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Abstract

In order to elucidate why the inclusion of a nonpolar desensitizing agent in polymer-bonded explosives (PBXs) affects their
sensitivity and safety, the intermolecular interactions between nitroguanidine (NQ: a high-energy-density compound used as a
propellant and in explosive charges) and F,C=CF, were investigated theoretically at the B3LYP/6-311++G(2df,2p) and M06-
2X/6-311++G(2df,2p) levels of theory, focusing especially on the influence of intermolecular interactions on the strength of the
trigger bond in NQ. The binding energies and mechanical properties of various (3-NQ/polytetrafluoroethylene PBXs were also
studied via molecular dynamics simulation. The results indicated that the weak intermolecular interactions between NQ and
F,C=CF, have almost no effect on the strength of the trigger bond or the energy barrier to the intramolecular hydrogen-transfer
isomerization of NQ, as also confirmed by an AIM (atoms in molecules) analysis. However, the mechanical properties of the 3-
NQ/polytetrafluoroethylene PBXs were found to be significantly different from those of pure 3-NQ: the PBXs showed reduced
rigidity and brittleness, greater elasticity and plasticity, and—in particular—better ductility. Thus, (3-NQ-based PBXs with
polytetrafluoroethylene are predicted to be less sensitive to external mechanical stimuli, leading to reduced explosive sensitivity
and increased safety.
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Introduction

The search for stable yet insensitive explosives is an important
goal in the field of energetic materials chemistry because,
compared to sensitive explosives, there is less chance of
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accidentally triggering the detonation of insensitive explo-
sives during handling, which makes them very attractive to
the military [1-5]. Introducing a polar or nonpolar
desensitizing agent such as an inorganic salt, stearic acid,
Aquadag, or fluoropolymers into an explosive is one way to
reduce explosive sensitivity [6].

Unraveling the factors and processes involved in the sen-
sitivity of an explosive requires physical and chemical re-
search at various scales, including the molecular scale, the
crystal scale, the particle scale, and the block scale. Some
relationships between the sensitivity and properties of the ex-
plosive have already been established at particular scales
[7-11], and the general mechanism for the change in explo-
sive sensitivity observed upon the addition of a desensitizing
agent to an explosive system is known. For example, at the
molecular level, a polar desensitizing agent with a strongly
polar bond can easily combine with the -NO, group of the
explosive to form a molecule—ion interaction or H-bond,
which is regarded as the main stabilizing force in such an
explosive [12—14]. A theoretical investigation indicated that
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the strength of the C—NO, trigger bond—the rupture of which
is believed to be a key initial step in detonation [7, 11, 15]—is
enhanced in the molecule—cation complex compared with that
in the isolated nitrotriazole molecule, leading to the reduced
sensitivity of the combined explosive [14]. The generation of
intermolecular H-bonds involving the -NO, groups of explo-
sives, 1.e., ON-O--H contacts, is believed to be crucial to
reducing the sensitivities of energetic materials, as these H-
bonds strengthen trigger bonds [16].

While the presence of a polar desensitizing agent is known
to decrease explosive sensitivity by inducing molecule—ion or
H-bonding interactions, it is unclear how the addition of a
nonpolar desensitizing agent with a polar bond will affect
explosive sensitivity. If we consider this at the molecular
scale, some of the nonpolar additives, such as fluoropolymers,
used in polymer-bonded explosives (PBXs) contain the
strongly electronegative F atom, so intermolecular interac-
tions may also occur between the polar C—F bond of the non-
polar additive agent and —NH,, —OH, and —CHj3 groups in the
explosive.

PBXs are composite materials in which a high-energy ex-
plosive material is bound together in a matrix using a small
amount of polymeric binder. PBXs have been widely used in
many defense due to their safety, high strength, and ease of
processing, among other advantages [17-20]. In a PBX, the
polymeric binder is often a nonpolar desensitizing agent such
as a plastic. Investigations performed at the molecular and
crystal levels have shown that the long molecular chains of a
polymer binder that is also a nonpolar desensitizing agent can
dampen external stimuli, making the PBX less sensitive
[21-23]. In particular, such investigations have found that
the mechanical properties of the PBX correlate well with its
sensitivity. For example, molecular dynamics (MD) simula-
tion was applied to investigate the sensitivity and mechanical
properties of 3-HMX (3-cyclotetramethylene tetranitramine)-
based PBXs with a polymer binder by Xiao et al. The results
indicated that the Cauchy pressure (Cy, — C44) can be used to
accurately gauge the sensitivity of HMX and HMX-based
PBXs [24]. The mechanical properties of TATB (1,3,5-
triamino-2,4,6-trinitrobenzene) were found to be improved
when it was blended with fluoropolymers, and the binding
energies between the polymers and TATB or HMX were suc-
cessfully used to predict the sensitivities of the resulting PBXs
[25, 26].

One important question to address at the molecular and
crystal levels is whether the interactions between the explo-
sive and the binder influence the strength of the trigger bond
and thus the safety of the PBX. When MD simulation was
used to compare the average and maximal bond lengths of
the trigger bond in the pure explosive with those in the
PBXs, no significant differences were observed, and Xu
et al. have found that it is impossible by changing the molec-
ular structures of binders to affect the sensitivity of PBXs [27].
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This result suggests that the interaction between the explosive
and binder does not influence the strength of the trigger bond
and the safety of the PBX. Those authors also found that
electrostatic and van der Waals interactions were the main
interactions between the polymer and the explosive crystal,
because the contribution from H-bonds to the nonbonded en-
ergy was zero and the distances between the atoms in the
fluoropolymers and the atoms on the crystal surface were al-
ways more than 3.0 A [23]. However, according to quantum
chemistry calculations and simulation [25, 28, 29], the main
interactions in PBXs are intermolecular hydrogen bonds, H--
O and H--X (X =F, Cl, etc.), between the explosive molecules
and the polymer binder molecules [30]. When calculated at a
low level of theory (B3LYP/6-311G*//B3LYP/3-21G* and
MO-PM3), the energy associated with intermolecular H-
bonds between the explosive and the polymer binder was
found to be large—up to 52.98 kJ/mol for the TATB
+1,1,3,3,5,5,7,7,9,9-decafluorinedecane system [29].

Thus, according to the recent literature on PBXs [24,
30-33], there are two points of view about the interactions
in PBXs containing nonpolar desensitizing agents: that strong
intermolecular H-bonding is present in PBXs, or that such
bonding is virtually absent. This confusion prompts a number
of questions. How strong is the hydrogen bonding in PBXs
containing nonpolar desensitizing agents? If it is present, does
the hydrogen bonding contribute to the decreased sensitivity
of the PBXs compared to the pure explosive? Are the low
sensitivity and the greater safety of PBXs with nonpolar
desensitizing agents mainly due to strong intermolecular in-
teractions (such as H-bonding), the binding energies between
the polymers and explosives, or particular mechanical proper-
ties of the PBXs? The answer to the latter question is very
important when choosing the nonpolar desensitizing agent to
use as a polymer binder. If strong intermolecular interactions
are the main reason for the advantages of PBXs, then it is
crucial to choose a binder that will interact strongly with the
explosive and thus cause a major change in trigger-bond
length. On the contrary, if mechanical properties of the
PBXs play a more important role, then it is necessary to
choose a long chain binder with relatively good mechanical
properties.

Polytetrafluoroethylene (which has a structural unit of —
F,C—CF,—; see Fig. 1) is one of the most important nonpolar
desensitizing agents employed with explosives. Research has
shown that the mechanical properties of explosives can be
considerably improved by blending the explosives with small
amounts of fluoropolymers [34, 35]. Nitroguanidine (NQ) is a
high-energy-density compound (see Fig. 1) that is often used
as a propellant and in explosive charges. A variety of experi-
mental methods have been applied to study the structure of
NQ [36-38]. Ab initio and density functional methods have
been employed to estimate the physical and chemical proper-
ties of NQ [39]. NQ is known to exist in two forms: «-NQ and
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Fig. 1 Molecular structure of nitroguanidine and structural model of the
polymeric binder polytetrafluoroethylene

-NQ, with the latter being more energetically stable (it is
28.16 kJ/mol lower in energy when corrected for the zero
point vibrational energy [40]). «-NQ includes -NH,, =NH,
and —-NH- groups, whereas the 3 form contains two —NH,
groups. Thus, the complex of NQ with F,C=CF, may involve
a N-H--F intermolecular interaction. Such a noncovalent N—
H-F intermolecular interaction may affect the strength of the
trigger bond, so the complex of NQ with F;C=CF, can be
used as a molecular model to investigate the possible influ-
ence of intermolecular interactions between a nonpolar addi-
tive agent and an explosive on the strength of the trigger bond
and the safety of the resulting PBX. At the crystal level, PBXs
containing NQ and the nonpolar desensitizing agent
polytetrafluoroethylene can be employed as model systems
to investigate the possible influences of mechanical properties
and the binding energy between the polymer and explosive on
the sensitivity and safety of PBXs.

In the work reported in the present paper, the intermolecu-
lar interactions between NQ and F,C=CF, and the influence
of those interactions on the strength of the trigger bond in NQ
were investigated at the molecular level using quantum chem-
ical methods. Also, molecular dynamics simulation was ap-
plied to investigate the binding energies and mechanical prop-
erties of 3-NQ-based PBXs containing the nonpolar
desensitizing agent polytetrafluoroethylene at the crystal level.
The aim was to clarify whether the decrease in sensitivity and
increase in safety that occur upon the formation of PBXs are
due to intermolecular interactions (such as H-bonding), the
binding energy between the polymer and explosive, or their
mechanical properties. The results obtained in this work
should prove useful during experiments aimed at the creation
of novel PBXs.

Computational details
Quantum chemical calculations

The « and 3 forms of NQ were considered. NQ:F,C=CF,
(1:1) complexes with an intermolecular N-H---F noncovalent
bond were selected and optimized at the B3LYP/6-311++
G(2df,2p) level. Structures corresponding to the minimum
energy points at the molecular energy hypersurface
(NImag = 0) were obtained. The intermolecular interaction
energies were calculated using the B3LYP/6-311++

G(2df,2p) and M06-2X/6-311++G(2df,2p)//B3LYP/6—
311++G(2df,2p) methods, correcting for the basis set super-
position error (BSSE) [41]. AIM (atoms in molecules) [42, 43]
results were obtained at the B3LYP/6-311++G(2df,2p) level.
The above calculations were performed with the Gaussian 09
software package [44].

The bond dissociation energies (BDEs) of the C-NNO,
and N-NO, bonds were calculated as

BDE = E(R) + E(NN()z/NOz)7E(RNN()2/RN02) for NQ monomer
BDE = Er) + ENNo,/NO, Fac=CF2)~E (rvv0,/RNO, F2c=CF2) for complex

where R- and RNNO,/RNO, refer to the radical and NQ,
respectively.

Molecular dynamics calculations
Construction of the polymer model

All molecular dynamics calculations were performed with the
Materials Studio (MS) 7.0 program [45]. The chain number
(n) of polytetrafluoroethylene was set to either 3, 4, 6, or 8§,
and the end groups were saturated by the F atom. The resulting
four polytetrafluoroethylene polymer models were explored
as NVT ensembles in MD simulations using the Discover
module and the COMPASS force field. An Anderson thermo-
stat was employed, and the temperature was set to 298 K, the
step size was 1.0 fs, and the total simulation time was 3.0 ns.
The equilibrium structures of the polymers were obtained
from the simulations.

Construction of the B-NQ and PBX models

The crystal parameters of 3-NQ were derived from X-ray
diffraction. The 3-NQ crystal was orthorhombic, with a =
17.58 A, b=24.82 A, c=3.58 A [46]. A (33 x3) model
of crystal cells was constructed. Since the (110) and (010)
crystalline surfaces were present [46], we employed the “cut-
ting” model, where the 3-NQ crystal was cut along the crys-
talline surfaces (110) and (010) and placed in periodic boxes
with a 20 A vacuum layer. Each system had 108 3-NQ mol-
ecules. Eight primary models were obtained by placing the
abovementioned four polytetrafluoroethylene binder chains
into the box such that they were parallel to the (110) and
(010) surfaces of 3-NQ, and then compressing and optimizing
via molecular mechanics (MM) until the density was close to
1.75 g cm . The corresponding weight percent binder values
were 2.80%, 3.60%, 5.17%, and 6.68%, respectively. The
initial model of pure 3-NQ was compressed to close to its
experimental density (1.78 g cm > [47]).

The original models of pure 3-NQ and the eight PBXs
were explored as NVT ensembles and simulated using molec-
ular dynamics (MD) with the COMPASS force field. The
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Andersen temperature control method was used (298 K). The
accuracy of the Ewald method was 1.0 x 10~ kcal/mol. The
cutoff distance and buffer width for the atom-based method
were 9.5 A and 0.5 A, respectively. A time step of 1.0 fs was
set. The total dynamic time was 100,000 fs.

The binding energy Ey, was calculated using the following
formula:

E [ [Etot_ (E B-NQ + Epolytetraﬂuomethylene)] y

where Etot’ E B-NQ> and Epolytetraﬂuoroethylene are the single pOiIlt
energies of PBX, [3-NQ, and polytetrafluoroethylene,
respectively.

Results and discussion
Investigating the NQ---F,C=CF, complex

Four complex conformations of «-NQ with F,C=CF, (denot-
ed a-A to «-D, respectively) and six conformations of 3-NQ
with F,C=CF, (denoted {3-A to {3-F, respectively) were iden-
tified (see Figs. S1 and S2 in the “Electronic supplementary
material,” ESM). Most of the predicted conformations were
difficult-to-find local minima since the potential wells were
flat at the B3LYP/6-311++G(2df,2p) level. Only the above
ten conformations were considered in the following analysis.

Structure and intermolecular interactions of the complex

All the complex conformations present C; symmetry. As can
be seen from Fig. S2 of the ESM, the F---H distances in the C—
F---H-N contacts are in the range 2.230-2.646 A at the
B3LYP/6-311++G(2df,2p) level, which lies within the com-
monly accepted range of F--H hydrogen-bond distances.
However, the H-N bond lengths in the ten conformations
are very similar to or exactly the same as those in the isolated
NQ (differences were <0.002 A; see Table S1 of the ESM),
suggesting that the intermolecular F---H-N interactions be-
tween NQ and F,C=CF, are very weak.

Indeed, the intermolecular F--*H-N interaction energies cal-
culated at both levels of theory are very weak (see Table 1).
The intermolecular interaction energies calculated using the
B3LYP method are larger slightly than those obtained using

the M06-2X method. Except for 3-F (—10.2 kJ/mol), the in-
termolecular interaction energies calculated at the M06-2X/6—
311++G(2df,2p) level are no more than —7.5 kJ/mol. In most
cases, the intermolecular H-bonding interaction energies are in
the range 20.0-60.0 kJ/mol [12, 13]. This suggests that the
main contributors to the intermolecular interactions between
NQ and F,C=CF, may be van der Waals and weak electro-
static interactions. The small values of pgcpar.F) (0.0047-
0.0102 a.u.) and the positive Vzchp(H...F) values (see Fig. S2
of the ESM) support the above conclusion. Therefore, inter-
molecular H-bonding interactions do not appear to influence
the stability of the complex, since no hydrogen bond was
present among the nonbonded interactions, meaning that there
is no hydrogen bonding in the NQ/polytetrafluoroethylene
PBXs—only van der Waals and weak electrostatic interac-
tions. Xu et al. also did not find any H-bonding interactions
between a fluoropolymer and e-CL-20 [23].

Influence of intermolecular interactions on the strength
of the trigger bond

As mentioned above, the explosive sensitivity is a multiscale
property; studying this property requires investigations at the
molecular, crystal, particle, and block scales. At the molecular
level, the rupture of the trigger bond is a key step in the initi-
ation of detonation. The stronger the trigger bond, the more
difficult it is to break, and thus the lower the sensitivity.
Therefore, at the molecular level, the sensitivity of
nitroguanidine can be assumed to depend upon the strength
of the trigger bond.

The first step in the decomposition of the more stable form
of NQ, 3-NQ, is not immediately apparent: it could be C—
NNO, bond scission, N-NO, bond cleavage, or dehydroge-
nation of the NH, group. Bond strength data computed at the
level of the VESCF(BJ)CI semi-empirical MO model by John
et al. indicated that the C-NNO, and N-NO, bonds are the
weakest bonds [48]. Hong et al. proposed that C-NNO, bond
cleavage was not the primary decomposition path, based on
data obtained with the MINDO/3 MO theoretical method [49].
Given that 3-NQ is more stable than «-NQ, the intramolecular
hydrogen-transfer isomerization reaction between the « and 3
forms also influences the stability (i.e., sensitivity) of NQ.
Therefore, Wang et al. carried out an ab initio study of the
isomerization reaction between the « and 3 forms of NQ.

Table 1 Intermolecular

interaction energies (Ei,., in kJ/ o-A o-B «-C

o-D B-A BB B-C B-D B-E B-F

mol) calculated at the B3LYP/6—

311++G(2df,2p) and M06-2X/6— B3LYP —8.1 -53 -5.3 =73 =73 5.2 —4.6 -5.7 —4.8 -11.0
311++G(2df,2p) levels (-59) (2.8) (3.5 (-62) (-53) (400 (3.) (45 (3.6) (-89
M06-2X 7.5 —4.8 —4.6 -6.9 =57 =52 —4.2 —4.6 —4.3 -10.2

(-5.6) (25 (33) (45 (42 37 (28 (36) (35 (73

Values in parentheses are BSSE-corrected intermolecular interaction energies (—Ein ssE))
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The calculated energy barrier for the direct intramolecular
hydrogen-transfer isomerization process was only 132.95 kJ/
mol [40]. A density functional method (M06-2X) was used to
estimate the physical and chemical properties of NQ tauto-
mers in aqueous solution. The results indicated that the differ-
ence in Gibbs free energy between the (3 and o forms was only
about 15.00 kJ/mol [39]. The above investigations suggest
that the N—H (in the isomerization reaction between the «
and 3 forms), C-NNO,, and N-NO, bonds are all possible
trigger bonds. Therefore, the influence of intermolecular inter-
actions on the bond dissociation energies of the C-NNO, and
N-NO, bonds as well as the energy barrier to the intramolec-
ular hydrogen-transfer isomerization reaction process from (3-
NQ to x-NQ were considered at the molecular level.

The C-NNO, distances (i.e., Rcg n4) in the monomers -
NQ and B-NQ were found to be 1.428 and 1.324 A at the
B3LYP/6-311++G(2df,2p) level, respectively. As can be seen
from Fig. S2 of the ESM, in the complexes a-NQ--F,C=CF,
and -NQ--F,C=CF,, the value of Rcg_n4 lies within the
ranges 1.426-1.427 A and 1.325-1.326 A, respectively, very
close to the corresponding values of Rcg_n4 in the monomers.
The difference between the C-NNO, bond length in the com-
plex and that in the isolated NQ is very small for both «-NQ
and B-NQ: no more than 0.002 A. At both levels of theory, the
BDE of the C-NNO, bond in each complex is very close to
the BDE for the bond in the corresponding monomer (see
Table S2 of the ESM). For example, at the M06-2X/6—
311++G(2df,2p) level, the BDEs in the monomers &-NQ
and (3-NQ are —439.7 and —552.6 kJ/mol, respectively, and
those in the complexes of x-NQ and 3-NQ with F,C=CF,
range from —438.5 to —442.5 kJ/mol and from —552.9 to
—554.8 kJ/mol, respectively. AIM analysis indicates that
PBCP(Co-Nay 15 0.2823 and 0.3655 a.u. in the x-NQ and f3-
NQ monomers, respectively, while the values for their corre-
sponding complexes are 0.2818-0.2832 a.u. and 0.3657—
0.3678 a.u., respectively. Therefore, the differences between
the monomers and their corresponding complexes in terms of
C—NNO, bond length, BDE of the C-NNO, bond, and AIM
results are very slight, indicating that the strength of the C—
NNO, trigger bond is almost unaffected when F,C=CF, is
added.

Similar to the C-NNO, trigger bond, the strength of the N—
NO, trigger bond is almost unaffected by the formation of the
complex of NQ with F,C=CF,. The N-NO, distances (i.e.,
Rni-n4) in the monomers «-NQ and (3-NQ are 1.383 and
1.375 A at the B3LYP/6-311++G(2df,2p) level, respectively.
As can be seen from Fig. S2 of the ESM, although the N-NO,
distances in the complexes are shorter than those in the corre-
sponding monomer (except for the complexes «-D and (3-F),
the differences are very slight—no more than 0.003 A. For -
D and (3-F, the differences are 0.005 and 0.008 A, respective-
ly. At both levels of theory, the BDE of the N-NO, bond in
each complex is close to the BDE calculated for this bond in

the corresponding isolated NQ (see Table S3 of the ESM). For
example, at the B3LYP/6-311++G(2df,2p) level, the BDE of
the N-NO, bond in the monomer «-NQ is matched by the
BDE:s of this bond in the four complexes involving x-NQ); the
differences in the BDE of the N-NO, bond between 3-NQ
and the complexes of 3-NQ with F,C=CF, are no more than
0.1 kJ/mol. The ppcpni-na) results from AIM analysis of the
complexes are also close to those obtained for the monomers.
The value of pgcpavi—ng) is 0.3485 and 0.3502 a.u. in the o-
NQ and (3-NQ monomers, respectively. From Fig. S2 of the
ESM, the values of pgcpavi—nay in their corresponding com-
plexes are 0.3483—0.3524 a.u. and 0.3507-0.3535 a.u., re-
spectively. The differences in the bond length, BDE, and
AIM results of the N-NO, trigger bond between the mono-
mers and their complexes are very slight.

The intramolecular hydrogen-transfer isomerization pro-
cess from 3-NQ to «-NQ has been investigated in a number
of previous works [40, 48]. In the present work, our main aim
was to clarify whether the addition of F,C=CF, significantly
influences this process by considering the reaction pathway,
the energy barrier, and the structures of the reactant, product,
and transition state. The energetic stability given by the MP2
method is quite close to the actual experimental result [50, 51],
so the MP2/6-311++G(d,p) method was used to investigate
the intramolecular hydrogen-transfer isomerization process
from B-NQ to -NQ and its complex with F,C=CF,. The
results are shown in Fig. 2.

From Fig. 2, regardless of whether the monomers or their
complexes are considered, the N7-H5 bond lengthens during
the intramolecular hydrogen-transfer isomerization process
while the N4-HS5 bond becomes shorter. The other bond dis-
tances barely change. Thus, the N7-HS5 bond is broken and
the N4—HS5 bond is formed, and the isomerization process or
reaction pathway does not change upon the formation of a
complex.

If we consider the reactant, product, and transition state, the
interatomic distances N7--*-H5 and N4---HS5 are almost un-
changed upon the formation of the complex of NQ with
F,C=CF,. For example, for the transition state in the intramo-
lecular hydrogen-transfer isomerization process for the mono-
mer (i.e., TS1), the interatomic distances N7--H5 and N4---H5
are 1.336 and 1.320 A, and they are 1.338 and 1.318 A in the
complex (i.e., TS2), respectively, meaning that the largest
change is only 0.002 A. The bond angle H5-N7-C6 changes
from 115.2° to about 66.3° during the process for the mono-
mer, and it changes from 117.9° to about 70.5° during the
process for the complex. Furthermore, the energy barrier to
the intramolecular hydrogen-transfer isomerization process in
the monomer is 172.9 kJ/mol, and it is 169.5 kJ/mol for the
isomerization process in the complex—a difference of only
3.4 kJ/mol. Therefore, adding F,C=CF, has almost no influ-
ence on the reaction pathway, energy barrier, and the struc-
tures of the reactant, product, and transition state in the

@ Springer
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Fig. 2 Optimized reactant,
product, and transition-state
structures calculated at the MP2/
6-311++G(d,p) level

B-NQ-F,C=CF; (reactant 2)

intramolecular hydrogen-transfer isomerization process. Note
that the distances involved in the intermolecular interactions
(i.e., Rpis-11) are >3.30 A, implying that the intermolecular
interactions between NQ and F,C=CF, in the reactant, prod-
uct, and transition state are very weak.

The electrostatic potential on the 0.001 a.u. molecular sur-
face [52] of F,C=CF, was computed using the Multiwfn pro-
gram [53], utilizing the MP2/6-311++G(d,p)-optimized ge-
ometry (see Fig. 3). There were found to be strongly positive
regions of electrostatic potential above and below the C=C
bond region of F,C=CF,, which may be attractive to sites of
negative electrostatic potential on the oxygen atom of the —

Fig. 3 Electrostatic potential surface of F,C=CF,
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TSI 0-NQ (product 1)

B-NQ--F,C=CF; (reactant 3)

NO, group of NQ. Therefore, the influence of the intermolec-
ular interaction between the C=C bond of F,C=CF, and the
oxygen atom of the -NO, group during the intramolecular
hydrogen-transfer isomerization process from [3-NQ to o-
NQ was also investigated. However, although a lot of effort
was expended, a new transition state from the new reactant 3
(see Fig. 2) to the complex was not found. The transition state
from reactant 3 became the same as that from reactant 2, i.e.,
TS2. The energy barrier was 4.2 kJ/mol different from that
involving the NQ monomer (168.7 kJ/mol for the isomeriza-
tion process involving reactant 3). Therefore, the intermolec-
ular interaction between the C=C bond and the oxygen atom
of the -NO, group was found to have almost no influence on
the isomerization process from 3-NQ to «-NQ.

Due to the very weak intermolecular interaction between
NQ and F,C=CF,, this interaction may have almost no influ-
ence on the strength of the trigger bond and the energy barrier
to the intramolecular hydrogen-transfer isomerization process
from -NQ to a-NQ. In other words, the intermolecular in-
teraction barely affects the stability of NQ, and is therefore not
the main reason for the changes in the sensitivity and safety of
NQ upon complexation. It should be noted that, at the molec-
ular level, the scission of the trigger bond or intramolecular
hydrogen-transfer isomerization from (3-NQ to x-NQ may not
be the only mechanism for initiating detonation. Indeed, there
may be many others, such as the solvent effect [39] or H
abstraction from the -NH, group to the O atom of the —-NO,
group, resulting in isomerization [48]. Moreover, at the crystal
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level, the binding energy and mechanical properties of the
PBX can influence the stability of the explosive [29, 30, 34,
35], as discussed below.

Investigating B-NQ/polytetrafluoroethylene PBXs
at the crystal level

Binding energy

The binding energy can be used to measure the interaction
energy between the components in a mixed system. The larger
the binding energy, the stronger the interaction between the
components is, and the more thermodynamically stable the
system becomes, leading to better component compatibility.

The binding energies E, between [3-NQ and
polytetrafluoroethylene on the (110) and (010) surfaces of
3-NQ in PBXs with binder concentrations of 2.80—-6.68%
are summarized in Table 2. The binding energy at each binder
concentration on the (110) surface of 3-NQ is close to the
corresponding binding energy on the (010) surface of 3-NQ;
the largest difference is only 58.21 kJ/mol.

From Table 2, the values of the binding energies Ey, are in
the range 456.93—680.58 kJ/mol. These values are not large,
so 3-NQ and polytetrafluoroethylene are not strongly bound
together. At a binder concentration of about 4.2%, the binding
energies £y, for e-CL-20-based PBXs with Estane 5703 (poly-
urethane), GAP (polyazideglyceraether), HTPB (hydroxy-ter-
minated polybutadiene), and PEG (polyethylene glycol) are in
the range 618.59—853.09 kJ/mol. The binding energy between
e-CL-20 and F;3,4 (a copolymer polymerized from
vinylidenedifluoride and chlorotrifluoroethylene at a molar
ratio of 1:4) is 410.60 kJ/mol [27]. That for e-CL-20(001)/
F,314 at a binder concentration of 9.45% is 748.01 kJ/mol
[30]. The weak binding energies between (3-NQ and
polytetrafluoroethylene indicate poor compatibility. Thus,
we can infer that the weak binding energies between NQ
and polytetrafluoroethylene binder barely influence the safety
of the resulting PBXs, so the binding energy is not the main
reason for the change in sensitivity observed upon the forma-
tion of PBXs. Note that, as mentioned above, no hydrogen
bond was included in the nonbonded interactions between NQ
and F,C=CF,; only weak van der Waals and electrostatic in-
teractions. According to Table 2, as the binder concentration
increases, the binding energy increases too, and the compati-
bility of NQ with the binder improves.

Mechanical properties

The mechanical properties of energetic materials are an im-
portant consideration from the perspective of the handling and
usage of the explosive. In the statistical mechanics of elasticity
[54], the material stress and strain tensors are denoted o and €,
respectively. The generalized Hooke’s law is stated as 0; = Cj;
g;, where Cj; is the elastic coefficient. Some plastic properties
(hardness, tensile strength, and fracture strength) can be relat-
ed to the elastic modulus [55]. The hardness and the tensile
strength, representing the resistance to plastic deformation, are
proportional to the shear modulus G. Fracture strength is pro-
portional to the bulk modulus K. The tensile modulus £ and
Poisson’s ratio -y can be obtained by inserting the values of K
and G into the equation £ =2G(1 +v) =3K(1 — 2v). K/G and
the Cauchy pressure (Cj, — Cy44) can also be employed as
criteria for evaluating the ductility or brittleness of a material.

Utilizing MD simulations and the “constant strain” ap-
proach [54], the mechanical properties (K, G, C12 — Cyq, 7,
E, and K/G) of the above models of 3-NQ-based PBXs with
different concentrations of a polytetrafluoroethylene binder
were obtained at the (110) and (010) surfaces of 3-NQ and
are collected in Table 3.

From Table 3, at each concentration of binder, the values of
all the mechanical properties at the (110) surface of 3-NQ are
very close to their values at the (010) surface of 3-NQ, indi-
cating that the mechanical properties of the 3-NQ/
polytetrafluoroethylene PBXs do not depend on the 3-NQ
crystal surface considered. Xiao et al. investigated the me-
chanical properties of PBXs composed of TATB (1,3,5-
triamino-2,4,6-trinitrobenzene) and a fluoropolymer by a
MD method. They found that, because the binding energy
between fluoropolymer and TATB varied with the TATB crys-
tal surface considered, the mechanical properties of the
resulting PBX depended on the TATB crystal surface exam-
ined [26]. Note that, as mentioned above, the binding energy
between polytetrafluoroethylene and the (110) or (010) sur-
face of 3-NQ is very small.

As can be seen in Table 3, there are obvious differences
between the mechanical properties of pure 3-NQ and those of
the (3-NQ/polytetrafluoroethylene PBXs. The elastic modulus is
the ratio of stress to strain, and it is a measure of material rigidity.
The moderate value of the tensile modulus £ (4.283 Gpa) of
pure 3-NQ shows that it possesses moderate rigidity, in accor-
dance with a previous investigation [47]. When (3-NQ is coated

Table2 The binding energies E," (kJ/mol) between 3-NQ and polytetrafluoroethylene on the (110) and (010) surfaces of 3-NQ in PBXs with different
polytetrafluoroethylene concentrations

Binder concentration and 2.80% 3.60% 5.17% 6.68% 2.80% 3.60% 5.17% 6.68%
surface of 3-NQ (110) (110) (110) (110) (010) (010) (010) 010)
Ey" (kJ/mol) 456.93 536.62 586.72 622.37 460.31 487.63 578.25 680.58
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Table 3 Mechanical properties

(in GPa) of pure B-NQ and B- Binder 0% 280% 3.60% 5.17% 6.68% 2.80% 3.60% 517% 6.68%
NQ/polytetrafluoroethylene concentrationand  (pure (110)  (110)  (110)  (110)  (010)  (010)  (010)  (010)
PBXs with different binder surface of 3-NQ B-NQ)
concentrations; the properties
were obtained at the (110) and Poisson’s ratio (y) ~ 0.327 0352 0357 0350 0349 0340 0352 0356 0358
(010) surfaces of 3-NQ Bulk modulus (K)  4.126 3317 3209 3.106 29892 3351 3302 3215  3.1992
Shear modulus 1.614 1.089  1.014  1.035 1.004 1.200 1.084 1.024 1.004
G
Tensile modulus 4283 2945 2753 2795  2.708 3217 2932 2778 2726
()
KIG 2.557 3.045  3.163  3.000 2978 2792 3.045  3.139  3.188
Cpo— Cy 1.002 2825 3286 3.652 2813 2762 3.188  3.503 3227

with polytetrafluoroethylene, regardless of the weight percent of
binder, the values of the tensile modulus £, the bulk modulus K,
and the shear modulus G all decrease compared to those of (3-
NQ, showing that the PBXs are more elastic than pure 3-NQ,
i.e., they are significantly less able to resist deformation than
pure 3-NQ. According to Zhang et al. [56], the magnitude of
a compressive stimulus is closely related to explosive sensitivity.
The larger the compressive stimulus, the higher the explosive
sensitivity. For the same compressive stimulus, the weaker the
ability to resist deformation, the lower the explosive sensitivity.
Thus, the explosive sensitivities of the PBXs are low in com-
parison with that of pure 3-NQ. In other words, the nonpolar
desensitizing agent polytetrafluoroethylene can effectively buff-
er against external mechanical stimuli, leading to reduced explo-
sive sensitivity and increased safety, as confirmed by many ex-
perimental results. For example, our group found that the initi-
ation capacity of the booster pellet decreased with increasing
polytetrafluoroethylene content. When the composition of the
main explosive charge was NQ:polytetrafluoroethylene = 51:48
or 43:56, the initiation capacity was 100%. However, when the
composition was NQ:polytetrafluoroethylene = 40:59, the initi-
ation capacity decreased to 0% [57-59]. Therefore, its mechan-
ical properties are the dominant influence on the stability and
explosive sensitivity of 3-NQ, and changes in those properties
upon the complexation of 3-NQ with polytetrafluoroethylene
are the main reason for the significant differences in sensitivity
and safety between [3-NQ and the PBXs. Xiao et al. found that
the mechanical properties of an explosive were closely related to
its sensitivity [26, 29].

The value of Poisson’s ratio -y increased from 0.327 in pure
3-NQ to 0.349-0.357 and 0.340-0.358 at the (110) and (010)
surfaces of 3-NQ in the PBXSs, respectively, indicating that the
PBXs are more plastic than pure 3-NQ. Although the value of
~rises as the concentration of the binder in the PBX increases
from 2.80% to 6.68%, this rise in 7 is relatively small, show-
ing that the plasticity of the PBXs barely changes as the binder
concentration is increased from 2.80% to 6.68%.

A positive Cauchy pressure (C;, — Cy4) value indicates that
the material possesses good ductility, and the larger the Cauchy
pressure, the better the ductility. As can be seen from Table 3,

@ Springer

the Cauchy pressure for pure 3-NQ is moderate (1.002), indi-
cating that the ductility of pure 3-NQ is also moderate. When
[3-NQ is coated with polytetrafluoroethylene, the Cauchy pres-
sure increases (regardless of the amount of binder added),
showing that the ductility of PBX improves. As the additive
concentration is increased, the Cauchy pressure initially rises
but then it decreases. The maximum Cauchy pressure at the
(110) and (010) surfaces of 3-NQ occurs for the PBX with a
binder concentration of 5.17%, showing that this PBX has the
best ductility. These results show that although adding the bind-
er can improve the ductility of the explosive, adding excessive
concentrations of binder can degrade the ductility of the PBX.

The value of K/G can be used to evaluate the toughness of
the PBX, with a large value usually indicating that the material
is very tough or ductile [55]. From Table 3, adding the
polytetrafluoroethylene binder can increase the K/G value of
the 3-NQ in comparison with pure 3-NQ, meaning that the
addition of binder improves the toughness or ductility of the
[3-NQ-based PBX. As the binder concentration is increased,
the K/G value at the (110) surface of 3-NQ first increases and
then decreases. The maximum K/G value is obtained for the
PBX with 3.60% binder, showing that this PBX is the
toughest or most ductile. The results show that although
adding the binder can improve the toughness or ductility of
the explosive, adding excessive concentrations of binder may
degrade the ductility, just as seen for the Cauchy pressure.
However, we found that the K/G value at the (010) surface
of 3-NQ always increased with the binder concentration.

To summarize, the mechanical properties of the 3-NQ/
polytetrafluoroethylene PBXs are markedly different from
those of the pure 3-NQ crystal: the PBXs are less rigid, less
brittle, more elastic and plastic, and—in particular—far more
ductile. We can infer that the reason for these excellent me-
chanical properties of the 3-NQ/polytetrafluoroethylene
PBXs is that the long molecular chains of the nonpolar
desensitizing agent (polytetrafluoroethylene) partially dampen
external stimuli, thus protecting the 3-NQ from the stimuli to
some extent; indeed, the results of other studies support this
inference [21-23]. Thus, creating (3-NQ-based PBXs with
polytetrafluoroethylene could buffer the explosive from
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external mechanical stimuli, leading to reduced explosive sen-
sitivity and increased safety.

Conclusions

In this study, the intermolecular interactions between NQ and
F,C=CF, and the influence of those interactions on the
strength of the trigger bond in NQ were investigated at the
B3LYP/6-311++G(2df,2p) and M06-2X/6-311++G(2df,2p)
levels of theory, and the binding energies and mechanical
properties of 3-NQ/polytetrafluoroethylene PBXs were stud-
ied by molecular dynamics simulation. The results indicate
that the intermolecular interactions between NQ and
F,C=CF, are very weak, meaning that they exert almost no
influence on the strength of the trigger bond and the energy
barrier to the intramolecular hydrogen-transfer isomerization
of NQ. In other words, intermolecular interactions do not in-
fluence the safety of the PBXs. The binding energy also does
not influence the safety of the PBXs. However, the tensile,
bulk, and shear moduli of the PBXs are all considerably lower
than those of the pure 3-NQ crystal, indicating that the PBXs
are less rigid, less brittle, and more elastic and plastic.
Compared with those for the pure 3-NQ crystal, the values
of v, C1, — Cy4, and K/G are all higher for the PBXs, demon-
strating their enhanced plasticity and ductility. These 3-NQ-
based PBXs with polytetrafluoroethylene could therefore
buffer the explosive from external mechanical stimuli to some
degree, leading to reduced explosive sensitivity and increased
safety. This is the main reason for the observed changes in
sensitivity and safety upon the complexation of 3-NQ with
polytetrafluoroethylene. The results obtained in this work
should prove useful in attempts to create new and improved
PBXs experimentally.
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