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Abstract

Molecular dynamic (MD) simulations were employed to investigate the hexanitrohexaazaisowurtzitane (CL-20) crystal, seven
designed energetic poly-(phthalazinone ether sulfone ketones) (PPESKs) and PPESKs/e-CL-20 polymer—bonded explosives
(PBXs). Cohesive energy density (CED) and solubility parameters (8) were predicted for PBXs, the results indicated that stability
of PBXs are related to their cohesive energy density (CED). Mechanical properties of seven polymer-bonded explosives
(PPESKs/e-CL-20) were found improved in comparison with that of e-CL-20 by adding polymer binders. Young’s modulus
(E), Shear modulus (G), and Bulk modulus (K) declined compare with e-CL-20. K/G ratio and Cauchy pressure C;,-C44 0f PBXs
indicate that they have certain ductility. Radial distribution function (RDF) was utilized for analyzing the interactions between
PPESKs and ¢-CL-20, and results demonstrate that hydrogen bond and van der Waals interactions exist between polymers and
€-CL-20. The calculated oxygen balance of polymer-bonded explosives (PBXs) is lower than that of pure e-CL-20 by nearly
about —24%. Detonation properties of the polymer-bonded explosives (PBXs) were predicted based on e-CL-20 values.

Detonation velocity (D) for these PBXs was predicted almost at about 8300 m s~

PBXs was all predicted nearly at 38 GPa.

!, and the detonation pressure (P) for these
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Introduction

High energy and high security are generally two inconsis-
tent properties for mono-explosives, and synthesis of low
insensitive and high-energy density materials (HEDMs)
has long been the purpose of scientists [1-3]. To date,
hexanitrohexaazaisowurtzitane (CL-20) is one of the
highest energy density material which can be available in
practice (Fig. 1) [4-6]. CL-20 have four types of crystals at
ambient conditions viz. the a-CL-20, the -CL-20, the -
CL-20, and the e-CL-20 [7-10], and £-CL-20 crystal exists
at 1.44 GPa [11]. The e-CL-20 is the most stable type with
the highest density among the five types. However, CL-20
is still restricted in practical applications, owing to its high
expense and relatively high sensitivity under external stim-
uli. Therefore, how to minimize the sensitivity under ex-
ternal stimuli and make it more easily to be processed for
CL-20 are two problems that need to be solved when it is
extensively used in practice.
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Fig 1 Molecular structure and
primitive cell of the e-CL-20 [12]

In recent years, several methods had been applied into in-
creasing the stability of the ¢-CL-20, such as crystallizing
more stable co-crystals and forming polymer-bonded explo-
sives (PBXs) [13—17]. Many calculations and experiments
had been especially performed to investigate the CL-20 co-
crystals, such as the CL-20/TNT [18], the CL-20/HMX [19,
20], the CL-20/Fox-7 [21], and the CL-20/DNP [22] co-crys-
tals, and the results indicate that these CL-20 co-crystals are
more stable than that of the pure CL-20; however, it is still
infeasible for acquiring large amount of co-crystals. Polymer-
bonded explosives (PBXs), containing 5—-10 wt% polymer
binders and 90-95 wt% [23, 24] energetic particles, are not
only stable than mono-explosives, but also more easily avail-
able and processed than co-crystals. Some CL-20-based
PBXs had been acquired in recent years by Zeman et al. [25,
26]; however, the new formula for PBXs is worth selecting for
avoiding the danger of synthesis and consuming the time.
Based on these reasons, some theoretical works have been
operated previously. Yuan et al. [27] studied the mechanical
properties and interactions of e-CL-20-based PBX by using
PEG and PVA as polymer binders via the MD simulations.
The results implied that the PEG/e-CL-20 PBXs were more
stable than the PVA/e-CL-20 PBXSs, due to the higher binding
energy of the former than that of the latter. The elasticity and
the ductility of the PEG/e-CL-20-based PBX were superior to
that of the PVA/e-CL-20-based PBX, owing to the side-chain
of PEG which is more flexible than that of PVA. Tao et al. 28]
investigated the interaction of the -CL-20-based PBXs by
using different ratio segments for polymers (AMMO:
BMMO). The results indicated that the stability of the PBXs
were elevated by introducing the energetic binders, and as the
segments AMMO were more added, the elasticity and the
ductility of the PBXs were more superior.

Phazalazione (DHPZ)-contained polymers have good
physical and mechanical properties, which have been applied
into insulating material and composite materials [29, 30].
These kinds of polymers have high glass transition tempera-
ture () (usually above (500 K)) and good thermal stabilities,
owing to the non-coplanar aromatic rings of DHPZ. Arising

@ Springer

from the special structure of DHPZ, DHPZ-contained poly-
mers have non-coplanar structures as well, which impede
polymers to crystalize and make polymers prone to dissolve.
In the recent two decades, Jian and his co-workers [31, 32]
had synthesized a series of DHPZ-contained polymers, which
not only have good physical and mechanical properties, but
also endure high temperature and are easier to be dissolved
than traditional polymers. However, these types of polymers
have not yet been used as polymer binders in PBXs in prac-
tice, and only had been investigated preliminarily by Wang
et al. with MD simulations [33]. They had designed energetic
DHPZ polymers by introducing -NH, and -NO, into the poly-
mer chains, and then they studied the interactions between
polymers and different graphs of e-CL-20 by molecular dy-
namics. Their study indicated that the rigidity of the PPESK/
e-CL-20 PBX was much lower than that of the pure e-CL-20,
and binding energy values of the PBXs were all positive,
implying that these PBXs had good cohesive ability. We had
designed several energetic PPESK polymers by introducing -
NO,,-NH,,-ONO,,-N3, and -NF, functional groups into the
polymer chains respectively in our previous work [34].
Physical and mechanical properties of these polymers had
been predicted via molecular dynamic (MD) simulations.
Meanwhile, the prediction results of these polymers indicated
that the optimal ratio for sulfone and ketone segments were
predicted to be 8:2, ascribing to its higher 7, values at this
ratio [35]. Preliminary study had investigated PPESK (A and
B (shown in Scheme 1))/TNT PBXs and PPESK (A and B)/
TATB PBXs mechanical properties by MD simulations. The
results illustrate that the rigidity of the PBXs were lower than
that of the corresponding pure explosives. The binding energy
of these PBXs was all positive, implying that the two com-
posites (binders and explosives) had well combining capacity.

In this paper, we use designed energetic PPESKs (see
Scheme 1) as polymer binders, e-CL-20 as the main explo-
sive, to investigate physical and mechanical properties of the
PPESK (A-G)/e-CL-20 PBXs. For simplicity, PPESK
A/e-CL-20PBX was abbreviated as PBX A, and other
polymer-bonded explosives were similarly shortened as
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Scheme 1 The designed PPESKs
as polymer binders for e-CL-20—
based PBXs [34]

PBXs (B-G) according to the different polymer binders used
in Scheme 1.

Models and methods

Primitive ¢-CL-20 cell was cited from Cambridge
Crystallographic Data Center (CCDC), and it belongs to the
P21/n space group, with cell parameters a=8.852 A, b=
12.556 A, ¢=13.386 A, ax=y=90°, and 3 =106.82 [12].
Based on the ¢-CL-20 primitive cell, a 4 x 3 x 3 supercell
was constructed, and it was then cleaved along the (0 0 1)
crystal surface, owing to the fact that molecules on this crystal
surface packed more tightly [36]. Thereafter, a 20-A vacuum
layer was added along the z-axis (c direction), and the con-
structed supercell consists of 144 molecules and 5184 atoms.
Moreover, amorphous polymers were built by the Amorphous
Cell (AC) module of the Material Studio software [37] and
subsequently used as polymer binders. The AC module is a
force-based tool based on the Monte Carlo methods to con-
struct polymer configurations [38], and polymers were then
optimized for subsequent molecular dynamic simulations.
The optimized polymers were put into the vacuum to build
PBX models, which were then constantly compressed and
optimized for lowering energy of composites until the densi-
ties of PBXs got close to theoretical density. Constructed
PBXs possess different atom numbers from 5674 to 5794
(specific numbers for corresponding PBXs is shown in
Table 1).

Seven constructed PBXs (see Fig. 2) were firstly optimized
to obtain the lowest energy, and their corresponding output
configurations were then used for subsequent molecular dy-
namic simulations. Specific simulations for these PBXs were
performed at the temperature of 298 K and the pressure of
10° Pa, and 2 ns ran for the total simulation by using the
isobaric-isotherm (NVT) ensemble. Morcover, the

n:m=2:8

PPESK A R,=R,=R;=R,=H
PPESK B R;=NO, R=H R;=R,=NH,
PPESK C R,=R;=NO, R,=R,=H
PPESK D R;=R;=NH; R,=R,=H
PPESK E R;=R;=CH,;N3; R,=R;=H
PPESK F R,=R;=CH,0ONO, R,=R,=H
PPESK G R;=R;=NI, R,=R,=H

temperature and the pressure were controlled by Anderson
thermostat [39] and Barostat [40] methods, and the Ewald-
and the Atom-based [41] methods were used for
Electrostatic and van der Waals (vdW) for summation method;
moreover, the cut-off distance was set as 1.55 nm, the spline
width was 0.1 nm, and Buffer width was 0.05 nm, respective-
ly. During the whole simulation, the time step was set as 1 fs,
and after molecular dynamic simulations the last 200 ps data
were collected for processing.

The COMPASS force filed [42] had been confirmed not
only working well in MD simulations for energetic polymers
and nitro-contained energetic complexes [32, 43], but also
suitable for PBXs [44]. Thus, the COMPASS force filed was
applied in whole optimizations, MD simulations, and property
analysis for PBXs.

Results and discussions
Criteria of system equilibrium

Temperature and energy are two criteria of judging equilibri-
um of system. For temperature, fluctuations within 5% of
assigned simulated temperature indicate that the system
reached equilibrium. Namely, the difference of the tempera-
ture (simulated temperature is 298 K) is no more than + 15 K.
Similarly, the energy fluctuations are within 5% of the calcu-
lated energy as well, that is to say, the energy fluctuations are
within subtle changes or around average values. Taking PBX
A for example, Fig. 3 displays the fluctuation curves of tem-
perature (Fig. 3(a)) and energy (Fig. 3(b)) in MD simulations
of PPESK A on the molecule layers parallel to the (0 0 1)
crystalline surface of ¢-CL-20. It can be noted that the plot
of temperature vs simulation time are between 285 K and
305 K, namely, the fluctuations of temperature are no more
than 15 K.

@ Springer
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Table 1 Atom numbers, polymer ratios, and densities of the PBXs (A-G) and e-CL-20

Entry PBX A PBX B PBX C PBX D PBX E PBX F PBX G e-CL-20
Atom numbers 5674 5734 5714 5714 5774 5794 5714 5184
Polymer ratio 6.8 wt% 7.7 wt% 7.9 wt% 7.1 wt% 8.1 wt% 8.7 wt% 8.0 wt% -
p(gem™) 1.710 1.729 1.733 1.717 1.738 1.748 1.736 2.01

The energy of the PBX simulations contain three kinds of
energy, viz. the total energy, the potential energy, and the non-
bond energy, the plot of all these energies vs simulation time
tend to be smooth. The temperature and energy equilibrium
state for other PBXs can be seen in the Fig. S1 and they have
similar situations as that of PBX A.

Polymer ratios and densities of the PBXs

Polymer ratios of the PBXs usually within the range of 5—
10 wt%, if ratios are lower than 5 wt%, the mechanical prop-
erties of the PBXs would be drooped. Contrarily, if ratios are
higher than 10 wt%, the energy release of the PBXs would be
reduced. The atom numbers in polymers are different, leading
to the different atom numbers of the PBXs. Some PBXs own
the same atom numbers (PBX C, PBX D, and PBX G), but the
different elements and the different atom mass lead to the
discrepancy of polymer ratios of these PBXs. From Table 1,
it can be found that all polymer binders in the PBXs are within
the range 5-10 (wt%), meeting the requirement for polymers
in PBXs. The polymer ratios follow the sequence as: 8.7 wt%
(PBX F)>8.1 wt% (PBX E)> 8.0 wt% (PBX G)>7.9 wt%
(PBX C)>7.7 wt% (PBX B)> 7.1 wt% (PBX D)> 6.9 wt%
(PBX A). Densities of the PBXs have been predicted and they
are displayed in Table 1 as well, it can be found that the

Fig. 2 Seven PBX models
designed by polymer binders and
e-CL-20, in which C, N, O, S, H,
and F(Cl) atoms display as gray,
blue, red, yellow, white, and pale
green beads

@ Springer

highest density is 1.748 g cm™' (PBX F), with the -
CH,ONO, groups introduced into the polymers, and the low-
est density is 1.710 g cm ™' (PBX A), which is with no func-
tional groups introduced into this polymers. Densities of the
PBXs (B-G) are all higher than that of PBX A, comparing
with these values it can be found that these density vales are
closely related to their ratios of polymers in PBXs, and their
density values follow the sequence: 1.748 g cm ' (PBX F) >
1.738 g cm ! (PBX E)>1.736 g cm ' (PBX G)>
1.733 g ecm™ ' (PBX C)>1.729 g cm ' (PBX B)>
1.717 gem ' (PBX D)>1.710 gcm ' (PBX A).

Cohesive energy density (CED) and solubility
parameter (8)

Cohesive energy density (CED) and solubility parameters
(8) are two indications for the compounds solubility. CED
is the amount of energy needed to remove the unit volume
of molecules from their neighbors to infinite separation
(an ideal gas) completely [45]. It is equal to the heat of
vaporization of the compound divided by its molar vol-
ume in the condensed phase. Moreover, solubility param-
eter is acquired by the square root of CED values, and Eq.
(1) displays the relationship of CED and 9, where V,, is
the molar volume, AH, is the enthalpy of dissolution,
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Fig. 3 Plot of temperature (a) and energy (b) vs. simulation time for PBX A via the PPESK A on e-CL-20(100) crystalline surface at the temperature 298 K

AU, is the heat of vaporization, R is the ideal gas con-
stant, and T is the temperature. CED and & of the designed
polymer binders have been predicted in our previous work
[34]. In this paper, we have predicted CED and 0 of the
PBXs to investigate the change of the solubility when the
polymer binders were introduced into the CL-20 as
displayed in Table 2. It can be found that the & values
follow the sequence as: 0.854 (kJ cm>)°° (PBX F)>
0.849 (kJ cm *)*° (PBX D)>0.843 (kJ cm *)*° (PBX
A)>0.794 (kJ cm *)°° (PBX E)>0.781 (kJ cm )"
(PBX B)>0.714 (kJ cm *)°° (PBX C)>0.686
(kJ em )% (PBX G). Since 5 is obtained from the square
root of the CED, CED has the same sequence for these
PBXs as & have. The results imply that PBX F and PBX
D are harder to vaporize than the other PBXs, namely,
they are more stable among the PBXs. On the contrary,
PBX C and PBX G are more unstable among the PBXs
because of their low CED values.

AU, = AH,~RT
CED = AU, /V,,

5= /AU, /V,,

(1)

On the other hand, CED can be divided into two parts,
namely, the van der Waals (vdW) energies (E,qw) and the
Electrostatic energies (Egjectrostatic)> 11 Which all Egjecrostatic
of PBXs are about 0.4 kJ cm >, indicating that e-CL-20 have
similar electrostatic interactions with different polymer

binders. However, discrepancy of E,qw values for PBXs indi-
cate that there are different vdW interactions between polymer
binders and e-CL-20, which lead to the different cohesive
energy density of polymers. Especially, the smaller E,qw
values of PBX G and PBX C indicate that the interactions
between polymers (PPESK G and PPESK C) and ¢-CL-20
are weaker, demonstrating that PBX G and PBX C are more
unstable than other PBXs.

Pyrolytic trigger bond (N-NO,) length

Discriminant sensitivity for HEDMs and crystals had been
reported in previous reports [46], but it is difficult for PBXs
and other composited energetic materials because of their
complex systems. To investigate e-CL-20 sensitivity influ-
enced by introducing polymer binders in PBXs, the simple
way is to assess the bond length of the PBXs by MD simula-
tions, forthebondlengthandthebond orderarecloselyrelated
to strength of the chemical bond. That is to say, if the bond
length were obtained, the relative strength of chemical bond
could be estimated. Generally, the bond length of N-NO, is
usually considered as the pyrolytic trigger bond in e-CL-20,
and they are considered as the key initiate for explosion as
well. Though the bond order of the N-NO, bond are unable
to obtain by MD simulations, the changes of the bond length
arefeasibletoacquire, and thusthestability ofthePBXscanbe
further predicted via the bond length. Table 3 shows the N-
NO, bond lengths ofe-CL-20 in seven PBXs, in which L, is
the average bond length of N-NO, in e-CL-20-based PBXs,

Table 2 CED and 6 of PBXs and

&-CL-20 PBXA PBXB PBXC PBXD PBXE PBXF PBXG &CL-20
CED (kJ cm™) 0.71 0.61 0.51 0.72 0.63 0.73 0.47 0.93
Evaw (kJ cm™) 031 0.20 0.08 031 0.21 0.31 0.07 0.38
Egtectrostatic (KJ em™>) 040 0.41 0.43 0.41 0.42 0.42 0.40 0.55
5 (k) em )% 0.843 0.781 0.714 0.849 0.794 0.854  0.686 0.964

@ Springer
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Table 3 Three types of bond

length of -N-NO, in e-CL-20~ e-CL-20 PBX A PBX B PBX C PBX D PBXE PBXF PBX G
based PBXs (A)
Laye 1.39 1.39 1.40 143 1.40 1.39 1.39 1.39
Lprob - 1.39 1.39 1.39 1.39 1.39 1.39 1.39
Linax - 1.41 1.41 1.49 1.41 1.41 1.41 1.41

Lyropisthe probablebond length of N-NO, in e-CL-20-based
PBXs, and L, is the maximum bond length of N-NO, in -
CL-20-based PBXs. Itcan be found thatthebond length of N-
NO, has changed more or less in e-CL-20—-based PBXs com-
pared to that of the pure e-CL-20. L, values of N-NO, in -
CL-20-based PBXs are 1.39 A except for PBX B (1.40 A),
PBX C (1.43 A),and PBX D (1.40 A). All L, values of N-
NO, ine-CL-20-based PBXs are 1.39 A, same as that in pure
e-CL-20.Nevertheless, Ly, 1sconsideredaspyrolytictrigger
bond in e-CL-20 of PBXSs, the largest N-NO, bond length is
1.49 A (PBX C) and other N-NO, bond lengths are all equal to
1.41 A, which are slightly longer than the N-NO, bond length
in pure e-CL-20. That is to say, PBX C is the most unstable
PBX owing to its largest L,,,x N-NO, length bond at room
temperature. Ingeneral, fromthesethreekindsof N-NO, bond
lengthine-CL-20-based PBXs, itcanbefoundthatthesebond
length values are similar or higher than that in pure e-CL-20.

Binding energy

The binding energy (Eping) is regarded as the determining
criteria of interactions between different surfaces of various
composites, and it is commonly defined as negative interac-
tion energies (Ejner) [47]. If the Eying values were positive and
higher, the strength of the interactions between the two com-
ponent surfaces of the composite would be stronger. The Ejj e,
energy is obtained by the total energy of composite to subtract
the sum of separate energies. Owing to the different PBXs
with the different polymer ratios, using Ey;,q to assess the
surface interactions of the two components for different
PBXs might be irrational, thus, it might be reasonable that
the £* as 1 wt% polymer ratio of the Ey;,q for all PBXs is
introduced to evaluate the surface interactions of the two com-
ponents. Eq. (2) displays the relationships of the Ey;,g, the
Eiper, the total energy of PBXs, and the energies of PBX

components. In Eq. (2), Epgy is the total energy of the PBX,
Epqy is the energy of polymer binder with e-CL-20 eliminated
from the PBX and E._.c1 »q is the energy of e-CL-20 with the
polymer subtracted from the PBX. Seven PBXs’ binding en-
ergies are obtained at 298 K, and specific values can be seen in
Table 4. It can be noted that £* values of PBX G, PBX C, and
PBX B are negative, demonstrating that their corresponding
polymer binders cannot cohere with e-CL-20 well, leading to
weak interactions between the surface of polymer and the e-
CL-20 (0 0 1) surface. Other four PBXs’ E* values are all
positive, in which the maximum value is 41.82 kcal mol ™!
(PBX E), implying that the interaction between the PPESK
E and £-CL-20 (0 0 1) is stronger than that of the other
PPESKs. Based on £* values, stability of these PBXs follow
the sequence as: PBX E>PBX F>PBX D>PBX A >PBX
G>PBX B>PBXC.

Epind = ~Einer = —(Epex—Epoly—Ee-c120) (2)

Radial distribution function (RDF) analysis

Radial distribution function (RDF) is used to analyze the in-
teractions of different composites; it measures the probability
of certain atom appearing at a distance » from the designated
atom. The g(r)-r relations of PBX A are displayed in Fig. 4
and other PBXs’ g(r)-r relations are shown in Fig. S2.
Moreover, the specific name of atoms described in g(7)-r re-
lation figures is denoted as follow: (a) N, O, and H atoms in -
CL-20 labeled as Ny, Oy, and Hy, respectively; (b) N, H, O,
and F atoms in polymers labeled as N,, H,, O,, and F,, re-
spectively. In addition, since the function groups have been
introduced into the polymers, the influence of interactions
between the polymers and the e-CL-20 is various. Thus,

Table 4 Binding energies of PBXs with their corresponding polymers on e-CL-20 (0 0 1) surface at 298 K (kcal mol ")

PBX A PBX B PBX C PBX D PBX E PBX F PBX G

—43,820.68 —41,530.92 —39,740.91 —43,369.84 —42,188.81 —44,116.91 —39,301
Epgiy 3922.77 4337.8 4163.37 4391.07 5609.95 3701.53 4403.08
E.crLa0 —47,580.8 —47,366.02 —47,518.25 —47,584.66 —47,460.02 —47,530.31 —47,551.5
Einter —162.62 1497.3 3613.97 —176.25 —338.74 —288.13 820.11
Eping 162.62 —1497.3 —3613.97 176.25 338.74 288.13 —820.11
E* 2391 —1944 —457.46 24.82 41.82 33.12 —102.51

@ Springer
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contributions of the introduced function groups are considered
in g(r)-r relations, that is to say, N,, O,, and H, atoms from
introduced function groups and polymers are separately con-
sidered for assessing each of their contributions in g(7)-r
relations.

Generally, intermolecular interactions consist of hydrogen
bond interactions and van der Waals (vdW) force. Moreover,
vdW force can be further divided into dipole-dipole, induction
and dispersion forces. If the distance r of two atoms is in the
ranges of 2.6-3.1 A, 3.1-5.0 A, or above 5.0 A, the interac-
tions between them can be ascribed into the hydrogen bond
interactions, the strong vdW force, or the feeble vdW force,
respectively. Though hydrogen bond interactions are weaker
than chemical bond, it is still the strongest force among the
intermolecular interactions.

From Fig. 4(a), it can be found that H atoms from e-CL-20
have no hydrogen bond interactions with N atoms from
PPESK A during the distance range 2.6-3.1 A, and at 4.1 A
and 4.8 A, the g(r) values are 0.36 and 0.46, respectively,
indicating that there are weak vdW forces between these two
types of atoms. During the distance range 2.6-3.1 A (Fig.
4(b)), a relatively high peak appears in g(7) (1.0) between
the H;-O, interaction, predicting that they have strong hydro-
gen bond interactions. Two moderate peaks are in the range of
3.1-5.0 A, predicting that medium intensity of strong vdW
force exists between the H;-O, atom pairs. Figure 4(c) dis-
plays that no hydrogen bond interactions and strong vdW
force between the N;-H, atom pairs. In the range of 3.1-
5.0 A, a comparative high peak in g(r) of the N-O, atom pairs
(Fig. 4(d)) predicts that strong vdW force exists between the

@ Springer
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N; and O, atoms. As seen from Fig. 4(e), a small peak
appearing at 2.45 A, with weak intensity g(7) at 0.38, indicates
that O;-H, have small hydrogen bond interactions and vdW
force. From Fig. 4(f), it can be noted that at 3.3 A, there has a
shoulder peak with g(r) = 0.37, implying that little strong vdW
force exists between O; and N, atoms.

Additionally, since several function groups were intro-
duced into the aromatic backbone of PPESK A, its interac-
tions with e-CL-20 may be different with that of PPESKs (B-
G). Thus, how the function groups influence the properties of
polymers and the interactions of polymers with e-CL-20 need
to be considered. To that end, the interactions of N, O, and F
atoms from the introduced groups of polymers with e-CL-20
also have been analyzed. Since there may exist hydrogen bond
between the atom pairs H;—N,, N-H,,H,—O, and O;-H, in
other PBXs (PBX B to PBX G), all these pairs between the
distance 2.6-3.1 A in these PBXs have been taken into
account. For the N;-O, and O;-N, atom pairs, their strong
vdW interactions have been taken into account for other
PBXs (PBX B to PBX G) as well. The H;-N, atom pairs for
PBX G (as shown in Fig. S2 PBX G (a)) has the lowest g(7)
values nearly at 0.3 in the range of 2.6-3.1 A. For PBX B and
PBX F, their H,-N, atom pairs (displayed in Fig. S2 PBX B
(a) and PBX F (a)) have the g() values about 0.4 during the
same range. Moreover, during the range of 2.6-3.1 A, the H;-
N, atom pairs for PBX C, PBX D, and PBX E have the g())
values more than 0.6. Analyzing the H;-O,, the N-H,, and
the O;-H, for PBX B-PBXG (as shown in Fig. S2 PBX B(b)-
PBX G(b), PBX B(c)-PBX G(c), and PBX B(e)-PBX G(e)) by
the same way, it can be found that N;-H, and O;-H, have the
weak hydrogen interactions ascribing to their g(7) values are
less than 0.4 in the range of 2.6-3.1 A. Besides, for H;-O,
atom pairs of the PBX B-PBX G, their g(r) values are more

the low g(r) values in the range of 3.1-5.0 A (as shown in Fig.
S2 PBX B(d)-PBX G(d) and PBX B(f)-PBX G({)).

So, based on these results, it can be found that H;-O, atom
pairs of PBX B-PBX G have the strongest hydrogen bond
interactions because of the higher g(7) values in the range of
2.6-3.1 A. The H,-N,, N;-H,, and O,-H, atom pairs of PBX
B-PBX G have low g(7) values (mainly about 0.4) in the range
of 2.6-3.1 A. Otherwise, the N;-O, and the O-N, atom pairs
of PBX B-PBX G have less strong vdW interactions due to
their low g(r) values in the range of 3.1-5.0 A. The RDF of'the
PBXs (PBX B-PBX G) have been divided into two or more
parts and their contributions are displayed and colored in dif-
ferent lines in Fig. S2, respectively.

Mechanical properties

The symbols of o and € in Eq. (3) express the material stress
and strain tensor, respectively. To statistical mechanics of elas-
ticity, the generalized Hooke’s law usually denoted as [48].

O'l‘:C,'jEjj (1,]:1,2,,6) (3)

where Cj; is a 6 x 6 elastic coefficient matrix within 36 elastic
constants as elements of the Matrix 5. Because of the property
of strain energy and the symmetry of the matrix, that is Cj; =
Cii, thus, only 21 elastic constants are required for analyzing
the stress and the strain properties of the materials. The elastic
constants (see in the Table 5) can be classified as three groups,
viz. CII’CZZ’C66; C33,C44,C55; and C12, C13,C23; according to
the closeness of values. Two parameters A and p are obtained
by the Cj; elastic constants, and their relationships are
displayed in Eq. (4).

than 0.6, and even for PBX C, PBX D, gnd PBX F their g(7) \ = l (Ciy + Coy + C33)7E (Caa + Css + Css)

values can be reached higher than 1.0 in the range of 2.6— 31 3 (4)

3.1 A. However, the N;-O, and the O;-N, atom pairs of 1 = N (Cag + Css5 + Ces)

PBX B-PBX G have less strong vdW interactions because of

Table 5 Elastic constants of

-CL-20 and designed PBXs Cy e-CL- PBXA  PBXB  PBXC PBXD PBXE PBXF  PBXG

20

Cyy 16.99 9.14 11.45 9.78 9.20 10.39 10.40 9.18
Cxn 16.96 9.14 10.76 10.02 9.74 10.83 10.26 10.30
Cs3 25.98 1.58 1.54 1.40 2.93 0.79 5.03 0.78
Cyy 4.13 1.69 2.26 2.18 1.04 1.08 1.51 248
Css 4.93 1.28 2.06 1.76 1.82 0.45 1.94 0.93
Ces 7.34 542 4.78 5.50 5.55 5.50 6.25 5.09
Ci 6.36 443 4.37 4.08 4.60 4.73 4.87 4.78
Ci3 4.68 -0.81 0.31 0.48 0.31 0.30 1.25 0.52
Cy3 0.13 0.04 0.27 0.51 0.29 0.53 —0.04 —-0.50
A 9.04 1.03 1.84 0.78 1.68 2.65 2.10 1.09
1 547 2.79 3.06 3.14 2.80 2.34 3.23 2.83
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o1 Cii Cnn Ciz Ciy Ci5 Ci €l
o) Cy Cyp Coz Coy Cos Cy 1)
o3 | | Cs1 C3n C33 Gy C35 Cxg €3
os | | Cu Cap Cu3 Cas Cus Cye €4
os Csi Cs; Csz3 Csqg Css Csg €s
o Csi Ce2 Cez Coss Coss Ceg €6
(5)

In addition, mechanical properties of materials, such as
Young’s modulus (%), Bulk modulus (K), Shear modulus
(G), and Poisson’s ratio (), can be predicted depending on
the A and p parameters, and their correlations with materials
mechanical properties are displayed in Eq. (6) [49].

E_ 3 +2u
—H A+ p

K=At3m (6)
G=upn
[T

Specific mechanical properties of PBXs were displayed in
Table 6 and Fig. 5, it can be found that all mechanical property
values have declined comparing with e-CL-20, except for
Cauchy pressure C,-Cyg4. It is also found that the predicted
Young’s modulus (E) of PBXs considerably decreased com-
pared with that of e-CL-20, revealing that the rigidity of the
PBXs are lower than that of e-CL-20, namely, these PBXs are
more easy to be deformed. The Young’s modulus E of the
PBXs are in the range of 5.93—7.74 GPa, indicating that the
rigidity of these PBXs are close. The Bulk modulus (K) are
closely related to the breaking strength of the materials, that is
to say, the higher the Bulk modulus is, the harder the breaking
strength of the materials is. From Table 6, it can be noted that
the values of the Bulk modulus follow the sequence as:
4.26 GPa (PBX F)>4.21 GPa (PBX E)>3.87 GPa (PBX
B)>3.55 GPa (PBX D)>2.98 GPa (PBX G)>2.90 GPa
(PBX A)>2.87 GPa (PBX C). It indicates that PBX F has
the strongest breaking strength, and PBX C has the weakest.
As another key parameter, Share modulus (G) reveals the

yield strength of the materials, it can be found in Table 6 that
PBX F has the highest Share modulus (G) values, and PBX E
has the lowest values. As to Share modulus (G), the values of
the PBXs are located in the range between the values of PBX
E and that of PBX F. Moreover, the ductility of materials can
be assessed by both K/G and Cauchy pressure Ci-Cyy
methods, the distinction between them is that the former is
related to the plastic deformation of the materials, while the
latter is based on the morphology fracture surface of the ma-
terials. Thus, PBX E and PBX F have relatively higher K/G
and Cauchy pressure C;,-Cy4 values among all the PBXs,
illustrating that they have better ductility on plastic deforma-
tion and morphology fracture surface of materials.
Conversely, PBX C and PBX G have relatively lower K/G
and Cauchy pressure C;,-Cyy values among all the PBXs,
demonstrating that they not only have weak plastic deforma-
tion, but also easy to fracture on morphology surface.
Moreover, for stable, isotropic, linear elastic materials, their
generalized Poisson’s ratio vy values are in the range of — 0.1 to
0.5 [50]. Table 6 displays the predicted v of e-CL-20 and
seven PBXs, and all their values are in the range of —0.1—
0.5, confirming that these PBXs are in accordance with the
actual situation.

Oxygen balance

Oxygen balance (OB), as one of the key parameters of ener-
getic materials, indicates the combustion performance of en-
ergetic materials. According to OB values, energetic materials
can be classified into three types viz. abundant oxygen explo-
sives (OB > 0), deficient oxygen explosives (OB < 0), and ze-
ro oxygen explosives (OB =0) [51]. The mono-explosive en-
ergetic materials, composed of C, H, O, and N elements and
with formula C,H,O.Ny, its OB can be calculated by Eq. (7),
but it is unsuitable for complex energetic materials such as
PBXs or aluminum (Al) contained propellants. Hence,
Zhang [52] had proposed a method for calculating OB based
on electronegativity of atoms. Equations (8) and (9) both can
be used to calculate the OB for complicated energetic explo-
sives, the distinction between these two equations is that the
former is based on molecular weight, while the latter is based

Table 6 Predicted mechanical

property values of -CL-20 and Content e-CL-20 PBX A PBX B PBX C PBX D PBX E PBX F PBX G
designed PBXs
E (GPa) 14.34 6.34 7.22 691 6.66 5.93 7.74 6.45
K (GPa) 12.69 2.90 3.87 2.87 3.55 421 426 2.98
G (GPa) 5.47 2.79 3.04 3.14 2.80 2.34 3.23 2.83
K/G 2.32 1.04 1.27 091 1.26 1.8 1.32 1.05
5 0.31 0.13 0.19 0.10 0.19 0.27 0.20 0.14
C12-Cyy 2.23 2.74 2.11 1.90 3.56 3.65 337 2.30
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(&) (9]

PBXA PBXB PBXC PBXD PBXE PBXF PBXG CL-20 PBXA PBXB PBXC PBXD PBXE PBXF PBXG CL-20
6
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£
e4r
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2T"PBXA PBXB PBXC PBXD PBXE PBXF PBXG CL-20 PBXA PBXB PBXC PBXD PBXE PBXF PBXG CL-20
25 40
- B (C12-Cyy)
2.0
s

PBXA PBXB PBXC PBXD PBXE PBXF PBXG CL-20 PBXA PBXB PBXC PBXD PBXE PBXF PBXG CL-20
Fig. 5 Comparison of mechanical property of PBXs (A-G) vs e-CL-20

on the total number of atoms. However, it is believed that the n total atom numbers

OB of complex energetic materials can be calculated as the  x;  weight ratio of the polymer binder in PBX
sum of each composites OB on multiplications with their cor-  x;  weight ratio of e-CL-20 in PBX
responding ratios. So, Egs. (8) and (9) can be further denoted

as Egs. (10) and (11), where OB'pq1y (OB "poty) ad OB’ mono-ex However, the chemical formula of PBXs is required for
(OB mono-ex) are OB of the polymer binders and the mono- g, 4her calculation of the OB of PBXs. Herein, we assumed
explosives, respectively, and their values are shown in Table 7. the chemical formula of e-CL-20 and PBXs (A-G) by using
b the weight of 1000 g. That is to say, for 1000 g e-CL-20, the

[c— (2a + 5)] x 16 assumed chemical formula can be evaluated as

OB = x 100% (7) Ci3.603H13.603N27383027.388, and the assumed chemical for-

M, ) .
mulas for the PBXs are displayed in Table S1. For PPESKs
OB — 800 (ZAaiBoi_zAerrj) (8) and e-CL-20, their assumed chemical formulas are shown in
M, Table S2. Due to the difference of polymer ratios in various
, 50(2 AviBo-YA, B;jj) PBX§, it is 1rrat19na1 to compa.lre the d1ff§rence of introduced
OB' = " (9)  function groups in PBXs at different ratios. Therefore, poly-

. ) ) mer ratios for these PBXs need to be normalized. To that end,
OB = OB popxi + OB expix (10)  an polymer ratios of these PBXs are supposed to be 6.8 wt%
OB — OB”polyxi 10 B”explxj (11) (based on PBX A) and their assumed chemical for'mulas also

’ can be found in Table S3. Moreover, based on their assumed
chemical formulas, the calculated OB is labeled as OB
The variables in Egs. (7)—(11) are defined as: (6.8 wt%) to distinguish with OB for different polymer ratios

in initially designed PBXs in Table 7 and Fig. 6.

i/lr molecularl:velfght h el fth i From Table 7, it can be seen that the predicted OB’ and OB
AOi atom number for l.th ¢ lement Of t he ox1 Ent bl "* of the PBXs have the same values, showing that Eq. (10) is
5 atom num e.r or jth element o t_ ¢ combustible agent a simplified equation based on Eq. (8). That is to say, if the OB
B,; valance for ith element of the oxidant . . . ;
. . of mono-explosive, weight ratio of mono-explosive and as-
B,; valance for jth element of the combustible agent

sumed chemical formula of polymers were acquired, the OB
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Table 7 Predicted OB for e-CL-20 and designed PBXs

Comp. OB’ OB” OB'* OB"* OB’ (6.8 wt%) OB” (6.8 wt%) OB'* (6.8 wt%) OB"* (6.8 wt%)
CL-20 —10.96% -8.33% - - - - - -

PBX A —24.56% —18.24% —24.56% -15.95% —24.53% —18.24% —24.53% —18.40%

PBX B —23.61% —17.60% —23.61% —14.88% —22.16% —16.54% —22.16% -17.32%

PBX C —23.44% —17.05% —23.44% —14.70% -21.12% —15.85% -21.12% —17.14%

PBX D —24.41% -18.13% —24.41% —15.46% —23.86% -17.72% —23.86% -17.91%

PBX E —24.93% —18.53% —24.93% —15.14% —22.68% —16.92% —22.68% —17.59%

PBX F —23.50% —17.50% —23.50% —14.23% —20.76% —15.53% —20.76% —16.68%

PBX G —23.10% -17.33% —23.10% —14.95% —21.28% —16.00% —21.28% —17.40%

of the PBXs could be computed via Eq. (10). Calculated OB
of e-CL-20 by Eq. (7) and Eq. (8) have same values, implying
that Eq. (8) also can be utilized for calculating OB for the
simple mono-component explosives. Moreover, all the OB
values of PBXs computed by Egs. (8)—(11) are lower than that
of pure e-CL-20, indicating that adding polymers in the e-CL-
20 reduce the OB value of PBXs. In addition, the OB values
calculated by Eq. (9) are higher than those calculated by Eq.
(8) for the same compound. Same polymer ratio for PBXs are
normalized at the ratio (6.8 wt%) to estimate the influence of
the OB. It can be seen that OB’ and OB” values of the PBX A
and the PBX D are lower than those of the other PBXs, espe-
cially for the PBX F, because the former two PBXs contain
much higher hydrogen ratio than other PBXs.

In general, the OB values of the PBXs are lower than that
of the e-CL-20 because the additional polymer binders are
added into e-CL-20. Moreover, the OB values calculated in
Eq. (9) are higher than those calculated in Eq. (8), due to
reason that the former is calculated from the atom number
and valance of element, but the latter takes account of molec-
ular weight. Finally, if the OB values of explosives are getting
closer to zero, the explosives are less hazardous to the

a PBX A(6.8 wt.%) =—%— (OB")%
;14 —eo— (OB")%
PR — (OB"*)%

PBX G(8.0 wt.%) PBX B(7.7 wt.%)

PBX F8.7 wt.%) PBX C(7.9 wt.%)

PBX E8.1wt.%)

PBX D(7.1 wt.%)

environment. Comparing these OB values, PBX F has supe-
rior OB property among the PBXs.

Detonation performance

The ideal high energetic density materials (HEDMs) are
anticipated not only having suitable mechanical proper-
ties, appropriate sensitivity, and sufficient high energetic
density, but also with better detonation performance; how-
ever, it is hard for a HEDM to possess all of these advan-
tages at the same time. As an important parameter for
HEDMs, detonation performance is generally utilized for
predicting the energetic density of the explosive materials.
Moreover, detonation performance is also a significant
guidance for designing explosives. Up to now, lots of
efforts have been made to predict detonation performance
via new methods [53-55]. In this work, we choose the
methods which Duan and his co-workers [56] proposed
to predict detonation performance in 1992. For mono-ex-
plosive, detonation velocity D and detonation pressure P
are simple, but composite explosives are more complicat-
ed. To calculate D and P values for PBXs, both the

b —*— (OB")%
PBX A(6.8 wt.%)
14

—e— (OB")%
—A— (OB"*)%

PBX G(6.8 wt.%) PBX B(6.8 wt.%)

-16.00_

7 PBX C(6.8 wt.%)

RSER: N
PBX F(6.8 wt.%) .

PBX E (6.8 wt.%) PBX D.8 wt.%)

Fig. 6 Predicted OB values for the designed PBXs at specific ratios (a) and normalized ratio (6.8 wt%) (b)
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Table 8 Predicted detonation

velocity (D) and detonation CL-20 PBXA PBX B PBX C PBX D PBX E PBX F PBX G
pressure (P) of PBXs (A-G) comp
Properties
X; 68wt% TTwt% TI9wt% 11wt 81wt 87 wth 8.0 wt%
p(gem™) 2.01 1.710 1.729 1.733 1.717 1.738 1.748 1.736
pHgem™) - 1.941 1.940 1.947 1.939 1.936 1.940 1.949
Dms ") - 9054.04  9017.26  9022.07  9038.48 8993.29 8977.46  9021.36
D"(ms ) 8178.60  8218.01 8226.62 8193.69 8236.43 8253.27 8233.95
P'(GPa) - 36.78 36.05 36.14 36.47 35.57 35.26 36.13
P"(GPa) - 2791 28.03 28.14 27.95 28.04 28.08 28.21

Detonation velocity (D) and detonation pressure (P) of the CL-20 are 9460 m s ! and 45.41 GPa, which are cited

from the reference [57]

polymers influence and the air influence should be con-
sidered and the specific formations are displayed in Egs.
(13)—(14) and (17)—(18). Thus, D and P for composite
explosives are regarded as the sum of D and P of the
detached components, and can be expressed as:

D =YDV, (12)
Mexpl
Z(P pz)
D/ = Dpoly + (Dexpl_Dpoly)' Tp (13)
()
Pi
D ,
N (14)
4 4 P
p* _ Pexpl * Ppoly (15)
XjPpoly +xipexpl
P=3\P;-V; (16)
)
P—p p(‘xél (17)
2(%)
2
PP (ﬁ) (18)
p

In which, the variables from Egs. (12)—(18) are illustrated
and defined as below:

D; detonation velocity of ith component
V; volume fraction of ith component
D' detonation velocity of PBX

D, characteristic velocity of the polymers (value =
5400 m's ') [56]

D,,,; detonation velocity of mono-explosive (value =
9460 m's ) [57]

D" modified detonation velocity by considering the air
influence of PBX

Mgy, Mono-explosive weight of PBX

@ Springer

m; weight of ith component

Pexpr density of the explosive

Di density of ith component

P theoretical density of PBX at the specific polymer
ratio

p density of PBX at the specific polymer ratio

X; weight ratio of the polymers in PBX

weight ratio of the mono-explosive in PBX
detonation pressure of ith component

detonation pressure of PBX

modified detonation pressure by considering the air
influence of PBX

From Table 8 and Fig. 7, it can be found that the detonation
velocity of all PBXs are about 8300 m sfl, nearly about 85%
detonation velocity of the e-CL-20, indicating that these PBXs
still have rather high detonation velocity. Since polymer ratios
are different in PBXSs, it is improper to compare the detonation
velocity for these PBXs. Though, it can be noted that the
PBXs with similar ratio of polymers have close detonation
velocities, for instance, the detonation velocity difference of
PBX G and PBX C (the difference of the polymer ratio is only
0.1 wt%) is within 8 m s Moreover, the differences of the
values between D' and D" of these PBXs are about 800 ms .,
illustrating that the influence of air is much higher than that of
various polymers on the detonation velocity. Similarly, the
detonation pressure of these PBXs is nearly about 36 GPa,
which are about 80% of the detonation pressure of the e-CL-
20; however, the P" values are much lower than those of the P
', and the P" values of these PBXs are nearly about 60% of
€-CL-20 detonation pressure, indicating that the influence of
the air for detonation pressure is greater than those that hap-
pened to the polymers for the PBXs.

Sensitivity
The sensitivity is one of the important parameters of the ex-

plosives, and it is usually tested by drop-weighttest (hs)
[58, 59], which is the height from a given sample mass
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Fig. 7 Predicted detonation velocity (D) and detonation pressure (P) for PBXs (A-G) and e-CL-20

dropped upon to make 50% of the time to initiate the reactions
of the sample compounds. Moreover, the sensitivity of the
explosives can be ascribed to many factors, i.e., maximum
detonation heat release [60], free space per molecule in the
crystal lattice [61, 62], and strongly positive molecular surface
electrostatic potential [63]. These factors are generally appro-
priate for assessing the sensitivity of mono-explosive or co-
crystal explosives. Polizer et al. [64] have systematically
discussed the relationship between the performance and the
sensitivity for the C,H,O,N, formed mono-explosives, or co-
crystal explosives, which can be assessed by their heat forma-
tions, free space in the crystal lattice, and strongly positive
molecular surface electrostatic potential. However, the seven
designed PBXs, unlike the mono-explosive or co-crystal ex-
plosives which have the specific molecular format, the moral
ratio and the heat formations, are complex systems consisted
of the polymer binders and explosives. Hence, the sensitivity
of the PBXs is hard to be assessed accurately at the present
time. But, in our work mentioned above, the length of the N-
NO, can be roughly used as a reference to judge the sensitivity
of'the PBXs. In these PBXs, the PBX C has the largest N-NO,
length (1.43 A), with that the PBX B and the PBX D have
higher N-NO, length (1.40 A) than those of other four PBXs
(N-NO, length (1.39 A)) (PBX A, PBX E, PBX F, and PBX
G).

Conclusions

In this work, we have studied the binding energies and the
mechanical properties of PPESK (A-G)/e-CL-20 PBXs via
MD simulations. OB and detonation properties of these
PBXs have been predicted based on those of e-CL-20.
Effects of various PPESKs (A-G) on the (0 0 1) crystal sur-
faces of e-CL-20 have been investigated, and the specific
findings are generalized as follows:

(1) The CED and & of seven PBXs (A—G) have been pre-
dicted with the order of PBX F>PBX D>PBX A >
PBX E>PBX B>PBX C>PBX G via their specific
values.

(2) The pyrolytic trigger bond N-NO, of PBX C is 1.49 A at
298 K, which is higher than those of other PBXs, indi-
cating that PBX C is less stable than other PBXs at am-
bient temperature.

(3) The binding energies between PPESKs (A—G) and e-CL-
20 are obtained with the sequence of PBX E>PBX F >
PBX D>PBX A>PBX G>PBX B>PBX C.

(4) The RDF results of PBXs (A—G) indicate that both hy-
drogen and van der Waals interactions exist between
polymers and e-CL-20.

(5) The mechanical properties of PBXs (A—G) have been
predicted and are compared with those of the pure e-
CL-20. The results imply that the mechanical properties
are improved by adding the polymer binders; however,
PBX C and PBX G have low K/G and C;,-Cy44 values,
demonstrating that these two PBXs have weaker ductil-
ity among the PBXs, and it is contrary to PBX E and
PBXF.

(6) OB have been calculated for these PBXs. The results
indicate that all PBXs’ OB are lower than that of the pure
€-CL-20. OB values have also been predicted for the
PBXs (A—QG) at same polymer ratios (6.8 wt%), and in
which PBX F has the highest OB values among the
PBXGs.

(7) Detonation properties for these PBXs have been predict-
ed, in which D of these PBXs are at about 9000 m s ' and
P of these PBXs are nearly at 36 GPa, the detonation
properties of these PBXs are less influenced by different
polymer binders. For these seven PBXs, PBX C has the
lowest sensitivity among the PBXs.

In general, the MD simulations on e-CL-20 and PPESKs
(A—G)/e-CL-20 PBXs provide much information for their
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binding energies, CED, §, mechanical properties, oxygen bal-
ance, and detonation properties. These may not only be uti-
lized for filtering the energetic polymer binders, but also help
for guiding the composite design for the PBXs.
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