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ABSTRACT: RDX is widely used in various explosion situations, and there are many studies on its detonation performance, safety,
preparation, etc. Research on preparation of #-RDX is mainly conducted by experiments. In recent years, part of the research points
to the use of substrate as a medium to produce f-RDX faster. Based on this guidance, our work aims to theoretically solve the
physical and chemical processes that RDX may experience in the production process through numerical simulation. In this work,
molecular dynamics simulation is set up for the interaction between RDX and a Si clean surface and a Si hydroxyl saturated surface
separately, and a higher precision simulation is set up to verify the reliability of the results. NCI analysis is also used to guess the
possible phase transition mechanism in the simulation results. In the simulation process, a 7 X 7 Si clean surface, a 3 X 3 Si clean
surface, and a 7 X 7 Si-OH surface are set, and each surface adsorbs one a-RDX. The semiempirical Gfnl-xtb method is used for the
7 X 7 surface, and the DFT method is used for the 3 X 3 surface. The calculation results confirmed by high-precision results show
that RDX molecules will react with the dangling bonds on the Si surface. Three conformations of RDX were found on the hydroxyl
saturated surface of Si. The isosurface generated by the NCI method is used to analyze the reasons for the formation of these
conformations.

1. INTRODUCTION NO, O,N NO;
1,3,5-Trinitrohexahydro-s-triazine (RDX, C3H6N606) is one

of the most commonly used energetic materials because of its NO2 N%N
good detonation performance and appropriate explosive ONTT N~ \ \
sensitivity.' "' In recent years, many studies have revealed the \ A \ A
phase structure of RDX. From a series of experimental and

theoretical calculation results, the phase structure of RDX

includes the following five types: a, 3, 7, 6, and €. Here, a-RDX is AAA

the stable phase under ambient condition, f-RDX is the Figure 1. Two conformations of the RDX molecule. The AAA form has
metastable phase, which exists near the meltingline, and y, 4, and all nitro groups axial to the triazine ring, and the AAE form has an
£-RDX exist under high pressure.”'””>' The conformational equatorial group.

differences of RDX molecules in these phases are mainly shown

by the different relative positions of nitro groups with respect to Received: November 23, 2022

the triazine ring. The two most common conformations are AAA Accepted: January 11, 2023

(all nitro groups axial to the triazine ring), which forms f-RDX, Published: January 19, 2023

and AAE (two of the nitro groups axial to the triazine ring, with
the third in an equatorial position), which forms a-RDX (Figure

1.
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Figure 2. (a) 3 X 3 silicon surface in the (111) plane. (b) 7 X 7 silicon surface in the (111) plane saturated by H atoms on the slab’s bottom. (c) 7 X 7
silicon surface in the (111) plane saturated by —OH groups on the slab’s upper surface and saturated by H atoms on the bottom.
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Figure 3. Eighteen frames of the dynamic process of the chemical reaction between the RDX molecule and the 7 X 7 silicon slab.

In practical use, the a—f} phase transition of RDX often occurs
in various conditions, which are usually related to preparing
samples or the safety of EM.””'***** In some reports,
researchers deposited RDX solution onto different substrate
surfaces (glass, hydrophilic glass, stainless steel, gold), and the
a—f} phase transition was found in the crystallization process by
IR and Raman spectroscopies.1’17’22’24’25 As a contrast, a density
functional theory (DFT) result shows that the RDX molecule on
an Al layer changes the conformation of RDX to nearly AAA,
which is indicative of the  form. Gao et al.”® further studied the
growth of the  form on different substrates using the thermal
sublimation deposition method. The experiment concluded that
hydrophobic materials are prone to producing a-RDX, whereas
hydrophilic materials favor the growth of f-RDX.

Although a relatively stable method for the experimental
preparation of RDX is already available, we still do not know
what physical or chemical processes the RDX molecules
undergo on the substrate that may lead to a phase transition.

In this work, first-principles methods and semiempirical
quantum chemical methods are used to simulate the kinetic
processes and chemical reaction processes of RDX molecules on
the three silicon substrates and to analyze the noncovalent
interactions (NCIs) in the kinetic process. This work provides a
theoretical basis for relevant experimental studies.
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2. COMPUTATIONAL DETAILS

To discuss different substrate conditions, we set three kinds of Si
surfaces:

(1) Si clean surface, which is modeled as a slab of 20 Si layers,
forminga (7 X 7) surface cellina (111) plane (Figure 2b).

(2) Si clean surface, which is modeled as a slab of 12 Si layers,
forming a (3 X 3) surface cell in a (111) plane. The Si
dangling bonds are saturated by H atoms on the slab’s
bottom surface (Figure 2a).

(3) Si-OH surface, which is modeled as a slab of 12 Si layers,
forming a (7 X 7) surface cell in a (111) plane. The Si
dangling bonds are saturated by —OH groups on the
slab’s upper surface and saturated by H atoms on the
bottom. The last two layers of Si and the H layer at the
bottom are fixed (Figure 2c).

Surfaces 1 and 3 are used to simulate the possible effects of
different areas of the surface in experiments. Simulation of
surface 2 uses a more accurate algorithm to provide a
comparison of the chemical reaction process on surface 1. The
starting structure adsorbed to the substrate surface is an AAE-
type RDX molecule.

All simulations in this work were calculated using the CP2K
code.”” The semiempirical GEN1-xTB*® method was used to
calculate the MD process on surfaces 1 and 3, and the exchange

https://doi.org/10.1021/acsomega.2c07512
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Figure 4. (a) Final state of the reaction between RDX with a 3 X 3 Si substrate. (b) Highlighting of the N—Si bond and the O—Si bond.
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Figure S. (a) Highlighting the five-element ring in the final state of the reaction between RDX with the 3 X 3 Si substrate. (b) NClI isosurface near and

in the center of the five-element ring.

correlation energy was determined using ab initio molecular
dynamics (AIMD) combined with the PBE functional.”” The
Goldk—Teter—Hutter (GTH) pseudopotential’® and the
double-{-with-polarization (DZVP) base set were used, and
the finest grid level cutoff was set to 400 Ry for the I" point.
Both methods are combined with Grimme’s D3 dispersion
corrections” and the periodic boundary conditions. The time
step for all MD motions is set to 1.0 fs, with the NVT ensemble
at 300 K. The Nosé—Hoover thermostat is employed for the
process on surfaces 1 and 3, and the canonical sampling through
velocity rescaling (CSVR) thermostat is set for surface 2. The
Multiwfn package is used for wave-function analyses of NCL.>*

3. RESULTS AND DISCUSSION

3.1. MD Process on Surface 1. Figure 3 shows the dynamic
process of the chemical reaction between the RDX molecule and
the 7 X 7 Si slab. The whole process is displayed in 18 frames at a
total of 3.7 ps. One A-type —NO, (nitro groups axial to the
triazine ring) and one E-type —NO, (nitro groups equatorial to
the triazine ring) of the RDX molecule in the AAE configuration
first contact the Si surface in frame 3, and the oxygen atom in the
A-type —NO, starts to bond with the substrate. In the next
frame, the O in the E-type —NO, goes to the O—Si bond too.
Due to the strong reducibility of dangling bonds, the O on the E-
type —NO, is quickly removed, and the O atom saturates two Si
dangling bonds forming a Si—O—Sibond; see frame 6. Then, the
O atom in the A-type —NO, went through the same process in
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frames 7—8. Finally, one O atom of the remaining nitro group is
also taken away by Si substrate until frame 11. Now each nitro
group on RDX has been taken away by an oxygen atom and
turned into —NO, one of which is connected to the Si surface.
The —NO without bonding to Si starts to move away from the
substrate and drives the whole molecule to flip; see frames 12—
13. Perhaps due to the vibration, a Si linked with an O atom flew
out of the substrate, bonded with an O on a =NO, and finally
reduced the O atom; see frames 14—16. The last two frames
show the O—Si—O—Si chain falling back to the substrate and the
terminal O atom bonding with another Si.

We can see that at the end of the reaction, the O atoms on the
RDX molecule are about to be completely removed, and the Si
substrate is partially oxidized. This result shows that the process
of preparing -RDX on the Si substrate may be accompanied by
the chemical reaction between RDX and the Si substrate, and
finally, the phase transition is caused by the reaction products.

3.2. MD Process on Surface 2. To verify the accuracy of the
above process, we used a more accurate first-principles method
to perform dynamic calculations and conducted NCI analysis on
the calculation results. After AIMD simulation of RDX on the 3
X 3 Si substrate for 2 ps, we found that the initial chemical
reaction process of the system is basically consistent with that in
Section 3.1. The final state of the system is shown in Figure 4.

Figure 4a shows that one E-type —NO, and one A-type —NO,
both had an O atom removed from the dangling bonds on the
surface. Meanwhile, the N atoms in these two nitro groups are

https://doi.org/10.1021/acsomega.2c07512
ACS Omega 2023, 8, 4270—-4277
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(a)

(b)

Figure 6. (a) Lateral view of the final state of the reaction between RDX with the 3 X 3 Si substrate. (b) Sporadic isosurfaces between RDX and the Si

surface. The arrow points in the direction of the interaction force.
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Figure 7. Energy evolution of the RDX dynamic process on the 7 X 7 Si-OH surface with time. Different curve ranges are related to the corresponding

RDX conformation.

both bonded to Si atoms below. The oxidation of the silicon
surface and the N—Si bond can be clearly seen in Figure 4b.

Since the oxygen atom in the E-type —NO, also has a bond
with Si, the atoms N and O together with Si form a five-
membered ring, as seen in Figure Sa.

After the NCI analysis of the reaction area (Figure 5b), it can
be seen that there is a small piece of green isosurface in the
center of the five-element ring, indicating that the weak
interaction will tighten the ring. It means that the N—Si and
O-Si bonds will be more stable in this ring.

The chair AAE structure of RDX can be clearly seen from the
lateral view (Figure 6a). In this view angle, combined with NCI
analysis, it can be seen that there are sporadic isosurfaces
between the N atom on the triazine ring and the Si atom below,
which implies that there is a certain weak interaction between N
and Si along the arrow direction (Figure 6b), so that RDX
molecules can cling to the Si surface.

The result of this simulation is almost consistent with the
previous results in Figure 3, frames 4—8, which shows that the
dynamic process revealed in Section 3.1 is highly reliable. The
only difference is that the semiempirical method fails to form a
stable N—Si bond, while the N—Si bond under the DFT method
seems to be more stable, which may be because the system in
Section 3.2 is smaller, and the molecules are not far away from
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the surface due to the weak interaction between RDX and its
own in the adjacent lattice under periodic conditions.

3.3. MD Process on Surface 3. Considering the possibility
that the surface may be affected by moisture or oxidation in
reality, it is also necessary to saturate the Si dangling bonds with
hydroxyl groups in the simulation. In this simulation, because
the system is smaller and there is no chemical reaction, the whole
process is relatively stable. A time period of 60 ps was run on the
7 X 7 Si surface saturated with hydroxyl, and three RDX
configurations on the surface were obtained except for the initial
configuration. Figure 7 shows the evolution of the total energy of
the system with time and marks which RDX configuration
corresponds to different curve ranges.

First, when the RDX molecule is close to the substrate, its
configuration quickly changes from AAE to standard AAA with
its energy entering a plateau at the same time. RDX in the AAA
configuration is like a bowl covered on the hydroxyl plane
(Figure 8a). To further study the cause of AAA formation, a
series of isosurfaces have been obtained after NCI analysis near
the adsorption point (Figure 8b).

By filtering information, the NCI isosurface is reduced to two
types, one is the interaction between oxygen atoms in —NO, and
hydrogen atoms on the hydroxyl surface, and the other is the
interaction between nitrogen atoms and oxygen atoms between

https://doi.org/10.1021/acsomega.2c07512
ACS Omega 2023, 8, 4270—-4277
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Figure 8. NCl isosurface of AAA conformation of RDX on the 7 X 7 Si-OH surface and its decomposition. (a) AAA conformation of RDX on the 7 X 7
Si-OH surface. (b) NCI isosurface of RDX. (c) NCI isosurface of the O atom on RDX and the H atom on the substrate. (d) NCI isosurface of the N

atom and the O atom on RDX.
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Figure 9. Top view of the NCI isosurface of the O atom on the AAA form RDX and the H atom on the 7 X 7 Si-OH substrate. The red circle marks the
possible hydrogen bonds’ position.

molecules (Figure 8c,d). In Figure 8d, we can see the steric effect
represented by the red area of the isosurface, which is also the
reason why the AAA conformation can open from the inside like
abowl. Furthermore, after the atoms are virtualized from the top

view, we can see the NCI isosurface generated by the contact of
six oxygen atoms in three nitro groups with the surface (Figure 9

in the red circle). Most of these isosurfaces are bluish-colored,

https://doi.org/10.1021/acsomega.2c07512
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Figure 10. N—N bond and NCl isosurface between two nitro groups of the meta AAA form RDX on the 7 X 7 Si-OH substrate. The arrow points in the

position of the isosurface.

indicating a strong interaction that can almost be determined as
a hydrogen bond.

After the AAA configuration lasts for a period of time, two
nitro groups stick together through each one’s N atom, forming
an unstable N—N bond, which is because the oxygen atom in
—NO, starts to snatch the hydrogen atom in the hydroxyl
surface, leading to a possible charge transfer, finally affecting the
electronic architecture. When the N—N bond is formed, the
AAA configuration will become a meta type of AAA. The
difference between this configuration and AAA is that two nitro
groups are absorbed together. Similarly, from the NCI analysis
(Figure 10), it can be seen that the isosurface region pointed by
the arrow has a steric effect near the N—N bond region and has a
probable hydrogen bond near the end of the oxygen atom.

As the oxygen atoms on —NO, snatch the hydrogen atom
more and more frequently on the hydroxyl surface, the two nitro
groups that were originally attracted together finally separate
after a complex charge rebalancing process. After a long
relaxation process, the triazine ring is changed from chair type
to boat type. Two nitro compounds originally absorbed together
are fully expanded and parallel to the triazine ring. The hybrid
orbital of the third nitro group’s N atom under the action of the
hydrogen bond is from sp” to sp. The whole molecule presents
an AAE conformation. From the NCI image (Figure 11), there
are hydrogen bonds between RDX molecules and between
molecules and surfaces. The whole molecule is likely fixed on the
hydroxyl surface by a hydrogen bond, reaching the lowest and
most stable state of energy.

From the energy point of view, after increasing the
temperature, the total energy of the system will be closer to
the energy platform forming the AAA configuration, and
because the hydrogen bond is relatively easier to break, it is
more difficult for the system to relax to the lowest energy state of
AEE. When the temperature is high enough to easily break the
N—N bond under the meta AAA configuration, RDX molecules
will maintain the AAA configuration for a long time, which is
coincident with the practice in Gao et al.’s article.”®

4. CONCLUSIONS

We studied the molecular dynamic process of RDX under a Si
clean surface, found that RDX molecules will react with the
dangling bonds on the Si surface, which will reduce one oxygen

4275

Figure 11. NCI isosurface of AEE form RDX on the 7 X 7 Si-OH
substrate. The red circle marks the possible intramolecular hydrogen
bonds’ position.

atom from each nitro group, and continue to reduce the oxygen
atom on NO after one cycle. We then used the first-principles
method to obtain more accurate results, and the two results are
highly consistent.

On the other hand, we studied the RDX dynamic process on
the saturated surface of the Si hydroxyl group and obtained three
different RDX conformations, namely, AAA, meta AAA, and
AEE. Among them, AAA has the highest energy and AEE has the
lowest. According to the results, it can be predicted that under
sufficient high-temperature conditions, the conformation may
remain in the AAA state for a long time until the crystal nucleus
is formed to obtain $-RDX. That is a possible phase transition
mechanism, which is interpreted using a first-principles method.
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