
Contribution jrorn the fstituto Chimica Fisica e Spe,ttroscopia, 
Viale Risorgimento 4, 40136 Bologna, Italy 

519 

Interatomic Exchange and ocBonding 

of Outer 3d and 4s-Orbitals 

G. L. Bendazroli, F. Bernardi, P. Palmieri, and C. Zauli* 

Received fanuary 21, 1972 

A valence bond treatment is applied to a diatomic 
model involving a c-bond between an outer sulphur 
orbital cp = 3d, 4s and a fluorine sp-hybrid. Znter- 
atomic exchange terms are included and the results 
discussed from the point of view of excited orbitals 
size and of hybridization in fluorine.. In the case of 
4s orbitals it is concluded that the electrostatic ap- 
proach is fully adequate to discuss orbital size and 
energy. When states involving d,-orbitals are concer- 
ned, interatomic exchange terms with fluorine 2s or- 
bital are very important, while those with Is orbital 
are not of great relevance. For a reasonable amount 
of sp hybridization in fluorine the size of the d-junc- 
tion is strongly reduced from the free atom value. 

Introduction 

The main criticism made to a theoretical descrip- 
tion of molecular valence states involving outer 3d 
and 4s-orbitals in sulphur or in other later second 
row elem_ents based on an electrostatic aanroach in- -~Tr--- --~ ~~ 
elusive of the potential field generated by ligands,‘” 
concerns the neglect of all energy terms arising from 
interatomic exchange interactions. For states invol- 
ving d,-orbitals it was shown that these terms affect 
marginally the energy but contribute significantly to 
reduce the orbital size to values which are suitable 
for n-bonding! As far as states involving d,-orbitals 
are concerned, the resuits obtained with the eiectro- 
static treatment were questioned on the basis of the 
relevance of the repulsive terms involving these ex- 
cited orbitals and 12 pairs of ligands.5f6 In a pre- 
vious investigation3 it was shown that the inclusion of 
these terms does not modify critically energy and size 
of d,-orbitals as obtained from the electrostatic treat- 
ment. An analysis of overlap integrals led to the in- 
ference that interatomic exchange terms involving 2s 
orbitals of ligands were more relevant in determining 
the degree of participation of d,-orbitals to molecular 
valence states, and the suggestion was made that sp 
hybridization in first row ligands plays an important 
role in the mechanism of orbital contraction and sta- 
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bilization.7 Similar conclusions were draw by Mit- 
chelP from an investigation on systems SXr, (X = 
F, Cl, Br, H) based on the perfect pairing approxi- 
mation. According to his results, dcorbital partici- 
pation occurs when s$d’ octahedral hybrids are con- 
sidered. Non-orthogonality effects on molecular va- 
lence states involving 4sorbitals have not yet been 
discussed from a quantitative point of view, although 
there are indications3s8-9 that 4s-orbitals could be in- 
volved as well as 3d-orbifals in a correct description 
of high covalencies in later second row elements. In 
view of this situation the present investigation is con- 
cerned with the analysis of the role of hybridization 
in the ligands and with a quantitative estimate of 
interatomic exchange terms involving 3d, or 4s-orbitais 
and those of first row ligands. A diatomic system 
sulphur-fluorine, similar to the one previously em- 
ployed for discussing the role of d,-orbitals,? is con- 
sidered: in this model for u bonding the two atoms 
are on the z internuclear axis, at a separation of 3 
a.u. Only the excited orbital cp (= 3d,, 4s) is expli- 
citly considpred o!! Sl~irnhl~T, the remainir?~ electrons 

and the nucleus being represented by a potential in- 
clusive of intravalence exchange terms simulating the 
configuration s2p3. It was shown elsewhere that intra- 
shell exchange terms are insensitive to changes in size 
of the orbital (p! Fluorine is assumed to be in va- 
lence state l( ls2h12pX4h2) where hi are sp hybrids defi- 
ned in equation (1) 

h, =cosO(2s)--sin6(2p,) 

h2=sine(2s)+cos0(2pd 

(1) 

Orthonormal Slater-type orbitals on the same center 
are used. On the basis of previous results the follo- 
wing exponential factors for sulphur orbitals were 
adopted: K,, = 15.7, KzS = 4.95, KQ = 5.53, K3, = 
2.16, and KJ,, = 1.6. Those of fluorine were taken 
from ref. 11. An antisymmetrized Valence Bond 
singlet function is built out of cp .and of fluorine orbi- 
tals and a complete energy expression derived where 
electrostatic and exchange terms involving cp and each 
fluorine orbital are separated (see Appendix). 

The present results are fully equivalent to those 
nhto;nJ hv ~rr;nn n flrnrtinn whew -. stnrl n g&it& ““CUI‘I~U “J “““Lb u I..II”.I”I. . . . . VL1 ” . . ..- r 

(7) P. Paimieri and C. Zauli, Quart. Reports Sulphur Chenl., 1970, 
5, 159. 

(8) K. A. R. Mitchell. /. Chem. Sec., (A), 1968, 2676. 
(9) P. Palm&i and C. Zauli, /. Chem. SOC. (A), 1967, 813. 
(10) F. Bernardi and C. Zauli, /. Chem. Sot. (AI, 1968. 2633. 
(11) E. Clementi and D. L. Raimondi, I. ChemPhys., 1963, 38, 2686. 

Bendazzoli, Bernardi, Palmieri, Zauli 1 a-bonding for Outer Orbitals 



520 

Table I. Total energy E,, electrostatic energy E. for the SF model and corresponding optimum values of exponential para- 
meters K and mean radii r m (A). Energies in U.U. above that of S+ and F at infinite separation. Fluorine valence state 
(lsW,2&), the optimum t value being about 173” in every case. 

ET K, rm E, K, 
n, 

m r&l 

4s -0.242 0.705 6.5 -0.246 0.75 6.1 
3& -0.176 0.26 -0.256 0.96 1.9 
3d,t-, -0.176 0.28 

Zi:: 
-0.220 0.85 2.2 

or sulphur are explicity considered with a random 
spin distribution and where interatomic exchange 
terms involving these orbitals are neglected. 

Results and Discussion 

The results of the calculations at the value of 0 
minimizing the energy (about 173” in every case) are 
presented in Table I for the three types of excited 
orbitals, 3&z, 3d,z_,z and 4s (z internuclear axis), which 
can give o-bonding. 

The results obtained for the two types of d,-orbitals 
are similar, and in the following we shall refer only 
to 3dz2. In the case of 4s-orbitals, the inclusion of 
interatomic exchange terms does not affect significan- 
tly the values of the parameters. obtained from the 
simple electrostatic treatment, so that size and orbital 
energy are fixed by electrostatic interactions with the 
molecular environment. The same does not hold for 
d,-orbitals. In addition, the ability of excited orbi- 
tals cp to promote hybridization in fluorine is modest 
and the optimum 8 value is mainly determined by the 
sp hybridization energy of fluorine that is rather large. 
Since the wavefunction adopted here predicts a ra- 
ther unaccurate value of the promotion energy s’p’ + 
sp6 (0.98 a.u.) a test calculation was made with the 
experimental value (0.771 a.~.) substituted in the 
energy eq. Al, obtaining results substantially unchan- 
ged from those listed in Table I. The optimum value 
of the hybridization parameter is of little significance, 
since in the real case it will be chiefly determined by 

Figure 1. Energy minima (a.~.) in respect of K, versus 0: 
(a) total energy ET, (b) electrostatic energy, (c) ET minus 
sp-hybridization energy of fluorine. 

interatomic exchange terms involving s and p orbitals 
of sulphur, here neglected. Consequently 0 is not a 
variational parameter in our model, and in the follo- 
wing the e-dependence of total energy, interatomic 
exchange terms and orbital size are discussed. 

Figure 1 gives for the case cp = 4s total energy ET 
(curve a), electrostatic energy E, (curve b) as func- 
tions of 8 as well as ET minus the sp hybridization 
energy of fluorine (curve c). It is clear that inclu- 
sion of interatomic exchange integrals does not modify 
appreciably the energy of the system for the whole 
range of 8 while the hybridization energy is the most 
important term. In Figure 2, the mean radius of the 
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Figure 2. Optimum values of rrsm versus 0: (a) inclusive of 
interatomic exchange, (6) electrostatic treatment. 

EL) 
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Figure 3. Energy minima in respect of Ksd versus 0: (a) 
total energy E,, (b) electrostatic energy E,, (c) ET minus 
computed sp-hybridization energy of fluorine, (d) computed 
sp-hybridization energy, (e) computed with the empirical va- 
lue of hybridization energy. 
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4s orbital rdssm is plotted against 0 for both complete 
(curve a) and electrostatic (curve b) calculations. The 
two curves are rather similar, r4*“’ lying in the range 
5-6 A. Thus one can conclude that the electrostatic 
approach is adequate for discussing 4s-orbital parti- 
cipation to valence states of sulphur, and presumably, 
also Si, P, and Cl. For the case 8 = 3d, the corre- 
sponding curves are plotted in Figure 3. In addition 
the hybridization energy of fluorine (curve d) and ET 
computed with the empirical sp promotion energy 
(curve c) are shown. 

The importance of the hybridization term is seen 
to be relevant also for states involving d-orbitals, 
while that of interatomic exchange terms is fairly 
large for the whole range of 8. The inclusion of the 
latter contributions raises by 2-3 e.v. the energy curve 
of the electrostatic energy (6) for -40’<0 <40’ while 
it causes a strong stabilization for 5O’ded 120’. i.e. 
when the fluorine bonding orbital is mainly 2s. Mo- 
reover this stabilization is not large enough to offset 
the hybridization energy, although the use of the em- 
pirical promotion energy improves somewhat the si- 
tuation (curve e). The contributions E,,, due to in- 
teratomic exchange terms can be assigned to each fluo- 
rine orbital x for the two limiting cases 8 = 0’ and 
0 = 90’. This is done in Figures 4 and 5 respectively. 
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strongly stabilizing in the same range of K3d. Ev,~~ 
although significant, is not paramount in determining 
the orbital size, as observed in a previous work.3 In 
fact, the essential features of curves f are reproduced 
by considering in eq. Al E3d,2sr and the following 
approximation can be suggested 

Er=E.+aS’Ej, (1) 

where S is the overlap integral ( 2s j 3d ), ENS the ener- 
gy of the 2s fluorine orbital and cc a constant term, 
which for 8 = 0” is near unity (1.08) and for 8 = 
90” is -1.26. Eq. (1) reproduces eq. Al with remar- 
kable accuracy for 0 d Kd< 2.16, and can find useful 
applications in semiempirical calculations. 

1 

(. 

Figure 5. Energy of the system inclusive of exchange terms 
Eu,~ at 0=90’: Cd E., (b)E.+Ew,, Cc) E.+Ewzr, (d) E.+ 
E wzpz. (e) EC+ Ewp.+ Ewpti, (1) ET. 

_DJ . 
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Figure 4. Energy of the system inclusive of exchange terms 
EM,X for 0=0”: (a) E., (b) E.+E,d+, (c) E.+E,+. (d) E.+ 
E )d,lpZ, (e) ET; the contributions by EM,I~~., are negligible; 
(f) atomic valence state 4[s2p’d] +F,, (g) energy of the SF 
system at infinite’ separation: S,‘P(s’p’), F, ‘P(s*p’, (h) energy 
S+(.?p’) F-(9~~). 

It ‘Is clear that the main contribution is given by E3d.t 
(curves c) that for 0 = 0” is raising considerably the 
energy, expecially in the range of I(d, corresponding 
to a size useful for c-bonding while for 8 = 90” is is 

In Figure 6 Kd is plotted against Er for several va- 
lues of 8. Each curve shows two minima, the first 
corresponding to a diffuse orbital is in our model the 
absolute minimum for low O-values, while the second 
corresponds to compact functions with mean radius 
near to or below the S-F bonding distance, and it is 
favoured from the energy point of view for 8> 30’. 
The barrier between minima is located in a range of 
Kd corresponding approximately to the SF distance. 
Even if the present model does not allow one to reach 
conclusions on the energetics of d,-participation to 
molecular valence states, it is fairly obvious from 
Figure 5 that for reasonable degrees of sp hybridiza- 
tion in fluorine the size of the d,-orbital becomes sui- 
table for efhcient a-bonding. 
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The main conclusions which can be drawn from 
the present work can be summarized as follows: i) 
the electrostatic approach is adequate for discussing 
4s participation to molecular valence states; ii) hybri- 
dization in fluorine plays a fundamental role in deter- 
mining &-orbital size and energy. For values of 8, 
hybridization parameter, above 35” the size of d, 
orbitals becomes compatible with efficient u-bonding. 

Figure 6. Total energy Er versus Kd at various O-values. 

Since ligands like carbon are strongly hybridized, one 
can extrapolate the present results to suggest that car- 
bon atoms are suitable to evoke higher covalencies 
in sulphur (presumably also in other later second row 
elements) involving d,-orbitals; iii) the most important 
interatomic term of energy is that involving sulphur 
3d, and fluorine 2s orbitals. 

Appendix 

The energy of the sulphur-fluorine system can be 
written as follows: 

E~=EF+E~~+E,W+ [E.(K,,B)+Z,E,,,(tl,K,)I- 
[ 1+ ~,S,(WJ] -’ (AlI 

Here EF is the energy of a free fluorine atom in its 
ground state; E,, is the energy of the charge distribu- 
tion of fluorine in the electrostatic potential of sul- 
phur, Ei (8) accounts for changes in both EF and E,, 
due to sp-hybridization and is given by eq. A2 

E,(B) =0.932 sinV+0.227 c0se sin0 642) 

The other terms are E, (K,, 0), bicentric electrostatic 
energy of the system, E,,, (0, K,) the energy contri- 
bution due to exchange terms involving cp = 3d, 4s, 
and x orbital of fluorine (x = Is, 2s, 2p,, 2p,, 2p,), 
and S, the overlap integral ! 8 j x ). 
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