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Abstract

Water molecule (H,O) adsorption on Sig_o clusters has been studied using
the full-potential linear-muffin-tin-orbital method. The calculations show that
water molecules can be adsorbed on some sites of the cluster surfaces. Their
adsorption energies are situated in the ranges 0.01-0.49 eV for Sig, 0.14-0.24eV
for Sig, and 0.15-0.42 eV for Sijp. The results suggest that the clusters are
relatively unreactive with water. After an H,O molecule adsorbs on a site, the
structures of the silicon cluster and the water molecule change slightly.

1. Introduction

Studies of the structures and the chemical reactions of silicon clusters are of scientific
importance. Using the full-potential linear-muffin-tin-orbital method, we have investigated
the structures of Si, and Ge,, (n = 2-10, 20, and 60) [1-6]. Some ground-state structures have
been discovered. As regards the chemical reactivity, it has been found that it is very different
from that of bulk silicon [7]. Many experimental studies of the chemical reactions of the
silicon clusters with acetylene [8], ethylene [9-14], ammonia [8, 15-20], oxygen [8, 14,21],
carbon monoxide [7,22], and water [8, 23] have been performed. Studies of the chemistry
have revealed that silicon clusters containing up to 70 atoms appear to be much less reactive
than bulk silicon surfaces.

Creasy et al [8] have carried out studies of the reactions of water with small-silicon-cluster
cations (Sij_¢) using Fourier transform mass spectrometry (FTMS). Their results show that
reactions with H,O are not observed for Si}_, implying that the reactions proceed at rates
which are less than 107! to 10712 cm? s !, i.e. it is difficult to get water to react with Sig_¢
clusters. Ray and Jarrold [23] have investigated the reaction between silicon cluster cations
Sijo—¢s5 and water using the injected-in drift tube technique. Their results suggest that the only
products observed for the reactions between the silicon cluster cations and water are a series of
Si, (D,0);, adducts. These experimental results indicate that the silicon clusters are relatively
unreactive with water.

Up to now, few theoretical studies have been performed on the reactivity of the silicon
clusters. Krack and Jug [24] have investigated ammonia adsorption with neutral Sis(Djy)
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and Sijo(Tq) clusters using the semiempirical MO method SINDO1 and the ab initio program
Gaussian 90. We have studied the nature of NHj3-molecule adsorption and dissociation on
neutral silicon cluster surfaces by the DV-X, method [25,26] and the full-potential linear-
muffin-tin-orbital molecular-dynamics (FP-LMTO-MD) method [27]. We have also studied
the adsorption of H,O and C,Hy4 on neutral Sis_7 cluster surfaces [28,29] using the FP-LMTO-
MD method. Recently, we have investigated carbon monoxide adsorption on Si, (n = 2-7)
cluster surfaces [30]. Itis found that there is one active site for each small silicon cluster. Their
adsorption energies decrease rapidly as the atomic number of the silicon clusters increases.

In the present work, we will study the adsorption of H,O on neutral Sig_ ¢ cluster surfaces
by the FP-LMTO-MD method. It is a continuation of our previous paper [28].

2. Method

The FP-LMTO method [32-35] is a self-consistent implementation of the Kohn—Sham
equations in the local-density approximation [41]. This method expands the electron wave
functions in terms of muffin-tin orbitals [42]. Also this method uses a completely general form
for the potential and density in which space is divided into nonoverlapping muffin-tin spheres
and the remaining interstitial region (in which the potential is expressed as a linear combination
of Hankel functions), instead of the atomic sphere approximation (ASA). The details of how
the molecular dynamics method can be performed are described in references [34,35].

3. Results and discussions

In this section, we will present the results for the adsorption of H,O on Sig_ o cluster surfaces.
On the basis of our FP-LMTO-MD study, the ground-state structures of Sig_jo clusters are:
bicapped octahedrons (C,, and C,y for Sig), bicapped pentagonal bipyramid (C,, for Sig),
tetracapped trigonal prism (Csy for Sijg) [2, 3,43,44], as shown in figure 1. 8(a) (Cy) is a
distorted bicapped octahedron, which has been reported previously by some authors [36—40].
Its binding energy is 36.34 eV. Using FP-LMTO-MD, we have obtained another structure,
8(b) (Cyy), as stable as 8(a), by capping the adjacent faces in the vertical direction. Its binding
energy is also 36.34 eV.

For H,O molecules, the calculated O—H bond length (0.97 10\) and H-O-H bond angle
(104.39°), which are adopted to compare with those of H,O after adsorption, are in good
agreement with the experimental values: 0.96 A and 104.50° [31].

In our calculations, we try all of the possible adsorption sites: the atop site on each surface
atom, the bridge site between two neighbouring atoms, and the hollow site consisting of three
adjacent atoms. After a water molecule is placed at one such site, we start to calculate the
adsorption energy and optimized structure by means of molecular-dynamics simulations. After
many iterations, the maximum of the forces is less than 0.001 au, and the total energy stays
nicely constant because the system stays close to self-consistency (so the forces agree with the
energy). The process is stopped when the self-consistency condition is met. The optimized
adsorption structures are shown in figure 2 to figure 5. Their adsorption energies are listed in
table 1.

3.1. Sig + H,O

When a water molecule is adsorbed on the surface of 8(a), its adsorption energy is situated
between 0.01 and 0.22 eV. We find that the adsorption results in little change in the structures
of the 8(a) and H,O molecules. After the H,O is adsorbed on the surface of 8(a), the maximum
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Figure 1. Geometries of the lowest-energy structures of Sig_1o clusters. Sig(a); Sig(b); Sio; Sijo.

Table 1. Calculated adsorption energies E, (eV) of water molecules adsorbed on the surfaces of
Sig_ 1o clusters.

Sig(a) 8A(a) 8B(a) 8C(a) 8D(a) 8E(a) — — —

E, 0.22 0.14 0.01 0.14 0.03 — — —
Sig(b) 8A(b) 8B(b) 8C(b) 8D(b) 8E(b) 8F(b) 8G(b) 8H(b)
E, 0.49 0.33 0.20 0.18 0.29 0.16 0.44 0.35
Sig 9A 9B 9C 9D 9E 9F 9G —

E, 0.24 0.14 0.18 0.14 0.17 0.20 0.17 —
Sijo 10A 10B 10C 10D 10E 10F 10G —
E, 0.42 0.27 0.25 0.18 0.15 0.19 0.19 —

of the bond change for the silicon cluster is 0.03 A, and the maximum changes of the O-H
bond and bond angle Oy_o_y are 0.01 A and 3.15° respectively. Some parameters are listed
in table 2.

The most favoured adsorption site for 8(a) is the hollow site of the surface consisting of
atoms 3,4, 5 (or 1, 2, 6), shown as 8A(a). The energy of adsorption on the site is 0.22 eV. The
water adsorption does not make the geometry of 8(a) change significantly. But the bond angle
On_o_n changes from 104.39° to 101.24°, and the bond O—H increases by 0.01 A compared
with 0.97 A for the free H,O. It is worth noting that there are three weak O—Si bonds (one bond
of 3.14 A and two identical bonds of 3.34 A), which make its adsorption energy larger than
those for the other sites. In addition, compared with water molecule adsorption on Sis_7 cluster
surfaces [28], it is found that two H atoms have moved towards the silicon cluster, and ®y_o_g
decreases. This suggests that there is interaction between atoms H and Si. The interaction
is favourable for the water adsorption. 8B(a) is obtained by placing an H,O molecule on the
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Figure 2. The stable structures of water molecules adsorbed on the five different sites of the Sig(a)
cluster.

Table 2. Some geometrical parameters (A) changed obviously after water molecule adsorption
on Sig(a) cluster surface. A refers to the maximum difference between two corresponding bond
lengths of free Sig(a) and Sig(a) + H2O.

Bond Free Sig(a), H;O  8A(a) 8B(a) 8C(a) 8D(a) 8E(a) A
dis 2.65 2.64 2.65 2.65 2.66 2.63 0.02
dyy 2.45 2.46 2.42 2.44 2.44 2.44 0.03
dys 2.65 2.64 2.64 2.65 2.66 2.63 0.02
do-—si — 3.14 3.07 4.28 3.19 2.96

do—si — 3.34 — — — — —
don 0.97 0.98 0.98 0.98 0.98 0.98 0.01
Op_o-g 104.39 101.24 104.89 103.65 101.37 10449 3.15

bridge site of the edge-connecting atoms 2 and 4 (or 1 and 3). It is found that the two H atoms
and the silicon cluster are on either side of the O atom and ®y_o_y increases. Increase of
®py_o-y is also caused by the interaction between H and Si atoms. Obviously, when the two H
atoms and the Si atoms are on the same side of the O atoms, ®y_o_g decreases. Otherwise, it
increases. The adsorption energy of 8C(a) is only 0.01 eV, which is the smallest among the five
H,0 + 8(a) structures. Its O-Si bond (4.24 A) is rather weak. Therefore, the water molecule
cannot be adsorbed on the site tightly. 8D(a) and 8E(a) are both obtained by putting an H,O
on the atop site of capping atom 7 (or 8), but their adsorption energies differ significantly. The
interaction between H and Si atoms plays an important role for 8D(a), but not for 8E(a).

We now consider an H,O molecule on the surface of 8(b), when the H,O molecule is
placed on the atop site of the edge atoms 1 (or 2). Its adsorption energy is 0.49 eV, which is
the most among the eight H,O + 8(b) structures. The large adsorption energy is at the origin
of the strong O-Si bond (2.45 A). Its ©y_o_y is 104.10°, which is slightly smaller than that of
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Figure 3. The stable structures of water molecules adsorbed on the eight different sites of the
Sig(b) cluster.

the free H,O. This suggests that the interaction between H and Si atoms is not strong in 8A(b).
8B(b) can be obtained by placing an H,O on the atop site of atom 3 (or 4). 8C(b) and 8D(b)
are similar. Their adsorption energies are 0.20 eV and 0.18 eV respectively. Four weak O-Si
bonds make the H,O molecule bound on the site. 8E(b) and 8F(b) are obtained by placing an
H,O on the atop sites of the apex atom 5 and the capping atom 7 respectively. The O-Si bond
(3.06 A) in 8E(b) is stronger than that of 8F(b) (3.19 A). In addition, the ®y_o_u (100.66°)
in 8E(b) is slightly smaller than that of 8F(b) (101.00°). Therefore, it is easy to understand
that the adsorption energy of 8E(b) is larger than that of 8F(b). 8G(b) and 8H(b) are similar to
8C(b) and 8D(b). But the H,O is on the bridge site of the edge site connecting atoms 1 and 2.
The O-Si bond in 8G(b) is 2.61 A, which is shorter by 0.106 A than that of 8H(b). Their two
H atoms and Si atoms are on different sides of the atom O. The Oy_g_g (107.24°) in 8G(b)
is larger than that of 8H(b) (106.85°). The adsorption energy of 8G(b) is certainly larger than
that of 8H(b). Some parameters are listed in table 3.

According to the discussions above, we find that there are three factors affecting the
adsorption energies: the strength of the O-Si bond, the interaction between H and Si atoms,
and the number of O-Si bonds. The O-Si bond plays the principal role in H,O adsorption
on the silicon clusters. The shorter the O-Si bond is, the larger the adsorption energy is, and
the more obvious the structural distortion is. When an H,O molecule is on a site with higher
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Figure 4. The stable structures of water molecules adsorbed on the seven different sites of the Sig
cluster.

Table 3. Some geometrical parameters A) changed obviously after water molecule adsorption
on Sig(b) cluster surface. A refers to the maximum difference between two corresponding bond
lengths of free Sig(b) and Sig(b) + H,O.

Bond Free Sig(b), HO 8A(b) 8B(b) 8C(b) 8D(b) 8E(b) 8F(b) 8G(b) 8H(b) A

di3 2.67 2.73 2.68 2.67 2.68 2.67 2.68 275 2.71 0.08
ds 2.67 2.60 2.57 2.67 2.68 2.67 2.68 2.75 2.71 0.08
dsg 3.03 2.99 3.05 3.03 3.01 3.02 3.00 2.95 3.01 0.08
do—si — 2.45 2.50 3.10 3.12 3.06 3.19 2.61 2.72

do—si — — — 3.21 3.22 — — 3.37 —

don 0.97 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.01
On—o-n 104.39 104.10 105.01 105.36 105.13 100.66 101.00 107.24 106.85 3.73

symmetry, the interaction between H and Si atoms is small, and two H atoms and the silicon
cluster are on different sides of the O atom. Thus the interaction between H and Si atoms
makes the ®y_o_g of H,O increase. But, if the H,O molecule was on the other sites with
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Figure 5. The stable structures of water molecules adsorbed on the seven different sites of the Sijo
cluster.

lower symmetry, the two H atoms would move towards the silicon cluster. The interaction
between atoms H and Si makes the ®y_g_y of H,O decrease. The increase of the number of
O-Si bonds can also enlarge the adsorption energy, although they may be weak bonds.

3.2. Sig + H,O

Water adsorption on the surface of the Sig cluster is similar to that for the Sig cluster discussed
above. When a water molecule is adsorbed on the surface of a Sig cluster, its adsorption energy
is situated between 0.24 and 0.14 eV. The adsorption causes the maximum change 0.06 A of
the geometry parameter of the Sig cluster and the maximum change 3.96° of the ®y_p_y of
H,0. Some parameters are listed in table 4.

The most favoured adsorption site for Sig cluster is the atop site of atom 2 (or 3). The
energy of adsorption on the site is 0.24 eV. The water adsorption makes the Sig cluster elongate
a little in the direction of the water molecule, whereas it becomes shortened in the other two
directions. The bond angle ®y_g_g changes from 104.39° to 105.27°, and the bond O-H
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Table 4. Some geometrical parameters (A) changed obviously after water molecule adsorption on
Sig cluster surface. A refers to the maximum difference between two corresponding bond lengths

of free Sig and Sig + H>O.
Bond Free Sig, HO  9A 9B 9C 9D 9E 9F 9G A
dis 243 2.37 243 242 241 242 242 241 0.06
dae 2.69 2.75 2.69 2.69 2.68 2.69 2.73 2.69 0.06
dy7 2.69 2.75 2.69 2.69 2.68 2.68 2.66 2.69 0.06
do—si — 247 322 3.21 2.69 3.20 3.08 3.17
do—si — — 3.23 3.23 — — — —
dou 0.97 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.01
OH_0-H 104.39 105.27 104.59  104.85 105.60  100.59 101.17 10043  3.96

increases by 0.01 A compared with 0.97 A for the free H,O. The changes in structure are
similar to those of water adsorbed on Sis_; cluster surfaces. But Sis_; clusters have higher
symmetry (Dsp_sp), in which there are only two kinds of atom: capping atoms and edge atoms,
whereas the symmetry of Sig is C,, which makes the cluster have many different kinds of site.

When an H,O molecule is placed on the bridge site between atom 2 and atom 3, we find
that there are two kinds of adsorption structure, in which the planes of H,O molecules are
perpendicular to each other, shown as 9B and 9C in figure 2. The adsorption energy of 9C is
slightly larger than that of 9B. The two kinds of O-Si bond in 9B and 9C structures are both
longer than 3.2 A. Although they are long by comparison with that of 9A, four such weak O—Si
bonds still cause the water molecule to be adsorbed on the site. The H,O molecule in 9D is
on the atop site of apex atom 1. Its adsorption energy is 0.14 eV, which is the smallest among
the seven Sig + H,O structures.

All of the ®y_p_y in the four structures mentioned above are larger than that of the free
H,O. Their two H atoms and Si atoms are on the two sides of the O atom. But it is found that
all ®g_o_y in 9E, 9F, and 9G are smaller than that of the free H,O. In the three structures, the
two H atoms have moved towards the Sig cluster. The O-Si bond in 9E is almost as long as
that in 9B and 9C, but the adsorption energy of 9E is larger than that of 9B. This is caused by
the interaction between the atoms H and Si.

3.3. Siyo + H,O

For Sij(, the most favoured adsorption sites for Sij( are the atop sites of the three atoms 1, 2,
and 3, which are equipollent because of the C3, symmetry of Sijg. The adsorption energy of
10A is 0.42 eV. The O-Si bond length is 2.36 A, which is the shortest among all the seven
Sijo + HyO structures. It is found from table 5 that the structural distortion of 10A is also
the greatest. But the bond angle ®y_o_y in 10A increases by only 0.45° relatively to that of
the free H,O molecule because of the fact that the plane of H,O is almost parallel with the
symmetrical axis of the silicon cluster. Another structure similar to 10A is 10C. Placing an
H,0 molecule on the atop sites of the three apex atoms in an equilateral triangle consisting
of atoms 4, 5, and 6, we can obtain 10C. The O-Si bond is 0.74 A longer than that of 10A.
Its adsorption energy is 0.25 eV, which is 0.17 eV less than that of 10A. Water molecules
can be adsorbed on the atop sites of three equipollent atoms 7, 8 and 9 in three ways, which
correspond to 10B, 10D, and 10G, as shown figure 5. Placing an H,O molecule, in which the
two H atoms are in the other direction to the O atom relatively to the Sijo cluster, just on the
atop site of atom 7, 8, or 9, the structural optimization finds its stable form to be 10B. It is found
that the two H atoms have moved towards the Sijq cluster. The bond angle ®y__y decreases
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Table 5. Some geometrical parameters (A) changed obviously after water molecule adsorption on
Sijo cluster surface. A refers to the maximum difference between two corresponding bond lengths
of free Sijo and Sijo + HyO.

Bond Free Sijp, HbO  10A 10B 10C 10D 10E 10F 10G A
di, di3 2.67 2.73 2.65 2.66 2.66 2.62 2.66 2.65 0.06
d3 2.67 2.60 2.66 2.65 2.65 2.67 2.66 2.68 0.07
dyy, dag 2.52 2.48 2.46 2.46 2.48 2.46 2.46 2.45 0.07
dsio — 2.36 3.18 3.09 3.16 2.66 3.10 3.14

don 0.97 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.01
Op-o-n 10439 104.84 10048 101.23 100.80  105.75 10493 101.07 391

by 3.91°. Its adsorption energy is 0.27 eV. If we place an H,O molecule on the bridge site
of the edge going from atom 2 to atom 3, or the hollow site consisting of three neighbouring
atoms 2, 3, and 9, the stable form is 10D, in which the H,O has moved towards the atop site
of atom 9. But this is different from 10B. Another structure similar to 10D is 10G, which is
formed by placing an H,O molecule on the bridge site of the edge going from atom 5 to atom
6, or the hollow site consisting of the three neighbouring atoms 5, 6, and 9.

The last two Sijg + H,O structures are 10E and 10F. The two H atoms and the Si cluster
are on different sides of the O atom in the two structures, which is different from the case for
the five structures mentioned above. The H,O of 10E is on the atop site of the apex atom 0,
whereas the H,O of 10F is on the hollow site of the bottom surface. The O-Si bond (3.10 A)
in 10F is not so strong as that (2.66 A) in 10E, but three such weak O-Si bonds make the
adsorption energy of 10F larger than that of 10E.

4. Conclusions

We have studied the water molecule adsorption on Sig_j( clusters by the full-potential linear-
muffin-tin-orbital molecular-dynamics (FP-LMTO-MD) method. Our results show that:

(1) An H,O molecule can be adsorbed on several sites on the surfaces of Sig_1( clusters. The
maximum adsorption energy is 0.49 eV, which suggests that Sig_( clusters are relatively
unreactive with water.

(2) Relatively low symmetry causes Sig_jq clusters to have many more different adsorption
sites than Sis_7 clusters. Therefore, the configuration of water adsorption on the Sig_g
cluster surfaces becomes more complicated than that for Sis_7 clusters. When the water
molecule is adsorbed on some special sites with higher symmetry, the orientation of the
H,0 molecule is similar to that in Sis_7 + H,O; that is, the two H atoms and the silicon
cluster are on different sides of the O atom, and ®y_g_y will increase. But when the
water molecule is on the other sites, the two H atoms will move towards the silicon cluster.

(3) The principal factor affecting adsorption energy is the O—Si bond strength. The interaction
between H and Si atoms and the number of O-Si bonds also have influences on the
adsorption energy.
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