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ABSTRACT: Molecular dynamics (MD) simulations were performed on the energetic molecular perovskite (C¢H,N,)-
[NH,(ClO,);], with excellent detonation properties, thermal stability, and high specific impulse, which is a potential replacement for
AP as the next generation propellants. The cohesive energy density, binding energy, pair correlation function, maximum bond length
(Linay) of the N—H trigger bond, and mechanical properties of the (C¢H,,N,)[NH,(ClO,);] were reported. The calculated cohesive
energy density and binding energy decrease with increasing temperature, indicating a gradual decrease in the thermal stability with
temperature. In addition, H---O hydrogen bonding interactions have been found based on the results of pairwise correlation
functions. The maximum length (L,,,,) of the N—H trigger bond was calculated and used as a criterion to theoretically judge the
impact sensitivity. The maximum bond length of the N—H trigger bond grows gradually with temperature; however, it does very
slightly yet gradually above 373 K. This suggests that an increase in temperature leads to a higher impact sensitivity and lower
thermal stability. However, this effect becomes less pronounced when the temperature surpasses 373 K. Moreover, the calculated
mechanical data indicate that as the temperature rises, the material’s stiffness, hardness, yield strength, and fracture strength all
decrease. The material’s ductility shows an upward trend with increasing temperature, reaching its peak at 373 K and subsequently
declining as the temperature continues to rise.

1. INTRODUCTION for AP in high-energy composite solid rocket propellants,'’
thereby attracting the attention of a growing number of
researchers. By combining differential scanning calorimetry
(DSC) and simultaneous thermal analysis methods to

Perovskite materials have gained considerable attention as a
hot research area in solar cells,”? ferroelectrics,” detectors,”
and other domains due to their distinct structures and

exceptional capabilities. Recently, a series of molecular investigate the thermal behaviors of DAP-4, Zhou et al."!
perovskite compounds with high-energetic, known as DAPs, pointed out that the first thermal decomposition stage
have been created and synthesized by Chen’s team,’”* which occurred with the proton transfer from organic cations
marks the beginning of the application of perovskite in high- H,dabco™ and NH," to ClO,” to form NH; and HCIO,
energetic materials. Different from traditional energetic when the temperature was higher than 370 °C. Deng et al.'?
materials, these energetic molecular perovskites have unique reached the same conclusion by studying the thermal
structure features where the inorganic oxidizer components decomposition of DAP-4. Besides, there are many studies on
and organic fuel are tightly packed at the molecular level into a the thermal decomposition of DAP-4 by using catalysis such as
highly symmetric ternary unit. The unique structural features MoS, nanosheets, Ti;C, MXene, and so on."”~"”
make these energetic molecular perovskites possess excellent Despite the fact that there are many studies on DAP-4 today,
thermal stabilities, superior detonation performances, and low the majority of these studies mainly focus on thermal
cost. decomposition using experimental methods, and a theoretical
Among these energetic molecular perovskites, the com- study on DAP-4 is still blank. In order to gain a deeper and
pound (C¢H,4N,)[NH,(ClO,);] DAP-4 exhibits outstanding more systematic understanding of DAP-4, molecular dynamics
comprehensive performances (detonation velocity D = 8806 m (MD) simulations of DAP-4 at different temperatures were

s™!; detonation pressure P = 35.2 GPa; thermal decomposition
temperature Ty = 358 °C),” which are higher than those of
RDX (D = 8634 m s™!, P = 33.3 GPa, T, = 210 °C)’ and
comparable to HMX (D = 8892 m s/, P = 36.2 GPa, Ty = 279
°C).” More remarkably, it exhibits an extremely high specific
impulse (IsP = 254 s) much higher than that of ammonium
perchlorate (AP) (ISP = 157 s), the most-commonly used
oxidizing component in solid rocket.’” Moreover, DAP-4
synthesized from AP using a molecular assembly strategy has
a good oxygen supply capacity. Therefore, DAP-4 is being
given more and more consideration as a potential alternative

carried out in this paper. In our work, the variations of cohesive
energy density (CED) and binding energy (E,,q) with
temperature were provided and correlated with thermal

Received: November 3, 2023
Revised:  December 11, 2023
Accepted: December 15, 2023
Published: January S, 2024

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c08711

W ACS Publications 4013 ACS Omega 2024, 9, 4013-4018


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiaoli+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shenshen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jijun+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c08711&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08711?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08711?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08711?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c08711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Lattice Constants and Density of DAP-4 Crystal by MD and Experiment”

methods a (A) b (A) c(A)
Expt 14.426 14.426 14.426
NPT 14.467 14.447 14.359

(+0.28%) (+0.15%) (~0.46%)

“The corresponding deviations are given in parentheses.

a (deg) f (deg) v (deg) p (g/cm?)
90.0 90.0 90.0 1.87
90.0 902 90.1 1.89
(0%) (+0.22%) (+0.11%) (+1.07%)

stability of the crystal. The pair correlation function (PCF) was
applied to investigate the interactions between the different
ions. Particularly, the N—H trigger bond lengths of DAP-4
were discussed in terms of the relationship with sensitivity.
Besides, the mechanical properties at different temperatures,
including the tensile modulus (E), bulk modulus (K), shear
modulus (G), Poisson’s ratio (v), and Pugh’s ratio (K/G),
were also calculated and discussed in this work.

2. COMPUTATIONAL METHODS

All MD simulations were performed using a modified pcff force
field developed by Zhu’s teams,"® which is an all-atom force
field for ammonium perchlorate (AP) and has been
successfully applied to MD simulations of AP/HMX
composite. For simplicity, this force field was abbreviated as
the pcfl-AP force field in this work. On the basis of the crystal
parameters obtained from X-ray diffraction,” a supercell
composed of 2 X 2 X 2 unit cells was constructed. Each cell
contained a total of 64 (C4H,N,)[NH,(ClO,);] molecules
and 2688 atoms. All the models were allowed to evolve
dynamically in isothermal—isobaric (NPT) ensemble, where
the temperature was maintained using the Andersen stochastic
collision method'” and the pressure was managed using the
Parrinello—Rahman® scheme with all cell parameters fully
relaxed at atmospheric pressure. The cell time constant used to
control the pressure was set at 1.0 ps. The temperature started
from 223 to 423 K in step of 50 K. The van der Waals (vdW)
interactions were truncated at 12.5 A with long-range tail
correction”’ and the electrostatic interactions were calculated
via the standard Ewald summation.”* The equations of motion
were integrated with a step of 0.5 fs, and the equilibration run
was performed for S ns. After the equilibration run, production
runs of 1 ns were performed, during which data were collected
with 10 fs sampling interval for analysis. These calculations
were all performed using the software Material Studio from
Biovia Inc.

3. RESULTS AND DISCUSSION

To validate the applicability of the pcff-AP force field
parameters to DAP-4 crystal, the cell parameters and density
were calculated and compared with experimental values. The
calculations were conducted with full relaxation of all cell
dimensions and angle parameters without any symmetry
constraints (P1 space group). The simulated data for cell
parameters and densities as well as experimental data’ are
tabulated in Table 1. It is clear that the pcf-AP force field gives
a good and accurate reproduction of the experimental values
for lattice constants. The densities were calculated only with an
error of 1.07%. The unit cell structure and the equilibrium
supercell structure of DAP-4 are displayed in Figure 1.

3.1. Cohesive Energy Density. The cohesive energy
density (CED) is the quantity of energy required to totally
separate molecules from one another per mole for unit volume
until there are no interactions within or the energy required to
transition from the condensed phase to the gas phase per mole
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Figure 1. (a) Unit cell structure of DAP-4; (b) equilibrium supercell
structure of DAP-4. H atom in light gray, C atom in dark gray, N
atom in blue, O atom in red, and CI atom in green.

for unit volume. In atomistic simulations, cohesive energy
corresponds to the increase in energy when all intermolecular
forces per mole of a material are vanished, and the CED is
defined as per unit volume of which.

The CEDs of DAP-4 at different temperatures are displayed
in Table 2. As seen in Table 2, CED is the sum of vdW and
electrostatic energy under the pcf-AP force field. It is also can
be found that the cohesive energy density primarily comes
from electrostatic interactions. Additionally, it is clear that the
CED, vdW, and electrostatic energy in DAP-4 decrease
monotonically with increasing temperature. Accordingly, the
energy needed to transition a material from its condensed
phase to the gas phase, where it is more likely to decompose
and explode, would drop as temperature rose. Therefore, it is
conceivable that when temperature rises, DAP-4’s thermal
stability declines and its sensitivity rises as a result.

3.2. Binding Energy. The binding energy (E,;.q), which
can reflect how well the components are blended with one
another, is characterized as having a negative value as the
intermolecular interaction energy. By subtracting the energy of
individual component from the total energy of the entire
system, one can compute the energy of intermolecular
interactions between various components.23 For the ABX;-
type molecular perovskite (CzH,;,N,)[NH,(ClO,),],
C¢H,N,**, NH,*, and ClO,” denote the A-site, B-site, and
X-site ions, respectively. As mentioned above, the Ey;4 of
DAP-4 can be expressed as follows

Ebind = _Einter = _(Etotal - EA - EB - EX)

where E,, represents the total energy of the whole system, E,,
Eg, and Ey are the energies of A-site, B-site, and X-site ions,
respectively. The total energies (E,,;) of the whole system, the
energies of A, B, and X ions, and the binding energies (Ey;,q) of
the DAP-4 crystal at different temperatures are tabulated in
Table 3.

The binding energy denotes the degree of interaction among
the different components and can reflect the thermal stability
of the system.”* A higher binding energy indicates a stronger

https://doi.org/10.1021/acsomega.3c08711
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Table 2. Cohesive Energy Density CED, vdW, and Electrostatic Energy of DAP-4 at Different Temperatures (kJ cm™>)

temperature/K

energy 223 273 323 373 423

CED 3.77(0.02) 3.65(0.02) 3.48(0.01) 3.37(0.01) 3.26(0.02)
Vdw 0.58(0.00) 0.56(0.00) 0.51(0.01) 0.48(0.00) 0.45(0.01)
Electrostatic 3.19(0.00) 3.09(0.01) 2.97(0.01) 2.89(0.01) 2.81(0.01)

Table 3. Eo,y Ea, Eg, Ex and Ey;,g of DAP-4 at Different Temperatures (kJ mol™*)”

T/K Eioal Ey Ey Ex Eping
223 —9310.8(26.2) —4032.5(18.3) —1840.5(8.4) —313.2(13.5) 3124.7(12.7)
273 —8860.9(30.3) —3789.6(21.5) —1799.2(10.4) —195.3(17.7) 3076.8(14.2)
323 —8336.8(34.9) —3521.0(25.0) —1749.7(14.8) —75.6(19.1) 2990.6(13.6)
373 —7881.1(38.4) —3279.9(37.0) —1701.6(12.5) 39.4(22.4) 2939.1(16.5)
423 —7438.4(45.8) —3042.6(37.0) —1655.0(16.0) 147.6(30.1) 2888.4(18.9)

“The corresponding deviations are listed in parentheses.

interaction between the components and therefore a more
stable system. It is clearly seen that the Ey; 4 value of the
compounds gradually decreases with an increase in temper-
ature, which demonstrates that the thermodynamic stability of
the system decreases. This conclusion echoes that of obtained
from cohesive energy density. Additionally, it can be found that
the value of Ex increased with temperature and became
positive when the temperature was higher than 373 K
Therefore, it might be roughly speculated that this compound
would begin to become unstable at this temperature.

The breakdown of Ey;,4 is seen in Table 4. It is discovered
that electrostatic interactions, which account for around 65%

Table 4. Decomposed Components of Ey;,g;,, at Different
Temperature (kJ/mol)“

T/K Eina Eoqw S
223 3124.7(12.7) 1083.7(13.8) 2041.0(9.1)
273 3076.8(14.2) 1072.9(14.9) 2003.8(8.7)
323 2990.6(13.6) 998.7(16.0) 1991.9(12.0)
373 2939.1(16.5) 957.6(18.2) 1981.5(9.5)
423 2888.4(18.9) 925.0(17.6) 1963.4(10.3)

“The corresponding deviations are listed in parentheses.

of Eyg are the dominant source of binding energy. This
implies that there are strong electrostatic interactions among
these ions. Furthermore, it can be observed that the absolute
value of electrostatic energy is greater than that of vdW energy;
hence, we may infer that the electrostatic interactions play a
crucial part in the molecular interactions among different ions.
This is mainly due to the characteristics of the unique
perovskite where exist the alternately packed cations and
anions amounts of charges.

3.3. Pair Correlation Function Analysis. The pair
correlation function (PCF) is a useful and practical physical
tool as it can give insight into the structure of a material by
measuring the local spatial ordering and thus the probability
density g(r) of finding an atom at a distance from a reference
atom. In general, the distance range for hydrogen bonds is
2.0—3.1 A, while the distance range for stronger vdW is 3.1—
5.0 A. Once two atoms are separated by more than 5.0 A, the
vdW interaction becomes very weak. The PCF curves for (H--
O) atom pair in DAP-4 are displayed in Figure 2. The
hydrogen atom in C¢H ,N,*"and NH," and oxygen atoms in
ClO,~ were labeled as O and H, respectively. From Figure 2, it

4015

r/A

Figure 2. PCF for H--O in the crystal of DAP-4 at different
temperatures.

can be found that the PCF curves at different temperatures
show relatively high peaks at about 2.4 A and lower peaks at
about 4.6, which suggests that the H:--O atom pairs exist in the
form of hydrogen bonding in addition to vdw interactions. It
can also be seen that the PCF curves slightly shift to the right
and its peak height decrease with the increased temperature.
This is mainly due to the enhanced atomic motion at elevated
temperatures. Thus, it shows that the interaction between
atoms decreases with increasing temperature.

3.4. N-H Trigger Bond Length. In the field of energetic
compounds, there is a theoretical criterion for judging relative
sensitivity.”> According to the principle of smallest bond order
(PBSO), the smaller the bond order of the trigger bond in the
chemical structure of a group of energetic compounds, the
greater the sensitivity.”*>” This principle has been applied to
predict the impact sensitivity for different kinds of energetic
materials. In brief, for a certain type of chemical bond, the
longer the bond length, the less stable the bond is, the more
likely it is to break during pyrolysis, and the more sensitive the
molecule is. Although the electronic structure and bond order
data cannot be provided by MD simulation, the statistical data
on bond length can be provided by MD simulation in place of
the bond order data. Studying the variation of the bond length
with temperature can help us to understand the sensitivity of
DAP-4 at different temperatures.

https://doi.org/10.1021/acsomega.3c08711
ACS Omega 2024, 9, 4013—-4018
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According to the studies on the thermal decomposition of
DAP-4,""'* we can assume that the N—H bond from
CeH4,N,* and NH," is the trigger bond of DAP-4. According
to the results presented in Table 5, the average bond lengths

Table 5. Trigger Bond (N—H) Lengths (A) of DAP-4 at
Different Temperatures”

temperature/K 223 273 323 373 423
L. 1.003 1.004 1.004 1.00S 1.006
(0.010)  (0.072)  (0.017)  (0.056)  (0.036)
Lo 1.144 1.164 1.194 1.211 1.218
(0.009)  (0.007)  (0.007)  (0.010)  (0.005)
“The corresponding deviations for L,. and L, are listed in
parentheses.
(Lyye) for the trigger bond in the DAP-4 crystal show only a

slight enhancement as the temperature rises. However, the
maximum bond lengths (L,,,,) exhibit more significant and
gradual growth. This suggests that the maximum bond length,
rather than the average bond length, is more strongly
correlated with the initial bond broken during DAP-4s
detonation. As the temperature rises, the maximum bond
length gradually rises. For instance, when the temperature
reaches 373 K, the maximum bond length adds from 1.144 to
1211 A. After reaching this point, the addition in the
maximum bond length becomes slower. This indicates that
the impact sensitivity of DAP-4 gradually intensifies as the
temperature rises. Moreover, when the temperature reaches
around 370 K, the impact sensitivity rises at a slower rate with
further temperature increments.

3.5. Mechanical Properties. Mechanical properties, as
one of the important properties, of high-energetic materials are
inextricably related to the preparation, transportation, storage,
and usage of high-energetic materials. The elastic modulus of a
material, as a measure of its resistance to elastic deformation, is
an indication of its stiffness and can also be linked to the plastic
and fracture properties of the material. The stiffness and shear
strength of a material are indicators of resistance to plastic
deformation and are positively correlated with the shear
modulus.”** The fracture strength increases with increasing
bulk modulus.***" Poisson’s ratio (v) is a measure of the
Poisson effect, the deformation (expansion or contraction) of a
material in directions perpendicular to the direction of loading.
An essential mechanical criterion for determining whether a
material is ductile or not is the Pugh’s ratio (K/G). The
compound is deemed ductile when K/G > 1.75; brittle when
K/G 1.75. And the larger the K/G value, the better the
ductility of the material.®

The elastic moduli, Poisson’s ratios, and Pugh’s ratio K/G of
DAP-4 at different temperatures, calculated based on the

production trajectory fluctuation analysis and Royce’s average
values,”™ are presented in Table 6. As can be seen from Table
6, the elastic moduli K, E, and G of the DAP-4 all decrease with
increased temperature, thus suggesting that the material’s
stiffness, hardness, yield strength, and fracture strength all
decrease with higher temperature. It is worth noting that
Poisson’s ratio, which characterizes the lateral deformation of a
material under stress, is less affected by temperature variations.
Table 6 provides further insights into the relationship between
temperature and the compound’s properties. The calculated
value of K/G, which represents the ratio of the bulk modulus
to the shear modulus, augments from 2.22 to 2.53 as the
temperature rises until the temperatures surpass 373 K. This
indicates that at temperatures below 373 K, the ductility of the
compound actually improves with rising temperature. In
contrast, at temperatures above 373 K, the ductility of the
material tends to decrease as the temperature continues to rise.

4. CONCLUSIONS

In this study, NPT-MD simulations on ammonium per-
chlorate-based molecular perovskite (C4H,4N,)[NH,(ClO,);]
were conducted to investigate the effect of temperature on its
thermal stability as well as mechanical properties. Cohesive
energy density and binding energy calculation for the thermal
stability assessment, PCF analysis, the maximum bond length
of the N—H trigger bond, and the computation of mechanical
properties were all part of the simulations. It is clear from the
computed cohesive energy density and binding energies that
both of them gradually decrease with temperatures, which
means that the interaction among ions weakened, thus
demonstrating a decrease in the thermodynamic stability of
the system. From the decomposition of CED and E,g4, it also
can be found that the electrostatic interactions play a crucial
part in the molecular interactions. PCF analysis of atom pairs
shows that there exists hydrogen bond interaction between
H--O atom pairs. The findings in this study suggest that the
impact sensitivity of DAP-4, as indicated by the maximum
bond length of the N—H trigger bond, gradually rises with
higher temperatures. However, this development becomes
slower at temperatures above 373 K. Additionally, the
mechanical properties of DAP-4, including the moduli (E, K,
G), show a consistent decrease as the temperature rises. The
ratio of bulk modulus to shear modulus (K/G) grows with
temperature, reaching its maximum value at 373 K, and
subsequently decreases with further temperature increments.
This implies that the material’s stiffness, hardness, yield
strength, and fracture strength all decline with increasing
temperatures. The ductility of the material exhibits an upward
trend with rising temperature, reaching its peak at 373 K and
then declining as the temperature continues to rise. To sum up,
this study provides valuable theoretical insights into the

Table 6. Tensile Modulus (E), Poisson’s Ratio (v'), Bulk Modulus (K), Shear Modulus (G), and Quotient K/G at Different

Temperatures”
parameter 223 K 273 K
K 7.65(0.09) 5.62(0.12)
E 8.99(0.13) 6.08(0.02)
G 3.45(0.05) 2.30(0.03)
v 0.30(0.00) 0.32(0.00)
K/G 2.22(0.01) 2.44(0.02)

323 K 373 K 423 K
4.72(0.06) 2.85(0.04) 2.55(0.05)
5.02(0.04) 2.98(0.04) 2.95(0.03)
1.90(0.02) 1.13(0.04) 1.13(0.06)
0.32(0.00) 0.33(0.00) 0.31(0.00)
2.49(0.02) 2.53(0.02) 2.26(0.03)

“The corresponding deviations are given in brackets. The unit for E, K, and G is GPa.
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thermal behavior of molecular perovskite energetic materials,
which in turn promotes the process of practical application of
energetic molecular perovskite DAP-4.
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