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In this study, the nondissociative hydrazine (N,H,4) adsorption on the surface of Si;»C;, nanoclusters have been investigated
using density functional theory at wB97XD/6-31G(d) computational level. It is shown that Si;,C;, nanocage can hold up to five
N,H4 molecules with the maximum average adsorption energy per hydrazine molecule of —46.11 kcal/mol. The calculated
hydrazine uptake capacity of desired nanocage reached up to 25% which are lies in the desirable range for practical applications.
The results show that adsorption of hydrazine monomers on Si;»C;, nanocage are more appropriate than adsorption of hydrazine

dimers.
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Introduction

The hydrazine molecule is an important compound that in-
cluded amine with a desirable hydrogen amount of
12.5 wt% [1, 2]. This molecule extensively applied in the
military technologies and chemical industry for several appli-
cations as hydrogen storage [3], rocket fuel for satellite emis-
sion [4], fuel cell [5, 6], missile system [7], and strong reduc-
ing agent [8].

The N,H,4 molecule is a hyper-toxic moiety with carcino-
genicity which leads to skin and lung cancers. Unfortunately,
by inhalation of hydrazine, the function of entire body, espe-
cially nervous and respiratory system is likely to seriously
damaged. So it is urgent to diagnosis and finds an ideal mate-
rial in order to detecting, prohibition, and decomposition
harmful substances similar hydrazine molecules in surround-
ing environments. So far, lot of studies have been done on this
issue [9].

Structure of hydrazine has been determined experimentally
by Kohata et al. [10], using electron diffraction method. In the
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ab initio study by Cabaleiro-Lago and Rios interactions in
hydrazine clusters of one to four molecules have been reported
[L1]. It is demonstrated that hydrazine monomer (N,H,4) and
dimer (N,H,4), molecules are composed of two stable confor-
mations and one saddle point, respectively. Moreover, the
equilibrium structure, the dipole moment and the two rotation
barrier heights for hydrazine has been proposed by Dyczmons
[12].

So far, the adsorption and dissociation of hydrazine mole-
cule on the surface of various metal or alloy systems like Ir
[13], Ni [14, 15], Fe [16], Rh [17], and Ni-M (M =Fe, Pt, Ir,
Pd, and Rh) [18, 19] have been studied theoretically.
Adsorption and decomposition of N,H, molecule on the per-
fect and defective copper surfaces via DFT calculations have
been reported by Tafreshi and coworkers [20]. Kinetics and
mechanisms of hydrazine decomposition in the presence of
catalytic materials have been proposed [21-24]. Recently, cat-
alytic dehydrogenation of hydrazine on silicon-carbide nano-
tubes has been reported [25].

In the past few years, silicon carbide (SiC) has drawn lots of
attention because of it as one of the best biocompatible materials
used in biophotonics, bioimaging, and diagnostics. On the other
hand, these materials in contemporary investigations frequently
studied due to unique physicochemical properties of such as
high-power, high frequency, high-temperature semiconductors,
wide band gap and high thermal conductivity [26-28]. Lately,
the synthesis of SiC different nanostructures including nanowires
[29, 30], nanotubes [31, 32], nanorods [33, 34], hollow

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11224-019-01385-y&domain=pdf
mailto:m-solimannejad@araku.ac.ir

134

Struct Chem (2020) 31:133-140

nanospheres [35], nanocages [36], and tetrapods [37] have been
reported. According to recent theoretical studies, geometries and
stability of Si;,C;, isomers have been already studied, and
Si;,C;, nanocage appears to be more stable than other isomers
[26].

Recently, nonlinear optical (NLO) response of Si;,Ci,
nanocage decorated with alkali metals (M =Li, Na, and K)
[38] and sensing performance of Si;,C;, nanocage toward
toxic cyanogen gas [39] have been reported by our research
group. In continue, to find out different applications of Si;,C»
nanocage, capability of this nanocage for removal of hydra-
zine from environmental systems is considered. The results of
present study may open new doors in application of silicon-
carbide nanoclusters in industry and technology.

Computational details

Geometry optimizations have been performed using the density
functional theory (DFT) at the wB97XD/6-31G(d) level [40]. It
is noteworthy that one of long-range corrected hybrid density
functional with improve dispersion corrections is wB97XD
functional that used to calculate empirical dispersion energy
correction. Many reports proved accuracy of wB97XD func-
tional for thermodynamic and kinetic calculations as well as
non-covalent interactions than other methods [41]. The natures
of the stationary points have been investigated via frequency
analysis at the same computational level. All calculations were
performed utilizing Gaussian 09 code [42].

In this study, the HOMO-LUMO gap (HLG) is determined
using Eq. (1), where & and £ are the highest occupied mo-
lecular orbital energy (HOMO) and lowest unoccupied mo-
lecular orbital energy (LUMO), respectively.

HLG = ¢.—¢€p ( 1 )

The average adsorption energy (E,q4s) per hydrazine molecule
has been obtained through Eq. (2).

Eads = ( Ecomplex—Esit2ci2—nEnans ) /n (2)

Where E ompiex is total energy of the studied complexes,
Esiiacio is total energy of Si,C;, nanocage and NEnpny is
the total energy of hydrazine molecules respectively. The n is
number of adsorbed hydrazine molecules.

Results and discussion

Geometric and electronic property of Si,,C;,
hanocage

Optimization of Si;,C;, nanocage is performed at wB97XD/
6-31G(d) computational level. The desired Si;,C;, nanocage

@ Springer

consists of six tetragonal and eight hexagonal rings. Two in-
dividual Si—C bonds are distinguishable in the Si;,C;,
nanocage, one is shared between two hexagons (b66) with
length about 1.77 A, and the other is shared between a
tetragon and a hexagon (b64) with length of 1.82 A (see
Fig. 1). It seems that the participation of p orbital is increased
for (b64) bonds in comparison to (b66). Therefore, the bond
lengths of (b64) are larger than (b66). Frontier molecular or-
bital energies (HOMO and LUMO) and the energy difference
between HOMO and LUMO (HLG) of considered nanocage
are —8.04, — 1.02, and 7.02 (eV) respectively.

Adsorption and decomposition of hydrazine
over surface of Si;>C;, nanocage

To find the ability to decompose hydrazine by Si;,C;,
nanocage, different situations for the approach of a hydrazine
molecule to the surface of Si;,C;, nanocage are considered,
including; on top of a Si and C atoms, over hexagonal and
square rings, and on the top of a b66 or a b64 bond. After full
optimization of desired systems, one structure with no imag-
inary vibrational frequencies was established for N,H,...
Si;,C;, complexes. This structure is based on strong interac-
tion between lone pair of nitrogen of hydrazine with Si atom
of nanocage (I) with adsorption energy of —45.30 kcal/mol.
The distance between nitrogen atom in hydrazine and silicon
atom in Si;,C;, nanocage is 1.96 A in this complex. During
the formation of this complex the hybridization of the
interacting silicon atom changes from sp” to sp°. On the other
hand, elongation of N-N bond of hydrazine is reported due to
chemisorption of hydrazine over surface of nanocage.

1.8

Fig. 1 Optimized geometry of the pristine Si;»C»
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The energy profiles for the reaction pathways of N,H, dis-
sociation over surface of Si;,C;, has been shown in Fig. 2.
The values of activation energies (E,), imaginary frequencies
(v), and thermodynamic parameters of the considered reac-
tions have been computed and listed in Table 1. The reaction
begins with the interaction of hydrazine with the surface of
nanocage and leads to the formation of an intermediate I. The
reaction path R1 begins with the dissociation of N-H bond of
N,H, via TS-1. Afterward, the resulting hydrogen atom from
cleavage of N—H bond is transferred to the top site of C atom
of surface to form P1. The activation barrier for formation of
P1 is 24.28 kcal/mol (Fig. 2). An imaginary frequency of
1730i cm ™" is confirmed by vibrational frequency calculation
for TS-1. Formation of P1 is an exothermic reaction and spon-
taneous process at room temperature with enthalpy change
(AH,9g) of —19.75 kcal/mol and AG,9g value of —
20.07 kcal/mol. In the next step, the chemically bonded
N,H;3 group may continue reaction with transfer of another
hydrogen on other C atom of nanocage. At the same time,
the bond between Si of nanocage and N,H, is cracked that
lead to formation of P2. The corresponding transition state

Fig. 2 Reaction pathways of | R
N,H, decomposition on the
surface of Si;,C;, nanocage

Relative energies (eV)

Table 1 Calculated BSSE corrected activation energies, imaginary
frequencies, change of Gibbs free energy (AGs,gg), and change of
enthalpy (AH,g) for decomposition of N,H, over surface of Si;>C»

Reaction pathway — FE, v AGjog AH,og
(keal/mol)  (em™")  (kcal/mol)  (kcal/mol)

Pathway R1

1— Pl 24.28 1730i —20.07 —19.75

P1 —>P2 47.84 1570i 13.32 10.86

P2 —>P3 52.68 1470i 332 6.22

P3 —>P4 7.33 11781 —52.36 —48.51
Pathway R2

1—P5 74.69 7651 -32.15 -31.92

TS-2 and P2 are depicted in Fig. 2. The energy-barrier height
of this step is 47.84 kcal/mol with an imaginary frequency of
1570i em . Process of product formation of P2 is an endo-
thermic reaction with enthalpy change (AH,og5) of 10.86 kcal/
mol and AGs,gg value of 13.32 kcal/mol. The reaction con-
tinues with chemical bonding of N,H, with surface of
nanocage concurrent with the transition of one hydrogen of

Reaction coordinate

@ Springer



136

Struct Chem (2020) 31:133-140

N,H, to another C atom of nanocage to form P3. The reaction
barrier for becoming P2 to P3 is about 52.68 kcal/mol
(Table 1) with the imaginary frequency of 1470i cm ' for
TS-3 transition state. Reaction of product formation of P3 is
endothermic with enthalpy change of 6.22 kcal/mol and
AGjg value of 3.32 kcal/mol. Follow the path of reaction,
P4 is obtained through transfer of hydrogen of chemically
bonded N,H group to Si atom of surface synchronous with
release of N, from surface of nanocage. P4 is obtained
through pass of system from TS-4 with an imaginary frequen-
cy of 11781 cm ', The values of activation energies, AHyog,
and AG,gg for the path of conversion of P3 to P4 are
7.33 kcal/mol, —48.51 kcal/mol, and — 52.36 kcal/mol
respectively.

In the other possible path of reaction R2, the N-N bond of
hydrazine is activated for breaking over surface of nanocage
to form PS5 as depicted in Fig. 2. The transition state TS-5 is
confirmed by the attendance of an imaginary frequency of
765i cm ' corresponding to the N-N stretching vibration
mode on the surface of nanocage. The formation of P5 is
feasible if the system can overcome the relatively high energy
barrier of 74.69 kcal/mol. This process is exothermic by —
31.92 kcal/mol due to stability of two newly formed NH,
groups on the nanocage surface.

The calculated activation energy required for initial step of
hydrazine dissociation over the surface of Si;,C,, nanocage is
large for both reaction paths R1 (24.28 kcal/mol) and R2
(74.69 kcal/mol). It is shown that CO oxidation with a reaction
barrier of less than 11.53 kcal/mol is expected to occur at room
temperature [43]. So it is concluded that adsorption of hydra-
zine over Si;;C;, nanocage is not dissociative at room
temperature.

Uptake of hydrazine molecules by Si,,C;, nanocage

It has been concluded from above discussion that hydrazine
molecule is not decomposed over the surface of Si;,C;, read-
ily. So in continuation of our study, the capability of Si;,Ci,
nanoclusters toward uptake of hydrazine molecules is investi-
gated. It has been mentioned before that structure I is local
minimum on the potential energy surface of Si;,Cy,...NoHy
complexes. Electronic properties of this considered complex
has been analyzed with calculation of HOMO, LUMO and
HOMO-LUMO gap energies which are —7.53, —0.51, and
7.02 eV respectively (Table 2).

To figure out potency of desired nanocage for interaction with
more hydrazine molecules, more than one hydrazine molecules
are approached over surface of Si;,C;,. NoH4 molecule was
added one by one to find out the maximal adsorption capacity.
It is seen that Si;»C;, nanocage can hold up to five N,H, mole-
cules with average adsorption energy with the maximum average
adsorption energy per hydrazine molecule in the range from —
41.94 to —46.11 kcal/mol. When the sixth N,H,4 molecule was
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attached, the imaginary frequency for the optimized structure
shows that adsorption of sixth N,H4 molecule is not feasible.
The local minimum structures for 2N,H, (II), 3N,H, (III),
4N,H, (IV), and 5N,Hy (V) complexes with nanocage at
wB97XD/6-31G (d) computational level are depicted in Fig. 3.
The values of adsorption energies E,q;, HOMO, and LUMO
energies with HOMO-LUMO gap (HLG) of the considered
complexes have been computed and listed in Table 2. It is obvi-
ous that there is no significant change in the electronic properties
of Si;,C;, nanocage due to interaction with hydrazine molecules.
The values of adsorption energy per number of hydrazine mole-
cules follow the sequence I >1I>1>1V>V.

It is obvious that the interaction of N,H4 molecule with the
surface of Si;,C;, nanocage leads to increase of HLG values
in some of the complexes. However, changes in electronic
property of Si;,C;, nanocage due to adsorption of N,H, mol-
ecules is not remarkable.

In the next step of the study, the interaction between hydra-
zine dimers (N,Hy), and Si;,C;, nanocage were explored at
wB97XD/6-31G (d) computational level. For this aim, most
stable conformer of hydrazine dimers (N,Hy), [11] was
approached to nanocage via interaction between lone pair of
N and Si atom of nanocage (complex VI). Interactions of two
dimers of hydrazine are also investigated and optimized ge-
ometries are presented in Fig. 3 (VII). The magnitude of
HOMO, LUMO, and HOMO-LUMO gap (HLG) for the men-
tioned structures are calculated and summarized in Table 2.
The HOMO-LUMO gap (HLG) values of structures VI and
VII are 7.03 (¢V) and 7.04 (eV) respectively.

Adsorption energies and electronic properties of studied
complexes have been calculated with 6-31 + G(d) basis set
including diffuse function (Table 2). Comparison of results
for 6-31G(d) and 6-31 + G(d) basis set shows that adsorption
energy and HLG calculated with latter is lower than former. In
sum, the difference of results from these two basis sets is not
remarkable.

The values of average adsorption energy per number of
hydrazine for mentioned structures adherence to the following
trend: VII > VI. Comparison of £,4 values for cluster I with
cluster VI and cluster IV with cluster VII in Table 2, confirms
that adsorption of hydrazine in form of monomer on the de-
sired system are stronger than hydrazine dimers.

Moreover, the hydrazine uptake capacity of nanocage was
calculated by the following equation:

Myons
Myona + Msiincin

N2H4(Wl%) = < > x 100 (3)

Where My»p4 indicates the mass of adsorbed total number
of hydrazine molecules and Ms;;,c1> represents the mass of
desired nanocage in this study. The calculated hydrazine up-
take capacity reached up to 25% (Table 2) which are lies in the
desirable range for practical applications.
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Table2  Average adsorption energies (E,4s), hydrazine uptake capacity of nanocage (wt%), HOMO and LUMO energies values, and HOMO-LUMO
gap (HLG) for Si;»C,, nanocage and considered complexes with 6-31G(d) and 631 + G(d) (in parenthesis) basis sets

Clusters FEoqs wt% HOMO LUMO HLG
(kcal/mol) (eV) (eV) (eV)
I —45.30 (—42.78) 6.25 —17.53 (=7.61) -0.51 (=0.62) 7.02 (6.99)
I —45.45 (—42.68) 11.76 —7.16 (= 7.26) -0.10 (- 0.24) 7.06 (7.02)
I —46.11 (—43.08) 16.67 —6.85(—=6.99) 0.44 (0.16) 7.30 (7.15)
v —43.61 (—40.88) 21.05 —6.50 (- 6.67) 0.83 (0.47) 7.34 (7.15)
\% —41.94 (—39.40) 25.00 —6.12 (- 6.31) 1.21 (0.69) 7.33(7.01)
VI —33.76 (—30.86) 11.76 =742 (—7.54) -0.39(—0.54) 7.03 (6.99)
VI —32.76 (—30.08) 21.05 —6.87 (—7.06) 0.16 (—0.06) 7.04 (7.00)

()

(I

avy

Fig. 3 Optimized geometry for the adsorption (I) NoHa, (IT) 2(N,H,), (IT1) 3(NoHy), (IV) 4(NaHy), (V) S(NaHy), (VI) (NaHy),, and (VID) 2(N,Hy), on

Si;,Cy, nanocage
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W) VD

Fig. 3 (continued)

Conclusions adsorbed over the Si atom of Si;,C, nanocage through inter-

action of nitrogen atom of hydrazine with Si atom of
In this study, we have applied DFT calculations to investigate ~ nanocage. The results of calculations show that Si;,C,
the interaction of the hydrazine monomer (N,H,) and dimers ~ nanocage could absorb up to five monomers or two dimers
(N,Hy4), with Si;,C;, nanocage. Indeed hydrazine could be  of hydrazine. Comparison of results confirms that adsorption
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of hydrazine as monomer are more appropriate than corre-
sponding dimers. To sum up, adsorption of hydrazine over
Si;,C;,> nanocage is not dissociative at normal temperature,
and it may be used as potential candidate for removal of hy-
drazine from environmental systems.
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