investigations. Their
structures, heats of formation, bond dissociation energy,
etc. have been the subjects of many experimental and
theoretical investigations. However, previous studies
were mainly focused on some famous nitrate ester ex-
plosives, such as pentaerythritol tetranitrate (PETN) and
nitroglycerine (NG),%® few literature involves the dini-
trate ester explosives. To our knowledge, Turker and
Zeng et al.*® investigated the structural and electronic
properties of ethylene glycol dinitrate, triethylene glycol
dinitrate, and tetraethylene glycol dinitrate based on
density functional theory (DFT), respectively. To date,
few systematic theoretical studies on homologic dini-
trate esters based on DFT have been performed. In this
paper, the compounds, such as ethylene glycol dinitrate,
diethylene glycol dinitrate, triethylene glycol dinitrate,
tetraethylene glycol dinitrate, pentaethylene glycol dini-
trate, hexaethylene glycol dinitrate (Figure 1) are fully

optimized at the DFT-B3LY P/6-31G* level to obtain the
molecular geometry, electronic structure, molecular
volume (V), theoretical crystal density (p), detonation
velocity (D) and detonation pressure (P), as well as the
bond dissociation energy (BDE). In addition, the pyro-
lysis mechanism, thermal stability and sensitivity are
also studied.
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Figure 1 The molecular structures of EGDN, Di-EGDN,
Tri-EGDN, TetraeEGDN, Penta-EGDN and Hexa-EGDN.
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Computational methods

Many studies have shown that the DFT-B3LYP
method in combination with the 6-31G* basis set is able
to give the accurate energies, molecular structures, and
infrared vibrational frequencies.'®*® In this paper, six
dinitrate esters were fully optimized to obtain their mo-
lecular geometries and electronic structures. Vibrational
analyses were performed thereafter at the same level
with the Gaussian 03 program package.’” Since the
DFT-calculated harmonic vibrational frequencies are
usually larger than those observed experimentaly, they
were scaled using a factor of 0.96 as done before.™® On
the basis of the principle of statistical thermodynam-
ics,' heat capacity, entropy, and enthalpy ranging from
200 to 800 K were derived from the scaled frequencies
using a self-compiled program.

Detonation velocity (D), and detonation pressure (P)
are the important parameters to evaluate the explosive
performances of energetic materials. For the explosives
with C, H, N and O elements, these parameters can be
calculated using the Kamlet-Jacbos (K -J) equations:***

D= (1.011+1.312p,) (NM %°Q%°)%® (1)

P =1.558p5NM %°Q°° 2

where P is the detonation pressure (GPa), D is the deto-
nation velocity (km/s), po is the packed density (g/cm®),
N is the moles of gas produced by per gram of explo-
sives, M is the average molar weight of detonation prod-
ucts, and Q is the chemical energy of detonation (kJ/g).
Obviously, for known explosives, their Q and po can be
measured experimentaly; thus their D and P can be
calculated according to Egs. (1) and (2). However, for
those unsynthesized explosives and hypothetica
compounds, their Q and po cannot be evaluated from
experimental measures. Therefore, in the molecular de-
sign of HEDC (high energy density compounds), in or-
der to predict the detonation performance, we recom-
mend the modified K-J equations based on the calcula-
tion results of quantum chemistry.?*

In detail, the loading density of the explosives pg can
be replaced by the theoretical crystal density (pcry),
while the chemical energy of the detonation reaction Q
can be calculated as the difference between the heats of
formation (Exor) of products and that of reactants (Qca).
However, from the K-J equations, it is found that Q has
much less effect than pey on D and P. Therefore, Q and
Enor estimated using the semi-empiricadl MO PM3%
method are precise enough to substitute the experimen-
tal data as has been proven in the previous studies.?®
Based on the p and Q, the corresponding D and P can be
evaluated. In practice, po can only approximate to but
not arrive at pay, thus the D and P obtained from pgy
can be seen as their upper limit (maximum values).

As known to all, accurate prediction of crystal den-
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sity is of Iar%e difficulty. The “group or volume additiv-
ity” method,*"*® although simple and rapid, cannot give
reliable results owing to its inherent drawbacks; while
the “crystal packing” method,?®* which is more reliable,
has its limitation in routine calculation due to its exten-
sive requirement for computational resources. Recently,
an efficient and convenient way has been worked out to
predict the crystalline densities of energetic materials
containing C, H, N and O elements.®* Studies have in-
dicated that when the average molar volume V estimated
by the Monte-Carlo method based on 0.001 elec-
tron/bohr® density space at the B3LYP/6-31G** or
6-31G* level is used, the theoretical molecular density
Pmol (oma=M/V, M being the molecular weight) is very
close to the experimental crystal density pey. It is wor-
thy noting that the average volume used here should be
the statistical average of at least 100 volume calcula-
tions.

In a word, the modified K-J equation has been en-
dowed with the new connotation and its application
range has been extended. And on the basis of quantum
chemistry, it has been used to calculate D and P to
quantitatively evaluate HEDC in molecular design. The
modified method has resulted in satisfactory results.

To measure the strength of bonds and relative sta-
bilities of the title compounds, the bond dissociation
energies (BDE) of various bonds in molecule are calcu-
lated. BDE is the required energy in homolysis of a
bond and is commonly denoted by the difference be-
tween the total energies of the product and the reactant
after zero-point energy correction. The expressions for
the homolysis of A—B bond [Eq. (3)] and for calculat-
ing its BDE [Eq. (4)] are shown as follows:*

R1A-BR3(g9) — R:A(9)+R2B(Q) 3

BDERra-8r,) = [Era T Er,e] — E(ra-BR,) (@]

All the calculations considered here were performed
on a Pentium IV personal computer using the default
convergence criteria given in the programs.

Results and discussion

Infrared spectra and thermodynamic properties

Aswe al know, IR spectrum is one basic property of
a compound, and also an effective measure to analyze or
identify substances. Besides, it has a direct relation with
the thermodynamic properties. Here, dl the IR data (see
the supporting information Figure 1S) of the title com-
pounds were obtained at the DFT B3LY P/6-31G* level.
From the IR spectra of the title compounds, it can be
seen that there are six characteristic regions. In the
range of 2860—3043 cm %, the modes are associated
with the C—H symmetry and asymmetry stretching and
the number of vibration equals to that of C—H bonds,
eg., EGDN has four bands of 2962, 2983, 3025 and
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3039 cm L. It is remarkable that, there are five very
strong IR active modes. One is in the range of 1682—
1700 cm ™%, corresponding to the NO, asymmetric
stretching. Another is in the 1265—1295cm * range,
arising from the NO, symmetry stretching. The third is
located in the range of 1125—1145cm*, corresponding
to the characteristic peaks of ether groups (CH,CH,0).
The fourth is in the range of 1002—1034 cm L, corre-
sponding to the C—O symmetry stretching. The last in
the region less than 1000 cm ! is the fingerprint region,
which can be used to identify isomers, and the relatively
strong peaks in this region are mainly caused by the
O—NO; symmetry stretching. It is noticeable that, with
the increase in CH,CH,O groups, the vibration intensity
of ether groups increases obviously, eg., the intensity of
ether groups of Hexa-EGDN is 1293.

To testify the reliability of theoretical computation,
the calculated and experimental infrared spectra® of
EGDN are compared (Figure 2).
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Figure2 The caculated (a) and experimental (b) infrared spec-
trafor EGDN.

It is evident from Figure 2 that the calculated IR data
are dl close to the experimental ones. eg., there are four
very strong IR active modes in the range of 400—1800
cm 1. Oneisin 1693—1699 cm * range and is assigned
to the NO, asymmetric stretching. Another is attributed
to the NO, symmetry stretching in 1269—1295 cm *.
The third is the range of 1019—1034 cm %, which cor-
responds to the C—O symmetry stretching. The forth is
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less than 1000 cm %, which mainly corresponds to the
O—NO, symmetry stretching. All of these prove the
reliability of the computational IR. The trivial discrep-
ancy is perhaps due to the intermolecular interactions
existing in experimental samples, and at the same time,
the theoretical computation aims at the isolated “gas’
molecule and is based on the simple harmonic mode.

Based on the above scaled vibrationa results, the
principle of statistic thermodynamics and self-compiled
program, thermodynamic properties ranging from 200
to 800 K were obtained and listed in Table 1, including
standard molar heat capacity (AC, ), standard molar
entropy (AS; ), and standard molar enthalpy (AHS;).

From these data, it is found that all the thermody-
namic functions increase with increasing the tempera-
ture. This is because the main contributions to the ther-
modynamic functions are from the trandation and rota-
tion of molecules when temperature is low, however, at
the higher temperature, the vibrational movement is
intensified and, therefore, makes more contributions to
the thermodynamic properties, which lead to the in-
crease in the thermodynamic functions. Taking EGDN
as an example, the temperature-dependent relations for
ACym, ASy and AH,, in the range of 200—800 K
can be expressed as follows:

AC}, n=26.2633+0.4616T—2.2428X10 *T?

(5)
R?=0.9999, SD=1.6545
AS=261.8054+0.5855T—1.7774 X 10 4T? ©)
R?=0.9999, SD=2.1036
AH = —5.6124-+0.0766T+1.1842 X 10 *T? @

R*=0.9998, SD=1.5220

where R? and SD are the correlation coefficient and
standard deviation, respectively. These equations show
good relations between the three thermodynamic func-
tions and temperature. Meanwhile,

dACy  / dT=0.4616—4.4856 <10 *T

dAS, /dT=0.5855—3.5548 X107*T

dAH{ /dT=0.076613.3684 X 10°*T

It is obvious that the gradients of AC,, and AS; to
the temperature decrease, but that of AH,, increases,
as the temperature increases.

In addition, all the thermodynamic functions in-
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Tablel Thermodynamic properties of the title compounds at different temperatures®
Compound T
200 298.15 300 400 500 600 700 800
ACpm 110.03 143.41 144.03 175.47 201.56 222.37 238.93 252.25
EGDN ASh 371.00 42114 422.03 467.88 509.94 548.60 584.17 616.97
AH{ 15.26 27.70 27.96 43.98 62.87 84.11 107.21 131.79
ACpm 151.60 198.68 199.58 246.60 287.07 320.12 346.93 368.84
Di-EGDN ASn 44834 51754 51877 582.74  642.25 697.61 749.04 796.85
AHg 20.67 37.83 38.20 60.55 87.30 117.71 151.11 186.94
ACpm 19435 25432 25550 317.77 37249 417.74 454.77 485.27
Tri-EGDN ASH 52484 61339  614.96 697.10  774.06 846.11 913.38 976.16
AHS 26.27 48.23 48.71 77.41 112.00 151.59 195.27 242.32
ACpm 236.31  309.81 311.27 389.09 458.17 515.63 562.85 601.89
Tetra-EGDN ASH 601.84 70955  711.48 811.79 906.24 995.02 1078.17 1155.96
AHg 3157 58.28 58.86 93.92 136.37 185.16 239.16 297.46
ACpm 28112  365.98 367.69 460.1 543.19 612.79 670.26 717.93
Penta-EGDN AS; 67751  805.07  807.34 925.86 1037.69 1143.08 1242 1334.7
AH 37.92 69.56 70.24 111.66 161.93 219.84 284.08 353.57
ACpm 32301 42177 42377 53165  628.99 710.73 778.37 834.57
Hexa-EGDN AS, 750.02 896.81  899.43 1036.2 1165.57 1287.7 140251 1510.22
AHS 43.37 79.78 80.56 128.36 186.52 253.64 328.2 408.93
2Units T,K; ACpp:Jdemol K™ ASy: Jemol K™ AH[; @ kdemol .
crease as the number of CH,CH,0 groups (n=0, 1, 2, 3, impact sensitivities of the explosives.®
4, 5) increases. There are good linear relations between
nand AC.n,, ASn, or AHy, respectively, and the 03100:100(2%_ NH—2Nc—2Ncoo) (11)

correlation coefficients are all larger than 0.99:

AC,=143.10+55.69n )
AS;=422.22+95.35n 9)
AH©=27.45+10.45n (10)

One can find that, for the title compounds, Acﬁm,
AS; and AH{ increase on an average by 55.69
Jemol K !, 95.35 Jemol "K' and 10.45 kJmol *,
respectively, when one CH,CH,O group is added, which
shows good group additivity of thermodynamic func-
tions.

We believe that the mentioned equations and data in
Table 1 are helpful for the further studies on the other
physical, chemical, and explosive properties of the title
compounds.

Detonation performance

Table 2 collects V, p, D and P of thetitle compounds.
The calculated heats of formation Epor, OXygen bal-
ances OB and Q are also listed in this Table.

The oxygen balances (OB1q0) were calculated using
the formula (11), which can be used to rudely predict the

M

where np, Ny, and nc represent the numbers of O, H, and
C atoms, respectively; ncoo is the number of COO, and
here ncop=0 for the nitrate esters; M is the molecular
weight.

From Table 2, we see that EGDN detonation per-
formances (p=1.75 gecm 3, D=8.96 kmes *, P=35.03
GPa) are best among the title compounds, and almost
better than those of the important explosive, 1,3,5-tri-
nitro-1,3,5-triazacyclohextane (RDX, p=1.81 gecm 3,
D=8.75 kmes !, P=34.70 GPa). On the whole, the
energy and density of dinitrate esters decrease as the
number of CH,CH,O groups (n) increases, which shows
that above CH,CH,O groups have adverse effects on
detonation performance of title compounds with the
same number of nitrate groups.

Figure 3 presents the relationships between OBjq,
Evor, Q, V, p, D or P and the number of CH,CH,O
groups (n). The correlation equations are: V=284.89+
36.09n, Ejor = — 240.68 — 160.65n, p = 1.728 —
0.106n-+0.008n°, P=33.990—8.040n+0.833n°, D=
8.861—0.989n+ 0.091n?, Q= 1607.253— 194.051n+
16.644n°, OB1po = 2.364 — 3.286n+ 0.289n% and the
corresponding correlation  coefficients are 0.9975,
0.9997, 0.9404, 0.9653, 0.9825, 0.9857 and 0.9847, re-
spectively.
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Table2 Predicted densities and detonation performances of the title compounds

Compound OBio Ql(Fg™h Enod/(kdmol™)  Vi(cm®mol™)  pl(geem™)  Di(kmes™)  PIGPa
EGDN 2.63 1622.7 —238.66 86.65 1.75 8.96 35.03
Di-EGDN —1.02 1409.2 —401.83 123.00 1.59 7.78 24.89
Tri-EGDN —3.33 1272.4 —b566.56 154.42 1.55 7.25 21.23
TetraeEGDN —4.39 1184.3 —723.78 188.67 151 6.81 18.37
Penta-EGDN —6.10 1123.9 —875.48 229.35 1.43 6.39 15.58
Hexa-EGDN —6.99 1035.7 —1047.6 268.61 1.39 6.14 14.08
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Figure3 Correlations between OB, Eior, Q, V, p, D or P and
the number of CH,CH,O groups (n) for the title compounds.

Pyrolysis mechanism

Bond overlap populations

Bond overlap populations reflect the electron accu-
mulations in the bonding region, and they can provide

us detailed information about the chemical bond. As a
whole, the less Mulliken bond populations the bond has,
the more easily the bond breaks. Though Mulliken
population analysis® suffers from some shortcomings,
such as the basis set dependence, results derived from
Mulliken population analysis under the same calculation
condition are still meaningful for comparing trends in
the electron distribution for homologous compounds as
was done here. The bond populations obtained from the
Mulliken population analysis for the title compounds at
the B3LY P/6-31G* level arelisted in Table 3.

Table3 Mulliken bond populations for the title compounds

Compound Mo-no, Mc—c Mc—n Mc—o
EGDN 0.1494 03226  0.3501 0.1664
Di-EGDN 0.1518 0.3515  0.3425 0.1610
Tri-EGDN 0.1533 0.3504 0.3414 0.1597
Tetra EGDN 0.1503 0.3233  0.3416 0.1579
Penta-EGDN 0.1517 0.3542  0.3418 0.1459
Hex-EGDN 0.1532 0.3533  0.3401 0.1581

Inspecting the data in Table 3, it can be found that,
for dinitrate ester, the overlap population of the O—NO,
(Mo_no, ) relatively smaller than those of other bonds,
which indicates that the O—NO, may be the trigger
bond during athermolysisinitiation process.

For the title compounds, comparing EGDN, Di-
EGDN and Tri-EGDN, it can be found that with the
number of CH,CH,O groups increasing, Mo_no, in-
creases as expected. This suggests that the stability in-
creases and that their sensitivities decrease accordingly,
which confirms that the CH,CH,O group has an insensi-
tizing effect in this range. Meanwhile, comparing the
Tetra-EGDN, PentaEGDN and Hex-EGDN, the same
variation law can be found. However, the Mg_no, Of
Tetra-EGDN is less than that of Tri-EGDN, which indi-
cates that in certain n value range the CH,CH,O group
has an insensitizing effect on dinitrate esters. For the
title compounds, the order of the stability is EGDN<<
Tetra EGDN << Penta-EGDN << Di-EGDN <<Hex-EGDN
<Tri-EGDN based on the bond overlap populations.

In a word, comparison of bond overlap populations
could be primarily used to identify the pyrolysis mecha-
nism, the stability and the relative magnitude of the sen-
sitivity of the homologic energetic materials.
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Kinetic parameter

Another main concern for the energetic materias is
whether they are kinetically stable enough to be of prac-
tical interest. Thus, studies on the bond dissociation or
pyrolysis mechanism are important and essential for
understanding the decomposition process of the ener-
getic materials, since they are directly relevant to the
sensitivity and stability of the energetic compounds. In
this paper, for the title compounds, four possible initial
steps in the pyrolysis route are considered by breaking
following bonds: (1) O—NOy; (2) C—C; (3) C—H and
(4) C—-0. It should be pointed out that the weakest O—
NO,, C—0O, C—H and C—C bonds are selected as the
breaking bonds based on the Mulliken bonding popula-
tion analyses at the B3LYP/6-31G* level. Table 4
summarizes the computed BDE and BDE, values at the
B3LYP/6-31G* levels. Compared with BDE, BDE
paralelly descends 21.9—37.0 kJ/mol, which indicates
that using BDE with or without correction for zero-point
energy will not have influences on the identification of
trigger linkage and pyrolysis mechanism.

Generally speaking, the less the energy is required to
break a bond, the weaker the bond is, and the more eas-
ily the bond becomes a trigger bond, that is to say, the
corresponding compound is more unstable and the sen-
sitivity is larger. Comparing the BDE of the main bonds
of the title compounds in Table 4, it can be seen that,
BDE of homolysis of the O—NO, bond is the least,
which suggests that the O—NO, bond may be a trigger
bond during a thermolysis initiation process. This vali-
dates the conclusion drawn from the above Mulliken
population analysis and is consistant with experimental
conclusion.®

Comparing EGDN, Di-EGDN and Tri-EGDN, it can
be found that their BDE for the homolysis of O—NO,
bonds increased gradually, indicating that the substitu-
tion of CH,CH,O increases the stability and decreases
their sensitivities accordingly. Meanwhile, comparison
of BDE between Tri-EGDN and Tetra-EGDN shows
that, the substitution of CH,CH,O decreases their stabil-
ity and increases sensitivities accordingly. Comparing

Lletal.

Tetra-EGDN, Penta-EGDN and Hex-EGDN, it can be
found that their BDE for the homolysis of O—NO,
bonds still increased gradually. This suggests that in
some n value range, the introduction of CH,CH,O
groups increases the stability of the molecules, which
validates the above Mulliken population anaysis. The
order of the stability is EGDN < Tetra-EGDN <
Penta-EGDN << Di-EGDN << Hex-EGDN << Tri-EGDN
based on the Kinetic parameter analysis.

Conclusion

Using the B3LYP/6-31G* method, we have theo-
retically studied the structures and the performances for
the dinitrate esters, and the conclusions of this work are
asfollow:

(1) The IR spectra of six dinitrate esters have six
characteristic regions which were assigned to the
asymmetry and symmetry stretches of C—H, the NO,
asymmetric stretching, the NO, symmetry stretching,
the characteristic peaks of ether groups (CH,CH0), the
C—O0O symmetry stretching and the fingerprint regions.

(2) Thermodynamic properties all increase quantita-
tively with increasing temperature and number of
CH,CH,O groups. The increments for heat capacities
and entropies decrease, while they increase constantly
for enthalpies as the temperature increases.

(3) For the dinitrate esters, the oxygen balance,
volume, density, detonation velocity and detonation
pressure linearly decrease with the increase of the num-
ber of CH,CH,O groups.

(4) For the title compounds, Mq_no, and BDE for
the rupture of O—NO, bond are the least in each mole-
cule, indicating that this bond is the weakest and may be
the trigger bond during thermolysis processes. The
number of the CH,CH,O group has an influence on the
stability of the molecules.

(5) The kinetic parameters and the static electronic
structural parameters are related with each other, and all
can be pardlelly or equivalently used to identify the
stability and the relative magnitude of impact sensitivity
for homol ogous energetic materials.

Table4 BDE for main kinds of the bonds (kJmol %)

BDE BDE,
Compound

O—NO;, c—C C—H c—O O—NO; c—C C—H c—O
EGDN 140.46 324.24 382.79 303.24 161.53 361.3 421.65 333.70
Di-EGDN 144.00 329.12 375.64 313.69 166.46 359.96 412.47 346.57
Tri-EGDN 145.77 329.53 374.09 315.31 168.29 360.48 410.89 348.14
Tetra-EGDN 140.99 326.61 376.50 314.79 159.89 357.9 412.99 346.57
Penta-EGDN 142.56 328.98 371.25 310.07 165.67 360.22 407.74 346.83
Hex-EGDN 145.72 327.37 373.08 314.01 168.29 358.38 409.13 347.35

& BDE, denotes the bond dissociation energies without zero-point energy corrections, while BDE denotes the bond dissociation energies

including zero-point energy corrections.
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Figure1S The calculated infrared spectrafor the title compounds.
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