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1. Introduction

As part of a program to develop and validate a theorized framework for creating
detailed finite-rate chemical kinetics mechanisms for modeling the condensed-
phase reaction chemistry of energetic material (EM) formulations, we are
investigating the potential of atomistic molecular dynamics (MD) methods to
produce timely and cost-effective estimates for some of the framework’s
parameters. In essence an extension of the free-volume theory (FVT) of molecular
transport in liquids and glasses (Cohen and Turnbull 1959), the framework
predicates specifying rate coefficients (k) for elementary condensed-phase
reactions (7) via the multiplication of their gas-phase analogs (kg ) by a function that
estimates the probability (P) that reactants are adjacent to a free-volume hole large
enough for a chemical reaction to proceed unhindered concomitant with a diffusive
jump that prevents the reaction from reversing (Veals et al. 2018; McQuaid et al.
2021). That is,

ké = P(Vhfv)ki, (1)
where 7}, fv 18 the medium’s mean hole free volume.

As we have recounted previously (McQuaid et al. 2021), FVT posits that the self-
diffusion coefficients (D) of “simple” liquids can be computed as a function of
temperature (7) per

D(T) = AP (Vnp () )

where A4 is a system-specific constant and

P(Tugu(T) = exp (7255) 3)

Vhfv

where y and V* are constants related to molecular size. Naturally expressed per
- -B
P\ Vyrm(T)) = —— 4
( hfv( )) exp (T_TO) 4)

where B and T, are system-specific constants, a capacity to establish D(T) values
enables one to estimate B and T,. Likewise, the relationship between D, viscosity
(n), and density (p) predicted by the Stokes—Einstein equation

D(T) = A’ (”T%T) (5)



where A’ is (again) a system-specific coefficient, offers a means for deriving B and
T, from estimates for n(T) and p(T).

As a step toward evaluating this framework, we combined measurement-based
n(T) values from the 1930s (Peterson 1930) with p(T) estimates derived from
atomistic MD simulations to parameterize P (I7h f,,) for nitroglycerin (NGy) and four
other nitrate esters that are liquids (/) at 298 K and 1 atm (McQuaid et al. 2021).
The P(Vh fv) derived in this manner appeared to be reasonable, and the function for
NG: was subsequently integrated into a homogeneous reactor (HR) model for
simulating NGr’s decomposition in two-phase NGg—NG: systems (McQuaid et al.
2021). Predictions for the global rate of NG’s decomposition produced by the
baseline/a priori model proved to be about a factor of 10 lower than values
measured by Waring and Krastins (1970). However, from a thermodynamics
standpoint, the corrections needed to bring the results into agreement were small,
and the model yielded insight into the process that led to a more compelling and
self-consistent explanation for Waring and Krastins’ results.

Although encouraged by that success, we assumed the application of the
methodology would be extremely limited if it had to rely on measurement-based
n(T) values to parameterize P(I7hf,,). Therefore, we investigated the use of
atomistic MD methods to estimate n(7T) for the five nitrate esters for which
Peterson (1930) had measured values (Veals et al. 2018). Results were mixed.
Trends in the n(T) predictions for the nitrate esters were consistent with Peterson’s
measurement-based values. However, there were significant discrepancies between
the magnitudes of the predicted and measured n(T) values, and the discrepancies
increased with increasing n(T). Thus, we were concerned about the capacity of
MD-based methods to produce reliable n(T) estimates for polymeric/solid
materials.

The need to parameterize P(I7h f,,) for hydroxyl-terminated polybutadiene (HTPB)
type R45M arose while developing and applying a model to represent its pyrolysis
(McQuaid et al. 2023). Uncured R45M prepolymer is a relatively low-viscosity
liquid (5000-8000 centipoise at 303 K) and its p is approximately 0.90 g/cm® at
298 K and 1 atm. Curable to various degrees of solidification, capable of taking
solid loadings up to 86%—-88% without sacrificing the ease of processibility
(Muthiah et al. 1992), having a relatively low glass-transition temperature (7%), high
tensile strength, and being chemically compatible with nitramines and ammonium
perchlorate at normal storage conditions (Eroglu 1998; Mahanta 2012), R45M is
widely used as a binder in EM formulations (Armado et al. 2022; Chen and
McQuaid 2009, 2020).



With respect to parameterizing P (Vh Fo (T)) for R45M, the situation appeared to be

more complicated than it was in the case of the nitrate esters. Since the nitrate esters
were (to our minds) “simple” liquids, the self-diffusion coefficients of reactants and
products in them could be assumed to be similar to the parent molecule’s.
Therefore, parameterizations based on the properties of the neat liquid alone were
considered sufficient for that purpose.

Extending FVT to explain differences in the diffusional behavior of solvents in
amorphous polymers, Vrentas and Duda (1977a,b) posited that the self-diffusion
coefficient of a solvent (D) in an amorphous polymer was related to the mixture’s
?hfv per

—(w1 Vi *+&w, Vs -E
D,(T) = DOlexp[ (wlv;fv/;:)z 2) exp[ RTDl] (6)

where the subscripts 1 and 2 identify solvent and polymer properties, respectively.
In this equation, Dy, is a constant. wj is component k’s mass fraction. V; is the
specific critical hole free volume that k’s “jumping unit” needs to make a diffusive
jump. y is an overlap factor included to account for the fact that more than one
jumping unit may have access to a hole. £ is a function of V;*, V5, and the molecular
weights (M values) of the solvent and the jumping unit. E},; is the energy needed

for a solvent molecule to overcome the attractive forces that bind it to its neighbors.

Interested in making Eq. 6 “predictive,” Zielinski and Duda (1992) proftfered
methods for estimating all its parameters without any diffusion data. They assumed
V; and U * could be set equal to group-contribution-based estimates for the specific
volumes of the jumping units at 0 K. And for small molecules, ¢ could be derived
from those estimates and the molecules’ M values. Finding 7, £v/V expressible per

Ki2

Vhfv/y = wq % (K21 +T— Tgl) + w; T(Kzz +T - ng)' (7

they established six other parameters that needed to be estimated to complete the
parameterization: DOI’ EDl’ Kll/}/ﬂ (K21 - Tgl)ﬂ Klz/y, and (Kzz - ng). (All

correspond to physical properties.) For estimating the polymer properties K;,/y
and (K3, — Tyz), one suggestion was to fit the (re-casted) Doolittle (1951)

expression

1a(T) = Agexp | L] ®)

(K22—Tg2)+T

where A, is a constant, to measured 1, (T) values.



Derived empirically prior to FVT, Doolittle’s expression is identical in form to the
right-hand side of Eq. 4 (times a constant), suggesting yV,/K;, = B and
(K22 - ng) =T,. However, in contrast to Eq. 5, it indicates that the influence of T
and p(T) on the relationship between D, (T) and 1n,(T) is negligible. We did not
appreciate this fact until this report was being written. For establishing the
relationship between D(T) and n(T) for NG;, we had followed Zielinski and
Duda’s (1992) protocol for establishing the relationship between D, (T) and 1, (T)
(for solvents). That protocol employed a variation of Eq.5 recommended by
Dullien (1972). As such, it was clear that Zielinski and Duda’s use of Eq. 8 for
polymers was not an oversight or a matter of convenience. Although p values tend
to decrease with an increase in T, and their product can therefore be expected to be
less than directly proportional to T, there is likely to be some 7-dependence;
Zielinski and Duda did not discuss this matter. It is considered further in Section 4.

Unaware of that issue, we sought to demonstrate that a fit of Eq. 4 (times a constant)
to MD-based D(T) estimates would produce reliable estimates for B and T,. As
will be appreciated by consideration of Eq. 6, for a “pristine” polymer—that is, no
impurities meaning all w,are 0 — D;(T) will equal D,(T) and thus should produce
a P(I7h f,,) that is applicable for modeling the onset of R45M’s decomposition.

Relevant to this study, several atomistic MD and coarse-grained dissipative particle
dynamics (CG-DPD) modeling studies have been performed to characterize bulk
and/or viscoelastic properties of R45M and related polybutadiene polymers.
Notably, in a recent study published by Dossi et al. (2021), the general-purpose
Dreiding force field was employed as the basis for atomistic MD simulations
designed to explore the T; values and related properties of HTPB chains comprising
either four or five butadiene (BD) monomers. The results suggested that the onset
of glassy behavior in different HTPB systems at temperatures from 178 to 248 K is
predicted by vinyl content; an increase in it decreases the frequency of crankshaft
shifts of main chain sub-regions. Kempfer (2019) employed a CG-DPD model to
estimate the properties of HTPB melts over a broad range of temperatures and
pressures. He found that his CG-DPD model produced thermal expansion
coefficients and isothermal compressibility values that were in reasonable
agreement with measured values.

Herein we present atomistic MD-based property predictions for systems
comprising hydroxyl-terminated oligomers of a notional molecule/monomer with
the formal name 6-ethenenyl-2,8,12,16-octadecatetraene (EODT, C20H32).
Employed by us to represent the nascent products of R45M’s pyrolysis in
deflagration scenarios (Chen and McQuaid 2009), EODT is roughly one-ninth the



size of nominal R45M polymer chains. Moreover, EODT has the same ratio of
cis/trans/vinyl BD monomers as R45M’s chains.

Because the accuracy/reliability of MD-based estimates depends on a number of
factors whose specifications are constrained by computational costs, including
force-field type/complexity, system size, monomers/oligomer (), and simulation
duration, we performed a parametric study to establish the impact of each on
predictions for D(T) and p(T) (or specific volume V(T) = p(T)~?!). Comparisons
with the limited number of measurement-based D (T) values for similar systems
indicate the merit of the MD-based estimates for unentangled polymers. In addition,

aP (I7h Fo (T)) parameterization based on the predictions proved to be in reasonable

agreement with one based on measured 1n(T) values. As such, the study suggested

that MD-based methods hold promise for parameterizing P (Vh o (T)) for notional

polymeric EM ingredients.

In addition, cognizant of the uncertainty in the value of R45M’s (condensed-phase)
enthalpy of formation as a function of temperature [AfH (T)] (McQuaid 2020;
Thomas and Petersen 2022) and that property being an important parameter in
models for predicting its linear deflagration rate (Chen et al. 2019), we sought to
exploit the MD-based results to obtain estimates. Specifically, MD-based estimates
for HO—(EODT),—OH system enthalpies of vaporization [AH,,(T)] were subtracted
from gas-phase enthalpy-of-formation [AfH,(T)] estimates for the corresponding
oligomer that were derived from quantum mechanics-based electronic structure
methods (QM-ESMs). Comparisons to values obtained by other means indicate
their merit.

2. Experimental Methods

A cold properties viscometer (Anton Parr SVM 3001) was used to determine the
n(T) and p(T) of Poly bd® R45M at temperatures from 323 to 408 K in 5-K
increments. Measurements at each temperature set point were repeated seven times.
In addition to these measurements, data was obtained during temperature soaks at
323 and 373 K. At each temperature, the sample cell was held at the set point for
60 min and measurements were obtained at 15-min increments. No substantial
change in properties was observed, indicating the sample did not decompose.

Thermal transport properties of R45M cured with IPDI to an NCO/OH ratio of 1.0
were measured using a transient plane source (HotDisk TPS 2200). This instrument
has a combined heat source and temperature probe that is placed between two

* Poly bd is a registered trademark of Cray Valley USA, LLC.



samples. Samples were heated with a discrete power pulse for a specified time
interval and the resulting temperature response recorded. Heat capacity and thermal
diffusivity were calculated on the basis of the response. The instrument was
calibrated using NIST-traceable samples of stainless steel. Measurements were
obtained at temperature set points from 263 to 413 K. Four separate measurements
were made at each set point.

3. Computational Methods

The MD simulations were performed with the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) (Plimpton 1995). Force fields included
the Class-II types PCFF and COMPASS. PCFF was originally developed to study
common organic polymers (Sun 1994). COMPASS is effectively an extension of
PCFF that includes atom types whose parameters have been optimized to produce
reliable potential energy predictions for the relatively unique electronic and
structural properties of energetic functional groups (Sun 1998; Bunte and Sun 2000;
McQuaid et al. 2004). Because the HO—(EODT),—OH systems did not contain any
such functional groups, COMPASS was not necessarily needed for this study.
However, anticipating that COMPASS will likely be employed for future MD-
based studies of EMs, we were interested in how it would perform.

3.1 Simulation Setup and Protocols

Figure 1 presents an overview of the MD methods and protocols employed for this
study. The Enhanced Monte Carlo (EMC) tool (in ‘t Veld and Rutledge 2003) was
employed to create and pack HO—-(EODT),—OH (n =1, 2, 3, 4, 5, 8, or 10) chains
(Fig. 2) into cells. It employed a Monte Carlo algorithm to build the chains. The
PCFF force field as implemented in EMC was the basis for generating
intramolecular bond lengths and angles.

To establish the system sizes (i.e., number of atoms/cell) beyond which estimates
for the properties of interest converged, two cells were built for each n-omer: one
comprising approximately 5,000 atoms and one comprising approximately 10,000
atoms (Table 1). In all cases, results produced by the two sizes proved to be similar,
indicating the 10,000-atom systems were more than adequately large. Those results
are reported herein.

To mitigate any excessively repulsive atom—atom interactions that the EMC-
generated configurations might have had, an energy minimization and a short
constant-temperature, constant-pressure ensemble (NPT) simulation were
performed to reduce them.
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Overview of MD methods and protocols employed to obtain property estimates. Note

that after the conversion of PCFF parameters into COMPASS parameters the protocols were

the same.

Fig. 2

The molecular structure of hydroxyl-terminated EODT oligomers: a) HO-

(EODT).—OH (green and blue labels are for COMPASS and PCFF force-field atom types,
respectively); b,c) two possible HO-EODT-OH conformers



Table 1 Number of atoms per system

n-omer System A  System B

1 9990 5184
2 10192 5200
4 10200 5100
5 10160 5080
8 10100 4848
10 10080 5040

From the pre-equilibrated cells, the atomic coordinates, atom types, and the
topology information (i.e., the atomic connectivity patterns and associated
coefficients for all force-field potential energy terms) produced with the PCFF-
based model were used to create starting configurations for COMPASS-based
simulations. Because the COMPASS force field is intended for use with Materials
Studio modules, to ensure that the force-field parameter conversions were valid,
various LAMMPS-generated energy components—including total potential
energy, bond energy, angle energy, and torsion energy—were compared to
analogous energy components generated using Materials Studio’s Forcite module.

Prior to performing production runs, the “pre-equilibrated” EMC-generated cells
were more fully equilibrated via a sequence of four simulations. For these
simulations (and the production runs), electrostatic interactions were calculated via
an Ewald summation using the particle—particle particle-mesh (PPPM) method
implemented in LAMMPS. Short-range van der Waals interactions within a 12.5 A
cutoff limit were calculated with 9-6 Lennard—Jones functions. Pressure was
maintained at 1.01325 bar (1 atm) with a Nosé—Hoover barostat. Temperature was
maintained at targeted temperatures with a Nosé—Hoover thermostat. The first
simulation was a 0.02-ns NPT run at 300 K. The second was a 0.1-ns run in which
the temperature was ramped to 700 K in (fixed) 0.5-fs time steps. The third was a
0.1-ns run in which the cell was cooled back to the target temperature in 0.5-fs time
steps. That was followed by a 0.5-ns NPT run at the target temperature. Time steps
were 1.0 fs.

The preproduction-run equilibration protocol was followed by a 20- or 40-ns NPT
production run. The former duration was found to be sufficient for smaller (n =1,
2 or 4) n-omers; the latter was required for larger (n =5, 8, or 10) n-omers. Time
steps were 1 fs. Relaxation times were 0.1 ps for the thermostat and 1.0 ps for the
barostat. In each case, the target temperature for the first cell created was 303 K.
Nuclear coordinates were saved every 10 ps.

To create additional unique/independent trajectories, 10 arbitrary frames were
taken from the production run performed with the first cell, and they were processed



via the preproduction-run equilibration protocol. The temperatures of subsequent
production runs were 323, 348, 373, 398, 473, and 500 K. (In each case, the initial
configuration was from a 300-K simulation, and temperature ramping and
annealing steps were performed prior to the production run at a given temperature.)

3.2 Self-diffusion Coefficients

As discussed by Maginn et al. (2019), one of the two commonly employed
theoretical bases for deriving D estimates from MD simulations is the “Einstein”
equation

_ 1 4. (lr(®-r0)]?)
b= 2dgN tlinc;lo dt ©)

where d, is the number of dimensions, N is the number of particles, and
(Ir(t) — r(0)|?) is the mean square displacement (MSD) of the particles’ positions
[r(t)] at a given time (t) compared to their starting positions 7(0). Because Eq. 9
predicates computing D values on the basis of MSDs in the limit “t — ©0”, we had
assumed that estimates would improve with an increase in simulation duration.
However, Maginn et al. (2019) recommended that they be calculated based on
results in a “diffusive regime” corresponding to a “middle” temporal interval in the
simulations. However, they were unaware of any objective approach to defining
such an interval, stating only that the relationship between MSD and ¢ should be
approximately linear, and therefore would be characterized by In(MSD) versus In(7)
plots that had slopes approximately equal to 1.

Offering no objective guidance for how long the simulations needed to be—only
that they be long enough to include a region in which the slopes of In(MSD) versus
In(?) plots were approximately equal to 1—we ran simulations of varying length to
establish durations (#z) in which MSD versus ¢ plots for c¢3= atom types
(COMPASS) or the c¢=2 atom types (PCFF) in the range 0.25t; <t < 0.50¢t,4
(to <t < tyayx) Were reasonably well fit to a linear function:

MSD(¢t) = m(t — 0.25t,)" =1 + b’ (10)
where m and b' were constants. The actual value of n' was obtained by fitting
In(MSD(t) — b") = In(m) + n' In(t — 0.25¢t,) (11)

to the data in the interval. With d,= 3, the substitution of m into Eq. 9 yields,

D= % (12)



3.3 Thermodynamic Properties

Toward obtaining AsH (T) estimates for the systems, we coupled MD-based
AHy(T) estimates with QM-ESM-based AgH,(T) estimates. The AH,(T) estimates
were derived from MD-generated cohesive energies (Ecor). Defined as the average
intermolecular non-bond energy per mole (Barton 1991), E,,,(T) is related to a
material’s AH,(T) per,

AH,(T) = E.on(T) + RT (13)

where R is the universal gas constant.

The AfH,(T) estimates were obtained by calculating enthalpies of reaction for
(hypothetical) isodesmic reactions. A summary of these calculations is provided in
the Appendix. For HO-EODT-OH, we were able to obtain estimates on the basis
of the full suite of QM-ESMs we normally employ for that purpose. They included
CBS-QB3 (Montgomery et al. 2000), G3MP2B3 (Baboul et al. 1999), B3LYP
(Becke 1993), MPWB95 (Becke 1996), M062X (Zhao and Truhlar 2008),
BHandHLYP (Becke 1993), and DFTBA (Zheng et al. 2007) models. All were
implemented via the GAUSSIAN 16 software package (Frisch et. al. 2016). For
larger oligomers, some of these methods proved to be computationally intractable.
And for the largest oligomers, only BHandHLYP/6-31G(d) and DFTBA models
proved viable. However, comparisons of the results produced for smaller oligomers

by these two models and (generally) more reliable ones suggested the former were
an adequate basis for computing ArH, (T) estimates.

4. Results and Discussion

Figure 3 compares frames from NPT simulations for HO-EODT-OH and HO-
(EODT)10—OH systems that are representative of the two cases. Having shorter
chains and higher OH content (and thus a greater potential for intermolecular
hydrogen bonding), the former packed better, resulting in less free volume. As will
be discussed, trends in the property estimates derived from the simulations for HO—
(EODT)»—OH systems can largely be rationalized based on that observation.
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Note: Betté.r'packing due to shorter Note: Degree of chain entanglement,
chains and more OH groups. not as well-packed as shorter oligomers

Fig. 3 Selected frames from NPT simulations: a) HO-EODT-OH and b) HO—(EODT)10—
OH

4.1 Density

Figure 4 shows p predictions for HO—-(EODT),—OH systems at seven different
temperatures between 303 and 500 K. The COMPASS-based predictions at 303 K
ranged from 0.92 to 0.88 g/cm’, decreasing as n increased from 1 to 10. We assume
that trend was due to the smaller oligomer’s potential to pack more efficiently
(Fig. 3). Estimates produced by simulations involving approximately 5,000 atoms
were very similar to those derived from their counterparts involving approximately
10,000 atoms, indicating that systems with about 5,000 atoms were large enough to
yield good p predictions. The PCFF-based predictions exhibited similar trends.
However, all PCFF-based predictions were slightly lower than their COMPASS-
based counterparts at a given 7. The differences ranged from 0.04 to 0.05 g/cc.

As shown in Table 2, the average of the COMPASS-based p predictions for HO—
(EODT)s—OH and HO—(EODT)10-OH systems were in good agreement with
measured values near 300 K and other COMPASS-based estimates for comparable
systems. The PCFF-based predictions were less so. In addition, as shown in Fig. 5,
the COMPASS-based estimates were in good agreement with values measured by
us in the range 323 K < 7'< 398 K. The PCFF-based p estimates exhibited similar
trends as a function of 7, but the estimates for all n-omer systems were below the
measured values.

11
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Fig.4 COMPASS- and PCFF-based p(T) estimates as a function of the number of EODT
monomers/oligomer (n)

Table 2 Reference p values for HTPB near 300 K

p (g/cm’)
208 K 303K Reference

0.88 COMPASS: Present work®

0.83 PCFF: Present work®

0.901 Measured: Lee et al. 2015
09 Measured: Mahanta 2012

. 0.902-0.904 Measured: Jabez et al. 2019
0.89 +0.04 COMPASS: Abou-Rachid et al. 2008

0. 89 0 90 COMPASS: Yang et al. 2013
a Average of values derived from simulations involving HO—(EODT)s—OH and HO—(EODT)10-OH.

0.95

Measured

0.90

0.85

Density (g/cm3)

0.80

0.75
300 350 400 450 500

Temperature (K)

Fig.5 COMPASS-based p(T) predictions for HO-EODT-OH and HO—(EODT)10-OH
systems compared to measured values for R45M
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4.2 Thermodynamic Properties

The E o, (T) and AH,(T) estimates for the HO—-(EODT).—OH systems are shown
graphically in Fig. 6. As expected, they increased (on a molar basis) with increase
in n. They also decreased with an increase in 7. Given the reduction in p with
increase in 7, and thus an increase in the distance between sites with the potential
to attract one another, that was also as expected.

Estimated AH,(298) values are provided in Table 3. They demonstrate that the
(molar) increase in AH,,(298) with increase in n was not quite linear, falling off at
a rate somewhat lower than that (we presume) because packing efficiency declined
with increase in n. The reduction in packing efficiency with increase in » is also
reflected in the decrease in mass-specific AH,(298) estimates as » increased.

a)8400 o COMPASS 8400 o
740.0 e 740.0 .
-._____7____ - . —
640.0 Tty e 6400 © e ———,
3 5400 e 1 S 5400 Te—
S 4400 = 4400
£ B
3400 z 3400
2400 o, 2200 oy
140.0 -—-—.-—._.__.__,__;__:_*__j_:_j 140.0 h—‘—-—._._.__,____‘___f_—q
40.0 400
300 350 400 450 500 300 350 400 450 500
T(K) T(K)
-1 -2 4 5 -8 —10 ——1 -3 4 5 8 —10
b) 3400 PCEE 840.0
) 740.0 7400
L R ——
640.0 ——— 6400 R ——
= . —— ] S ——
E 540.0 . ——— o —e—, -~E.. 540.0 ,—— o -~
3 440.0 TT——, £ 4400 TT——,
E3400 T 340.0
<
2400 2400
— — . . .
e e S 1400 ouyq e
40.0 40.0
300 350 400 450 500 300 350 400 450 500
T (K) T(K)
——1 2 =4 =5 -8 10 1 -2 -4 -5 -8 ——10

Fig. 6 COMPASS- and PCFF-based E..r(T) and AH,(T) estimates for HO—(EODT).—OH
n=1,2,4,5,8,10)
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Table3  AH(298), AH.(298), and A/(298) estimates for HO—(EODT),—OH systems

M AH((298)* AH,qp(298)* AH (298)? AH(298)"
" g/mol kJ/mol kJ/kg kJ/mol kJ/kg kJ/mol kJ/kg kJ/kg SD
1 304.2 -162.6 —534.5 145.8 479.0 |-308.4 -1013.5
2 574.5 434 75.5 2254 392.1 |-182.0 -316.6
4 11149 391.1 350.8 380.0 340.6 11.1 10.2
5 13852 534.7 386.0 457.8 330.3 76.9 55.7 223¢ 113¢
8 21959 1117.5 508.9 669.8 304.8 | 4477 204.1 —142¢  356¢
10 27364 1490.1 544.6 826.7 3019 | 663.4 242.7 -236°  627°

2 Current work. Details of the computation of Afe(298) are provided in the Appendix. ® Mean values and standard
deviations (SDs) of A#1:(298) data for “HTPB” that was aggregated by Thomas and Peterson (2022). ¢ Estimates for HTPB
based on group contribution methods. ¢ Values for HTPB based on data from open literature sources. ¢ Values for HTPB
based on data from thermochemical databases.

Table 3 also summarizes the QM-ESM-based A;H,(298) estimates as well as the
ArH (298) estimates produced by subtracting the corresponding AH,(298)
estimate from them. Focusing on the results produced for the HO—(EODT)s—OH
and HO—(EODT)10—OH systems, whose chains are similar in length to those in
R45M, we observed that the predictions generated on this basis were somewhat
higher than the mean values of data—presumably measured—that was aggregated
by Thomas and Petersen (2022). Given that the modeled systems had no cross-
linking, which would presumably lower their enthalpy, it was our expectation that
the estimates would be somewhat high relative to measurement-based values for
actual R45M samples. That bias notwithstanding, the estimates fell within the
uncertainty of the aggregated data as represented by their SDs. In addition, the MD-
based ArH.(T) estimates were in good agreement with estimates produced by
group contribution methods, lending credence to the latter. (Although QM-ESM-
MD-based AH(T) estimates are far more expensive to obtain than estimates based
on group contribution methods, they afford the potential for producing estimates
for blends that group contribution methods cannot match.)

As a final check of the validity of the A¢H (T) predictions, we fit second-order

polynomials to the predictions generated for the HO—(EODT)s—OH and HO-
(EODT)10—OH systems

AsH.(T) = a + bT + cT? (14)

where a, b, and ¢ were constants, and took their derivatives with respect to T to
produce predictions for R45M’s heat capacity (cp). Predictions are compared to
measured values in Fig. 7. As shown, the predictions were within 10% of measured
values over the temperature range considered, with the increase in ¢, with T being
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reasonably well reproduced. As such, these results further demonstrated the
potential value of this approach as a screening or design tool for notional EM
ingredients.

2.8
2.6
24
22

2.0

¢, (I/gkK)

——measured
1.8

predicted: HO-(EODT)8-OH
1.6

predicted: HO-(EODT)10-OH
14
12

1.0
300 325 350 375 400 425 450 475

Temperature (K)

Fig.7  Comparison of measured and predicted cy(7) values

4.3 Transport Properties

Figure 8 shows MSD(7) trajectories for c3= atom types obtained from COMPASS-
based simulations of HO-EODT-OH and HO—(EODT)10—OH systems at 303 and
500 K. For the HO-EODT-OH systems, fz values were 20 ns, while for the HO—
(EODT)10—OH systems they were 40 ns. The square root of the MSDs at the end of
the simulations indicated the average distance traveled by those atom types. At
303 K those in OH-EODT-OH chains traveled on average approximately 11 A
while at 500 K they traveled on average approximately 140 A. In contrast, c3= atom
types in HO—(EODT)10—OH chains took 40 ns to travel on average approximately
12 A at 303 K and approximately 45 A at 500 K.

As noted in Section 3.1, the simulation data that were employed to derive D
estimates corresponded to the temporal interval in the range 0.25ts <t < 0.50 #4
(to <t < tmax). As indicated by the comparisons in Fig. 8, the MSD(¥) trajectories
produced by the HO-EODT—OH simulations were much more tightly grouped than
those produced by the HO—(EODT)10—OH simulations, even though the latter had
longer run times. Exemplifying the need to average results for multiple independent
simulations, it appeared to us that 10 was sufficient for that purpose.
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Fig.8 @ COMPASS-based MSD(?) trajectories for a) HO-EODT-OH and b) HO—(EODT)10—
OH at 303 and 500 K. Curves were obtained by tracking all c3= atom types in the simulation
cells. The 9 < ¢ < tmax ranges employed to compute the D(7) estimates are indicated.

Table 4 compares the average of the \/ MSD(t;) - MSD(0) values produced for all
the HO—(EODT),—OH systems modeled in this study as a function of force-field
type and temperature. Trends were as expected, with values at a given temperature
decreasing with increase in n and values for a given n increasing with an increase
in temperature. For a given n and T, PCFF-based estimates tended to be somewhat
higher than COMPASS-based estimates. This difference can be rationalized by
noting that the PCFF-based simulations produced lower p predictions.

Table 4 also provides the values of n’ obtained by fitting Eq. 11 to In[MSD(?)]
versus In(?) data for 0.25¢s <t < 0.5t4. The results suggested the adequacy of the #4
values chosen for the simulations.
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Table 4 Square root of mean squared displacements ([MSD]"?) and »’ as a function of
oligomer size and temperature

Monomers/ | ta(s) | T (K) COMPASS PCFF

oligomer (n) [MSD]"2 (A) n'® [MSD]"2 (A) n
1 20 303 10.6 1.00 20.2 1.01
323 17.2 1.00 323 1.00

348 29.7 1.00 471 1.00

373 45.2 1.00 64.5 1.00

398 63.6 1.00 83.0 1.00

473 121.3 1.00 137.8 1.00

500 139.7 1.00 158.9 1.00

2 20 303 10.3 1.01 16.9 1.01
323 14.8 1.01 22.8 1.01

348 22.8 1.01 321 1.00

373 32.6 1.00 449 1.00

398 43.1 1.00 54.8 1.00

473 79.9 1.00 89.9 1.00

500 943 1.00 106.9 1.00

4 20 303 10.0 1.01 15.0 1.01
323 13.8 1.01 18.8 1.00

348 19.2 1.01 25.6 1.00

373 243 1.01 31.4 1.01

398 30.5 1.01 38.0 1.01

473 52.1 1.00 57.7 1.00

500 57.3 1.00 69.8 1.00

5 40 303 12.3 1.01 17.0 1.01
323 17.0 1.01 22.2 1.02

348 223 1.01 29.5 1.01

373 29.7 1.00 355 1.01

398 383 1.00 43.1 1.02

473 59.3 1.00 70.7 1.00

500 69.9 1.00 88.5 1.00

8 40 303 12.2 1.01 17.0 1.01
323 16.0 1.01 21.3 1.01

348 21.2 1.01 26.2 1.02

373 25.5 1.01 313 1.01

398 30.6 1.01 36.6 1.01

473 45.2 1.01 49.8 1.01

500 53.7 1.01 60.2 1.00
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Table 4 Square root of mean squared displacements ([MSD]"?) and n’ as a function of
oligomer size and temperature (continued)

monomers/ ta T (K) COMPASS PCFF
oligomer (n) | (s) [MSD]"2 (&) n' MSD] "2 (A) nh
10 40 303 12.2 1.01 16.3 1.01
323 15.5 1.02 20.8 1.01
348 20.1 1.02 25.2 1.02
373 243 1.01 30.7 1.00
398 28.6 1.01 33.5 1.01
473 41.2 1.01 49.2 1.01
500 45.0 1.01 49.7 1.01

aMean of [MSD(#s) — MSD(0)]'? values from 10 simulations obtained by tracking c3= (COMPASS) and c¢=2
(PCFF) atom types. ® Exponents (n') obtained by fitting Eq. 11 to In[MSD(#)] vs. In(#) data for # < ¢ < tmax.
Table 5 presents the D estimates produced for each of the HO—(EODT),—OH
systems modeled in this study as a function of force-field type and temperature.
Consistent with the results presented in Table 4, reductions in D with decrease in T’
and increase in n were to be expected. Table 5 also presents the limited number of
measurement-based D values we were able to find in the open literature that bear
on the merit of these estimates. Reported by Pearson et al. for polyethylene (PE)
(1987) and hydrogenated polybutadiene (hPBD) (1994) with nominal M values
similar to some of the n-omers modeled in this study, they suggested the validities
of the estimates obtained for temperatures near 443 K.

Table 5 COMPASS- and PCFF-based D(T) estimates as a function of oligomer size

Monomer | T (K) COMPASS PCFF Measured®
s/ D(cm?/s) In[D] | D(cm?s) In|[D] D(cm?/s)
oligomer
(n)
1 303 9.3E-08 -16.2 3.0E-07 -15.0
M =304 323 2.5E-07 —-15.2 8.0E-07 -14.0
348 7.0E-07 -14.2 1.8E-06 -13.2
373 1.7E-06 -13.3 3.5E-06 —-12.6
398 3.4E-06 -12.6 5.6E-06 —-12.1
473 1.2E-05 -11.3 1.6E-05 -11.0
500 1.6E-05 -11.0 2.2E-05 -10.7
2 303 8.5E-08 -16.3 2.0E-07 —-15.4
M=574 323 1.7E-07 -15.6 4.0E-07 -14.7
348 3.9E-07 —-14.7 8.0E-07 -14.0
373 8.5E-07 -14.0 1.6E-06 -13.3 7TE-07°
398 1.4E-06 —-13.5 2.4E-06 -12.9
448 5.4E-06°¢; 3.5E-
06¢
473 5.2E-06 -12.2 6.8E-06 -11.9
500 7.3E-06 —-11.8 9.6E-06 -11.6
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Table 5 COMPASS- and PCFF-based D(7) estimates as a function of oligomer size
(continued)

Monomer | T (K) COMPASS PCFF Measured?
s/ D(cm?/s) In[D] | D(cm?s) In|[D] D(cm?/s)
oligomer
(n)
4 303 8.2E-08 -16.3 2.0E-07 -15.4
M=1115 323 1.5E-07 -15.7 3.0E-07 -15.0
348 2.8E-07 -15.1 5.0E-07 -14.5
373 4.7E-07 —14.6 7.0E-07 —14.2
398 6.9E-07 -14.2 1.1E-06 -13.7
448 2E-06°; 1.4E-06f
473 2.0E-06 -13.1 2.6E-06 -12.9
500 2.5E-06 -12.9 3.8E-06 —-12.5
5 303 5.4E-08 —-16.7 1.0E-07 -16.1
M=1385 323 1.1E-07 -16.0 2.0E-07 -15.4
348 1.9E-07 —-15.5 3.0E-07 —-15.0
373 3.3E-07 -14.9 5.0E-07 —-14.5
398 5.7E-07 -14.4 7.0E-07 -14.2
448
473 1.4E-06 —13.5 2.1E-06 -13.1
500 1.9E-06 -13.2 2.9E-06 -12.8
8 303 5.7E-08 -16.7 1.0E-07 -16.1
M=2196 323 9.9E-08 —-16.1 2.0E-07 -15.4
348 1.6E-07 -15.7 3.0E-07 -15.0
373 2.5E-07 —-15.2 4.0E-07 —-14.7
398 3.6E-07 -14.8 5.0E-07 —-14.5
448 4E-7¢
473 7.5E-07 -14.1 9.0E-07 -13.9
500 1.1E-06 —13.8 1.4E-06 -13.5
10 303 5.8E-08 -16.7 1.0E-07 -16.1
M=2736 323 8.7E-08 —-16.3 2.0E-07 -15.4
348 1.4E-07 —-15.8 2.0E-07 -15.4
373 2.0E-07 -15.4 3.0E-07 -15.0 9E-08"
398 3.1E-07 -15.0 4.0E-07 —-14.7
448 4E-07%; 1.5E-07!
473 6.3E-07 —-143 9.0E-07 -13.9
500 7.3E-07 -14.1 9.0E-07 -13.9

2PE = polyethylene; PBD = polybutadiene; hPBD = hydrogenated polybutadiene. ® PBD: M = 690 g/mol
(Fleischer and Appel 1995). °PE: M = 590 g/mol (Pearson et al. 1987). 4 PE: M = 695 g/mol (Pearson et al.
1987). ¢ hPBD: M = 1050 amu (Pearson et al. 1994). f PE: M = 1280 amu (Pearson et al. 1987). ¢ hPBD: M =
2510 amu (Pearson et al. 1994). " PBD: M = 2820 g/mol (Fleischer and Appel 1995). i PE: M = 3310 amu
(Pearson et al. 1987).
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Unable to find in the open literature any measured D values for “R45M-like”
polymers with M < 4,000 g/mol at temperatures from 303 to 410 K, we sought to
validate the D (T') estimates by converting them to n(T') estimates for which we had
measured values. However, the agreement between measured values and estimates
produced based on Eq. 5 proved to be poor.

Investigating further, we noted that Pearson et al. (1987, 1994) observed that the D
and 7 values they measured for PE and hPBD systems with M values less than
4,000 g/mol conformed to the Rouse (1953) model’s prediction for their product,

n(T)D(T) = HREED (15)
where (R2) is the mean square of the radius of gyration. For hPBD systems, they
found the substitution into Eq. 15 of n, p, and D values for M < 4,000 g/mol
polymers at 443 K yielded (R;) /M values similar to the average of values reported
by Horton et al. (1989) and Boothroyd et al. (1991) (1.97 x 10"” cm®*mol/g). Since
our D estimates at temperatures bounding 443 K were similar to Pearson et al.’s
measurement-based D values (as a function of M) and the Rouse model would
therefore produce 1 estimates similar to their measurement-based 7 values, we
sought more details about it.

Our first impression of the Rouse model was that it was a simple variation of the
Stokes—Einstein equation (Eq. 5) that offered an alternate physical interpretation
for A’. However, further investigation revealed that, unlike A’, (RZ) has the
potential to be temperature dependent. (This was not obvious from Pearson et al.’s
two studies because they only measured D and 7 values at one temperature: 443 K.)
Indeed, (R2) values are expected to increase with a decrease in temperature
(Boothroyd et al. 1991).

Finding the shortcoming of our approach to converting D(T) values into n(T)
values for polymers, we sought (Rg) /M values in the open literature that could be
used for that purpose but could not find any. As an alternative, we simply combined
the n(T) values we had measured with the MD-based estimates for D(T) and p(T)
to establish what \/(R_§) values were needed to obtain agreement between the
measured 7(T) values and the D(T) predictions for HO—(EODT)10—OH. The
results are shown in Fig. 9. Consistent with Boothroyd et al.’s (1991) values at the
high end of the temperature range and increasing with decrease in temperature, but
not to physically unrealistic values, they do not appear unreasonable to us.
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Fig. 9 /(Ré) of HO—(EODT)10—OH as a function of temperature derived from COMPASS-
based D(7) predictions and measured »(7) values

4.4 Probability Function Parameterization

At the start of this study, we appreciated that there were qualitative differences
between the dynamics of the self-diffusion of molecules that would be classified as
solvents and those that would be classified as polymers. However, given that both
were formulated in terms of “jumping units” and that the formulae expressing their
temperature dependence had identical exponential functional forms, we assumed

that Eq. 2 was the appropriate basis for parameterizing P (Vhﬂ, (T)) for both cases.

Moreover, we had also learned that MD-based D predictions are in general easier
to obtain and more reliable than MD-based 7 predictions. Therefore, it was logical

to generate MD-based D predictions to parameterize P (Vh Fo (T)) for R45M.

Discovering that the theoretical foundation for this approach was not as firmly
established as we had thought, we searched the open literature for a theory
(comparable to FVT for solvents) that directly connected n with the “free-space”
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of “polymers” that was demonstrated empirically by Doolittle (1951)." We could
not find one. Therefore, unlike solvents, where variations of the Stokes—Einstein
relationship between n and D (e.g., Dullien 1972) are applicable and directly
connect 17 with the Vhfv that we believe is necessary for a reaction to occur and
prevented from reversing, that connection has to be taken more on faith for the case
of R45M. However, to the extent that D(T) estimates for polymers are related to
diffusive jumps associated with Vhfv, we were not ready to dismiss their potential

to be a basis for parameterizing P (Vhf,, (T)). Therefore, we decided to simply

compare the P (V'hf,,(T)) parameterizations produced by fitting In(A) —

[-B/(T — T,)] to both the COMPASS-based D (T) predictions for HO—(EODT)10—
OH and to the measured n(T) values for R45M.

Figure 10 compares the two data sets and lists the values of B and T, that were
derived from them. While the discrepancies might be considered large, none of the
values appear completely physically unrealistic to us. (To the extent we expect T,
to correspond to R45M’s T, the 78-K value derived on the basis of the D(T)
predictions does appear low.) Moreover, as shown in Fig. 11, in the temperature
range of interest (300-750 K), the parameter sets produce similar P (Vhfv (T))
values. Therefore, to the extent we are simply trying to establish a rational basis for
adjusting kg to estimate k¢, and would be satisfied to get within an order of
magnitude, the use of MD-based D(T) predictions for this purpose appears to be
warranted.

* Per the Web of Science, Doolittle’s paper has been cited more than 1,600 times; therefore, there is
little question as to its merit and relevance.
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Fig. 11 Comparison of P (Vhf,,(T)) values based on fits to COMPASS-based D(T)
predictions (B = 1238 K; 7o = 78 K) and measured #(7) values (B = 895 K; 7o = 187.5 K)
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5. Conclusion

Predictions for physical properties of amorphous R45M that are needed to model
its pyrolysis and deflagration were produced via MD simulations of HO—(EODT),—
OH systems. Properties of interest included p(T), AH,(T), and D(T). The AH,(T)

estimates derived from E;yy(T) estimates for the systems were combined with
ArHg(T) estimates derived from QM-ESM-based results for their gas-phase

analogs to produce AgH,(T) estimates. The AgH.(T) estimates for HO~(EODT)s—
OH and HO—(EODT)10-OH were in reasonable agreement with a recently
published aggregation of such values. In addition, ¢, (T) estimates produced by
taking the derivative of the A¢H (T estimates with respect to T were in reasonable
agreement with values measured by us. Relevant to predicting the linear burning
rate of R45M, these data will find application in modeling R45M’s deflagration in
both opposed-flow burner experiments and solid fuel ramjet combustors.

Targeting the parameterization of P(Vh o (T)) for R45M, D(T) estimates for HO—
(EODT),—OH systems were derived from MD-generated MSD(#) data. Estimates
were found to be in reasonable agreement with the limited number of relevant
measurement-based values we were able to find. However, an attempt to validate
the estimates based on comparisons to measured n(T) data at the low end of the
temperature range of interest, where there was effectively no validating
measurement-based data, revealed (to us) that the Rouse (1953) model was a better
basis for relating D(T) and n(T) for HO—(EODT)s—OH and HO—(EODT)10—OH
than a “simple” Stokes—Einstein-based relationship. Moreover, it led us to
appreciate for the first time that the transport property of polymers that is most
directly correlated with “free-space” was 7, not D.

Those findings notwithstanding, we parameterized P(Vh o (T)) by direct fits of its
functional form to the D(T) predictions and the measured 1n(T) values. We found
that while there was a fair amount of discrepancy between the respective B and T,
values derived from the two data sets, none were physically unreasonable.
Moreover, the P(Vh o (T)) values produced by the two (B, T,) sets were similar in

the temperature range of interest. Therefore, to the extent our objective was to
establish a rational basis for adjusting kg to estimate k¢, and we would be satisfied

to get k. values to within an order of magnitude of their actual value, we believe
the use of either basis for parameterizing P (I7h o (T)) merits consideration.
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Appendix. HO—(EODT),—OH Oligomer Gas-Phase Enthalpies of
Formation at 298 K
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This Appendix lists gas-phase enthalpy-of-formation estimates at 298 K
[AH(298)] for HO—(EODT),—OH oligomers. They were obtained by calculating
enthalpies of reaction for (hypothetical) isodesmic reactions based on results
produced by quantum mechanics-based electronic structure methods (QM-ESMs).
Table A-1 lists AiHy(298) estimates for species employed in the isodesmic
reactions. Table A-2 lists AfHg(298) estimates for the oligomers. Of the QM-ESMs
we typically employ for such purposes, the only two capable of producing results
for HO(EODT)s—OH and HO(EODT)i10—OH were BHandHLYP/3-21G(d) and
DFTBA. Therefore, AfHg(298) estimates derived from results produced by those
models for smaller molecules were plotted versus AfH,(298) estimates produced
with (generally) more reliable models to obtain a correction. The basis for the
correction is shown in Fig. A-1.
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Table A-1 AqH,(298) estimates (in kJ/mol) for species employed in the isodesmic reactions in Table A-2

Model
Isodesmic Reactions”
b c d e f g h i j k 1

CH>:CHCHCH: + C;Hs = CH;CHCH2 + CH3;CHCHz: 111.3  112.1 106.7 111.7 1105 1125 1088 1084 111.7 117.2 111.7
CH>CHCH>CH:CHCH: + 3 C2H¢ =2 CH3CHCH: + 2 CH3;CH2CH> 83.7 84.1 85.8 87.0 84.5 84.5 85.8 85.4 84.1 88.7 83.7
CHCHCHCHCHCH?: + C2Hs + C2Hs = CH2.CHCHCH: + 2 CH3CHCH» 167.4 1669 1619 1669 166.1 168.6 1644 1644 1653 1724 167.4
(E) CH3CHCHCH3 + C2Hs = CH;CHCH: + CH3;CHCH:> -10.0 -10.5 -9.6 -92 -100 -96 -100 -109 -10.0 -88 -10.5
(E) CH;:CHCHCH:CH3 + CoHg = CH;CHCHCH; + CH3;CH2CH;3 -31.0 -30.5 -30.1 -29.7 -30.1 -30.1 -29.7 -31.0 -30.1 -293 -31.0
(Z) CH3;CHCHCH:CH3 + CoHg = CH;CHCHCH; + CH3CH2CH;3 -25.5 251 -23.0 -243 -247 -251 -23.0 -243 -255 247 -251
CH:3;CH:CHCHCH:CH: + C:Hs = CH;CHCHCH2CH; + CH3;CH2CH;3 -51.0 -51.0 -50.2 498 -50.6 -50.6 -50.2 -51.5 -50.6 -50.2 515
(E, E) CH;CHCHCHCH: + C>Hs = CH;CHCHCH3 + CH;CHCH2 79.1 78.7 74.1 78.7 76.6 78.2 76.1 75.7 78.2 82.8 78.7
(E, Z) CH;CHCHCHCH: + C2Hs = CH;CHCHCH3 + CH;CHCH2 90.8 91.2 88.7 92.0 89.1 91.2 90.0 89.5 84.1 88.7 91.2
(Z, E) CH;CHCHCHCH: + C2Hs = CH;CHCHCH3 + CH;CHCH2 84.5 84.1 81.2 84.1 83.7 85.4 83.3 82.4 82.8 87.4 84.9
CH3CH:CH:C(CH3)CH: + 2 C:He = (CH3);CH + CH3;CHCH: + CH3CH.CH3 -50.6 -50.6 —47.7 469 -51.0 -494 473 485 494 490 -51.0

CH:CHCH:CH,CHCHCH:CH:CHCH: + 4 C:H¢ = CH;CH.CHCHCH2CH3 + 2 CH3CHCH, 1159 115.1 118.0 119.2 1159 1163 1184 118.0 1155 1209 114.2
2 Target species is in bold face. Reference ArH,(298) data (in kJ/mol): C2Hs =—83.8 + 0.3 (Pittam and Pilcher 1972); C2Ha = 52.5 + 0.4 (Chase 1998); CH3CH2CHs = —104.7 + 0.4 (Pittam and Pilcher
1972)'; CH;CHCH: = 20.4 £ 0.7 (Furuyama et al. 1969)%; (CH3)3CH = —134.2 £ 0.6 (Pittam and Pilcher 1972)!; CH;CH20H = —234.3 + 0.8 (Chao and Rossini 1965)3; ® CBS-QB3; © G3MP2B3;
4 B3LYP/6-31G(2df,p); * MPWB95/6-31+g(d,p); f M062X/6-31G(2df,p); 8 M062X/6-311+G(2d,2p); " BHandHLYP/3-21g(d); | Correlated values using linear regression line in Fig. 1a; i DFTBA;
k Correlated values using linear regression line in Fig. 1b; ! Recommended value based on average of corrected BHandHLYP/3-21g(d)- and DFTBA-based values.

! Pittam, DA, Pilcher G. Measurements of heats of combustion by flame calorimetry. Part 8.-Methane, ethane, propane, n-butane and
2-methylpropane. Journal of the Chemical Society, Faraday Transactions 1: Physical Chemistry in Condensed Phases. 1972;68:2224-2229.

2 Furuyama S, Golden DM, Benson SW. Thermochemistry of the gas phase equilibria i-C3H71 = C3H6 + HI, n-C3H7I = i-C3H71, and C3H6 +
2HI = C3HS + 12. The Journal of Chemical Thermodynamics. 1969;1:363-375.

3 Chao J, Rossini FD. Heats of combustion, formation, and isomerization of nineteen alkanols. ] Chem Eng Data. 1965;10:374-379.
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Table A-2 AH(298) estimates (in kJ/mol) for HO—(EODT).—OH oligomers

Model

Isodesmic Reactions®

b c d e f g h i j k 1
EODT + 6 CoHs =2 CH;CH:CHCHCH2CHj3 + 2 CH;CH2CH3 + CH;CH.CH2C(CH3)CH2 ... 118.0  130.1 129.3 121.8 123.8 130.1 129.7 121.3 127.2 1243
HO-EODT-OH + 2 C:Hs = EODT + 2 CH3CH20H .. ... —1632 -161.1 -162.8 -162.8 -162.3 -164.0 -172.4 -176.1 -162.8
HO—(EODT):-OH + 3 Co:Hs = EODT + HO(EODT)OH + 2 CH3CH2CH3 43.9 36.0 .. .. 44 .4 42.7 27.2 29.7 40.2
HO—(EODT):-OH + 3 CH3;CHCH2 = EODT + HO(EODT)OH +
CH.CHCH>CH.CHCH, - - 42.3 32.6 .. .. 423 0.0 26.8 29.3 0.0
HO-(EODT)+OH + 4 CH;CHCH: + CH;CHCHCHs = 3 EODT + HO-EODT-OH +
CH>CHCH>CH2CHCHa + CH.CHCH2CH,CHCHCHACH>CHCH» .. .. - - - - 391.2 392.5 364.4 378.2 392.5
HO-EODT)sOH + 4 CH;CHCH: + 2 CH;CHCHCH3 =4 EODT + HO-EODT-OH + 2
CH.CHCH,>CH>CHCHCH>CH.CHCH» - - - - - - 534.7 536.8 515.9 534.3 536.8
HO—-(EODT)s—OH + 8 CH;CHCH: + 3 CH;CHCHCH3 = 7 EODT + HO-EODT-OH + 10807 11175 11175
CH>CHCH.CH;CHCH: + 3 CHCHCH,CH,CHCHCH.CH>CHCH> T T U U U U U U ’ ’ ’
HO-(EODT)10—OH + 10 CH;CHCH: + 4 CH3CHCHCH; =9 EODT + HO-EODT-OH o o o o o o o o 14414 14903 14903

+ CH.CHCH:CH2CHCH: + 4 CH.CHCH.CH.CHCHCH.CH2CHCH2:

2 Target species is in bold face. Reference data (in kJ/mol): C2He = —83.8 + 0.3 (Pittam and Pilcher 1972)'; C2Hs = 52.5 £ 0.4 (Chase 1998)%; CH3CH2CH3 = —104.7 + 0.4 (Pittam and Pilcher 1972)!;
CH3CHCH: = 20.4 + 0.7 (Furuyama et al. 1969)3; (CH3)3CH = —134.2 + 0.6 (Pittam and Pilcher 1972)'; CH3CH20H = —234.3 + 0.8 (Chao and Rossini 1965)* ® CBS-QB3;° G3MP2B3; ¢ B3LYP/6-
31G(2df,p); ¢ MPWB95/6-31+g(d,p); f M062X/6-31G(2df,p); € M062X/6-311+G(2d,2p); » BHandHLYP/3-21g(d); ' Correlated values using linear regression line in Fig. 1a; i DFTBA; ¥ Correlated values
using linear regression line in Fig. 1b; ! Recommended value based on average of corrected BHandHLYP/3-21g(d)- and DFTBA-based values.

! Pittam, DA, Pilcher G. Measurements of heats of combustion by flame calorimetry. Part 8.-Methane, ethane, propane, n-butane and 2-
methylpropane. Journal of the Chemical Society, Faraday Transactions 1: Physical Chemistry in Condensed Phases. 1972;68:2224-2229.

2 Chase MW. NIST-JANAF thermochemical tables 4th edition. Journal of Physical and Chemistry Reference Data, Monograph. 1998;9:1-1951.
3 Furuyama S, Golden DM, Benson SW. Thermochemistry of the gas phase equilibria i-C3H71 = C3H6 + HI, n-C3H7I = i-C3H71, and C3H6 +
2HI = C3HS + 12. The Journal of Chemical Thermodynamics. 1969;1:363-375.

4 Chao J, Rossini FD. Heats of combustion, formation, and isomerization of nineteen alkanols. ] Chem Eng Data. 1965;10:374-379.
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Fig. A-1 Recommended Ad1,(298) estimates for molecules listed in Table 1 vs. Ad,(298)
estimates based on (a) BHandHLYP/3-21g(d) and (b) DFTBA
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List of Symbols, Abbreviations, and Acronyms

BD
CG-DPD
DOD
EM
EMC
EODT
FVT
hPBD
HR
HTPB
LAMMPS
MD
MSD

NG
NPT
PBD

PE
PPPM
QM-ESM

butadiene

coarse-grained dissipative particle dynamics
Department of Defense

energetic material

Enhanced Monte Carlo
6-ethenenyl-2,8,12,16-octadecatetraene
free-volume theory

hydrogenated polybutadiene

homogeneous reactor

hydroxyl-terminated polybutadiene

Large-scale Atomic/Molecular Massively Parallel Simulator
molecular dynamics

mean square displacement

molecular weight

nitroglycerin

constant-temperature, constant-pressure ensemble
polybutadiene

polyethylene

particle—particle particle-mesh

quantum mechanics-based electronic structure method
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