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On the basis of the He i senbe rg e q u a t i o n of m o t i o n and L i n d e r b e r g - S e a m a n s a p p r o x i m a t i o n s 
the analytical f o r m u l a s for one-e lec t ron , two-cen t re r esonance integrals have b e e n der ived. T h e 
possibi l i ty of inclusion of R y d b e r g a n d / o r inne r orbi ta ls to the bas is set in the case of d-electron 
e lement c o m p o u n d s has been t aken into cons ide ra t ion . An a p p l i c a t i o n of the d e r i v e d fo rmulas to 
the mod i f i ca t i on of s emiempi r i ca l , N D O - t y p e m e t h o d s has b e e n presented. T h e resul ts of the test 
I N D O L / R version ca lcula t ions for H 2 0 molecu le and M n O ^ ion conf i rm t h e utili ty of the 
me thod . 

1. Introduction 

Desp i te the great p rogres s i n c ompu ta t i ona l tech-

n iques in the last years, n o n e m p i r i c a l ca lcu la t ions 

for m a n y larger mo lecu la r sy s tems i n c l ud i n g d-e lec-

tron elements are still t ime c o n s u m i n g . 

F o r a better unde r s t and ing and interpretat ion o f 

the pho tochemi s t r y and excited states o f these 

systems, the R y d b e r g orb i ta l s ( R O ) s h o u l d be in-

c luded in the bas i s set. O f course this ex tens ion can 

increase the bas i s set twice. 

In the case o f t rans i t ion metal c omp lexe s the ab 

in i t io ca lcu lat ions w i th such sets are ex t remen ly 

expens ive. F o r these reasons there is a c on t i nued 

interest in the use o f R y d b e r g orb ita ls in the s imp le , 

s em iemp i r i ca l treatments. S u c h ca lcu lat ions h a v e 

been carr ied out to descr ibe m a i n l y e lectronic 

spectra and g r o u n d state propert ies o f the s, p -e lec-

tron element c o m p o u n d s in the C N D O a p p r o x i m a -

t ion [1, 2, 3], E x tended H ü c k e l T h e o r y [4, 5], 

Repr in t reques ts to Dr . J. Lip iński , Ins t i tu te of O r g a n i c 
and Physical Chemis t ry , Technica l Univers i ty of W r o c l a w , 
Wybrzeże Wysp iańsk iego 27, 50-370 Wroc law, Po land . 

P P P m e t h o d [6], a nd I N D O scheme [7, 8, 9] (for a 

b r ie f rev iew see [9]). A s far as we k n o w , these 

me thod s have not been extended to the t rans i t ion 

metal complexes . 

I n this paper we con s i de r a new proposa l o f the 

I N D O - t y p e [14] a p p r o a c h to the d-electron element 

c o m p o u n d s , w h i c h a f fo rd s poss ib i l i t ies for the 

i nc l u s i on an arbitrary n u m b e r o f the R O o r/and 

inner a t o m i c orbitals to the valence orbital bas i s 

set. I n o u r op in ion , s u ch a method s h o u l d enable 

one to use on ly one g r o u p o f parameters for a g o o d 

r ep roduc t i on o f the g r o u n d and excited state p r o p -

erties o f the molecu les u n d e r invest igat ion. O n the 

other hand , the n u m b e r o f nonphy s i ca l parameters 

i n t r oduced in this s c h e m e s hou l d be reduced and 

they o u g h t to be subst i tuted by a p p r o x i m a t e but 

well f o u n d e d relations. 

S u c h a n app roach is pos s ib le in the case o f the 

one-electron, two-centre resonance integrals (/?,-,•). 

A n a p p r o x i m a t i o n a n d parametr i sa t ion o f the 

resonance integrals ha s b e e n a crucial po int i n every 

s em iemp i r i c a l method. O n e o f the poss ib le solut ions 

o f this p r o b l e m has been p ropo sed by L i n d e r b e r g 

and S e a m a n s [10], T h e y have der ived theoretical 
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relations for the resonance integrals between s, p -

orbitals u s i ng the He i s enbe r g equa t i on o f m o t i o n 

and the second quant i za t i on f o rma l i sm . Recent ly , 

we extended L i n d e r b e r g - S e a m s m e t h o d to the 

der i vat ion o f ß integrals for the d-e lect ron e lements 

[11], and to the R O i nc l u s i on in the case o f s, p -e lec-

tron elements [9]. 

A p p l i c a t i o n o f these f o r m u l a s to the a p p r o x i m a -

t ion o f the resonance integrals i n the I N D O - t y p e 

m e t h o d g ives fair ly g o o d results bo th in the all-

valence, as well as the a l l -va lence a u g m e n t e d R y d -

berg orbita ls ve r s i on [9, 11]. 

2. Assumptions 

W e cons ider resonance integrals between a toms , 

o f w h i c h at least one possesses d - t ype Slater a t o m i c 

orbitals in the valence o r/and in extended bas i s set. 

T h e method o f the de r i va t i on ß integrals has been 

g i ven by L i n d e r b e r g and S e a m a n s [10], a n d we 

fo l low their a s s umpt i on s : 

(i) T h e relat ion between l inear m o m e n t u m p, 

pos i t ion r and H a m i l t o n i a n H operator s is g i v e n b y 

the equat ion o f m o t i o n 

p = -i[r, H] (1) 

(a tomic units are used in the paper) . 

(i i) T h e H a m i l t o n i a n o f the electron is the s u m o f 

one- (h) and two-electron (g) parts 

H=h + g. (2) 

( i i i ) T h e po s i t i on operator c o m m u t e s w i t h the 

two-electron part o f H\ 

[ r g ] = 0. (3) 

Let us n o w cons ider a d i a t o m i c mo lecu le A - B in 

w h i c h the internuclear d istance is equa l R. 

Both the a toms A and B possess an a rb i t ra ry 

n u m b e r o f s, p, a nd d type a tom i c orbitals. T h e use 

o f the a s s u m e d a p p r o x i m a t i o n s a n d e lementary 

s y m m e t r y cons iderat ions leads to the f o l l ow ing 

matr i x relat ions between the g rad ient ( V ) p a r a m -

eters and resonance integrals (ß): 

= - R ßss + p%P ßas- ßsap?\ 

1 

(6) 

Vs71 =P\P ßnn~ ßss P B p ß s d a PZP, (7) 

2 A J 

VSff = - R ßsa + p\P ß™ - ßss pi? - ßsda pgP, 

j ^ (8) 

V715 = pPs ßss-—-pld ßdas-ßnn pPs, (9) 

v 
V™ = - R ßKn + pPd ßdnn - ßndn p$P, (10) 

y n a = ^ p s ß s 0 _ ppd ß d o o _ ß n d n l i d p f ( 1 1 ) 

f 
pd ßdffs _ ß°o p ps 

yan =fipdßdnK_ ßos pSf + ßada pdp ^ 
\ 

= - R ß™ + pPf ßS°+ p?A
d ßd™ 

2 

Vsd<7 = _ R ß^c + ^ p ßodc _ — ßsapPd, r Y'sdrc = ^sp ßndn ßsa ^pd 

(12) 

(13) 

(14) 

(15) 

(16) 

U n d e r these a s sumpt i on s , Eq . (1) can be rewr i t ten 

in matr ix f o r m as 

- i \ = p = -i(rh-hr). (4) 

( iv) T h e po s i t i on operator is a p p r o x i m a t e d by the 

equat ion 

= ('-A . r VB) = <5ab [<5;v R a + ( / A r — R A v A ) ] , (5) 

where /, v are a t om i c orb i ta l s centered o n A a n d 

B sites, respectively, a nd R A is the po s i t i on o f 

a tom A. 

T h e second term on the r ight h a n d s ide is 

referred to as the a tomic t rans i t i on m o m e n t integral 

pA is def ined a n d calculated as p r e v i ou s l y [11]. 

= ^ ßsda —pP^ ßdadr7 + ßnn p^d, (17) 

_ _ ß ßndn ^pd ßdndn _ ßnn ^pd 

ynö _ ^pd ßöö _ ßnn ^pd ^ 

2 yado _ _ ß ßodo ^ps ßsda ^pd ßdada 
]/3 

V3 

yadn _ ^pd ß d rcd n _ ß aa ^ pd 

2 

Vdas =_ Rßdcs + pdp ßos _ ßdoc pps ^ 
1 

(18) 

(19) 

(20) 

(21) 

(22) 
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/ 3 
It0." ß" - ßd" ftl" + — 

/ 3 
(23) 

yd aa _ ß ßdaa 

2 

1/3 

[dffdff ..dp 
' " B (24) 

ydadrr _ ß odada ~ „dp oada _ _ odaa „pd 
]/3 A ]/3 

\7d(7d7t _ _ _ „dp />7rd̂  _ odaa „pd 

v _ y ^ A* A P P " B , 

yd7rs _ ^dp ßos ßdnn ^ps 

y d _ ß ßdnn ^dp ßnn ßdndn ^dp 

yd7t<7 _ ^dp ßaa ßdndn ^dp 
\7d7id(T ..dp oada \ ^ odnn ..pd 

v - /«A P ^ P " B ' 

ydnd^ _ _ ^ ßdndn _j_ ^dp ßndn ßdnn ^pd 

yd^d — _ ßdnn ^pd 
\6n = nd

A
p ßnn-ßSÖ nd

ß
p, 

(25) 

(26) 

|/3 y sda = (R V s c U ) ' , (42) 

y ndn _ yadre (43) 

yd7i7r ydTiir (44) 

ydtrd n ydnda (45) 

y ndn = (R\Köy, (46) 

^ yada = ]f3 R-](R2Vndny, (47) 

yd7rd7t = 2 + 1/3 (48) 

ydadcr = R~](R2 Vd7rd7J)' + 2 X33, (49) 

]/3 + V 7 1 ^ R(\nSy, (50) 

(28) 
where p r i m e s a n d d o u b l e p r i m e s denote First a n d 

second derivatives: (X)' = dX/dR, {X)" = d2X/dR2, 
respectively. 

(29) 

(30) 

y<5d7t __ ||dp ßndn 

7(5(5 R ßSö. 

ices V , 

w a y and. for e x a m p l e 

(31) 

(32) 

(33) 

(34) 

(35) 

3. Formulas for /^-Resonance Integrals 

He re we present expl ic i t f o r m u l a s for resonance 

integrals in a n A - B mo lecu le , t ak ing into cons ider -

a t ion several cases d e p e n d i n g on the bas i s set 

a s s u m e d for a t o m s A and B. 

Let us cons ide r n o w the general case w h e n an 

atom, say A , possesses nA a t om i c " s " orb ita ls , mA 

" p " type orb i ta l s a n d l A " d " type ones. W h e n 

T h e matr ices V , nK a nd ß are def ined in the s ame -vA = yA, we denote this case as s ymmet r i c (S) , n\y 

\'i = 

y '1-./i y ' i.7 '2 yii../> 

y/2,./l y/2,;2 yi2,jr, 

y/«./l y/«,./'2 y in,jr, 

(36) 

is then a square, o therw i se as an u n s y m m e t r i c case 

( U ) . E x t e n d i n g the p r o cedu re p rev i ou s l y reported 

[9, 10. 12] a n d a s s u m i n g that nA = mA a nd « B = w B 

i.e. /*S
A
P a n d np£ are s qua re matr ices, the f o l l ow ing 

f o rmu la s for ß integrals c an be f ound : 

(i) C a s e I: A ( S ) - B ( S ) i.e. /iPd and f o r m 

square matr ices : 

where m and n denote the n u m b e r o f " / ' and " / " 

a tom ic orbitals, respectively. 
ß' = R-]{Sädy, 

Due to the properties of V matrix elements [10] ßndn = - (nA
p)~] (S00)', 

the f o l l ow ing re la t ionsh ip between the g rad ient 

matr ices can be f o u n d : 

y a 7 r = \ n a — 

y s a = (R V s 7 1 ) ' , 

v™ = R-] (R2\nn)\ 

y<55 _ yd7T(5 _ y<5d7t 

yd^d^ _ ß - 1 ( y < 5 c 5 y 

(37) 

(38) 

(39) 

(40) 

(41) 

ßdnn =(S6öy^pdy\^ 

ßdndn _ 

ßnn =_(A|dp)-l5«(A|pd)-!j 

ßada =_A_{tldpy\{R{S6ör)^ 

(51) 

(52) 

(53) 

(54) 

(55) 

(56) 

(57) 
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ßä°ä«=—~[2(SSÖY + R(SSä)" + R2(Sss)"'], (58) 
3 R 

=-(FIDA
PR](RSSÖY(FPBDRL, 

ß™ = J3/?(//d
AP)-' Sss 

+ ppd[4(Sööy + R(SS6y]}(ppdy 

ß°* = \(nd
A

py] {3RS*s(pPd)2 

+ [4(SS6y + R(Säö)"]} ndsp(fs
B
py 

ftsda ' 

(59) 

(60) 

(61) 

1 d C T d a = j r l i [ < ß ° d a ~ßdac ^ 

+ R2(S6S)"' + 5R(S66)" + 6 ( S " ) ' | , (70) 

= (^y1 ( R ß™ + < p*** + < ß deer 

r% = -\R ßnn - ßndn HqP ßada HqP) (SB
P) 

(71) 

3 ] [ 3 R 
! [ 3 / ? 2 ( / / d

A P ) - ' - 4 < ] ( 5 ^ ) ' ß*6° 

ß 
das . 

- R /|Pd [4 (Sssy + R (5<5<5) '"]1, (62) 

{3(SSöy [3 R2 - 4/igP)] 

(72) 

- R ßndn (73) 

+ /lPd (ß<i^K + ß d a d c _ 2 

(74) .das = — {/? ßd7t7t 

|/3 
+ (ßdndn + ßdod*_ 2ß SS) gP} ( j l j f ) - 1 , 

K 
(75) 

3 ]/3 

R [ 4 ( 5 " ) " + R ( S M ) ' " ] W ) " 1 , (63) 

/}SS =/?-> [ ( 5 » ) ' + ^?ßa*-ßsanls]. (64) 

(ii i) Case I I I : A ( U ) - B ( U ) i.e. both np
A

d and /idP 

(ii) Case I I : A ( U ) - B ( S ) i.e. np
A

d and pp
B

d are are rectangular matrices, and the inverted matrices 

rectangular and square matrices, respectively. ( /4 P ) _ I m a y n o t e x i s t - T h u s t h e ß ™ a n d ß A * d * 

Hence, the np
A

d matr ix m a y not be inverted, and integrals can be calculated as in the cases (i) 

therefore the ßss, ßdn7Z and ßdnd,z integrals can be and (ii). 

calculated as in case (i) f rom (51), (53) and (54), F o r the rema in ing integrals the fo l lowing for-

respectively, but the r ema in i ng integrals s hou ld be mu la s can be der ived: 

calculated f rom another fo rmu la : 

ßnn =-^\Mp
/?(S"Y-S'i*\(Mldrl, K 

(65) 

ßndn = pPd _ ,S66y 
R 

+ 
R 

(S*dx) 

> ndn 
R 

{S56y_ ($")' 
K 

I d nn ,(Sbby 
R 

(Sd7r7t) 

(76) 

(77) 

> daa 

][3R 

- n i p 

+ — S*ix+ ( 5 Ä d Ä ) / j , (66) 

« r 1 , (67) 

R 
(S**y <p 

+ — (57 td7 r) R /BP 

— sndn+ (Sndny — (Sdnn) 
R 

+ (s**y\, (78) 

ß°° =[rid(Sssy + (sndny](fip
B

dy\ (68) 
> d ffda . 

< ad a 
j/3 R 

tip
A

d{[(pp
A

d)2+R2](Sööy 

— (ii?d)2(SM)' + R{Sndny + sndA (np
B
dy2 

3R 

+ 2 np
A 

R-(Sddy" + R{Sddy + 6(Sddy 

R 
( S M ) ' | + — S"6* 

+ 2 

f 3 
[R(Sö6y]'(fi p B

d ) - ' , (69) 

— (S8sy 
R 

R 

d p - — 5 d 7 
P B R PI 

dp 

(79) 
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V3 

öö o dndn ßoda = - — \3ß*6K + — [ßlV*(2ßSd-ß 
1 1 R 

- 3 ß d ö d a ) + 2 ß n n ^ d A + — ( S ° d " ) ' , (80) 

V3 

f<5<5 odndn ßdaa = _ l3ßdnn + _[(_2ß»» + ß (81 ) 
R 

• 7rd n _ I Snd n 

R 
ßSO = ( / 1 P S ) - l 5 « d « ( A | | d ) - l ) 

= ^ ^ ^ ' ( / i j p ) - ' , 

ßsda = _ _ ^ ( A | p s ) - l / _ L 5 » d « l 

+ 3 ßdrTda) n*? - 2 ^ ß + (SdffT 

= — — /iPd [ 4 / 5 " - 2/J d ' j d 7 r -6/J d C T d < 7 ]/ iJ p 

R [ R 

f 3 

(89) 

(90) 

(91) 

(92) 

ß 
ad a 

|/3 R2 
-[R2(Snd*y -R(Sni*)' + S*d*\, (93) 

ßas = 5 , d , ( ^ | p d ) - l ( / | , p ) - 1 

_ 4 / / p d ß d n n + ^ ß n d n / l d p 

+ ^ ( H p
A

d ) 2 ß n 7 l + ß n n ( H P s d ) 2 

K 

V3 

+ — 
3 

+ J ^ - [ < ( S d ™ ) ' + ( S * d * ) ' / / d P ] + , 

(82) / r s = — [ ( 5 S S ) ' + ^s
ap 

R 

(94) 

(95) 

(v) Ca se V : ^P d = 0, B ( U ) . Hence the ßndn and 

ßsdo integrals can be calculated as in case IV , i.e. 

(g3) f rom (89) and (92), respectively, but the rema in ing 

resonance integrals s hou l d be expressed by the 

+ < ( ß ^ + ß ^ - 2 ß 0 0 ) } , following fo rmulas : 

»das J p odnn ß ~ y-3 X KP 
(84) 

ßnn _ 
' R 

- (ßd*d* + ßdada_2 ßdöj ^dp) ^ 

pas =--L{llpi^2ßss-ßdndn-3ßdada) nd
Q

p 

3 R 

- 3 R ( n \ d ßdM-ßtixpip) + 2ßnn(npd)2 

- ]ß (S°d°y /idBP - (S™y) (tt*f)-\ (85) 

ß,a = _ L (ppsy- 1 {^pd (2 ß ™ - ß *d* + 3 ß dCTd 

3 R 
- 3R(p Pd ßdnn-ßndn nd

B
p) -2(npd)2ßnn 

+ f 3 / / P d ( 5 d ^ ) ' - ( S * * ) ' } . (86) 

tada 
^3 R 

(Snny - ( — sndn 

2 {Snd*y+/?(—s*dn] —]/3 ( S ^ y 

(96) 

2 ( 9 7 ) 

( S ™ ) \ 

ß^ = — {(S**y + if? ßn - ß*° pi*}. 
R (87) 

ßsa = W ) 

ßas 

- ^3 ( S f f d < 7 ) ' - 3/? ( 5 " ) ' 

(98) 

(99) 

1 

1 7 ? 
2 (S 1^*) ' + fl ( — Sndn 

( iv) Case I V : pp
A

d = 0, B ( S ) i.e. a tom A possesses 

on ly an s, p orbital bas is set and pB
p is a square 

matrix. 

In this case, express ions for gradient elements 

reduce cons iderab ly due to the relation = 0. T h e ^ s d a _ (^ps) - i j _ L $ndn j 

=-[(Sssy + it*JPß(n-ßsanls], 
R 

ß integrals can be f ound f rom the relations 

ßnn =LSndn(flpdr^ 
A 

V3 R ! 

( S p ) - ' , (100) 

(101) 

(102) 

(88) 
In all the cons idered cases we ought to inc lude also 

subcases when the a s s umpt i on that the and 
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matrices are squa re is not fulf i l led, a n d the inverted 

matr ices ( H K ) ~ ] m a Y n o t exist. W h e n the /*S
A
P mat r i x 

is rectangular we have to replace (60), (71), (86), 

(90) and (99) by the re lat ion 

]/3 R : 
/ / s p U a d a _ R n d n 

V5 

+ ( £ s d a y S s d < j 

R R 

+ — (Ssay—Ts™ 
R R2 

and (62), (73), (83) and (92) b y 

(103) 

»sd<7 _ 

R 

2 

W MsA \ßada — ß n d n ) + (SsdfTy ssda 

(104) 

In the subcase w h e n the matr ix is rectangular, 

(61), (72), (85), (94) a n d (100) shou ld be replaced by 

]/3 R2 

2 
- (S^5)' + — Sdl 

J R 
(105) 

— (ßaa- ßnn) nis + - ( S a s y -
R 

and (63), (74) and (84) by 

R R-

> d a s 

(Sia*y + — Sdt 

' R , (106) 

respectively. 

case w h e n mA = nA = l A = \ [11] or lA = 0 [9], T o 

a v o i d the t r oub le some calcu lat ions o f second a n d 

th i rd der ivat ives o f over lap integrals one can use 

relat ions for r educ ing them to the first one [11]. 

T h e f o rmu l a s for resonance integrals presented 

here can be used as a bas i s for the e labora t ion o f 

the N D O - l i k e m e t h o d w h i c h takes into account not 

on l y the valence shell, but also R y d b e r g and/o r 

inner ones. A s an i l lustrat ion we carr ied out init ial 

ca lcu lat ions o f the I N D O type, even t h o u g h the 

theory is m o r e general, i n c l ud i n g even the N D D O 

scheme. T h e m o d i f i e d I N D O C I m e t h o d [13] 

w a s used in the valence electron a p p r o x i m a t i o n 

( I N D O L / V ) as well as w i th bas i s set orb i ta l s 

a u g m e n t e d by the R O ( I N D O L / R ) vers ion. 

T o study the inf luence o f h i ghe r R y d b e r g orb i ta l s 

o n the vertical t rans i t ion energies we chose the 

water molecu le, very well k n o w n theoret ical ly as 

wel l as exper imenta l ly . S i n g l y excited con f i gu ra t i on s 

( in all cons idered cases 60 lowest exc i tat ions) were 

taken into account. In ou r p rev i ou s pape r [9] we 

used a I s , 2s, 2 p bas i s set for the h y d r o g e n and a 

2 s, 2 p , 3 s, 3 p one for the o x y g e n atom. I n the 

present s tudy this o x y gen bas i s set was a u g m e n t e d 

b y 3 d , 4 s , 4 p and 4 d orbitals. T h e Slater orb i ta l 

exponents were used for o x y g e n orbitals, a n d 

Cis = 1.2, c 2 s = C2p = 0.6 for h y d r o g e n ones. T h e all 

one-centre integrals i n v o l v i n g R O were ca lculated 

analyt ica l ly u s i ng the above exponents. 

T h e vertical t rans i t ion energies do not c hange by 

m o r e than 0.1 e V in re lat ion to those reported in 

the p rev ious article [9], H o w e v e r , there appea r the 

n e w trans it ions to the 3 d and 4 s R y d b e r g o x y g e n 

orb i ta l s (Tab le 1). 

It s hou l d be noted that there exists qu i te g o o d 

ag reement between ou r ca lcu lat ions a n d ab in i t io 

results [16]. 

4. Discussion and Test Calculations 

T h e usefulness o f the L i n d e r b e r g - S e a m a n s ' type 

fo rmu la s to s em iemp i r i c a l ca lcu lat ions ha s been 

p roved in ou r p rev i ou s paper s [9, 12, 13], 

Zerner and Par r have u sed successfu l ly the mo lec -

ular orbital theory, the He i s enbe rg equa t i on o f 

m o t i o n and the v ir ia l t heo rem to de r i ve their 

express ions for force constants [15], 

T h e f o rmu la s de r i ved here can be con s i de red as a 

genera l i zat ion o f those de r i ved p rev i ou s l y , for the 

Table 1. The calculated vertical transition energies (in eV) 
connected with excitations on higher RO for water 
molecule. 

State Main con-
figuration 

INDOL/R Ab initio 
[16] 

'A, 1 b, - 3d b, 10.37 10.87 
•B, I b, -> 4s a i 10.30 10.64 
'B, l b , 3d a i 10.52 11.07 
'A, 1 b, 3d b, 10.59 11.17 
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Table 2. The calculated occupied orbital energies (in a.u.) 
for MnC>4 ion. 

Orbital INDOL/V INDOL/R 

la - 1.306 - 1.342 
I t , - 1.152 - 1.168 
2t2 -0 .410 - 0.434 
1 e -0 .354 - 0.364 
3t-> -0 .328 - 0.344 
2 a" - 0.323 -0 .341 
It , - 0.224 - 0.240 

Table 3. The calculated valence and Rydberg orbital 
populations P, (in e) and the metal charge Q for the 
permanganate ion. 

Populations INDOL/V INDOL/R 

Valence Rydberg 

T% 0.474 0.469 0.055 
Pp 1.375 1.390 0.033 
Pd 4.640 4.610 0.024 

0 M n 0.511 0.530 - 0.112 

Table 4. Experimental and calculated vertical transition 
enegies (in eV) for MnO^ ion. 

State INDOL/V INDOL/R Exp. 
[19, 20] 

T\ 1.75 1.64 1.80 
7\ 2.47 2.39 2.30 
T-> 3.65 3.70 (t, - sR) 3.50 T, 4.73 4.81 ( t , ->p R ) 4.10 

A s a second examp le , the pe rmangana te i on - a 

" g u i n e a p i g " for q u a n t u m chemica l ca lcu lat ions o n 

d-e lectron element c o m p o u n d s - was choosen. T h e 

Slater orbital exponents for o x y gen 2s, 2 p , 3 s, 3 p 

orb i ta l s a n d the G o u t e r m a n - Z e r n e r bas i s set [17] for 

3d , 4 s and 4 p mangane se valence orb ita ls were 

[1] D. T. Clark, Tetrahedron 24,2663 (1968). 
[2] D. R. Salahub and C. Sandorfy, Theor. Chim. Acta 

Berlin 20,227 (1971). 
[3] D. R. Salahub, Theor. Chim. Acta Berlin 22, 330 

(1971). 
[4] K. Kato, H. Konishi, and T. Yonezawa. Bull. Chem. 

Soc. Japan 39,2774(1966). 
[5] F. H. Watson, A. T. Armstrong, and S. P. McGlynn, 

Theor. Chim. Acta Berlin 16,75 (1970). 
[6] H. Lami, J. Chem. Phys. 67, 3274 (1977). 
[7] W. Hague, J. Chem. Phys. 67,3629 (1977). 
[8] A. N. Singh and R. S. Prasad. Chem. Phys. 49, 267 

(1980). 
[9] J. Lipinski and J. Leszczynski. Theor. Chim. Acta 

Berlin 63, 305 (1983). 
[10] J. Linderberg and L. Seamans, Int. J. Quantum Chem. 

8, 925 (1974). 
[11] J. Lipinski and J. Leszczynski. Int. J. Quantum Chem. 

22,253 (1982). 

used w i th c 4 d = c 5 s = c 5 p = 0.3 for R O . T h e exper i -

menta l geometry ( / ? M n _ 0
 = 1.63 A ) was a s s u m e d 

[18] for the tetrahedral i on in Td s y m m e t r y g roup. 

W e c o m p a r e o u r va lence electron a p p r o x i m a t i o n 

( I N D O L / V wi th I N D O L / R ) results. T h e s a m e set 

o f parameters for the valence mat r i x elements was 

used in both methods . 

T a b l e s 2 and 3 s h o w the calculated energy o f the 

o c c u p i e d mo lecu l a r orbita ls a nd popu l a t i on s o f 

m a n g a n e s e va lence and R y d b e r g orbitals. It is 

ev ident that no essential differences in the calculat-

ed g r o u n d state proper t ie s have been f ound for the 

I N D O L / V and I N D O L / R results. T h e m a i n differ-

ence between these two vers ions o f m o d i f i e d I N D O 

m e t h o d s lays in the interpretat ion o f the electronic 

spect rum. H o w e v e r , the energy va lues o f the 

ca lcu lated excitat ions for both ver s ions are in very 

g o o d agreement w i t h the exper imenta l results, but a 

c loser inspect ion o f the I N D O L / R va lues s h o w s that 

b e g i n i n g f r om the second T2 s y m m e t r y excitat ion 

the f inal states i n these transit ions have at least 

90 percent o f R y d b e r g character. T h e results o f ou r 

ca lcu lat ions s h o w that inc lus ion o f R O s h o u l d dis-

tinctly change the interpretat ion o f h i gher -energy 

electronic spectra, especia l ly for t rans i t ion element 

c o m p o u n d s . 

T h e on ly d i s advan tage o f the p r o p o s e d m e t h o d is 

a 4 to 6 t imes longer ca lcu lat ion t ime if c o m p a r e d to 

the I N D O L / V vers ion. Howeve r , the ca lcu lat ion 

t ime is still relat ively short. 
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