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Fig. 17.5 The 3d orbital distribution functions in 4" confipurations: (A)1n the *D term of P(sp'd),
(B) in the *D term of S(sip'd) Linc represents A typreal S F bond length. [Modified from K. A. R.
Mitchell, Chem. Rev., 1969, 69, 157, Reproduced with permission. |

clectrons and hence do not feel the nuclear charpe as much as the 3s and 3p clectrons.
As a result they are extremely diffuse, having radial distribution maxima at a distance
which is approximately fwice 3 typrcal bond distance (Fig. 17.5). This results in extremely
poor overlap and weak bonding.**

Two alternatives have been provided 1o account for the higher oxidation states of
the nonmetals without ivoking the use of the high encrpy Jorbitals. Pauling has suggested
that resonance of the followng type could take place *”
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Only structure | mvolves d orbitals, and so the d character of the total hybrid s small.
Each P C1 bond has Ay, wme character and ¥U%, covalent character from resonance
siructures such a 1. Pauling has rermed the “extra” bonds formed (over and above the

A pennt thal may cauly bx averbookad i the tegatd s that the poot oveilap resulty not only ftom the
oot ryatial arranpement of & Qifiese onbuial but aba frosn e cotwoguiant low value of the wave function,
W, 8l any particulay poat in spce, and 80 3 forw biaibdup of clectron density from ¥, ¥,
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bt pevinted out hat the (103 interaction s a very “loag houd"* and does httle to stabilize the molecule. (L
Paubing, = The Nature of the Chemscal Bood.” Yo ed. Cornell Univernty Press, Lehaca, N Y 1960 pp 177179 §
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“ ic” d pointed
four in a noble gas octe or “argononic” struc(urez as “Ir 3“53@0;2:2";:;"32":;;';0 r?no only
out that they tend to be weaker than “normal” or arggnog energy in PCl; is 317 kJ
with the most electronegative ligands. Thus the average bon is found in PF. and PF
mol™! buyt in PCl, it s only 165 kJ mol~'.2° The same effect is 01_1l 3 e t:
but in this case (he difference in bond energy is only 61.1 kJ mql g corr%po% ingthe
the stabilization of he structure by increased importance of the ionic str licture )
fluorides. The stabilization of these structures by differences in electrom_:gahvn(y Is exem
Plified by the tendency to form the higher halogen fluorides.?! The enthalpies of fluorination
of the halogen monofluorides are-

CIF g +2F,,, —, ClFs,  AH = —1527 kJ mol-! (17.25)
BrFy) +2F,,, —, BrFsy,  AH = -376.1 kJ mol~! (17.26)
IFg +2F,, —, IF;,, AH = —7514 kJ mol ! (17.27)

The second alternative is the three-center, four-electron bond developed by simple
molecular orbjta] theory for the nobje gas fluorides (see pp. 767-769). Since this predicts

F urthermore, since the nonbonding pair of electrons is localized on the fluorine atoms,
thereis a Separation of charge (“ionic character”). In both respects, then, this interpretation
agrees with Pauling’s approach and with the experimental facts,

to know are the properties of a sulfur atom in g molecule, such as SF 6- Thisisan exceedingly
difficult problem and canpot be dealt with in detail here,22 However, we have seen how it
1S possible to calculate such properties as electronegatxvny on isolated atoms as charge
is added or withdrawn (see Pp- 153~155) and how thjs might approximate such properties
in a molecular environment,

It is apparent from the preceding discussions that participation of 4 orbitals, if it
occurs at all, is found only in the nonmetals when in high oxidation States with electro-
negative substituents, The partial charge induced on the central P or S atom wil] be large
merely from the electroncgativity of the fluorine (as in PF s» SFg) or oxygen (as in OPX,,

0,5X,) irrespective of any bonding model (such as Pauling’s or the three-center bond)

* For a more complete discussion of this point, see L. Pauling, “Geperal Chemistry,” 3rd ed., Freeman,
San Francisco, 1970, pp. 244-247.

*' See Table 152 and attendant discussion. The values in Eqs. 17.25-17.27 differ slightly from those given
by Pauling (footnote 20) in order to be self-consistent with the values in Table 152,
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Fig. 17.6 Molecular structurc of thiazyl trifluoride, NSF.

We have seen in Chapter 7 that the 3d orbital lies above the 4s orbital at atomic
number 20 but falls below as the atomic number increases. Furthermore, in the M*2
[ lies below the 4s orbital at least as soon as atomic number 22 (Ti*”
i« 42, not s?). This is 2 general phenomenon: Increasing efective nuclear charge makes
the energy levels of an atom approach more closely the degenerate levels of the hydrogen
atom. We might expect, in general, that increasing the cffective nuclear charge on the
central atom as a result of inductive cffects would result in the lowering of the d orbitals
more than the corresponding s and p orbitals since the former are initially shiclded more
and hence will be more sensitive to changes in clectron density. The promotion encrgy
would thus be lowered. A second effect of large partial charges on the central atom will
be a shrinking of the large, diffuse d orbitals into smaller, more compact orbitals that
will be more effective in overlapping neighboring atomic orbitals. For example, sample
§F, the d orbitals have been contracted to an extent that

calculations indicate that in .
the radius of maximum probability is only 130 pm compared with the large values in

the free sulfur atom.

jons the 3d orbita

Experimental evidence for d orbital contraction and participation

arkable molecules 15 thiazyl trifluoride, NSF, (Fig. 17.6). This com-
cact with ammonia alt room temperature, with hydrogen
chloride even when heated, or with metallic sodium at temperatures below 400°C. The
SN bond, 141.6 pm, is the shortest Lnown between these two clements. The FSF bond
are compatible with approximate sp’ bonding?® and the presence of an
p-d = bonds between the sulfur and the nitrogen. The con-
ficct of the fluorine atoms presumably permits
[he alternative explanation would requirc a
ly unlikely in view of the positive char-

One of the most rem
pound is very stable. It does not 1

angles of 94
sp® hybnd o bond and two
traction of the d orbitals by the mductive ¢

eflective overlap and z-bond formation
double dative bond from the sulfur atom, extreme

acter of the sulfur atom.

The bond length 1s consistent with a triple bond. Bond lengths of 174 pm for single

S - N bonds (in NH,SO,H) and 154 pm for double S N bonds (in NS4k y) are con-

sistent with a bond order of 3 7 in thiazyl trifluoride. This value is also in agreement with
Jative bond lengths of S—N, S=N,

an estimate based upon the force constant.** The r¢

'3 §ome d orbital hybridization may enter into the g system, reduciog the bond angles.
ween the force constant and bond

pout the relauon bet
der 1n these compounds, s¢€ 0. Glemser

Mews, Ade. Inorg Radiochent., 1970, 14,

g ,
28 Of course, this imvolves certamn assumplions a
sston of bond length and bond oF

order. Tor a more complete discu
lemser and R

and M Fld, Halogen Chem 1967, 2, 1 Sec abso 0 G
3
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ith simil: ‘insofl.;_.
and S==N bonds are thus 1.00:0.88:0.81 comparcd w;”' similar shorten B 00:0 87
< 1 3 N " ;‘ — S.
0.78 for corresponding ¢ N, (- N, and C==N bonc flvorine substitution on 4 orbitg]
1o other molecules dicating the influence of :m]Tclrh'lsu‘lfur tetraimide g 1S0-
Participation are S«N,H, and NLS.F (sce pp. 716-71 ) -

clectronic wigh the Sy molecule and so the structure: \
H
SN
HNILT lL—H
S
h

PIMation appear quite reasonable. The fluoride, however,
stitution on the sulfur atoms:

carly showp by the alternation j, S—N bond lengths
tronic Structure for S4N,J74 and

g doesn’t tetrasulfur tetraimide
he N-subslituled form to the S-substiluted form isoelectronic with the

as the hydrogen
fonegative sulfyr

Presumably substitution by halogens i the Phosphonitri
tracted d orbjtals and more efficient 7 bonding in the ring. It
—_—

** This argument is based on the stabilization of the j—x o bonds“bly ionic resonance energy and is sup-
ported by the bond energies in NH, (391 k) mol~!) apg H,S (347ky mol ~1),

lic serieg results in cop-
was noted previously (see

[
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.

g. 708) that unsymmetrical substitution may allow the normally planar trimeric ring to
end. A good example of this is found in 1,1-diphenylphosphonitrilic fluoride trimer:2°

o b | o
K (RRSSTL i
"\ e 1k HAM-“W

The three nitrogen atoms and the fluoro-substituted phosphorus atomsarefcoplanzgr
(within 2.5 pm), but the phenyl-substituted phosphorus atom lies 20.5 pm above this
planc. The explanation offered is that the more electropositive phenyl groups cause an
expansion of the phosphorus d orbitals, less efficient overlap with the p orbitals of the
nitrogen atom, and a weakening of the 7 system at that point. This allows?’ the ring to
deform and the ¢,P moiety to bend out of the plane. .

A further example of the jeopardy involved in casually dismissing d orbital partici-
pation is the findings of Haddon and co-workers2® that d-orbital participation is especially
important in S4F,, which is nonplanar, and also that it accounts for about one-half of
the delocalization energy in the one-dimensional conductor (SN).. In the latter case,
the low electronegativity of the d orbitals (see p. 181) increases the ionicity of the S—N
bond and stabilizes the structure.

Finally, it will be recalled that the existence of strong P=0 bonds in OPF; (see
p. 828) is consistent with enhanced back donation of electron density from the oxygen
atom to the phosphorus atom bearing a positive partial charge from the four o bonds
to electronegative atoms. In light of the above discussion of the contraction of phosphorus
and sulfur d orbitals when bearing a positive charge, better overlap may be added to the
previous discussion as a second factor stabilizing this molecule.

The question of d orbital participation in nonfnetals is still an open controversy.
In the-case of a-bonded species such as SF the question is not of too much importance
since all of the models predict an octahedral molecule with very polar bonds. Participation
in 7 bonding is of considerably more interest, however. Inorganic chemists of a more
theoretical bent tend to be somewhat skeptical, feeling that the arguments regarding
promotion energies and poor overlap have not been adequately solved. On the other
hand, chemists interested in synthesis and characterization tend to favor the use of d
orbitals in describing these compounds, pointing to the great heuristic value that has
been provided by such descriptions in the past and feeling that until rigorous ab initio
calculations?® on these molecules show the absence of significant d orbital participation

it is too soon to abandon a useful model.

26 C.W. Allen et al., J. Am. Chem. Soc., 1967, 89, 6361.

27 Note that this explanation provides a rationale which allows the bending but does not provide a driving
force to make the ring bend; however, if the ring is sufficiently weakened, small perturbing forces such as those
of crystal packing might be sufficient to deform the ring even though the same forces would have little effect in

- - -

an unweakened ring system.
28 R. C. Haddon et al., J. Am. Chem. Soc., 1980, 102, 6687.

2% Not likely in the near future.
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