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Abstract. The chemisorptions of a sodium atom and g Neister on a six-membered ring of
zeolite are studied by using the extendeidickel method and cluster model. The six-membered
ring of zeolite consists of §Al30g, Which is one of the basic structure units of zeolite. The
site preference and the density of states are determined for both cases.

1. Introduction

Zeolites are of interest because of their exceptional catalytic properties, attributed in part
to the presence of intracrystalline cavities and channels [1]. The chemical formula of a
zeolite containing alkali metal cations™s M, [(AlO,),(SiO,),] - zH,0, and the structure
is composed of corner-sharing Si@nd AlO, tetrahedra with exchangeable cations which
balance the negative charge of the aluminosilicate framework located within the cavities.
The silicon-to-aluminium ratio is an important parameter which determines the number of
exchangeable cations. The water molecules which normally occupy the cavities can be
removed by heating, and varieties of molecules and small clusters can be adsorbed provided
that their dimensions are smaller than those of the channels.

Recently, several experiments [2—-4] have been performed to investigate optical and
magnetic properties of alkali metal in zeolite by Gatbal. When alkaline-metal clusters
are incorporated into zeolite LTA, the clusters will be periodically arranged because of the
confinement of the frameworks of zeolite. Gatbal found that the periodically arranged
alkaline clusters in zeolite have some interesting optical and magnetic properties which are
not only different from those of isolated clusters but are also different from those of the
original bulk material [5-7, 9, 10]. However, all of the above-mentioned investigations are
mainly experimental. In this paper, by using the extendédkel method we have studied
the chemisorption of sodium on a six-membered ring (6MR) which consists;af :&s.
The 6MR is one of the basic structure units of zeolite. Using the cluster model, the site
preference of the Na adatom is determined, and the electronic structures for both adsorbed
systems, N&SIizAl3Og and Na/SizAl30g, are investigated.

The paper is organized as follows. First, the extendédkedl theory and parameters
adopted are presented in section 2. Then, in section 3, the calculated results are discussed,
and a summary is given in section 4.

2. Computational method

The charge self-consistent extendedcKel method has been described in detail elsewhere
[11]; here only a brief description of the method will be given.
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Table 1. Parameters used in the calculation: atomic orbital exporngntofbital ionization
potential (Ijo), constant of interactionk) and modified ionization potential parametg).(

Atom  Orbital £ I jo (auy Kk B
Na 3s 0.8356 0.1889 1.1 0.53
3p 0.6432 0.1128 1.0 0.53
(0] 2s 2.2458 1.0471 2.4
2p 2.2266  0.5007 2.2
Al 3s 1.3724 0.3904 1.4
3p 1.3552 0.2201 1.2
Si 3s 1.6344  0.4947 1.6
3p 1.4284  0.2997 1.4

In the framework of the linear combination of atomic orbitals (LCAO) method, the
wave function of the system is expanded as

v = Z Cij()o; (1) 1)
i

where; is the wave function of the system amgl(w) is the jth orbital of theuth atom.
The atomic orbitals used are of the Slater type [11]:
28\n+1/2
& ey, @
V(2n!)
where¢ is the orbital exponent. The energy levels are determined by solving the secular
equations

¢i(n) =

> [Hj(uv) — E;Sp(uv)]Cij(n) = 0 3)
Wi
where Hj, and Sj; are the Hamiltonian and the overlap matrix element of ttreandkth
orbitals:

Hjx(uv) = (& )| Hle(v)) = _QSKjk 0y + 108, uv) j 75'; @
Sjk(uv) = (¢ (10| () ()
L =17 -a(Q°- 0 Q)
Kji = 0.5(K; + Ky). %)

In the above expressionsﬁ is the ionization energy of thgth orbital of a free atom, and

I; is the modified ionization energy of thgh orbital due to the charge transfer, while

is the Mulliken charge population of the atom obtained in the process of self-consistent
calculation.« [11] is the modification factor of the ionization energy akid is the orbital
interaction constant. For atoms with large charge transfer, an empirical modified ionization
energy can be used:

28 B?
0
Ij IJ (1 + E + 1’1252> ®)

wheren is the main quantum number, agds a parameter related to the transferred charge.

The parameterg and I° are taken from [8] and [12], respectively. The parameters used in
the present calculation are listed in table 1.
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The total density of states (TDOS)(E), is defined as

p(E) =) pu(E)=) [Z Y CHCir () Sjx (uv) S(E — E»} ©
Wi wj i vk

wherep,; (E) is the local density of states for theh orbital of theuth atom. The adsorption

energy can be calculated from

AE = Eng6eMrR — Ena — Eomr. (10)

O Si or Al atom
O O atom

v adsorption site

Figure 1. A schematic plot of the 6MR cluster and the adsorption positions.

3. Results and discussion

Figure 1 shows a schematic plot of the 6MR cluster, in which the saturation atoms for Si
and Al at the boundary are not shown, for simplicity. The bond lengths of O-Si and O-Al
(in angstbms), and the bond angle between O-Si and O-Al used in our calculation are
listed in figure 1. The sites considered for Na adsorption on the 6MR are, CT 4 and

Tal- The site C is the centre site of the 6MR, ang, Ts; and Ty are the top sites of O,

Si and Al atoms, respectively.

Table 2. The calculated chemisorption energyE, charge transfeng, equilibrium bond length
R and optimal distancé of the adatom for the sites C consideredy, TTs; and Ta. The
distanced is the vertical distance of the adatom from the plane of the 6MR.

Site AE (V) Aq (e) Bond lengthR (A) Distanced (A)

C -4.27 0.96 2.27 (Na-O) 1.10
To -3.05 0.64 2.20 (Na-0) 2.20
Ts —1.74 0.39 2.80 (Na-Si) 2.80
Ta —1.63 0.37 2.80 (Na—Al) 2.80

The calculation is carried out in the following way. Firstly, four adsorption sites are
chosen, and the optimal position of the adatom adsorption on the 6MR plane is found.
Meanwhile, the electronic structures are calculated for the system with the adatom at its
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optimal position. The calculated chemisorption enetgy, charge transfefg, equilibrium

bond lengthR and the distancéd of the Na atom from the plane of the 6MR are listed in
table 2 for the four sites considered (G, TTsj, and Ty in figure 1). From table 2, it can

be seen that, among the four sites considered, the Na atom prefers to be adsorbed at site C,
which is above the centre of a triangle formed by three oxygen atoms. The chemisorption
energyAE of a Na atom at site C is calculated to b&.27 eV when Na is situated at the
height of 11 A above the 6MR plane. AlmosteIcharge is transferred from Na to the 6MR
substrate and the Na atom becomes &Nzation. The equilibrium bond lengtR between

Na and O is 2.22A, which is slightly smaller than the sum of ionic radii of these two
atoms (2.30A). The reason for the reduction of the Na—O band length and the lowering of
the chemisorption energy might be the attraction exerted by the three oxygen anions lying
below the Na cation.

In table 2, when a Na atom is situated at sitg The chemisorbed system is the next
most stable one among the four cases. The chemisorption endigg —3.05 eV, and the
equilibrium bond length is 2.28. The charge transfer from Na to the 6MR plane is ©.64
When the Na atom is situated at the; ©r T, site, the chemisorption energiest of the
two cases are almost equal (1.74 eV, 1.63 eV).

'982 T T T

-983 + \ '\‘: .
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985 |
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Total energy Eor (eV)

I i

-987 : :
0.0 0.8 1.6 2.4 32 4.0
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Figure 2. The total energy £,,,) curves of the adsorption system NagAl30s with respect

to the vertical distance of the Na atom from the 6MR plane are presented as the solid line,
dashed line, chain line and dotted line along the direction for the chemisorption sites TsiT
and Tp, respectively.

The total energy K,,;) curves of the adsorption system NegAl30g with respect to
the distancel of the Na atom from the 6MR plane are presented in figure 2 as the solid
line, dashed line, chain line and dotted line along the directions for the chemisorption sites
C, To, Tsj and Tu, respectively. In comparing the minima of the total energy curves for
the four cases, it can be readily seen that site C gives the lowest total energy of the system.

Our theoretical results are qualitatively consistent with those obtained in x-ray scattering
[13], which is used to identify the position of the cation in zeolite. According to [14], in
LTA (Naio[ (AlO2)12(Si0y)12]) zeolite gight Na ions occupy the six-membered-ring centre
site and the O—Na bond length is 2.82
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Figure 3. The density of states (DOS) for the adsorption system with a Na atom at site C (the
solid line); the DOS for the 6MR is plotted as a dotted line for comparison.

The density of states (DOS) for the adsorption system with a Na atom at site C is plotted
as a solid line in figure 3, while the DOS for the 6MR is given as the dotted line. The
curves were obtained by Gaussian broadening. Comparing the DOS of the adsorbed system
with that of the 6MR, it can be seen that the densities of states near the Fermi efigjgy (
are increased after the chemisorption of a Na atom.

Na(2)

Na(l) i \_\ Na(3)

o) o)

@® Sior Alatom e Oatom v Na atom
Figure 4. A schematic representation of three Na atoms adsorbed on the 6MR.

In order to achieve a further understanding of the effect of Na adatoms on the properties
of zeolite, the system with three Na atoms adsorbed on the 6MR is investigated. Figure 4
gives a schematic representation of a stable configuration of tgeclNster chemisorbed
on the 6MR. The stable configuration is obtained by minimizing the total energy of the
adsorption system in the following way. Firstly, each Na atom (denoted by Na(1), Na(2)
and Na(3), respectively) is located at the top site of an O atom (denoted by O(1), O(2) and
0(3), respectively), which is just like the case of one Na adatom adsorbed at the top site of
an O atom discussed above. The three Na atoms form an equilateral triangle. By shrinking
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the triangle, and reducing the distance of Na atoms from the 6MR plane, the total energy
of the system can be minimized. A stable geometric configuration of thecNater can

be determined relative to the 6MR and is shown in figure 4. In the stable configuration, the
adsorbed Nacluster forms an equilateral triangle; the distance between two Na atoms is
3.17A. The calculated bond lengths Na(1)-O(1), Na(2)-O(2) and Na(3)-O(3) areA2.10
which is slightly smaller than the bond length between Na and O (R)20 the case of one

Na atom adsorbed at the top site of O. The charge transfer of each Na atomedsah@6

the average chemisorption energy of each Na atom3i27 eV. Compared with the charge
transfer (0.64) and the chemisorption energy-8.05 eV) for the case of one Na atom
adsorbed on the top site of O, the case for the Naster adsorbed on the 6MR gives more
charge transfer (0.2§ and lower chemisorption energy-8.27 eV). This indicates that the
highly ionized Na cluster can be easily formed on the 6MR plane. In the present case,
the ionized Né” cluster is obtained. This agrees quite well with experimental electron
spin-resonance (ESR) results wher@\l&; found in zeolite [15].
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Figure 5. The DOS of the adsorption system N)N&i3Al30g (solid line), and the partial density

of states (PDOS) for O (dashed line), Al (chain line) and Si (dotted line). In the inset of this
figure, the PDOS for Na adatoms in the adsorption system is also shown. P represents a new
peak which is mainly contributed by the chemisorbed Na atoms on the 6MR.

The DOS for the adsorption system)M&i3Al 30¢ is shown in figure 5 (solid line), while
the partial density of states (PDOS) for O, Al and Si are also shown as the dashed line, chain
line and dotted line respectively. For the purpose of achieving a clearer understanding of the
contribution of Na adatoms to the DOS of the adsorption system, the PDOS of Na adatoms
in the adsorption system has been obtained and is illustrated in the inset of figure 5. From
the PDOS of the Na adatom in the inset of figure 5, it can be seen that the energy levels
due to the interaction between the Na atoms and the 6MR atoms are mainly distributed in
the vicinity of the Fermi energy. If we make a comparison between the DOS of the 6MR
and the adsorption system N&i3Al30g, it can be found that the DOS peak near the Fermi
level, labelled P in figure 5, increases obviously after thg &l@ adsorbed on the 6MR.
From the distribution of the PDOS for Na, O, Al and Si atoms in figure 5, it can be seen that
the PDOS of Na adatoms makes the most significant contribution to the peak. The obvious
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variation of the DOS near the Fermi energy is due to the interaction between the 3s orbital
of Na and the 2p orbitals of O. It is well known that the physical and chemical properties
of a system are mainly determined by the electronic structures near the Fermi energy; the
calculated results indicate that when a sodium cluster is incorporated into zeolite, some new
interesting properties might appear.

4. Conclusions

The chemisorption of sodium on the 6MR of zeolite is investigated by using the extended
Huckel method and a cluster model. The site preference for a Na adatom is determined,
and a stable configuration of a Naluster on the 6MR is obtained by minimizing the

total energy of the adsorbed systems. The electronic structures for both adsorbed systems,
Na/SizAl306 and Na/SisAl30g, are investigated. It is found that the adsorbed Na adatom
prefers the centre site C of the 6MR and a stable highly ionized equilateral triangle cluster
Naé'2+ can be formed on the 6MR. These results are in good agreement with experimental
results. When a Na atom is adsorbed on the 6MR, the total density of states of the 6MR
increases somewhat near the Fermi level, whereas a new peak P near the Fermi level appears
when three Na atoms are chemisorbed on the 6MR.
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