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Abstract A series of no-chlorine and oxygen-rich hydra-
zine derivatives (hydrazine modified with —-NO, and NO;~
groups) was designed and optimized to obtain molecular
geometries and electronic structures at density functional
theory-B3PW91/6—-311++G(3df,3pd) level. Some impor-
tant properties such as bond dissociation enthalpy, density,
natural bond orbitals, thermodynamic parameters, molecular
orbital energy and burning rate were then calculated. The
simulation results revealed that these compounds exhibit
excellent performance, with significant superiority over tra-
ditional oxidants found in propellants.

Keywords Oxidant - Hydrazine derivate - Density
functional theory - Natural bond orbital - Burning rate

Introduction

Nowadays, there is great interest in developing new pro-
pellants for altitude rockets to allow heavier loading and
farther launching distance [1-3]. However, despite the
generation of several novel energetic materials (HMX,
RDX, CL-20 and energetic salts) in the last century [4-7],
for the most part, oxidants in propellants still employ am-
monium nitrate (NH4NO;, AN) or ammonium perchlorate
(NH4CI104, AP) for many purposes. The disadvantages of
these oxidants are obvious: the ability to supply oxygen and
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the combustion energy of AN is poor, thus weakening the
efficiency of the propellant; and Cl in AP gives a high
characteristic signal in military detection and would also
cause severe atmospheric pollution [8—10]. Several im-
provements to AP have been witnessed, with products such
as hydrazine perchlorate (N,HsClO,4, HP), hydroxylamine
perchlorate (NH,OClO,4, HAP) and hydrazine diperchlorate
[N,Hg(C104),, HP,] being proposed. Although the combus-
tion energy of oxidants was improved with these products,
the other disadvantages noted above remain unsolved.
Meanwhile, ever more frequent launching of rockets to
outer space has meant a rapid growth in the Cl content in
the atmosphere, leading to a potential safety hazard.

Anhydrous hydrazine has been considered an important
resource in propellants due to its significant high energy per
mole [11, 12]. But its other properties—it is toxic, inflam-
mable and expensive—have limited its use to applications
where there were no other choices. Researchers have taken
two directions to attempt to improve this: (1) the synthesis
of methyl derivatives such as monomethylhydrazine
(MMH), 1,1-dimethylhydrazine (UDMH), 1,2-dimethylhy-
drazine (SDMH) and N-methyl-N-phenyl-hydrazine, which
expand their application as energetic materials [13—18]; (2)
the introduction of ClO4 or NOs; groups into molecular
structures to develop them as oxidants. As yet, there are still
only a few studies in this direction, with only one or two
important compounds reported [19-24].

Here, we designed a series of oxygen-rich hydrazine de-
rivatives by modifying hydrazine with —-NO, and NO;~
groups. As there was no carbon atoms and fewer hydrogen
atoms, the ability to supply oxygen (measured by oxygen
balance, OB(y) was excellent, reaching 39.2 OB¢. Also,
the powerful energy export of hydrazine was developed and
strengthened by the —-NO, group. Since there was no Cl
atoms, H,O and N, (N,O, NO and NO, reacted with
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Table 1 N-N bond dissociation

enthalpies (BDEs) in hydrazine E(NH,NH,) E(NH,) (a.u.) BDE (kJ mol ") AE (kJ mol™")®
at different levels (a.u.)
B3LYP/6-311 G++(3df,3dp) —111.857740 —55.879890 257 19
B3LYP/aug-cc-pvdz —111.830071 —55.865707 259 17
B3LYP/aug-cc-pvtz —111.860300 —55.881374 256 20
CCSD/6-311++g —111.356851 —55.637289 216 60
CCSD/6-311 G++(3df,3dp) —111.682119  —55.789806 269 7
PWIPW91/6-311++G(3df,3pd)  —111.822683  —55.861214 263 13
‘53] B3PW91/6-311++G(3df,3pd) -111.813353  —55.855836 267 9
°[54] G2MP2° 280 4
“Error between calculated and Experimental” 276+8

experimental value

energetic materials and formed N,) would be the main
products. So these hydrazine derivatives could be regarded
as environmentally benign oxidants for the further develop-
ment of novel propellants.

Methods

Computations were performed with the Gaussian 03 pack-
age using the B3PW91 [25-31] method with 6-311 G++
(3df,3pd) basis set [32]. The geometric parameters were
allowed to optimize and no constraints were imposed on
the molecular structure during the optimization process.
Vibration frequencies were calculated for the optimized
structures to enable us to characterize the nature of station-
ary points, zero-point energy (ZPE) and thermal correction.
The volume was also calculated based on the optimized
structures and iop(6/46) was set as 2,000 to minimize fluc-
tuation. All optimized structures were characterized to be
true local energy minima on potential energy surfaces with-
out imaginary frequencies.

To measure bond strength and the relative stability of
these molecules, the bond dissociation enthalpies (BDEs)
of N-N bonds in each designed structure were calculated.
BDE is the energy required for homolysis of a bond and is
commonly denoted by the difference between total enthalpy

of product and reactant after ZPE correction [33]. The
expressions for the homolysis of bond A-B (1) and its
BDE calculation (2) were shown as follows [34, 35]:

A-B(g) = A-(g)+B- (g (1)

BDE(A — B); = E(A')y + E(B-)y — E(A —B)4 (2)

A-B stands for neutral molecules and A- and B- for the
corresponding product radicals generated from bond disso-
ciation; BDE (A-B) is the BDE of bond A-B; E(A-B)y,
E(A")y, and E(B-)y are ZPE-corrected total enthalpy of the
parent compound and corresponding radicals, respectively.

An efficient and convenient statistics average method
was worked out to predict the crystalline densities of ener-
getic materials containing the elements C, H, N, and O
[36—40]. To calculate the densities of nitramine compounds,
the data of molecular volume was required. The molecular
volume V was defined as inside a contour of 0.001
electrons/bohr3 density, which was evaluated using Mon-
te—Carlo integration, where iop(6/46) was set to 2,000 to
minimize fluctuation. The software Multiwfn [41] was used
to contrast the reliability of volumes in Gaussian. The the-
oretical molecular density p (p=M/V, where M = molecular
weight) was also calculated.

Table 2 BDE_x) and bond
lengths of hydrazine derivatives

E—4
H A
>N N

Compound R, R, Bond length/A AE/KJ mol !
1 -H -H 1.48 267
2 -H -NO, 1.37 367
3 -H -H-HNO; 1.44 332
4 NO, NO, 1.35 385
5 -H-HNO; -H-HNO; 1.46 340
*Value calculated at G2MP2 6 NO, -H-HNO; 1.40 3192

level
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The OB was used to predict the oxygen delivery
capacity of all oxidants, which represented the excessive O
atom that the oxidant could supply. The supplied O atom
helps explosive compounds to produce the most stable
products (N,, H,O, CO, and CO,) and thus release the
highest energy. OBy was calculated as follows:

0] -0
OBIOO _ ( Total Use)

x 1600 (3)
where Oty 1S the number of O atoms in the oxidant
molecule, and Oy, the number of O atoms required in the
oxidant itself during the reaction.
N—the number of moles of oxygen that oxidants could
supply in unit volume—was calculated as follows:

P Orotal — Ouse

N = M 7 4)

where p is the theoretical molecular density, and M
the molecular weight; Oty and Oy, were the same as
in Eq. (3).

The burning rate p(p), relative to the pressure and other
factors when inflamed, was complex in real conditions, and
was calculated as follows:

ulp) = Kp [ [ /o 5)
i=1

K* was the constant in most conditions; f; was the effect
of every compound to the burning surface; /; was the effect
of every compound to the internal burning fire.

Here, we simplified its form to Eq. (6) [42, 43]. This
equation does not show some details of burning but was
exactly in accordance with its changing tendency.

p(p) = 1.709p6 /p (6)

p is the theoretical density of oxidant (g/cm ), and p is
the pressure under current conditions (MPa). 8, is the mole
fraction of molecular gas gaining oxidizing properties dur-
ing burning and was calculated as follows:

1

6 =
" T oA B+r+gxnp) +1

(7)
«, [3, v and q differ for each oxidant. The detailed data

and methods of evaluation can be found in the Supporting
information. 1(p) was calculated as follows:

1(p) = 2 — exp 0.6931 (1 - ;i*) (8)

p is the pressure under current conditions (MPa), and p*
is characteristic pressure. This pressure was measured under

conditions in which the compounds burned in an ideal state
and were transformed completely into all the desired prod-
ucts. Different elemental composition in the propellant
resulted in different p*. For propellants containing only N,
H and O elements, the value of p was usually set at
9.81 MPa.

Results and discussion
N-N BDE and infrared spectra

The BDE of N—N not only affected the stability of hydrazine
derivatives but also was the main source of explosive ener-
gy. Because there was no experimental data about the BDE
of the designed compounds, we first used hydrazine as a
typical substrate to scan the precision of different methods
and basis sets. The value of BDE(N-N) in hydrazine is
listed in Table 1. As can be seen, ab initio method G2MP2
was the closest to the experiment result, with a value of
280 kJ mol ™' of BDE(N-N), which could be regarded as the
“gold standard” in bond energy calculation. Another meth-
od, CCSD, was closely related to the basis set and the
addition of a diffuse function significantly improved preci-
sion. However, in that case, the cost in terms of time and
computational resources would be no less than with
G2MP2. With DFT methods, the error of B3LYP was still

Table 3 Some natural bond orbitals (NBOs) of hydrazine derivatives.
Some of the data referred to is listed in this table; LP lone pair
electrons; BD bonding orbital; BD* antibonding orbital; 7, 2, 3 first,
second and third lone pair electrons in each atom or bond between two
atoms, respectively

Compound Donor NBO (i) Acceptor NBO (j) Ei-j (kcal mol ™)

2

N - NNO,: LP ()N 1 BD*(1)N2-N3 14.40

3

N - OH: LP ()N BD*(1)H-O 42.83

4

N - NNO;: LP ()N 2 BD*(1)N3-N4 19.27
LP ()N 3 BD*(1)N2-N1 19.23

5

N-OH(5a): LP(1)N1 BD*(1)H- O 70.77
LP(H)N2  BD*1)H-O 7233

O-NH(b): LP(2)O BD*(1) H-N 1 3.86
LP(2)O BD*(1) H-N 2 3.89

6

N - NNOy(6a): LP (1) N 3 BD*(1)N2-N1 12.99

N - OH(6a): LP(1)N3 BD*(1)H-O 45.30

O -NH(6b): LP(1)O BD*(1) H-N 2 3.43
LP (2)O BD*(1) H-N2 3.32
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very obvious even when we used the largest basis set, which
meant it was not suitable here. PW91 performed better than
B3LYP in this system. Especially B3PW91, whose BDE
value was 267 kJ mol ! with 9 kJ mol ™! error, was second
only to “gold standard” G2MP2 and CCSD/6—311 G++
(3df, 3dp). Considering its lower cost compared to the ab
initio method, and its acceptable precision, we chose
B3PWO91/6-311++G (3df, 3pd) as the basis set for further
theoretical studies.

All designed hydrazine derivatives and their radicals
formed in bond dissociation process were optimized at

B3PWO91/6-311++G (3df, 3pd) level. The BDE.n) and
bond lengths were calculated and listed in Table 2. As can
be seen, the introduction of the -NO, group could strong-
ly improve the BDE.ny of 2 to 367 kJ mol ! (37.5 %
rise) and shorten the bond length to 1.37 A, while the
effect of the HNOj group in the form of salt was a little
weaker than that of the -NO, group, with BDE_x, of 3
being 332 kJ mol ' (24.3 % increase) and the bond length
1.44 A. Yet, the change would be a little different when a
second group was introduced. A second —NO, group
would still strengthen its impact on the N-N bond. The

Fig. 1 Second order H
perturbation (SOP) of hydrazine
derivatives
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x N VRN
N —Ns—H—O (3 and 5)
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o/

s Share the electron based on NBO
— Short the bond

--4 Intramolecular hydrogen bond

Scheme 1 Probable electron sharing conditions and bond length
changes

BDEn of 4 reached the highest value of 385 kJ mol ™
and bond length was only 1.35 A. Unexpectedly, a second
HNO; group weakened the effect of the first, and the

BDEn ) of 5 fell to 340 kJ mol ! and the bond length
was 1.46 A. The BDE(y.y, of 6, with two different
groups, was only 7 kJ mol™', which is less than that of
a hydrogen bond. We then calculated this BDEx ) at
G2MP2 level; its value is 319 kJ mol™' with the same
structure.

To investigate the detailed interaction between intro-
duced groups and hydrazine, natural bond orbital (NBO)
was calculated with Gaussian 03. Some important results
of intermediate compounds are listed in Table 3. Donor
NBO (i) was the orbital that supplies electrons and accep-
tor NBO (j) was the orbital that accepts these electrons.
Their interaction is described by the stabilization energy
Ei_; based on second order perturbation (SOP) theory
[44]. The higher the value of E;j, the stronger the inter-
action would be and thus the electrons were more likely to
be shared by two orbitals. Furthermore, Fig. 1 presents a
clear visual representation of this interaction based on the
values in Table 3. E shows the intensity of interaction and
its variation tendency was similar with E; ;.
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Fig. 2 Calculated infrared spectra of hydrazine derivatives
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Table 4 Predicted densities,

Vo em® mol™) p(gem™)* p'(gem ™) OBjgp

N (10%mol cm™)

oxygen balance (OB) and gas Compound Vo (em® mol ™)
volumes of hydrazine
derivatives 1 31.057
2 49.453
3 63.833
4 69.352
5 97.420
6 81.536
. ) ) 7(AN) 53.804
9(Nitramide) 39.809

“Estimated data

30.089 1.03 1.00° 100 0

49.030 1.56 1.76° 10.4 1.00
63.725 1.49 1.69° 8.4 0.89
68.529 1.76 1.96° 39.2 2.41
96.947 1.62 1.82° 30.4 1.73
84.282 1.72 1.92° 343 2.06
54.107 1.49 1.72° 20 1.08
78.298 1.59 1.81° 25.8 1.46
37.007 1.56 1.78° 25.8 1.44

As we know, the -NO, group is an electron-withdrawing
group that would attract electrons from the atom it substitut-
ed. Yet, the -NO, group in 2 was obviously not satisfied
with this situation as can be seen in Scheme 1; it tried to gain
electrons from the N3 atom far from it because of the
condition of electron deficiency over the whole molecule.
This direct interaction between N1 and N3 was helpful in
shortening the N—N bond and improving the bond energy.
This effect was strengthened in 4 and thus the value of bond
length was decreased to 1.35 A with a highest BDEy ). In
3 and 5, the HNO; group was not as strong as the —NO,
group and shared the electron mainly with the N atom next
to it. So, another N atom in hydrazine that was not affected
would supply its electron to keep a balance, and an intra-
molecular hydrogen bond at this position was also helpful.
This kind of bond shortening (as seen in Scheme 1) was
different from the case with the -NO, group. The situation
became complicated in 6 and we had to deduce its mecha-
nism from the NBO results. Although there was still some
effect of the -NO, group at N2 and N3, the HNO; group
here also wanted to share the electron at N3, which weak-
ened the connection between N1 and N3. Both these groups
make N3 fall into a very electron deficient state. But here,
N2, which was no better than N3, could not give any help as
in 3 and 5, since its electron was shared with N1-O. Thus,
NBO judged the N2-N3 bond to be less energetic and only
319 kJ mol ™' was required to dissociate this bond.

Vibrational spectroscopy is one of the most important
experimental tools in the study of unknown compounds,
so information on calculated harmonic vibrational frequen-
cies could be useful. Figure 2 shows the calculated IR
spectra of different hydrazine derivatives obtained at
B3LYP/6—311++G (3df, 3pd) level. Due to the complexity
of vibrational modes, it was difficult to assign all bands.
Therefore, only some typical vibrational modes were ana-
lyzed and discussed. The stretching and bending vibrational
frequency of NH," and NO;~ in AN was 3144 cm ',
1433 cm ! and 1350 cm™ ', respectively; N-NO, peaks in
ADN were at 1539 em™', 1210 cm ™' and 1034 cm ™. All

@ Springer

these peaks could be found in the calculated infrared spec-
tra. In 2 and 4, the frequencies of the N-NO, group moved
to short waves in some cases <500 cm ' (red arrow). In 3
and 5, the peak of NO; moved to waves higher than
1500 cm ' (blue arrow). When both -NO, and NO; ™~ groups
existed, as in 6, the strong effect of -NO, inhibited the effect
of NO; and again moved the frequency to short waves
(green arrow).

Densities, oxygen balance and gas formed

In this study, single-point molecular volume calculations at
B3PWO91/6-311++G (3df, 3pd) level were performed based
on geometry optimized structures. Another software,
Multiwfn, was also used here to check the results in Gauss-
ian. As can be seen in Table 3, both tools showed a similar
volume, and the error could be attributed mainly to the
randomness of Monte-Carlo integration. Based on the vol-
ume, the density of hydrazine evaluated was 1.03 g/cm’,
which was very close to the experimental result of

Table 5 Calculated electronic energies (E), zero-point energies (ZPE)
and enthalpies of formation (AHy) in gas phase at G2MP2 level

Compound E, (a.u.) ZPE (a.u.) H (a.u.) AH; (kJ/mol)
1 —111.673675 0.051429 —111.669071 97.06 (95)*
2 —315.936844 0.055978 —315.931084 91.69

3 —392.248888 0.081201 —392.240316 -110.23

4 —520.187087 0.059257 —520.179345 110.34

5 —672.818678 0.110359 —672.805438 —313.53

6 —596.502874 0.084847 —596.492265 -101.26

7 —337.025385 0.062802 —337.017534 —348.81

8 —521.395265 0.077114 —521.384604 —150.034
9 —260.699495 0.038989  —260.694880 —9.29

H,O —76.409524  0.021277 -76.326232

NH; —56.527679  0.034289 —56.526735

?Data from [54] in parenthesis
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1.00 g/cm®, whereas in dealing with the molecules that
would form intermolecular hydrogen bonds, the densities
would be underestimated. Some of these compounds have
been successfully synthesized by now and their densities
measured (see Table 3). Comparing the calculated and ex-
perimental results of 3, 7, 8 and 9, we can see that their
value difference was consistently about 0.2 g/cm®. So we
speculated that all the hydrazine derivatives would follow
this rule, and predicted the densities of other compounds.
Further experiments were designed to verify this presumed
result.

OB was another of the most important criteria for
selecting potential high energy and density oxidants. From
Table 4, it can be seen that 4 has the highest OB among the
hydrazine derivatives, with a value of 39.2 OB, 100 %
higher than the traditional oxidant AN. Comparing 2 and 3,
4 and 5, it can be concluded that more substituents in the
compound led to higher OB, and the oxygen supplying
ability of compound containing a -NO, group was better
than that containing a HNO;5; group. When the limit of
admission space was considered, we used another index,
N, to describe their properties: N = the number of moles
of oxygen that oxidants could supply in unit volume. As can
be seen, 4 continued its excellent performance because of its
high density, with a value 130 % larger than that of AN.
Those hydrazine derivatives with two substituents were also
ahead of the others.

The computed electronic energies and enthalpies were
also used to estimate the standard enthalpies of formation
(AH-?g) of hydrazine derivatives. There are two main path-
ways to calculate AH°g the first is to design an isodesmic
reaction [45-47]; the second uses atomization enthalpy
[48-50]. Because the molecules are small enough, we can
use atomization enthalpy and calculate their accurate en-
thalpies directly with the high level ab initio method
G2MP2. By comparing the calculated and experimental
result of 1 in Table 5, this method yielded acceptable results.
As can be seen, AHe; of most hydrazine derivatives was
higher than traditional oxidants, which meant the oxidant
itself could export more energy, and thus less energy would
be required to active the reaction.

Thermal stability and burning rate

Stability here refers to the chemical or photochemical pro-
cesses with electron transfer or electron leap. When the
oxidants are handled by operators or equipment, generation
of static electricity is unavoidable. This index value of
thermal stability indicates the safety of these compounds
when handled. Energies (eV) of frontier molecular orbital
[51, 52] and their gaps (AE umo-nomo) of hydrazine de-
rivatives at the same level were shown in Fig. 3. As can be
seen, AE; ymo-nomo values would be different with
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Fig. 3 Energy of highest occupied molecular orbital (Egomo), energy
of lowest unoccupied molecular orbital (Epymo) and energy gaps
(AELUMO—HOMO) of hydrazine derivatives

different substituted groups. The AE; ymo-nomo of mono-
substituted compound (2 and 3) was higher than that of di-
substituted one (4, 5 and 6). For 4 and 8, it could be found
that two —-NO, groups at the same position would decrease
the value of AE} ymo_nomo more sharply than at different
positions. For 1, 2 and 9, the AE}ymo_nomo increased
obviously when reducing the number of —-NH, groups.
Based on these results, we conjectured that the more polar-
ized molecule would own higher AE; yvo-nomo and thus
exhibit greater stability.

The burning rate p(p) was relative to the pressure p when
oxidants were ignited. This was complex in practice. For
example, there was a “platform effect” under the pressure
from 1 MPa to 10 MPa in the experimental data of 8. The
method we used could not show all details during the
burning process but was exactly in accordance with the
change trend. As can be seen in Fig. 4, di-substituted com-
pounds had higher p(p) than mono-substituted ones, and
their gap obviously increased with pressure. For 4, 5§ and
6, the -NO, group could improve the burning rate more
effectively than the HNO;5 group. ADN (8), known for its
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Fig. 4 The calculated burning rate of hydrazine derivatives
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astonishingly high burning rate, was one of the most impor-
tant potential oxidants. Its rate was faster than 5 but fell
when compared with 4 and 6. Considering both the higher
oxygen balance and AH°; of 4 and 6, a comprehensive
performance of ADN would be inferior to the two designed
compounds.

Conclusions

In summary, full geometrical optimizations of oxygen-rich
hydrazine derivatives were performed using density func-
tional theory at B3PW91/6—311++G(3df,3pd) level, with no
symmetry restrictions. The detailed structure—property stud-
ies such as density and volume were conducted based on
which energetic performance was studied. By comparing
with experimental and calculated data of ammonium nitrate
(AN) and ADN, the results proved reliable. Furthermore,
stability correlations were established for these compounds
by analyzing BDE and energy gaps (AE; ymo-nomo); burn-
ing rate was calculated to show their potential application as
oxidants in propellants. The simulation results revealed that
these hydrazine derivatives have excellent performance and
were obviously dominant compared with traditional oxi-
dants. Furthermore, these results provide theoretical support
for the molecular design of novel oxidants as well as exper-
imental synthesis.
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