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Using the recently proposed reciprocal mean for the semi-empirical evaluation of resonance in-
tegrals, as well as approximate SCF wave functions for Co3+, the one-electron molecular energy 
levels of C o ( N H 3 ) 6 3 \ CO (NH 3 ) 5C12+, and CO(NH3 )4CL2 1 + have been redetermined within the WOLFS-
BERG-HELMHOLZ approximation. The outcome of the study fits remarkably well with the observed 
electronic transitions in the u.v. spectra of these complexes and prompts different band assignments 
than previously suggested. 

The electronic structure and bonding of Co(NH3 )6 3 + 

has been studied in the W O L F S B E R G - H E L M H O L Z 1 ap-
proximation by several investigators 2 _ 6 . The chloro-
ammine complexes, on the other hand, have been 
studied in the same aproximation by N A K A M O T O et 
al. 2. The aim of the present investigation is to re-
examine the electronic structure of C o ( N H 3 ) 6 3 + , 
C o ( N H 3 ) 5 C 1 2 + , a n d C o ( N H 3 ) 4 C 1 1 + i n t h e m o l e c u l a r 

orbital theory. 

Unlike the previous investigation on this series, 
however, we have included a certain degree of so-
phistication which we hope will give a more mean-
ingful theoretical basis for the description of the 
bonding in these complexes. 

First, we have used the recently published ap-
proximate SCF wave functions 7 for Co3 + instead of 
the "usual"' or "modif ied" S L A T E R orbitals 8. Our re-
cent work 9 on XeF4 has shown beyond any doubt 
that the nodeless S L A T E R orbitals are inadequate to 
give correct overlaps. A careful examination of some 
previous works 3' 4 shows that the use of even "modi-
fied" single S L A T E R orbitals gives unduly large group 
overlaps and arbitrarily affects the final results. 

Second, we have used the recently proposed reci-
procal mean 10 rather than the arithmetic mean 1 to 
evaluate our resonance integrals. It should be point-

1 M . WOLFSBERG and L . HELMHOLZ, J . C h e m . Phys. 2 0 , 8 3 7 
[1952], 

2 K . NAKAMOTO, J. FUJITA, M . KOBAYASKI, and R . TSUCHIDA, J. 
Chem. Phys. 27, 439 [1957]. 

3 Y. KURODA and K. ITO, J. Chem. Soc Japan 76, 766 [1955]. 
4 H. YAMATERA, J. Inst. Polytech., Osaka City Univ. 5, 163 

[1957]. 
5 A. COTTON and T. E. HAAS, Inorg. Chem. 3, 1004 [1964]. 
6 T. H. WIRTH, Acta Chem. Scand. 19, 2261 [1965]. 

ed out that the arithmetic mean given by 

Ha = Fx Gij j 

is insensitive to the energy separation of the orbitals 
believed participating in bond formation. That is, 
whether the orbitals are close or far apart in energy, 
they are always given the same weight. This is in-
deed not true in the case of the reciprocal mean which 
is given by 

and which is rather selective. In essence, the recipro-
cal mean gives a greater weight to orbitals which are 
closer to each other than those which are far apart, 
and in this sense is in perfect agreement with the 
principles of molecular orbital theory n . 

Third, we have found it rather artificial to keep 
the C O U L O M B integrals, in particular , the same 
throughout the series. We have consequently varied 
the valence state ionization energy (V.S.I.E.) of the 
" d " electron in the series so as to have a lower nega-
tive charge on the cobalt as well as a better fit with 
the observed spectra. This is indeed in agreement 
with JORGENSEN'S finding of dependence of the charge 
on the central ion of a complexe and the V.S.I.E. 
of its electrons 12. 

7 J. W . RICHARDSON et al., J. Chem. Phys. 36, 1057 [1962]. 
8 J. C. SLATER, Quantum Theory of Molecules and Solids, 

Vol. I and II, McGraw-Hill Book Co., Inc., New York 1963. 
9 W . A. YERANOS, Mol. Phys., in press. 

10 W . A. YERANOS, J. Chem. Phys. 44, 2207 [1966]. 
11 C. A. COULSON, Valence, The Clarendon Press, Oxford 1959. 
12 C. K. JORGENSEN, Orbitals in Atoms and Molecules, Acade-

mic Press, London 1962. 
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F i n a l l y , w e h a v e a t t e m p t e d i n c l u d i n g l i g a n d — 
l i g a n d o v e r l a p s in o u r c a l c u l a t i o n s . U n f o r t u n a t e l y , 
h o w e v e r , the results w e r e n o t e n c o u r a g i n g a n d n o 
r e a s o n a b l e fit w i t h e x p e r i m e n t w a s p o s s i b l e t o o b -
ta in . It m a y we l l b e that in this s e r i e s the i n c l u s i o n o f 
l i g a n d — l i g a n d o v e r l a p m a y h a v e t i p p e d the d e l i c a t e 
b a l a n c e o f the c a n c e l l a t i o n o f e r r o r s s o p r e v a l e n t in 
s e m i - e m p i r i c a l m e t h o d s . A r e c e n t p a p e r b y W I R T H 6 

c l a i m s to h a v e o b t a i n e d a b e t t e r v a l u e o f A ( = 1 0 
D q) f o r C O ( N H 3 ) 6 3 + b y t h e i n c l u s i o n o f l i g a n d — 
l i g a n d o v e r l a p . A c l o s e r e x a m i n a t i o n o f F i g . 2 o f 

the s a i d p a p e r , h o w e v e r , r e v e a l s that Had i n the 
c o m p l e x is taken to b e — 7 . 2 e V . A p p r o x i m a t e l y 
1 7 0 0 0 c m - 1 a b o v e the f r e e a t o m v a l u e ! 

1 . T h e o r y 

C O ( N H 3 ) 6 3 + , C O ( N H 3 ) 5 C 1 2 + , a n d C O ( N H 3 ) 4 C 1 2 1 + 

b e l o n g to the O h , C 4 v , a n d D 4 h p o i n t g r o u p s r e s p e c -
t i v e l y 1 3 . F i g . 1 d e p i c t s the " g e n e r a l " g e o m e t r y o f 
the m o l e c u l e s u n d e r c o n s i d e r a t i o n , w h e r e the C o — N 
a n d C o — CI d i s t a n c e s w e r e taken as 2 . 0 0 Ä a n d 
2 . 3 3 Ä r e s p e c t i v e l y . 

alg Z'(aig) 
(01 + er2 + 03 + (T4 + 05 + oe) 

alg Z'(aig) 
J/6[1 + 4<<7 1 |a 2 >+ <xi|><x3>]* 

eg dZ2 ^ a ( e g ) = 
(2 05 + 2 (76 — Ol — 02 — 03 — 04) 
2J/3[1 - 2 < a i | a 2 > + <(Ti|cT3>]l 

dx2-y2 ^ b (eg ) 
(<7l — 0 2 + 03 — O4) 

dx2-y2 ^ b (eg ) 2[1 — 2 <CTI | 02) + <cri | tf3>] = 

tiu Px ^ a ( t l u ) 
(01 — 03) 

tiu Px ^ a ( t l u ) | / 2 [ l - < a 1 | c r 3 > ] i 

n*( tiu) 
(7ly2 + 7TX5 — 7ZX4 — Tlyö) 

n*( tiu) 
2[1 + <7Iy2 | 7lxb> — <7Ty2 | 7Tx4> — <>y2| %6>]» 

Py ^ b ( t l u ) 
((J2 — 04) 

Py ^ b ( t l u ) / 2 [ 1 -<(T2|(74>]i 

77b(tiu) 
(TTxl + 7ly5 — 7Ty3 — TZxß) 

77b(tiu) 2[1 + <7TX11 TTya) — O x l I 7ry3> — <7TX1 | 7IX6>]* 

^ C (t lu) 
(<75 — (76) 

Pz ^ C (t lu) J/2 [1 - < f f 5 | a 6 > ] * 

nn t l u ) 
(jlyl + 71x2 — 71x3 — ^y4) 

nn t l u ) 
2[1 + O y l I 7TX2> — <7lyl 1 7*x3> ~ <7tyl | 7Ty4>]* 

t2 g d x z 77* (t2g) 
(TTyl + 7TX5 + 71x3 + Tlyö) 

t2 g d x z 77* (t2g) 
2[1 + <7ry2 I 7lx5> + <7Iyl 1 7TX3> + <^yl | 7ly6>]* 

dyz 77b (t2g) (TTX2 + 7Ty5 + 7Ty4 + 7TX6) 
dyz 77b (t2g) 

2[1 + <7Tx2 | Tlyo) + <71x2 1 7Ty4> + <71x2 | 7TX6>]* 

dxy 77c(t2 g) 
(Tlxl + 7Ty2 + 71x3 + 7Ty4) 

dxy 77c(t2 g) 
2[1 + <7Txl | 7Iy2> + <71x1 | 7Ty3> + <7TX1 | 7rx4>]J 

t2u 77a(<2u) 
(7Iy2 — 71x5 — 71x4 + T̂ yß) 

t2u 77a(<2u) 2[1 — <7Ty2 1 7Tx5> — <7Ty2 | 7IX4> + <7ty2 | 7ry6)]i 

77b(t2 u) 
(71x1 — 7Ty5 — 7Iy3 + 71x6) 

77b(t2 u) 2[1 — <71x11 7ry5> — <71x1 | 7Ty3> + <71x11 7Tx6>]» 

77c(t2u) 
(7Tyl — 71x2 — 71x3 + 7Ty4) 

77c(t2u) 2[1 — <7Tyl I 7Ix2> — <7Tyl | 7Ix3> + <7Iyl | 7ry4>]i 

tig 77* (tig) 
(TTyl — 71x5 + 71x3 — Tlyö) 

tig 77* (tig) 
2[1 — <7Tyl | 7Tx5> + <7tyl | 7TX3> — <7tyl | 7ty6>]» 

77b(tig) 
(7^x2 — 7Iy5 + 7Ty4 — 7lx6) 

77b(tig) 
2[1 — <71x2 | 7Ty5> + <71x2 | 7ly4> — <71x2 | 7IX6>]* 

77c (tig) (7^x1 — 7Ty2 + 7Ty3 — 71x4) 77c (tig) 
2[1 — <71x1 1 7ry2> + <71x1 1 7Ty3> — <71x1 |7TX4>]* 

Table 1 a. Symmetry Classification of Orbitals Used in Oh Symmetry (including ligand —ligand overlap). 



a i g dZ2, s £1 (agl) 
(cri + 0 2 + 03 + 04) 

a i g dZ2, s £1 (agl) 2[1 + 2<<TI | CT2> + <0i | <X3>]* 

^2(aig) = 
(<Jö + 0 6 ) 

/ 2 [ l + <or5|a6>]l 

big dx2-y2 T(big) 
(a 1 — 0 2 + 03 — O4) 

big dx2-y2 T(big) 
2[1 - 2 < o r i | 0 2 > + <<Xi|cX3>]* 

a 2 g 77(a2g) 
(jTxl — 7Ty2 + ™y3 ~ Tlx4) 

a 2 g 77(a2g) 2[1 — <^xl I 71y2> + <Xxl | 7ry3> — <7Txl I 7Tx4>] = 

a2u Pz n(&2u) 
(jTyl + 71x2 — 71x3 — Tty^) 

a2u Pz n(&2u) 2[1 + <7Iyl | 7rx2> — < % 1 | 7Tx3> — <7Tyl | %4>]* 

(a2u) = 
(«75 — o-6)> 

b 2 g dxy n ( b2 g) 
(?Txl + 7ly2 + 7Ty3 + -1x4) 

b 2 g dxy n ( b2 g) 
2[1 + <>xl I 7ly2> + <7Txl | Tly3> + <JTX1 | 7lx4>]* 

b2u / 7 ( b 2 u ) 
(Jlyl — 71x2 — 71x3 + 7Iy4) 

b2u / 7 ( b 2 u ) 
2[1 — <7Tyl | 7rx2> — <7Tyl 1 Tlx3> + <^yl | 7ty4>]» 

eg d x z nt(eg) = 
( % ! + jrx3) 

/ 2 [ 1 + <%l|7r x 3 >] = 

77?(eg) -
(71x5 + Ttye) 

/ 2 [ 1 +<3rx 5|?Iy6>]* 

dyz n\(eg) (71x2 + ^y4) 
] / 2 [ l + < Ä x 2 | » y 4 > ] * 

nb2(eg) = 
(̂ y5 + Tlxö) 

j / 2 [ l + < 7 r y 5 | ^ x « > ] i 

eu P* 2>(e u ) = 
(Ol — 03) 

/ 2 [ 1 - < ( T 1 |<t3>1* 

ni(eu) = 
(7Ty2 — 71x4) 

/ 2 [ 1 - < j r y 2 | j r X 4 > ] » 

nt(eu) = 
(71x5 — 71 yö) 

/ 2 [ 1 — <7Tx5 1 

Py £ b ( e u ) = 
((To — 0 4 ) 

/ 2 [ 1 — <021 <74)]» 

n\(eu) = 
(jTxl — 7ly3) 

Tli (eu) = 
(^y5 — 7lx 6) 

1/2 [1 - < ^ y 5 | j l x 6 > ] * 

Table 1 b. Symmetry Classification of Orbitals Used in D4h Symmetry (including ligand — ligand overlap). 

»1 dzo, s, Pz ^ i ( a i ) = 
(CTl + (T2 + O3 + <r4) 

»1 dzo, s, Pz ^ i ( a i ) = 2[1 +2<(Ti|ff2> + <<Tl|ff3>]t 

Z 2 ( a i ) = O5 

(ai) = O6 

bi dX2--y2 Z(bi) = 
(01 — (To + 03 — CT4) 

bi dX2--y2 Z(bi) = 2[1 - 2 < ( 7 i | ( 7 2 > + <011 0 3 >] i 

b 2 dxy 

d x z , 2>(e) = 
(01 — 03) 

; 77a(e) = 77X5 e d x z , Px 2>(e) = 
/ 2 [ 1 - < 0 i | 0 3 > ] i 

; 77a(e) = 77X5 

dyz, Py 27b (e) = 
(00 — 04) 

; m(e) = ITy0 dyz, Py 27b (e) = 
/ 2 [ 1 - < 0 2 | 0 4 > ] i -

; m(e) = ITy0 

Table 1 c. Symmetry Classification of Orbitals Used in Civ Symmetry (including ligand —ligand overlap). 



Fig. 1. "General" Geometry of Molecules Studied. 

The symmetry classifications of the central ion's 
and the ligand's symmetry orbitals are given in 
Tables 1 a, 1 b and 1 c. It should be noted that the 
ligand symmetry orbitals given are normalized in-
cluding ligand — ligand overlap. For the | 3 d ) , | 4 s ) , 
and | 4p) orbitals of Co3 + R I C H A R D S O N functions7 

were used, while the j 2s) and |2p) functions of 
nitrogen and [ 3s) and |3p) functions of chlorine 
were taken from C L E M E N T I ' S tables 14. Complete sp3 

hybridization for the nitrogen atom in ammonia, 
and complete sp hybridization for the chlorine ion 

were assumed. Using the symmetry orbitals given 
previously (neglecting ligand — ligand overlap), the 
group overlaps given in Table 2 were obtained. 
These, in essence, are reduced diatomic overlaps 
which wTere evaluated by a computer program writ-
ten in this laboratory. The wave functions used in 
this investigation are given in Table 3. 

Furthermore, within the framework of the W O L F S -

B E R G — H E L M H O L Z approximation we equated the C O U -

LOMB integrals to the V.S.I.E. of the atoms consider-
ed. Our starting values were the same as the final 
results of C O T T O N and H A A S 5 ' 1 5 for C O ( N H 3 ) 6 3 + . 

The refinement procedure followed by us was as fol-
lows: (i) adjust the V.S.I.E.'s and the parameter F x 

in the resonance integrals of C O ( N H 3 ) 6 3 + until the 
charge on the metal became nearly zero and A was 
equal to the experimental value of 21.1 KK, (ii) ad-
just Hoa and Hnn for chlorine in C O ( N H 3 ) 5 C I 2 + and 
C O ( N H 3 ) 4 C L 2 1 + respectively till the best fit for cer-
tain electronic transitions were obtained (see Table 
4 ) . The one-electron transitions of 2 e g - > 3 a i g and 
bog—> 2b i g in CO(NH3)5C12+ , as well as the 2eg —> 
3aig and b2g—>-3a l g transitions in Co (NH3) 4C121+ 

were fitted to the experimental values of band la and 
lb (see Fig. 2 ) . As mentioned earlier it was neces-
sary to vary H^d in all the members of the series. 
The final V.S.I.E. used for the atoms considered 
in this investigation are given in Table 5. 

C 4 v D 4 h 

<B|i7i(a1)> = 2 <s | CRN H 3> <s|2a(aig)> = 2 <s | (T N H 3 > 

<s|^3(ai)> = <S | CTNH3> <(s| 272(aig)> = 1/2<S|(TCI> 

<s 1272(ai)> = <S | <TC]> <dz21 Zi (axg)> = — <d<T | <TNH3> 

<pZ|I :3(ai)> = — <P* I 0TNH3> <dz 2|272(aig)> = / 2 < d a | 0 c i > 

<p z|i7i(ai)> = <PfT 1 <TC1> <dx2-y2| ^(blg)> = K3<da|(TNH3> 

<dz 21272(ai)> = <d<T | O-nh3> <dxz|771(eg)> = ) /2<d ,| /7c i> 

< d z 2 | r 2 ( a 1 ) > = <d<71 crci> <p x 1 ^ (eu) ) = <P<TI<TNH3) 

<dz2|i73(a1)> = <d(j I ERNH3> <px|/ /2 a(eu)> = / 2 < p , | / 7 c i > 

<d X 2-y2|^(bi)> = V3 <D<R | <TNH3> <p z 127(a2u)> = |/2<pff|crci> 

<Px|2>(e)> = V2~<P<71 <TNH3> o h 

<Px 1 /7X5> = <p* |77ci> 
<s|r (a i g )> = <s | CTNH3> 

<dx z|/7x 5> = <d,|77Ci> <dz21 27(eg)> = |/3 <D A | <TNH3> 

<p z | 27(tiu)> = j/2 <pCT | <tNH3> 

* Not including ligand —ligand overlaps. 

Table 2. Group Overlaps and Their Reduced Diatomic Overlaps *. 

13 Tables of Interatomic Distances and Configurations in Mo- 14 E. CLEMENTI, IBM J. Res. Develop. 9, 2 [ 1965 ] . 
lecules and Ions, Special Publication No. 11, The Chemical 15 T. E. HAAS, private communication. 
Society, London 1958. 



Cobalt (IV) |3d> = 0.59819?3(5.55)> + 0.5261 <p3(2.50)> 

|4p> = 0.089451 <p2(11.05)> — 0.320511 ^3(4.385)> + 1.045451 (p4{ 1.86)) 

|4s> = - 0 . 0 2 0 4 7 | (pi(26.375)) + 0.0692 ] <p2(10.175)> - 0 . 1 6 9 7 1 <p3(4.69)> + 1.01181 <p4(1.45)> 

Nitrogen |2s> = - 0.216581 cpi (6.500)) - 0.008411 n (11.13)) + 0.089581 cp2 (1.27)) + 0.689051 cp2 (1.8)) 
+ 0.36685 <p2(3.01)) - 0 .126461 <p2{5.23)) 

[2P> = 0.271641 n (1.0580)) + 0.513011 <p2 (1.628)) + 0.293071 <p2 (3.024)) + 0.012081 <p2 (7.203)) 

Chlorine |3s> = 0.0768211 cpi (17.36)) + 0.001551 <px (28.02)) - 0.290861 cp2 (6.78)) + 0.044141 (p2(15.60)) 
+ 0.62296| (p3(2.97)) + 0.519911 <p3 (1-86)) - 0 .162961 (p3 (6.00)) 

|3P> = - 0.179721 (p2 (7.68)) - 0.008541 q>o (14.20)) 
+ 0.571051 q>3(2.62)) + 0.542331 (p3(1.46)) - 0.115241 <p3(5.92)) 

Table 3. Analytical S.C.F. Functions Used in This Investigation. 

Complex Ion Band Exp. Nakamoto This Work 

Co(NH3)*+ 

(Ref.18) 

Co(NH3)5Cl2+ 
(Ref.18) 

Co(NH3)4CH 
(Ref.17) 

Ia 
l a ' 

Ia 
l b 

II 
III 
IV 

Ia 
l b 

II 

III 

IV 

2.61 

2.32 
2.65 
3.41 
4.61 
5.46 

2.59 

1.90 
2.20 
2.99 
4.00 
5.19 

1.97 
2.60 

3.09 

4.09 

4.89 

1.79 
2.20 
3.26 
3.67 
3.75 
4.25 
5.22 

t2 g 2.60 

3e - > 4ai 
b2 - » 4ai 
2e - > 4 a i 

3ai - » 4ai 
2 e - > 2 b i 

2 eg ^ 3 &ig 
b2g —> 3aig 

2 eg 

b2g 

2big 
2 big 

2 e u ^ 3 a i g 

1 a2 u 3 aig 
2eu - > 2big 

2.34 
2.59 
3.84 
4.14 
5.29 

1.74 
2.35 
3.14 

(3.71 
(4.32 
5.16 

tog 

3e 4ai 
b2 - > 4ai 
2e -> 4ai 
2e 2bi 

3ai -> 4ai 

2 eg —̂  3aig 
b2g —> 3aig 
b2g —> 2 big 

2eu - > 2big 

1 a2 u -> 3aig 

1 eu —̂  3 aig 

* A l l e x p e r i m e n t a l v a l u e s o b t a i n e d f r o m s o l u t i o n s p e c t r a . 

Table 4. Comparison of the Experimental * and Calculated Values of the One-Electron Transitions in eV. 

VSIE ( - e V ) 

atom orbital o h C4 v D 4 h 

Co H SS 5.00 5.00 5.00 
8.25 8.25 8.25 

Had 11.50 12.00 12.50 
N Haa 14.50 14.50 14.50 
CI H oo — 13.50 13.50 

Hxn — 13.00 13.00 
Fx 2.68 2.68 2.68 

Charge on 
cobalt +0 .002 - 0 . 1 9 7 - 0 . 4 1 6 

Table 5. Final Atomic V.S.I.E.'s and Charge Distributions 
on Cobalt. 

2 . D e t e r m i n a t i o n of the M . O . Energies 
and Discussion of Results 

U s i n g the sca led d i a t o m i c over laps g iven in 
T a b l e 2 , the o n e - e l e c t r o n m o l e c u l a r orb i ta l energ ies 
w e r e d e t e r m i n e d b y s o l v i n g the s y m m e t r i z e d secular 
determinant . In b r i e f , a matr ix C w a s sought 
which d i a g o n a l i z e d the u n s y m m e t r i c matr ix p r o d u c t 

H v , such that : 

C 1 Gv 1 Hv C = Hr(si, f2 5 • • • > £n) 

Fig. 2. Absorption Spectra: (i) Co(NH3)63+ , 
(ii) Co(NH3)5Cl2+ , (iii) Co(NH3)4Cl21+ . 



where the components of the rowr vector j <£) in: 
|<£) = | Y)C 

were the one-electron molecular orbitals. Further-
more, the M U L L I K E N population analysis on the cen-
tral atom in each case was calculated according to 
the recipe given by B A L L H A U S E N and G R A Y 16. The 
final charge distributions on the cobalt, in the series 
studied, are given in Table 4, while the final M.O. 
energy levels as well as their electron occupancies 
are given in Figs. 3 a, 3 b, and 3 c. 

Finally the predicted as well as the experimental 
electronic transitions1 7 '1 8 are given in Table 4. 
Upon examination of the latter, one notices that 
several sets of transitions in the chloroammine com-
plexes differ from previous assignments. There is, 
unfortunately, no physical method to decide which, 
if any, is the correct assignment. All things con-
sidered, however, our assignments give a better fit 
to the experimental values hitherto published. 
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Fig. 3 a. One-electron M.O. Energy Levels of Co (NHS) 
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One-electron M.O. Energy Levels of CO(NHS)5C12+. 

Fig. 3 c. One-electron M.O. Energy Levels of Co (NH3) 4C121+. 
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