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Predicting the Impact of Aqueous lons on Fate and
Transport of Munition Compounds
in the Environment

ABSTRACT: A model framework for natural water has been developed
using computational chemistry techniques to elucidate the interactions
between solvated munition compounds and eight common ions in
naturally occurring water sources. The interaction energies, residence
times, coordination statistics, and surface preferences of nine munition-
related compounds with each ion were evaluated. The propensity of
these interactions to increase degradation of the munition compound
was predicted using accelerated replica QM/MM simulations. The
degradation prediction data qualitatively align with previous quantum
mechanical studies. The results suggest that primary ions of interest for
fate and transport modeling of munition compounds in natural waters
may follow the relative importance of SO,>~, CI” > HCO;", Na*, Mg**
> Ca**, K¥, and NH,".

1. INTRODUCTION

Insensitive munition compounds (IMs) are of considerable
interest for their improved safety and transportability over
conventional explosives.l’2 However, detonation of rounds
containing munitions for testing and training purposes may
result in the deposition of residues around the training ranges.
IMs tend to have significantly larger solubility in water compared
to conventional explosives, and this increases their potential for
transport through terrain.” It is important to know the fate and
transport of these materials as aspects of their impact on the
environment are still being discovered.*™®

Because of the complexity in the number of degradation
pathways and differences in soil and water compositions, the fate
and transport of munition compounds in the environment
remain difficult to predict.” Nonequilibrium flow processes can
be modeled by numerically solving complex systems of
differential equations such as the HYDRUS model,” but such
approaches become increasingly difficult to characterize,
parameterize, and evaluate when including realistic environ-
mental complexities. The state-of-the-art environmental model
for munition compounds, the Training Range Environmental
Evaluation and Characterization System (TREECS) developed
by Dortch et al,” models the concentration of munition
constituents in affluent waters from training sites (including
time and use dependencies) to within order-of-magnitude

The TREECS model and other environmental fate models
require chemical descriptors for the soils and munition
constituents that can be experimentally measured'® or predicted
through quantum mechanical and molecular dynamics (MD)
simulations.'' There exist many studies with detailed analysis of
the degradation mechanisms for munition compounds in the
environment.'”~"” However, to reduce the complexity of the
systems, environmental models are required to assimilate
multiple mechanisms of degradation and transfer processes

into combined empirical parameters causing a loss of fidelity in
the prediction. It would be beneficial to link the molecular

details with field-scale simulation software through standardized
multiscale modeling networks; however, these practices are not

yet established.'® The present work is directed at assimilating
the molecular level details of munition compounds in natural
water from MD simulations in a generalizable sense that still

includes many specific ion-munition—water interactions.

2. COMPUTATIONAL DETAILS

2.1. General MD Parameters Employed. MD simulations
were carried out in the Amberl6 software package.'” The
munition forcefields were based on GAFF parameters™””' for
the bond, angle, dihedral, and vdW terms, whereas the point

accuracy compared with laboratory tests. Although this is a
tremendous tool, further research is needed for many of the
predictive test cases in their report as the levels of uncertainty of
the predicted releases span both above and below regulated
hazardous concentration benchmarks.”

charges were calculated with the RESP method as implemented
in the antechamber.”” The underlying charge distribution was
evaluated at the MP2 level of theory”” and the cc-pVTZ basis
set”* as implemented in Gaussian16.”> The charges were not



scaled down by the 80% factor typically applied””* to charges
calculated at HF/6-31g level, as recent studies have shown good
reproduction of dynamic properties’ simple organic and ionic
molecules using point charges calculated at the MP2/cc-pVTZ
level.”’~* Water molecules were defined by the TIP4P-Ew
model®® in the MD simulations, and the GAFF ion forcefield
files were chosen to match the water selection.”"

Systems were built pairwise with all of the permutations of 1
ion (Figure 1) and 1 munition (Figure 2) accompanied by 1000

Figure 1. Natural water constituents and their concentrations used for
the whole natural water simulations.

Figure 2. Defined structures for the munition compounds included in
study. Acronym definitions for the munition compounds are as follows:
DNAN—2,4-dinitroanisole; NH4*DNi"—ammonium dinitramide;
nMNA—N-methyl-p-nitroaniline; NQ—1-nitroguanidine; NTO—3-
nitro-1,2,4-triazol-S-one (neutral form); NTO™—conjugate base of
NTO (anionic/deprotonated form); RDX—1,3,S-trinitro-1,3,5-triazi-
nane; TNT—2,4,6-trinitrotoluene.

waters for quick calculation of pairwise trends in the dynamics.
Each munition in pure water was simulated in the same way
without any ions. In addition, systems were created for each
munition compound in whole natural water with 100X
concentrations (in order to increase sampling of ion-
interactions) of each ion in Figure 1 and 10 000 waters. Each

MD System was created in PACKMOL,** converted to an
amber file by tleap, and the coordinates minimized for 2000
steps of steepest descent followed by 2000 steps of conjugated
gradient minimization in the Amber package. The minimized
simulation boxes were equilibrated in the isobaric isothermal
ensemble (NPT) at 1 atm and 300 K for 1 ns. The equilibrated
systems were then simulated in the NVT ensemble at 300 K for
the production runs where solvent orientation, interactions, and
conformations with the munition compounds and ions were
monitored. All MD simulations used a cutoft for the short-range
electrostatic interactions of 10 A and the particle mesh Ewald
algorithm for the long-range interactions.”> The temperature
was held constant at 300 K by a Langevin thermostat with a
collision frequency of 2 ps™.>* The time step for all simulations
was 1 fs, and the leapfrog algorithm was used for integrating the
equations of motion.*

2.2. Umbrella Sampling. Umbrella sampling was per-
formed to quantify the potential of mean force (PMF) between
each ion and munition. Systems were created for each
combination of one munition compound and one ion of the
selected compounds and solvated by 1000 waters. Umbrella
windows were defined every 0.2 A ranging from 2.5 to 9.9 A
distance between the central atoms of each ion-munition pair.
The umbrella potential was set to 7 kcal mol™ A~ Equilibration
of each ion-munition pair at each distance was equilibrated for
250 ps starting from the nearest window’s equilibrated
coordinates, and the production run was for 500 ps. For the
umbrella sampling simulations, the time step was increased to 2
fs and the Shake algorithm was used to maintain stability of the
bonds with hydrogen atoms.”® The GPU-enabled pmemd.cu-
da_SPFP version of the amber engine was used for the umbrella
sampling as it provided the fastest calculation under the
simulation parameters and available hardware. Weighted
histogram analysis method’” was employed to convert the
logged restraint values into PMFs over the distance range. Block
averaging was used to confirm convergence of the PMFs; the
first half and second half of the production run produced PMF
plots within 0.5 kcal/mol of each other.

2.3. Thermodynamic Integration. Amber’'s pmemd
version of thermodynamic integration (TI) was employed
with softcore potentials and 9 lambda values following the
appropriate Gaussian quadrature and associated weighting
values. Isobaric, non-isochoric constraints were used to allow
for decreasing system size when modeling the “disappearance”
of the munition from the solvated state. The change in potential
with respect to lambda was monitored and integrated to evaluate
the solvation energy of the munitions relative to the gas phase.
Solvation energies for ionic compounds were high because of the
lack of changing charge and protonation state that would
accompany gas-phase versions of these munition compounds.
The TI calculations were repeated 10 times for each munition
compound, and the standard deviations in solvation energy were
less than 10%.

2.4. Quantum Mechanical/Molecular Mechanical. The
quantum mechanical/molecular mechanical (QM/MM) im-
plementation in Amber16 was used with PM6 representing the
QM region and the same MD parameters as above for the MM
region. The munition-ion pair and 6 nearest water molecules
were treated with QM, and the remaining water molecules were
TIP3P MM molecules.”” Accelerated MD was used to boost
low-energy configurations and thereby reduces energy barriers
to conformational changes. These boosts permit greater
sampling and increase the likelihood of thermal degradation



modes allowing for observation of degradation within computa-
tionally accessible time scales. This method was developed by
the McCammon group,” implemented in Amber,'>'? and has
been shown to accurately increase the sampling of MD
systems.” The threshold potential energy value for the system
started at 1 kcal/mol per atom in the system and increased over
20 independent simulation runs at increasing boost levels by 0.1
kcal/mol per atom in the system for each level and lasting over
the 2 ns reactive production runs. These parameters were chosen
to produce a good distribution of degraded and nondegraded
systems. The individual contribution of each run to the
likelihood of degradation was scaled by a Boltzmann expression
of the boost energy level. The potential energy alpha coefficient
was chosen to be 20% of the number of atoms in the system as
recommended by the Amberl6 user’s manual.'” Additional
boost on the dihedral potential was not used.

3. RESULTS AND DISCUSSION

The solvation energy of munition compounds was calculated in
two steps, from bulk munition to gas phase and from gas phase to
water-solvated; the summation of which provides the AG,, of
bulk munition transferring into the aqueous phase shown in
Table 1. The solvation energy results line up within 2 kcal mol™

Table 1. Aqueous Solvation Energy Relative to Amorphous
Munition as Calculated by TI at a Temperature of 300 K*

munition AG,,, (kcal/mol) AG,y, (keal/g) solubility (g/L)
DNAN -13 —0.07 027"
DNi~ —15° -0.157 337094
NH,* —14°
nMNA —-11 —-0.07 <1
NQ -9 -0.09 4.4%

NTO -10 —0.08 15%
NTO" —74° —0.57

RDX —-13 —0.06 0.06*
TNT -5 —0.02 0.13"

“First column is normalized by moles, whereas the second column is
normalized by mass. Experimental solubility values from the literature
at or near room temperature are included for comparison. PRelative to
equimolar ammonium dinitramide mixture. “Relative to amorphous
neutral NTO. “[DNi][NH,]" treated as a single unit for comparison
to experiment.

of values from literature where available.*” Although it should be
mentioned that crystallographic energy changes from munition
solidification are not taken into account here, the solvation
energy data show that the ionic species will have a much higher
propensity to be in solution as compared to the neutral
compounds and enumerates the energetic contribution of
aqueous partitioning. On a per-mass basis, the solvation energy
from TI correlates with the log of solubility with an R* of 0.89
which helps to validate the simulation accuracy and increase
confidence in the solvation energy values; these results are
depicted in Figure 3.

Expanding beyond plain water to include the surface effects of
droplets, the individual munition compounds have varied
preference for the surface based on TI at the surface of a
droplet compared to that within the bulk water. In general, the
more highly charged species want as many waters around them
as possible, whereas the aromatic compounds are most
energetically favorable when they can expose half of the
electrostatics to the gas phase. Table 2 highlights the percent
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Figure 3. Plot showing the correlation between the solubilities available
in the literature and the solvation energy calculated by TI for these
munition compounds.

Table 2. Surface Preference of Munition Compounds

munition surface preference (%) AG, e (kcal/mol)
DNAN 90 -5
DNi™ 2 9
NH,* 4 8
nMNA 96 -8
NQ 46 0
NTO 38 1
NTO™ 4 8
RDX 20 3
TNT 64 -1

time spent at the surface and the energetic difference going from
bulk solvation to surface solvation at the edge of the water
droplet. The surface preference percentage is the percentage of
time each ion spends at the surface of the droplet as calculated
from the integration of the radial distribution functions to
include the first solvation shell of water. These results are
dependent upon the droplet size and should be considered as
relative metrics only; further detail on this calculation can be
found in the Supporting Information. The AGgg,. values were
calculated from TI with the munition at the water droplet
interface, and the data correlate with aqueous solubility (R* =
0.8) with higher surface preference indicating lower solubility.
Variance from the trend arises particularly in TNT and RDX
which despite their low solubility in water do not exhibit a strong
preference for the surface of the water droplet. This can be
explained by the strong intermolecular interactions in bulk TNT
and RDX; on the basis of TI, results going from bulk TNT and
RDX to gas phase require the addition of 40 and 54 kcal/mol,
respectively, which is significantly higher compared to the other
munition compounds which average 28.5 kcal/mol for that
transition. Conversely, the energy released in transition from gas
phase to solvated aqueous phase is similar among all of the
neutral munition compounds evaluated (14—24 kcal/mol).
Solubility relates more closely to the energy difference between
bulk and aqueous phases, whereas surface preference relates
more closely to the energy difference between gas and aqueous
phases. The relatively more favorable intermolecular inter-
actions in TNT and RDX as compared to other munition
compounds account for how overall solubility can be so low, and
the individual molecules still not exhibit a strong preference for
the surface of the water droplet.

Adding in the complexity of common ions in solution affects
the diffusion of munition compounds. The average diffusion
values taking into account the culmination of ions at the
simulated concentrations were calculated by the Einstein


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b01742/suppl_file/jp9b01742_si_001.pdf

relation—Ilinear regression of the mean square displacement
divided by 6 method™ and are listed in Table 3. The cyclic

Table 3. Diffusion Values Calculated for Munition
Compounds and Common Ions in Water”

munition diffusion 10~ cm?/s ion diffusion 10~ cm?/s
DNAN 5.7 Ca?* 180

DNi~ 1.9 K* 540

nMNA 1.8 cl- 400

NQ 0.9 HCO;~ 510

NTO 2.1 Mg** 110

NTO™ 1.0 Na* 380

RDX 52 SO~ 260

TNT 42

“Diffusion values are presented in units of 107 cm?/s and standard
deviation of the predicted values is around 20% of the average value
for each compound.

munition compounds (i.e, RDX, TNT, and DNAN) tend to
show higher diffusion rates than the other munition compounds.
By comparison, RDX, TNT, and DNAN bind water much less
tightly than the other munition compounds as evidenced by
broader, less-structured munition-water RDFs. Despite their
relatively larger size, their lack of strong H-bonding with the
solvent may increase their apparent mobility. The molecules that
form strong hydrogen bonds with the water diffuse much slower
because the effective radii include the first solvation shell of
waters in addition to the munition itself. Not surprisingly, the
ions with smaller radii and a net charge of plus or minus two
exhibit much slower diffusion than their singly-charged
counterparts, as has been previously reported,”” and is in large
part because of stronger water cluster formation surrounding the
more densely charged ions.

The hydration shells surrounding each munition have been
mapped out by spatial probability isosurfaces (volmaps) and
RDFs for each munition in the bulk natural water model and
near the surface of a water droplet. Isosurfaces were rendered in
visual molecular dynamics from the complete trajectories of
each system mapping the average probability of finding a solvent
species in any specific location relative to the munition. The
shaded areas represent regions of space that have a higher than
average chance of containing the water molecule centers.
Changes to the preferred water distributions surrounding the
munition were calculated as a difference compared to the water
distribution of munition in pure bulk water. The relative
disruptive impact of ions and surfaces to the hydration shell is
plotted in Figure 4. The hydration shell of the aromatic
compounds (i.e., nMNA, DNAN, and TNT) exhibits a much
higher disruption by water surfaces than the other munition
compounds. This correlates strongly with the surface preference
(Table 2) wherein these molecules are asymmetrically solvated
when near the water’s surface. Conversely, they are less impacted
by ions in solution than NQ, RDX, and NTO. The ionic strength
of water solvating these munitions is hypothesized to play a
greater role in the fate and transport of NQ, RDX, and NTO as
compared to the DNAN, nMNA, and TNT.

Using umbrella sampling to get the PMFs for each munition-
ion pair, we can calculate the average time spent with each ion
and how long the average interaction lasts (Table 4). The
average time spent interacting is calculated as a Boltzmann
population of states weighted by the well depth of the PMF and
concentration of the solutes. Figure 5 depicts the shape and key

Figure 4. Depiction of the relative disruption to the hydration shell
surrounding munition compounds caused by the munition proximity
either to the surface of the water or to various ions in solution relative to
pure water.

Table 4. Data Showing How Long Each Munition-Ion
Interaction Lasts on Average Based on Integration of the
PMF

residence

time (ns) NH,” Ca** K' CI° HCO,” Mg* Na* SO/
DNAN 0.5 76 08 23 22 07 07 67
DNi~ 1.8 01 08 19 2.1 30 06 23
NH,* 05 155 44 08 1.1 168 32 02
nMNA 1.0 88 03 83 4.0 1.7 01 05
NQ 23 86 43 37 1.9 42 22 23
NTO 5.8 68 19 16 1.3 63 04 28
NTO™ 3.9 01 12 21 0.1 97 20 39
RDX 9.3 33 66 3.8 2.6 53 33 21
TNT 59 142 34 17 0.1 7.6 44 21

Figure 5. Generalized PMF for ion separation distance with
annotations.

intersects of a general PMF between two species in solution. The
integration of the PMF, eq 1 ,°% can be used to calculate the
average residence time or average duration of each munition-ion
interaction

e f SRRSOV / b1 /Ry
Ly, v L, A

1 / ((abs(E(L)/RT) g
2D (1)

where L is the munition-ion separation distance, v is the mean
velocity, E(L) is the energy of the PMF at that separation
distance, 4 is the mean-free path, R is the universal gas constant,
and T is the temperature. The cutoffs for integration over the
separation distance are also displayed in Figure S, where L, is the
start of the valley, L, is the end of the valley and start of the peak,
and L, is insensitive in definition as long as its occurs after the
PMEF tails to 0.



PMFs for each munition-ion pair are included in the
Supporting Information (Figures S1—S9). For purposes of this
calculation, the mean-free path and velocity terms were
combined to form the diffusion coefficient, D, and a factor of
2 as shown in the right-hand side of eq 1. Diffusion coefficients
were calculated from MD simulations. In general, slower
diffusivity, deeper energy wells, and taller barriers all increase
the length of time ion and munition spend in proximity each
interaction occurrence. The residence time data are shown in
Table 4.

The results in Table 4 relate not only how the munition
compound transports but also the opportunities for degradation
to be catalyzed through ionic interactions. Mg>* and Ca** exhibit
some of the longest residence times of these selected ions and
that is largely due to the relatively large energy barrier from
separating them from munition compounds. Consequently,
even though Mg** and Ca®" are typically lower concentration in
natural water than say Na" and HCO;~, the former may
contribute more than the latter to potential ion-mediated
degradation pathways.

In order to approximate the relative degradation enhance-
ment caused by each ion for each munition compound, a series
of 20 short (2 ns each) independent QM/MM simulations were
performed for a total of 40 ns of accelerated QM/MM
simulation for each munition-ion pair. The QM region included
the munition, ion, and 6 closest waters. There were no
intramolecular QM/MM boundaries, and the boundary was
adaptive to the location and shape of the included molecules and
ions. Degradation is more likely to occur at higher boost
potentials because the acceleration method lowers potential
energy barriers between states making bond breakage and
formation much more probable. We hypothesize that a
Boltzmann treatment of the additional energy added to each
system in accelerated QM/MM will provide a qualitative means
of predicting changes to the degradation propensity caused by
various ionic exposures. Accordingly, the simulations were
weighted by a Boltzmann factor of the boost applied at a
temperature of 300 K and characterized by whether or not there
was any change in the bonding topology of the munition during
each of the 20 short QM/MM simulations for each munition ion
pair. In other words, the propensity for degradation was
estimated by eq 2

20 20
_ —E,,/RT —E,,/RT
Pdegrade_ ZBixe k /Ze k
i=1 i=1 ()

where B; is the binary result of that iteration of the simulation
(i.e., 1 if a change in bonding topology occurred, otherwise 0),
E,; is the boost energy of that iteration, R is the universal gas
constant, and T is the temperature. The resulting propensities
for ion-mediated degradation are depicted in Figure 6.
Interactions of the munition compounds with CI~ and SO,*~
were the most likely to initiate degradation. The neutral form of
NTO readily donated a proton to solution in every case with a
slight stabilization effect observed with Ca?* and HCO;™ ions.
Within proximity of either of these two ions, the structure of
NTO remained intact for a few of the simulations. NTO™ was
also observed to undergo proton transfers both with and without
the anions present but to a lesser degree than the neutral NTO.
These predictions agree closely with the findings of
McAlexander et al.”' who show using DFT that the CI~ and
SO,> anions were especially conducive to the aqueous
degradation of munition compounds. They also observed

S04-2
HCO3-
H20
K+
Na+
Ca+2
Mg+2
0@* & (&@V S L@ &S

m0.0-0.2 0.2-0.4 0.4-0.6 0.6-0.8 mO0.8-1.0

Figure 6. Normalized heat map of the propensity for the degradation of
munition/ion pairs. Y-axis ions are arranged by charge density from
strongest negative to strongest positive charge density.

spontaneous proton transfer in the NTO species.SI’52 The
munition compounds with aromatic rings (i.e., DNAN, nMNA,
and TNT) were among the least likely to degrade even with high
boost potentials applied to the system. This trend lines up with
experimental observations wherein environmental mineraliza-
tion of the aromatic compounds tends to take much longer than
nonaromatic compounds.

Compared to DFT methods, the QM/MM study reported
here is less computationally and labor intensive and allows
exploration of degradation pathways without a priori knowledge
of the mechanisms. This QM/MM method generates
degradation mode predictions and samples thousands of
potential ion-munition—water configurations rapidly. Once the
likely degradation modes are identified, validation and
evaluation of the energetics with a higher level of quantum
theory will proceed with much less computational and labor
intensity as compared to searching all of the potential reaction
space with quantum mechanical methods.

4. CONCLUSIONS

This research demonstrates the water model framework for
determining the relative impact of individual ions on
interactions and reactions in natural water compositions. To
aid in the prediction of fate and transport of several prevalent
munition compounds, the surface preference and solvation
energies were calculated for each compound. A QM/MM
method to identify possible degradation pathways without a
priori knowledge was implemented. Data included diffusion
constants, residence times, interaction frequencies, and changes
in susceptibility to the degradation of the munition for each
compound-ion pair. It was found that SO,>~ and CI~ ions
contribute strongest to the fate and transport of the investigated
munition compounds, and those ion concentrations should be
prioritized above other ions for addition into the environmental
models that predict fate and transport of munition compounds.
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B ABBREVIATIONS

DNAN 2,4-dinitroanisole
[NH4]*[DNi]~ ammonium dinitramide

nMNA N-methyl-p-nitroaniline

NQ 1-nitroguanidine

NTO 3-nitro-1,2,4-triazol-5-one (neutral form)

NTO™ conjugate base of NTO (anionic/deproto-
nated form)

PMF potential of mean force

RDF radial distribution function

RDX 1,3,5-trinitro-1,3,5-triazinane

TNT 2,4,6-trinitrotoluene
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