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Abstract 

Humic acid substances (HAs) in natural soil and sediment environments 
effect the retention and degradation of insensitive munitions compounds 
and legacy high explosives (MCs): DNAN, DNi- NH4+, nMNA, NQ, NTO 
(neutral and anionic forms), TNT, and RDX. A humic acid model com-
pound has been considered using molecular dynamics, thermodynamic in-
tegration, and density functional theory to characterize the munition 
binding ability, ionization potential, and electron affinity compared to that 
in the water solution. Humic acids bind most compounds and act as both a 
sink and source for electrons. Ionization potentials suggest HAs are more 
susceptible to oxidation than the MCs studied. The electron affinity of HAs 
are very conformation-dependent and spans the same range as the muni-
tion compounds. When HAs and MCs are complexed the HAs tend to radi-
calize first thus buffering MCs against reductive as well as oxidative 
attacks.  

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

The fate and transport of compounds in environmental media remains a 
difficult problem to predict for environmental impact models.1 This chal-
lenge is largely due to the complex heterogeneity of soils and convoluting 
factors such as vegetation and weather that make it very difficult to gener-
alize the modeling involving soils.1,2 A key component of the soils that is 
responsible for a significant part of the binding and electronic interaction 
with solutes is humic acid substances (HAs).3,4,5 A common definition of 
HAs is “that portion of ‘humus’ which is soluble in sodium hydroxide solu-
tion and precipitated by acidification of the alkaline extract.”6 More gener-
ally, HAs are organic matter in soils from both plant and animal sources 
subjected to various stages of decomposition/recombination.6 HAs are 
very diverse in structure as well as function within an ecosystem.7 Struc-
tural characterization of HAs has revealed a polycyclic aromatic core with 
attached polysaccharides, proteins, relatively simple phenols, and met-
als.8,9 Analyzing such materials requires multiple characterization meth-
ods7 and diverse research approaches to elucidate the prominent 
structures,10–16 resulting in significant effort and cost burden. Computa-
tional models capable of accurately predicting the interactions of different 
aspects of HAs, and similarly fulvic acids,17 have the potential to reduce 
characterization costs by enabling accurate extrapolation from existing ex-
perimental HA-sorption data to sorbates that are untested and/or that are 
difficult to test safely, such as munition compounds and chemical warfare 
agents. 

Some amounts of munition compounds (MCs) could be released into local 
environments surrounding testing ranges, training sites, manufacturing, 
and storage locations.18 It is important to understand the distribution, 
degradation, and impact these MCs will have in order to evaluate the po-
tential effects on local ecosystems.19–21 HAs play a large role in the abiotic 
component of binding and degradation of MCs observed in soil samples.4,5  
HAs can bind the MCs very strongly, with KOC values as much as 2 orders 
of magnitude higher than whole soils.5 HAs can also catalyze their degra-
dation, form radical species, and change function based on pH.6,12,14,22–26  
In their review of research on humic substances, Sutton et. al.11 pointed 
out the need for computational elucidation of the intermolecular interac-
tions (e.g. H-bonding, hydrophobic, π-stacking, etc.) and the collective 
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strength and endurance of those interactions which govern the behavior of 
humic materials. The works of Mark et. al.27,28 on NTO binding in soils re-
veal that organic content dramatically impacts the compounds fate and 
transport properties and has a strong dependence on pH. Additionally, the 
experimental results of Martin et. al.29 on the binding of oxyanions with 
humic substances probe ternary complexation and conclude that charge 
neutralization alone is insufficient to explain the binding mechanism. 
Martin et. al. conclude that fundamental coordination chemistry is critical 
for fate and transport modeling of compounds within humic-rich environ-
ments.29  This study seeks to build towards meeting this need by simulat-
ing the interactions of a model HA structure with various MCs and 
evaluating changes in the binding energies, redox properties, electron af-
finities, and ionization potentials of the complexes. This data illustrates 
the various interactions, mechanisms, and some impacts of how HAs affect 
fate and transport of MCs in the environment. The data shows that HAs 
can buffer MCs against both oxidative and reductive degradation mecha-
nisms potentially increasing the persistence of MCs in natural environ-
ments. 
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2 Computational Methods  

2.1 Molecular Dynamics (MD) setup 

MD simulations were carried out in the Amber16 software package.30 The 
MC and HA forcefields were based on GAFF parameters31,32 for the bond, 
angle, dihedral, and van der Waals terms while the point charges were cal-
culated with the restrained electrostatic potential (RESP) method as im-
plemented in antechamber.33 The MP2 level of theory34 and the cc-pVTZ 
basis set35 as implemented in Gaussian1636 were used to calculate the elec-
trostatic potential derived charges according to the Merz-Singh-Kollman 
scheme (MK charges) as the input to the antechamber RESP method.33  
The best-fit point charges were not scaled down by the 80% factor that is 
typically applied31,37 to charges calculated at HF/6-31g level, as recent 
studies have shown good reproduction of dynamic properties of simple or-
ganic and ionic molecules when using RESP charges calculated at the 
MP2/cc-pVTZ level.38–40 Water molecules were defined by the TIP3P 
model and the GAFF ion forcefield files were chosen to match the water 
selection.41  

The model HA structure42 was developed based on the TNB humic acid 
building block by Sein et. al.43 with the minor modification of cyclization 
of the benzyl keytone oxygen to form a heterocyclic ring. The TNB humic 
acid building block incorporates the results of experimental data and 
retro-biosynthetic analyses of humic substances. Newer humic acid mod-
els such as those used by Lan et. al.44 and Petrov et. al.45 incorporate het-
erocyclic moieties such as oxacyclohexanes. The model HA compound for 
this study merges the common functional groups found in HAs and com-
bines them into a single, relatively small (<100 atoms) structure displayed 
in Figure 1. 
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Figure 1. Diagram of the humic acid model, HA, used to capture main functional 
groups known to be in humic substance in a relatively small number of atoms. HA-3 is 

a tr i-anionic form of HA where carboxylic acid groups (arrows) are deprotonated.  
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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; TNT – 2,4,6-Trinitrotoluene; NQ -- 1-
Nitroguanidine; nMNA -- N-methyl-p-nitroaniline; RDX -- 1,3,5-Trinitro-1,3,5-triazinane; 

NTO -- 3-nitro-1,2,4-triazol-5-one (neutral form); NTO- -- conjugate base of NTO 
(anionic/deprotonated form). 

 

The munitions investigated in this study are depicted in Figure 2: 2,4-Di-
nitroanisole (DNAN), Ammonium Dinitramide ([NH4]+[DNi]-), N-methyl-
p-nitroaniline (nMNA), 1-Nitroguanidine (NQ), 3-nitro-1,2,4-triazol-5-one 
(NTO) and its deprotonated form (NTO-1), 1,3,5-Trinitro-1,3,5-triazinane 
(RDX) and 2,4,6-Trinitrotoluene (TNT). Each MC was modelled separately 
with the neutral HA model and the charged model, HA-3, wherein the 
three carboxylic acids of the neutral version were deprotonated (Figure 1). 
The charge of each HA-IM pair was balanced by a number Na+ or Cl- ions 
added to the simulation box during the initial binding runs to achieve neu-
tral net charge for the system. The [DNi]- ion was modelled separately 
from the [NH4]+[DNi]- complex as the concentrations expected to occur in 
the environment are very low, and the ions will not remain tightly associ-
ated in water for a substantial length of time. Each MD System was created 
in packmol,46 converted to an amber file by tleap, and the coordinates 
minimized for 2000 steps of steepest descent followed by 2000 steps of 
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conjugated gradient minimization in the Amber package.30 The minimized 
simulation boxes were equilibrated in the isobaric isothermal ensemble 
(NPT) at 1 atm and 300 K for 1 ns or until the densities were constant. The 
equilibrated systems were simulated for an additional 5 ns at 1 atm and 
300 K where solvent orientation, interactions, and conformations with the 
MC and ions were monitored. All MD simulations used a cut off for the 
short-range electrostatic interactions of 10 Å and the particle mesh Ewald 
algorithm for the long-range interactions.47 The temperature was held con-
stant at 300 K by a Langevin thermostat with a collision frequency of 20 
ps-1.48 The time step for all simulations was 1 fs and the leapfrog algorithm 
was used for integrating the equations of motion.49   

2.2 MD-docking/Structure generation 

Docking of the MC and HA was achieved by 75 random trials and subse-
quent selection of the lowest energy configuration. At first the MC, HA, 
and counter ions for charge neutrality were simulated in a large, mostly 
empty box (40x40x40 Angstroms) at 300 K, where they would collide and 
stick at random relative locations. Then 2300 water molecules were added 
to the box and it was allowed to equilibrate density (i.e. NPT) and further 
refine the binding orientation and HA alignment for 0.5 ns for each sys-
tem. Then the system was subjected to 20000 steps of steepest descent 
minimization followed by 20000 more steps of conjugated gradient mini-
mization. The lowest-energy configuration of each HA-MC bound pair 
were saved. Coordinates for the minimized HA-MC pairs were then carried 
on to the TI studies and also extracted and optimized using DFT for the 
ionization potential (IP) and electron affinity (EA) calculations. 

2.3 Thermodynamic Integration (TI) 

Amber’s pmemd version of TI was employed with softcore potentials and 9 
lambda values following the appropriate Gaussian quadrature and associ-
ated weighting values. Isobaric, non-isochoric constraints were used to al-
low for decreasing system size when modeling the ‘disappearance’ of the 
MC from the bound state. The change in potential with respect to lambda 
was monitored and integrated to evaluate the solvation energy of the MC 
relative to the gas phase. Solvation energies of aqueous solubility were cal-
culated and subtracted as well to reference the binding energy to HA rela-
tive to solvation by water. Each window within each replicate for each 
bound configuration was run for 10 ps. The TI calculations were repeated 
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10 times for each MC and the standard deviations in solvation energy were 
less than 10%.  

2.4 Density Functional Theory (DFT) 

The minimized structures from MD were optimized using the M06-2X 
functional and the 6-311G(d,p) basis set with CPCM implicit water solva-
tion model as implemented in Gaussian 16 program and were used for the 
calculation of the redox properties.36 The electron affinity (EA) and ioniza-
tion potential (IP) of investigated systems were computed using the for-
mula:    

𝐸𝐸𝐸𝐸 = 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝐸𝐸•−              (1) 

𝐼𝐼𝐼𝐼 = 𝐸𝐸•+ −  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠              (2) 

Where, Esinglet, E.- and E.+ represent energy of the neutral, radical anionic 
and radical cationic species, respectively. For the computation of the verti-
cal EA and IP values, the relevant radical anionic and cation energies cor-
responding to the ground state reference geometry were used. For the 
adiabatic EA and IP calculations the relevant radical anionic and cationic 
species were also separately optimized and their respective energies were 
used for the calculation. The redox potentials were calculated using equa-
tions 3-650:  

∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐺𝐺•− −  𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠              (3) 

∆𝐺𝐺𝑜𝑜𝑜𝑜 = 𝐺𝐺 •+ −  𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠              (4) 

𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐸𝐸𝐻𝐻 −
∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟
𝑛𝑛𝑛𝑛

               (5) 

𝐸𝐸𝑜𝑜𝑥𝑥 = 𝐸𝐸𝐻𝐻 + ∆𝐺𝐺𝑜𝑜𝑜𝑜
𝑛𝑛𝑛𝑛

               (6) 

where 𝐺𝐺•−/𝐺𝐺•+represents the free energy of the radical anion/cation spe-
cies, Gsinglet is the free energy of the singlet ground state species, Ered/Eox 
are the redox potentials, n is the number of electrons transferred, F is the 
Faraday constant, and EH is the standard hydrogen electrode potential  
(-4.28 eV).51 The more positive reduction potential means more favorable 
radical anion state. In contrast, the more positive oxidation potential 
means less favorable radical cation state.  
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The DFT binding energies were calculated by subtracting the energies of 
the sum of the monomers within the complex geometry from the energy of 
the complex. Since, basis set superposition error (BSSE) computation is 
not available in the implicit solvation model, therefore, such error was 
computed in the gas phase using the complex geometries optimized in the 
CPCM implicit solvation model and the counterpoise correction scheme as 
implemented in Gaussian16. The binding energies calculated within the 
CPCM implicit solvation were then corrected by the gas-phase BSSE. The 
BSSE correction is not expected to change with respect to implicit solva-
tion and has been applied in this way previously.52 

 



ERDC/EL MP-21-1  9 

3 Results and Discussion 

3.1 Hydrogen bonding  

The presence of a hydrogen bond from the MD trajectories was character-
ized by a distance under 3 Å between the acceptor and donor heavy atom, 
and an angle of 135° to 225° between a heavy atom, a hydrogen, and the 
other heavy atom. These distance and angle cutoffs are in accordance with 
the defaults for cpptraj,53 and are relatively stringent to ensure comparison 
of only the most definitive hydrogen bonds.  Data was included from all of 
the configurations and binding locations (not limited to the lowest energy 
bound states) to increase sampling accuracy of the hydrogen bond dynam-
ics. The averaged results, shown in Table 1, indicate that most of the MC-
water interactions are unchanged by the protonation state of the HA. Con-
versely, the HA-water interactions are increased by deprotonation of the 
carboxylic acids by forming an average of an additional 5 hydrogen bonds 
with water molecules. This indicates the HA will interact more with the 
water when the carboxyl groups are deprotonated (HA-3 form) as com-
pared to the neutral form (HA). Hydrogen bonding also occurs intra-mo-
lecularly between different sites within the same HA model as it folds and 
bends. The intramolecular hydrogen bonding within the HA-3 is increased 
by 1 hydrogen bond on average relative to the neutral structure. This oc-
curs because the ratio of proton donating and accepting sites on the HA 
are closer to balanced when the carboxyl groups are not protonated. These 
changes in H-bonding help to explain why the solvation energy for the HA-

3 is so much larger than for HA.  

On the other hand, the hydrogen bonding interactions between the HA 
and MC are generally species dependent and sensitive to the protonation 
state of HA. For example, the hydrogen bonding averages for NTO were 
higher with HA-3 as compared to HA, and the reverse is true for NTO-. 
These flipped H-bonding opportunities make sense intuitively and also 
align with the thermodynamic integration (TI) energy calculations. These 
results suggest that certain pH range can be used to control the binding of 
NTO with HA. For example, acidic conditions specifically in the pH range 
between the pKa values of NTO (3.76) and HA (1.7-2.5) will lead to 
stronger binding between the neutral NTO and the anionic HA as com-
pared to at pHs either below 1.7 or above 3.8 where NTO and HA are both 
protonated or both unprotonated respectively. Furthermore, our simu-
lated results help explain the experimental column transport findings of 
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Mark et. al.27,28 which show a strong inverse relationship between the pH 
of the soil in the column and the absorption coefficient of the NTO. 

Table 1. Average number of hydrogen bonds in between species-pairs at any 
particular snapshot in the MC-HA bound complexes in water solution. The species 

pairs are represented in the form of MC/Water, HA/Water, HA/MC and HA/HA pairs 
where HA/HA pair is due to the formation of intramolecular hydrogen bonds.   

  MC/Water HA/Water HA/MC HA/HA 
MC HA HA-3 HA HA-3 HA HA-3 HA HA-3 
DNAN 1.7 1.8 22.2 27.4 0.02 0.02 0.5 1.3 
DNi-  2.6 2.7 21.9 26.4 0.01 0.01 0.5 1.3 
NH4

+ 2.1 2.0 22.1 28.1 0.07 0.26 0.5 1.3 
nMNA 1.7 1.7 22.1 27.3 0.03 0.02 0.5 1.4 
NQ  2.1 2.1 22.2 27.3 0.02 0.06 0.5 1.2 
NTO 2.9 2.9 22.2 27.1 0.04 0.11 0.4 1.2 
NTO- 5.5 5.3 21.7 27.1 0.16 0.07 0.5 1.1 
RDX 2.1 2.1 22.1 27.2 0.02 0.04 0.5 1.2 
TNT 2.1 2.2 22.2 27.4 0.03 0.02 0.5 1.2 

MC=munition compound, Water=solvent interactions, HA=humic acid. 

3.2 Binding between munition and humic substances 

TI calculations of the solvation free energy include explicit solvent mole-
cules, capture changes in the solvent-solvent interactions caused by the so-
lute, and the solute-solvent interactions. Consequently, they have 
increased variability and are also more directly comparable to experiment 
as compared to the interaction potentials from DFT without explicit solva-
tion. As a validation to ensure the method is producing reasonable results, 
we calculated the solvation free energy of water in water to be 9.2 +/-0.5 
kcal/mol, which for this relatively high-throughput method and TIP3P pa-
rameters is a reasonable approximation of the real value of 8.5 kcal/mol 
determined by Hummer et al.54 through more rigorous methods, including 
fluctuation statistical analysis and Bennett’s Methods55. Although, this 
study is utilizing less rigorous methods than Hummer et al.54 the methods 
are suitable for qualitative observations and analysis of the trends. Table 2 
summarizes the TI results for each species with the HA and anionic HA 
and the difference with respect to pure water solvation. Ionic species have 
relatively large free energies of solvation (ΔG) due to contributions not just 
from direct munition-water interactions but also the induced water order-
ing in extended solvation shells around the ion. Not surprisingly, MCs with 
aromatic rings - DNAN, nMNA, and TNT - exhibit some of the strongest 
free energy of binding (ΔΔG), as non-polar moieties are generally the least 
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favorably-solvated in water and π stacking with the HA strongly influences 
solvation.56 For reference a Boltzmann distribution of two states based on 
-3.3 kcal/mol (TNT with HA) difference in free energy translates to a 102-
fold difference in population of states. This order of magnitude is on par 
with some of the Kd values for TNT in high humic-containing soils, the 
highest being around Kd = 100 L/kg4 and likewise for RDX with -2.6 
kcal/mol yielding a Boltzmann weight of about order 101-102 and highest 
reported Kd in soil around Kd = 20 L/kg.4  

Table 2. Average Gibbs free binding energies of munition to HA from thermodynamic 
integration (TI) in kcal/mol. Standard deviations are about 1.7 kcal/mol for each 

system. 

IM 
ΔGsolvation  
in Water 

ΔGsolvation bound with 
HA 

ΔGsolvation bound with 
HA-3 

ΔGHA - ΔG-
Water 

ΔGHA
-3

 - ΔG-
Water 

DNAN -19.1 -22.1 -18.9 -3.0 0.1 
DNi- ** -77.4 -77.8 -77.5 -0.4 -0.1 
NH4

+ ** -67.9 -68.0 -67.8 -0.1 0.1 
nMNA -12.8 -15.2 -15.1 -2.4 -2.3 
NQ ** -13.3 -13.7 -13.8 -0.5 -0.6 
NTO -17.0 -17.8 -17.8 -0.9 -0.8 
NTO- -83.3 -86.4 -87.2 -3.1 -3.9 
RDX -22.6 -25.2 -21.8 -2.6 0.9 
TNT -20.2 -23.5 -21.5 -3.3 -1.3 
HA* -148 NA NA NA NA 
HA-3* -419 NA NA NA NA 
*The values listed for humic acid are solvation free energies for each HA without any munition 
(+-10 kcal/mol for HA). 
**These compounds would not stay bound without restraints – ΔΔG values are close to zero 
due to being mostly solvated by water and subtracting the water solvation free energy. 

 

Interestingly the NTO- anion exhibits a binding energy on par with the ar-
omatic compounds. This finding is corroborated by experimental soil col-
umn studies which found the retention of NTO to positively correlate with 
the fraction of organic carbon content in the soil.27,28 Examination of the 
binding modes reveals that the most favorable binding for NTO- with ei-
ther form of HA is through interactions of the deprotonated nitrogen site 
with the alkyl regions of the HA. As seen by correlating the differences be-
tween NTO and NTO- this conformational shift causes increased H-bond-
ing between MC and HA as well as optimizing H-bonding between the MC 
and water. 
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The BSSE corrected binding energy of the most stable MC-HA/HA3- com-
plexes at the M06-2X/6-311G(d,p) level in the implicit water environment 
shows that MCs bind favorably to both the  neutral and ionic form of HA 
(Table 3). The protonation state of the two molecules has a large impact on 
the binding energy which can be important at certain pH ranges. For ex-
ample, NTO binds strongly to the conjugate base HA-3; however, it only 
binds weakly to the neutral HA, which is in agreement with the results 
from the TI. The case where NTO is protonated (neutral) and the HA is an-
ionic is only expected to occur between the pKa’s of the two structures, as 
previously mentioned that corresponds to pHs around 2 to 3.5. Below a 
pH of 2 all the species will likely be protonated and NTO binding will be 
weak, at pH’s between 2 and 3.5 the HA might be deprotonated and the 
neutral NTO will bind to HA-3 strongly, however at pHs above 3.5, when 
NTO- is also anionic the binding with HA-3 will again be weak. A similar 
trend is observed for DNi- binding to HA with binding in strong acidic con-
ditions being weak and going to outright unfavorable in most of the pH 
range where HA-3 is deprotonated. 

Table 3. The BSSE-corrected binding energies (kcal/mol) for the lowest energy 
configuration of munition compounds with humic acid (neutral and tri-anionic forms) 

complexes calculated at CPCM/M06-2X/6-311G(d,p) level. 
Munition HA HA-3 
DNAN -18 -12 
DNi- -8 6 
nMNA -16 -16 
NQ -18 -12 
NTO -4 -23 
NTO- -6 -8 
RDX -15 -16 
TNT -13 -14 

  

3.3 Ionization Potentials (IP) and Electron Affinities (EA) 

For a basis of comparison, the IP, EA and redox properties were calculated 
for each compound individually and are depicted in the Figure 3 and also 
tabulated in Table S2 of the supporting information. The computed IP, EA, 
and redox values of MCs are in close agreement with previous literature.50 
These values for HA and HA-3 were also computed at the CAM-B3LYP/6-
311G(d,p) and M06-2X/6-311G(d,p) levels in the bulk water using SMD 
and CPCM solvation model to ensure reproducibility across different DFT 
functionals and solvation models. In all cases the results were within 0.4 
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eV from each other with negligible spin contamination and are reported in 
the Supporting Information Table S3.  

It is intriguing that the protonation state of the HA does not seem to have 
much impact on the ionization and oxidation potentials implying that it 
takes nearly equivalent energy to remove an additional electron from the 
neutral and anionic forms of the HA. Note that both HA species have a sig-
nificantly lower ionization and oxidative potentials than most of the MCs 
indicating that in isolation under oxidative conditions the HA will forfeit 
an electron more readily than the MC. On the other hand, the EA of ani-
onic HA-3, as would be most common protonation state under environ-
mental pH, is lower than the EA of any of the MCs. This indicates that 
under the normal environmental condition isolated HA will be more diffi-
cult to reduce than isolated MCs.  

Looking at the MCs individually we notice that MCs with substantial aro-
maticity such as DNAN, TNT, nMNA, and NTO exhibit relatively higher 
EA and reductive potential than the non-aromatic MCs (Figure 3). This re-
sults from the combination of conjugation and nitro groups withdrawing 
electron density from the aromatic ring. This distributed electron-with-
drawn region serves to host and stabilize the extra electron in radical an-
ion state of aromatic MCs with a lower energy penalty compared to non-
aromatic MCs. Beyond the isolated compounds, once complexation with 
the HA-3 occurs, stacking of the aromatic regions can synergistically stabi-
lize the radical anion state.57 This explains the relatively higher EA values 
for complexes between HA-3 and aromatic MCs as shown in the Table 4. 
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Figure 3. The redox (bottom rectangle) and EA/IP (top rectangle) properties of 
isolated MC and HA compounds. 

 

Table 4. Ionization potential (IP), electron affinity (EA), oxidation and reduction 
potentials for each of the complexed munition-humic systems with CPCM implicit 

solvent at M06-2X/6-311G(d,p) level. All energies are in eV. 
Bound System Vertical ionization Adiabatic ionization Redox 

Munition Humic IP-vert EA-vert IP-adia EA-adia Oxidation Reduction 
DNAN HA 4.2 3.5 4.0 3.9 -0.3 -0.4 
DNi- HA 4.4 1.7 4.1 2.5 -0.2 -1.7 
nMNA HA 4.3 3.5 4.0 3.8 -0.3 -0.4 
NQ HA 4.3 3.6 4.0 4.1 -0.3 0.0 
NTO HA 4.2 3.6 4.0 3.9 -0.4 -0.3 
NTO- HA 4.4 1.8 4.1 2.2 -0.1 -2.1 
RDX HA 4.5 3.6 4.2 4.1 -0.1 -0.1 
TNT HA 4.6 3.0 4.2 3.3 -0.2 -0.8 
DNAN HA-3 4.3 2.5 3.9 2.9 -0.4 -1.2 
DNi- HA-3 4.2 1.8 3.9 2.5 -0.4 -1.8 
nMNA HA-3 4.2 3.3 3.9 3.6 -0.4 -0.7 
NQ HA-3 4.2 1.0 3.9 1.9 -0.5 -2.4 
NTO HA-3 4.2 2.5 3.9 3.6 -0.4 -0.4 
NTO- HA-3 4.2 1.7 3.9 2.1 -0.4 -2.2 
RDX HA-3 4.2 2.1 3.9 2.7 -0.4 -1.4 
TNT HA-3 4.4 3.1 4.0 3.4 -0.3 -0.8 

 

The lowest energy bound structure for each HA-MC pair from MD simula-
tion were reoptimized at the M06-2X/6-311G(d,p) level in the bulk water  
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using the CPCM approach, and their computed IP, EA, and redox proper-
ties are listed in Table 4. The EA of HA-3 tends to increase under complex-
ation with MCs and the EA and reductive potential values are generally 
lower in the MC-HA-3 complex than the corresponding MC-HA complex. 
These trends indicate that complexation between MC and HA-3 tends to in-
crease the ability for the HA-3 to be reduced, but not to the point of surpas-
sing the neutral form of HA which will undergo reduction easier than 
individual HA-3 or MC-HA-3 complexes. 

Ionization and oxidation potentials of all HA-MC complexes are generally 
very similar regardless of the MC that is bound in the system (Table 4). 
Moreover, these values are very similar to those computed for HA and its 
anionic form. The analysis of highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) of these complexes 
show that HOMO is consistently located in the same spot on the HA; dis-
tributed across the aldehyde end of the molecule (left side of Figures 1 and 
4). This region of the HA model has a relatively high degree of conjugation 
and electron donating groups making it the preferred spot to undergo oxi-
dation. Thus, our results show that in the studied complexes the HA part 
will undergo electronic ionization.  On the other hand, the location of the 
LUMO in all complexes varies dramatically. This suggests that the pre-
ferred location for reductive attack will depend on adsorbed species and 
HA conformation. Notably, the presence of MCs influences the preferred 
conformation of the HA and hence the reduction potential and EA changes 
even when the MC is not directly involved in the radical formation. Moreo-
ver, HA is large system and it is expected that it will have several confor-
mations with similar energy. 

While oxidation tends to occur on the HA rather than the MC, reduction, 
on the other hand, is located on the HA in roughly half of the systems and 
at least partially on the MC in the other half of the systems. Figure 4 de-
picts an example of these orbitals for TNT bound to HA-3. The LUMO, in-
dicative of the reduction site, for the complex, is centered on the TNT 
while the HOMO, indicative of the oxidation site, is located on the alde-
hyde end of the HA-3. For comparison, the HOMO and LUMO for each in-
dividual species are shown in SI (Figures S1-S11). Despite HAs individually 
exhibiting a lower reductive potential than the individual MCs the orbital 
locations of the bound systems indicate that while bound to MCs the HAs 
ionize instead of the MC about half of the time.  
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Figure 4. HOMO and LUMO orbital densities for TNT-HA-3 complex. The HOMO is 
localized on the aldehyde end of HA (left side) and the LUMO is localized on TNT (top 

left). 

 

Table 5. Ionization potential (IP), electron affinity (EA), oxidation and reduction 
potentials for each of the conformations of HA individually with CPCM implicit solvent 

at M06-2X/6-311G(d,p) level. All energies are in eV. 
Humic System Vertical ionization Adiabatic ionization Redox 
(Conformation) IP-vert EA-vert IP-adia EA-adia Oxidation Reduction 
HA(HA-DNAN) 4.2 3.6 4 3.8 0 -0.7 
HA(HA-DNi-) 4.4 1.5 4.1 1.9 0.2 -2.7 
HA(HA-nMNA) 4.3 3.6 4 3.9 0.1 -0.7 
HA(HA-NQ) 4.3 3.7 4 4.1 0.1 -0.7 
HA(HA-NTO) 4.2 3.5 4 3.9 0 -0.6 
HA(HA-NTO-) 4.4 1.5 4.1 1.9 0.2 -2.7 
HA(HA-RDX) 4.3 3.7 4 4 0.1 -0.7 
HA(HA-TNT) 4.4 1.7 4.1 2.5 0.2 -2.6 
Average HA 4.3(0.1) 2.8(1.1) 4.0(0.1) 3.3(1.0) 0.1 (0.1) -1.4 (1.0) 
HA-3

(HA3-DNAN) 4.2 0.4 3.9 0.8 0 -3.8 
HA-3

(HA3-DNi-) 4.2 0.6 3.9 3.4 0 -3.5 
HA-3

(HA3-nMNA) 4.2 3.3 3.9 3.6 0 -1 
HA-3

(HA3-NQ) 4.2 0.4 3.9 1 0 -3.9 
HA-3

(HA3-NTO) 4.2 0.5 3.9 0.9 0 -3.9 
HA-3

(HA3-NTO-) 4.2 0.4 3.9 0.8 0 -3.9 
HA-3

(HA3-RDX) 4.2 0.4 3.9 0.8 0 -3.9 
HA-3

(HA3-TNT) 4.2 3.1 4 3.4 0 -1.2 
Average HA-3 4.2(0.0) 1.1(1.3) 3.9(0.0) 1.8(1.3) 0.0 (0.0) -3.1 (1.3) 

The changes in ionization potential and electron affinity of HA may be im-
pacted not only by presence of the MC but also by the conformational 
changes induced by the MC binding. Table 5 lists the IP, EA, and redox 
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properties associated with HA in each of the MC-HA complex confor-
mations. In these calculations, the HA part in each of the complex was sep-
arately optimized at the M06-2X/6-311G(d,p) level in the water solution 
using CPCM approach. The optimized geometry of HA was found to retain 
its configuration in the corresponding MC-HA complex within an RMSD 
of 1 Å. Computed results show that the IP and oxidation values are largely 
independent of conformation or protonation state of the HA. Alternatively, 
the EA and reduction potentials are highly contingent upon protonation 
state of HA (Table 5). This result can be explained by the increased elec-
tron donating character of carboxylate ions relative to carboxylic acid in 
water.  

Comparing the results in Table 5 against the results with the HA-MC 
bound complexes included in Table 4, we note that both changes to the HA 
conformation and electronic influences of binding with MCs can lower the 
barriers to HA ionization. Table S1 in the supporting information explicitly 
shows the differences in IP/EA/redox between the HAs of each confor-
mation with and without MC. Changes to the IP are mild, with a minor in-
crease on average, and changes to the EA are relatively large, 0.6 eV 
increase on average. The oxidative potential decreases in the absence of 
MCs by an average of -0.4 eV and the reductive potential increases by an 
average of 1.2 eV. These changes indicate that the presence of MCs with 
the HA significantly increase the chance of HA being radicalized instead of 
the MC when the two are bound together. This trend has implications for 
environmental persistence of released MCs and may inform fate and 
transport modeling as well as soil type selection for range management at 
explosive training grounds. 

Degradation of the MCs typically involves oxidizing or reducing agents; 
however, based on these results the HA will respond more readily to both 
oxidizing and reducing agents as compared to the MCs. The HA buffers the 
MC against the gain and loss of electrons and hence also buffers against 
the degradation of bound MC compounds. These results align with and 
help explain the results of Martin et. al. 29 on the role of humic acid in fate 
and transport of compounds in the environment. Although HA may bind 
and contain the MCs to a local area in remediation situations, it is pre-
dicted to adversely impact the potential to degrade MCs due to buffering 
against oxidative and reductive agents.  
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4 Conclusions 

Calculations of the binding energies, ionization potentials, and electron af-
finities elucidate binding and potential degradation motifs of MCs with 
HAs including the impact of explicit intermolecular interactions with sol-
vent and MC. HAs readily bind to most MCs and binding strength corre-
lates with optimizing hydrogen bonding between solvent, HAs, and MCs. 
The pH dependence on binding, particularly in respect to NTO, predicts 
that the tightest binding of NTO to HA will occur in solutions of around 
pH 2 to pH 3. HAs can act both as a source and sink for electrons and radi-
calize more readily than the MCs under oxidative conditions. When HA 
and MC are complexed, both oxidation and reduction can radicalize the 
HA instead of the MC. Thus, the presence of HA can increase the stability 
of MCs and have an adverse impact on remediation efforts by buffering 
against both oxidizing and reducing agents that otherwise would catalyze 
degradation of MCs in the environment.  
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Abbreviations 

DNAN -- 2,4-Dinitroanisole 

HA -- Neutral form of the humic acid model 

HA-3 -- Deprotonated form of the humic acid model 

MC – Munition Compounds and legacy high explosives 

[NH4]+[DNi]- -- Ammonium Dinitramide 

nMNA -- N-methyl-p-nitroaniline 

NQ -- 1-Nitroguanidine 

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

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

RDX -- 1,3,5-Trinitro-1,3,5-triazinane 

TNT – 2,4,6-Trinitrotoluene 
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Supporting information description 

The supporting information document includes additional figures map-
ping the orbital locations, table of differences in the bound and unbound 
electronic properties of the systems, and table of validation data for the in-
dependence on DFT functional. The Supporting Information is available 
free of charge at https://pubs.acs.org/doi/10.1021/acs.jpca.0c08177. 
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