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Explicit formulas and numerical tables for the overlap integral
S between AQ’s (atomic orbitals) of two overlapping atoms ¢ and
b are given. These cover all the most important combinations of
AO pairs involving s, npe, and npr AO’s. They are based on
approximate AQ’s of the Slater type, each containing two param-
eters x [equal to Z/(n—3)], and n—§, where n— 3 is an effective
principal quantum number. The .§ formulas are given as functions
of two parameters p and ¢, where p="3(ue+u)R/am, R being the
interatomic distance, and #=(uq— up)/(ua—+wus). Master tables of
computed values of S are given over wide ranges of p and ¢
values corresponding to actual molecules, and also including the
case =0 (intra-atomic overlap integrals). In addition, tables of
computed S values are given for several cases involving 2-quantum
s, p hybrid AO’s.

Hybrid S values for any desired type of hybrid can be obtained
very easily from the tables as simple linear combinations of non-
hybrid S values. It is shown how S values corresponding to
orthogonalized Slater AQ’s and approximate S values for SCF
(self-consistent-field) AO’s can also be obtained as linear combi-
nations of the Slater-AO S values. .S values for carbon-carbon
2po- and 2pw-bonds using SCF carbon AQ’s have been computed
(see Table in Section Vb); they correspond to stronger overlap
than for Slater AO’s. Non-localized MO group-orbital S values
are also discussed, and are illustrated by an application to H,0.
The use of the tables to obtain dipole moments for electronic
transitions in certain cases is also mentioned. The use of the
tables to obtain .S values for various specific atom-pairs and
bond-types, and resulting conclusions, will be discussed in another

paper.

I. INTRODUCTION

S is well known, the quantity known as the overlap
integral is of considerable importance in the
theory of molecular structure. Although the existing
literature! contains a number of formulas and some
numerical values for overlap integrals, it was thought
worth while to carry through the much more systematic
and comprehensive study whose results are presented
below.
The overlap integral S for a pair of overlapping AO’s
(atomic orbitals) x, and x; of a pair of atoms ¢ and b

* This work was assisted by the ONR under Task Order IX
of Contract N6ori-20 with the University of Chicago.

t Present address: Physics Department, Purdue University,
Lafayette, Indiana.

11 The work was begun before the war with computations on
a considerable variety of individual atom-pairs (see abstract by
R. S. Mulliken and C. A. Rieke, Rev. Mod. Phys. 14, 259 (1942)).
Recently, with the indispensable assistance of Mr. Tracy J.
Kinyon in making the numerical computations, it was extended
to the comprehensive effort reported here.

1 (a) W. Heitler and F. London, Zeits. f. Physik 44, 455 (1927),
for homopolar S(1s, 15); (b) J. H. Bartlett, Jr., Phys. Rev. 37,
507 (1931), for homopolar S(2pc, 2pe) and S(2pr, 2p7) and a
table of values of the integrals A (see Eq. (15) below); (c) J. H.
Bartlett, Jr. and W. H. Furry, Phys. Rev. 38, 1615 (1931); 39
210 (1932), especially table of values of homopolar S(2s, 2s),
S(2s, 2p0), S(po, 2pa), SQpw, 2px): Table VIL, p. 222; (d)
N. Rosen, Phys. Rev. 38, 255 (1931) for formulas and extensive
tables of values of the integrals 4 and B (see Egs. (15), (16)
below); (¢) Kotani, Amemiya, and Simose, Proc. Phys. Math.
Soc. Japan 20, 1 (1938); 22, 1 (1940). These authors give equa-
tions for S for all AO combinations with »=1 and 2, and (1940,
p. 13) numerical tables for S(1s, 25) and S(1s, 2pe) for various ¢
values. They also (1938, pp. 24-30, corrections 1940, pp. 17-18)
give very complete and useful numerical tables for the integrals
A and B. (f) C. A. Coulson, Proc. Camb. Phil. Soc. 38, 210 (1941).
Coulson gives very extensive formulas but no numerical tables,
for integrals which differ from S only by multiplicative factors.
These correspond to .S for all combinations of #s, npe, and npr
AO’s with n=1-3 (and a few more), both for 0 (in our nota-
tion) and for {=0. (g) Several of the S formulas and a few nu-
merical values are also given elsewhere.

is defined for any value of the internuclear distance R by

S(xay x5 R) = f Xa*xpd0. )

In the present paper we give formulas for S for all
AO pairs involving us, npo, and npr AQ’s forn=1, 2, 3,
and 5 using Slater AOQ’s. We also give numerical tables
for the most important of these cases, applicable to a
wide variety of atom pairs over a wide range of R. In
addition, we show how the tables, though based on
Slater AOQ’s, may be used to obtain .S values for central-
field AO’s, as well as for hybrid AO’s. Explicit tables
of hybrid .S values are also given for n=2.

In a subsequent paper, tables and figures for a vatiety
of selected atom-pairs will be presented, together with
some comments on their significance for the theory of
chemical binding.

II. THE CHOICE OF ATOMIC ORBITAL FORMS

In order to evaluate overlap integrals, it is necessary
first to specify the forms of the AO’s. As a background,
and also to obtain certain needed formulas, we first give
a brief review of useful approximate AO forms. We are
primarily concerned with cenfral-field orbitals, classified
under the familiar designations ns, np, nd, =f, ---
corresponding to =0, 1, 2, 3, .-, with n2I+1.
However, since the application of our computations is
to atom-pairs in which each atom is under the influence
of the cylindrically-symmetrical field of its partner, we
need a sub-classification according to values of the
diatomic quantum number A (A= |m;|). This gives the
AO types #us, npa, nda, - - - (A=0); npr, ndm, ---(A\=1);
and so on.

Let us consider an electron belonging to either of a
pair of atoms ¢ and b, using spherical polar coordinates
about either center, as in Fig. 1. Intentionally, we take

1248



OVERLAP INTEGRALS

the positive direction of the z axis for each atom to be
directed toward the other atom, since this ensures a
positive sign for S in all ordinary cases. Every central-
field AO of atom ¢ is of the form

Xa”“ = Rnl(ra) I/l, )\(0(1) ¢>) . (2)

In normalized form, the ¥’s for the cases considered in
this paper are:

Vo= (1/47)};
Y npe=(3/41)? cosb,; 3
Vipr=(3/4m)? sinf,{cos¢ or sing}.

Corresponding expressions hold for atom b.
When there is only one electron (hydrogenic AQ’s),
R, takes the well-known form

n—1
Rul)= ( 5> )—/H @

k=l

where Z is the nuclear charge, and ag (0.529A) is the
1-quantum Bohr radius. The coefficients in Eq. (4) are
those of the associated Laguerre polynomials, and the
R,/’s for each I form an orthogonal set.

When there is more than one electron, the best R,;’s
are of the SCF (self-consistent-field) type obtainable by
the method of Hartree and Fock. These are not given
by analytical expressions, and are usually presented in
the form of numerical tables. Moreover, these SCF R,/’s
as tabulated are not always all orthogonal; however,
it is always possible to find an equivalent set of equally
good SCF R,’s which are orthogonal.? For practical
computations, as Slater has shown,® the SCF R./’s may
be approximated passably well by a finite series similar
to that of Eq. (4) but with a different exponential
factor in each term:

n—1

R,.z(r)= Z dkrke“““/"H, (5)
k=1

where the di’s and w’s depend on #, /, and on the
particular atom and electronic state. A considerably
better series is obtained if the exponential factor in the
term for which 2=#-1 is replaced by a sum of two or
three exponential terms, as follows

n—2

Ru()= X ditemriontriy degsrion,  (6)
k=] i

(#n—1)

For atoms containing 1s, 2s, and 2 electrons, the
best approximate R.)’s of the type of Eq. (3), so far as
we know, are those obtained by Morse, Young, and
Haurwitz, and Duncanson and Coulson.* These were

2 See, e.g., C. C. J. Roothaan, forthcoming paper.

s 7. C. Slater, Phys. Rev. 42, 33 (1932).

4 (a) Morse, Young, and Haurwitz, Phys. Rev. 48, 948 (1935);

(b) extended and partially corrected by W. E. Duncanson and
C. A. Coulson, Proc. Roy. Soc. Edinburgh 62A, 37 (1944).
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Fi1c. 1. Polar coordinates for
an electron at P in an AO of
atom ¢ or . In addition (not
shown), ¢=cs=¢.

obtained for several states of several atoms by mini-
mizing the total energy of a complete antisymmetrized
wave function built of AO’s having R./’s of the type
given by Eq. (5), subject also to the condition that the
2s AO is kept orthogonal to the 1s. These AO’s were
also chosen in such a way that the virial theorem for
the mean total kinetic and potential energies is satisfied.

The well-known Slater AO’s® are obtained by ap-
proximating the series of Eq. (5) by the single term
Napmlew#rlem (or by a modification of this,
Nupm1=%¢~#rlam), The values of u and & are specified by
Slater for any AO of any atom by a simple recipe. This
gives u-values surprisingly close,® for 2-quantum AQ’s,
to those obtained for the 7! term by minimizing the
total energy. Unlike most of the forms given by Egs.
(2)-(5), Slater’s AO’s have no radial nodes. This,
however, does not much impair their ability to represent
the outer parts of AO’s, hence they should be especially
useful for the computation of overlap integrals. Fol-
lowing is a summary of Slater’s recipe as applied to s
and p AO’s in normalized form:

Rnl(r) — anrn—l—ée—yr/aH ; ~
6=0 for n=1 to 3; 0.3 for 4s, 4p;

1 for 5s, 5p;
? O]

Hns= Wnp == Lag, n/(”" 6):
00

1/N,2= f P28 irlon gy,

0 P

with Z values dependent on the atom ¢ and on #. For
convenience of later reference, Slater u-values for the
valence-shell ns and np AO’s of several atoms and ions
are given in Table I. Inner-electron AQ’s if present are
assigned larger Z values.?

As a consequence of their nodeless character, Slater
AOQ’s of equal ! and different # (e.g., 1s and 2s) are very
far from being orthogonal, but they can easily be
orthogonalized if desired. This process restores the
missing nodes, giving AOQ’s of the form of Eq. (5), and
surprisingly close to the best possible of this form.® As
an example, if x1, and xs, refer to Slater AQ’s, and x»,°*

5 J. C. Slater, Phys. Rev. 36, 57 (1930); C. Zener, Phys. Rev.
36, 51 (1930).

§W. E. Mofiitt and C. A. Coulson, Phil. Mag. [7], 38, 634
(1937). These authors also give instructive contour diagrams of
carbon atom 2fe, 2tr, and 2di hybrid AO’s, using orthogonalized
Slater 25 AO’s.
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TasLE I. Slater u-values® for valence-shell uns, np AO’s.

H 100 C 145 O 210 Na 0733 S 1817
Li 065 C 1625 O 2275 Mg 095 Cl 2033
Be 0975 Ct 180 O 245 Al 1.167 Br 2.054
B- 1125 N 195 F 2.60 Si 1383 I 1.90
B 130 N+ 2125 P 160

a For 1s inner-shell AQ's, u=Z—0.3 in all cases, where Z is the actual
nuclear charge.

refers to the orthogonalized Slater 2s AO, we have

X2 = (x20— Qx15)/ (1— 0}

. (8)
Q =.S(1s,, 2&1) = thuXha T.

Although Q is often fairly large (for example, 0.220 if
atom @ is carbon), the process of orthogonalization has
little effect on the computed values of overlap integrals
(see Section V).

In addition to overlap integrals for pure central-field
AQ’s, those for hybrid AQ’s are obviously of great
interest for molecular problems. Hybrid AO’s, although
they can be constructed as linear combinations of
central-field AQ’s, are not themselves central-field AO’s.
Hybrid overlap integrals can be obtained as simple
linear combinations of Slater-AQ S’s (see Section V),
so that no laborious new computations are required.
For purposes of computing S’s, approximate hybrid
AO’s built from Slater AO’s without orthogonalization
should according to our previous reasoning give satis-
factory results.

The hybrid AO’s which can be formed from s and p
AQ’s are all of o-type, that is, have cylindrical sym-
metry. Let x be a normalized hybrid ¢ AO of the form

©)

where 0<a<1, and xns and xnps are as defined by
Eqgs. (2)-(3) and Fig. 1, with R,,; given by Egs. (7) for
the case of hybrid Slater AO’s. In the following, the
abbreviations fe, tr, and di (tetrahedral, trigonal, and
digonal) will be used for hybrids with a?=%, %, and 3
respectively and with the plus sign in Eq. (9). A
further, complementary, set of hybrid AQ’s t¢/, #/, and
di’ is obtained by using the minus sign in Eq. (9).
The hybrids te, &r, di of an atom give large overlap
(large S) with corresponding or similar AO’s of a second
atom, while ¢/, #’, and di’ give small overlap.

X= 0XnsE (1 - a2) *XMM)

OI. NOMENCLATURE AND PARAMETERS FOR
OVERLAP INTEGRALS

In discussing and tabulating overlap integrals, a
careful choice of nomenclature will prove to be impor-
tant. In order to characterize an overlap integral fully,
we need to specify (a) the two AO’s involved; (b) the
two atoms involved, and which AO belongs to each
atom; (c) the value of R. Two suitable types of general
symbols for this purpose, also a symbol for an internal

_ (c) Single atom ¢ (internal overlap integral):

MULLIKEN, RIEKE, ORLOFF, AND ORLOFF

overlap or non-orthogonality integral, are indicated by
the following examples. Simplified symbols can be used
in special cases.

(a) Atom-pair at any distance R: o)
general AQ’s and atoms: S(n.x, 7my; R)
specific AO’s, general atoms:

S(1sq, 2pos; R) or S(1s, 2po; R)
specific AO’s and atoms:
S(Zpﬂ'c, 3pmsi; 1.75A)
(b) Atom-pair involved in specified bond at
equilibrium distance:
S(2s, 2pa; C=C); S(2e, 3pa; C—Cl);
S(1s, 2s; H—Li); SQ2pm, 2p7, 0T=C)

((10)

S(154, 252). )

In the atom-pair symbols above, it is intended to be
understood that the first AO symbol always goes with the
first atom, the second with the second. However, it is not
essential here to follow any fixed rule as to which AO
(or atom) symbol shall be written first. Nevertheless,
in another type of notation which will be required
below, it does become essential to adopt certain fixed
conventions in this matter, and it will diminish the
possibilities of error if we follow the same conventions
also in using the types of notation given above. These
conventions are: the AO of smaller # is to be written
first, or if both #’s are equal, the AO belonging to the
atom of larger Z is to be written first. These rules
were followed in the examples given above.

We turn now to the matter of coordinates . and
parameters to be used in the evaluation of the S’s. The
computation is best effected after transforming from
polar coordinates of the two atoms (see Fig. 1) to
spheroidal coordinates £, %, ¢ given by:

E=(Tu+7b)/R; 77=(ra_rb)/R; ¢=¢a=¢b- (11)

The coordinate £ ranges from 1 to ©, 5 from —1 to +1.

For any given AO pair, we shall wish to obtain §
values for various pairs of atoms, each for various
interatomic distances R. To accomplish this, the best
procedure is first to set up for each AO pair a single
master formula expressed in terms of suitable param-
eters depending on the p’s of the two AO’s and on R,
and from this to compute and tabulate numerical
values of S as a function of the chosen parameters.
For this purpose, the two parameters p and ¢ defined
as follows are found to be appropriate for the case of
Slater AO’s (see Egs. (7) and Table I).

PE %(ﬂa"*’.ub)R/aH: }
1= (ua— po)/ (at-p12).

To find S for a given Slater-AO pair, atom pair and R
value, one then first computes p and ¢ for the particular
case, then looks up the value of S in the master table
for the given AO pair. Methods of obtaining S values
for other types of AO’s will be described in Section V.

(12)
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Since in connection with the master tables we replace
atom designations by parameters $ and ¢, it is now
necessary to introduce a type of S symbol different
from those given in (10), and indicated by the following
examples:

(a) Atom pair characterized by parameters p, ¢:
General form: S(n.x, ney; 9, £);
Specific form: S(2sq, 3pos; p, 1),

or more briefly, but with the same meaning,

S(2s, 3po; p, 1.

(b) Single atom (internal overlap integral):
General form: S(nqx, 7,"y)
Specific form: S(1s, 2s; O, 1).

The signs of the coordinate 5 in Eqs. (11) and of the
parameter ¢ in Eqgs. (12) obviously depend on the
assignment of the labels ¢ and b to the two atoms in
any atom pair. In order to make the master formulas
and tables unambiguous with respect to the signs of 4
and ¢, it is therefore necessary to adopt suitable con-
ventions to fix this assignment. The following two
(necessarily arbitrary) conventions will be used in this
paper:

(1) In case the two AO’s have unequal n, the atom
whose AO has smaller n will always be identified with

(13)

atom a, and its AO will always be written first in the

symbol for S, for example S(2s,, 3pos; p,£) or more
briefly S(2s, 3po; p, £); but never S(3poa, 255; p, ) or
S(3po, 25; p, t). As another example, we may write
S(2po, 3s), but never S(3s, 2ps). Further examples are
S(2s,3s) and S(2po, 3ps). In general formulations,
symbols such as S(nss, nspo) or S(ngpo, mes) will be
used, always with the implication that #,<ns. It will
be noticed that for the present case of two AO’s with
unequal %, both positive and negative ¢ values are

%0 1
S(nas, ms; p, 1) =5 NaNp(FR)tmot1 f f () t(E— )™ (82— yP)erEH0dndE,
1 -1
0 1
S(nas, mopo; p, )= (GFV3)NaNp(3R)matmett f f (E+m)met(E—m)™ 2 (— En+- 1) (E—nP)e P 0dndE,
1 -1
-] 1
S(napa, mes; p, £) = (FVI)NaNy(zR)metmott f f (E+mme2(g— )" (— En— 1) (E—nP)e P& 0dnde,
1 —1
0 1
S(napa, mpa; p, )= (3/2)NoNp(3R)mtmett f f (&t n)ma(E— ) 280’ — 1)(8— nP)e 2 0dndE,
1 —1

®© 1
S (apm, mopw; p, 1) = (3/4)NoNp(zR)metmt f f (2 (E— ) (B — 1) (1= ) (F—n?)e P E10dndE,
1 -1

1251

possible, depending on the sign of u,—us. For example
(see Table I),

1(2par, 3smg) = (2.60—0.95)/(2.60+0.95)>0,
but
1(2paBe, 35p) = (1.30—1.60)/(1.30+1.60) <0.

Also, but only by accident, {=0 is possible. The relative
practical importance of the positive and negative ranges
of ¢ varies according to what AO pair-type one considers.

(2) In case the two AQ’s have equal n, the alom with
larger w will always be identified with atom a, end its AQ
will always be written first in the symbol for S; if the u’s
are equal, either atlom may be called a. For example,
S(nsa, npos) or briefly S(us, npo) ; S(npas, nss) or briefly
S(npo, ns); and S(2pr,, 2pm,) or briefly S(2pr, 2pr),
all imply Z,2>Z. Hence, according to Eqgs. (12), con-
vention (2) here restricts ¢ to the range ¢{20. The
integrals S(us,, npos) and S(npo,, nsy)—see Egs. (14)
below, taking #,=mny—require a little special comment
because of their somewhat confusing similarity.” For
t>0, the two integrals are different and have different
values, but for =0 they become identical. For instance,
S(2pa0, 2s¢) and S(2so, 2poc), which are examples of
the two cases written in accordance with convention (2),
have different values; but S(2poc, 25c) and S(2s¢, 2poc)
are identical.

IV. MASTER FORMULAS AND COMPUTATION
METHODS FOR MASTER TABLES OF
SLATER-AO OVERLAP INTEGRALS

With the foregoing conventions, the S master formu-
las fall into five basic types. Using Egs. (1)-(3), (7),
(11)-(12), letting

m=n—2=,

and integrating over ¢, these five types take the forms:

L

(14)

s

7 Without convention (2), S(#ss, npas) would be defined for positive, zero, and negative values of ¢ (Z;>Z, Zo=2Zb, Zo<Zp;
see Egs. (12)). The same would be true of S(npoa, nsy). The two integrals would then differ only in the manner in which the labels
a and b are associated with the AO forms ns and nps. Now as will be seen from Egs. (11), (12), an exchange of the labels ¢ and
b merely changes the definitions of 9 and # in such a way that the positive domains of 4 and # for the one labeling (say 7/, #') become
the corresponding negative domains for the other (say 7", #’). Consequently, if in Eqs. (14) for S(us, npo) and S(npe, ns) we
write %', ¢ in the one equation and 5”, ¢ in, the other, and then make the substitution #"’=-—9', t=—{, the two equations
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The integrals over £ and 4 in Eqgs. (14) may be evaluated by making use of the following mathematical relations !

* k+1
A:(p)= f gertdg=er 3[R p (it D)1
1 B=

1
Bi(pt)= f e ?dy
—1

(15)

(16)

=~ S TR (=t D) 1= 5 (= DY (Rt DI

#=l

but Bi(0)=2/(k-+1) for k even; =0 for k odd. The factors N in Eqgs. (14) (see N, in Egs. (7)) may be evaluated

by means of:

C(k, q)Ef Neem A =Ek!/ gL,
0

The numerical computation of the overlap integrals
is comparatively simple if the Ay’s and By’s are first
computed for appropriate values of the parameters p
and ¢; here the simplest procedure (rather than using
Egs. (15), (16) directly) is to obtain the higher & 4’s
and B’s from those with lower & by using certain
recursion formulas.'®'® We first note that any particular
S involves the integral of a polynomial in £ and ».
Then it is plain that each value of .S is the product of
a factor times a linear combination of A:’s and By's
all computed at the same values of p and ¢.

For the computation of the master tables given below,
the necessary A,’s and By’s were first computed® for
the desired values of p and #, and then combined in
accordance with the following Eqgs. (18)-(50) to give
the .S values.® These formulas were obtained by the
use of Egs. (15)—(17) in connection with Eqgs. (14) and
(7). It will be noted that a separate formula is given
in each case for =0, for reasons that will be under-
stood on looking at Egs. (16). Certain additional
special formulas will now be described.

an

Although in general the computation of the A’s and
B’s followed by the use of Egs. (18)-(50) is the most
expeditious procedure, an alternative set of formulas
very considerably simplifies the computation in the
important special case of two identical atoms (n,= s,
t=0), if one is interested only in this case. This case
includes not only integrals of the type S(nx, nx; p, 0),
but also such  integrals as S(us, npe;p, 0) or
S(npo, ns; p,0); these are particularly important in
the computation of hybrid-AO S values (see Section V).
The simplified formulas were obtained by substituting
for the A’s in the /=0 formulas in Egs. (18)—(50), using
Eq. (15). Although we did not use them in computing
the master tables, they are given below as Egs. (51)-
(63) for the convenience of readers who may wish to
make their own computations for additional p values.®

One further set of special formulas is required, for
the internal overlap integrals S(n.x, nsy; O, £),—see
(10) and (13). This type of integral occurs if one
orthogonalizes Slater AO’s, and also if one wishes to
compute SCF S’s from Slater S’s (see Section V). The
necessary formulas are given below as Egs. (64)-(73).

MASTER FORMULAS FOR SLATER-AO OVERLAP INTEGRALS

t=0:
S(Ls, 15)= (6)"4*[342— 4]
1>0:
S(lS, 18) = (4)—1P3(1— t2)+3/2[A2B0—AoB'z]

(18)

become identical except for the sign of ¢ in the exponential, and completely identical for t=0. Hence S(ns, npo) for positive ¢
would be equal to S(nps, ns) for negative f, and vice versa, if negative ¢ here were not excluded by convention (2); and for
t=0, S(ns, npo) =S(nps, ns). :

8 Most of this labor could have been avoided by the use of the 4 and B tables of references 1d or especially le. Actually, how-
ever, independent computations were made. Afterward, checks were made of some of our 4 and B values against those in the
tables of reference le, and excellent agreement was found.

® Coulson (reference 1f) also gives formulas corresponding to the majority of the S integrals listed here. However, his formulas
for 720 are in terms of pa, s, and R, in a form not adapted to the present computation and tabulation, His formulas for =0
are identical with our Egs. (51)-(63) except that they are not normalized like ours to give S values directly.
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t=0:

S(1s, 25) = (12)1(3)}p34:— 41]
t5#0:

S(ls, 28) = (8)—1(3)_}p4(1+t)3/2(1 - t) 5I2I:A 3Bo—A:B;— A 1Bz+AoBa]
t=0:

S(1s, 2pa) = (12)"1p*[ 34— Ao
t#0:

S(1s, 2po)= (8)1p*(14+1)¥2(1— )52 — A3B;+ A2 Bo+ A . Bs— AoB: ]
t=0:

S(1s, 35)=(60)"1(10)*p5[544— 40 ]
t5#£0:

S(1s, 35)=(24)1(10)Fp3(1+2)*2(1 — )" [A4Bo— 24 3B+ 24,B;— AoB,]
t=0:

S(1s, 3pa)= (15)"(30)#p*[543—24,]
0:

1
S(].S, 3?0’) = (8)_1(30)_§P5(1+t)3/2(1—t)7l2[A 3(Bo+Bz)—A1(32+B4)—Bl(A2+A4)+B3(A0+A 2):]
t=0: '
S(1s, 55)=(720)1(35)p[1545-+104;—94,]
1#0:
S(1s, 55)=(96)"1(35)4pS(1+£)3/2(1 — £)%2[ AsBy— 3A44B1+2A43Bs+24,Bs—3A41Bs+ A Bs |
t=0:
S(1s, 5pa) = (240)1(105)*pS[2544— 64,—34,]
17#0:
S(lS, Spa) = (32)_1(105)—}P6(1 +t)3l2(1 _ t)9/2[:A 4(B()+ 232)+A 1(233'{"‘35) - Bl(ZA 3+A5) - B4(A 0+ ZA 2)]
t=0:
S(2s, 25) = (360)"1p*[ 154 ,— 104,+34,]
t>0:
S(2s, 25) = (48)~1p5(1— 2)52[ A, Bo— 24, Bo+ A 0By
t=0:
S(2s, 2pa) = (60)~1(3)p*[54:— A41]
1#0:

S(ZS, 2?0’)= (16)_1(3)—*p5(1—t2)5/2[A3(B0—B2)+A 1(B4—Bg)+Bl(A2—A4)+Ba(A2—Ao):'
S(2pa, 25) : same as S(2s, 2po) except each By (f) replaced by Bi(—¢)

t=0:

S(2s, 35) = (360)1(30)pS[ 154 5— 104 5+34,]
1#0:

S(ZS, 35) = (48)—1(30)_%?6(1-}- t)5/2(1 - t)7/2|:A 5Bo— A 4B1"‘ 2A 3Bz+ 24 2B;;+A 1B4— A oBs:]
t=0:

S(2s, 3p0) = (360)(10)4p [ 154 — 104,+34,]
t#0:

S(ZS, 3?0) = (48)_1(10)_*P6(1+t) 5/2(1 - t)"zl:"‘ y:| 5Bl+A4B0+ 24 333'— 24 2B2— A 1B5+A oB4]
t=0:

S(2s, 55) = (10,080)~1(105)"4p"[ 1054 s— 354 4— 2145+ 154,
1#0:

S(2s, 55) = (192)-1(105)~4p7(1-+£)5/2(1 — )% A ¢Bo— 2A5B1— AsBot+ 44 ,B;3— AsBs— 24, Bs+ AoBs]
t=0: '

S(2s, 5po) = (2520)~1(35)4p7[3545— 284 5+-94:]
1#0:

S(2s, 5pa) = (192)71(35)~}p?(14-1)2(1— £)%?[ — A6B1+ As(Bo+ Bz)+A4(2Bs— B1) — 24 3(Ba+By)

+4,5(2B3— Bs)+A1(Bs+Bs) — 40Bs ]

1253
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t=0:

S©2pe, 2po) = (120)"1p5[544—184,+54,] 1)
t>0:

S(2pe, 2po) = (16)"1p3(1— £2)52[ By(A o+ A1) — A2(Bo+Bs) ]
t=0:

S(2pe, 35)=(360)"1(10)#p[ 5444642~ 34,] 32)
1#£0:

S(ZP(T, 33) = (48)_1(10)_5P6(1+t)5/2(1—‘ t)7l2|:A4(B()— 2Bz)+A 1(233— B5)+BI(A 5 24 3)+B4(2A Z_AO)]
t=0:

S(2pe, 3ps) = (120)"1(30)2p*[ 545~ 1845+54,] (33)
1=0:

S(2po, 3pa)= (16)"1(30)HpS(1+1)%2(1—1)"?[ A3(B1+Bs)— As(Bo+Ba) — Bs(Ao+ A o)+ Ba(4 1+ 45) ]
1=0:

S(2pa, 55)= (630)1(35)4p"[TAs—34.] 24
i#£0: (34)

S(2pa, 55)=(192)71(35)p7(14-1)%2(1— £)*2[ A 6B1+ A 5(Bo— 3Bs)+ A4(2B3— 3B1)+243(Bs-+ By)
+A,(2B3—3Bs)+A1(Bs—3Bs)+A40Bs ]

t=0:

S(2pa, 5po)=(3360)"1(105)4p"[354 s— 1054 s— 154,+214,] 35

1#0: (35)
S(ZPO’, 5?0’) = (64)‘1(105)_%177(14"15)5/2(1— t)9I2I:A sBz* A4Bo+2A 3(Bl+Bs)— 2B3(A 1+A 5)+B4Ao— BeAz]

t1=0:

S(3s, 35)=(25,200)"1p"[3546— 3544+2145— 54, 36
t>0: (36)
S(3s, 35)=(1440)"1p7(1—2)"*[ AeBy— 34 4Bs-+3A4,B,— A4Bs |
t=0:
S(3s, 3po) = (12,600)1(3) Hp"[3545— 1443+ 34, ]
1#0: 37

5(35, 31?0’)‘: (480)_1(3)—%P7(1—t2)7/2[—A6B1+A5(Bo—Bz)+A4(B1+ZBg)+2A 3(B4—Bz)—A2(2B3+Bs)
+A1(Bs— Be)+A0Bs ]
S(3pa, 35): same as S(3s, 3po) except each B, (f) replaced by Bir(—1).

t=0:
S(3s, 55) = (50,400)1(14)#p3[354:— 3545+ 214;3—54,]

1#0:
S(3s, 55) = (2880)1(14)4p3(1+4)72(1—1)*2[ A1By— A sB1— 34 5B+ 3A4B§—I—3A sBi—34,Bs— A1Bg+A44B7]

t=0:

S(3s, 5po)=(16,800)"1(42)*p*[3544— 354+ 2145~ 54,]
1#0; (39)

S(3s, Spo) = (960)~(42)Hp*(1+1)"2(1— £)**[ — A1B1+ AeBo+343Bs— 344By— 343Bs+34 B4+ A1Bi— Ao Bs )
t=0:

(38)

S(3p0, 3p0)=(25,200)1p7[3545— 1474+ 8543— 21 4,]
1>0: (40)
S(3P0', 3?0') = (4:80)—1P7(1 — 152)7/2[14 eBz— A 4(Bo+ 234)+A 2(Bs+ 232) —A4 034]
t=0:
S(3pa, 55)=(50,400)~1(42)pS[354¢+494 4 — 514,+154,]
#0: (41)

S(3p0, 55)= (960)=1(42)3p*(1+£)"2(1— )5 A1B1-+ Ao(Bo— 2Bs)— As(Bs+2B:)+ A (4B— By)
10 +A43(4B3— Bs)— A»(2Bs+ By)+ A1(Br— 2Bs)+ AoBe ]
S(3pe, 5po) = (50,400)~1(14)4p (35 A7— 147 A5+ 85 45— 214,]
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t#0:
S(3po, 5pa)=(960)"1(14)2p3(141)"2(1 — 1)*/*[ A:By— A ¢Bs— As(By+2By)+As(B1+2Bs)
+A3(2Be+ Bs)— A2(2Bs+ Br)— A1 Bs+-A44Bs |
t=0:
S(5s, 55)=(12,700,800)"1p°[ 31545 — 4204 4+ 3784 4— 1804,+354, ]
t>0:
S(5s, 55) = (80,640)"1p°(1— 122 AgBy— 4 A ¢B2+644Bs— 4A:Bs+ Ay Bs ]

1=0:
S(5s, Spo)=(2,116,800)-1(3)*p°[1054;— 634542743~ 54,]
15#0:
S(5s, 5pa)=(26,880)"1(3)#p°(1—2)%2[ — AsBy+ A7(By— B2)+ As(B1+3B3)+345(Bs— B,)

—3A44(Bs+Bs)+343(Bs— Bs)+ A2(3Bs+ Br)+A1(Bs— Bs) — AoBr ]
S(5pe, 5s): same as S(5s, Spo) except each Bix(f) replaced by Bi(—17).
t1=0:
S(5pa, Spo)= (4,233 600)_1P9[105A3—504A6+450A4— 2244544540
t>0:
S(SPO’, 5?0’)= (26,880)—'1P9(1—'t2)9/2\[AgB2— 6(Bo+334)+3A4(Bz+BG)—A2(Bs+3B4)+AoBs:|
t=0:
S(2pm, 2pr)=(120)"1p5[544— 645+ A, ]
t>0:
SQ2pm, 2pm)=(32)71p(1~ ) A4(Bo— Bs)+A2(Bs— Bo)-+Ao(Bs— Bs) ]
t=0:
S@pr, 3pm) = (120)1(30) (5 45— 645+ 4,]
1#0:

S(2pm, 3pm) = (32)71(30)2p*(1+4-4)*2(1—8)"*[ A 5(Bo— B2)+ A 4(Bs— B1)+A3(Bs— Bo)+ A2(B1— Bs)
+A41(Ba— By)+ Ao(Bs— Bs)]
t=0:
S(2pm, 5pm)=(3360)"1(105)p"[3544—3544—345+34,]
t#0:
S(2pm, Spm)=(128)"1(105)Fp7(1+4£)5/2(1—£)*2[ A 6(Bo— Bz)+2A45(Bs— B1)+ A+(Ba— By)
+245(B1— Bs)+A2(Bs— Ba)+241(Bs— Bs)+ A (Bs— Bs) ]

t=0:
S(3pr, 3pm)= (25,200)$[354— 494 (+ 1745~ 34,]
t>0:
S3pm, 3pr)=(960)"p"(1—2)""*[ As(Bo— Bs)4- A4(2Bs— Bo— Ba)+A3(2Bs— Bs— Be)+Ao(Bs— Bs) ]

t=0: :
S(3pm, Spm)= (50,400)H(14) {35 47— 49417 45—3401]
170
S(3pr, 5pm) = (1920)~(14)~4p8(1+1)72(1 — t)9/2[A7(Bo Ba)+Ao(Bs— B)+As(2B— By— Bo)
+A4(B1+Bs—2Bs)+A43(2B.— Be)+A9(Bs—2B3+-Br)+A1(Bs— By)+Ao(Bs— Br) ]

t=0:

S(5pm, 5pr) = (4,233,600)~p*[105 45— 168464904 ,—3245+54,]
1>0:

S(5pm, Spr)=(53,760)71p%(1 — £2)%/3[ As(Bo— Bs)+ As(3Bs— 2By — Bo)+3A44(Ba— Bs)

+ A2(Bs+2Bs— 3B4)+ Ao(Bs— Bs) ]
SPECIAL FORMULAS FOR SLATER—AO OVERLAP INTEGRALS FOR t=0

S(1s, 15)=e*[1+p+(1/3)p*]
S(2s, 25) = e ?[1+p+(4/9)p*+(1/9)p*+ (1/45)p*]
S(3s, 35) = eP[14p+ (7/15) 2+ (2/15) p*+ (2/75) p*+ (1/225) 5+ (1/1575) p* ]
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S(5s, Ss)=e"?[1+p+(10/21)p*+ (1/7)p*+(16/525) p*+ (8/1575)p°+ (8/11,025)p°

S(2ps, 2ps)=e?[—1—p—(1/5)p*+(2/15)p°+(1/15)p*)

S(3po, 3po) =€ —1—p—(9/25)p*— (2/75)p°+ (34/1575)p*+(13/1575)p*+(1/525)5°]

(54)
(55)
(56)

+(1/11,028)p"+(1/99,225)° ]

S(Spe, Spo)= e[ —1—p—(29/70)p*— (17/210)p*— (1/735)p*+- (1/294) p*+(67/66,150) p°

S(2s, 2p0)=S(2po, 25)= (V3/6)e *[p+p*+ (1/15)p*+(2/15)p*]
S(3s, 3pa) =S(Q3po, 35)= (V3/9e [ p+ p*+(12/25)p°+ (11/75)p*+ (17/525)p*+ (1/175)p° ]

(57)
(38)
(39

+(13/66,150) -+ (1/33,075) %]

S(5s, 5pa)=S(5pa, 55)= (V3/12)e*[ p+ p2+ (17/35)p*+ (16/105) p*+ (128/3675) p°

SQ@2pr, 2pm) = e[ 1+ p+(2/5)p*+(1/15)4]

S@pr, 3pm) = e[ 14 p-+(34/75)p*+ (3/25)p°+ (31/1575) p*+- (1/525)p° ]
S(5pw, 5pr) = e[ 1+ p-+(33/70) 2+ (29/210)p*+ (41/1470)p*+ (1/245) p5+(29/66,150) 5+ (1/33,075)p7]

(60)
(61)
(62)
(63)

+(23/3675)p%+ (31/33,075) 7+ (4/33,075)p%]

SPECIAL FORMULAS FOR SLATER-AO OVERLAP INTEGRALS FOR p=0

S(1s, 1s) = (1— )32
S(1s, 29)=[(3/H A+’ 1—n5]
S(1s, 39)=[(2/5)(1+1)*(1—)"

S(1s, 5s)=[(5/28)A+1*(1—2)°}

S(2s, 25) = —S(2po, 2pc) = S(2pm, 2pm) = (1— )52

S(2s, 35)=—S(2p0, 3po) =S(2pm, 3pm)=[(5/6)(1+1)*(1—1)"}
S(2s, 55)=—S(2pa, 5pa)=S(2pm, Spx)=[(15/28)(1+)5(1—t)°*}
S(3s, 35)=—S(3pa, 3pa)=S(3pr, 3pm)=(1—£)7?

S(3s, 55)=—35(3pe, 5po)=S3pm, 5pm)=[(7/8)(1+4)"(1—1)°'}
S(5s, 55)=—S(5pa, 5pa) =S (5pm, 5pr)=(1—£)%2

V. USE OF THE TABLES TO OBTAIN NON-SLATER
OVERLAP INTEGRALS

Although the master formulas above and the master
tables below are for Slater-AO overlap integrals, they
can also be used in a relatively simple way to obtain
S’s for orthogonalized Slater AOQ’s, for SCF AQ’s, for
hybrid AO’s, and in other ways. This follows from the
definition of S in Eq. (1) and the fact that other types
of AO’s can be written as linear combinations of Slater
AOQ’s,

Va. Orthogonalized-Slater-AO Overlap Integrals
As a simple example for the case of orthogonalized
Slater AO’s, we have for S°7(2s, 2s5) from Egs. (1) and
(8), using the atom-pair notation of (10):
S50t(2s,, 2535 R) =[5(2s,, 2553 R)—20S (154, 2553 R)

+Q*S(1s, 1s; R) )/ (1—-Q%),  (74)

(64)
(65)
(66)
(67)
(68)
(69)
(70)
(711)
(72)
(73)

where Q=S(1s,, 25,). Using the parameter notation of
(13), Eq. (74) becomes

Ser(2s, 255 p, )=[S(2s, 2s; p, 1)—20Q5(1s, 255 p, t)
+025(1s, 1s; p, 1/ (1-0%),

with Q=S(1s, 25;0, ¢). It will be noted that the
computation of S’s corresponding to orthogonalized
AQ’s involves the knowledge of internal Slater S’s, like
S(1s4, 254), and of other Slater S’s involving inner-shell
AQO’s, like S(1s4, 2s5) and S(1s,, 1s;) in Eq. (74). These,
however, differ from like-designated outer-shell S’s only
in the particular ranges of p and ¢ values needed. For
internal S’s we have p=0, but {0,—see Egs. (64)—(73).

In the master tables, an effort has been made to
include such ranges of p and ¢ that orthogonalized-AO
S’s can be computed if desired. However, we believe
that these are not likely to be important for the range

@s)
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TasLE III. Comparison of SCF and Slater S’s for

Slater-AO S’s. carbon-carbon 2p bonds.
Slat Orthogonalized 4 S(2poc. 2p00; R S@prc, 2p7c; R
Integral AaO'esr rSla(:ggl}fC;'z: (ﬁ) (foxA%e))ter SE:II;UC pagatel)' ég}: ¢ :bgl(a:ter )
S(1sm, 25¢; 1.06A) 0.575 0.572 0.00 0.00 —-1.00 —1.00 1.00 100
S(1sg, 251i; 1.60A) 0.423 0.415 0.50 1.54 2053 —046 082 080
S(2s¢, 2sc; 1.204) 0.507 0.503 1.00 3.07 0.02 0.18 0.53 045
S(2s¢, 2poc; 1.20A) 0.470 0.480 1.20 3.68 0.14 0.29 043 034
1.35 4.15 0.19 0.33 0.36 0.265
1.39 4.37 0.21 0.33 0.34 0.25
. 1.54 4.73 0.24 0.33 0.29 0.19
of R values (medium and large R) that occur for 2.00 6.14 0.25 0.24 0.16 0.8
molecular problems. This conclusion is based on the %‘;1 5-40 0.21 0.14 0.10  0.035
sample cases in Table II, where it will be noted that 4:08 12:25 8(1,2 8821; 88? 88(1)?

the two sets of S values differ little, in spite of the
rather considerable magnitude (0.220) of the integral
S(1sc, 2sc),—Q of Eq. (74),—which is involved in three
of the cases. A wider variety of cases might of course
sometimes disclose larger differences, but it seems
unlikely that these would ever become important.

Vb. SCF-AO Overlap Integrals

We have made no extensive study of SCF-AO S’s,
but it is obvious from Egs. (1) and (5) or (6) that
these are approximately expressible as linear combina-
tions of Slater §’s similar to Eq. (75), although usually
containing a number of terms. As an example, and for
its own intrinsic interest, we have, however, computed
SSCF(2pme, 2pmc; R) and SSCF(2poc, 2poc; R). This
was done after fitting the following normalized formula
to the SCF 2p AO as given by Jucys in tabular numer-
ical form® for the state 15)225)?2p)?, 'D:

XSCF(2p0) ~0.260x(2p ; 2.694)+0.518x(2p ; 1.416)

+0.309x(2p; 0.898). (76)

The formula applies equally to 2po or 2pw. Each of
the symbols x(2p; u) denotes a 2p (¢ or w) normalized
Slater AO with Ry, of the form N re~#/2a (see Eqs. (7)).
A three-term formula (see Eq. (6)) was found necessary
here to obtain a reasonably good fit to the numerical
values of Jucys.

When Eq. (76), used for either 2po or 2pm, is com-
bined with Eq. (1), one obtains an expression for
SSCF(2pg¢, 2pac; R) or SSCF(2pme, 2pme; R) as a linear
combination of six terms involving Slater-AO S’s. For
a given R, all of these have different p values; three of
them have ¢=0, the rest, other ¢ values >0. Referring
to the master tables for the necessary Slater .S’s, we
obtained the SSCF(R) values given in Table II1. The
Table also includes comparisons with the corresponding
simple Slater-AO quantities.

The foregoing example shows that good SCF AO’s
may give quite different .S values than Slater AO’s,

10 A, Jucys, Proc. Roy. Soc. 173A, 59 (1939); accurate SCF
method including exchange. Jucys’ 2p AQ’s are appreciably
different for the states 3P, D, and 'S, of which we have selected
the 1D, where the AO form approximates the average of those
for the three cases. We should have preferred the presumably

somewhat different SCF 2p AO for 2s2p% but Jucys did not
compute this.

especially at large R values.!! When one examines the
forms of SCF AO’s as given by Hartree and other
authors in numerical tables for such atoms as carbon
and oxygen, it is seen that they differ characteristically
from those of Slater and hydrogenic AOQ’s in their more
gradual decrease at large R values, especially for p
AQ’s.Ma This typical difference makes understandable
the results set forth in Table III. For the computation
of S values (and of other interatomic integrals used in
molecular calculations) these results evidently raise
much more serious questions than does the matter of
orthogonalization. In particular, they suggest that
non-neighbor interactions in polyatomic molecules may
be relatively large. It might then seem that we ought
to proceed to compute SCF S values for suitable
parameter-ranges for the more important AO pairs.
However, second thought brings to mind the fact that
the best AQ’s for afoms in molecules must be very
considerably different than in free atoms, even though
we are not very well informed as to the exact nature of
these differences and as to their variety in different
molecular states. Still, for the case of AO’s used in
molecular states with stable binding, we would probably

0

-l

F16. 2. Axes and notation
for H,0.

z

v

1 Qur conclusions given above as to the smallness of the effect
on S of orthogonalization (which introduces inner nodes into
Slater’s radially nodeless AO’s) suggests that the inner nodes in
SCF AQ’s might be dropped without much error for the computa-
tion of S values. That is, it might be adequate to retain only the
outermost loop as Slater does; provided, however, this is repre-
sented by a sum of two or more exponential terms as in Eq. (I';(S),
instead of by a single Slater function.

s Note added in proof. In subsequent work in this laboratory,
Dr. H. Shull has found that in the case of 2s AO’s there is little
difference between SCF and Slater AQ’s except for small R values
where the SCF AO has an inner loop. Hence S values computed
using Slater ns AO’s are nearly the same as using SCF ns AO’s.
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expect the free-atom AO’s to be so modified as to
correspond to #ncreased rather than decreased overlap;
and this increase should be relative to SCF AQ’s, and
therefore all the more so relative to Slater AO’s.
Obviously the matter deserves further study. Obviously
also, the exact values of Slater S’s should not be taken
too seriously.

Vc. Hybrid-AO Overlap Integrals

The computation of S values for hybrid AQ’s is a
rather satisfying matter, since it is very easy to obtain
these from Slater S’s, and since the results are very
striking. As discussed at the end of Section II, only
o-hybrid AO’s can be formed from s and p AO’s. The
notation (see (10), (13)) and conventions of Section II
for Slater-AO S’s can be used without change for
hybrid-Slater-AO S’s.

In general, for a o-bond between two atoms ¢ and 3,
formed by AO’s with respective hybridization coeffici-
ents e, and a5 (see Eq. (9)), Egs. (1) and (9) give

S (nax, 16y; P, ) = ctattsS (a8, 7355 p, 1)
+ovea(1— as?)3S (1.8, nopo; p, 1)
Foaar(1— a2 S (Rapea, 7653 P, 1)
+oa0s(1—a?) (1 — xS (napo, mopo; p, 1), (77)

where ¢, and o; denote the signs before (1—a?)! in
Eq. (9), and the parameter-pair $,¢ have the same
values in all the integrals. For a homopolar bond this
reduces to

S¥(nx, nx; p, 0)=a2S(ns, ns; p, 0)
+2a(1—a2)tS(ns, npo; p,0)
+(1'—042)S(WPU) npo; p, 0) (78)

For a bond between a 1s hydrogen atom AO and a
hybrid ¢-AO of another atom &, it becomes

Shy(ISH, ny; P, t)=abS(ISH, nsy; P, t)
d:(l—abz)*S(lsn, npay; P, 5. (719

In order, to obtain numerical values of .S for any
given hybrid case, it is necessary only to specify a, and
ap, then to look up the appropriate Slater-AO S values
in the master tables, and finally to form linear combi-
nations in accordance with Eqs. (77)-(79). If desired,
S values corresponding to hybrid orthogonalized Slater
AQ’s,® or to hybrid SCF AQ’s, can similarly be obtained
by using Egs. (77)—(79) in connection with orthogo-
nalized or SCF pure-AO .S values.

Since .S values for any desired pair of Slater-AO
hybrids can readily be obtained using Eqs. (77)-(79)
and the master tables, no extensive hybrid tables will
be given here. Nevertheless, two sets of Slater-AO
hybrid S tables (Tables XXIV-XXVIII) have been
computed explicitly in order to aid the reader in
appreciating quantitatively the rather remarkable
effects of hybridization on S values. Further examples
of hybrid S values for specific molecules, and a discus-
sion, will be given in a following paper.1t®

Ub For a preliminary report, see J. Chem. Phys. 17, 510 (1949).
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Vd. Group Overlap Integrals

A further simple application of the present tables is
to the computation of overlap integrals in which one or
both atoms are replaced by groups of atoms. S’s of
this sort frequently occur when one is working with
non-localized MOQ’s (molecular orbitals) in LCAO
approximation. The non-localized MO structure of H;O
furnishes a convenient example. Neglecting s, $ hybrid-
ization, the electron configuration may be written:

(150)2(250)*(a2pyo+b[ 1s1— 152 ])*(c2pz0
+d[ 151415, ])%(2pxo)®.  (80)

Here the two bonding MO’s have been written out in
LCAO form (see Fig. 2 for notation). In connection
with these MO’s, the overlap integrals

S(yo, s—s)= f2pyo[(lsl— 159)/(2—2S1s1180)¥ |d 7
(81)

S(Zo, S+S)E fZPZo [(181+ 1S2)/(2+ 251311&2)*]d1’

are of interest. The internal H—H group normalization
factors (242S1,,1.)t are obtained using the S(1s, 1s)
master table. The remaining integrals are easily evalu-
ated by writing 2pyo or 2pz0 as a linear combination of
a 2po and a 2pr function, relative to the axis of either
the O—H,; or the O—H,; bond. Thus

2pyo= (sina) (2pe1)+ (cosar) (2pm1)
= — (sina)(2pa2) — (cosa) (2pms),

2pzg = (cosa)(2po1)+ (sine) (2pmy)
= (cosa) (2po2)+ (sina) (2pms).

On substituting into the expressions for S(yo, s—s) and
S(z0, s+5) above, and noting that S 2prlsdr=0, we
obtain

S(yo, s—5)=V2 sina[ 1 —S(1sy, 1sa; Rip) |}
XS(lS, 2?‘7; H'—O)a
S(zo, s+5)=V2 cosa[ 1+S(Ism, 1su; Riz) |
X S(1s, 2po; H—O).

Here the notation of (10), (13) has been used in a
convenient way for the S’s.

Equations (82) illustrate how the computation or
even the mere formulation of group overlap integrals
affords added insight into the bonding characteristics
of non-localized MO’s. If 2« in H;O were 90°, Egs.
(82) would give

S(yo, s—5)=S(z0, s+5)=S(1s, 2pa; H—O0),

(82)

the same integral that would occur using localized
MO’s or using the valence-bond AO method. Actually,
the experimental 2a=105° makes S(yo, s—s) distinctly
larger and S(zo, s-+s5) distinctly smaller than this; the
factors (1FSi,1.)? enhance this effect considerably.
To the extent that § values can be taken as measures
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of bonding strengths (see following paper), this indi-
cates that the yo+(1s—1s) MO is more strongly
bonding in HO than the zo+(1s+1s); also that the
binding (i.e., ionization) energies of the two MO’s are
in the same order.

The discussion could be further elaborated by a con-
sideration of s,  hybridization, which is undoubtedly
of some importance here. For reasons of symmetry,
this can affect only the [20-+(1s+1s)] MO in the
non-localized MO treatment; the result must be that
the 2s0 AO in (80) acquires some MO bonding prop-
erties and the bonding character of {zo+(1s+15)] is
further weakened; but with an over-all gain in bonding.
S(zo0, s+5) in Egs. (81) now is replaced by a linear
combination including S(2so, s+5), the final S being
easily computed as a function of the extent of hybrid-
ization if this were known.

Group overlap integrals can be used to obtain insight
into bond strengths in many molecular problems, for
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example in the study of hyperconjugation. This subject
will not be developed here, however, since the object .
of the present paper is to give methods rather than to
discuss applications. ’

Ve. Transition Moment Integrals

Certain transition moment integrals for electronic
transitions in homopolar diatomic meolecules can be
obtained very simply from overlap integrals,? for
example:

Q"'Eanp,;sznp,'dT=.%RS(nP7r, npr; p, 0). (83)
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VI. MASTER TABLES FOR SLATER-AO OVERLAP INTEGRALS**

TABLE IV.
S(1s, ts) S(1s, 1s)

p  t=00 (=01 t=02 (=03 t=04 t=05 t=0.6 t=07 (=08 p t=00 t=0.1 t=02 t=03 t=04 1=05 (=0.6 {=0.7 t=0.8
0.0 1.000 0.985 0941 0868 0.770 0.650 0.512 0.364 0.216 3.4 0.275 0276 0.276 0.274 0.270, 0.259 0.237 0.200 0.143
0.5 0960 0946 0905 0.837 0.744 0.630 0.499 0.357 0.213 3.5 0.259
1.0 0858 0.847 0.812 0.756 0.678 0.580 0.465 0.337 0.205 3.6 0.244 0.244 0246 0.247 0.245 0.238 0221 0.189 0.138
1.2 0.807 0.797 0.766 0.715 0.644 0.554 0.447 0.327 0.200 3.8 0.215 0.216 0.218 0.221 0.222 0219 0206 0.180 0.133
1.3 0.780 4.0 0.189 0.190 0.194 0.198 0.201 0.201 0.192 0.170 0.128
14 0753 0.744 0717 0.671 0.608 0.526 0.428 0.316 0.196 42 0.166 0.167 0.171 0.176 0.182 0.184 0.179 0.161 0.123
1.5 0.725 44 0146 0.147 0.151 0.157 0.164 0.168 0.166 0.152 0.119
1.6 0.697 0.689 0.666 0.626 0.570 0.498 0.409 0.305 0.191 45 0.136
1.7 0.669 46 0.127 0.129 0.133 0.140 0.148 0.154 0.155 0.144 0.114
1.8 0.641 0.635 0.615 0.581 0.533 0.469 0.388 0.293 0.185 50 0.097 0098 0.103 0.110 0.120 0.129 0.134 0.129 0.106
1.9 0.614 5.5 0.068 0.069 0.074 0.082 0091 0.102 0.111 0.112 0.097
2.0 0.58 0.581 0565 0.536 0.495 0.439 0.368 0.281 0.180 6.0 0.047 0.049 0.053 0.060 0.070 0.081 0.092 0.097 0.088
2.1 0.560 6.5 0.032 0.034 0.037 0.044 0.053 0064 0.076 0.084 0.080
2.2 0.533 0.529 0.515 0.493 0458 0.410 0348 0.269 0.175 7.0 0.022 0.023 0.026 0.032 0.040 0.050 0.063 0.073 0.072
2.3 0.508 7.5 0.015 0.016 0.018 0.023 0.030 0.040 0.052 0.063 0.066
2.4 0483 0479 0.469 0.451 0.423 0.382 0.328 0.256 0.169 8.0 0.010 0.011 0013 0017 0.023 0.031 0.043 0.054 0.059
2.5 0458 9.0 0.005 0.005 0.006 0.009 0.013 0.019 0.029 0.040 0.049
2.6 0.435 0.432 0.425 0411 0388 0.355 0.308 0.244 0.164 10.0 0.002 0.002 0.003 0.004 0.007 0.012 0.019 0.030 0.040
2.7 0.412 120 0.000 0.000 0.001 0.001 0.002 0.004 0.009 0017 0.027
2.8 0.390 0.388 0.383 0.373 0.356 0.329 0.289 0.233 0.158 150 0.000 0.000 0.000 0.000 0.000 0.001 0.003 0.007 0.015
2.9 0.369 20.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.005
3.0 0.349 0348 0.344 0.338 0.325 0.304 0.271 0.221 0.153
3.2 0310 0310 0.309 0.305 0.297 0.281 0.254 .0.210 0.148

TABLE V.

S(1s, 2s)
» t=—05 t=-04 t=—-03 t=—-02 t=—-01 ¢=00 (=01 (=02 (=03 =04 (=05 (=06 (=07 (=08 =09
00 0844 0933 0977 0978 0938 0866 0.768 0.652 0.526 0400 0.281 0.177 0.095 0.037 0.007
0.5 0829 0916 0959 0960 0923 0854 0760 0.647 0.525 0401 0.284 0.180 0.097 0.039 0.007
1.0 0.787 0.866 0906 0907 0.875 0.814 0.730 0.628 0.516 0400 0.288 0.186 0.102 0.042 0.008
1.5 0.722 0790 0.823 0.825 0.799 0.749 0.679 0593 0496 0393 0.290 0.192 0109 0.046 0.009
20 0644 0697 0.722 0723 0.702 0664 0610 0.542 0463 0376 0285 0.195 0.114 0.050 0.011
2.2 0611 0657 0.679 0.679 0661 0.627 0579 0.519 0447 0367 0.282 0.196 0.116 0051 0.011
24 0577 0617 0.635 0635 0.619 0589 0547 0494 0430 0.357 0277 0195 0.117 0.053 0.012
26 0543 0.578 0.592 0.591 0.576 0.550 0.514 0468 0411 0345 0272 0.194 0.119 0.054 0.012
28 0510 0.539 0550 0.547 0.53¢ 0512 0481 0441 0392 0333 0265 0192 0.119 0.055 0.013
30 0478 0501 0.508 0.505 0493 0474 0448 0414 0372 0320 0.258 0.190 0.120 0.057 0.013
32 0446 0464 0468 0464 0453 0437 0416 0.388 0352 0306 0251 0.187 0.120 0058 0.014
34 0416 0428 0430 0425 0415 0402 038 0361 0331 0292 0243 0.184 0.120 0.058 0.014
36 038 0395 0394 038 0379 0368 0354 0336 0311 0278 0234 0.180 0.119 0059 0.014

2 R. S. Mulliken, J. Chem. Phys. 8, 238 (1940), footnote 14. (In this footnote, Eq. (12) should read Eq. (15).)
** See Section III, especially Eqs. (12), (13), for definitions and conventions,



1260 MULLIKEN, RIEKE, ORLOFF, AND ORLOFF

TaBLE V.—(Con’t)

S(1s, 25)

p t=—05 t=—04 t=-03 t=—-02 {=—01 ¢=00 ¢=01 ¢=02 (=03 (=04 (=05 =06 ¢=0.7 ¢=08 ¢=09
3.8 0.335 0.325 0311 0291 0263 0225 0.176 0119 0060 0.015
40 0332 0333 0327 0320 0312 0305 0297 0287 0272 0249 0216 0.172 0118 0060 0.015
4.2 0276 0271 0264 0253 0.235 0.207 0.167 0.116 0.061 0.016
44 0.250 0.246 0242 0235 0221 0.198 0.162 0.115 0061 0.016

45 0272 0265 0256 0.247 0.241 .
4.6 0.225 0.223 0221 0217 0208 0.189 0.157 0.113 0.061 0.016
50 0221 0209 0.197 0.8 018 0181 0.18 0.184 0.185 0182 0.170 0.147 0.109 0.062 0.017
3.5 0.136 0.139 0.144 0.149 0.152 0.149 0.134 0.104 0.061 0.018
6.0 0143 0.127 0.114 0105 0101 0.101 0.105 0111 0119 0.126 0.128 0.120 0.098 0060 0018
6.5 0.074 0.078 0.085 0.094 0.104 0.110 0108 0.092 0.059 0.019
70 0091 0075 0.063 0.056 0053 0054 0058 0.065 0074 008 0.093 0.09 008 0058 0.019
7.5 0.039 0.042 0.048 0058 0.068 0.079 0085 0079 0.056 0.020
80 0.057 0.044 0.034 0.029 0.027 0.027 0030 0.036 0044 0.055 0066 0075 0073 0054 0.020
9.0 0014 0016 0.020 0026 0035 0.046 0.057 0061 0050 0.020
10.0 0.007 0.008 0010 0015 0.022 0032 0043 0051 0.046 0.020
12,0 0001 0.002 0.003 0005 0008 0014 0.023 0034 0037 0.020
15.0 0.000 0.000 0.000 0.001 0002 0.004 0.009 0017 0025 0.019
20.0 0.000 0.000 0.000 0000 0000 0.000 0.002 0005 0013 0.015

TasLE VI.
S(ts, 2p0)

1=—=05 t=-04 t=-03 ¢(=-02 t=-01 ¢=00 ¢t=01 (=02 ¢=03 (=04 ¢=05 t=0.6 ¢t=07 (=038

0.000 0.000 0000 0.000 0.000 0000 0.000 0000 0000 0000 0000 0000 0.000 0.000
0.117 0155 0180 0216 0.234 0240 0235 0218 0191 0157 0.119 0080 0046 0.022
0208 0276 0336 038 0417 0429 0421 0394 0348 0.288 0220 0.151 0087 0.038
0264 0348 0423 0484 0.525 0544 0538 0507 0454 0381 0296 0206 0.121 0.054
0287 0375 0454 0518 0564 0.58 0.585 0.558 0506 0433 0344 0245 0148 0.067
0.289 0375 0453 0.517 0.563 0.587 0.587 0.563 0.515 0444 0355 0.256 0.156 0.071
0287 0371 0447 0509 0554 0579 0582 0561 0517 0449 0363 0264 0164 0.076
0282 0363 0435 0495 0540 0.565 0.570 0553 0513 0450 0368 0271 0.170 0.079
0275 0352 0420 0477 0520 0546 0553 0540 0.505 0447 0369 0275 0.175 0.083
0.266 0.338 0402 0456 0497 0.523 0532 0522 0492 0441 0368 0278 0.179 0.086
0.255 0323 0382 0432 0471 0497 0508 0502 0477 0431 0364 0279 018 0.089
0244 0306 0361 0407 0443 0468 0481 0479 0459 0419 0359 0278 0.184 0.091
0.232 028 0338 038 0414 0439 0453 0454 0439 0406 0351 0276 018  0.093

0409 0424 0428 0418 0390 0342 0273 0.18  0.095
0207 0253 0293 0327 0356 0379 0394 0401 0396 0374 0332 0269 0.8  0.097

0349 0365 0374 0373 0357 0321 0264 018 0.098

0.320 0337 0348 0350 0339 0310 0258 0.185 0.099

0293 0309 0322 0328 0321 0298 0252 0183 0.100
0.147 0.171 0190 0.208 0225 0.241 0258 0273 0.284 028 0.272 0238 0179 0.101
0.186 0202 0219 0234 0243 0241 0219 0.472 0.102
0.099 0.108 0115 0.122 0130 0.141 0.155 0172 0.8 0204 0210 0.199 0163 0.101
0.10s 0.118 0.133 0.151 0.169 0.181 0.179 0.154 0.100
0.064 0066 0066 0068 0071 0078 0088 0.102 0120 0.139 0.155 0160 0.144 0.098
0.057 0065 0077 0.094 0113 0132 0142 0.134 0.095
0.041 0039 0.037 003 0037 0.041 0048 0.058 0073 0092 0111 0126 0124 0.092
0.021 0025 0.032 0043 0.059 0078 0097 0.104 0.086

0.176 0210 0.239 0264 0.286

ONNO VRN TARNUIE PP pWWWNWONINNDN SO0 |y
DooooounbnoUCo kOO NOORNDLDIND

1 0010 0.013 0.017 0.025 0.037 0054 0073 0.087 0.078
1 0.002 0.003 0.005 0.008 0014 0025 0040 0.058 0.063
1 0.000 0.000 0001 0001 0.003 0007 0015 0030 0044
2 0.000 0.000 0.000 0.000 0.000 0001 0.003 0009 0.022
TaBrLE VII.
S(1s, 3s) S(1s, 3s)
t= i= 1= t= 1= t= t= =
p —04 —03 -02 —01 =00 t=0.1 (=02 (=03 (=04 p =04 —03 —-02 =—01 t=00 ¢=0.1 {=0.2 (=03 ¢=04
0.0 0954 0928 0.857 0.754 0.632 0.505 0.381 0.269 0.175 4.4 0385 0371 0356 0.341 0324 0.305 0.280 0.248 0.207
0.5 0.945 0.920 0.851 0.751 0.632 0.507 0.384 0273 0.179 46 0335 0.341 0327 0314 0301 0.285 0.265 0.238 0.202
1.0 0915 0.893 0.832 0.739 0.628 0.510 0.393 0.284 0.190 4.8 0327 0312 0300 0.288 0.279 0.266 0.249 0.227 0.195
1.5 0.864 0.847 0.792 0.713 0.615 0.508 0.399 0.295 0.203 5.0 0.301 0.287 0.274 0.265 0.256 0.248 0.235 0.217 0.190
2.0 0.794 0.780 0.736 0.670 0.588 0.495 0.399 0.304 0.215 5.5 0.242 0227 0216 0.210 0206 0.204 0.200 0.190 0.173
2.5 0.712 0701 0.665 0.612 0.546 0.470 0.380 0.306 0.224 6.0 0.193 0.178 0.168 0.164 0.163 0.165 0.166 0.164 0.155
3.0 0.623 0.612 0384 0.544 0.494 0.436 0.370 0.299 0227 6.5 0.152 0.137 0129 0.126 0.127 0.132 0.137 0.140 0.137
3.2 0587 0.575 0.551 0.515 0.471 0.419 0.360 0.295 0.226 7.0 0.119 0.105 0.098 0.096 0.098 0.104 0.111 0.117 0.120
3.4 0351 0.539 0516 0.486 0.447 0.402 0.347 0.289 0.225 7.5 0.092 0.080 0073 0072 0.074 0.080 0.089 0.098 0.104
3.6 0.516 0.504 0483 0.456 0.423 0.383 0.334 0.283 0.223 8.0 0.071 0.060 0.054 0.053 0.056 0.062 0.070 0.080 0.089
3.8 0481 0469 0450 0.426 0.398 0.364 0.320 0.275 0.220 9.0 0.042 0.033 0.029 0.028 0.030 0.035 0.043 0.053 0.064
4.0 0448 0.435 0418 0.397 0.373 0.344 0309 0.267 0.217 10.0 0.024 0.018 0015 0015 0016 0.020 0.025 0.034 0.044
4.2 0416 0.403 0386 0.369 0.348 0.324 0.295 0.257 0.212
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TasLE VIII.
S(1s, 3p0) S(1s, 3p0)
= = = i= = = 1= t=
$ —04 —03 —02 ~0.1 =00 =01 £=02 t=03 =04 p —04 —-03 —02 =01 ¢=00 t=0.1 (=02 =03 t=04
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 4.4 0346 0.386 0.415 0.433 0440 0.435 0.415 0377 0.323
0.5 0.162 0.183 0.194 0.192 0.179 0.158 0.130 0.100 0.071 4.6 0325 0360 0.387 0.405 0414 0.412 0.397 0366 0.317
1.0 0302 0.343 0.363 0.362 0.340 0.302 0.251 0.195 0.139 4.8 0.303 0.335 0360 0.377 0.387 0.388 0.378 0.352 0.309
1.5 0404 0.461 0.490 0491 0.466 0.418 0.353 0.278 0.202 5.0 0.283 0311 0333 0350 0.361 0365 0359 0339 0.302
2.0 0464 0529 0.565 0.571 0.547 0.497 0.427 0.343 0.255 55 0.234 0.254 0270 0.285 0.297 0.307 0310 0.302 0.279
2.5 0.483 0.550 0.590 0.601 0.582 0.538 0.470 0.387 0.294 6.0 0.190 0.203 0.215 0.227 0.240 0.253 0.262 0.264 0.253
3.0 0470 0534 0.574 0.589 0.578 0.543 0.485 0.408 ' 0.320 6.5 0.153 0.160 0.168 0.178 0.190 0.204 0.218 0227 0.225
3.2 0.458 0.520 0.559 0.575 0.567 0.536 0.483 0.411 0.326 7.0 0.121 0.125 0.129 0.137 0.148 0.162 0.178 0.192 0.198
34 0.444 0502 0.541 0.558 0.553 0.526 0.478 0.412 0.330 7.5 0.096 0.096 0.098 0.104 0.114 0.127 0.144 0.161 0.173
3.6 0.427 0482 0.519 0.536 0.535 0.512 0.470 0.409 0.332 8.0 0074 0073 0.074 0078 0.08 0.099 0.115 0.133 0.149
3.8 0408 0460 0495 0513 0.514 0.496 0459 0.404 0.332 9.0 0.044 0.041 0.040 0042 0.048 0.057 0.071 0.088 0.107
40 0383 0.436 0.469 0.487 0490 0.477 0.446 0397 0.330 10.0 0026 0.023 0.021 0.022 0.026 0.032 0.042 0.057 0.075
4.2 0367 0.411 0.442 0.460 0.466 0.457 0.431 0,388 0.327
TaBLE IX.
S(1s, 5s) S(is, 5s)
t= 1= t= = t= t=
p  —04 03 oz —0.1 ¢=0.0 t=0,1 t=0.2 (=03 t=04 » —-04 ~—03 —02 -0t t=00 ¢t=0.1 t=02 t=03 (=04
0.0 0.893 0.806 0.687 0.554 0.423 0.303 0.204 0.126 0.070 4.5 0.454 0432 0405 0376 0341 0303 0257 0208 0.154
0.5 0.888 0.803 0.687 0.556 0.426 0.308 0.208 0,129 0.073 5.0 0384 0363 0.343 0.323 0.300 0.273 0.240 0.200 0.154
1.0 0.873 0.795 0.685 0.560 0.435 0313 0.219 0.139 0.080 55 0319 0300 0.285 0272 0.258 0.242 0.219 0.190 0.152
1.5 0.846 0.776 0.676 0.562 0.444 0.333 0.23¢ 0.153 0.091 6.0 0.261 0244 0232 0224 0218 0209 0.196 0.176 0.147
2.0 0.805 0.745 0.658 0.557 0.450 0.346 0.251 0.169 0.104 6.5 0.213 0.197 0.187 0.183 0.181 0.179 0.173 0.161 0.140
2.5 0.749 0.699 0.627 0.540 0.448 0.354 0.265 0.185 0.118 7.0 0.170 0,155 0.147 0.145 0.147 0.149 0.149 0.144 0.130
3.0 0.682 0.642 0.583 0.513 0.435 0.354 0.273 0.198 0.131 7.5 0.135 0.121 0.115 0.114 0.117 0.123 0.127 0.127 0.120
3.2 0.653 0.616 0.562 0498 0.427 0.351 0275 0.202 0.135 8.0 0.106 0.094 0.089 0.089 0.093 0.100 0.107 0.111 0.109
3.4 0.624 0.589 0.540 0.482 0.417 0.347 0.275 0.205 0.140 9.0 0.065 0.055 0051 0052 0.056 0.063 0.073 0.082 0.087
3.6 0.593 0.561 0.517 0465 0.406 0.342 0.275 0.207 0.143 10.0 0.039 0.031 0.028 0.029 0.032 0.039 0.048 0.058 0.067
3.8 0562 0.533 0.493 0.447 0394 0.335 0.273 0.209 0.147
4.0 0.531 0.504 0.468 0427 0.380 0.327 0.270 0.209 0.149
TaBLE X.
S(1s, 5pa) S{ls, Spo)
= t= = = t= t= t=
p  —04 —03 —02 —01 (=00 (=01 =02 (=03 =04 b —04 —-03 —02 -0.1 ¢=00 t=0.1 ¢=0.2 (=03 =04
0.0 0.000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000 4.5 0.453 0488 0.504 0.502 0.482 0.445 0390 0.321 0.242
0.5 0.153 0.161 0.157 0.143 0.121 0.096 0.071 0.047 0.029 50 0.396 0.426 0.442 0.445 0436 0412 0372 0316 0.247
1.0 0293 0.310 0.304 0.278 0.238 0.190 0.141 0.096 0.059 55 0.339 0.363 0.377 0.384 0.383 0.371 0.345 0303 0.246
1.5 0.409 0435 0.429 0397 0344 0.279 0.210 0.146 0.091 6.0 0285 0302 0315 0.324 0.328 0.326 0313 0.285 0.240
2.0 0493 0.526 0.524 0.490 0.431 0.355 0.273 0.194 0.124 6.5 0.237 0.248 0.258 0.268 0.277 0282 0.279 0.263 0.230
2,5 0.540 0.580 0.581 0.550 0.493 0.414 0.326 0.238 0.157 7.0 0.192 0.199 0.206 0.216 0.227 0.237 0.242 0.237 0.216
3.0 0.553 0.596 0.603 0.579 0.526 0.453 0.366 0.274 0.186 7.5 0.155 0.158 0.163 0.172 0.184 0.197 0.208 0.211 0.200
3.2 0550 0.593 0.603 0.581 0.532 0.462 0.377 0.286 0.197 80 0.123 0.124 0127 0.135 0.i147 0.161 0.175 0.185 0.182
34 0543 0.586 0.597 0.578 0.534 0.467 0.385 0.296 0.207 9.0 0.076 0.074 0.074 0080 0.090 0.104 0.121 0.137 0.147
3.6 0532 0.574 0.587 0.572 0.531 0.470 0.392 0.304 0.215 100 0.046 0.042 0.042 0.045 0.052 0.064 0.079 0.098 0.114
3.8 0518 0.559 0.573 0.561 0.526 0.469 0.395 0.311 0.223
4.0 0.501 0.541 0.556 0.548 0.516 0.465 0.396 0.316 0.230
TasLe XI.
S(2s, 2s) S(2s, 25)
b =00 t=0.1 ¢=0.2 ¢t=03 =04 =05 =06 ? =00 ¢t=0.1 ¢t=02 =03 (=04 =05 (=06
00 1.000 0975 0903 0.790 0.647 0487 0.328 60 0.18 0.190 0.197 0206 0.215 0.216 0.203
0.5 098 0962 0892 0782 0642 048 0.328 6.5 0145 0.148 0.155 0.167 0.179 0.187 0.182
1.0 0948 0926 0862 0.760 0.629 0481 0.329 70 0111 0.113 0121 0133 0148 0.160 0.163
1.5 0.890 0871 0815 0.725 0.608 0472 0.329 7.5 0083 008 0093 0.106 0.121 0.136 0.145
20 0815 0.799 0.753 0.678 0.578 0.458 0.327 80 0062 0064 0071 0083 0099 0.116 0.128
25 0729 0717 0679 0622 0.540 0438 0.322 85 0046 0048 0054 0065 0080 0.097 0.112
3.0 0637 0.629 0.603 0.559 0496 0413 0.312 9.0 0.034 0.035 0041 0050 0.064 0.082 0.098
3.2 0.600 0.593 0.571 0.533 0477 0402 0.308 9.5 0.024 0.026 0.030 0.039 0.051 0068 0.086
34 0.563 0.557 0.539 0507 0457 038 0302 100 0018 0019 0023 0030 0041 0057 0.075
3.6 0527 0522 0507 048 0438 0377 0296 10.5 0.013 0014 0.017 0.023 0.032 0.047 0.065
3.8 0491 0487 0476 0454 0417 0364 0290 110 0.009 0010 0.012 0017 0026 0039 0.056
40 0456 0454 0445 0427 0397 0350 0283 115 0006 0007 0009 0013 0.020 0032 0.048
4.2 0423 0421 0415 0402 0377 0336 0276 120 0004 0005 0007 0010 0016 0026 0.041
44 0390 038 038 0376 0357 0323 0268 125 0003 0004 0.005 0007 0012 0.021 0.036
46 0360 0359 0358 0352 0337 0309 0260 130 0.002 0002 0003 0.006 0.010 0.017 0.030
48 0330 0331 0331 0328 0318 0.295 0.252 135 0002 0062 0002 0004 0008 0014 0.02
50 0302 0307 0305 0305 0299 028t 0244 140 0.001 0001 0.002 0.003 0006 0.012 0.022
5.5 0240 0.242 0247 0252 0.255 0.248 0.223
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TasLe XII.
S(29q, 25) S(2s, 2pa)
b t=0.6 1=0.5 t=0.4 t=0.3 1=0.2 t=0.1 t=0.0 1=0.1 t=0.2 =03 1=0.4 t=0.5 t=0.6
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.5 —0.008 0.002 0.020 0.047 0.079 0.112 0.143 0.167 0.180 0.180 0.166 0.139 0.103
1.0 —0.010 0.011 0.047 0.098 0.158 0.220 0.276 0.319 0.343 0.342 0.315 0.265 0.198
1.5 —0.005 0.028 0.081 0.151 0.231 0.313 0.386 0.443 0.473 0.472 0.437 0.369 0.278
2.0 0.006 0.049 0.114 0.197 0.289 0.381 0.464 0.526 0.561 0.560 0.521 0.446 0.340
2.5 0.019 0.070 0.143 0.218 0.327 0.420 0.504 0.567 0.603 0.602 0.569 0.493 0.383
3.0 0.033 0.089 0.163 0.251 0.342 0.431 0.509 0.570 0.606 0.612 0.582 0.513 0.407
3.2 0.037 0.096 0.169 0.254 0.342 0427 0.503 0.562 0.598 0.606 0.580 0.515 0.412
34 0.042 0.099 0.173 0.255 0.339 0.421 0.492 0.549 0.586 0.596 0.573 0.513 0.415
3.6 0.046 0.103 0.175 0.254 0.335 0.411 0.479 0.534 0.570 0.582 0.563 0.509 0.416
3.8 0.049 0.106 0.176 0.252 0.327 0.399 0.463 0.515 0.551 0.565 0.550 0.502 0.415
4.0 0.052 0.109 0.176 0.247 0.318 0.385 0.444 0.494 0.529 0.545 0.535 0.492 0.412
4.2 0.055 0.110 0.174 0.241 0.307 0.369 0.425 0471 0.505 0.523 0.518 0.481 0.407
44 0.057 0.111 0.172 0.234 0.295 0.351 0.402 0.446 0.480 0.500 0499 0.469 0.401
4.6 0.059 0.111 0.168 0.226 0.281 0.333 0.380 0.421 0.455 0476 0479 0.454 0.394
4.8 0.060 0.110 0.164 0.217 0.267 0.314 0.357 0.396 0.428 0.451 0.458 0.439 0.386
5.0 0.061 0.109 0.159 0.208 0.253 0.295 0.334 0.370 0.402 0.426 0.436 0.423 0.377
5.5 0.062 0.104 0.145 0.182 0.216 0.248. 0.278 0.308 0.337 0.364 0.382 0.382 0.351
6.0 0.061 0.096 0.129 0.157 0.181 0.203 0.226 0.250 0.277 0.305 0.328 0.339 0.324
6.5 0.058 0.088 0.112 0.132 0.148 0.163 0.180 0.200 0.224 0.251 0.278 0.297 0.295
7.0 0.055 0.079 0.096 0.109 0.119 0.129 0.141 0.157 0.178 0.205 0.233 0.258 0.266
7.5 0.051 0.070 0.082 0.089 0.095 0.101 0.109 0.122 0.140 0.165 0.193 0.222 0.238
8.0 0.047 0.061 0.068 0.072 0.074 0.077 0.083 0.093 0.109 0.131 0.159 0.189 0.212
8.5 0.043 0.053 0.057 0.057 0.057 0.059 0.063 0.070 0.084 0.103 0.130 0.160 0.187
9.0 0.039 0.045 0.047 0.045 0.044 0.044 0.046 0.053 0.064 0.081 0.105 0.135 0.165
9.5 0.035 0.038 0.038 0.036 0.033 0.033 0.034 0.039 0.048 0.063 0.085 0.113 0.144
10.0 0.031 0.033 0131 0.028 0.025 0.024 0.025 0.029 0.036 0.048 0.068 0.095 0.126
10.5 N 0.018 0.021 0.027 0.037 0.054 0.079 0.109
11.0 0.024 0.023 0.020 0.016 0.014 0.013 0.013 0.015 0.020 0.028 0.043 0.065 0.095
11.5 0.009 0.011 0.015 0.022 0.034 0.054 0.082
12.0 0.018 0.016 0.012 0.010 0.008 0.007 0.007 0.008 0.011 0.016 0.027 0.044 0.070
12,5 0.005 0.006 0.008 0.012 0.021 0.036 0.060
13.0 0.003 0.004 0.006 0.009 0.016 0.030 0.052
13.5 0.002 0.003 0.004 0.007 0.013 0.024 0.044
14.0 0.002 0.002 0.003 0.005 0.010 0.020 0.038
TasLe XIII.
S(2s, 35)

» t=—0.6 ¢=-05 t=—04 ¢=—03 (=-0.2 ¢t=-01 =00 t=0.1 t=0.2 1=0.3 =04 t=0.5 t=0.6
0.0 0.479 0.667 0.826 0,937 0.989 0.979 0.913 0.801 0.659 0.505 0.354 0.222 0.120
0.5 0477 0.663 0.820 0.929 0.979 0970 0.905 0.796 0.657 0.505 0.356 0.225 0.122
1.0 0.473 0.651 0.801 0.904 0.952 0.943 0.884 0.782 0.650 0.505 0.361 0.231 0.127
1.5 0.466 0.634 0.771 0.865 0.909 0.902 0.849 0.758 0.638 0.504 0.367 0.240 0.136
20 0.457 0.611 0.733 0.815 0.853 0.847 0.803 0.725 0.620 0.499 0.372 0.250 0.146
2.5 0.445 0.582 0.688 0.756 0.789 0.785 0.747 0.682 0.594 0.488 0.373 0.258 0.156
3.0 0.430 0.549 0.637 0.692 0.716 0.712 0.684 0.632 0.560 0.472 0.371 0.265 0.165
3.5 0.411 0.512 0.582 0.623 0.639 0.636 0.614 0.575 0.519 0.448 0.362 0.268 0.173
4.0 0.390 0.472 0.524 0.552 0.562 0.557 0.541 0.514 0473 0.418 0.349 0.267 0.178
4.5 0.365 0.429 0.466 0.483 0.485 0.481 0.469 0.451 0.423 0.384 0.329 0.261 0.181
5.0 0.339 0.387 0.408 0.415 0.413 0.407 0.395 0.389 0.372 0.347 0.307 0.252 0.182
5.5 0.312 0.344 0.354 0.352 0.346 0.339 0.334 0.329 0.322 0.308 0.282 0.239 0.180
6.0 0.285 0.304 0.303 0.295 0.285 0.278 0.275 0.275 0.275 0.270 0.255 0.225 0.175
6.5 0.259 0.266 0.258 0.245 0.233 0.226 0.225 0.227 0.232 0.234 0.229 0.209 0.170
7.0 0.232 0.230 0.216 0.200 0.187 0.180 0.179 0.184 0.191 0.199 0.201 0.191 0.162
7.5 0.207 0.198 0.180 0.162 0.149 0.142 0.142 0.147 0.157 0.168 0.176 0.173 0.153
8.0 0.184 0.169 0.148 0.130 0.117 0.111 0.111 0.117 0.127 0.140 0.152 0.156 0.144
9.0 0.143 0.121 0.099 0.082  0.071 0.065 0.066 0.071 0.081 0.095 0.111 0.123 0.124
10.0 0.110 0.085 0.065 0.050 0.041 0.037 0.037 0.042 0.050 0.062 0.079 0.095 0.104
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TasrLe XIV.
S(2s, 3pa)
? t=—06 1=-05 (=-04 (=-03 t=-02 {(=-01 (=00 1=0.1 £=0.2 t=0.3 1=0.4 1=0.5 1=0.6
0.0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.5 0.001 0.020 0.048 0.081 0.113 0.140 0.156 0.160 0.150 0.130 0.101 0.070 0.041
1.0 0.004 0.042 0.096 0.158 0.219 0.269 0.300 0.307 0.290 0.251 0.198 0.138 0.082
1.5 0.013 0.067 0.143 0.229 0.312 0.380 0.422 0.433 0410 0.358 0.285 0.201 0.122
20 0.027 0.095 0.187 0.289 0.386 0.465 0.515 0.529 0.505 0.445 0.359 0.258 0.159
2.5 0.044 0.122 0.224 0.334 0.438 0.522 0.576 0.593 0.570 0.509 0.416 0.306 0.193
3.0 0.060 0.146 0.252 0.363 0.466 0.550 0.605 0.624 0.605 0.548 0.457 0.343 0.222
3.5 0.076 0.164 0.267 0.374 0.470 0.549 0.603 0.625 0.612 0.563 0.480 0.369 0.246
4.0 0.088 0.175 0.273 0.370 0.456 0.527 0.577 0.601 0.596 0.558 0.486 0.384 0.264
4.5 0.098 0.180 0.268 0.352 0.427 0.488 0.533 0.558 0.561 0.535 0.478 0.390 0.277
5.0 0.102 0.178 0.255 0.326 0.387 0.438 0478 0.505 0.514 0.500 0.459 0.385 0.283
5.5 0.104 0.172 0.236 0.293 0.342 0.383 0.418 0.444 0.459 0.457 0.430 0.373 0.285
6.0 0.103 0.162 0.214 0.258 0.295 0.328 0.356 0.382 0.401 0.409 0.397 0.356 0.282
6.5 0.101 9.150 0.191 0.224 0.251 0.275 0.299 0.323 0.346 0.361 0.361 0.335 0.276
7.0 0.095 0.135 0.166 0.189 0.207 0.225 - 0.245 0.267 0.291 0.311 0.321 0.309 0.265
7.5 0.089 0.121 0.143 0.158 0.170 0.182 0.198 0.218 0.242 0.266 0.283 0.283 0.252
8.0 0.083 0.107 0.122 0.130 0.137 0.143 0.157 0.175 0.198 0.224 0.247 0.257 0.238
9.0 0.069 = 0.081 0.085 0.085 0.086 0.088 0.096 0.109 0.129 0.154 0.183 0.205 0.207
10.0 0.055 0.059 0.059 0.054 0.051 0.052 0.056 0.065 0.080 0.103 0.131 0.159 0.175
TaBrLe XV.
S(2pe, 2p0) S{(2pe, 2pa)

P t=0.0 t=0.1 1=0.2 1=0.3 1=0.4 t=0.5 t=0.6 P t=0.0 t=0.1 1=0.2 '=0.3 t=04 t=0.5 t=0.6
00 —-1.000 -0975 -—0903 —0.790 —0.647 -—0.487 —0.328 6.0 0.250 0.247 0.235 0.214 0.181 0.138 0.087
0.5 —0.927 —0.906 —0.840 —0.738 —0.607 —0.461 —0.312 6.5 0.210  0.208  0.201  0.187 0.164 0131  0.087
1.0 -~0.736 -0.720 —0.673 —0.599 —0.502 —0.389 -—0.271 7.0 0.171 0.171 0.167 0.160 0.145 0.120 0.085
1.5 —0.483 —0.475 —0.452 —0416 -0360 —0292 —0.214 7.5 0.137 0437 0137 0134 0126  0.109  0.081
2.0 -—0.226 -0.226 -—0.226 -—0.222 -0.211 -—0.188 --0.150 8.0 0.107 0.108 0.109 0.110 0.107 0.096 0.075
2.5 0005 ~0.007 —0.029 —0.053 —0076 —0.092 —0092 85 0083 008¢ 008 0.08  0.090 0085  0.069
3.0 0.159 0.148 0.121 0.079 0,032 -0.011 ~-0.040 9.0 0.063 0.064 0.067 0.071 0.075 0.073 0.063
3.2 0208  0.196  0.167  0.120  0.067 0016 —0.022 9.5 0.047 0048  0.052 0057 0.06L 0063 0,057
3.4 0.248 0.237 0.204 0.155 0.097 0.040 —0.005 10.0 0.035 0.036 . 0.039 0.045 0.050 0.054 0.051
3.6 0.279 0.268 0.235 0.184 0.123 0.061 0.010 10.5 0.026 0.027 0.030 0.035 0.041 0.045 0.045
3.8 0.303 0.291 0.258 0.207 0.144 0.079 0.023 11.0 0.019 0.020 0.021 0.027 0.033 0.038 0.040
4.0 0.319 0.308 0.275 0.224 0.161 0.094 0.035 11.5 0.013 0.014 0.017 0.021 0.026 0.032 0.035
4.2 0.328 0.318 0.286 0.237 0.175 0.107 0.045 12.0 0.010 0.010 0.012 0.016 0.021 0.027 0.031
44 0.332 0.322 0.293 0.245 0.185 0.117 0.054 12.5 0.007 0.007 0.009 0.012 0.017 0.022 0.027
4.6 0.332 0.322 0.294 0.250 0.191 0.126 0.062 13.0 0.005 0.005 0.007 0.009 0.013 . 0.018 0.023
4.8 0.327 0.318 0.293 0.251 0.196 0.132 0.068 13.5 0.003 0.004 0.005 0.007 0.010 0.015 0.020
5.0 0.319 0.311 0.288 0.249 0.197 0.136 0.074 14.0 0.002 0.003 0.003 0.005 0.008 0.012 0.017
5.5 0.289 0.282 0.266 0.236 0.193 0.141 0.083

TapLe XVI.

S(2pa, 3s)
P t=—06 t=—05 (=-04 t=—-03 t=-02 ¢t=-0.1 ¢=0.0 t=0.1 =02 t=0.3 t=04 t=0.5 t=0.6
0.0 0.000 0.000 0000 0.000 0000 0000 0000 0.000 0.000 0.000 0.000 0.000 0.000
0.5 0110 0.134 0.142 0135 0114 0.085 0054 0.025 0.002 —0.013 —0.019 —0.018 —0.013
1.0 0214 0.261 0278 0265 0227 0173 0114 0.058 0.013 -0.017 —0.032 —0.032 —0.024
1.5 0307 0374 0399 0383 0333 0261 0179 0102 0.034 —0.009 —0.034 —0.039 —0.031
2.0 0.385 0466 0497 0480 0424 0340 0.245 - 0.152 0071 +0.011 —0.025 —0.038 —0.034
2.5 0.445 0.534 0.569 0551 0492 0405 0303 . 0201 0.111 0.039 —0.008 -0.030 —0.033
3.0 048 0576 0.609 0.591 0.533 0447 0346 0243 0.148 0069  +0.013 —0.019 —0.028
3.5 0.509 0594 0.622 0.603 0.547 0466  0.371 0.272 0.179 0.097 0.035 ~0.005 —0.021
4.0 0.515 0590 0.611 0.589  0.535 0.462 0376 0.287 0.199 0.120 0.055 -+0.010 —0.014
4.5 0.508 0.569 0.580 0.555 0.505 0.439 0365 0.287 0.208 0.135 0.061 0.023 —0.005
5.0 0.490 0.536 0.537 0.508 0461 0404 0341 0275 0.208 0.143 0.083 0.034  +0.002
5.5 0465 0495 0485 0.453 0.409 0360 0308 0.255 0.199 0.144 0.090 0.043 0.009
6.0 0434 0449 0430 0395 0354 0314 0.271 0.230 0.185 0.139 0.093 0.050 0.015
6.5 0.402 0.403 0376 0339 0301 0.266 0.233  0.201 0.167 0.131 0.093 0.054 0.020
7.0 0.366 0354 0.322 0284 0250 0.220 0.194 0171 0.147 0.120 0.089 0.055 0.024
7.5 0331 0310 0273 0236 0204 0.180 0160 0.143 0.126 0.107 0.083 0.055 0.027
8.0 0.297 0.268 0.229  0.193 0.165 0.144 0.129 0.118 0.107 0.094 0.076 0.054 0.028
9.0 0.235 0.197 0.157 0.125 0.103 0.089  0.08t 0.076  0.073 0.069 0.061 0.048 0.029
10.0 0.182 0.140 0.104 0.078 0.062 0.053 0.048  0.047 0.047 0.048 0.047 0.040 0.028
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TaBLE XVIIL
S$(2pa, 3ps)
p t=-06 (=-05 (=-04 (=-03 (=-02 [=-01 (=00 t=0.1 t=0.2 1=0.3 t=0.4 1=0.5 1=0.6
00 —-0479 -—0.667 —0826 —-0937 —0.989 —-0979 -0913 -0.801 —0.659 —0.505 -0.354 —0.222 —-0.120
0.5 ~—0462 —0.640 —0.790 —0.8904 —0942 —-0.934 -—-0.872 —0.768 —0.636 —0490 —0.347 —-0.220 -—0.120
1.0 —-0414 -—-0564 -—0.687 —0.771 —0.811 —0.805 —0.757 -—0.674 —0.567 —0.446 —0.323 —-0.211 -—0.118
1.5 —0343 —0.453 -0.537 —0.593 —0.618 —0.615 —0.585 —0.531 —~0.460 —0.375 -—0.284¢ -—0.194 -—0.114
20 —-0261 -0324 -0365 —0.38 —0398 —-0.396 -—0.384 —-0362 —0.330 -0.285 -—0.230 -—0.168 —0.107
2.5 —-0.177 -0.194 -0.195 -0.187 -0.180 —0.178 —-0.181 —-0.188 —0.192 —-0.187 —-0.169 --0.136 —0.094
3.0 —-0097 —-0076 —0.042 —-0.010 40010 +40.013 ~0.002 -0.029 -—-0.062 -—0.089 —0.104 —0.101 —0.080
3.5 —0.028 +40.022 +0.081 —+0.130 0.159 0.163 +0.142 +4-0.102 +40.050 —0.002 —0.043 -~-0.064 —0.063
4.0 +40.027 0.099 0.172 0.230 0.264 0.268 0.245 0.198 0.136 40.070 +0.012 —-0.029 —0.045
4.5 0.070 0.153 0.232 0.292 0.326 0.330 0.307 0.260 0.196 0.124 0.056 +-0.003 —0.027
5.0 0.101 0.187 0.264 0.321 0.351 0.355 0.334 0.291 0.231 0.161 0.090 0.029 -0.011
5.5 0.122 0.205 0.275 0.324 0.350 0.353 0.335 0.298 0.246 0.182 0.113 0.050 +4-0.004
6.0 0.134 0.210 0.270 0.310 0.330 0.331 0.317 0.287 0.244 0.189 0.127 0.066 0.016
6.5 0.139 0.206 0.256 0.286 0.299 0.299 0.288 0.265 0.232 0.187 0.133 0.077 0.026
7.0 0.138 0.194 0.232 0.253 0.261 0.25%9 .0.251 0.235 0.211 0.177 0.133 0.082 0.034
7.5 0.134 0.179 0.207 0.220 0.222 0.220 0.213 0.203 0.186 0.162 0.128 0.085 0.040
8.0 0.127 0.162 0.181 0.186 0.185 0.182 0.177 0.171 0.161 0.145 0.120 0.084 0.044
9.0 0.109 0.127 0.131 0.128 0.122 0.118 0.115 0.115 0.114 0.110 0.099 0.078 0.047
10.0 0.089 0.095 0.091 0.083 0.076 0.072 0.071 0.072 0.075 0.078 0.076 0.067 0.046
TasrLE XVIIL
S5(3s, 3s) S$(3pa, 3pa) S@3s, 3pe) 5(3s, 35) S@3pe, 3p0) S(3s, 3p0)

# £=0.0 1=0.0 t=0.0 » t=0.0 {=0.0 1 =0.0

0.0 1.000 -1.000 0.000 6.4 0.328 0.377 0.371

0.5 0.992 ~0.965 0.096 6.6 0.306 0.368 0.352

1.0 0.968 —0.866 0.189 6.8 0.285 0.358 0.333

1.5 0.932 —0.715 0.276 7.0 0.264 0.346 0.314

2.0 0.885 —0.531 0.354 7.2 0.245 0.333 0.295

2.5 0.832 -0.333 0.419 7.4 0.227 0.319° 0.277

3.0 0.772 —0.140 0.468 7.6 0.209 0.304 0.259

3.5 0.708 0.031 0.499 7.8 0.193 0.288 0.241

4.0 0.641 0.171 0.511 8.0 0.177 0.273 0.225

4.5 0.572 0.273 0.504 8.5 0.141 0.233 0.185

5.0 0.504 0.342 0.483 9.0 0.114 0.195 0.151

5.2 0477 0.359 0470 9.5 0.089 0.161 0.121

54 0451 0.372 0.457 10.0 0.070 0.130 0.096

5.6 0.425 0.380 0.441 10.5 0.054 0.104 0.076

5.8 0.400 0.385 0.425 11.0 0.041 0.082 0.059

6.0 0.375 0.385 0.407 11.5 0.031 0.064 0.045

6.2 0.351 0.382 0.389 120 0.024 0.050 0.034

TaBLE XIX.
S(5s, Ss) S(5pe, Spe) S(5s, Spa) S(Ss, 55) S(5pe, Spo) S(5s, 5po)

2 t=0.0 1=0.0 1=0.0 b t=0.0 1=0.0 t=0.0

0.0 1.000 —1.000 0.000 7.0 0.417 0.413 0.445

0.5 0.994 —0.979 0.072 7.5 0.367 0.418 0.411

1.0 0.977 —0917 0.142 8.0 0.320 0.407 0.374

1.5 0.950 —0.819 0.210 8.5 0.276 0.384 0.334

20 0.915 —0.693 0.273 9.0 0.235 0.354 0.294

2.5 0.874 —0.547 0.331 9.5 0.198 0.318 0.255

3.0 0.828 —0.390 0.383 10.0 0.166 0.281 0.218

3.5 0.780 —0.231 0.427 10.5 0.137 0.244 0.185

4.0 0.730 —0.079 0.462 11.0 0.113 0.208 0.154

4.5 0.679 0.059 0.486 11.5 0.091 0.175 0.127

5.0 0.627 0.177 0.499 12,0 0.074 0.145 0.104

5.5 0.574 0.272 0.501 12.5 0.059 0.119 0.084

6.0 0.521 0.343 0.491 13.0 0.047 0.097 0.067

6.5 0.468 0.389 0472 -
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TaBLE XX,
S2px, 2p7) S(2pw, 297)
p =00 =01 (=02 (=03 =04 =05 -:=06 b t=00 =01 (=02 =03 =04 (=05 (=06
00 1000 0975 0903 0.790 0647 0487 0.328 5.0 0164 0.163 0.162 0157 0.149 0134 0.111
05 0976 0951 0882 0.772 0.633 0478 0.323 5.2 0.146
1.0 0907 0.887 0.823 0.723 0.596 0.453 0.308 54 0129
1.5 0809 0790 0.737 0.652 0.542 0416 0.287 55 0121 0.122 0.122 0.121 0.117 0.109 0.094
20 0.695 0.680 0638 0.568 0477 0372 0.261 5.6 0.114
25 0578 0567 0.535 0481 0410 0325 0.233 5.8 0.101
3.0 0468 0460 0437 0398 0345 0.279 0.205 60 0.089 008 0091 0.092 0092 0.08 0.079
3.2 0427 0420 0401 0367 0320 0.262 0.194 6.2 0078
34 038 0383 0366 0337 0.297 0245 0.183 64 0.069 )
36 0352 0348 0334 0309 0.274' 0228 0.173 6.5 0064 0065 0067 0060 0072 0.071 0.066
3.8 0318 0315 0303 0.283 0.253 0.213 0.163 70 0046 0.047 0.049 0052 0.055 0.057 0.055
40 0.287 0284 0275 0.258 0.232 0.198 0.153 7.5 0033 0.033 0.03 0039 0043 0.046 0.046
4.2 0258 0255 0.248 0.234 0.213 0.183 0.144 80 0023 0024 002 0029 0033 0037 0.038
44 0231 0229 0224 0213 0.195 0170 0.135 90 0.011 0012 0013 0016 0.019 0.023 0.026
46 0207 0205 0201 0.193 0179 0.157 0.127 100 0.005 0006 0007 0.008 0011 0013 0018
48 0184 0.183 0.181 0174 0.163 0.145 0.119
TaBLE XXI.
SQ2pr, 2p7)
» t=—06 t=—05 t(=-04 t=-03 ¢(=-02 (=-01 (=00 1=0.1 t=0.2 1=0.3 1=0.4 1=0.5 t=0.6
0.0 0.479 0.667 0.826 0.937 0.989 0.979 0.913 0.801 0.659 0.505 0.354 0.222 0.120
0.5 0.473 0.658 0.814 0.923 0.973 0.963 0.899 0.786 0.652 0.500 0.352 0.221 0.120
1.0 0.456 0.632 0.779 0.881 0.928 0.920 0.860 0.758 0.628 0.485 0.344 0.219 0.119
1.5 0.431 0.591 0.724 0.816 0.858 0.851 0.798 0.708 0.591 0.461 0.331 0.213 0.118
2.0 0.399 0.541 0.656 0.735 0.771 0.765 0.720 0.643 0.542 0.429 0.313 0.206 0.117
2.5 0.363 0.484 0.581 0.645 0.676 0.672 0.633 0.569 0.486 0.390 0.290 0.195 0.114
3.0 0.325 0.426 0.503 0.554 0.575 0.571 0.542 0.492 0.426 0.348 0.264 0.182 0.109
3.5 0.287 0.369 0.428 0.466 0.480 0477 0.454 0.416 0.366 0.303 0.237 0,168 0.104
4.0 0.251 0.315 0.359 0.384 0.394 0.389 0.373 0.345 0.308 0.262 0.209 0.153 0.097
4.5 0.218 0.266 0.297 0.313 0.316 0.312 0.301 0.282 0.255 0.222 0.182 0.137 0.090
5.0 0.187 0.222 0.241 0.250 0.251 0.246 0.238 0.225 0.208 0.185 0.157 0.122 0.083
5.2 0.228 0.223 0.216 0.205 0.191 0.172
5.4 0.206 0.202 0.195 0.187 0.175 0.159
5.5 0.160 0.184 0.195 0.198 0.196 0.192 0.186 0.178 0.167 0.153 0.133 0.107 0.076
5.6 0.186 0.182 0.176 0.169 0.160 0.147
5.8 0.168 0.164 0.159 0.153 0.146 0.135
6.0 0.136 ~  0.151 0.156 0.155 0.151 0.147 0.143 0.139 0.133 0.125 0.112 0.093 0 069
6.5 0.115 0.123 0.124 0.120 0.115 0.112 0.109 0.107 0.104 0.101 0.093 0.081 0.062
7.0 0.097 0.100 0.097 0.092 0.087 0.084 0.082 0.081 0.081 0.080 0.077 0.069 0.055
7.5 0.082 0.081 0.076 0.070 0.065 0.062 0.061  0.061 0.062 0.064 0.063 0.059 0.049
8.0 0.068 0.065 0.059 0.053 0.049 0.046 0.045 0.046 0.048 0.050 0.052 0.050 0.043
9.0 0.048 0.042 0.036 0.030 0.026 0.024 0.024 0.025 0.027 0.030 0.034 0.035 0,033
10.0 0.033 0.027 0.021 0.017 0.014 0.012 0.012 0.013 0.015 0.018 0.022 0.025 0.025
TasLE XXII.
S(2px, 5p7) S(2px, Spn)

P 1=0.0 1=0.1 » £=0.0 $=0.1

0.5 0.726 0.58 7.5 0.093 0.090

1.0 0.707 0.563 8.0 0.072 0.071

1.5 0.677 0.543 8.5 0.055 0.055

2.0 0.635 0.515 9.0 0.041 0.042

2.5 0.584 0.482 9.5 0.030 0.032

3.0 0.526 0.438 10.0 0.023 0.024

3.5 0.464 0.393 10.5 0.017 0.018

4.0 0.401 0.345 11.0 0.012 0.014

4.5 0.341 0.298 11.5 0.009 0.010

5.0 0.284 0.253 12.0 0.007 0.008

5.5 0.234 0.212 12.5 0.005 0.006

6.0 0.189 0.174 13.0 0.003 0.004

6.5 0.151 0.142 13.5 0.002 0.003

7.0 0.119 0.114 14.0 0.002 0.003
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TaBLE XXIII.

S(3pw, 3pw) S(5px, Spn) S(3pr, 3p7) S(5pm, 5pm)

b/l t=0.0 i=0.0 P =00 t=0.0

0.0 1.000 1.000 6.4 0.184 0.338

0.5 0.988 0.993 6.6 0.167 0.317

1.0 0.955 0.972 6.8 0.152 0.297

1.5 0.901 0.938 7.0 0.137 0.277

2.0 0.832 0.893 7.2 0.124 0.259

2.5 0.752 0.839 74 0.112 0.241

3.0 0.666 0.778 7.6 0.101 0.224

3.5 0.578 0.712 7.8 0.091 0.208

4.0 0.493 0.644 8.0 0.081 0.193

4.5 0.413 0.575 8.5 0.062 0.159

5.0 0.341 0.508 9.0 0.046 0.130

52 0.314 9.5 0.035 0.105

54 0.289 10.0 0.026 0.084

5.5 0.443 10.5 0.067

5.6 0.265 11.0 0.053

5.8 0.243 11.5 0.042

6.0 0.222 0.383 12.0 0.033

6.2 0.202 0.360 12.5 0.025

VII. TABLES OF SELECTED HYBRID SLATER-AO
OVERLAP INTEGRALS***
TaBLE XXIV.
S(1s, 2die) S(1s, 2dia)
t= t= t= t= t= = = 1= t= 1=
» -0.5 —0.4 —0.3 —0.2 —-0.1 t=0.0 ¢=0.1 1¢=02 ? —0.5 —-0.4 —-0.3 -0.2 =01 =00 =01 ¢=0.2
0.0 0.612 0.543 0.461 40 0381 0.414 0439 0457 0472 0483 0.489 0.486
0.5 0.669 0.757 0812 0.832 0.818 0.773 0.704 0.611 4.2 0.442 0.450 0.451
1.0 0.704 0.807 0.878 0914 0913 0.879 0.814 0.723 4.4 0.403 0.412 0417
1.5 0.697 0.804 0.881 0925 0936 0914 0.860 0.778 45 0317 0336 0.350 0.362 0.372
20 0658 0.758 0.831 0.877 0.895 0.884 0.845 0.778 4.6 0.366 0.377 0.384
2.2 0636 0.730 0.800 0.846 0.865 0.858 0.825 0.765 5.0 0.260 0.269 0.274 0.280 0.288 0.299 0.311 0.323
24 0.611 0.699 0765 0809 0.829 0826 0.798 0.746 5.5 0.228 0.241 0.256
2.6 0583 0665 0.727 0.768 0.789 0.789 0.767 0.722 60 0.171 0.166 0.162 0.160 0.163 0.171 0.184 0.200
2.8 0.555 0.630 0.686 0.725 0.746 0.748 0.731 0.694 6.5 0.127 0.138 0.155
30 0526 0593 0.644 0.680 0.700 0.705 0.693 0.662 7.0 0.110 0.100 0.092 0.088 0.088 0.093 0.103 0.118
3.2 0496 0556 0.601 0.634 0.654 0.660 0.653 0.629 7.5 - 0.067 0.076 0.089
34 0466 0.519 0.559 0.588 0.607 0.615 0.612 0.594 8.0 0.070 0.058 0.050 0.046 0.045 0.048 0.055 0.067
3.6 0437 0483 0.518 0.543 0.561 0.570 0.570 0.558 9.0 0.024 0.029 0.037
3.8 0.526 0.529 0.522 100 0.012 0.014 0.020
TasLE XXV.
S(1s, 2tro) S(1s, 2tro)
1= 1= 1= 1= ‘= i= = t= i= 1=

P —-0.5 —0.4 -0.3 —0.2 -01 ¢=00 =01 (=02 ? —0.5 —0.4 -0.3 —0.2 —0.1 t=00 ¢=0.1 (=02
0.0 0.500 0.443 0.376 40 0.360 0399 0.428 0.452 0471 0485 0.493 0.493
0.5 0574 0.655 0.708 0.731 0.727 0.689 0.631 0.551 4.2 0.444 0455 0458
1.0 0.624 0.725 0.797 0.838 0.845 0.821 0.765 0.684 44 0.405 0417 0424
1.5 0.633 0.740 0.821 0871 0.890 0.876 0.831 0.756 45 0301 0.325 0.343 0.358 0.372
20 0606 0.708 0.788 0.840 0.866 0.862 0.830 0.769 4.6 0.369 0.381 0.391
2.2 0588 0.68 0.762 0.814 0.841 0.841 0.814 0.759 50 0.247 0.260 0.270 0.278 0.289 0.302 0.316 0.329
24 0567 0659 0.732 0.782 0.810 0.813 0.791 0.743 5.5 0.231 0.245 0.262
26 0544 0630 0.697 0.746 0.773 0.779 0.762 0.722 6.0 0.163 0.162 0.160 0.160 0.165 0.174 0.187 0.205
2.8 0519 0598 0.661 0.706 0733 0.741 0.729 0.696 6.5 - 0.129 0.141 0.158
3.0 0493 0565 0.622 0.664 0.690 0.701 0.693 0.666 7.0 0.105 0.097 0.091 0.088 0.089 0.094 0.105 0.121
3.2 0466 0.531 0.583 0.621 0.646 0.658 0.655 0.634 7.5 0.068 0.077 0.091
34 0439 0497 0543 0577 0.601 0614 0615 0.599 8.0 0.067 0.057 0.050 0.046 0.046 0.049 0.056 0.068
3.6 0412 0463 0504 0.334 0.557 0.571 0.574 0.564 9.0 0.025 0.029 0.038
3.8 0.527 0.534 0529 100 0.012 0.015 0.020

*** See Section ITI, especially Eqs. (12), (13), for definitions and conventions, and Egs. (9), (78), (79) for the hybrid .S formulas.
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TasLe XXVI.
S(1s, 2teq) S(1s, 2tea)
= = t= {= t= t= = ‘= 1= 1=
b4 ~0.5 —0.4 —-0.3 —-0.2 -0.1 ¢=00 ¢=0.1 (=02 ? -0.5 -~0.4 —0.3 —-0.2 —-0.1 =00 (=01 =02
0.0 0433 0.384¢ 0.326 40 0345 0.385 0417 0443 0464 0480 0.490 0.491
05 0.516 0.592 0.643 0.667 0.664 0.635 0.584 0.512 4.2 0.440 0.452 0.456
1.0 0.574 0672 0.744 0.787 0.798 0.779 0.730 0.655 44 0402 0415 0422
1.5 0.590 0.696 0.778 0.832 0.854 0.845 0.805 0.736 45 0288 0314 0335 0.352 0.368
20 0570 0.673 0.754 0.810 0.839 0.840 0.811 0.754 4.6 0.366 0.380 0.390
2.2 0555 0.654 0.732 0.787 0.818 0.822 0.798 0.747 50 0238 0.252 0.264 0.274 0.286 0300 0.314 0.329
24 0537 0.630 0.705 0.758 0.789 0.796 0.777 0.733 5.5 0.229 0.244 0.261
26 0.516 0.603 0.673 0.724 0.755 0.765 0.751 0.713 6.0 0157 0.157 0.157 0.158 0.163 0.173 0.187 0.205
2.8 0493 0.574 0.639 0.687 0.718 0.729 0.720 0.688 6.5 0.128 0.141 0.158
3.0 0469 0.543 0.603 0.647 0.677 0.690 0.685 0.660 7.0 0101 0.094 0.089 0.087 0.088 0.094 0.105 0.121
3.2 0444 0511 0.565 0.606 0.634 0.649 0.648 0.628 7.5 0.068 0.077 0.091
34 0419 0479 0.527 0.565 0.591 0.606 0.609 0.595 8.0 0.064 0056 0.049 0.046 0.046 0.049 0.056 0.068
3.6 0394 0447 0490 0.523 0.548 0.564 0.569 0.561 9.0 0.025 0.029 0.038
3.8 0.522 0.530 0.526 100 0.012 0.015 0.020
TaBLE XXVII.
Sts, 2{a=1)] S[ls, 2(e=1)]
= 1= t= t= = t= t= t= i= {=
? -0.5 —0.4 —0.3 —0.2 —0.1 ¢=0.0 ¢=0.1 ¢=0.2 b —0.5 -0.4 —0.3 —-0.2 —0.1 t=00 =01 (=0.2
0.0 0.289 0.256 0.217 40 0306 0.349 0.385 0415 0.440 0459 0471 0471
0.5 0.38 0451 0498 0.524 0528 0.511 0475 0421 4.2 0.421 0.435 0.440
1.0 0459 0549 0.619 0.665 0.684 0.676 0.641 0.581 44 0.385 0.400 0.449
1.5 0490 0591 0.673 0.731 0.762 0.762 0.733 0.676 4.5 0256 0.286 0311 0.331 0.350
2.0 0485 0.586 0.668 0.730 0.766 0.774 0.755 0.707 4.6 0.351 0.366 0.378
2.2 0476 0.573 0.653 0.714 0.751 0.762 0.747 0.704 50 0212 0.231 0.245 0.259 0.273 0.288 0.304 0.319
24 0462 0556 0.633 0.691 0.729 0.742 0.731 0.694 5.5 0.221 0.237 0.254
2.6 0447 0.535 0.608 0.664 0701 0.716 0.709 0.677 6.0 0.141 0.144 0.146 0.150 0.156 0.167 9.181 0.199
2.8 0429 0.511 0.580 0.633 0.668 0.685 0.682 0.656 6.5 0.124 0.137 0.154
3.0 0410 0486 0.549 0.598 0.633 0.651 0.651 0.631 7.0 0.091 0.087 0.084 0.082 0.085 0.091 0.102 0.118
3.2 0.38 0459 0517 0.562 0.595 0.614 0.617 0.602 7.5 0.066 0.075 0.089
34 0369 0431 0483 0.525 0.556 0.575 0.581 0.572 8.0 0058 0051 0.046 0.044 0.044 0.048 0.055 0.067
3.6 0347 0404 0450 0488 0.517 0.536 0.545 0.540 9.0 0.024 0.029 0.037
3.8 0497 0.507 0507 100 0.012 0.014 0.020
TasLE XXVIIIL.
S{(2die, SQ2tro, S(2teo, S[2(a=13). S(2dia, SQ2tre, S(2¢ea, 5[2 (= a}),
2dia) 2ra) 2teq) 2(a=1%)] 2dia) 2ro) 2teo) 2(a=1})]

P £=0.0 1=0.0 t=0.0 t=0.0 b4 t=0.0 t=0.0 t=0.0 t=0.0

0.0 0.000 —0.333 —0.500 —0.778 4.6 0.725 0.699 0.668 0.573

0.5 0.172 —0.155 —0.325 —0.625 4.8 0.685 0.664 0.637 0.552

1.0 0.382 +0.086 —0.076 -0.375 5.0 0.645 0.628 0.604 0.527

1.5 0.590 0.339 +0.195 —0.087 5.5 0.542 0.534 0.517 0.458

2.0 0.758 0.558 0.436 +0.181 6.0 0.445 0.443 0.430 0.385

2.5 0.871 0.721 0.622 0.402 6.5 0.358 0.358 0.350 0.316

3.0 0.907 0.798 0.719 0.532 7.0 0.282 0.284 0.278 0.253

3.2 0.907 0.813 0.742 0.568 7.5 0.219 0.222 0.218 0.199

3.4 0.898 0.818 0.753 0.593 8.0 0.168 0.170 0.168 0.154

3.6 0.882 0.813 0.756 0.608 8.5 0.127 0.129 0.128 0.118

3.8 0.860 0.802 0.750 0.614 9.0 0.095 0.097 0.096 0.089

4.0 0.832 0.783 0.738 0.613 9.5 0.070 0.072 0.071 0.066

4.2 0.801 0.761 0.720 0.606 10.0 0.051 0.053 " 0.052 0.049

44 0.765 0.733 0.696 0.592




