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The conventional Gaussian type orbitals (GTO’s) were generalized to have a regular form which is similar to the conventional
Slater type orbitals (STO's). They were also orthogonalized and orthonormalized to have the same number of radial nodes

that the hydrogenic orbitals have,

Introduction

Gaussian functions of the type of the next Eq.(1) and their
linear combinations were first proposed by S.F. Boys as basis
set orbitals in the calculation of ab-initio molecular orbitals.'-?

v exp (- ar}) Y, ™8, ¢) (1)

where Y,*(8,$) are spherical harmonics, and a>0,P is integral,
equal to or greater than 1, and is restricted to odd values for
odd ¢, even values for even {. The virtue of these functions
is the relatively sirnple closed analytic expression for the two-
electron integrals in the three and four-centers cases, as well
as for one and two-centers.

The Gaussian-type orbitals (GT(’s) described in Eq.(1) do
not contain same radial nodes that hydrogenic orbitals have.
Therefore, author transformed Eq.(1) into the following form;

Enim (r) =N gm0 (2}

where /N, is the normalizing constant and #,Z, and m stand for
the usual quantum number. Normalizing Eq.(2) leads to the
following equation.
2’!+I

Enm (1) = (m ‘(2 Yt Sy Epnoig-art (g)

where g,..(t) stand for the radial GTO's.
The combination of Eq.(3) and the real spherical harmonics,

Yo (8,4), vields equation (4)

oot 8, )= 2"/1:3:6 Ca— 1) F (@a) ™/ ) ¥
e Y (8, 8) {4)

where 6 denotes zero, cosine and sine combination which the
complex spherical harmonics are transformed inte the real
spherical harmonics according to its value zero, 1 and —1.*

Eq.(4) is called to the generalized GTO’s. The g...s(7,8.¢)have
the similar form with the Slater type orbitals (5TQ’s) and are
different only in the normalization constant and exponential
term. Goms(7.6,4) do not have the radial nodes for the
hydrogenic functions like STQ’s.5¢

Accordingly, author orthogonalize and normalize the
L.ma(7,8.4) as follows; one can consider atom as a vector space
and its atomic orbitals {AO's) as the component vector in its
vector space.® Putting g, equal to g...{#,0,4} in Eq.{4), we may
obtain the next equation by using the Schmidt’s orthorgonaliz-
ing process for vectors.*?

80=g,
Ou y — (gr/e:) °
B8 T g en®!

1

a_ (g:/ga) o {g1/8.) °

8O T e S )
o, _83/E) L /s .
SE ey e S T g {

where gPare the orthogonalized GTO, g2i..(».6,¢)and (gV/gx)
denotes the dot product, overlap integral between g@and g..
Then, these g® can be normalized as follows;*

gr=er/ (g3/8%) (6)
where g&denotes orthonormalized GTO, g2,.,{7.8.4).

Results and Discussion

The result calculated from Eq.(4) was listed in Table 1.
Comparing Zuwms(7,6,4), in Table 1 with the conventional STO’s
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Table 1. Caussian type orbitals (Qumd(r.0.4)) Table 1. Continued

Jong-Gi Jee

nl m 6 designation function nl m & designation function

10 0 0 1s 130 ¥ (2a)/a)¥e 42 21 1 4d, 2/63m) ¥ (2a T/ ) Fete 25in (26) cos ¢
20 0 0 2 2/15x) ¥ (2a)/n) ¥r e 42 £1 -1 dd,, /63 ¥ (2a)/n) Trte *"sin(28) cosg
21 0 0 2p @5 ¥ (@e)/mitr e cos 8 42 £2 1 ey 2630F(@a)/n) ¥ reesin® cos 2¢)
2 1 #1 1 2, @5m)E (2a)/m ¥ r e sing cos ¢ 42 2 -1 ddg, ©2/63m) ¥ ((2a)*/x) ¥ r2e=2"sin*0 sin(26)
21 £1 -1 2p, 2/52) ¥ (2a)*/x) ¥ = sind sing 43 0 0 4 (/1352 } (2017 2) Frte-o (5eoss -

306 0 0 3 w105 ¥ (20)/ ) Frte-e 3cos8)

31 0 0 3p 43550 (20)/ ) Er'e"e"cos 8 43 £1 1 4ha 1/180m) ¥ (20 )/ x) Fere

31 £1 -1 3p; (4/35Jl')+“20)'/ﬂ)*l‘te_“‘smﬂ‘:059‘ {(5¢0s'8 = 1)siné cos ¢

31 £#1 1 3p, 4350 ¥ (2a)/m) Eete " sing sing 43 21 -1 4 1/1802)F (20 )/ 2y Fete

32 0 O 3de (l/211r)+((Za)’/n)i_r'e""'{'Scos'ﬂ-l) {§cos'@ - 1)sind sing

32 £1 1 3de e F (@a) /) ¥rte o sin26) cosg 4 3 12 1 dhpan /180 F (2a)2) Frte-o?

32 #1 -1 W10 ¥ (@2a)y /a1 rreosin (26) sing sin*8 cos # (cos's - sin’g)

32 £2 1 Mag Wy F @) /e Frtesin'0 cos28) 4 3 £2 -1 dfsy, 1/187) ¥ (22 )/m) Frre o sin'g cosd

32 £2 -1 3, /1) ¥ (@a)/n) T rtemo sin’g sin 128) sing cos 4

40 0 0 ds {3/945‘1}*'”20)'/»?1%—"'6'"" 4 3 13 I 4fn (1/108:1-}_&'f(Za}'/x]*r’e‘”‘sin’& cos ¢
41 0 0 dp: 873157} ¥ (2a) /) ¥ e cosd {cos’p ~3sin’g)

41 %1 1 dp. 83150 F (2a)/a) 076" sing cos ¢ 4 3 I3 -1 dfy 17108y F (2a)*/x) Fe'e " 5in% sing

41 £1 -1 4o, /3155 ¥ (2a)*77) ¥ r?e - sing sing {sin'3 - 3cos'4 }

42 0 0 d4da @83y F (12a)/m) ¥ re ™ Bcos'd-1) 5 0 0 0 S5s i1/6507) ¥ (2a)"/x) ¥ rte-o"

Table 2. Orthogonalized Gaussian type orbitals (g7...(.0.4))

n | m & designation function

1 0 o o I 1/3x) ¥ (2a)/n)Te o

2 0 0 0 Zs (2/151)%((2&)’/::)%_&—\{(_172::_&)&'”2

2 1 0 0 2ps (2/5:r)“5'((-2“)5/”)%r e cosd

2 1 +#1 1 % @/50) % (2a)/2) e e~ sing cos ¢

2 1 1 -1 2 @/50 ¥ (2a)/2) ¥ e sind sing

3 0 0 0 3s 4/1057) F (2a)/m) ¥ (e~ W/ -2V 7/2a 1 (z=4)/4a (x—2))-e~*"

3 1 0 0 3p2 (4/35;:)%((2«)7/:1')1%_1'(1*—%)‘3'“2(:039

3 1 +1 1 3p: 4/3572) F ((2a)/2) ¥ r (6~ V27xa ) e sind cos ¢

3 1 £1 -1 3 4/352) ¥ (@a) 72} ¥ r(e=-VE/ma) e sind sing

3 2 0 0 32 a2 F(2e) /) e (Beos'd - (2/2) - 1)) e

3 2 41 1 3., (/7n) ¥ (2a)/ny Frie e sin(260) cos ¢

3 2 1 -1 3d,. (1/7;0“5“((2a)’/;r)+r=e—°”sin(2s)sin¢

3 2 x2 1 e /70T (@a)/m Frte " sin6 cos 29)

3 2 22 -1 3y (170 (@) /m Frteosin’e sin2g)

4 0 ¢ 0 4s 8/94572) ¥ (2a)/m) F (0= 1/V Zra (dcos?8+12) 0" (28/a) r~ (1/4aVEra))e "
41 0 0  dp. ®8/3157) F (2a)*/2) ¥ (e - (1/37-8)VZn/a r— On—-32/4a Bx—8)))e " cos 8
4 1 +1 3 4ps (8/31511'}_% ((2&)'/1’:)*(‘(“"— (1/37z-8)V2x/a v - On—~32/4a (37 —8)))e ""sind cos ¢
4 1 +1 -1 4p, 8/315m) ¥ ((2a)*/0) ¥r (et = (1/3x-8)VZn/a r— On -32/4a Brx—8)))e™*"sing sing
1 2 0 0 e @/1890F (Ca)/m) ¥ rt(r- @/3)V2ra)) e (Beos*d ~ 1)

4 2 +1 1 4d.. (2/63;{)%((2a)'/:r)*r’((r— 4/3V 2/ na)) e " sin(28) cos g

4 2 1 -1 4d,. /63 ¥ ((2a)*/2) ¥ 2 ((r— @/3)V T xa)) e " sin (26) sing

4 2 2 1 4oy @630 F(20)/0) F ot (o= 4/3)V 2 xa)) e~ sing cos (24)

4 2 +2 -1 4d,, @/63m) ¥ (2a)/2) Feitic- 4/3)W 2 ra) ) e sin?8 sin(2¢)
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Table 2. Continued
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n ] m & function designation

4 3 0 0 4f, (/1330 (2a) /0 Vet Geos?s ~ 15/4) e cos 6

4 3 +1 1 4f (1/180:1’)_!_{(Za)'/x)+r’(5cos’8*-5/4)e""’sinﬂ cos¢

4 3 ] -1 4f,5 (1/180;!)%*((20}'/1)*:"(5(:03‘6—5/4)8“’"3in8 sing

4 3 +2 1 41022y {1/13!1')*((2«)'/Jr)+r’e'"=sin’9 cos @ (cos’¢ —sin'g)

4 3 2 -1 5 (1/18m) F (20)*/x) ¥ r*e 7" sin*g cos 8 sing cos ¢

4 3 +3 1 4 (1/108:1')%_((2&)'/::)%r’e“"'sin’8 cos ¢ {cos?d —3sin’g)

4 3 13 -1 4fs (1/1080F (2a)/x) Fr'e " sin6 sing (sin’p - 3cos’p)

5 0 0 0  Ss (1/6507) ¥ (2a)"/m) ¥ ((¢*=3/5Beos? ~ )V 7 /24 +*

- (4/5a) (3cos’8 —1)r*+ (5/a)V n/2a r+15/32a)) e

Table 3. Ortho-normalized Gaussian type orbitals (g%..(r,8.4))

n 1 m & designation function

1 0 0 0 s VZ@e/m)te-o

z 0 0 0 25 2Qa/a-2¥ Cra) ¥ (r-VIZra)e ™

2 ! 0 0 2p. Ua/x)%{h/x)‘}r e~ cosp

2 1 #t 1 2,  d/nle)F2a/m)¥r e sing coss

2 1 #1 -1 2, /n(a}¥ Qa/my¥r e " sing sing

3 0 0 0 35 daeln-2/x~3¥Qa/m¥ (0= W/n-2V AT t- (x-4/da (x-2)))e™"

31 0 s 8a(1/32-80F Ca/m) ¥ ric-Vi/ra)e " cosh

31 #1 1 3. 8a(/eBr-8)F Qa/x)Frir-VE/xa)e  sind cosg

3 1 1 -1 %, 8z (1/xrBx~8)F 2a/m) ¥ elr—V2nale " sind sing

3 2 0 0 3dg  16a (137 @x' -4z +110F Qa/a) Yo7 (Beos's - (x/2) - 1))eo”

3 2 4 1 3d.s  8a/z (173 ¥ @a/n) Eriesin28) cosy

3 2 *1 -1 3d,. 8o/z (1/3) ¥ Qa/x) ¥ rte " sin28) sing

3 2 42 ! 3dg 160 /3% 2a/x) ¥ rle-wsin’d cos (2¢)

3 2 +2 -1 3d,, 16a /3% 2a/x) Tr'e " sin'g sin 2¢)

£ 0 0 0 4s  8a la/56a+21715V2xe +578)F Qa/m) ¥ (1"~ 1/VZRa) Ueos™8+12) r7- (28/a)r~ 1/de ¥V Zrr)) oo

4 1 0 0 dp:  8a (e Br-8)/x Ox-28)F Ra/mFr((r'= (1/3x -8)VZala r- Or —32)/4a Bx—8))e " cosd

4 1 +1 1 4p, 8a/x 22 Br—8)8x-28))F @a/x) T r (e~ 1/37~8)V2r7a r— @x —32)/4a (3x —8))e " sind cosg

¢ 1 21 -1 oy 8a/n(ZaBx-8)9x -8 o/ ¥rr'- (1/32-8)VZn/a r— Qx~32)/da Br—8))e " sin sing

4 2 0 0 dde e Ba/11WSx-128))} Qa/x) Fet (e /Y2 ma))e ™™ (cos’8 - 1)

4 2 +1 1 Wy 160 Ba/x WSx—~ 18N F @e/m)Fot((r- @/3)VZwa))e ™ sin(28) cosp

4 2 +1 -1 4. 16¢ Ba/n @5 -1280F Ca /) ¥rt((r- 4/3)VZxa))e™ sin(28) sing

4 2 %2 1 Moy 320 (a/x @5z ~1280)F 2a/a) ¥t ((c— W/BIVE xa) e sind cos (28)

4 2 *2 -1 4y, 32ale/m@Sxz~128)F Ra/x) ¥ ((r— W3V xa) e ™ sin'd sin 2¢)

4 3 0 0 4f» 16a/52a /15)F @a /x) % ¢ (5eos?s — 15/4) e~ cosd

i 3 *1 4 4fer  64a/15(a /5 F Qa/x) Tt Boos®d —5/4) e sing cosg

& 3+ -1 A 640 /150a /520 F @a /) ¥ et (Beos’s ~5/4)e " sind sing

4 3 +2 1 4f,0.2,32a /7 (a /15)F 2o /x]+r’e'“" sin'g cosé (cos¢ —sin*g)

4 3 t2 -1 Ll Bla/x (a/15)F Qa /) e sin'g cosd sing cosg

4 3 43 1 the  32a/5Ca/3) ¥ Ra/n)Trle " sin®6 cosg (cos's — 3sin’g)

4 3 +3 -1 4fa 322 /5(2a ﬂ]*&a/r)%r’e‘“”sin’ﬂ sing (sin’$ — 3cos’¢}

5 0 0 0 8s 6/7x'-32) ¥ ot @a/n) T ((c'=3/5(3cos’8 ~ )V 7 /2a - 4/5¢ (3cos*d = 1)r?

+(5/a)V 7 /2a r+15/32e"))e*"
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Mums(7,8,6),° we may realize that their type is the same except
the parts of the normalization constants and exponents and
they do not have the same radial nodes that the hydrogenic
wave functions, ¥,...(7.0,$)* have i.¢. they have no radial nodes
for the orbitals; 2s, 3s, 3p, 4s, 4p, 4d, 5s etc. Therefore,
they are not a good description of the self-consistent field
(SCF) method.**?

Author has orthonormalized the conventional STO's.* But
their analytic expression for the two-electron integrals in the
two, three, and four-centers cases are very complex so that
author has generalized and orthonormalized the conventional
GTO’s by using of Eq.{5) and (6). The orthogonalized GTO
and orthonormalized GTO are listed in Table 2 and 3, respec-
tively.

These GTO’s have the same radial nodes and the same
nodal numbers, n-(14+1) that the hydrogenic orbitals,
¥,,.1r,0,4), have. Therefore they are another good represen-
tations of the SCF and have very simple analytic expression
for the integrals mentioned above.

Also two of gw.(7.8,¢) which are different from each other
only in their quantum numbers, are orthogonal, so that the
465 overlap integrals between any two orbitals of 31 gy...r,8,$)
with only one different value among #,.,7 and ¢ go to zero,
and in the case of g%..(7,6,4), those integrals have only unit
ot zero value because they are orthonormalized from each
other by the next equation.

(gneum(f‘ 8, é)/&?e‘n'a {r. 8, ¢))’8nmaan'rn'o‘ (7)

where gl..17,8,¢) and g%, (7,8,4) are located at the same
center in the molecule, and §,..« represents Kronecker delta.
Eventually, author has generalized the conventional GTO's

Kwan Kim

which have no regular form for each atomic orbital with legal
quantum numbers to obtain the g5..(#.6,4) and g¥..(+.0,4)
which are the closest in the GTOQ's form to the hydrogenic
orbitals.

These new GTO’s shall be intensively utilized in ab-initio
MO procedures in the near future because of their regular
atomic orbital form and simple analytic representation of the
integrals which must be evaluated in the ab-initio molecular
orhital calculation. These integrals based on the orthonormaliz-
ed Gaussian type orbitals, g¥../r,6,$) shall have been deter-
mined in the series of our following papers.
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Samples with the nominal composition of Co,..M.S4(M=Ni, Rh, Ru, and Fe) were prepared, and their magnetic properties
were measured. X-ray diffraction analysis showed that small amount of the elements Ni, Rh, and Fe could be incorporated
into Co,S, forming a homogeneous n-phase, whereas the Ru-incorporated sample could not be prepared in a single phase.
The lattice parameter was observed to increase as other elements were incorporated into Co,S,. Samples incorporated with
the elements of Ni, Rh, and Ru showed Pauli-paramagnetism while the Fe-incorporated sample exhibited weak ferromagnetism.
The values of magnetic susceptibility for the Ni, Rh, Ru~incorporated samples were nearly the same as that of pure Co,S,.

Introduction

The nature of the cobalt present in sulfided cobalt molyb-
date catalysts has been the subject of several studies.'-? An
early study by de Beer ef 2l indicated that the sulfur content
present in sulfided cobalt molybdate catalysts corresponded
to the value anticipated for a composition of Co,S, and MoS,.
However, since the actual catalysts were amorphous, direct
evidence for the existence of those phases by the X-ray dif--

fraction patterns of the catalysts was not found. In fact, if
Co,S; is one of the necessary component in hydreodesulfuriza-
tion (HDS) catalysts, slight modification of Co,S, by the
chemicat substitution of cobalt with other elements may result
in enhancement of the catalytic activities of the catalysts that
can be caused by the possible changes in the cell size as well
as in the energy levels of C0,S,.

Following the above implications, we have prepared
members of the Co-M-S system with a nominal composition



