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A quantum chemistry–based force field for molecular
dynamics simulations of energetic dinitro compounds has
been developed, based on intermolecular binding energies,
molecular geometries, molecular electrostatic potentials,
and conformational energies obtained from quantum
chemistry calculations on model compounds. Nonbonded
parameters were determined by fitting experimental densi-
ties and heats of vaporizations of model compounds.
Torsional parameters were parameterized to reproduce
accurately the relative conformational energy minima
and barriers in 2,2-dinitropropane, di-methoxy di-methyl
ether, 2,2-dinitro-3-methoxypropane, and bis(2,2-dini-
tropropyl)formal. Molecular dynamics simulations using
the developed force field accurately reproduce thermo-
dynamic and transport properties of 1,1-dinitroethane,
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2,2-dinitropropane, and a eutectic mixture of bis(2,2-
dinitropropyl)formal and bis(2,2-dinitropropyl)acetal.

Keywords: PBX, molecular orbital calculations, heteroge-
neous explosives

1. Introduction

Dinitro compounds have important applications as components
of rocket propellant charges and as plasticizers in plastic-
bonded explosives (PBXs), due in part to their relatively large
decomposition energies [1]. We are interested in using molecu-
lar simulations to improve our understanding of the mechanical
and thermophysical behavior of PBXs, in particular PBX-
9501 [2], which is composed of 94.9-wt% HMX (octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine), 2.5-wt% EstaneTM 5703
[poly(butylene adipate-co-tetramethylene diphenyl-urethane),
hereafter referred to simply as Estane], and 2.5-wt% nitro-
plasticizer [50=50-wt% eutectic of bis(2,2-dinitropropyl)
formal=acetal, denoted hereafter as BDNPF=A]. Molecular
modeling of PBX-9501 composites and specific interactions
among its components has been complicated by the absence
of accurate force fields for the constituent materials. This paper
is one in a series of reports on force field development and mole-
cular simulations of PBX-9501 constituents. Force field devel-
opment and validation for HMX [3] and Estane [4] has been
reported previously; analogous development and validation of
a quantum chemistry–based force field for model dinitro com-
pounds and dinitro plasticizer are reported here.

BDNPF=A plasticizer is cost effective to use and safe to
handle. It provides excellent propellant and explosive physical
properties and enhances the performance of formulations while
providing additional energy to the composite. It also exhibits
good long-term stability. BDNPF=A plasticizer acts as a lubri-
cant within the polymeric binder network, reducing the elastic
modulus and lowering the glass transition temperature of the
polymer. Large amounts of energetic plasticizer can increase
the specific impulse of the propellant and reduce the possibility

206 Davande et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



of cracking [5]. BDNPF=A is used in both U.S. and British sys-
tems, for example, U.S. Navy underwater and airburst plastic-
bonded explosive formulations [6]. It is widely used in warheads
for torpedoes, missiles, and projectiles. Most recent applica-
tions of this material have been in low-vulnerability gun propel-
lant, insensitive high explosives, and insensitive munitions, all
used and currently fielded by the U.S. Army [6]. Plasticized
polyurethanes are used as binders for high explosives to impart
structural integrity to the composite, aid in processing, and
decrease the sensitivity to external stimuli [7]. Although both
BDNPF and BDNPA are solid at room temperature, the
50=50-wt% mixture of the two forms a eutectic with a lower
melting point than early plasticizers such as nitroglycerin and
diethyl phthalate [8].

Atomistic classical molecular dynamics (MD) simulations
can provide molecular-level understanding of the partitioning
of nitroplasticizer between the ‘‘hard’’ and ‘‘soft’’ segment-rich
domains [4] in microphase-segregated, segmented poly(ester
urethane), the resulting domain structure; and the influence
of this domain structure, on thermodynamic, mechanical,
dynamic, and transport properties of the binder. To utilize ato-
mistic MD simulations for studies of PBX-9501 binder, accurate
descriptions of the molecular geometry and conformational
energetics of Estane and BDNPF=A nitroplasticizer are
required. The formulation of a quantum chemistry–based force
field for BDNPF is the principal subject of the present work.

We report in Section 2 high level ab initio quantum
chemistry calculations for some important energetic dinitro
compounds, including BDNPF, 2,2-dinitro-3-methoxypropane
(DNMP), and di-methoxy di-methyl ether (DMDME). In
Section 3, a classical, analytic force field is developed based
on fitting the equilibrium geometries and conformational
energetics obtained from the quantum chemistry calculations
described in Section 2, with subsequent minor adjustments to
match the available thermodynamic data. The ability of the
resultant force field to reproduce accurately thermodynamic
and transport properties of dinitro compounds is presented
and discussed in Section 4.
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2. Quantum Chemistry Calculations

In this section we report ab initio quantum chemistry cal-
culations of equilibrium geometries and conformational ener-
getics of several compounds that will be utilized in the actual
force field parameterization for BDNPF. As we cannot
perform extensive high-level quantum chemistry studies on
the full BDNPF molecule (Figure 1(a)) or BDNPA molecule
(Figure 1(b)), we carried out most of our investigations for
smaller dinitro compounds that possess subsets of the chemi-
cal linkages and dihedral arrangements that occur in
BDNPF (Figures 1(c)–1(e)). However, the combined set of
model compounds spans the set of relevant interactions in
BDNPF. We performed quantum chemistry calculations only
for the full BDNPF molecule for a selection of low-energy
conformations as a test of transferability of the force field
developed on the basis of the smaller compounds to the tar-
get molecule.

All ab initio quantum chemistry calculations were per-
formed using the Gaussian 98 package [9]. Density functional
and Hartree-Fock theory were used for initial geometry opti-
mizations of the model compounds. The hybrid B3LYP
functional [10,11] and 6-31G� basis sets were used for DNP,
DNMP, DMDME, and BDNPF. Following our previous
work on a variety of polymers including polyethylene oxide,
polypropylene oxide, 1,2-dimethoxyethane [12,13], HMX [3],
and Estane [4], we used these comparatively inexpensive
‘‘scoping’’ calculations as a starting point for determination
of more accurate conformational geometries and energetics
at the B3LYP, HF, and MP2 levels, using the B3LYP=aug-
augmented correlation consistent polarized valence double-f
basis sets (aug-cc-pvDz) [14].

Conformational energies and geometries for DMDME,
DNP, and DNMP for important conformers and rotational
barriers corresponding to HF, B3LYP, and MP2 theory in con-
junction with the aug-cc-pvDz basis set are summarized in
Tables 1–3, respectively, and will be discussed in subsequent
sections.
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Figure 1. Molecular structures. Circles with brick pattern:
nitrogen; empty circles: hydrogen; gray circles: carbon; circles
with diagonal hash: oxygen. (a) Labeling of the unique torsions
in bis(2,2-dinitropropyl)formal (BDNPF). u1 and u6 are
C�C�C�O torsions; u3 and u4 are C�O�C�O torsions; u5

and u2 are C�O�C�C torsions; and u7, u8, u9 and u10 are
O�N�C�C torsions. (b) bis(2,2-dinitropropyl)acetal
(BDNPA). (c) di-methoxy di-methyl ether (DMDME). u11

and u12 are C�O�C�O torsions. (d) 2,2-dinitro-3-methoxy
propane (DNMP). (e) 2,2-dinitropropane (DNP).
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Figure 1. Continued.
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Table 1
Relative conformational energies for di-methoxy di-methyl
ether (DMDME) as obtained from the parameterized force

field (normal text) and quantum chemistry (MP2=
aug-cc-pvDz==B3LYP=aug-cc-pvDz, italics)

Torsional angles (degree)

Conformer
Energy

(kcal=mol) u3
a u4 u11 u12

gggg 0.00 78.0 83.7 83.7 78.1
0.00 68.2 73.4 74.3 68.7

gg145gb 3.95 79.0 80.3 145.0c 79.0
3.11 68.7 70.5 145.0 69.0

gg152g 3.31 78.9 81.4 152.0 79.3
3.05 68.7 69.9 152.0 69.0

ggtg 1.11 79.7 85.1 182.2 79.5
2.98 68.7 70.5 159.7 69.0

gg220g 3.42 80.9 84.7 220.9 80.4
3.10 73.7 79.1 220.9 73.5

ggg�g 1.53 75.4 91.3 272.5 94.5
2.83 66.0 87.0 265.0 85.0

gg345g 9.31 75.0 76.9 345.0 100.5
9.09 65.6 88.3 345.0 103.6

ggg�g� 1.36 78.7 83.0 276.9 281.2
1.66 71.6 97.0 296.0 294.5

g138g�g� 3.66 79.6 138.0 279.9 284.2
3.15 60.0 138.0 293.0 294.0

g�tg�g� 1.11 280.5 177.8 274.8 280.4
2.42 292.0 196.0 291.0 292.0

au3, u4, u11, and u12 are the C�O�C�O torsions in DMDME
(see Figure 1(c)).

bThe conformer notation gg145g means torsion u11 was con-
strained to 145�.

cNumbers in bold denote constrained torsions.
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Table 2
Relative conformational energies for 2,2-dinitropropane (DNP)
as obtained from the parameterized force field (normal text)

and from quantum chemistry (MP2=aug-cc-
pvDz==B3LYP=aug-cc-pvDz, italics)

Conformer
Energy

(kcal=mol)

Torsion
u7

a

(degree)

Torsion
u8

(degree)

tgþ 0.00 161.6 96.0
0.00 167.4 111.1

180gþb 0.40 180.0c 90.1
0.31 180.0 102.9

150gþ 0.27 150.0 101.1
0.38 150.0 121.5

135t� 0.99 135.0 143.8
0.98 135.0 133.2

120t� 1.23 120.0 152.4
1.35 120.0 150.3

105t 1.00 105.0 160.4
1.14 105.0 167.6

90t 0.32 90.0 193.2
0.59 90.0 179.3

75t 0.01 75.0 199.1
0.09 75.0 188.0

gþ t 0.32 90.0 180.0
0.58 90.0 180.0

gþ t� 1.24 120.0 150.0
1.36 120.0 150.0

gþ t� (saddle)d 1.22 117.6 153.7
1.38 117.6 153.4

gt� (saddle) 1.81 26.6 154.1
2.63 26.6 154.1

gþg� 1.23 120.0 330.0
1.36 120.0 330.0

(Continued)
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Table 2
Continued

Conformer
Energy

(kcal=mol)

Torsion
u7

a

(degree)

Torsion
u8

(degree)

gþcis 1.96 120.0 0.0
2.39 120.0 0.0

au7 and u8 represent O�N�C�C torsions in DNP (see Figure
1(e)).

bThe conformer 180gþ means torsion u7 was constrained to 180�.
cNumbers in bold font denote constrained torsions.
dThe ‘‘saddle’’ notation here corresponds to single-point calcula-

tions done using quantum chemistry studies. The corresponding
molecular mechanics energies were obtained by constraining the
torsions u7 and u8 to quantum chemistry values.

Table 3
Relative conformational energies for 2,2-dinitro-3-methoxy
propane (DNMP) as obtained from the parameterized force
field (normal text) and from quantum chemistry (MP2=aug-

cc-pvDz==B3LYP=aug-cc-pvDz, italics)

Conformer
Energy

(kcal=mol)

Torsion
u1

a

(degree)

Torsion
u2

(degree)

gt 0.00 62.3 172.3
0.00 62.3 175.3

tt 2.55 182.8 178.0
2.67 167.0 176.0

tg 3.07 162.7 74.9
3.85 156.0 88.8

gg 2.95 60.0b 60.0
3.31 60.0b 60.0

(Continued)
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Table 3
Continued

Conformer
Energy

(kcal=mol)

Torsion
u1

a

(degree)

Torsion
u2

(degree)

g95c 1.56 54.9 95.0
1.18 55.0 95.0

gg� 4.46 60.0 280.0
4.44 60.0 280.0

gg� (saddle)d 2.95 82.5 277.5
3.39 82.5 277.5

tgþ 3.07 162.7 75.0
3.69 160.6 110.4

120t 6.47 120.3 156.0
6.68 120.3 176.5

g120 0.90 66.3 120.0
0.92 63.1 120.0

cisg 5.41 0 97.9
5.55 0.50 97.9

cisg (saddle) 5.51 351.7 101.4
5.67 351.7 101.4

cist 4.57 0 181.5
4.47 0 183.4

cist (saddle) 4.66 6.1 180.9
4.63 6.1 180.9

au1 and u2 represent C�C�C�O and C�O�C�C torsions,
respectively (see Figure 1(d)).

bBold font is used to identify the constrained torsions.
cThe conformer notation g95 means torsion u2 was constrained

to 95�.
dThe ‘‘saddle’’ notation here corresponds to single-point calcula-

tions done using quantum chemistry studies. The corresponding
molecular mechanics energies were obtained by constraining the tor-
sions u1 and u2 to quantum chemistry values.
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3. Force Field Development

Methodology

The classical force field represents the total potential energy
VðrÞ of a collection of atoms with positions given by the vector
~RR as a sum of nonbonded interactions VNBð~RRÞ and energy con-
tributions due to all bond, valence bend, torsional, and defor-
mational interactions:

Vð~RRÞ ¼ VNBð~RRijÞ þ
X
bonds

VBONDðrijÞ þ
X
bends

VBENDðhijkÞ

þ
X

torsions

VTORSðuijklÞ þ
X

deformations

VDEFORMðdijklÞ: ð1Þ

The nonbonded energy VNBð~RRijÞ consists of a sum of the
two-body repulsion and dispersion energy terms between atoms
i and j, represented by the Buckingham exponential-6 poten-
tial, and the energy due to the interactions between fixed par-
tial atomic charges (i.e., Coulombic terms):

VNBð~RRijÞ ¼
1

2

XN
i;j¼1

Aij expð�BijRijÞ �
Cij

R6
ij

þ qiqj
4peoRij

: ð2Þ

Nonbonded interactions were included between all atoms of
different molecules and between atoms of the same molecule
separated by more than two bonds (1–4 interactions included).
The following combining rules were used to evaluate interac-
tions between different types of atoms:

Aij ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
AiiAjj

p
;

Bij ¼
Bii þ Bjj

2
;

Cij ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
CiiCjj

p
:

ð3Þ

Contributions due to covalent interactions were repre-
sented as the following:

VBOND ¼ 1

2
kbondij ðrij � r0ijÞ

2; ð4Þ
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VBENDðhijkÞ ¼
1

2
kbendijk ðhijk � h0ijkÞ

2; ð5Þ

VTORSðuijklÞ ¼
1

2

X
n

ktors
ijkl ðnÞ½1� cosðnuijklÞ�; ð6Þ

VDEFORM ¼ 1

2
kdijkld

2
ijkl: ð7Þ

Here r0ij is an equilibrium bond length,1 h0ijk is an equilibrium
valence bend angle, and dijkl is an out-of-plane bend (i.e., the
angle between the plane containing atoms i, j, and k and the
bond between atoms k and l); kbondij , kbend

ijk , ktorsijkl (n), and kdijkl
are the bond, bend, torsion, and deformation force constants,
respectively. The indices indicate which (bonded) atoms are
involved in the interaction.

In this contribution we follow the force field development
methodology applied previously to HMX [3], Estane [4], and a
number of other polymers [12,13]. Specifically, we obtain par-
tial atomic charges by fitting the electrostatic potential
obtained from a quantum mechanical wavefunction=density
on a grid of points for each of the model compounds. We either
use published repulsion=dispersion parameters for compounds
with chemical environments similar to those of interest here,
or fit them ourselves to available thermodynamic data for those
compounds for which interaction parameters have not been
reported. The ‘‘equilibrium’’ bond lengths and bending angles
are adjusted to reproduce equilibrium geometries of model com-
pounds obtained from quantum chemistry. Finally, we fit the
torsional parameters to reproduce the geometries and confor-
mational energetics of model compounds, obtained from high-
level quantum chemistry calculations.

1Note that the natural bond length or bond angle for a given bond
or valence angle does not necessarily correspond to the bond length or
angle of the molecular mechanics optimized geometry of a molecule.
Nonbonded interactions can result in an optimized bond length or
angle that differs from the equilibrium value.
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Repulsion=Dispersion Parameters

The parameters for carbon (C) and hydrogen (H) were taken
from our previous studies on polyethylene and poly(oxymethy-
lene) [15]. It was found that the repulsion=dispersion para-
meters for nitrogen and oxygen taken from studies on HMX
[3], where they were derived for a nitro (�NO2) group attached
to nitrogen, were not suitable to describe the potential energy
and the dynamics for compounds containing the dinitro func-
tionality attached to carbon. Thus, using the calculated charges
and optimized geometric parameters, the repulsion=dispersion
parameters for nitrogen and oxygen were adjusted to yield
the best overall agreement between experimental densities
and enthalpies of vaporization and those calculated from liquid
phase molecular dynamics (see Table 4), for DNP, DNE,
BDNPF, and BDNPF=A. Once this initial set of ‘‘optimal’’
nonbonded parameters was obtained, the entire procedure,
starting from refits of the valence parameters, was reiterated
multiple times until a converged best fit was obtained. The
resulting optimized repulsion=dispersion parameters are
reported in Table 5.

Partial Atomic Charges

The different atom types employed for determination of partial
charges are illustrated in Figure 2. The different charge groups
used were (1) Ce, for carbon atoms in end groups (CH3) of
BDNPF; (2) Cn, for carbon atoms attached to NO2 groups;
(3) Cn, for carbon atoms attached to oxygen (atom of type O,
see below) on one side and carbon atom of type Cn on the other
side; (4) Cl, for carbon atoms attached to carbon atoms of type
Cn and Ce in DNMP; (5) Cll, for carbon atoms attached to
oxygen atoms (of type O, see below) on both sides of the central
carbon in BDNPF; (6) O, for oxygen; (7) On, for oxygen atoms
in an NO2 group; (8) H, for hydrogen atoms attached to carbon
atom of type Ce; (9) Hm, for hydrogen atoms attached to carbon
atoms of type Cn; and (10) Hl, for hydrogen atoms attached to
carbon atoms of type Cl (in DNMP) or Cll (in BDNPF). We
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used MP2=aug-cc-pvDz==B3LYP=aug-cc-pvDz for determina-
tion of charges, for the lowest energy conformations obtained
for each model compound. Note that new atom types were
defined for hydrogen atoms bonded to carbons, which are
bonded in turn to comparatively electronegative atoms. The
standard electrostatic potential (ESP) derived charges are the
coefficients that yield the optimal least-squares fit to the model
function for the given set of ESP points.

Within this approach, charges obtained for the internal
atoms can fluctuate significantly, while exerting only minimal
influence on the objective function (v2) for the fit to the ESP.
To mitigate this effect, the partial atomic charges for the model
compounds and BDNPF were determined using restrained elec-
trostatic potential (RESP) fitting [16,17]. The electrostatic
potential envelope cutoffs were set to the van der Waals radii:
1.8 Å for hydrogen, 2.5 Å for carbon and nitrogen, and 2.0 Å for
oxygen. The electrostatic potential was evaluated at approxi-
mately 350,000 points for each model compound; the fit was
constrained to yield net charge neutrality for each molecule.
The partial atomic charges for different atom types in DNMP,
DNP, and BDNPF are given in Table 6.

Table 5
Final repulsion (A and B) and dispersion (C) force

field parameters

Nonbonded, UNB~RR ¼ 1

2

XN
i; j¼1

Aij expð�BijRijÞ �
Cij

R6
ij

Atom
pair

Aij

(kcal=mol) Bij(Å
�1)

Cij

(kcal mol�1 Å�6) Source

C�C 14976.00 3.09 640.08 [15]
O�O 78877.76 4.06 319.12 This work
N�N 63267.40 3.78 250.00 This work
H�H 2649.60 3.74 27.40 [15]
C�H 4320.00 3.42 138.24 [15]
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Figure 2. Atom type definitions for assigning partial atomic
charges in (a) bis(2,2-dinitropropyl)formal (BDNPF), (b) 2,2-dini-
tro-3-methoxy propane (DNMP), (c) 2,2-dinitropropane (DNP).
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Bonded Interaction Parameters

The values for kbond and kbend were taken from work on HMX
[3], Estane [4], polyethylene and poly(oxymethylene) [15], and
poly(oxyethylene) and 1,2-dimethoxyethane [18]. Molecular
mechanics geometry optimization was performed on each model
compound, with initial guesses for equilibrium bond lengths r0
and bond angles h0. The values of bond lengths r0 and bond
angles h0 (taken from the corresponding references for kbond

and kbend) were adjusted to provide the best match between
molecular mechanics– and quantum chemistry–optimized
geometries. The results are listed in Table 7. In the final pass
for optimization of r0 and h0, the repulsion=dispersion para-
meters given in Table 4 and the partial charges given in Table
6 were used. The optimized r0 and h0 from DNMP were used for

Table 6
Partial atomic charges for model compounds and BDNPF,
calculated using quantum chemistry (MP2=aug-cc-pvDz==

B3LYP=aug-cc-pvDZ)

Atom type DNMPa DNPb BDNPFc

Ce
d �0.1809 �0.6079 �0.1809

Cn 0.2855 0.5646 0.2855
Ch �0.1314 – �0.1314
N 0.5122 0.5178 0.5122
O �0.2364 �0.3708 �0.2364
On �0.3444 – �0.3444
H 0.0825 0.1831 0.0825
Cl �0.2024 – –
Hm 0.1035 – 0.1035
Hl 0.1221 – 0.1221
Cll – – 0.0835

a 2,2-dinitro-3-methoxy propane (see Figure 1(d)).
b 2,2-dinitropropane (Figure 1(e)).
cbis(2,2-dinitroproyl)formal (Figure 1(a)).
dRefer to Figure 2 for atom type definitions.
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BDNPF. The mean-square error for all bonds was 0.009 Å, and
that for the valence bends was 1.9�. These small fiducials sug-
gest good transferability of the force field developed from smal-
ler model compounds to BDNPF=A system.

Torsional Parameters

Because the expense of sufficiently high-level quantum chemis-
try calculations precludes us from accurate determination of all
BDNPF conformers and barriers among them, we have chosen
to fit torsional parameters for representative model compounds
and check their transferability to BDNPF by comparing mole-
cular mechanics and quantum chemistry results only for the most
important conformers in BDNPF. The torsional parameters
were optimized for model compounds, using optimized bond
lengths and bond angles fromTable 7, partial atomic charges from
Table 6 (DNMP), and nonbonded parameters from Table 5.

The torsional parameters for C�O�C�O were obtained
from the molecular mechanics force field for DMDME
(Figure 1(c)). To achieve direct transferability of the torsional
parameters, the charges on the atoms for DMDME were taken
from BDNPF. A comparison of energies and geometries of
DMDME from quantum chemistry and the force field is given
in Table 1.

For DNP the parameters for the O�N�C�C torsion
(Figure 1(e)) were adjusted to yield the best agreement between
the conformational energies and geometries obtained from quan-
tum chemistry (MP2=aug-cc-pvDz==B3LYP=aug-cc-pvDz) and
molecular mechanics. From the conformational energy plot for
DNP shown in Figure 3, we conclude that the molecular
mechanics force field accurately reproduces the saddle points
and minima for this model compound. The minimum energy
O�N�C�C (u7,u8) conformation at the MP2=aug-cc-pvDz==
B3LYP=aug-cc-pvDz level was found to be tgþ (161.6�, 96.0�),
and the maximum-energy conformation was found to be
gt-saddle (26.6�, 154.1�) with an energy 2.63 kcal=mol relative
to the minimum energy conformation. The energies of all the
conformations studied for DNP are summarized in Table 2.
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The torsional parameters for O�N�C�C were transferred
from DNP to DNMP. Using the charges from Table 6 (DNP),
the torsional parameters for C�C�C�O, C�C�O�C, and
N�C�C�O (Figure 1(d)) were adjusted to match molecular
mechanics and quantum chemistry energies and geometries.
The conformational energy path for the C�C�C�O torsion is

Figure 3. Comparison of conformational energies for DNP
obtained from force field to quantum chemistry results (dihe-
dral angles in degrees, relative energies in kcal=mol; see Figure
1(e); additional details in Table 3).
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shown in Figure 4. The minimum energy C�C�C�O (u1, u2)
conformation at the MP2=aug-cc-pvDz==B3LYP=aug-cc-pvDz
level was found to be gt (62.3�, 172.3�). Comparisons of the
energies of all the conformations studied for DNMP, including
a large number of conformations with one or both torsions
fixed, are summarized in Table 3. The out-of-plane bend force
constants for O�N�O�C were taken to be equal to the
O�N�O�N out-of-plane bend force constants in HMX [3].

Transferability of the Force Field from Model
Compounds to BDNPF

As a part of our validation of the potential, we studied the
transferability of the force field parameters developed for

Figure 4. Comparison of conformational energies for DNMP
calculated from the force field to quantum chemistry results
at the MP2=aug-cc-pvDz==B3LYP=aug-cc-pvDz level of theory
(dihedral angle in degrees, relative energies in kcal=mol).
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model compounds to BDNPF. We performed quantum chem-
istry studies on BDNPF for five important geometric minima
listed in Table 8, at the B3LYP=aug-cc-pvDz level. (In this
case MP2=aug-cc-pvDz==B3LYP=aug-cc-pvDz was not com-
putationally tractable with the available resources.) The
gtggtg conformer was found to have the minimum energy.
The comparison between quantum chemistry– and molecular
mechanics–based force field energies and the geometries
reveals that the developed potential can be successfully trans-
ferred to BDNPF. The deviation between the quantum
chemistry– and molecular mechanics–based energy differences
is less than 0.25 kcal=mol for all geometries. The deviation in
torsional angles between quantum chemistry– and molecular

Table 8
Comparison between the conformational energies and backbone
torsions for bis(2,2-dinitropropyl)formal (BDNPF) calculated
using the force field (normal text) and quantum chemistry

(B3LYP=aug-cc-pvDz, italics)

Conformer
Energy

(kcal=mol)

Torsion (degree)

u1
a u2 u3 u4 u5 u6

gtggtg 0.00 65.3 184.8 82.1 82.1 184.8 65.3
0.00 61.8 184.6 61.3 59.4 182.4 65.7

gtgttg 1.78 66.9 187.8 82.2 179.1 174.6 66.0
1.89 64.2 168.7 71.3 184.6 174.8 64.1

gttttg 4.82 64.4 172.2 177.3 177.3 172.7 64.4
5.03 62.0 173.6 171.4 171.4 173.6 62.2

ttggtg 2.12 173.6 203.8 80.5 81.0 192.0 66.9
2.11 168.1 194.6 71.8 72.6 176.5 65.5

ttggtt 2.84 170.4 185.1 70.5 70.5 185.1 170.4
2.59 192.1 179.4 62.8 62.6 179.5 192.5

au1 and u6 represent C�C�C�O torsions, u3 and u4 represent
C�O�C�O torsions, and u2 and u5 represent C�O�C�C torsions
(see Figure 1(a)).
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mechanics–based predictions is less than 20� for most of the
geometries considered.

Extension of Force Field for BDNPF to BDNPA

For the simulations of a eutectic mixture of BDNPF and
BDNPA, the force field developed for BDNPF was adapted
to accommodate BDNPA. The repulsion=dispersion para-
meters developed for BDNPF were transferred directly to
BDNPA without modification, and likewise for the bond, bend,
torsion, and out-of-plane bends force constants. The charge on
the carbon in the acetal group in BDNPA was adjusted such
that the ‘‘acetal’’ group has a total charge equal to that of
the ‘‘formal’’ hydrogen atom in BDNPF (referred to as Hl in
Figure 2). The rest of the charges in BDNPA were taken to
be equal to the corresponding charges in BDNPF. The bond,
bend, torsion, and deformation force constants for BDNPA
were taken from the corresponding force constants developed
in the force field for BDNPF. For the H�C�C�O and
H�C�C�H torsions, which are not present in BDNPF, the
torsional parameters were taken from the force field on poly
(ethylene oxide) [11].

4. Molecular Dynamics Simulations

Molecular Dynamics Methodology

All simulations were carried out using the lucretius MD simula-
tion package [19], using the Nose-Hoover thermostat and baro-
stat. All production runs correspond to a pressure of one
atmosphere. A cutoff radius of 10 Å was used for all van der
waals interactions. A multiple time-step integrator described
elsewhere [20] was employed. Covalent bond lengths were con-
strained using the SHAKE algorithm [21]. The time step of
integration for high-frequency vibrations (bends and torsions)
was 0.5 fs. Nonbonded interactions within a cutoff radius of 6 Å
were evaluated every 1.0 fs, and those between 6 Å and 10 Å
were evaluated every 2.0 fs. To account for long-range electro-
static interactions, the particle Mesh Ewald algorithm [22]
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was used. The atomic stress tensor (employed in shear viscosity
calculations described below) was recorded every 10.0 fs.
Further details regarding simulations specific to particular sys-
tems and properties are provided in Table 4. For calculation of
density and enthalpy of vaporization, equilibration was per-
formed for at least five times as long as the slowest relaxation
time in a given system (referred to as the Rouse time in Table 4
and defined as the time at which backbone end-to-end autocor-
relation function decayed to a value of e�1). To calculate the
steady shear viscosity, equilibration was performed for at least
20 times the longest relaxation time of the system, and the pro-
duction run time was at least 300 times that relaxation time.

Thermodynamic Properties

We investigated the ability of our force field to reproduce=
predict a variety of thermodynamic and transport properties
of liquid dinitro compounds, including liquid DNE, DNP, and
BDNPF=A eutectic.

Atomistic simulations were performed for DNE and DNP at
298K in the isobaric-isothermal (NPT) ensemble, in a cubic,
three-dimensionally periodic simulation cell. The density and
enthalpy of vaporization of DNE obtained from our liquid
phase molecular dynamics simulations are 2.8(�0.5)% and
2.7(�0.3)% lower than the respective experimental values
[23,24] (see Table 4). In the case of DNP, the density from
simulations at 298K is 2.5(�0.3)% lower than experiment
[25], and the enthalpy of vaporization is 1.0(�0.5)% higher
than the reported value [23] (see Table 4). Overall, the calcu-
lated densities and enthalpies of vaporization of DNE and
DNP are in close agreement with experimental values.

The enthalpy of vaporization of BDNPF at 400K was
obtained based on isothermal-isochoric (NVT) MD simulations
in a cubic box (see Table 4); the force field predicts a value of
22.6(�0.1) kcal=mol for this quantity. However, no direct
experimental measurements of the enthalpy of vaporization for
BDNPF are available in the literature. Hence an approximate
value was estimated by reading the vapor-pressure (P) curve
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for BDNPF [26] and using the Clausius-Clapeyron equation to
obtain the enthalpy of vaporization (DEvap):

d lnP

dT
¼ DEvap

RT2
; ð8Þ

where R is the universal gas constant and T is the absolute tem-
perature. The approximate value thus obtained for the enthalpy
of vaporization of BDNPF at 400K is 17.9(�0.4) kcal=mol.

Molecular dynamics simulations were performed on a mix-
ture of 32 molecules of BDNPF and 30 molecules of BDNPA
(i.e., the 50=50-wt% eutectic that comprises BDNPF=A plasti-
cizer) to obtain an equilibrium density for the mixture. The
eutectic mixture was allowed to relax initially at lower densi-
ties, after which the density of the system was gradually
increased to the experimental value. After that the system
was equilibrated using NPT-MD at 298K, until a steady-fluctu-
ating density was achieved. The resulting value was 1.359
(�0.015) g=cc, which is in excellent agreement (1.7–2.7%
lower) with the experimental value of 1.383–1.397 g=cc [26].

Isothermal-isobaric MD simulations of the BDNPF=A
eutectic mixture were also performed at 328K to obtain the
speed of sound in the melt. At constant temperature and pres-
sure, the isothermal bulk modulus (bT) is related to volume
fluctuations by [27]

bT ¼ VKBT= dV2
� �

NPT
; ð9Þ

where KB is Boltzmann constant and V is the average volume of
the system at temperature T. From this, the speed of sound C
can be obtained using

C ¼

ffiffiffiffiffiffi
bT
q

s
; ð10Þ

where q is the average density of the system.
Experimentalists have used impulsive stimulated light scat-

tering (ISLS) to measure the sound speed in BDNPF=A eutectic
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at 328K, and obtained a value of 1297.4–1301.9m=s [26]. The
sound speed from our simulations is found to be 1323
(�4)m=s, which is in quite reasonable agreement with the
experiments. (We note that, since it is an isentropic measure-
ment, the ISLS sound speed should be greater than the corre-
sponding isothermal value by perhaps a few percent, but we
nevertheless regard the level of agreement obtained as a suc-
cessful validation point for the force field.)

Transport Properties

The apparent self-diffusion coefficient for DNP from MD
simulations at 357K is 0.70� 10�9 (�0.03� 10�9)m2s�1 which is
about 30% less than the experimental value of 1.0� 10�9m2 s�1

[28] (Figure 5). At 345K it is 0.50� 10�9(�0.02� 10�9)
m2s�1, compared to 0.89� 10�9m2s�1 from experiment [28].

Figure 5. Comparison of the self-diffusion coefficient for DNP
obtained from MD simulations using the force field developed
in this work to experimental results. (Calculated error bars were
smaller than the symbol size and hence not included in the plot.)

232 Davande et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Zero-frequency shear viscosities of the BDNPF=A eutectic
were calculated in the temperature interval 450 –700K, in
50K increments, using the Einstein relation [27]

g ¼ lim
t!1

V

6KBTt

X
a 6¼b

ðLabðtÞ � Labð0ÞÞ2
* + !

; ð11Þ

where LabðtÞ ¼
R t
0 Pabðt0Þdt0, KB is the Boltzmann constant, T is

temperature, t is time, Pab is the symmetric stress sensor, and V
is the fixed volume of the simulation box. The lengths of simu-
lation trajectories were chosen such that tsim >> sg, where sg is
the viscosity relaxation time defined as

gðsgÞ ¼ ð1� e�1Þgðtsim ! 1Þ: ð12Þ

The shear viscosity was calculated by averaging the appar-
ent viscosity data obtained from the Einstein equation for the
specified time interval. The details of the methodology used
to estimate the apparent average shear viscosity can be found
in our previous work on HMX [29]. Even with this approach,
we could not compare directly our calculated shear viscosity
to experimental values, which were measured in the vicinity
of room temperature, since the required simulation lengths
would have been impractical. Therefore, we used temperature
extrapolation to obtain the shear viscosity of the BDNPF=A
eutectic at 323K and at atmospheric pressure.

The measured and calculated results for the BDNPF=A
shear viscosity are shown in Figure 6, along with the tempera-
ture extrapolation. The experimental value of the shear viscos-
ity at 323K is reported to be 59 cP [26]; our extrapolated
prediction to that temperature is 62 cP. The calculated appar-
ent activation energies are 5.6 and 6.7 kcal=mol for shear visc-
osity and self diffusion, respectively, in the temperature
interval 450–700K. The activation energy for shear viscosity
extracted from the experimental data [26] in the temperature
interval 280–323K is 10.2 kcal=mol. According to the Eyring
expression for dense fluids [30], the simple relation (DEvap ¼
nDEvis, where 2 � n � 5) holds for more than 100 substances,
including associated liquids. The energy of vaporization is
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approximately equal to the cohesive energy; hence, it is possible
to compare DEvap and DEvis determined directly from atomistic
simulations. We obtain DEvap ¼ 22:3 kcal=mol at 450K, yield-
ing a ratio DEvap=DEvis ¼ 3:9, which is entirely consistent with
the Eyring correlation.

5. Conclusions

We have developed a complete bonded and nonbonded force
field for a series of energetic dinitro compounds representative
of bis(2,2-dinitropropyl)formal=acetal (BDNPF=A) based upon
extensive ab initio electronic structure calculations of geome-
tries and energies. This potential was successfully used for
atomistic simulations of 2,2-dinitropropane (DNP), 1,1-
dinitroethane (DNE), and BDNPF=A. The densities for DNE
and DNP obtained from MD simulations match experimental
values to within 3%, whereas the enthalpies of vaporization

Figure 6. ‘‘Arrhenius plot’’ for zero-frequency shear viscosity
of BDNPF=A plasticizer.
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were within 7% of experimental values at 298K and atmo-
spheric pressure. The force field also reproduced the speed of
sound in BDNPF=A to within a few percent. Predictions of
transport behavior (self-diffusion coefficients for DNP and
zero-frequency shear viscosities for BDNPF=A) were consistent
with experiment. Based on these validation studies, we think
the force field can be used with reasonable confidence for simu-
lations of a variety of dinitro compounds. Further, at this point
force-field development has been completed for all important
constituents of the plastic-bonded explosive PBX-9501, thus
enabling detailed investigations into the physico-chemical
interactions that occur in that material.
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