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The construction of valence bond structures of the increased-valence type is re-described for the Dy, isomer of
N,O, and applied to obtain the corresponding valence bond structures for isomers of S;0, and S;0, each of which
has at least one six-electron four-center bonding unit. It is discussed how the S—O and S—S bond properties that
are associated with the S;0, and S;0 increased-valence structures are in qualitative accord with the calculated
bond lengths. The qualitative six-electron four-center molecular orbital theory for the symmetrical O—S—-S—-0
component of each S30, isomer is related to the increased-valence structure for the six electrons. An increased-
valence structure for the lowest-energy S;0, isomer is equivalent to a restricted form of resonance between 16
Lewis-type valence bond structures. The two types of S—S bond length are used to provide empirical estimates of
the weights for these Lewis structures and are compared with those obtained from the results of STO-6G valence
bond calculations for the =~ ground state of SO.

1. Introduction Scheme 1

The two lowest-energy isomers 0f&, | andll here and 0{ /SV-W 1.465 /S 2147 1.704/0—s|,2 059
1land2in ref 1, have been calculated by Wong and Steludel SEs3S¢ O—Zza\\' s\O/s
to haveC, and Cs symmetries, respectively. The energy 1.46 Op 'o/s 1.691
separation is 4 kJ mol, with theC, isomer having the lower I I -
energy. Thirteen other isomers have substantially higher
energies. The lengths for the SO and S-S bonds are \ /5\2~138
respectively similar to the 1.48 A length for the double Bond s S\
of free3=~ SO and longer than the 2.06 A length for &S 1490 o
single bonc? as in HSSH. The $-Sc bond for each isomer v

is longer than the &S and $—S bonds. For the cycli€ .
isomer 10 of ref 1 orlll here, the SO bond lengths 2of also for (@] **SO, SQ, S0 and 30, and (b}° S;05) will

1.704 and 1.691 A and the-S5 length of 2.059 A are be used to provide an alternative VB approach to the bonding
e.ssentially those for SO and S-S single bonds for isomersl andll, via the construction of VB structures
. ' . that are designated as increased-valence structufeshe
In Scheme 1 of ref 1, as a minor component of ref 1, six

!_eW|s—type valence bond (VB) structures are displayed for 4) (a) Harcourt, R. DJ. Mol. Struct.1971 8, 11. (b) Harcourt, R. DJ.
isomersl andll. Resonance between these structures was Mol. Struct.1971, 9, 221.

used to account qualitatively for the calculated bond lengths (5) (8) Harcourt, R. DAust. J. Chem1978 31, 1635. (b) Harcourt, R.
. D. Aust. J. Chem1979 32, 933. (c) Harcourt, R. DAust. J. Chem.
of these isomers. In the present paper, VB procedures  19g1 34 231.
described previousty'® for the D, isomer of NO, (and (6) Harcourt, R. D.J. Am. Chem. S0d.98Q 102, 5195 (corrections).
Am Chem Soc 1981, 103 5623).
(7) Harcourt, R. DQualitative Valence Bond Descriptions of Electron-

* To whom correspondence should be addressed. E-mail: r.harcourt@ Rich Molecules: Pauling“3-Electron Bonds” and “Increased-
unimelb.edu.au. Valence” TheoryLecture Notes in Chemistry; Springer: Berlin, 1982;
(1) Wong, M. W.; Steudel, RPhys. Chem. Chem. PhyZ006 8, 1292. Vol. 30. A 2003 addendum is available from the author.
(2) Huber, K. P.; Herzberg, ®olecular Spectra and Molecular Structure (8) Harcourt, R. D. InValence Bond Theory and Chemical Structure
Van Nostrand Reinhold: New York, 1979; Vol. 4. Klein, D. J., Trinajsti¢c N., Eds.; Elsevier Science: Amsterdam,1990;
(3) Winnewisser, G.; Winnewisser, M. W.; Gordy, W. Chem. Phys p 251.
1968 49, 3465. (9) Harcourt, R. DJ. Chem. Soc., Faraday Trank991, 87, 1089.
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Figure 1. Valence-bond structures for,9, and NG components. Each Figure 2. Valence-bond structures forG,. (As in ref 1, the structures
of 1-3 participates in resonance with three other VB structures, which differ are drawn withCs, symmetry.)
in the locations of the electrons in theD bonds.

The Lewis octet VB structure$ in each of Figures 1, 2,
distribution of the six active-space electrons in the sym- and 4 and the Lewis structurasandc—f of scheme 1 of ref
metrical Q.—Ss—Sc—Op component of the primary VB 1 (also cf. ref 19) are examples. Less-widely used classical
structure for g0, will also be related to a qualitative VB concepts for diamagnetic (as well as paramagnetic)
molecular orbital (MO) approaéhto six-electron four-center ~ molecules include one-electron bonds, (Pauling) diatomic
bonding. The construction and properties of increased- three-electron bonds (or three-electron two-orbital bonds or
valence structures for some open chai® Ssomers, with three-electron half-bonds, which are essentially one-electron
either one or two nonsymmetrical six-electron four-center bonds, see Appendix 1), and singlet-diradical (or “long-
bonding, will then be discussed. The purpose is to provide bond”, or “formal bond”, or Dewar-type) Lewis structures.
illustrative examples of how classical VB concepts can be The Lewis structuré of ref 1 is an example of a singlet-
used to obtain easily qualitative insights into the origins of diradical structure. As previously discussed on many
bond properties. In contrast to the approach used in theoccasiont 162022 and as will be demonstrated again below,
“modern” VB theory of ref 18, classical VB concepts do VB structures of type in Figures 1, 2, and 4 include three-
not accommodate electrons in multicenter orbitals. electron two-orbital bonds as diatomic components and are

Increased-valence structures, for example, th@,NS;0,, equivalent to resonance between both types of Lewis
and SO VB structures of typ& in Figures 1, 2, and 4, are  structures. These “composite” VB structures of tgp&vith
equivalent to resonance between Lewis-type VB strucfates.  three-electron two-orbital bonds as well as (“normal” and
Empirical estimates of the weights for the latter structures “fractional”) electron-pair bonds, are examples of “increased-
for the lowest-energy &, isomer are determined from the valence” structure$;,6-20-22 some properties for which will

S-S bond lengths. now be discussed.

The standard octet Lewis structutén each of Figures 1
2. Lewis and Increased-Valence Structures for bD, and 2 possesses adjacent positive formal charges on the
and S0 nitrogen or sulfur atoms of the AN or S—Sc bond and

Familiar types of classical VB structures for diamagnetic "€gative formal charges on two oxygen atoms. The magni-
tudes of these formal charges can be reduced via one-electron

molecules usually involve two-center electron-pair bonds THIE _
between pairs of adjacent atoms and lone pairs of electrons délocalization® from the negatively charged oxygen atoms

into N—O or S-O bonding MOs, as indicated in VB
(10) Harcourt, R. DCroat. Chem. Actd 991 64, 399. structurel of Figures 1 and 2. The resulting VB structize
(11) Harcourt Chem. Phys. Let1994 218 175. involves anapparentviolation of the Lewis-Langmuir octet

(12) Harcourt, R. D. InQuantum Mechanical Methods in Main-Group ; .
ChemistryKlapttke, T. M., Schulz, A., Eds.; Wiley: Chichester, U.K., rule for the nitrogen or thegsand  atoms; i.e., 10 rather

1998; p 217. than 8 electrongppearto be involved in bonding to each

(13) Harcourt, R. D. InPauling’s Legacy: Modern Modelling of the i i i _
Chemical BondMaksia 2. B.. Orville-Thomas. W. J.. £ds - Elsevier of these atoms. This property, together with the increased

Science: Amsterdam, 1999; p 449.

(14) Harcourt, R. DJ. Mol. Struct. THEOCHEM.989 186, 131. (19) Either one or two SO double bonds are present in each of the VB
(15) Harcourt, R. DEur. J. Inorg. Chem200Q 1901. structuresa—d of ref 1, and an expansion of the valence shell is
(16) Harcourt, R. D. InValence Bond Theoyyooper, D. L., Ed.; Elsevier associated with the sulfur atom. No valence shell expansion occurs

Science: Amsterdam, 2002; p 349. for the sulfur atom of either the(8=0 double bond in each of the
(17) (a) Brown, R. D.; Harcourt, R. CProc. Chem. Socl961, 216. (b) structurese andf of ref 1 or the SO double bonds of increased-

Brown, R. D.; Harcourt, R. DAust. J. Chem(c) Brown, R. D valence structure of Figure 2.

Harcourt, R. D.1963 16, 737. (d) Brown, R. D.; Harcourt, R. D. (20) Harcourt, R. DJ. Mol. Struct.1993 300, 245.

1965 18, 1115. (e) Brown, R. D.; Harcourt, R. [1965 18, 1885. (21) Harcourt, R. D.; Schulz, Al. Phys. Chem. 200Q 104, 6510.

See also section 7-2 of ref 7 above and references therein. For a recen(22) (a) Harcourt, R. D.; Klaptae, T. M. J. Fluorine Chem. 1235. (b)

ab initio study, see Ivanic, J. Chem. Phys2003 119 9377. Harcourt, R. D.; Klaptke, T. M. J. Fluorine Chem2003 123 273.
(18) See, for example: Gerratt, J.; Cooper, D. L.; Karadakov, P. B.; (c) Harcourt, R. D.; Klaptke, T. M. Trends Inorg. Chem2007, in

Raimondi, M.Chem. Soc. Re 1997, 26, 87. press.

5774 Inorganic Chemistry, Vol. 46, No. 14, 2007



Do, Isomer of NbO4 and Isomers of $0, and SO

A for a normal S-S single bond. Lengthening of the
Ss—Sc bond is also associated with (a) the nonbonded
repulsions due to the presence of doubly occupied sulfur AOs
on the $ and & atoms in Lewis structured, h, andl| of

v St .S

S W
J A\
Va2 (0 Py e

's."s.Ts‘ 's,."s' .S Figure 3 and (b) the orientations of the sulfur AOs (cf. refs
AN 10 and 26).
07 b (007 1 .0 Because of the absence of-S ¢-bonds in many of the

Lewis structures of Figure 3, these bonds are fractional in
increased-valence structu2eof Figure 2.

) /s(»f)“ ~_ \ In Figure 1, increased-valence struct@rer N Oy is also
Oa,y € ™0 constructed by spin-pairing the delocalized odd-electron of
each NQ monomer whose increased-valence structures are
vl 8o those of3 and their mirror image®6-10.12.13.22.265imjlarly,
/' '\ . _ ! singlet §= 0) spin-pairing of the unpaired electrons of two-
a0 0. h_ @0:9w 1 ®of triplet-spin & = 1) SO monomers with those of a sulfur

Figure 3. Component Lewis structur&sfor the SO, increased-valence  atom, as shown in structur@ of Figure 2, generates the

structure2 of Figure 2. Mirror-image structures ferh are not displayed. incr -valen r f Figure 2 for A
(When two-center CoulserFischer-type MO% rather than one-center AOs creased-valence structugeo guré or 302. As a

are used to formulate the Heitietondon type wavefunctions for the ~ consequence, the-8D bond lengths for the 8, isomersl

(fractional) electron-pair bonds of increased-valence structures, additionaland|l are similar to those for the SO monomer, as are the
Lewis-type VB structures are |ntr0duce_d into the resonance scheme; cf., lengths of the SO bonds of the triplet-spin isomdrof ref

for example, eqs813 of ref 15). For clarity, non-active space sulfur lone- L .

pair electrons are not shown. 1 or IV here, with increased-valence structé&ref Figure

2, for whichS= Mg = +1.

valence designation for VB structughas its origifi16:20-22 3. Molecular Orbital Theory for Six-Electron
in the inclusion of singlet-diradical Lewis structures as well Four-Center Bonding

as the standard Lewis structures in the component Lewis We now relate aspects of the VB theory of Section 2 to

structure resonance scheme. the MO theory for six-electron four-center bonding. (Initially,
Two (fractional) electron-pair NO w-bonds and a (frac- the wavefunction for the NN or Ss—Sc o bond in the VB

tional) electron-pair N-N ¢ bond are present in increased- structurel in Figures 1 and 2 is formulated as a doubly

valence structurg for N,O4 in Figure 1. (Fractional electron- occupied MO rather than via the Heitlecondon AO
pair bonds are symbolized by the use of thin bond line¥ ( procedure.)

N i 6.20-2 . L _ o _
in increased-valence structures®2>29) With Hesitler The MO rationalizatioH for the lengthening of the NN
ITondon atomic o_rbltal (AO) formu_latlons of t_he wavefunc- bond of NO involves some delocalization of oxygen lone-
tions for the fractional electron-pair bonds, this VB structure pair electrons into the antibonding-NN o* MO, which is

is equivalent to resonance between Lewis strucfusnd vacant in VB structurel of Figure 1. Similarly, some

15|sing|et-diradica_| Lewis struglturﬁé.'l' hre]reforez increased-  yo|qcalization of oxygen lone-pair electrons into the vacant
valence structur2 is more stable than the Lewis structdre antibonding S-S o* MO in VB structure 1 of Figure 2

alone. Twelve of the corresponding sixteen Lewis structures provides the analogous MO explanation for the lengthening
for S30, are displayed in Figure 3. Each set of 16 Lewis of the S—Sc bonds of the $0, isomers! and II. The
structures is obtained by application of the three-electron two- associated (locals,) symmetrya; andb, MOs are those of
orbital bond identity (see Appendix 1) egs 1 and 2, respectively.

[ ] [ ] [ X ] [ ] L] [ X ]
AeB = A B<A B y,=at+d+Alb+c),p;=A*(a+d)—(b+c) (1)
to each of the one-electron—-® or N—O bonds in VB Yy,=a—d+kb—c)y,=ki(a—d) —(b—c) (2
structure2. If the odd electron has ans = +/, spin quantum
number, then the identity (see Appendix 1) is In these MOsa andd are the oxygen AOs that overlap
v x o x X o with the_ sulfur AOsb andq of the $—S¢ o bond, 4 and_k
AoB = A B<A B are mixing parameters, with* and k* chosen so thafy; is

orthogonal toys andy, is orthogonal toy,. Because MO
in which, following Green and Linnet crosses and circles v, is nearest-neighbor 3-Sz, Sc—Op, and $—Sc antibon-

(x and o) represent electrons witl = +/, andms = =5

spin quantum numbers, respectively. (24) PHr?;gOch:rrt{eE{ D/a%'gshlyosi gggg A997, 101, 2496 (corrections,).
The absence of SS o bonds in some of the Lewis  (25) Each SS(SO) moiety 02, with two fractional S-SO bonds, is

structures of Figure 3 is in accord with the presence of long analogous to an increased-valence structure #8CF with two

- P . fractional F—SO bonds (cf. refs 7, 14, and 22a,b). For th@Ssomers
S-S bonds in isomersandll relative to the length of 2.06 I andll, the (local) 2pr and 2p’AOs on O overlap primarily with
the $—S and $—Sc orbitals. Similarly, the (local) 2pand 2pr' AOs
(23) Green, M.; Linnett, J. WJ. Chem. Sod 96Q 4959. See also: Linnett, on O overlap primarily with the &S and $—Sg orbitals. In eqs

J. W. Sci. Prog. (Oxford, U.K.1972 60, 1. 1-6, thea andd AOs are the 2p’ AOs centered on Qand Q.

Inorganic Chemistry, Vol. 46, No. 14, 2007 5775



ding, this MO has the highest energy, and therefore it is va-
cant in the lowest-energy MO configuratidi;(MO) of eq 3.

W,(MO) = |1/’1a1/)1ﬂ1/’2a¢2ﬂ1/’3a¢3ﬂ| 3

With 4 = a + kb, ¥4 = d + kc as A-B and D-C
bonding MOs, andy*,, = k*¥a — b, y*q. = k*d — c as
A—B and D-C antibonding MOs, on several occasibh¥
it has been deduced thdt;(MO) can be transformed and
expressed according to eq 4.

W (MO) O |9 Yol W Vad V¥ W ol | +
|wabuwabﬁwdcawdcﬂw* dcaw* abﬁ| +
|wabawabﬁwdcawdcﬁw* abaw* abﬁl +

Vb ey Wac Vad ¥¥ao ¥ al | (4
®)

The primary ionic structures for 38, are of the types
(OS) S(SOY and (OSJS(SO), which arise fromyp* gc —
Y* ap and y* ap — YP* 4c €lectron transfers from the covalent

= Y(covalent)+ W(ionic)

Harcourt

(+)"S S‘-(+)
P N . .
(»rsé o QEro s
: g N
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*S% Xo*
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Figure 4. VB structures for g0.

MOs y* = k*a — b andy*y. = k*d — c¢. In agreement
with figure 3 of ref 1, the highest-occupied M@; = 1*a
— b — c + A*d of eq 1 in the lowest-energy MO
configurationW;(MO) is Oa—Sg and $—Op antibonding
and $—Sc¢ bonding.

4. Increased-Valence Structures for

The structures for nine isomers 0£Cs have also been
calculated?® There are four open-chain isomers, as-Sg—
Sc—O. Two of them (isomerdb and 1c of ref 29) have

(OS)S(SO) structure. Whereas SO has four bonding electronsginglet spin states and two (isomeis and 1g of ref 29)

the (SO) and (SOJ species have three and five bonding

have triplet spin states. Each isomer has anr-@ bond

electrons, respectively. The corresponding transformationslength that is similar to the 1.48 A length for SO. The

for 10-electron 6-center bonding are provided in refs 4b
and 5b.

As done in refs 6, 7, and 13, the application of the
generalized three-electron two-orbital bond identities (cf.
Appendix 1) of the typey s pafy* | O |a%pafb?| to the
W(covalent) of eq 4 gives eq 6

W(covalent) [a%y, b d 2’| +
"yl (6)

for W(covalent), which is the wavefunction for the six-
electron four-center bonding unit for thea©Sg—Sc—0p
of the increased-valence structirén Figure 2. As deduc-
ed in refs 6, 7, and 13, MO configuration interaction,
primarily via the interaction of;(MO) with W,(MO) =
|12y P2y Pypfysfl,  increases the importance  of
W(covalent) relative tdP(ionic). Therefore, the VB structure
2 provides the primary VB representation for the six active-
space electrons of 2-Sg—Sc—Op.

Inspection of eq 4 shows that the (fractional—S
bonding arises from the singlet-spin-pairing of the two
electrons that occupy the antibonding-€5s and $—0Op

(26) (a) Harcourt R. D.; Wolynec, P. BP.Phys. Chem. 200Q 104, 2138,
2144. (b) Harcourt R. D.; Wolynec, P. B. Phys. Chem. 2001

105 4974.

Because there are six singly occupied orbitals (two antibonding O
Sg MOs, two antibonding &Op MOs, and two primarily 3p AOs

on the central sulfur atom S), there are five Rumer-type singlet-spin-
pairing schemes. The primary (lowest-energy) spin-pairing scheme
that is needed to obtain increased-valence stru&tnmem the triplet-

spin VB structures for the two SO involves a linear combination of
eight Ms = 0 spin Slater determinants. The electron spins that are

@7

S\—Se bond lengths of 1.941.97 A are shorter than the
2.06 A for an S-S single bond but longer than the 1.89 A
for the double bortlof S,. The electronic structures of the
Sa—Ss and $—0O bonds in the singlet-spin and triplet-spin
increased-valence structur2and3 of Figure 4 are in accord
with the calculated §-Sg and $—0O bond lengths.

The $=Sc double bond of VB structur@ of Figure 4
with two fractional electron-pair bonds is a fractional double
bond. The calculatedsS Sc bond lengths of 2.055 and 2.054
A for the singlet-spin isomerdb and 1c of ref 29 are
substantially longer than the 1.89 A length for the double
bond of S. Therefore, the presence of a fractions#Sbond
in VB structure2 is in accord with the $Sc bond lengths
calculated forlb andlc. Similar types of VB structure/bond-
length considerations have been provit€dor the C,,
isomers of 90, and S (cf. refs 30-32 for experimental or
calculated estimates of the bond lengths).

Two nonsymmetrical six-electron four-center bonding
units—one for o electrons and one forr electrons-are
present in the singlet-spin increased-valence stru@wt
Figure 4. (Increased-valence and MO theory for nonsym-
metrical six-electron four-center bonding units is described
in ref 33.) For the triplet-spin increased-valence structure
of Figure 4, two three-electron two-center bonding units
replace the six-electron four-center bonding unit for the
electrons. Therefore, there is ng-S5c & bonding in this

(28) Coulson, C. A.; Fischer, Philos. Mag.1949 40, 396.

(29) Wong, M. W.; R. Steudel, RChem. Commur2005 3712.

(30) Lovas, F. J.; Tiemann, E.; Johnson, D.JRChem. Physl974 60,
5005.

associated with one of the Slater determinants are shown in structure (31) Wong, M. W.; Steudel, RChem. Phys. Let2003379, 162.

4 of Figure 2, also, cf. structuré of Figure 1 for NOa. It is noted

that inclusion of the other four Rumer spin-pairing schemes, in each
of which there is less nearest-neighbor bonding than there is in Figure
3, introduces an additional 64 (less-important) structures into the
equivalent Lewis-structure resonance scheme.

5776 Inorganic Chemistry, Vol. 46, No. 14, 2007

(32) Gottlieb, C. A.; Thorwirth, S.; McCarthy, M. C.; Thaddeus, P.
Astrophys. J2005 619, 939. The C,, symmetry) SS—S=S VB
structure displayed in this reference is fof'S not for S,.

(33) Harcourt, R. D.; Klaptke, T. M.; White, P. Slnorg. Chem. Acta
1998 269, 1.



Do, Isomer of NbO4 and Isomers of $0, and SO

Table 1. Empirical Estimates of the Weights for the Lewis Structures
of Figure 3

a
1.6 1.4 (1.6) 1.6 1.4 (1.6) 1.6 1.4 (1.6)
a=0.53,0.48 (0.03) e=¢ =0.06,0.07(0.04) i = 0.01, 0.01 (0.06)
b=0.12,0.13 (0.04) f=f =0.01,0.02(0.06) j = 0.00,0.00 (0.08)

¢=0.12,0.13(0.04) g=g = 0.01,0.02 (0.06) k = 0.00, 0.00 (0.08)
d =0.03,0.02 (0.06) h=h'=0.00, 0.00 (0.08) | =0.00,0.00 (0.12)

a Structures —h’, the mirror images oé—h, are not displayed in Figure
3. For weights in parentheses, see text.

increased-valence structure. The calculated lengths of 2.236—

and 2.334 A for the - Sc bond in the triplet-spin isomers
1f and1g of ref 29 are in accord with the absence gf-&¢
o bonding in VB structurd, which involves only a fractional

Ss—Sc o bond. Electron-spin correlation between the singly

occupied antibonding S-S and $—O z-electron MOs

Using eq 7 witha = 1.6, lengths of 2.347 and 2.137 A
forthe $—Sc and $—S (= S—c) bonds given(Ss—S¢) =
0.662 andn(Sg—S) = n(S—Sc) = 0.895. In refs 4a, 5b, 6,
and 7, it is deduced that the bond numbers are equivalent to
the products of the odd-electron charges l{ere) for the
electrons that occupy the AOs, which overlap to form the
(fractional) bonds. Thusp(Ss—Sc) = ¢3(Ss)-c(Sc) with
¢l(Ss) = ¢(So), N(Se—S) = N(S—S) = ¢(S)c(S) =
¢"2(SycH(Se) with 6A(Ss) = ¢A(S), andcX(S) = ¢'X(S) =
1. The resulting values for the odd-electron chargésSs)
c(Sc) and ¢,A(Sg) = ¢,A(Sc) are 0.81363 and 0.895,
respectively, to givec(Op) = ¢3(Op) = 0.18637 and
¢,%(On) = ¢,%(Op) = 0.105.

For the SO, isomerl, we shall now assume that:

(a) The (valence-shell) antibonding*(SO) electrons of
two SO monomers are spin-paired to form fractional

(with parallel spins) in this VB structure must also make Oa—Sc, Oa—Op, Ss—Sc, and $—Op o bonds. For a given

some contribution to thesS Sc bond lengthening of isomers
1f and 1g of ref 29 relative to the lengths of this bond in
isomerslb and 1c of ref 29.

distribution of the remaining electrons of, the resulting
weights for the Lewis-type VB structures with these types
of bonds aree,2(0a):c3(Sc) = ¢(Se) ¢3(Op) = 0.151636,

In refs 4b, 6, 7, and 34, VB structures that are analogous 6*(Oa)¢(Op) = 0.034733, and,(Ss)-¢*(Sc) = 0.662.

to those for 30, are displayed for &N bonded dimers of
RNO.

5. Estimates of Weights for the Lewis VB Structures
of Figure 3

Pauling’s bond-number, thenX bond-length ((n)) for-
mula® of eq 7

r(n)=2.06—alogn @)

(b) The (valence-shell) antibonding*(SO) electron of
an SO monomer is spin-paired with one of the odd electrons
of the bridging sulfur atom of &, to form fractional
Oa—S, $—S, S-S, and S-Op ¢ bonds. For a given
distribution of the remaining electrons of(%, the resulting
weights for the Lewis-type VB structures with these types
of bonds arec,?(Oa)-c'*(S) = ¢"*S)c,?(Op) = 0.105 and
C(Se)-cX(S) = ¢"¥(Sy6X(Sc) = 0.895.

When the weights for the two sets of Lewis structures are
combined, we obtain the (non-parentheses) weights of Table

will now be used to obtain empirical estimates of the bond 1 for the Lewis structures of Figure 3.

numbers for the SS bonds of the $, isomerl of ref 1,

We have repeated the calculations of the weights, using

i.e., | here. From these bond numbers, empirical estimates— 1 4 which is obtained from a calculated lerf§tbf 2.89
of the weights for the Lewis structures of Figure 3 willthen A for the long S-S bonds of the high-energy rectangular

be deduced.

The value for the constar in eq 7 can be determined
from an estimate 0f3.0 A2 for the two intermoiety SS
bond lengths for §N,2" dimers of SN,*. As discussed in

refs 7, 13, and 36, the four sulfur atoms that participate in

the intermoiety bonding involve a cyclic six-electron four-
center bonding unit. For large distances between the'S
moieties, the primary responsibility for the AO overlap

contribution to this bonding arises from the (singlet) spin-

pairing in ac manner of ther*(SS) electron of one $Sl,*
moiety with thez*(SS) electron of the others8,™ moiety.

(The results of STO-6G calculations (see Appendix 2) Obviously
provide support for this conclusion.) This spin-pairing ’

generates an intermoiety-S bond order of 0.2873738tg
give a value of 1.6 fol.

(34) Harcourt, R. D.; Skrezenek, F. L.; Gowenlock, B.JGMol. Struct.
THEOCHEM1993 284, 87.

(35) Pauling, L.The Nature of the Chemical Bon®@rd ed.; Cornell
University Press: Ithaca, New York, 1960; p 255.

(36) Gillespie, R. J.; Kent, J. P.; Sawyer, J.lrorg. Chem.1981, 20,
3784 and references 11, 12b, and 14 therein.

(37) Harcourt, R. DJ. Phys. Cheml993 97, 1351. In this reference, an
alternative type of increased-valence structure to that of stru@ure
of Figure 1 is also presented.

(S21)2 isomer of 2.

The results of STO-6G VB calculations with best-atom
exponents (cf. Appendix 3) for th&~ ground state of SO
give c(S)= ¢,(S) = 0.4153 ana:,*(O) = ¢,A(0) = 0.5847.

If it is assumed that these quantities do not change when
the spin-pairings of points (a) and (b) above occur, the
weights reported in parentheses in Table 1 are obtained. The
weights deduced from the bond lengths imply that, as would
be expected, the distributions of the odd electrons (and
hybridization) of the sulfur AOs for each SO monomer
change substantially when theCs isomer| is formed.
better basis sets could generate somewhat dif-
ferent estimates far,?(S) = ¢,A(S) in the SO monomer, but

(38) Brownridge, S.; Crawford, M-J.; Du. H; Harcourt, R. D.; Knapp, C.;
Laitinen, R. S.; Passmore, J.; Rautiainen, J. M.; Suontamo, R. J.;
Valkonen, J.Inorg. Chem.2007, 46, 681 and Section 6 of the
Supporting Information, (in which the designation bond-order is used).

(39) Krossing, I; Passmore, lhiorg. Chem1999 38, 5203. The calculated
value of 0.283 for the bond order of each of the intermolecutaS
bonds of rectangular ¢S), is similar to the S-S bond-number of
0.25 that has been used to determine the valueiofeq 7. The two-
electron bond number rather than the bond order is the appropriate
bond index to determine the weights for the Lewis structures of
Figure 3.
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the weights obtained from the bond lengths show that bonding and antibonding MOg*y.’b%| and|afy 20’ are
c&(Se) # ¢4(Ss) andc(Sc) = ¢,A(Sc) for isomerl. the Slater determinants for){(yan)'(b)* when the odd
electron hasns = +/, and —%/, spin quantum numbers,
respectively. See also ref 24 for further development of

The interrelations that exist between the primary features theory for the three-electron two-orbital bond.
of the electronic structures of.8,, two SO, isomers, and 2. For (S"),, Roso’s ab initio VB prografit and AO
$:0 have been demonstrated by the use of increased-valencexponents fof/x(S + S+)422 have been applied to the all-
structures. With regard to these types of VB structures, a electron STO-6G VB calculations for {9, with S—S bond
referee for ref 40 has written: “Increased-valence structureslengths of (a) 2.1 and 3.0 A and (b) 1.82 and 2.89 A. With
can illustrate the electronic structures of molecules concisely y* ., andy* .4 as the singly occupied (in-plane) antibonding
and intuitively as each increased-valence structure can bez*, MOs of the $* monomers, which overlap to form the
decomposed into a number of conventional Lewis structures”. fractional intermolecular SS ¢ bonds, the following wave-
The VB structures displayed in Figures 2 and 3 fg0$S functions, with normalized configurations, have been con-
provide an illustration of this statement. structed: (A (S:1)2 = (¥*an) (¥*c)* + 0.28F (y* an)® +

It is sometimes said that “a picture is worth one thousand (y* )2 and (b)W(S:")2 = (¥* an)*(y* co)* + 0.38F (y* ap)?
words”, and the increased-valence structures displayed in+ (y*.)%. (The remaining 20 valence-shell electrons were
Figures 2 and 4 show immediately that the lengths of (a) located in 3s AOs, diatomic bonding MOs of the in-plane
the S-O and S-S bonds of three &, isomers are g, (y. andy.q) ando, types, and out-of-planey type. All
respectively similar to those of-8D double bonds but longer  inner-shell electrons doubly occupy the twenty 1s, 2s, and
than S-S single bonds and (b) the-® bond and one SS 2p AOs.) Similar types of VB calculations faP(S;1), =
bond for an SO isomer are similar to those of an-® or (W* an) (W* ca)* + A(* 2l (* o)t give (a)4 = 0.685 and (b)
S—S double bond, whereas the other$ bond of this A = 0.502; i.e., {*an) (y*cd)" is the primary spin-pairing
isomer is longer than an-S5 double bond. No calculations  process.

are needed to obtain some qualitative insight into the nature  The intermolecular €C bonding for tetracyanoethenide
of the primary features of the electronic structures of the yimergs ([TCNEJ,2") can be similarly described.

molecules considered in this paper. 3. With r(SO) = 1.48 A, best-atom AO exponefitsand
Acknowledgment. | am indebted to and thank (a) Dr. 12S= 1 spin Lewis structures that differ in the distributions
W. Roso for the use of his ab initio VB program, (b) Drs. of two 2ps(O) and 3@(S) electrons, three 2R(O) and 3pr,-
F.L. Skrezenek and H. M. Quiney for program installation, (S) electrons, and three 2fO) and 3pr,(S) electrons,
and (c) Dr. Jonathan White for the provision of a work Roso0’s ab initio VB2 program has been used to perform

6. Conclusions

station. the STO-6G VB calculations for the ground state of the SO
] monomer.
Appendixes
IC070245D

1. Orbital configurations for the three-electron two-orbital
identity are @)} (yan)'(b)t = (a)%(b)* + k(a)*(b),? with the

(41) Harcourt, R. D.; Roso, WCan. J. Chem.1978 56, 1093. For

spin of they,, electron opposed to the parallel spins of the application to the rectangular,@imer with two cyclic six-electron
n lectrons in &) 1)l Al 1 1p)! | four-center bonding units, see: (a) Harcourt, R.I. J. Quantum
a and b € eCSt ons @ (u;ab) Eb) SQ, (@) (Ya0) ()" is Chem.1997, 63, 547. (b) Harcourt, R. D. Pyper, Nht. J. Quantum
proportionat® to (an)*(y*an),* in which a and b are Chem.1998 68, 129. For application to square?S, see ref 42 below.
overlapping AOsk is a polarity parameter(0 when<alb> (42) 56;)15(;krezer;¢k,TFh- L; g%rcoug,t;.ggg%cg. 2C?,gl)m'(b?cl-t|a1985 t67,R
_ x . correction;Theor. Chim. Ac ) . arcourt, R.
> 0), andya, = a+ kbandy*a» = k*a — b are orthogonal D.; Skrezenek, F. LJ. Mol. Struct. THEOCHEM.987, 151, 203.
(43) Novoa, J. N.; Ribas-Atm J.; Shum, W. W.; Miller, J. Snorg. Chem.
(40) Harcourt R. D.; Klaptke, T. M. Environ. Chem.2006 3, 355. 2007, 46, 103.
(correction,Environ. Chem.2006 3, 457.) (44) Clementi, E.; Raimondi, MJ. Chem. Phys1963 38, 2686.
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