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Abstract: The generalized gradient approximation (GGA) of density function
theory (DFT) methods are employed to investigate the decomposition of TKX-
-50 molecule on the Al(111) surface. The calculation employs an Al supercell
slab model and periodic boundary conditions. Five kinds of adsorption con-
figurations for TKX-50 on Al surface are studied. The TKX-50 is adsorbed on
Al surface to form the N—Al, O—Al and OH-Al bonds. The adsorption energies
are in the range from —113.15 to —1334.40 kJ/mol. The activation energies of
all configurations are in the range of 100.34-354.10 kJ/mol. The N;-N, rup-
tures in V1 and N,-Nj ruptures in V2 takes place easily. The activation
energies of these two bonds rupture (100.34 and 108.06 kJ/mol, respectively)
are less than that of pure TKX-50 (161.58 and 215.99 kJ/mol). Al atoms pro-
mote the breaking of the tetrazole ring of TKX-50. The quantities of electron
transfer from Al atoms to TKX-50 are in range of 1.42-4.90 e.

Keywords: TKX-50; adsorption; transient states; activation energy; charge
transfer.

INTRODUCTION

Aluminum, as a kind of active metal, is widely used in the energetic mat-
erials (EMs) because of its excellent combustion performance. In the develop-
ment and application of propellants, adding appropriate amount of aluminum
powder to the propellant may efficiently improve its exothermic property of com-
bustion, burning rate and impact effect.1-3 The effects, mentioned above, depend
on the size of Al particles. The smaller the Al particles, the more obvious the
improvement of explosive performance. Some researchers indicated that the Al
nanopowder with high surface area can enhance the performance of EMs.#
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TKX-50, chemical name of dihydroxylammonium 5,5'-bis(tetrazole)-1,1'-
-diolate, is a newly synthesized nitrogen-rich energetic salt.> TKX-50 possesses
broad application prospects in EMs on account of its outstanding performance:
high energy storage, low impact, sensitivity and low toxicity.® Hence, TKX-50
may substitute some traditional explosives in propellants. Also, KX-50 thermal
decompositions of both gaseous and solid-phase have been investigated experi-
mentally and theoretically. For instance, An et al., based on the quantum calcul-
ations,” have found that the initial thermal decomposition of TKX-50 involves
ring breaking to release nitrogen. Yuan et al. concluded that nitrogen products
are released by the ring opening of the tetrazole of TKX-50 in its excited state.®
Wang et al. for the first time proved that diammonium 5,5'-bistetrazole-1,1'-dio-
late is the primary decomposition product of TKX-50.9 However, the decom-
position of TKX-50 on Al surface is not jet completely clarified. The Al(111)
surface is known as easily exposed and easily oxidized.!9:11 Hence, we studied
the interaction mechanism between the energetic compound of TKX-50 and the
Al(111) surface theoretically. Five kinds of adsorption and decomposition con-
figurations of TKX-50 on Al(111) surface were investigated. The stable geo-
metries and energies in the adsorption and decomposition process, as well as the
electron transfer were analyzed.

COMPUTATIONAL METHODS

The CASTEP module of Materials Studio 7.0 was employed to perform all the calcul-
ations.!2 The density functional theory methods are used widely to calculate the surface inter-
action.!3"15 The DFT methods are suitable way to study the adsorption behavior of molecule
on surface.!620 The wave function of calculation is based on the Vanderbilt-type ultrasoft
pseudopotentials and a plane-wave expansion.2! Exchange and correlation were treated with
the generalized gradient approximation (GGA). Compared with the local density approxim-
ation (LDA), GGA can take into account the non-uniformity of electron density in the real
system. But LDA uses a uniform electron gas model. It can be used to describe a system in
which the electron density does not change very much in space. Hence, in the calculation
results of LDA there are serious errors for systems with fewer electrons such as transition
state in a chemical reaction and in the calculation of binding energy. However, GGA can des-
cribe appropriately this system mentioned above since it consider the density gradient. The
functional form of Perdew, Burke and Ernzerh (PBE) and a density-mixing scheme are used
to obtain the electronic wave functions.?223 The Broyden, Fletcher, Goldfarb and Shannon
(BFGS) methods were used to relax the structures.2* The cutoff energy of plane waves was set
to be 340 eV. The Monkhost—Pack scheme was used to perform Brillouin zone sampling. The
grid parameters of k-point are set as 3x3x3. The value of kinetic energy cutoff and the k-point
grid ensure the convergence of total energies.

A slab model with periodic boundary conditions represents the Al surface (Fig. 1). In
view of the balance of both computational efficiency and precision, a 4x5 supercell with three
layers containing 60 Al atoms was constructed to study the decomposition process of TKX-50
molecule on the Al(111) surface. The slabs were separated by 16 A of vacuum along the
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c-axis direction with a TKX-50 molecules on the top of the slab. The lattice parameters of
axbxc are 11.43x14.29x20.67 A.

&?f— Fig. 1. Model of Al(111) slab (16 A of vacuum above
fff Al slab).

In order to confirm the accuracy of the calculation method, the functionals form of PBE,
Perdew—Wang 91 (PW91), revised PBE (RPBE) and Wu—Cohen (WC) were used to optimize
the isolated TKX-50 molecule in a box with dimensions of 11.43x14.29x20.67 A and Al cell.
Therein, the Al original cell is obtained from COD database. The equilibrium structure para-
meters calculated by these four functionals are compared with the experiment data. Tables S-I
and S-II of the Supplementary material to this paper present the equilibrium structure para-
meters of TKX-50 and Al cell, respectively. It can be observed that the structure parameters
calculated by PBE functional are closest to the experimental data. For instance, the calculation
results show that the optimized crystal cell parameters are 4.058x4.058x4.058 A. The com-
putational lattice constants are close to the experimental values (4.050x4.050x4.050 A), indi-
cating that the present method can simulate the structural properties of bulk aluminum pro-
perly. These tests also verify the accuracy of the calculation method for the adsorption
between TKX-50 molecules and Al (111) surface, such as the optimum cutoff energy and
k-points for calculations. The good agreement between simulation results of aluminum and
the TKX-50 molecule with the experiment suggest that the computation method is suitable for
the simulation of TKX-50 molecular adsorption and decomposition behavior on the Al(111)
surface.

For the adsorption configurations, the adsorption energy (E£,q) was calculated according
to the equation:

Eyg= E(adsorbate +salb) — E(molecule + slab) M

where Egsorbatc + salb) 1S the total energy of the adsorbate/Al-slab system after TKX-50 mole-
cule absorbed onto the Al-slab; Emolecule + slab) 1S the single-point energy of the TKX-50/Al-
-slab system but without interactions between TKX-50 molecule and the Al-slab surface.

The LST/QST method was used to search the transition states (TS). Firstly, the liner syn-
chronous transit (LST) maximization was performed, then the energy along the reaction path-
way was minimized. The quadratic synchronous transit (QST) maximization was performed
by the TS approximation obtained in that way. Another conjugate gradient minimization was
performed from the point. The cycle was repeated until a stationary point was located.2>29
The convergence criterion of the transition state calculations was set to 0.25 eV/A for the root
mean-square force. The activation energy is defined as:

E,=FErs — Er 2)

where Etg is the energy of transition state, Ey is the sum of energies of reactants.
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RESULTS AND DISCUSSION
Decomposition configuration and adsorption energy

On the basis of the initial orientation of tetrazole ring of TKX-50 relative to
the Al(111) surface, five types of configurations (P, T1, T2, V1 and V2) are
defined. P is a parallel to the Al(111) surface, T1 and T2 are tilt, V1 and V2 are
vertical. The structure of TKX-50 and its atomic number are given in Fig. 2. The
adsorption configurations of decomposed TKX-50 molecule are shown in Fig. 3.
Table I presents the adsorption energies calculated by Eq. (1).

i
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HZ\O/Q Hic Fig. 2. Molecular structure of TKX-50.
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Fig. 3. Reactants, transition states and products of TKX-50 decomposition process on Al(111)
surface (bond lengths are in A).
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TABLE 1. Activation energy (E,), Adsorption energy (F,q) and amount of charge transfer
(AQ) from Al surface to TKX-50 in the decomposition process; T: tilt, V: vertical, P: parallel

Conﬁguration E, / kJ-mol! E.q / kJ-mol! AQMuliken /e AQHirShﬁeld/ €
T1 145.69 —239.01 1.70 0.31
T2 287.52 —383.39 2.15 0.55
\%! 100.34 —-113.15 1.42 0.28
V2 108.06 —222.96 1.81 0.31
P 354.10 —1334.40 4.90 1.35

As shown in Fig. 3, N1—N; bond has broken in T1 configuration, N; and Nj
atoms interact with Al atoms to form six AI-N bonds in length of 1.962-1.990 A.
The O'; atom forms an Al-O bond with Al atom, its bond length is 1.993 A. The
H atom of hydroxylammonium transferred to the N'4 atom to form N-H bond. In
T2 configuration, the Oy atom is detached from the tetrazole ring and adsorbed
on the Al(111) surface. O; atom interacts with neighbouring Al atoms to form
three Al-O bonds in lengths of 1.832-1.868 A. Moreover, N;—N, bond ruptures,
N1 and Nj atoms interact with Al atoms to form four AI-N bonds totally, among
these AI-N bonds, N; atom interacts with Al atom to form one AI-N bond with
length of 1.798 A. N, atom interacts with Al atoms to form three AI-N bonds in
length of 1.945-1.958 A. In V1 configuration, the N1—N5 bond ruptures. N, N,
and N3 atoms interact with Al atoms to form four AI-N bonds in length of
1.883-1.952 A. N»,—Nj3 bond ruptures in the V2 configuration. Oj, Ny and N3
atoms interact with Al atoms to form seven Al-X (X is O or N atom) bonds.
These bonds include an Al-O bond with length of 1.993 A and six AI-N bonds in
length of 1.962-1.989 A. In P configuration, O; and O'; atoms dissociate from
tetrazole ring and adsorb on the Al(111) surface to form six Al-O bonds in length
of 1.843-1.866 A. Meanwhile, —OH also dissociated from the hydroxyl-ammo-
nium and interacts with Al atom to form an OH-AI bond with length of 1.748 A.
The N1—N» bond ruptures, then Nj and N, atoms interact with Al atoms to form
six AI-N bonds in lengths of 1.926-2.019 A. The N'; atom also interacts with Al
atoms to form Al-N bond with length of 1.963 A. In all absorption config-
urations, due to bonding with the dissociated atoms of TKX-50, the Al atoms on
the Al(111) surface deviate significantly from the original position.

As can be seen from Table I, the E,q value of V1 (—113.75 kJ/mol) is the
smallest in all adsorption configurations, since there are only four AlI-N bonds in
V1 configuration. The minimum of bonds are formed in all adsorption config-
urations. Although the atom bonding types and number of V2 and T1 are the
same, the E,q value of T1 configuration (—239.01 kJ/mol) is slightly larger than
V2 (-222.96 kJ/mol) since the bond ruptures type of T1 is different to that of V2
configurations. Comparing T1 and T2 configurations, although the number of
AI-N bonds of T2 is lower than that of T1, the number of AI-O bonds is higher
than that of T1. Consequently, the £,q of T2 (—383.39 kJ/mol) is higher than that
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of T1. The E,q value of P is the highest (—1334.4 kJ/mol) among all configurat-
1ons, since P includes the maximum number of Al-N and Al-O bonds.

As a whole, the tetrazole ring of TKX-50 molecule can rupture in the ads-
orption process. The O atoms can dissociate from tetrazole ring due to the attract-
ion of Al atoms. Subsequently, O and N atoms of TKX-50 molecule interact with
Al atoms to form AI-N and Al-O bonds. As the number of AI-X bond increase,
the absolute values of adsorption energies increase as well.

Reaction mechanism

The reactants (R), transition state (TS) and products for the surface reaction
of TKX-50 molecule on the Al(111) are depicted in Fig. 3. The detailed energy
profile for dissociation of TKX-50 on the Al(111) surface are presented in Fig. 4.
The activation energies are tabulated in Table I.

600

400
200
g 0
3 200
% -400
2 600
-800
-1000
-1200 Fig. 4. Relative energy profile for TKX-50
1400 L Reaction path Py, decomposition on the Al(111) surfaces.

As can be seen from Fig. 3, Ny, No and N3 atoms interacts with several Al
atoms that deviate from the Al surface in V1Tg configuration. The length of
N;—-N» bond increases to 1.926 A. The activation energy (E,) of this transition
state is 108.06 kJ/mol, indicating that this process takes place relatively easy. In
the subsequent decomposition process, the Nj—N» atom distance continues to inc-
rease until N1—N; bond is completely broken, N, and N3 atoms are getting closer
to the Al surface to form Al-N bonds. In V21g, the Np—N3 bond increases to
1.936 A since N3 and Ny atoms interact with Al atoms. Meanwhile, several Al
atoms on Al(111) surface also deviate from the initial location. The activation
energy (E,) of V21g is 100.34 kJ/mol, indicating that this reaction is occurs
easily. The length of N3—Ny4 bond increases to 1.956 A in Tltg configuration.
The interaction between N3, Ny and Al atoms make several Al atoms deviate
from the initial Al surface. The His atom moves away from Ns atom to N'4
atom. In the subsequent decomposition process, the distance between N3 and Ny
atoms continue to increase, N3 and Ny atoms are getting closer to the Al surface
until the AI-N bond is formed. The O'; atom also interact with Al atom to form
Al-O bond. In T2Tg configuration, the O atom move away from N atom. The
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distance of O and N extends to 1.877 A. Meanwhile, the length of N;—N, bond
increases to 1.820 A. Subsequently, O atom is getting closer to the Al surface
until three AI-O bonds are generated. The N and N5 atoms also form AI-N bond
with Al atoms. The activation energy (Ea) of T2Tg is 287.52 kJ/mol, indicating
that this reaction is hard to occur. The reaction of Pg needs the largest activation
energy (E, = 354.10 kJ/mol), indicating that this process is difficult to occur. In
Ptg configuration, several Al atoms deviate from the Al surface obviously due to
their interactions with TKX-50 molecule. The distance of O; and N; increases to
1.718 A. The distance of O'; and N'; extends to 1.685 A, the Np—N3 bond length
increases to 1.665 A. The -OH moves away from the hydroxylammonium. As
the reaction goes on, O and O'; atoms separate completely from TKX-50 mole-
cule and form Al-O bonds with Al atoms. The distance of N{—N, continues to
increase, N1 and N, atom are getting closer to the Al surface and form Al-N
bonds. —OH also interacts with Al atom and forms OH—-AI bond.

By comparing with the paper on the study of TKX-50 decomposition,” we
have found that the activation energy of N-N bonds rupture on the Al surface is
reduced. For example, the activation energy of N;—N, ruptures in pure TKX-50
molecule is 161.58 kJ/mol, but the activation energy of N;—N» ruptures on the Al
surface is 100.34 kJ/mol. In addition, the activation energy of No—N3 ruptures on
the Al surface (108.60 kJ/mol) is lower than that of pure TKX-50 molecule
(215.99 kJ/mol). The results show that Al can obviously promote the breaking of
the tetrazole ring of TKX-50.

Charge transfer

Muliken population and Hirshfeld population were used to analyze the
charge transfer. Table I presents the total charge transferred from the aluminum
surface to TKX-50 molecule. Although there are differences in the values of the
both charges, the trend of charge is consistent. The result helped us to describe
more accurately the relationship between reaction and charge transfer. In all ads-
orption configurations, the amount of charge transferred in P is the largest; T1
has the least amount of charge transferred. Tables II and III show the Muliken
atomic charges of TKX-50. By comparing the atomic charge before and after
adsorption, we observed that the atomic charge varies significantly when the
atom bonds with Al atom. The charges of atoms (N, O atoms) that bond to Al
atom decline significantly, the charge of Al atom on the surface obviously inc-
reased. The more the number of Al-X (X is N or O atom) bonds formed in the Al
surface, the more the electron transfer from Al surface to TKX-50 molecule. T1
configuration only has four AI-N bonds, but T2 includes one Al-O bond and six
AI-N bonds. The number of charge transfer in T2 is higher than that of T1. The
P configuration forms the largest number of Al-X bonds, so its charge transfer is
the most pronounced. Although there are both N—N bond rupture and the form-
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ation of Al-N bond in V1 and V2 configurations, there is an O atom move to Al
surface to form three AI-O bonds in V2 configuration, thus the number of charge
transfer in V2 is higher than that of V1 configurations.

TABLE II. Atomic charge (e) of TKX-50 anion in adsorption of Al(111)

Confi . Atom

oprgmation s s N, N, N, N, N; N3 N, N, C, C,
Initial —0.55 —0.48 0.13 0.12 —0.11 —0.13 —0.11 —0.09 —0.28 —0.29 0.24 0.30
T1 ~0.51 =0.56 0.16 0.07 —0.18 —0.14 —0.82 —0.07 =0.92 —0.30 0.09 0.26
T2 ~1.01 =0.49 —0.77 0.11 —0.85 —0.14 —0.13 —0.09 —0.22 —0.28 0.22 0.30
Vi ~0.56 —0.48 —0.31 0.12 —0.83 —0.13 —0.27 —0.07 —0.27 —0.27 0.27 0.36
V2 ~0.64 —0.49 —0.12 0.11 —0.87 —0.14 —0.79 —0.09 —0.26 —0.29 022 0.32
P ~1.01 —1.03 —0.96 —0.42 —0.86 —0.13 —0.25 —0.11 —=0.32 —0.33 0.12 0.23

TABLE III. Atomic charge (e) of hydroxylammonium anion in adsorption of AI(111)

Configuration Atom
U

O, O, Ns N5 Hjp Hjgu Hp Hyyp Hie Hye Hy HY
Initial —-0.60 —0.63 —0.64 —0.68 0.41 0.43 0.50 047 048 048 0.49 0.52
T1 —0.65 —0.58 —0.70 —0.57 0.42 0.42 045 0.51 046 043 0.52 0.51
T2 —0.55 -0.63 —0.54 —0.69 0.36 0.44 042 047 048 047 0.45 0.52
Vi —0.63 —0.63 —0.67 —0.68 0.40 0.44 046 046 0.46 048 0.50 0.53
V2 —0.58 —0.63 —0.59 —0.69 0.42 0.44 0.51 047 041 048 047 0.52
P —-1.06 —0.64 —1.12 —0.70 0.43 0.44 044 046 045 046 049 0.52

CONCLUSION

TKX-50 decomposes easily in the adsorption process on the Al(111) surface.
The decomposition start with the ruptures of N-N and N-O bonds. Subsequently,
the N and O atoms interact with Al atoms to form AI-N and Al-O bonds. As the
number of AI-N and AI-O bonds increase, the absolute value of adsorption
energy increases correspondingly. The decomposition of TKX-50 on Al surface
is exothermic. The activation energies are in range of 100.34-354.10 kJ/mol. The
charge transfer is obvious after adsorption. The atomic charge varies significantly
when it bonds with Al atom. As the number of bonds increase, the charge transfer
increase also.

SUPPLEMENTARY METERIAL

Additional data are available at http://www.shd.org.rs/JSCS/, or from corresponding
author on request.

Acknowledgement. Y Zhao gratefully thanks the Postgraduate Innovation Project of
Jiangsu Province for partial financial support.

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



DECOMPOSITION MECHANISM OF A DIOLATE BY PERIODIC DFT CALCULATION 65 9

U3BOJ
MEXAHUW3AM PA3JTIATABA JUXUIPOKCUAMOHUIYM-5,5'-BUC(TETPA30JI)-1,1'-
-IUOJIATA HA Al(111) TOBPIIUHU ITPEMA INTEPUOIUYHOM DFT U3PAUYHABAKY

YING ZHAO', XIAOLING XING?, SHENGXIANG ZHAO® u XUEHAI JU'

'School of Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094,
P. R. China u *Xi'an Modern Chemistry Research Institute, Xi'an 710065, P. R. China

Mertone anpokcumanuja yommreHor rpagujeHta (GGA) u3 teopuje pyHKUHOHANA Tyc-
thHe (DFT) kopuurheHe cy 3a ucTpaxusamwe pasnarama TKX-50 monexyna Ha Al(111) nosp-
IIMHY. 3a U3payyHaBawe je kopuurheH miuovyactd mojen Al cynephenuja ¥ neproguyHH rpa-
HUYHU yC10BH. [IpoydaBaHo je mer Bpcra koHdurypanuja ancopdoBawa TKX-50 Ha Al noBp-
muHA. TKX-50 je agcopbosan Ha Al mospumHH y3 dopmupame N-Al, O—Al u OH-AI Besa.
EHepruje agcoprnuuje cy y pacnony on —113,15 no —1334,40 kJ/mol. AkTHBaUHOHE eHepruje
cBUX KoH(purypauuja cy y pacrnony 100,34—-354,10 kJ/mol. Packunamwe N1—N2 y V1 u packu-
name N2—N3 y V2 ce nako gemasa. AKTUBallMOHe eHepruje oBux ABajy Besa (100,34 u 108,06
kJ/mol, penom) cy mamwe Hero y yuctom TKX-50 (161,58 u 215,99 kJ/mol). Al atomu onax-
IIaBajy packumame Terpasosckor mnpcreHa y TKX-50. KomuuuHa npeHoca enekTpoHa ca Al
aroma Ha TKX-50 je y pacnony ox 1,42—4,90 e.

(ITpummeno 28. aBrycra, pesupupano 1. Hosembpa, mpuxsaheno 27. Hoembpa 2019)
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