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ABSTRACT: The physical and chemical properties of solid
propellant are influenced by the composition and structure of
the binder, with its network structure being formed through curing
and cross-linking reactions. Therefore, understanding the mecha-
nisms of these reactions is crucial. In this study, we investigated the
curing and cross-linking mechanisms of poly(3,3-bis-azidomethyl
oxetane)-tetrahydrofuran (PBT), toluene diisocyanate (TDI), and
trimethylolpropane (TMP) using a combination of density
functional theory (DFT) calculations and accelerated ReaxFF
molecular dynamics (MD) simulations. DFT calculations revealed
that the steric effect of the −CH3 group in TDI exerts a significant
influence on the curing reaction between TDI and PBT. Additionally, in the cross-linking process, the energy barrier for TDI
reacting with TMP was found to be much lower than that for TDI reacting with the PBT-TDI intermediate. Subsequently, we
conducted competing reaction processes of TMP/TDI-PBT-TDI cross-linking and TDI-PBT-TDI self-cross-linking using
accelerated MD simulations within the fitted ReaxFF framework. The results showed that the successful frequency of TMP/TDI-
PBT-TDI cross-linking was substantially higher than that of TDI-PBT-TDI self-cross-linking, consistent with the energy barrier
results from DFT calculations. These findings deepen our understanding of the curing and cross-linking mechanisms of the PBT
system, providing valuable insights for the optimization and design of solid propellants.

1. INTRODUCTION
Composite solid propellants find extensive applications in
aerospace and various other fields, typically comprising a
binder, solid oxidizer, and metal powder.1,2 Of these
components, the binder with the cross-linking network is
formed through curing and cross-linking reaction of the
polymer, curing agent, and cross-linker. Serving as the polymer
matrix of the propellant, the cross-linking network structure
not only binds the solid filler but also significantly influences
the mechanical properties of solid propellants.3 Consequently,
investigating the composition and formation mechanism of
binders is of paramount importance for regulating the
mechanical properties of solid propellants.

High-energy-density polymers play a critical role in
providing combustible elements for solid propellants. Various
polymers4−7 with exceptional physical and chemical properties
have been developed for this purpose, including hydroxyl-
terminated polybutadiene (HTPB), carboxyl-terminated poly-
butadiene, glycidyl azide polymers (GAPs), and poly(3,3-bis-
azidomethyl oxetane)-tetrahydrofuran (PBT). Curing agents
and cross-linkers are essential for linking polymers through

reactions to enhance the physicochemical and mechanical
properties of the propellant. Commonly used curing agents
and cross-linkers include toluene diisocyanate (TDI), iso-
phorone diisocyanate (IPDI), 4,4-methylenebis(phenyl iso-
cyanate), and trimethylolpropane (TMP), respectively. Under-
standing the reaction mechanisms is crucial for designing and
preparing binder systems. Bansal et al. calculated the activation
energy of HTPB and TDI reactions under different [NCO]/
[OH] ratios by using the increased rate of viscosity. They
found that the formation rate constant of the curing network
remains constant at [NCO]/[OH] > 0.9, while the decrease in
activation energy is lower at [NCO]/[OH] ≤ 1.8 Different
[NCO]/[OH] ratios can affect the physical and chemical
properties of the products. Özkar et al. investigated the thermal
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behavior of triisocyanate curing GAP using differential
scanning calorimetry and thermal gravimetric analysis. Their
results showed that the glass-transition temperature and
ultimate hardness increase with an increasing [NCO]/[OH]
ratio, while the decomposition temperature remains practically
unchanged. A [NCO]/[OH] ratio of 0.8 was found to provide
the most suitable thermal and physical characteristics for
composite propellant applications.9 Additionally, a mixture of
TMP and butanediol (BD) with different ratios was reported
to significantly affect the mechanical properties of HTPB
propellants. Samples containing TMP/BD (2:1) provide the
highest strength, while samples containing TMP/BD (1:2)
exhibit the highest strain over all of the [NCO]/[OH] ratios.
Formulations with TMP/BD (1:1) yield high strength with
moderate strain.10 However, conducting such propellant
experiments is often time-consuming, costly, and dangerous.

Computational simulation has recently been considered as
an attractive alternative to the experiments as useful atomistic-
level insight can be obtained from these simulations.11−16 Zhao
and Zhu utilized density functional theory (DFT) to
investigate the thermal curing mechanisms of PBT and TDI
and the influence of several typical ingredients on the curing
reaction through energies, electronic structures, and kinetic
parameters.17 Despite the high accuracy offered by DFT, its
computational demands limit its application on larger spatial
and temporal scales.18 Classical molecular dynamics (MD)
simulations, which are based on parametrized force fields, excel
at performing large-scale simulations. For example, Deng et al.
investigated the influence of different component contents on
the mechanical properties of PBT solid propellant and
established a structure−mechanical properties relationship at
the molecular level.16 On the other hand, ReaxFF19 provides
the possibility to simulate the large-scale reaction process, and
it has been widely used in various systems, including high-
energy materials,20 Si/O systems,21 and catalytic systems.22,23

However, for certain chemical reactions such as polymer cross-
linking and cracking, material oxidation, and growth processes,
more than microseconds of reaction time are typically
required, which is challenging to achieve with reaction force
field simulation alone. In this regard, efforts have been made to
develop acceleration algorithms to improve the efficiency of
reactive MD simulation.11,24−28 Yilmaz et al. developed a
hybrid ReaxFF simulation method, which alternates reactive
and nonreactive MD simulations with the assistance of
machine learning models to simulate large systems that require
long time scales.11 Additionally, van Duin et al. developed a
“bond-boost” method within the ReaxFF reaction force field
framework to help the reactants overcome the reaction barrier
by providing sufficient energy to accelerate the cross-linking
reaction based on the distances and orientations of the
reactants.27,28

Among typical energetic polymers, PBT has attracted much
attention due to its higher energy density of azide groups and a
lower glass-transition temperature. Consequently, in this work,
we employed DFT calculation and accelerated ReaxFF MD

simulation to investigate the competing cross-linking processes
of the PBT/TDI/TMP system. Initially, DFT calculations were
employed to determine the reaction energy profiles of the
PBT/TDI/TMP system and analyze the reactivity of different
sites using various methods from the conceptual density
functional theory (CDFT). Subsequently, to simulate the
large-scale reaction process, the corresponding ReaxFF
parameters were fitted based on DFT data. Following
parametrization, the competing reactions involving the TDI-
PBT-TDI self-cross-linking process and the TMP/TDI-PBT-
TDI cross-linking process were examined using ReaxFF MD
simulation coupled with “bond-boost” accelerated simulation
method.

2. MODELING AND COMPUTATIONAL DETAILS
2.1. Modeling. In this work, we focused on PBT, TDI, and

TMP molecules. To enhance the computational efficiency, an
oligomer with one repeating unit of PBT (PBAMO/THF) was
employed as the model for PBT. TDI exists in various isomeric
forms, and for this study, we selected two commonly used TDI
curing agents: 2,4-TDI and 2,6-TDI. For convenience, the −
NCO group in 2,6-TDI and the −NCO group located at the
ortho-position and para-position of 2,4-TDI were denoted as −
NCO(A), −NCO(B), and −NCO(C), respectively. The
detailed chemical details, CAS numbers, and molecular models
are provided in Table 1.
2.2. DFT Calculations. DFT calculations were carried out

by the Gaussian 16 program.29 The basis set of B3LYP-D3/6-
311G (d,p) was used to optimize the molecular structures, and
accurate single-point energies were calculated at the high level
of M062X-D3/def2TZVPP. The transition state (TS)
structures were identified by the presence of one imaginary
frequency and further validated though the intrinsic reaction
coordinate approach.30 A vibrational frequency scaling factor
of 0.964 was selected for thermal correction.31 With the help of
Gaussview program32 and Multiwfn 3.8,33 the molecular
electrostatic potential surface (ESP), Hirshfeld charge,
condensed Fukui functional, and condensed dual descriptor
were performed to analyze the electronic structural properties
of molecules.
2.3. ReaxFF Method and Accelerated Simulations

Method. ReaxFF is a reactive force field based on the bond
order concept,19 enabling bonds to break and form
dynamically during ReaxFF MD simulation. Unlike empirical
nonreactive force fields, ReaxFF establishes connectivity
between atoms based on bond order, which adapts to the
local atomic environment with each iteration. The total
interaction energy in ReaxFF is partitioned into two
contributions: bonding and nonbonding interactions. The
general form of the ReaxFF potential energy function can be
described as follows

= + + + + +

+ + + +

E E E E E E E

E E E E

system bond over under val tors conj

vdw Coulomb H bond rest (1)

Table 1. Chemical Compounds, CAS Numbers, and Molecular Model Details

chemical name abbreviation chemical formula CAS number model

poly(3,3-bis-azidomethyl oxetane)-tetrahydrofuran PBT HO(C5H8N6O)m(C4H8O)nH B3LYP/M062X/ReaxFF
2,4-toluene diisocyanate 2,4-TDI C9H6N2O2 584-84-9 B3LYP/M062X/ReaxFF
2,6-toluene diisocyanate 2,6-TDI C9H6N2O2 91-08-7 B3LYP/M062X/ReaxFF
trimethylolpropane TMP C6H14O3 77-99-6 B3LYP/M062X/ReaxFF

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04558
ACS Omega 2024, 9, 33153−33161

33154

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where the terms of bonding interactions include bond, valence
angle, lone pair, conjugation, and torsion angle, and the terms
of nonbonding interactions include van der Waals, Coulombic
interactions, and hydrogen bond.

In this work, all MD simulations were performed by large-
scale atomic/molecular massively parallel simulator software.34

Periodic boundary conditions were applied in all directions.
For system of PBT/TDI/TMP, the ReaxFF parameters
involving C−N−C, C−O−H, N−C−N, N−C−O, and O−
C−O angle strain were reparametrized based on previous
developed parameters of C/H/O/N.35 The fitting process was
implemented by GARFfield code,36 a genetic algorithm-based
ReaxFF optimizer framework, against a training set of DFT-
derived data, the data are provided in Tables S1−S6. The
complete set of ReaxFF parameters is provided in the
Supporting Information Comparing the energies calculated
by ReaxFF and DFT (Figure S1), it is evident that the fitting
result is highly accurate.

The accelerated simulation method is realized by providing
external energy to the reactive atoms based on the ReaxFF
framework.27 The additional energy provided to a pair of
atoms is expressed as follows

= [ ]E F 1 e F R R
add 1

( )ij2 12
2

(2)

where F1 and F2 are constants with units of kcal/mol and Å−2,
respectively, Rij is actual distance of two atoms during
simulation, and R12 is equilibrium distance. As shown in
Figure 1, the accelerated simulation method starts from a

conventional ReaxFF MD simulation with an NVT ensemble.
Subsequently, the spatial configuration of the equilibrium
structure is examined. If the distance of the reactive atoms
meets the specified criteria, an additional force field is
introduced for the corresponding reaction, and accelerated
ReaxFF MD simulation is carried out; otherwise, the
conventional ReaxFF MD simulation is continued. This
iterative process continues until the predetermined number
of loops is reached, culminating in the final structure output.

3. RESULTS AND DISCUSSION
To elucidate the reaction mechanisms of PBT/TDI/TMP-
based cross-linked systems, we proposed the following reaction
pathways based on existing research studies,16,17,37,38 as shown
in Figure 2.

The potential energy surfaces of the different reaction
pathways, as shown in Figure 2, were calculated by DFT, and
the results of energies and the structures of transition states are
shown in Figures 3 and S2, respectively. For the reaction
between PBT and TDI (curing process), the energy barrier for
the ortho-NCO group in 2,4-TDI reacting with PBT (TS_2) is
similar to that of the −NCO group in 2,6-TDI reacting with
PBT (TS_1), with values of 41.45 (Figure 3b) and 41.53 kcal/
mol (Figure 3a), respectively. This similarity arises from the
comparable local environments of the −NCO groups (both are
close to the −CH3 group) in 2,4-TDI and 2,6-TDI.
Conversely, the energy barrier for the para-NCO group in
2,4-TDI reacting with PBT (TS_3) is lower at 41.03 kcal/mol
(Figure 3c), attributed to the steric effect of the −CH3 group
in the TDI molecule. This was consistent with the
experimental results of 1H nuclear magnetic resonance
spectroscopy by He et al., they found that among the reaction
products between NCO and OH group, the integration of peak
areas for the products of the para-NCO in 2, 4-TDI molecule
reacting with the OH group is the largest.38 Therefore, the
same reaction groups (−NCO group and −OH group) cause
the energy barriers of the TDI isomers to react with PBT to be
close, and the difference is due to the steric effect of the
different reaction sites.

Additionally, the reaction between two molecules involves
two processes of molecular proximity and electron exchange,
both of which significantly impact the reaction activity and the
energy barrier. To quantitatively characterize the reaction
activity, several methods from CDFT were carried out.
Specifically, the ESP and Hirshfeld charge were used to
describe molecular approaching tendencies, and condensed
Fukui functional ( f + or f −) and condensed dual descriptor
(Δf) were selected to evaluate electron exchange ability.17,39,40

As shown in Figure 4, for reactant, the reactivity of the −NCO
group in the ortho-position of 2,4-TDI closely resembles that
of the −NCO group in 2,6-TDI, which verifies the observed
similarity in the energy barrier. The maxima of ESP around the
C atom of −NCO(C) (13.01 kcal/mol) exceed that of −
NCO(B) (10.61 kcal/mol), indicating that −NCO(C) is more
accessible to the −OH group of PBT than −NCO(B).
Furthermore, the f + and Δf values of the C atom in −
NCO(C) are lower than those of the C atom in −NCO(B),
suggesting weaker electrophilicity of −NCO(C). Together
with the energy barrier results, it is evident that steric effects
play a pivotal role in the reaction between the PBT and TDI
molecules.

For the cross-linking process that forms the cross-linking
site, the energy barriers for further reaction of −NCO groupsFigure 1. Flowchart of the accelerated simulation method.
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at different sites in the TDI molecule with curing intermediates
(INT_2 and INT_3) were calculated and are shown in Figure
3b,c. The energy barrier of −NCO(B) reacting with INT_2
(ΔGTS_b = 51.18 kcal/mol) is slightly higher than that of −
NCO(C) reacting with INT_2 (ΔGTS_c = 50.97 kcal/mol),
indicating that the steric effect of the −CH3 group in the TDI
molecule still influences the reaction energy barrier. However,
compared to the difference in the energy barrier for different
sites of −NCO in the curing process (0.42 kcal/mol), the
difference in energy barrier in the second step (0.21 kcal/mol)
is reduced, suggesting a significant weakening of the steric
effect in the second step reaction. A similar phenomenon is
also observed in the reaction of INT_3 with −NCO groups at
different sites in the TDI molecule. Carefully analyzing the
structures of reactants, it is evident that the structures of curing
intermediates (INT_2 and INT_3) are considerably more
complex than that of the PBT molecule. The energy barriers of
the second step reaction are much larger than those of the
curing process. Therefore, for the second step reaction, the
structure of the curing intermediate plays a major role in
determining the energy barrier.

In addition, the role of the TMP cross-linker in the cross-
linking process was investigated. As shown in Figure 3d, the
three −OH groups in TMP reacts successively with the −NCO
group of TDI molecules, with the three reaction energy

barriers (39.44, 40.31, and 39.83 kcal/mol) being close to each
other and significantly lower than the energy barriers of TDI
molecule reacted with curing intermediates. Consequently, the
TMP molecule is more inclined to cross-link with curing
intermediates rather than undergo self-cross-linking. Methods
from CDFT were further employed to analyze the reaction
activity of intermediates (Figure 5). For the curing
intermediates (INT_1, INT_2 and INT_3), there are no
minima of ESP around the cross-linking sites (N atom),
resulting in the N atom exhibiting electrophilicity, which leads
to weak cross-linking reaction activity and a high energy barrier
for the curing intermediate reacting with the TDI molecule.
Conversely, after the reaction of TMP molecule with TDI
molecule, the values of ESP, Hirshfeld charge, condensed
Fukui functional, and condensed dual descriptor of the
unreacted −OH group did not change significantly. This
indicates that the reaction activity of the −OH group in the
TMP molecule is not affected by the reaction process,
consistent with the results of the reaction energy barriers.
Based on the above analysis, it can be concluded that the
presence of TMP molecules is conducive to the formation of
PBT/TDI systems to form cross-linking networks.

To explore the macroscopic properties of the PBT system,
large-scale simulations such as the MD simulation are
necessary. Prior to this, the accuracy of the force field was

Figure 2. Reaction pathways of PBT/TDI/TMP-based cross-linked systems.
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further validated. The structures of classical barrier energies
(energies without thermal correction) of transition states were
calculated using both DFT and ReaxFF. As shown in Figures 6,
S2, and S3, the values of atom distances and dihedral angles at
the transition states obtained by DFT and ReaxFF were closed,
indicating good agreement between the structures derived
from ReaxFF and those from DFT calculations. Moreover,
strong agreement was observed between DFT and ReaxFF in

classical barrier energies. The ReaxFF barrier energy of TS_1
(27.32 kcal/mol) exhibited a small deviation from the
calculated value of DFT (27.47 kcal/mol). Similar results
were observed in other transition states (Table S7). These
results further demonstrated the accuracy of the parameters
within the ReaxFF.

Since the comparison between the ReaxFF and the DFT
energies for the PBT/TDI/TMP system demonstrates good

Figure 3. Energy profiles for the reaction pathways corresponding to Figure 2. The values in each graph are Gibbs free energies.

Figure 4. Molecular electrostatic potential surface of 2,6-TDI, 2,4-TDI, PBT, and TMP. Color scale of surface from −0.03 to 0.03 represents
negative to positive charged region. The labels show the values of ESP’s minima and maxima, Hirshfeld charge, condensed Fukui functional, and
condensed dual descriptor from top to bottom, respectively.
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agreement, it is feasible to accelerate the reaction to form
polymers by introducing external energy within the ReaxFF
framework. Considering that the energy barriers of the curing
process of different molecules are relatively close, and the
energy barriers of the cross-linking process with or without
TMP molecule are significantly different, we selected the cross-
linking process for accelerated ReaxFF MD simulations. For
accelerated cross-linking simulation, the model system
comprised three monomers (PBT, TDI, and TMP). Among
these, the TDI-PBT-TDI oligomer was directly used, and the
initial structure of the monomer mixture, including six TDI-
PBT-TDI oligomer molecules and four TMP molecules, was
constructed with the help of the Amorphous Cell module in

Accelrys Materials Studio. As the reactions of the TDI-PBT-
TDI self-cross-linking and the TMP/TDI-PBT-TDI cross-
linking are competing reactions, identical force parameters (F1,
F2, and R12) of additional energies, as shown in Figure 7, were
set to ensure the same reaction conditions.

Based on the aforementioned force parameters, the TDI-
PBT-TDI self-cross-linking process and the TMP/TDI-PBT-
TDI cross-linking process were carried out by ReaxFF MD
simulations with accelerated algorithm, the sampling structures
are shown in Figures 8 and 9, and the complete atomic
trajectories are provided in Supporting Information (Movies
S1 and S2). Analysis of the MD trajectories reveals that the
cross-linking reaction occurs within femtoseconds. The process
initiates when two molecules come into close proximity under
the influence of additional energy. In this configuration, the
carbon atom in the −NCO group approaches the nitrogen (or
oxygen) atom in the −NH− (−OH) group, while the nitrogen
atom in the −NCO group approaches the hydrogen atom in
the −NH− (−OH) group, leading to the formation of an
intermediate with a four-membered ring structure. Subse-
quently, the N−H (O−H) bond in the −NH− (−OH) group
breaks, completing the cross-linking process. Notably, the
intermediates with four-membered ring structures observed in
the MD trajectories align with the TS structures calculated by
DFT (Figures S2 and S3), further validating the reliability of
the accelerated simulation method.

Moreover, as reactions continue to take place, the cross-
linking network is gradually formed, as shown in Figure 10.
Upon counting the occurrences of the two reactions over time
(Figure S4), it becomes apparent that the TMP/TDI-PBT-
TDI cross-linking exhibited a faster reaction rate, and after

Figure 5. Molecular electrostatic potential surface of INT_1, INT_2, INT_3, INT_4, and INT_5. Color scale of surface from −0.03 to 0.03
represents negative to positive charged region. The labels show the values of ESP’s minima and maxima, Hirshfeld charge, condensed Fukui
functional, and condensed dual descriptor from top to bottom, respectively.

Figure 6. Configurations of TS_1 calculated by DFT and ReaxFF,
respectively. Bond distances are given in Å.
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simulation time of 50 ps, the TMP/TDI-PBT-TDI cross-
linking process (seven times) is more prevalent than the TDI-
PBT-TDI self-cross-linking process (two times). This obser-
vation suggests that the TMP/TDI-PBT-TDI cross-linking
process is more likely to transpire under same conditions,
which is consistent with the energy barrier results calculated by
DFT. In addition, the experimental results also show that TMP
has a low melting point and contains three −OH groups in its
molecular structure, which is easy to react with −NCO groups,
promote the formation of three-dimensional network of
elastomers, and can improve the cross-linking degree of

cured products.41 Hence, the presence of TMP molecules
facilitates the formation of the cross-linking network structure
for the PBT/TDI system.

4. CONCLUSIONS
In this work, we investigated the curing and cross-linking
processes of the PBT/TDI/TMP system using DFT
calculation and accelerated ReaxFF MD simulation. Our
DFT findings revealed that during the curing process, the
energy barrier for para-NCO group in 2,4-TDI reacting with
PBT is the lowest, attributable to the steric effect of the −CH3

Figure 7. Force parameters (F1, F2, and R12) for two different types of cross-linking reactions with units of kcal/mol, Å−2, and Å, respectively.

Figure 8. Sampling structures taken from the ReaxFF MD trajectory for TDI-PBT-TDI oligomer self-cross-linking. The C, H, and N atoms
involved in the reaction are represented by black, yellow, and light blue, respectively.

Figure 9. Sampling structures taken from the ReaxFF MD trajectory for TMP reacted with TDI-PBT-TDI oligomer. The C, H, O, and N atoms
involved in the reaction are represented by black, yellow, orange, and light blue, respectively.
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group in the TDI molecule, compared to the ortho-NCO group
in 2,4-TDI and the −NCO group in 2,6-TDI. Additionally, in
the cross-linking process, the energy barrier for TDI reacting
with TMP is considerably lower than that for TDI reacting
with PBT-TDI intermediate. CDFT results demonstrated that
the reaction activity of the −OH group in the TMP molecule
remains unaffected by the reaction process, consistent with the
results of the reaction energy barriers. To simulate the dynamic
changes of the reaction process, we utilized a genetic
algorithm-based ReaxFF optimizer framework to reparametrize
the ReaxFF parameters involving C−N−C, C−O−H, N−C−
N, N−C−O, and O−C−O angle strain based on previously
developed parameters of C/H/O/N. Notably, the structures
and energy barriers of transition states obtained based on the
fitted ReaxFF exhibited excellent agreement with the results
obtained by DFT. Moreover, to accelerate the cross-linking
process, we employed the accelerated method within the
framework of the ReaxFF to simulate the competing reactions
of TMP/TDI-PBT-TDI cross-linking and TDI-PBT-TDI self-
cross-linking. Our results demonstrated that the frequency of
TMP/TDI-PBT-TDI cross-linking is significantly higher than
that of TDI-PBT-TDI self-cross-linking, consistent with the
energy barrier results from DFT calculations. This accelerated
method offers an effective way for investigating the competing
reaction processes, and multiscale simulation results contribute
to a comprehensive understanding of curing and cross-linking
reaction mechanisms.
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