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Semi-empirical calculations have been carried out for SiH, (n=1, 2, 3, and 4) adopting the electron pair
bond approximation using hybrid orbitals with d orbitals of Si determined by minimizing the energy of each ground

state.

The results are satisfactory as a whole for explaining the experimental data of these molecules.

The con-

tribution of d orbitals obtained is not very large, but it is important in discussing the energy levels and molecular

structures of some low-lying electronic states.

It is also shown that the maximum overlap method is not always

adequate in determining hybrid orbitals including d orbitals.

Structures of some molecules containing second-row
elements differ from those expected in molecules con-
sisting of hydrogen and/or first-row elements. Examples
can be found in such molecules as PCl; and SFg, in
which participation of the d orbitals of these rather
heavy atoms in bonding is appreciable. This is because
the d orbitals give a different angular effect from that
of the s and p orbitals in bonding.

In the 3d orbital of second-row atoms, the energy
is not so high as compared with those of the 3s and 3p
valence electrons. Although the 4s and 4p extra-
valence shell orbitals are also not high in energy,
their mixing with the valence shell orbitals is expected
to be very small in the low-lying electronic states.)
Thus, for a discussion of the electronic properties of a
molecule with second-row atoms, inclusion of the 3d
orbital should not be completely ignored, although most
calculations of these molecules have not always ex-
plicitly taken into account the effect of the d-character.

In the present work, a semi-quantitative calculation
including the 3d orbitals has been carried out for the
electronic structure of ground state for SiH, SiH,,
SiH,, and SiH, which show some different properties
from those of the corresponding CH, molecules,?-9
together with some excited states of SiH and SiH,.
In this case, the electron pair bond approximation was
adopted since the valence bond method is rather
useful in discussing the contribution of d orbital in
bonding as compared with the molecular orbital
method.

Hybrid Orbitals with d-Character

The spatial configurations of SiH, SiH,, SiH,, and
SiH, were assumed to be of symmetry C..,, Cs,, Cs,,
and Tg, respectively, the coordinate system of these
molecules being taken as shown in Fig. 1. For the
first-row elements, the orthonormalized set of hybrid
orbitals directed to each bond or non-bonding electron
can uniquely be constructed from 2s, 2px, 2py, and
2pz orbitals taking the spatial configuration into con-
sideration if a few external conditions such as equi-
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valence of some orbitals are given. However, a similar
set of hybrid orbitals including the d orbitals cannot
uniquely be determined even if the same number of
external conditions is given, and some additional param-
eters are necessary.

For SiH, SiH,, SiH,, and SiH, these hybrid orbitals
can be expressed as follows:

SiH:
X = agks — boXyo + coXgo
Xy = ayX + biXpo + c1%q, (1)
o= b+ o

SiH,:

xl = aoxs + boxpz + cl)xdz’

X, .
X::} = a, X, + bl[j: (sm g) Xy — (cos g) sz]

2
+ ol[l (3 cos? 9_ 1) Xaz —%(31/2 sin? -g) Xgxr—gs ®

2 2
— . 0 6
- (31/2 sin - cos ?) Xdyz]
SiH,:
Xn = aoxs + boxpz + coxdz*
Xbl = alxs + bl[(Sin ﬁ)pr—(cos ﬂ)xpz]
+ cl[%(B cos? f— I)Xd,,+—é—(31/2 sin? B) Xy e
— (312 sin B cos B) dez]
Lo — 1. 1oy (3)
= aXs + by| ——-(sin B)X ,-(3"2sin B)y
Yo 2 2 i
— (cos ﬂ)x,,,] + cl[—%—(3 cost 1)
1 . .
— 1(31/2 sin? B)Xyys_ 57 (sin? ﬂ)dey
+ %(31/2 sin B cos f) gy, I%(sin B cos f) xdy,]
SiH,:

Yor = (L/2)%, + [(34) =+ Xy
Tos = (1/2)%, + [(314) = /2 (8%/3)Lpe— (1/9)1,]
o[ (1/8) gy (427 sy — (BJ27) 0 5,]
2} = i+ 1 —apnr- @, @)
o+ (2/3),, — (1/3)2,,] + e[~ (1/3)Yas
— Q2T o (2B gy + (22T
= (23) ]
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SiHz 4

Fig. 1. Coordinate system and hybrid orbitals y’s in
SiH, (n=2, 3, and 4).

where 1, n, and b denote lone pair, non-bonding and
bonding, respectively.

Atomic Orbitals

In the calculation of molecular integrals, the atomic
orbitals of Si used are the SCF-AO’s (solutions of
Hartree-Fock equation in the 3P state) obtained by
Watson and Freeman.® Since no 3d orbital is given
in their paper, the following orbital was tentatively
used: .

2 = 0.1571251°(0.25) + 0.7607251°(0.50)
+ 0.1651%51°(1.00) + 0.0561%5I°(2.00)  (5)

where X3]°(8) is a Slater-type 3d AO with orbital
exponent 8. The coefficients of these AO’s are chosen
so as to give a minimum energy of the 1D state with
electron configuration 3s?3p3d by using the above
SCF-AO’s. The orbital of hydrogen used (Xy) is the
Slater-type 1s AO with orbital exponent 1.00. All the
internuclear distances between the silicon and hydrogen
are taken to be 1.477 A, which is the equilibrium
distance of SiH, molecule.”

Method of Calculation

Since the molecular integrals used in semi-empirical
valence bond calculations have not always been de-
scribed with a unified formula, it will be necessary to
clarify the definitions used. The procedure is briefly
outlined in the following paragraphs. The Hamiltonian
of SiH,, (n=1, 2, 3, 4) # can be expressed in atomic
unit as

n N 14 =
H = Hy + 2fum + 2] D sup-nm
7=1 - < opa1 41

n om-l
+ 3] 21-75’ H) -H (6)

r=8+1 §=
where g and #n(y are the atomic term of the Si
which includes the Ist to the 14th electrons and that
of the r-th hydrogen which includes the (r+14)-th
electron, respectively, i.e.,

Jiro Hicucni, Shozo Kusota, Toshio Kumamoro, and Tkuo TokuE

[Vol. 47, No. 11

114 114 1 13 ]
%’Si=-?’§lAP_E +

P=1Tgi-p P=q+1q=17p 4

(b g=1~14) (7)
and

1
HKuawm = —5deunn — (r=1~n). (8)

2 TH() - (r410)

The #sp-n» and #up-ne are the interatomic
interaction terms, i.e.,

1 1
Ksip-ur) = R +
Si-H(r) Tp-(r+14)
1 1
- - 9)
7Si- (r+14) TH(r) -p
and
1 1
Hum-uw = R +
H(r) -H(s) T(r+14) - (s+14)

-t 1 (10)

TH(r) - (3+19) TH(S) - (r+14)

The treatment is based on the electron pair bond
approximation without ionic structure using the hybrid
orbitals (1)—(4). Using the Hamiltonian # (6), the
total energy of SiH,, can approximately be expressed as

Eyn, = Eg; + #ZIEH(r) + rgpgl(Qpr'Fcp, rr10Rpr)

n n-1 1
+ (1 "61,75) E E ( In _’Q‘R;:)
r=8+1 8=1

{ +1 (i, j: paired orbitals) (a1
bl —1/2 (i, j: non-paired orbitals),

where Eg is the energy concerning the Si atom only,
Eg(, is the energy of the r-th atom, Q;’s and R;s
are the interatomic Coulomb and exchange integrals,
respectively,® i.e.,

Qpr = Ssxsﬁ(p)(ﬁ)xr*fw(f"' 14)#s1¢p) -n(m

X Xs1 () ()X en (7 + 14)d7,d7, 404 (12)
Ry~ ng?i(m(l’)xﬁ(r)(f'i' 14) #s5 (py -m
XXy () (P) XSI(p) (f + 14)d7pdfr+14 (13)

= | [t + 19T+ 198000 w0
X Xy n (r + 14) X (s + 14)d7,414dT5 014 (14)
Ry ([t + 19006+ 19060 o

X Auo (f-l- l4~')XI{(7) (5 + 14)dfr+14d7:+14' (15)

In Eq. (11), orthogonality among all the orbitals is
assumed, except in the evaluation of R;’s with Egs.
(13) and (15). All the interactions with the inner
shells of the Si atom are also included in the same way.
The coeflicients of the AO’s in the hybrid orbitals
(1)—(4) are determined so as to minimize the total
energy of the corresponding ground state.

In the case of SiH, the treatment is similar to the
restricted SCF-LCAO-MO method.” For the ground
state:

Lz (1)*[(%) (X)] (X0, (16)

the coefficients of the AO’s are determined by solving
the following simultaneous equations:



November, 1974]
1 1
[H+ Q- R 2Kk fom g Kot Jermy Ko
1
=&k + ‘2‘8be\>

(17)
[H—I—- Q+R+2J,—K,+ Jx+—';_Kx+]xb=81bxl+8bbxb

[H+Q—y RE2I =Kk y Ko J = e

where
H=-14 —'-% 4 21 = Kyo + 220 — Kag + 2
— Kypo + 2Japes — Kopes + 2Jape- — Kopee  (18)
J®) = [[Br@ 11, Dtala)dr|1,00) (19)
Ko(p) = [ [14(@ Wy D0y | 1) (20)
01, (#) = [[1a*(15) H s -nTu(15)des [ 1,(5) 1)
RL0) = [[H09) e neo Xy 15)d ). 22

All the calculations were carried out using the two
sets of hybrid orbitals with and without d orbitals of
Si atom. The most stable structure of the ground state
of SiH,,

1Ay (0)2 LX) X)) (X)X )1 (23)
and that of SiH,,
A1 [(%2) M) 1L(Xee) Xu@)1L(Xos) Ra @)1 (Xa)s - (24)

were determined by changing the bond angle ~HSiH
only. For SiH and SiH,, the excitation energies to the
lower electronic states,

577, 24, 2377, 2307 [(%) (Xa) 1 (X0)2(%) (25)
24: (X)*[(X,) (Xx)1(Xs) ¢ for SIH  (26)
I (X)X (Xm)1(X.*) (27)

and
3By, 1Byt [(%) i) 1[(Ko) (xm)](xl)(xn)} —_—
1A, [(%pr) (xﬂ(l))][(be) (Yg@)1(X,)? (29)

were also calculated using the hybrid orbitals of each
ground state. In the vacant orbitals in the ground
state, the X; orbital of I[SiH was taken to be the 3dé
AO of Si, the %* was the 3ds-like orbital which is
orthogonal to the X; and X, and the X, orbital of SiH,
which is perpendicular to the molecular plane was
assumed to be the 3px AO of Si.1Y In the case of the
1A, states of SiH,, only the interaction between con-
figurations (23) and (29) was taken into account so as
to give the energies of the 14, and the 13],* states in
the linear structure. The other states of SiH, were
calculated in the approximation of single configuration.

Results and Discussion

In the SiH radical, the D24 and E?3}* states are not
so high as compared with the lowest 24 and 231* states,
while those of the CH are expected to be high-energy
excited states. However, no theoretical work has been
done for these higher states. Therefore, the excitation
energies have been calculated for the low-lying states
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with configurations (25)—(27). Using the hybrid
orbitals determined for the ground state, the lower
excited states with configuration (25) obtained are
considerably high as compared with the experimental
results [4E.,..(24)=5.81eV and A4E,,..(331+)=6.90
eV, while 4E,;,.(24)=3.01 eV and 4E,,.(*33*)=3.84
eV1213)], This might be due to the fact that the
distribution of ¢ electrons differs a great deal from
that of the ground state where the hybridization ratios
used in Eq. (1) were determined.!® On the other
hand, the calculated excitation energy of the higher 24
state with configuration (26) is 6.67 eV, in fair agree-
ment with the observed value of the D2%4 state [6.02
eV12.18)], The agreement might suggest the fact that
the distribution of o electrons in this 24 state does not
differ much from that of the ground 2II state. Similarly,
the observed higher 231+ state (E23}*) can be explained
to be due to the excitation of one # electron from the
ground state ?II into the 3d-like ¢ orbital (X,*). The
results indicate that the contribution of d orbitals is
important in discussing some observed lower electronic
states of molecules with second-row atoms.

E(ev)

100 L . " L
90° 120°
LHSiH

150° 180°

Fig. 2. Lower electronic states of SiH, calculated by
including d orbitals. The dotted lines indicate the
energies of the 'A; states without interaction between

the lowest two configurations. The origin of energy
is chosen to be Si(3P)+2H(2S).

For the four low-lying states of SiH,, the potential
energy curves were calculated by including the d
orbitals of Si as shown in Fig. 2. The dotted lines
correspond to the energies without interaction between
the lowest two 1A, configurations. The calculated
equilibrium bond angle ~LHSiH in the ground state
1A, [96°] is in fair agreement with the observed result
[92° »], while the value of the 1B, state [145°] is fairly
larger than the expeimental [123°2]. The calculated
energy difference between these states is 3.54 eV while
the observed value is 1.93 eV. The disagreement is
mainly due to the facts that the electron configuration
is apparently different between these states and that
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the hybrid orbitals used are determined for the energy
of the A, state with configuration (23).

In the case without d orbitals, the bond angle ~HSiH
in each state is generally close to the result with d
orbitals and that of the ab initio calculation (without
d orbitals) by Wirsam.’® For only the 1B, state, the
bond angle obtained here is fairly large [about 30°]
as compared with that of Wirsam, although the energy
changes less than 0.5eV in this vicinity. The dif-
ference between the results with and without the d
orbitals is not very significant.

In both calculations, the ground state of SiH, is
obtained as 'A,, in contrast with 3B, of CH,. The
difference is not essentially due to the effect of the
d orbitals, and can be explained by the following
electronic properties: If the overalp integral between
the valence v orbital (v means s, po, efc.) and the
hydrogen 1s orbital is expressed by S5, the ratio of
Sen/Spon, for SiH,, is fairly smaller than that of CH,,.
Accordingly, the stabilization of the Si-H bond due to
the inclusion of the s orbital is rather small as com-
pared with that of the C-H bond. The separation
between the lowest 'A; (or 1B,) and ®B, states of SiH,
is about three quarters of that of CH, near the linear
structure.1® Thus, the A, state of SiH, with nearly-
rectangular bond angle is located lower than the 3B,

Efev)

-10.0r

-120
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state, in contrast with the case of CH,.

The potential energy curve of the ground state of
SiH, has been calculated as shown in Fig. 3. The
most stable structure obtained is pyramidal (/HSiH=
114°) by including the contribution of the d orbitals
of Si, in consistent with the experimental result,® while
it is nearly planar (LHSiH=119°) by disregarding the
d-character. The calculated bond angle is in close
agreement with the value deduced by Sharp and
Symons (113~114°).1  This might show the facts
that the pyramidal structure of SiHj is due to an
appreciable contribution of the d orbital in the angular
effect and that the inclusion of the d orbital is essentially
necessary in the calculation of molecules with Si atom.

On the other hand, an ab initio calculation by
Wirsam?® and an INDO calculation by Benson and
Hudson!? gave the pyramidal structure for the equi-
librium geometry in spite of disregard of the d orbitals.
Thus, one may conclude that there are two reasons
for the pyramidal structure of SiHj, in contrast with
the nearly-planar structure of CH,; it is due to the
angular contribution of the d orbital of Si and that
the stabilization of the Si-H bond due to the inclusion
of the s orbital is rather small as compared with the
case of the C—H bond.

In general, the energy lowering due to the inclusion
of the d orbitals is not very large. The results for the
ground states with equilibrium configuration are sum-
marized in Tables 1 and 2. The stabilization energy
per Si-H bond differs for the SiH, molecules each
other, this being mainly due to the fact that the con-
tribution of the valence states of the Si atom concerned
with each molecule is not quite the same. Actually,
the energy lowering increases with decreasing the bond
angle ~HSiH. On the other hand, the contribution

TaBLE 1. CALCULATED ELECTRONIC ENERGIES IN THE
EQUILIBRIUM STRUCTURE OF SiH, RELATIVE TO THE
ENERGY OF Si(®P)+nH(2S).

Hybridi-

-14.0 . . . .
- zation SiH SiH, SiH, SiH,
. . d E(eeV) —4.64 —9.44 —14.05 —20.20
90° 100° 11o° 120° SPY HsiH  — 96° 114°  (109°28")»
HSiH
LRS: E(eV) —3.92 —-8.15 —12.66 —18.18
Fig. 3. Electronic energy of 2A, state of SiHj, calculated P HSIH — 97° 119°  (109°28)®
by including d orbitals (full line) and that by disregard-
ing d orbitals (dotted line). The origin of energy is 4E (V) 0.73 1.30 1.39 2.03
chosen to be Si(3P)+3H(2S). a) The assumed value.
TaBLE 2. THE s-, p-, AND d-CHARACTERS (in per cents) IN THE EQUILIBRIUM STRUCTURES OF SiH,,.
SiH SiH, SiH, SiH,
"
Hybridization s-p-d s-p s-p-d s-p s-p-d s-p s-p-d s-p
s-character 11.50 9.22 11.21 10.86 28.54 32.65 25.00 25.00
Abt p-character 83.01 90.78 83.70 89.14 68.03 67.35 71.13 75.00
d-character 5.49 0.00 5.09 0.00 3.43 0.00 3.87 0.00
% s-character 88.47 90.78 77.04 78.27  13.51 2.05 — —
or p-character 11.09 9.22 22.81 21.73 85.91 97.95 — —
X, d-character 0.44 0.00 0.15 0.00 0.58 0.00 — —
p-character 99.72 100.00 — — — — — —
X d-character 0.28 0.00 — — — — — —
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Fig. 4. The s-, p-, and d-characters in the bonding
orbital y,, of SiH,. The dotted line indicates the
s-character calculated by disregarding d orbitals.

100

(%) [

p-character

50

e

/

s-character

1 1
90° 100° 110°
(HSIH

120°

Fig. 5. The s-, p-, and d-characters in the bonding
orbital y,; of SiH;. The dotted line indicates the
s-character calculated by disregarding d orbitals.

the ~HSiH (Figs. 4 and 5). However, the energy
of d-character of Si atom also increases with decreasing
lowering is not exactly parallel with the d-character.
In the present calculation, the contribution of d
orbital is not very great but should not be completely
disregarded. The d-character in the lone pair and the
non-bonding orbitals is very small as compared with
that of the bonding orbitals (Table 2). This is under-
standable from the fact that the hybridization of the
d orbitals mainly contributes to the bonding energy.
For SiH, and SiH,, the maximum value of d-character
in the lone pair and the non-bonding orbitals (0.22
and 0.59%, respectively) appeared near bond angles
of 110 and 113° respectively, while the d-character of
the bonding orbitals increases with decreasing the bond
angle (Figs. 4 and 5). For SiH,, the relation where
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Efev) ! T SbH
5.0}
Son {780
-10.0} 176.0
{740
150
-200F N
00 387 100 1483 200 300

d-character (%)

Fig. 6. Effect of d-character for the electronic energy
(E) and the overlap integral between yx,; and yug
[Syn] in SiH,. The origin of energy is chosen to be
Si(3P)+4H(2S).

the d-character is equal to the decrease in the p-charac-
ter due to the inclusion of the d orbitals is exactly
satisfied [¢f. Eq. (4)]. This is also roughly valid for
the other SiH, radicals (Table 2, Figs. 4 and 5).

The maximum value of energy lowering for SiH,
due to the inclusion of the d orbitals of Si has been
obtained to be 2.03 eV at the d-character of 3.879,
in' the bonding orbital Xy;. On the other hand, the
maximum overlapping between the X,; and the g
appeared at the d-character of 14.83%, as shown in
Fig. 6. This discrepancy may be explained as follows:
the stabilization of the Si-H bond due to the exchange
energy between the X; and the Xy may increase
with increasing the value of the corresponding overlap
integral. However, the total energy increases beyond
a certain value of the d-character, since the energy of
d orbital is rather high as compared with the other
valence orbitals of Si. This might suggest the fact that
the maximum overlap method?? is not always adequate
in determining the hybrid orbitals with d orbitals.

The present work includes several approximations
and assumptions. The atomic orbitals used may not
be completely adequate for all the states. Actually,
the determination of the 3d orbital is rather tentative
but may be allowed for the present purpose. This
may be recognized from the fact that the energy levels
of Si atom calculated using the present AO’s are
generally satisfactory in a semi-quantitative sense except
that the order of the 3D(3s23p3d) and 3P(3s23p3d) states
is the reverse of that given in Moore’s table.?2)) There-
fore, the experimental values are not included in the
present calculation, although a better result might be
obtained by using such values.

The result obtained for the ground state of SiH,, is
generally satisfactory as compared with those of other
calculations.15:18:19,22,23)  This is partly due to the facts
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that the approximation for the exchange integrals (12)
and (14) are fairly permissible, as has already been
shown by the calculations of CH® and CH,,? and
that the contribution of ionic structures is not great in
the ground states of the molecules. As far as the
hybrid orbitals determined for the ground state are
used in the approximation of single configuration, the
results for the excited states are not so good as in the
ground state. However, better results can be expected
in a similar treatment if the hybrid orbitals are ob-
tained so as to minimize the energy of the state in
question or if the interaction with some other electronic
configurations are included.

The authors wish to thank Mr. H. Takahashi for
his help in the preliminary calculation of SiH,.
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