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1. INTRODUCTION 

The behaviour of the thiocyanate ion is unusual from some points of view. 
In particular it is capable of forming chemical bonds through either the nitrogen 
atom or the sulphur atom. Such behaviour is common to organic and inorganic 
compounds. 

Recently studies on transition metal compounds where the thiocyanate 
group often occurs as a ligand, have indicated that the preference towards sulphur 
or nitrogen bonding depends upon the nature of the central metal ion, and upon 
the nature of the other ligands”‘. 

Structural investigations J-6 show that whit the ion itself is always linear, 
the metal-ligand bond angle is different in the two cases. With nitrogen bonding, 
the metal-ligand bond angle is around 180”, whilst with sulphur, the metal-ligand 
bond angle is about 100”. It is clear from the angles involved, that with sulphur 
bonding, the orbitals of the ion which participate are essentially those of the ?E type 
in the free ion, whilst with nitrogen bonding the principal orbitals involved are 
those which are tr in the free ion. It is evident that the bidentate nature of the ion 
results in a comlietition between the cr and x oioitals to be involved in the chem- 
ical bond. 

Another interesting characteristic of the thiocyanate ion occurs in its transi- 
tion metal complexes. In such.complexes an absorption band occurs near 30$00 
to 38,000 cm -l. Su& a band does not occur in the free ion, and is independent of 
the mode in which the ligand is bound. 

These bands are definitely charge transfer in nature since they are independ- 
ent of the central metal ion and its oxidation state7. It is verylikely that the bands 
derive from a transition which is forbidden in the free ion, but becomes allowed 
when the ion is bonded. We feel that a study of the electronic structure of the free 
ion will be useful in explaining both the spectral properties, and the bidentate 

: nature of the ion. 
This is the aim of the present work, in which we conduct a semi-elnpirical . 

&a&m mechanical calculation. 
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2. M&HOD OF CALCULATION 
.‘. _. _ ,. : 
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We have used the, S.C.F.-L.C.A.O. molecular orbital. theorysVg and have- 
taken into account both c and R molecular orbitals. 

The approximations introduced are almost the same as those used by Parker 
and Parr in their study of unsaturated hydrocarbons”;?, namely: 
a) All integrals of the type _- 

Xp(l)X,cl,.d$ 
‘I -. : 

(0 

where Xp and Xq are atomic orbitals on different atoms, have been put equai to zero 
(“differential overlap approximation”‘). 
b) In place of the integrals: 

Up = 
-s 

xp*(0E-_)V2 + Klxp(l) dnl 
._ 

gPP = 
s 

xp*(1)4*(2) & xpU)xp(2) ti ~1 do2 

gpq = 
s 

xp*(,uxq*m L xp(llx,O do, do2 - 
112 

+j lip*(l) X;(2) 2 Xq(l)XP(2) do1 *2 (2) 

we have used semi-empirical quantities which correctly give the energies of the 
various valence statesi2. for each atom. 
c) We associate with each s orbital a uniformly charged sphere, .and to each p 
orbital, two tangential uniformly charged spheres. From a calculation of the resti- 
tant electrostatic repulsion energy, we have estimated the values of the two centre 
Coulomb integrals. The radii of the spheres have been so chosen that the values of 
the Coulomb integrals calculated therefrom are the same as the semi-empirical 
values of the one centre g,, integrals when R, the distance between the two centres, 
approaches zero. 
(I) Integrals of the type 

HP4 = 
s 

xp*(lWc,r,WxqU) du, = I-& (3) 

Oc, and Xq are atomic orbitals on different atoms) are evaluated according to the ” 
foliowing expression:*3 

B 93 = 3(IpfIq)& 
: 

. . ,- . . 

in which Ip and I4 are the X, and-X* ionisation potentials 
atoms are in the valence state; S, is the overlap integral. 

.e) The penetration integrals . . I : :.’ .I. 

.- .- 
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: 

-. - :’ :(B: ;cp,*xPJ = s x,,‘(l)v,*x,,(l) do, --. (5) .. 

(which represent &e potential energy:of the orbital X~ on a&n A, in the field UB* 
of the &u&al atom B) are evaiuated in such~a ma=er that they correktly repro- 
duce the-disspciation energies of the molecules CS and CN. The following atomic 
orbitals are used as a basis to &n&u& the molecular Orb&Is (the orbitals 
xs(3p,,), &2p,,), xN(2p,,) have the same orientation along the z. axis.. .Tbis axis .. _ 
p&es through the S, C and N atoms, the @ogen atom being on the positive l _. i’ 
side) : 

Subhur: ~~(3s)~ xs(3PA %S(~P,+), xs(3pJ 

Carbon: x&sl~ X&P,), x&P~+), xx2~,-) 

Nitrogen : XNCW, X&P,), ~I&P,+), x&p,-) 

. 

Assuming axial symmetry for the ion (C,,), we have the following molecular 
orbitals : 
a) six A, orbitals 

A,, AZ% 4,9 A., AW 9-6 (7) 

formed by the linear combination of the following atomic orbitals: 

xs(3s), ils(3PJ9 zA2s), xA2PcA A299 A2PJ * (8) 

b) six El orbitals 

4 xx+, AL-~ 4&z+, @x,--9 L+, A,- .: 

formed by the linear combination of the following atomic orbitals: 

(9) 

xs(3px+), xc(2~=+). x&~P,+) and xs(3~ ,-), xX29,-), G(~P~-) 

The ground state wave function is 

(10) 

W(‘z’) = ~C~~,,)2~9,~)2(~~,)2(~~,)2(~~~+)Z~~~t*)2 (4x,-)’ (LJ’I (11) 

in which A denotes an anti-symmetric product. 

3. RE.XE-5’s AND CO;KX_.USIONS 

. . We report in Fig.! the energies- of the various molecular levels as given by 
the rdo$ of the secular equation. . . . . 

: 

. Thei o~b@ls obtained are tie following:. -. . ._ : , 

Coordi&iem. Rii., i (1966) 7-12. -_. 
: ‘. .,.. 

: 
. . ; _I 

. ..-. .: ._ . . 
_ -. 



10 L. DI SIPIO, L: OLEARI, G. DE MICHELIS 

4 Ql 
= 0,243xs(3s) + 0,179xs(3po) + 0,653&2s) + 0,168<c(2p,,) ’ 

+ W3hCW - 0,221x,(2~,) 
‘! -L .il . . . % s; 

4 02 = -0,59&(3s)-0,217xs(3p,) -0,28O~c(2~)+0,555~,(2;~) 

+ 0,452~#s) + 0,067xu(2p,)) 

4 = u3 0,47&(3s) - 0,297~~(3pc) - 0,247~&) - 0,144%,(2p,) 

+ 0,418x@) + 0,653~,(2~,) 

9 = 04 -0,444~,(3s) +‘0,646~,(3p,) + 0,084xc(2s) - 0,370~,(2p,) 

+ 0:161xN(2s) +0,465xu(2p,) 

4 = a5 0,379x,(3s) -0,631xs(3p,) + 0,55&(2s) -0,319~c(2p,) 

- 0,097XrGS) +0,193x&p,) 

4 us = 0,11%(3s) +0,134;5,(3~) +0,344~,(2s) +0,635~c(2p,) 

- 0,424~,(2~)+0,516;1,(2p,) 
c 

= 0,386~,(3p,+)+O,6S3~~2p,+)+O,620~,(2p,+) 

;::- = 0,3g6~s(3p~-)+O,683~c(2p~-)f0,620~~(2p,-) 

f$ += X2 -0,870~,(3p+)+0,046~,(2p+)+0,491~,(2p+) 

t121 

$ z2- = - 0,8,7O;cs(3p-) + O,o46,@p-) + 0,491x&p-) 

(#J += -0,307xs(313+) +0,729jrc(2p’)-0,612xN(2p+) 

4:1- = -0,307;zs(3p-)+0,729~c(2p-)-0,612~,(2p-) 

From these molecular orbitals we have calculated the charge distribution in the ion: 

f.Js = 0.48 4c = 0.01 qN = 0.51 (13) 

in good agreement with the values obtained from the resonance structures given 
by Llewellyn H. Jones14 (obtained from an infrared study of KSCN) 

‘qs = 0.54 qc = 0 qN = 0.46 (14) 

The charge is almost equally distributed over the terminal atoms thus explaining 
the bidentate nature of the ion. It is not possible to draw any conclusion about 
the molecular orbitals in the chemical bond; it appears evident in fact, from these 

results, that thealternatives of forming a chemical bond to nitrogen or to sulphur, 

depends prkcipally on the rearrangement of the electron distribution which ac- 

companies the formation of‘the bond. 

With regard to the spectral properties of the SCN group we consider 
now only those electronic states of the SCN- ion derived from the excitation 

~42 + 4 3 *. One can, in such a case; construct four wave functions. We have 
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Fig. 1. Molecular orbital energy levels for the thiocymate ion. 

not included in these, the part due to the orbitals 4, and &* in as much as the 
electron distribution for these orbitals is equal to that .of the ground state. The 
four wave functions are: 

‘YIC’m = 5 
[ 

~[(~,;;>‘(~,,-)‘(~,+>‘I+~C(~~~,+)’(9~~-) (4,,_)I7 
I 

y20--_) = 5 

[ 

AC(~,,+)1(~,,-)2(~x,+i17-AC(~,,t)2(~xZ-)1(~x,-)17 

I 

W'4 = AC(9,,+)‘(~,,-)‘(~.,‘)‘1 
yh(*4 = A[(~,,‘)‘(~,,-)*(~,,-)‘7 (13 

in which the states described by the functions !P,(lA) and Y&d) are degenerate, 

and A denotes a singlet antisymmetrical product. 
From the four possible transitions: 

Y&Z’) + Y,(‘.v) 
Y&z+) + Yu,(W) 

Y&Z;‘) +- Y,(5l) 
* 

Y&Z+) + !&(‘A) (16) 
only the first is a‘iIo_Ned. 
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The calculated energy for the allowed transition is 8.07 eV, equivalent to . . 
65,100 cm -l. This result is in good agreement with the experimental data in that 
the absorption band of KNCS, in aqueous solution occ& above 50,000 cm-‘, 
and in. the so!id occurs’ at 55,000 cm-‘. 

bf the three forbidden transitions, we consider only I~,-,(‘X~) --, IL_&C-), the 
calculated energy is 4.56 eV (36,800 cm-‘). From the above discussion it is evident 
that this transition, though forbidden in the free ion may become allowed when 
the thiocyanate ion is bonded to a metal, and may .be responsible for the band 
observed in this region in transition metal thiocyanates. 

The interactions between the various excited configurations, and the allowed 
transitions when the group is bonded to a metal atom, will be the subject of future 
investigations. 
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