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 The Calculations of the Overlap Integrals Involving d Orbitals 
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 The structure of a molecule named "thio-
thiophten" was recently clarified through the 
X-ray analysis study by Bezzi, Mammi and 
Garbuglio1), who proposed for this compound 
a condensed ring system similar to that of 
thiophten2) (see Fig. 1), and characterized it 
by no-bond resonance structure. Giacometti

and Rigatti3), following the deduction to this

peculiar structure, have made simple LCAQ

treatment on the superimposed δ and π systems

of non-localized electrons in thiothiophten, by

using only p type orbitals for bonding with.

respect to sulfur atoms. However, since the

system involving no-bond resonance structure

is somewhat unlikely to occur, an alternative

 1) S. Bezzi, M. Mammi and C. Garbuglio, Nature, 182, 
247 (1958). 
 2) H. C. Louguet-Higgins, Acta. Cryst., 3, 76 (1950).

 3) G. Giacometti and G. Rigatti, J. Chem. Phys., 30, 
1633 (1959).
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 Fig.1. Molecular structure of thiothiophten.

interpretation on the electronic structure of

thiothiophten was given in the previous paper

of this series4), where the explicit participation

of d orbitals on the sulfur atoms in bonding

was attempted through pd hybridization.

Adopting the hybridization for the central

sulfur atom, the electronic structure of thio-

thiophten was treated according to the usual

LCAO π approximation without considering

the σ skeleton of the molecule. The results

obtained there were appropriate in any case,

although they were not necessarily the best.

In the present report, further discussions

will be conducted on the pd hybridization of

the central sulfur atom in thiothiophten, and

the possibility of participation of the d orbital

will be examined on the standpoint of overlap

criterion, giving the values of the overlap

integrals.

pd Hybridization.-ln considering the valency

state of the central sulfur atom in thiothiophten

it is convenient to define its coordinates with

-the sulfur atom as origin so that straight bond

S-S-Smay go along the coordinate axis and

the second axis may be perpendicular to the

molecular plane. In this case, the central C-S

bond lies on the remaining one, because S-S-C

bond with respect to the central sulfur atom

has its valency angle of 90°

It is possible that a 3p electron of the sulfur

atom is promoted to a 3d orbital and interacts

with other 3p electrons through pd hybridiza-

tion5). The pd configuration of electrons is

used in the formation of σ orbitals and the

linear arrangement of bonds is obtained from

this electron configurations. Then, as pointed

out in the previous paper, it may be reasonable

to consider that the central sulfur atom in the

straight bond S-S-S is not in the normal

electron configuration but in a valency state

capable of forming a σ skeleton of the bond

through the pd hybridization. The central

sulfur atom is no longer in the bivalent state,

but as the result of the hybridization, is in a

tetra-valent state as in the case of the carbon

.atom. The expected valency state of the

central sulfur atom would be in the electron

configuration 3s23p33d;two orbitals of 3p's are

adopted to form aC-S σ bond with one of

the sp2 orbitals of the neighboring central

carbon atom and to participate in theπelec-

tron conjugation system of thiothiophten. The

remaining 3p orbital would hybridize with a

3d orbital, and would be going to make up

the σ bonds of S-S-S in the linear arrange-

ment. These configurations can account for 

both the right angle of S-S-C with respect to 

the central sulfur atom and the so-called 

abnormal length of the bond between two 

sulfur atoms5,7,8) 

 Now a problem still remains, the discussion 

as to which of the d orbitals of the sulfur 

atom may hybridize with the 3p orbital to

form the σ skeleton of the S-S-S bond. On

the sulfur atom there are five d orbitals 
available for bonding. Of these, two orbitals 
would be ready to participate in the hybridiza-
tion, namely 3dz and 3dxy orbitals (notation 
of Pauling and Wilson9)), both of which have 
their maximum densities of electron distri-
butions along the respective coordinate axes. 
In general, the bond-forming power should 
be a maximum along the direction with 
maximum electron distributions of the orbitals 
concerned10). The hybrid orbitals may be 
written as the linear combination of the 3p 
and the 3d orbitals. The approximate forms 
of the orbitals after the hybridization are 
shown in Fig. 2. Either set of the hybrid
orbitals may go to form the a bonds with 3p
orbitals of neighboring sulfur atoms.

Fig. 2. Approximate forms of hybrid orbitals.

Overlap Integral.-It is, in general, impracti-

cable to calculate accurately the energy of 

formation of a bond between two atoms. 

Instead of this, the overlap criterion may be 

used conveniently in discussing the bond for-

mation7,8). The value of the overlap integral 

may give some measure of the strength of a

 4) K. Maeda, This Bulletin, 33, 1466 (1960). 
 5) K. Maeda, ibid., 33, 303 (1960). 

 6) H. Eyring, J. Walter and G. E. Kimball, "Quantum 
Chemistry", John Wiley & Sons, Inc., New York (1944), 

p. 230.

 7) D. P. Craig, A. MacColl, R. S. Nyholm, L. E. Orgel 
and L. E. Sutton, J. Chem. Soc., 1954, 332. 
 8) D. P. Craig and E. A. Magnusson, ibid., 1956, 4895. 
 9) L. Pauling and E. B. Wilson, "Introduction to 

Quantum Mechanics ", McGraw-Hill, New York (1935), p. 
138. 
10) C. A. Coulson, " Valence ", Oxford University Press, 

London (1952), p. 195.
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 TABLE I. OVERLAP INTEGRALS: S(3po-3dxy)

bond. In practice, it was used successfully in 

discussing the possibility of participation of d

orbital in the a conjugation system with
respect to the sulfur atom in thiophene. In 

this paper, as in the case of thiophene, with 

the aid of the overlap criterion, the contribu-

tion of the d orbital to the hybridization will 

be examined on the central sulfur atom in 

thiothiophten. Comparison is made between 

the values of overlap integral of the 3p and 

the 3d orbitals with 3p, of the neighboring 

sulfur atom. A larger amount of the value 

about the 3d orbital will be associated by a 

greater extent of the contribution, to the 

hybridization because the integral of the 

hybrid orbital may be written as the sum of 

those of the participating orbitals. The values 

of the integral of 3p,-3d0 were already given 

by Craig et al.7), while those of 3p,-3d., 

have not been published yet. In this paper, 

therefore, the values for 3p,-3d., were 

calculated, together with those of Bn(a) 

necessary to evaluate the overlap integral. In 

Tables I and II are given the results. 

 In calculating the integral S (3p,-3d.,.), one 

must pay some attention to the orientation of 

the 3dgy orbital, because the internuclear axis 

is usually taken as the z-axis of the coordinate 

system of integration. The orbital should be 

rotated by 90•‹ about the y-axis. After the 

rotation, the angular part of the orbital, sin' 9 

cost (O, turns into (cos'-sin' sin'). 

The explicit expressions for the overlap integral 

are as follows:

where the method of evaluation described by 
Mulliken et al. and their notations" were 
used. The values of the function An (a)'s 
which appear in the above expressions were 
taken from the table given by Kotani and his 
collaborators12). Those of B. W's were evalu-
ated by them for a wide range of the parameter 
a and also by Craig et al. for the small values 
of a 7). However, some of the values necessary 
in the calculations of Table I were not avail-
able. Therefore, in this paper, a number of 
Bn(a) were calculated and the results are shown 
in Table II, together with those obtained by 
Craig et al.7) In calculating the values of 
Bn(a), the recursion formula for B. (a), 

11) R. S. Mulliken, C. A. Rieke, D. Orloff and H. 
 Orloff, J. Chem. Phys., 17, 1248 (1949). 

12) M. Kotani, A. Amemiya, E. Ishiguro and T. Kimura,  " Table of Molecular Integrals ", Maruzen Co., Tokyo 
 (1955), p. 146.
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TABLE II.
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TABLE III. OVERLAP INTEGRALS: S(3pz-adz)

was used, and the values of ea and e-a were

taken from the table published by the Com-

putation Laboratory of NBS13). Some of the

exponential functions were derived by using

the tab1e of hyperboric functions14). According

to Mulliken's convention concerning the sign

of r 11), the values of 5(3pσ-3dxy) for r<0

were also evaluated. These are given in Table

I.These values caneasily be derived by replacing

Bn(a)with Bn(-α)of the above expression

and Bn(-α) is obtained from 3n(α) through

the relation Bn(-α)=(-1)n×Bn(α). These

integrals are corresponding to the values ob-

tained when 3dYr orbital has its greater effec-

tive nuclear charge than that of 3pY. Further,

in Table III, the overlap integrals S(3pz-3dz)

with the parameter p at intervals of 0.5 and

-of 1.0 are shown for t>Oand t<Orespectively.

Some of the values were already given, as

mentioned above, by Craig et al.'s, who evalu-

ated the values with p at intervals of 1.0.

In order to estimate the values of overlap

integrals using the above tables, it is necessary

to know the effective nuclear charges of the

orbitals concerning the atoms. The respective

charges found in accordance with Slater's

formula's)are as fb110ws:5.80 and 1.00 for 3p

and 3d orbitals on the central sulfur atom 
and 5.45 for 3p orbital on the neighboring 
sulfur atom. Since the bond distance S-S is 
2.36A, the values about 3p-3d give 0.7 and 
5 for t and p (see Ref. 11) respectively. From 
Tables I and III it is inferred that negative 
values of overlap integrals result from these 
t and p values. With this result, one might 
not expect any participations of the d orbitals 
in bonding to occur through the hybridization. 
This may be due to the straightforward appli-
cation of Slater's rule to the estimation of the 
effective nuclear charges of the atoms. As 
already mentioned), since the maximum of 
the radial function of the d orbital with its 
effective nuclear charge 1 lies at 9 atomic 
units, the orbital may be regarded as including 
the full o skeleton of thiothiophten, so that 
it would be impossible to avoid the influence 
of the neighboring atoms in the molecule. The 
charges of the atoms may contract the d orbital 
and enlarge its nuclear charge, leading to a 
comparable value of the overlap integral to 
that of 3p orbital. Then it might be expected 
that the participation of the d orbital in the 
hybridization would take place to an extent 
not much smaller than that of 3p orbital. It 
is necessary, therefore, to examine the influence 
of the nuclear charges of the neighboring 
atoms of thiothiophten upon the d orbital of 
the central sulfur atom. Further discussions, 
however, will be given in subsequent publica-
tions. 

 It is of interest to notice the following

 13) Computation Laboratory," Tables of the Exponential 
Function ex ", Natl. Bur. Standards, Washington (1951). 
 14) Committee for the Calculation of Mathematical 

Tables, "British Association Mathematical Tables", 1, 30 
{1951). 
15) J. C. Slater, Phys. Rev., 36,57 (1930).
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points with respect to the values of overlap 
integral given in Tables I and III; the value 
S(3p,.-3d.) is greater than that of S(3p,-3dg9). 
This may predict a greater possibility of the 
participation of 3p, orbital than that of 3d,,. 
In both tables, the value for t<0 is small, as 
a whole, compared with that for t> 0. This 
may imply that it is not easy to form a bond

between 3d with a greater effective nuclear 

charge and 3p with a smaller one. 
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