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1. Introduction 

Developing accurate chemical kinetics mechanisms remains a significant challenge 
for modeling the decomposition and combustion of energetic materials (EMs). This 
report describes efforts to predict thermodynamic and transport properties of 
condensed-phase EMs, including key properties needed for the detailed modeling 
of EM pyrolysis and combustion. This research is part of a larger program at the 
U.S. Army Combat Capabilities Development Command (DEVCOM) Army 
Research Laboratory (ARL) to accelerate the development of comprehensive 
chemical kinetics mechanisms for use in modeling propellant combustion and 
propulsion systems. A key aim of this program is to employ ML methods to 
accelerate mechanism creation by learning from existing data and focusing 
computational effort on the most important chemical reactions. To support these 
goals, we incorporate theoretical models linking gas-phase behavior to condensed-
phase dynamics. Techniques such as pyrolysis gas chromatography-mass 
spectrometry1 and opposed flow flame experiments2 provide data used to validate 
model predictions, ultimately improving simulations of condensed-phase pyrolysis 
and advancing our understanding of propellant processes. This effort builds on our 
team’s prior work.3,4  

We use a free volume theory framework5 with the function [𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻], defined in the 
equation under Section 3.5, representing the hole-free volume probability, to 
translate gas-phase rate coefficients into condensed-phase equivalents. Effective 
𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 parameterization relies on temperature-dependent viscosity or self-diffusion 
coefficient estimates (see extensive background in McQuaid et al.3). Although 
accurately measured dynamic viscosities are optimal, self-diffusion coefficients 
can be efficiently estimated in lieu of costly measurements using atomistic 
molecular dynamics (MD) simulations. Previous work on nitroglycerin6 
demonstrated a strong correlation between decomposition rate increases and 
changes in condensed-phase free volume, challenging the autocatalytic mechanism 
proposed by Waring and Krastins.7 The present work extends this methodology to 
the parameterization of 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 for ethyl nitrate (EN). 

EN has long been studied for its physical properties8,9 and combustion  
behavior.10–17 Its relative simplicity as a primary nitrate ester18 makes it a valuable 
model for understanding more complex nitrate esters like isopropyl nitrate (iPN), 
n-butyl nitrate, and nitroglycerin.6,19–21 

ARL researchers22 previously developed detailed gas-phase chemical kinetics 
mechanisms for EN and methyl nitrate, which were validated by comparison with 
measured burning rates (i.e., regression rates). That work, using computational 
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chemistry and transition state theory, provided key thermochemical parameters and 
reaction rates.  

Building on these prior efforts and to support physics-based modeling applications, 
we employed equilibrium MD (EMD) modeling to characterize key condensed-
phase properties of EN as a function of temperature. These include mass density, 
enthalpy of vaporization, and molecular transport rates (self-diffusion and 
viscosity). We integrated the gas-phase enthalpy-of-formation estimates from the 
previous work22 with our current results to determine condensed-phase enthalpy-
of-formation. Critically, we also estimated a hole-free volume probability function 
and a condensed-phase enthalpy-of-formation for use as inputs to ARL’s two-phase 
EM combustion model (i.e., liquid-gas). We anticipate that this model will improve 
chemical kinetics development and validation against experimental results, 
ultimately informing strategies for controlling the combustion of more complex 
nitrate esters and other propellant ingredients. In this report, we present the details 
of our EMD study and the resulting condensed-phase properties. 

2. Computational Methods 

The EMD protocol used in this work follows the same methodology established in 
our prior investigations of 1,5,9-decatriene (DTE) and myrcene (MYR),9,23 
hydroxyl-terminated 6-ethenyl-2,8,12,16-octadecetetraene (EODT) oligomers 
[HO-(EODT)n-OH],24 and iPN.25 EMD simulations were performed using the 
LAMMPS MD framework.26 For forcefield selection, we followed our iPN 
approach25 by employing the Class I general AMBER force field (GAFF) with 
parameters previously validated for nitrate esters plasticizers,27 rather than the 
Class II force fields (PCFF and COMPASS) used in earlier studies.28-30 

2.1 Simulation Setup and Protocols 

The methods and protocols used throughout this study are outlined in Figure 1. 
Initial topology files for a single EN molecule were generated with the ACPYPE 
Server,* which leverages the Antechamber program within AmberTools. Starting 
from the input xyz coordinate file, the software program generated the initial 
structure and assigned atomic charges, which were then manually adjusted to 
achieve a net charge of zero. The resulting structure and atom types are shown in 
Figure 2, and the modified AM1-BCC charges are detailed in Table 1. 

 
* ACPYPE Server, https://bio2byte.be/acpype/ 
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Figure 1. Methodology for topology creation, system setup, and simulation protocol used 
to estimate physical properties. 

 
Figure 2. Molecular representation of EN for atomistic simulations. (a) EN molecular 
structure with GAFF atom types indicated. (b) Snapshot of a simulation cell containing 900 
EN molecules at 300 K, where each molecule is represented by a different color for clarity. 
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Table 1. Atom type and partial charges of each atom of EN.a 

Atom type AM1-BCC charge 
c3 (−CH3) −0.1361 
c3 (−CH2) 0.1334 

os −0.348 
no 0.3752 
o −0.185 
o −0.185 
hc 0.0600332 
hc 0.0600332 
hc 0.0600332 
h1 0.0827002 
h1 0.0827002 

a  In-house parameters are used for nonbond, bonds, 
and angles involving c3, os, no, and o atom types. 
Amber defaults are used for nonbond, bond, and angle 
parameters involving the remaining atom types hc  
and h1. 

Next, The AMBERTools tleap program was used to generate a topology file for a 
single molecule, and the resultant bond and angle parameters were adjusted to 
match those previously determined.30 Simulation boxes were then created and 
populated with molecules using the AMBERTools AddToBox program, using an 
algorithm to maintain a minimum separation distance of 3 Å between 
intermolecular atoms.  

Energy minimization and a short simulation using constant number of particles, 
pressure, and temperature (NPT) conditions were performed to reduce excessive 
repulsive interatomic interactions. A system of 10,000 atoms was needed to 
converge properties of interest in our previous work with the similarly sized iPN 
molecule.25 Therefore, we conducted simulations using a system of 9900 atoms 
(i.e., 900 molecules). 

Atomic coordinates, atom types, and topology information from the pre-
equilibrated cells were used to create starting configurations for all temperatures. 
Each cell underwent a three-stage equilibration process before production 
simulations. Electrostatic interactions were calculated using the particle-particle 
particle-mesh implementation of Ewald summation in LAMMPS, and the van der 
Waals interactions were modeled with 12-6 Lennard–Jones functions. Constant 
pressure and temperature were maintained using a Nosé–Hoover barostat and 
thermostat, respectively. 

The equilibration protocol began with a 0.05-ns NPT run at the target temperature, 
followed by a 1-ns run at the target temperature, using a 1-fs time step. A 5-ns NPT 
production run was then performed with a 1-fs time step. Thermostat and barostat 
relaxation times were 0.1 and 1 ps, respectively, and coordinates were saved every 
10 ps. 
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Ten arbitrary frames from the initial production run (spaced approximately 0.5 ns 
apart) were re-equilibrated and used to launch new production runs to produce a 
wider range of independent trajectories. These subsequent runs were conducted at 
15 temperatures over the range of 190–600 K. For these respective runs, a 
temperature ramp to 600 K was performed, and then the system was cooled to the 
respective production run temperature. The upper production run temperature limit 
was set based on Zeldovich’s31 observation of rapid evaporation in superheated 
liquids, and this is consistent with the boiling points of DTE and MYR 
(approximately 440 K), iPN (approximately 375 K), and EN (approximately  
360 K) reported in previous studies. We anticipate that results at higher 
temperatures would provide minimal additional information. 

2.2 Self-Diffusion Coefficients 

One widely used method for calculating diffusion coefficients (D) from MD 
simulations, as discussed by Maginn et al.,32 is based on the “Einstein” equation 
and relies on the calculation of the mean square deviation (MSD) of particle 
positions. The expression is shown by Equation 1: 

 𝐷𝐷 = 1
2𝑑𝑑𝛼𝛼𝑁𝑁

lim
𝑡𝑡→ ∞

〈|𝒓𝒓(𝑡𝑡)− 𝒓𝒓(0)|2〉
d𝑡𝑡

 , (1) 

where 𝑑𝑑𝛼𝛼 is the number of dimensions, N is the number of particles, and 
〈|𝒓𝒓(𝑡𝑡) −  𝒓𝒓(0)|2〉 is the mean square deviation (MSD) of the particles’ positions 
[𝒓𝒓(𝑡𝑡)] at a given time (𝑡𝑡) compared with their starting positions 𝒓𝒓(0). Because 
Equation 1 computes D values from MSDs as “t→ ∞,” it is assumed that longer 
simulations will produce more accurate results. Maginn et al.32 advised focusing on 
the “diffusive regime,” a linear portion of the MSD versus time plot, which can be 
identified through a slope of approximately 1 in a plot of ln(MSD) against ln(t). 
Following the protocol that we used in our study of DTE and MYR (and most 
recently iPN), we ran simulations with production runs of 5 ns. As stated 
previously, this length was adequate for these smaller molecules to find durations 
(td) in which MSD versus t plots for 0.25𝑡𝑡𝑑𝑑 ≤ 𝑡𝑡 ≤ 0.50𝑡𝑡𝑑𝑑 (𝑡𝑡0 ≤ 𝑡𝑡 ≤ 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚) were 
reasonably linear (Equation 2): 

 MSD(𝑡𝑡) = 𝑚𝑚(𝑡𝑡 − 0.25𝑡𝑡𝑑𝑑)𝑛𝑛′=1 + 𝑏𝑏′ , (2) 

where 𝑚𝑚 and 𝑏𝑏 were constants and 𝑡𝑡𝑑𝑑 = 5 ns. We obtained the value of 𝑛𝑛′ (Equation 
3) by fitting  

 ln(MSD(𝑡𝑡) − 𝑏𝑏′) = ln(𝑚𝑚) + 𝑛𝑛′ ln(𝑡𝑡 − 0.25𝑡𝑡𝑑𝑑) (3) 

to interval data. Substituting m into Equation 4, with 𝑑𝑑𝛼𝛼= 3, yields  
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 𝐷𝐷 = 𝑚𝑚
6𝑁𝑁

. (4) 

2.3 Thermodynamic Parameters 

The condensed-phase enthalpy-of-formation for liquid EN (∆𝑓𝑓𝐻𝐻𝑐𝑐(𝑇𝑇)) was obtained 
by subtracting estimates of the EMD-based vaporization enthalpy (ΔHυ(T)) from 
gas-phase enthalpy-of-formation estimates (∆𝑓𝑓𝐻𝐻𝑔𝑔(𝑇𝑇)) obtained through quantum 
mechanical and electronic structure modeling (QM-ESM).  

The EMD simulations provided cohesive energies (𝐸𝐸𝑐𝑐𝑐𝑐ℎ), defined as the average 
intermolecular nonbonded energy per mole,33 which were then used to approximate 
the vaporization enthalpy (see Equation 5): 

 ∆𝐻𝐻𝑣𝑣(𝑇𝑇) ≈ 𝐸𝐸𝑐𝑐𝑐𝑐ℎ(𝑇𝑇) + 𝑅𝑅𝑅𝑅, (5) 

with R representing the universal gas constant. The ∆𝑓𝑓𝐻𝐻𝑔𝑔(𝑇𝑇) values were based  
on established thermodynamic properties for EN, determined in Chen and 
McQuaid’s22 previous studies to develop a detailed chemical kinetics mechanism 
for EN. 

3. Results and Discussion 

3.1 Density Estimates 

Table 2 presents 𝜌𝜌(𝑇𝑇) estimates for EN in the range of 190–600 K. As found 
previously for other nitrate ester systems,30 AMBER-based estimates for these 
small nitrate esters are quite reasonable. In this study, the estimated value of 1.173 
g/cm3 is 0.065 g/cm3 greater (5.5%) than the experimental value of 1.1084 g/cm3 at 
293 K. Such agreement is reassuring and supports using the force field parameter 
set in a generalized way for nitrate esters because EN was not explicitly involved 
in fitting these parameters. Over the full temperature range of 190.15–600 K, the 
density decreases by 53% from 1.303 to 0.607 g/cm³. Limiting the upper 
temperature to the experimental boiling point of EN (approximately 360 K*)18 
results in a 16% decrease in density. Assessing the reliability of EMD-based results 
at temperatures above 298 K is difficult to do with the limited amount of elevated 
temperature measured property data for EN. 

  

 
*Experimental boiling point of EN is approximately 361 K. 
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Table 2. AMBER and measured ρ(T) values for EN at 1 atm. 

T (K) ρ (g/cm3) Measured 
190.15 1.303 . . . 
200.15 1.291 . . . 
225.15 1.259 . . . 
250.15 1.227 . . . 
273.15 1.198 . . . 
293.15 1.173 1.10a 
300.15 1.163 . . . 
325.15 1.132 . . . 
350.15 1.099 . . . 
375.15 1.066 . . . 
400.15 1.03 . . . 
450.15 0.958 . . . 
500.15 0.876 . . . 
550.15 0.775 . . . 
600.15 0.607 . . . 

aMeasured density34 

3.2 Enthalpy-of-Vaporization Estimates 

Table 3 presents ∆𝐻𝐻𝑣𝑣(𝑇𝑇) estimates for EN between 190 and 600 K. The AMBER 
∆𝐻𝐻𝑣𝑣(𝑇𝑇) estimates show excellent agreement with the limited available 
experimental data, which is consistent with previous findings for small nitrate 
esters.4 Specifically, the AMBER estimates near 288 K fall within the range of 
measured values, reinforcing confidence in the model’s accuracy near standard 
temperature and pressure. 

Similar to our recent report for iPN,25 we also employed an ML directed-message 
passing neural network (D-MPNN) model that was previously developed for 
predicting the vapor pressures of EMs35 to evaluate EN’s enthalpy-of-vaporization 
between 190 and 600 K. The aim of this assessment was to determine the ML 
model’s potential for future applications of estimating the enthalpy-of-vaporization 
of energetic molecules of interest to us, offering a faster and more cost-effective 
alternative to MD simulations, particularly when MD force field parameters are 
unavailable. 
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Table 3. Estimated (AMBER, D-MPNN) and measured ∆Hv(T) for EN at 1 atm. 

T (K)  ΔHvap (kJ/mol) 
AMBER D-MPNN Measured 

190.15 45.1 . . . . . . 
200.15 44.4 . . . . . . 
225.15 42.8 . . . . . . 
250.15 41.3 35.16 . . . 
273.15 39.9 . . . . . . 

288 . . . . . . 37a, 37.3b 
293.15 38.8 35.16 . . . 

298 . . . . . . 36.28c 
300.15 38.4 35.16 . . . 
325.15 37.0 . . . . . . 
350.15 35.6 . . . . . . 
375.15 34.3 . . . . . . 
400.15 33.0 . . . . . . 
450.15 30.5 . . . . . . 
500.15 27.8 . . . . . . 
550.15 24.9 . . . . . . 
600.15 20.6 . . . . . . 

aAt 288 K.36 

bAt 288 K.8 
cAt 298 K.8 

The D-MPNN ∆𝐻𝐻𝑣𝑣 estimate was smaller than the AMBER-based estimate. At  
298 K, the ML-based value is within 1 kcal/mol of the measured value.  

3.3 Condensed-Phase Enthalpy-of-Formation Estimates 

We found that ∆𝑓𝑓𝐻𝐻𝑔𝑔(𝑇𝑇) estimates (in kJ/mol) for EN in the range of 190–600 K 
were well represented by the formula shown by Equation 6, 

 ∆𝑓𝑓𝐻𝐻𝑔𝑔𝐸𝐸𝐸𝐸(𝑇𝑇) = −182.93 + 5.779x10−2𝑇𝑇 + 7.748𝑥𝑥10−5𝑇𝑇2 , (6) 

and AMBER-based ∆𝐻𝐻𝑣𝑣(𝑇𝑇) estimates for it (in kJ/mol) were well represented by 
the formula shown by Equation 7, 

 ∆𝑓𝑓𝐻𝐻𝑣𝑣𝐸𝐸𝐸𝐸(𝑇𝑇) = 54.99 − 5.309𝑥𝑥10−2𝑇𝑇 − 4.817𝑥𝑥10−6𝑇𝑇2. (7) 

Subtracting Equation 7 from Equation 6 yielded the result shown by Equation 8: 

 ∆𝑓𝑓𝐻𝐻𝑐𝑐𝐸𝐸𝐸𝐸(𝑇𝑇) = −237.93 + 1.109𝑥𝑥10−1𝑇𝑇 + 8.230𝑥𝑥10−5𝑇𝑇2 . (8) 

Equation 8 predicts a liquid-phase enthalpy-of-formation of −197.6 kJ/mol at  
298 K, consistent with available data. An independent estimate using the D-MPNN 
model’s predicted enthalpy-of-vaporization yields −193.6 kJ/mol at the same 
temperature. Our computational estimates deviate from previously reported 
experimental values (−190.4 ± 1.0 and −191 ± 3.0 kJ/mol) by −7.2 to −3.6 kJ/mol 
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(AMBER-based) and −3.2 to −0.4 kJ/mol (D-MPNN-based), demonstrating close 
agreement within experimental uncertainty (Table 4). 

Table 4. Estimated (AMBER, D-MPNN) and measured condensed-phase enthalpy of 
formation of EN at 1 atm.  

∆𝒇𝒇𝑯𝑯𝒄𝒄
𝑬𝑬𝑬𝑬(𝟐𝟐𝟐𝟐𝟐𝟐 𝐊𝐊)a Source 
−197.6 Current EMD 
−193.6 Current D-MPNN 

−190.4 ± 1.0 Fairbrother et al.37 

−191.0 ± 3.0 Gray and Smith9 

a Units in kJ/mol. 

3.4 Self-Diffusion Coefficient Estimates 

Figure 3 shows mean-squared displacement versus time plots for EN at 190 and 
600 K. Diffusivity (D) was computed from MSD(t) values between 1.25 and 2.50 
ns, obtained from 5-ns simulations. The plots show variability between independent 
simulations (run 0–9), especially at longer times. 

Table 5 presents the [MSD (5 ns)]1/2, 𝐷𝐷(𝑇𝑇), and ln[𝐷𝐷(cm2/s)] estimates for EN. 
[MSD (5 ns)]1/2 values show the travel distance for each tracked atom type during 
the simulations. These values confirm that the 5-ns simulation durations were 
adequate for accurate D(T) estimates across the temperature range of interest (i.e., 
the tracked atoms have diffused a sufficient distance away from their starting 
location over the 5-ns simulation for all temperatures). 

 
Figure 3. AMBER-based MSD vs. t trajectories for EN at 190 and 600 K. 
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Table 5. AMBER-based [MSD(5 ns)]1/2, D, and ln(D) estimates for EN at 1 atm. 

T [MSD(5 ns)]1/2 D ln(D) Estimated ηa Measured η 

(K) (Å) (cm2/s)  (cP) (cP) 
190 13.7 6.13E-07 −14.3 1.303 . . . 
200 18.5 1.13E-06 −13.7 1.291 . . . 
225 31.3 3.24E-06 −12.6 1.259 . . . 
250 43.6 6.30E-06 −12 1.227 . . . 
273 55.4 1.01E-05 −11.5 1.198 . . . 
289 . . . . . . . . . . . . 0.56b 
293 65.8 1.46E-05 −11.1 1.173 0.66,c 0.87d 
300 69.8 1.63E-05 −11 1.163 . . . 
325 82.5 2.28E-05 −10.7 1.132 . . . 
350 95.4 3.04E-05 −10.4 1.099 . . . 
375 108.4 3.91E-05 −10.1 1.066 . . . 
400 122.2 5.01E-05 −9.9 1.03 . . . 
450 151.8 7.60E-05 −9.5 0.958 . . . 
500 183.1 1.13E-04 −9.1 0.876 . . . 
550 227.9 1.72E-04 −8.7 0.775 . . . 
600 300.0 3.01E-04 −8.1 0.607 . . . 

a Estimated from calculated diffusion coefficients using the expression η(𝑇𝑇) = � 1
2𝜋𝜋
� � 𝑘𝑘𝑘𝑘

𝐷𝐷(𝑇𝑇)
� �𝑁𝑁𝐴𝐴

𝑉𝑉
�
1
3.  

b Measured viscosity of methyl nitrate at 289 K.38 
c Measured viscosity of iPN at 289 K.39 
d Measured viscosity of n-butyl nitrate at 289 K.18 

 
Limited experimental transport data are available for EN, although data exists for 
similar-sized nitrate esters. Abbott39 reported a viscosity of 0.66 cP at  
293 K for the slightly larger iPN, whereas methyl nitrate and n-butyl nitrate have 
measured viscosities of 0.56 (at 289 K) and 0.87 cP (at 293 K), respectively.  

Viscosity estimates were obtained from our AMBER-based MD diffusion 

coefficients using the equation η(𝑇𝑇) = � 1
2𝜋𝜋
� � 𝑘𝑘𝑘𝑘

𝐷𝐷(𝑇𝑇)
� �𝑁𝑁𝐴𝐴

𝑉𝑉�
�
1
3, where k is Boltzmann’s 

constant, NA is Avogadro’s number, T is absolute temperature in kelvin, D is the 
diffusion coefficient, and 𝑉𝑉�  is molar volume. This yielded an MD-based estimate 
of 1.173 cP at 293 K, which is approximately 0.3 cP higher than that of n-butyl 
nitrate. Obtaining precise predictions with a general force field not specifically 
parameterized for this property is challenging, and assessing temperature trends 
requires measured data across a range of temperatures. Nevertheless, our MD-
predicted value is within 1 order of magnitude of the available experimental data 
for related nitrate esters, which suggests that our modeling approach reasonably 
captures the system’s physics. Any remaining discrepancies likely stem from 
limitations in the force field functional form and/or parameterization, consistent 
with our previous findings.25 
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3.5 Probability Function Parameterizations 

McQuaid et al.3 previously proposed a framework for estimating rate coefficients 
for elementary condensed-phase reactions, centered around the 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 function. 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 
evaluates the likelihood of reactive sites being adjacent to a free-volume hole large 
enough to facilitate a reaction while preventing diffusive reversal. Based on free 
volume theory, we established a relationship between 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 and the diffusion 
constant, 𝐷𝐷(𝑇𝑇):  

 𝐷𝐷(𝑇𝑇)  =  𝐴𝐴𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻(𝑇𝑇)  =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 � −𝐵𝐵
𝑇𝑇−𝑇𝑇0

� . (9) 

To estimate 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻, we fit Equation 9 to AMBER-based 𝑙𝑙𝑙𝑙[𝐷𝐷] versus temperature 
data for EN. Figure 4 shows the resulting curve, along with the fit of 𝑙𝑙𝑙𝑙(𝐴𝐴) −
 [𝐵𝐵 (𝑇𝑇 − 𝑇𝑇0)⁄ ] to the data, and corresponding curve for iPN. As observed 
previously for liquid nitrate esters3 exp[−B/(T − T0)] reasonably represents the 
temperature dependence of D. The magnitudes of B and 𝑇𝑇0 for EN are somewhat 
smaller than those for iPN, but they are larger than those from previous nitrate ester 
work.3 Overall, these values remain within the same order of magnitude, providing 
some confidence in the results. 

 
Figure 4. ln[D(T)] estimates for EN compared with previous data for iPN. 

Our previous work demonstrated that force field choice can significantly impact 
𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻 predictions. Further investigation is needed to assess the potential influence 
of the AMBER force field on our current predictions. Nevertheless, based on these 
estimates, EN condensed-phase rates are predicted to be less than 5% of their gas-
phase counterparts at 500 K (Figure 5). A value comparable to that predicted for 
iPN and those of DTE and MYR, respectively. These results require corroboration.  
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Figure 5. PHFV estimates for EN compared with previous results for iPN. 

4. Summary and Conclusion 

As part of an effort to develop and apply ML methods for accelerating the creation 
of detailed chemical kinetics mechanisms for combustion modeling, EMD 
simulations were performed to estimate the density, enthalpy-of-vaporization, and 
self-diffusivity of condensed-phase EN. Comparison with available experimental 
measurements confirms the utility of these estimates and the methodology proposed 
in this report.  

We also presented calculated condensed-phase enthalpy-of-formation values by 
combining enthalpy-of-vaporization estimates (AMBER EMD simulations or  
D-MPNN ML model) with QM-ESM-based gas-phase enthalpy-of-formation 
estimates. These calculated values appeared reasonable. In addition, the diffusivity 
estimates were used to parameterize a 𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻(𝑇𝑇) function, suggesting that 
elementary condensed-phase reaction rates will be less than 5% of their gas-phase 
counterparts at temperatures up to 500 K. However, this estimate requires 
corroboration. Our work will contribute to future combustion modeling of EN and 
validation of a novel two-phase model against available experimental data. 
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List of Symbols, Abbreviations, and Acronyms 

ARL  Army Research Laboratory 

atm  atmosphere 

COMPASS condensed-phase optimized molecular potentials for atomistic 
simulation studies 

DEVCOM  U.S. Army Combat Capabilities Development Command 

D-MPNN directed-message passing neural network  

DoD  Department of Defense 

DTE  1,5,9-decatriene 

EM  energetic material 

EMD  equilibrium molecular dynamics 

EN  ethyl nitrate 

EODT  6-ethenyl-2,8,12,16-octadecetetraene 

GAFF  general AMBER force field 

iPN  isopropyl nitrate 

MD  molecular dynamics 

ML  machine learning 

MSD  mean square deviation 

MYR  myrcene 

NPT  constant number of particles, pressure, and temperature 

PCFF  polymer-consistent force field 

QM-ESM  quantum mechanical and electronic structure modeling 
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