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Valence Bond and Molecular Orbital Descriptions of the Three-Electron Bond
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When two atomic orbitals are used to accommodate the electrons of the three-electron bond (or three-electron
two-center bond), it is well-known that the valence boAdR = AB <= AB) and molecular orbital (one
antibonding+ two bonding electrons) descriptions of this type of bond are equivalent/ie. W(VB) =
Y(MO). With three atomic spin orbitals to accommodate the electrosByfand three additional atomic
spin orbitals to accommodate the electronsAdd, it is deduced that a wave function of the fof#h =
Wi(VB) + W,(VB) = W1(MO) + W,(MO) may be constructed from each set of three atomic spin orbitals,
for which the W; and W, are three-electron bond wave functions. The equivalence is illustrated via the
results of somab initio calculations for the ground states ofHand He™. For H,~, the use of canonical
double< molecular orbitals constructed from’Zsd 1§ atomic orbitals on each atomic center must lead to
ionization of this anion to form Hwhen the exponents of the diffuse (1rbital components of these
molecular orbitals are energy-optimized.

Introduction antibonding molecular orbitals (MOs) that may be constructed
d. as linear combinations of these AOs. (The a and b AOs may
. be of the general form & Yc,x» and b= yc,x,8, in which
they,” andy,® are unhybridized AOs centered on the A and B
AB AB AB A-B -AB- atomic nuclei, respectively. Doublgand triple¢ a and b AOs
Q) (2) 3) 4) (5) provide examples of these types of AOs.) The identity shows
the equivalence that exists between the VB and MO descriptions

formulated-? by Pauling in 1931. The simplest orbital descrip-  of the three-electron bond when two AOs are used to accom-
tion of this bond involves three electrons distributed among two modate the electrons.

overlapping atomic orbitals (AOs) centered on two atomic
centers. This type of bond is now receiving much attestii
via both experimental and theoretical studies. Its relevance for
valence bond (VB) descriptions of the electronic structures of
electron-rich diamagnetic systems with four-electron three-center
and six-electron four-center bonding units in particular, as well
as paramagnetic systems with three-electron two-center and five-
electron three-center bonding units, has been described and
stressed on very many occasigds®® Indeed, it is considered ®) ™
that the three-electron bond (together with the associated
increased-valence structures for the electron-rich diamagnetic When more than two (hybrid or nonhybrid) AOs are used to
system&14-25.33.34 “probes the ultimate limit of valence for  accommodate the electrons, for example a antbbthe AO
electron-rich molecules® In this paper, further consideration  configuration (a)(bo) for structure 2, andgand b for the AO
is provided for the theory of the three-electron bond, in particular configuration (g)%(b)? for structure 3, it is considered that an
when double5 AO basis sets are used to accommodate the threeequivalence no longer exists between the primary VB and MO
electrons. formulations39-3238 However when three atomic spin orbitals
Pauling’s VB structure 1 for the three-electron bond is are used to accommodate the electrons of VB structure 2, and
equivalent to resonance between Lewis-type VB structures 2 three additional atomic spin orbitals are used to accommodate
and 3. Because the three-electron bond involves effectively only ine electrons of VB structure 3, it is still possible to formulate

one bonding electron, the Linnett-type symboft$n>3>-37 for a three-electron bonding wave function of the form
this structure, as in 4 or 5, is to be preferred and will be used

here. With one AO per atomic center, the identity of eq 1

The “three-electron bond” or three-electron two-center bon
as symbolized by the valence bond (VB) structure 1, was first

It is noted here that other VB symbols have also been’used
to represent the three-electron bond. These symbols include
those of structures 6 and 7. The identity of eq 1 applies also to
each of them when two AOs are used to construct the three-
electron wave function.

A.SB A—=B

W =W,(VB) + W,(VB) = ¥,(MO) + W,(MO) (2)
W(VB) = W, + kW, = |a*b*d’| + kja*b®b’| .
with each set of AOs. One may then use VB structures of the
= |aabawabﬂ| =¥, or¥,or¥;= type 4 or 5 to provide compact VB representations of the three-
—(1+ kk?) |y Lyt Ly = w(MO) (1) electron bond. The primary purpose of this paper is to provide
a derivation of eq 2 via the use of four atomic spin orbitals to
is obtained, in which the odd electron has arspin wave accommodate the A electrons of structure 2 and the B electrons
function. The a and b are the overlapping AOs, ang= a+ of structure 3. Aspects of this identity will be illustrated via
kb and y*4 = k*a — b are the orthogonal bonding and the results of somab initio VB calculations for H™ and He',
using 1s AOs for both systems and also 1s and 2p AOs for
® Abstract published if\dvance ACS Abstractddarch 1, 1997. Ho™.
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Valence Bond Descriptions of the Three-Electron Bond

Derivation of W = W;(VB) + W,(VB) = W;(MO) +
W,(MO)

Atomic orbitals designated as, &', and Iy will be used to
accommodate the three electrons of VB structure 2, with
opposed spins for the and & electrons. The corresponding
AOs for VB structure 3 are'bb’”, and a, with opposed spins
for the B and B’ electrons. A Linnett-type VB structure of
type 4 may be constructed by delocalizing either an A electron
of structure 2 into an AB bonding MOroa B electron of
structure 3 into an AB bonding MO, as is indicated in28

and 3— 9, respectively.
A f B —>A-B

s
(3 9)

@

-~ A-B
@)
Initially we shall give attention to the 2- 8 delocalization.
Because either an' electron or an 'a electron may be
delocalized, two bonding MOs may be constructed, namely,
= d + Kby and yan, = &' + K'bp. The resulting orbital
configurations are then '(3(bo) (v an)* and (8)X(bo)*(varb)*,
respectively. The tw@ = Ms = 1/2 spin wave functions of
egs 3-6 may then be constructed for each of these configura-
tions.

W\ (&'bg an,) =
218" b | = 180 Y, | = 18" b | (3)

W, (@' bgY ) = |af'aboﬁ¢afboa| - |a”ﬁboa1/)afb0a| (4)
W\ (@b yn,) =

2|a'aboa1/)a('boﬁ| - |a'aboﬁ1/’a('boa| - |a"gbo%o«'vf'boo‘| )

W, (@b gn,) = |a'aboﬂ1/’a”boa| - |a'ﬁb0a¢a“'boa| (6)

The W (a"boyan,) Of eq 3 is used here to demonstrate that
W\-type wave functions involve parallel spinS € 1) for the
by electron and either the'alectron (eq 3) or the' &lectron
(eq 5). The analysis proceeds according to eg9.7
W (@b ) = 20" oal/)afboﬁ| -
|a”aboﬂ1/)a'boa| - |a”ﬂboa1/’a'boa| (7)

= 20a'"by | — (@b + a6 ) |
€
=2{(@)(b) (= Mg = DH{ () (S=
112, Mg= —1/2)}} — {(@") (b)) (S=1,Mg=0)} x
{(han) (8= 1/2,M5= +1/2}} (9)
BecauseS = Ms= +1/2, the spin of theyan, electron in eq
9 is opposed to those of th€ and k electrons.

The orbital spins of thaP,-type wave functions of egs 4
and 6 may be similarly analyzed. For example,

Wy (@' bgan,) = |af'abo/31/’a'b0a| - |af'ﬁboa1/’a(b0a| (10)
— 110 B PR @ o
= 1@y — a""by )¢ |

={(@) (b)) (S= 0, Mg= 0)}{(¢ab0)1(5=
1/2,Mg= +1/2)} (12)

(11)
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thereby indicating that the spin of th& a&lectron of eq 4 is
opposed to that of thegkelectron. Similarly in eq 6, the spins
of the ky and & electrons are opposed.
On substitution of the LCAO forms ofan, and yar, into
egs 3-6, we obtain eqs 1316.
W\ (@' by ) = 218"y’ — |a" b a”| — ja by e +
3K|a b by’ (13)

W, (@'bgyan) = @b — [a"og*a®| + K|a" gy’
(14)

W (@bgypyn,) = 2la by a’”’| — [abya"%| — |alo, a"%| +
3K’ @%by (15)

W, (@bt = la%bga"®| — [a’by’a"| + K'|a“by by’
(16)

Inspection of théP, and W, wave functions of eqs 13 and
14 shows that they are orthogonal only whidr= 0 if AO
overlap integrals are omitted. Similarly the wave functions of
egs 15 and 16 are orthogonal whieh= 0.

We now (nonvariationally) linearly combine tNé-type wave
functions of egs 13 and 15, to generate eqs 40,

W, (&'ban) + W (@bt ) = 3(1d 0, a| +
|aha"’| + Ka b b + K'1a®b, bl (17)

= 318" 06 P, | + 120 1) (18)

=-3{ |1/)a('b0a1/)*a"b0a1/)a'b0ﬁ|/(1 +K'k"™*) +
Wb, Y* an War, V(L + KK} (19)
W, (@'botpan) — Wi (@bgar) = la"“by*a”| — [a“by'a"”| +
3K [al" o, by | — 3K [, by — 2|a“bya"®| (20)

in which y*ap, = K*a' — by and y* a1, = k'*a" — by are
antibonding MOs which are orthogonal to the bonding MOs
Yan, and Py, respectively.

Each of the Slater determinants of eq 18 may be associated
with a VB structure of type 4 or 5. If the andg spin electrons
are represented by crosses and circles respectively, then these
structures become 10 and 11.

X X
A°B XA °Bx
(10) (11)

In eq 19, the equivalent MO formulation is provided for the
Slater determinants of eq 18. However unldss &' = a and
b' = b" = b, each of the Slater determinants of eqs 18Aand 19
is not anS = 1/2 spin eigenfunction of the spin operatst
only the linear combination of the two Slater determinants
corresponds to aB = 1/2 spin eigenstate.

Inspection of egs 18 and 19 indicates that they provide an
example of the identity of eq 2.

When d=4d"' =aand b=Db" = b, eq 20 reduces to zero.
Further consideration will not be given to eq 20 whérzaa’
and B = b".

Further Details for W = W1(VB) + Wy(VB) = ¥;(MO) +
W,(MO)

The Wy-type wave functions of eqs 14 and 16 may be
similarly linearly combined to give eqs 2P3.
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W (@'bgyap) + Wy (@0gYyn) = |a"bg"al”| +
lad%ha"| — Kla by’ — K'1a®b, bS] (21)

= "Dy ¢* | + [°Dg D" | (22)

= —{ 1P, " ap " 0* an (L + KK*) +
|G, B o, @ ] (L + K'K™)} (23)

In eq 22,¢*an, = & — Kby, ¢*an, = &' — K'bo. In eq 23,
dan, = K*a' + b andgap, = k"*a"" + b are bonding MOs that
are orthogonal to the antibonding MQg* a1, and ¢* ab,.
Inspection of eq 23 shows th8f, (a'bgtan,) + Wi (abotarb,)
is equivalent to a linear combination of two three-electron
antibonding configurations.

As was indicated earlier, a VB structure of the type 4 may

also be generated from the Lewis structure 3, by delocalizing a

b" or ' electron into either thgya, = b' + I'ay or theyya, =
b" + I"a bonding MO. Appropriate wave functions are those
of eqs 24-27
lp|(b"aowb'ao) — 2|buaao(lbrﬂ| + 3|r|buaaoo.aoﬁ| +

|bn(1br(180ﬁ| _ |ao(1br(1bnﬁ| (24)
lpl(braowb”ao) — 2|brOLaOOLbuﬁ| + 3|n|brﬂ.aoaaoﬂ| +

|br(1bn(laoﬁ| _ |ao(1bn(1bvﬁ| (25)
W(D" 8 + W (08 o) = 3(10" g iy | T

0“8 Py’ | (26)

= =3{|Yya, Y g, Vg 1L+ 1"1") +
Vo, W sy Vira) ML+ 1)} (27)

and the equivalence that exists between egs 26 and 27 provides _

a second example of the identity of eq 2.

Each of the fourl|-type wave functions of egs 13, 15, 24,
and 25 involves two types of5(= 0 spin) AO configurations
for the two-electron A or B components of the Lewis structures
2 and 3. These configurations are (i) open-she)(@')! or
(b")Y(b™")* and (ii) closed-shell ()2 or (a)2. The third electron
for (i) occupies either agor an @ AO, whereas for (ii), this
electron occupies one of thg &', b, or B’ AOs.

The best linear combination of the fouP,-type wave
functions is given by eq 28 or 29,

W(@.a'\b,b") =W (@' bgyy) + Wi(@bgyn) +
K0 3yg) + W (D)} (28)

= 3{ 18" g Y, | + 1805 P | + (10" B Py | +
0“8 a1} (29)

and it is equivalent to the best linear combination of Sx<

Ms = 1/2 spin) AO configurations for the three electrons. The
latter linear combination involves five independent variational
parameters, which may be related to khek”, I', andl"" polarity
parameters and the of eq 28 or eq 29.

When & and B, &' and ', and @ and ky are pairs of
symmetrically equivalent AOs, the number of variational

Harcourt

parameters reduces to two, namedy= ', K’ = |"" with u =
+1.

Values ofu = —1 andu = +1 then give diatomiéz,* and
234" states, respectively. Far= —1, W, of eq 27 is equivalent
to egs 36-32.

W@, a,b,0") = 3{(1a" b | + 18 b | —
(16" pya | + 168 s N} (30)

= _3{(|1/’a'boaw*a'boa1/’a(boﬁ| - |1/)b0a'a1/)*boa('a1/)boa(ﬁ|)/
(1 +k'k™) + (|¢a{boaw*a'boa¢d’boﬂ| -
WV Vo ML+ KK} (31)

= Cyly,{(@a")bg} — p{(b'b")ag}] + Cylw{ & (behy)} —
A0 (@30)}] + Calwa{ @' (bbo)} — wo{b" (a2} (32)

In eq 32, they; wave functions for the Lewis VB structures
of types 2 and 3 are non-normalized at this stage; for example,
yi{(@a)be} = |a'*eaf| + |a%g*a’f|. In terms of the
associated; coefficients, the MO polarity parameteksand
k' are given by eq 33.

K =CyC,, K'=C,C, (33)

Ifa’=a"=aand b=b" = b, i.e. a singleZ basis set is
used to accommodate the two A electrons of VB structure 2
and the two B electrons of VB structure 3, then eqs-32
reduce to eqs 3436,

W (a,b)=6(1a"by | — %86 1, 1) (34)
—6(Pag, V™ an Vi, | — [Wba, 1™ b Woa N/(L + KKE)
(35)

= Cyly,{(aa)l} — y.{(bb)a}] + Cly{altyby)} —
YAb(&a0)}] (36)

to give a simpler type of VBMO equivalence. Thus in each

of egs 31 and 35, each Slater determinant involves MOs that
are constructed as linear combinations of only two AOs. These
MOs are not the canonical MOs, simple forms of which we
shall now consider.

Canonical Molecular Orbital Configuration

In the previous section it was demonstrated that when more
than two (nonhybridized or hybridized) AOs are used as a basis
set for VB and MO formulations of the three-electron bond, a
MO-—VB equivalence is obtained via resonance between several
three-electron two-AO configurations, each of which may be
formulated in either a VB or MO manner. The equivalence no
longer exists if canonical MOs are used to accommodate the
electrons. To illustrate this nonequivalence, we consider the
simplest?Z,* case, with the canonical MOs constructed from
the AOs a and b, anchand . The canonical MOs and the
lowest energy MO configuration are then given by egs 37 and
38, respectively.
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¢,=a+b+k(a+by), ¢p,=a—b+ky(a— by TABLE 1: He,* VB Calculations for Egs 32
=a+b—k + by, —a—b-k —b 37 structures |Cil2 ICi[o
%:=a (Gt b $=a (@~ b)) (37) (@a")bo, (00" 0.272 820 0.421 334

0 Ay a ) a (bobo), b (ava0) 0.124 835 0.049 997
W,(CMO) = [,"¢, b, J (a+ b) (at bY'(a— b)"| + i e 012483 0049 997
(03 _ a a
kel(a+ b)*(a+ by (8 — b))l + k;’I(3 + bp)" ERY/au 4.035 76
(89 + bo)'(a— b)"| + kylel (3 + bo) (3 + by (3 - ER=e)/au JaBT3 44
bo)| + ki{ [(@+ b)*(a + bp)’(a— b)*| + (g + bp)*(a+ K 0.0522
RJ/au 2.2

bY'(a— b)*I} + kikf I+ b)*(8 + beY'(8 — bp)| + N _ _ o
o o a Coefficients for non-normalize8 = 1/2 spin AO configurations.
(2o + bo)*(@a+ b)Y’ (8, — b))} (38) b Coefficients for normalize® = 1/2 spin AO configurations.

In eq 38, only the Slater determinarta + b)*(a+ b)’(a — TABLE 2: H,~ VB Calculations for Egs 32
brz‘ll anclll(ao + tE;J)“(go + bo) (a0 — bO)a][ gﬁneratesg 122 spin ] structures ICi[2 ICi[° ICij2 ICi[°
three-electron bond VB structures of the type 10. (It is note - o
that each of the Slater determinanta + bY@ + D)3~ J(bhy blad) 0032230 0052165 003053 0035 ao5
b)*| and|(ao + bo)*(a + b)’(a — bg)*| corresponds to a three-  b(asa), a'(boby) 0.006 753  0.006 553 0.009 259  0.008 919
electron bond structure of the type 10, but, as is the case for (apa)bo, (b'ps)ao 0.055880 0.076571
the Slater determinants of eqs 17, 18, 26, and 27, neither of Pa(bobo), Pa(a020) 0.018 717 0.017 622
them alone is ai® = 1/2 spin eigenfunction). The remaining E(R)/au —-1.01875 —1.019 63
six Slater determinants, either alone or in pairs, generate a E(R=«)/au —-1.01293 —1.01293
variety of S= 1/2 spin configurations, none of which corre- K' 8-8?%2
sponds to a three-electron bond configuration. Therefére RJ/au 5, 49

(CMO) does not correspond to a linear combination of three- o , ] ] )
electron bond configurations. The same result arises when, °Coefficients for non-normalize§ = 1/2 spin AO configurations.
W,(CMO) is interacted variationally with the fiv&,+ excited Coefficients for normalized = 1/2 spin AO configurations.
configurations that have two bonding electrons and one anti- . . .

bonding electron. This configuration interaction (CI) is equiva- With regard to the electronic structure of the"Hanion. Such

lent to the construction of the variational linear combination of calculations, as well ‘as the corresponding canonical MO
eq 39 calculations, underestimate the bond length; cf. refs 39 and 40

for example.
WMOCH) = Cylg, %0 0% + Colololosl +

Calculations for He,™ and H,~ with 1s AOs
Calos*0d @, + Calog e 9| + Cellp "o % + ? 2

o B« o p o o B a Roso’s ab initio prograni’-23.2541.42was used to perform
+C + 39
#3902 )+ Gl e @a | + 195 ¢i'¢al) (39) elementary VB calculations for He and H~, in order to
with o1 = a+ b, g2 = a— b, g3 = & + bo, andgas = a — bo. illustrate aspects of the above theory. Initially the calculations
It will now be assumed that the orbital exponerifisfor the were of the singlé; type, with two 1s AOs. The AO exponents

2 and b AOs are smaller than are those for the a and b AOs. Were chosen to be those for F@% and H™%9), ie. (2 +
For a given internuclear separation, if the energy for the three- 1:6875)/2 and (¥ 0.6875)/2, respectively. Minimum energies
electron bond configuratiofy:®g1#¢-? lies above the energy ~ ©f —4.903 and—0.97Q au for He™ and H~ were calculated
for the electron-pair bond configuratidn;®¢1#|, then for fixed to occur for qu|llbr|um internuclear separatiofg)(of 2., and
values of the exponents of the a and b AOs, energy optimization 3 aU, respectively.

of the @ and Iy exponents for thés," CMO configuration of Some VB calculations were then performed fortand He™

eq 38 will generate values of zero for these latter exponents. With double€ 1s AOs for the H and He. For an infinite
This result applies also to the AO configuratid(esb® + b*af)- internuclear separation, the 1s AO exponents have the following
a®| and|(a*b? + b2af)bg®|, which are included in th&#;(CMO) values: H™: {(a) = {(bo) = 1; (@) = {(b') = 1.0392;5(a")

and W(MOCI), and (for22,* states) to|(a"a’)a®| + |(bb?)- = {(b") = 0.2832; He™: {(a0) = {(bo) = 2; {(&) = (b)) =

bo*|. Each of these latter wave functions generates a two- 2.1382; {(@') = &(b") = 1.1885. The resulting STO-6G
electronzy* rather than a three-electré,* wave function ~ energies for H+ H™ and He" + He are —1.012 925 and
when energy optimization of the exponents ghad b occurs. —4.873438 au, respectively. TheS (= 1/2) spin Lewis
Thus optimization of the exponents for the doubl&MO structures of Table 1 were included in the molecular calculations,

configuration of eq 38 leads to the loss of the antibonding With no reoptimization of orbital exponents. Fogithe energy
electron. This effect is illustrated via the results of soae IS minimized (-1.018 754 au) aR. = 5.4 au, to givek =
initio calculations for H- that are described in the next section. 0.0175 an&k” = 0.0857. The corresponding quantities for.He
However at moderate internuclear separations, nonionization ofare E = —4.935 76 auR. = 2.25 auk’ = 0.0522, an" =
the 22,* anion will occur when either thga®b’ + beef)ap| 0.4576.
and |(a*b? + b*@’)lbe®| configurations are omitted or the MO It is to be expected that the less firmly bound and b’
parameterg; andk; of eq 37 are set equal to each other so that electrons should delocalize more extensively than do'thec
the same two doublé- AOs (a + ka)) and (b + kby) b' electrons, and becaugg is calculated to be larger thad®,
accommodate the three electrons in each of the VB structuresthis expectation is realized for both systems. It is also found
2 and 3. An eq 1-type MOVB identity then is obtained. that He™ has the largek’ andk” values. This reflects that the
The considerations also indicate that fully variational VB propensity for delocalization to occur for kteis substantially
calculations which have include¢t®b? + b*af)af| and|(a*b? greater than it is for bf", thereby providing assistance for the
+ beaf)by®| type configurations must give erroneous conclusions formation of a shorter, stronger bond in the former species.
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TABLE 3: H, Energies (au) and Coefficients for theW(MOCI) of Eq 39, with R = 1.65 au,&' = 1.00, and Variable&"

&' E G C Cs Cs Cs Cs
0.6875 —0.982 24 1.686 —2.085 —0.319 0.930 —0.241 —0.320
0.5500 —1.001 16 0.877 —1.662 —0.002 0.220 —0.237 0.064
0.3000 —1.042 24 0.187 —-1.161 0.014 0.017 —0.077 0.082
0.1000 —1.083 95 0.003 1.008 —0.001 —0.001 0.011 —0.025
0.0100 —1.098 22 0.001 1.000 -3 x 107 —-1x10° 1x 104 —0.001
0.0010 —1.098 44 3x 1078 1.000 0.000 Ix 1078 1x10° —3x 10°°
0.0001 —1.098 44 1x 10°8 1.000 0.000 0.000 ¥ 108 9x 1077
TABLE 4: He," Energies (au) and Coefficients for the W (a,d",b,0") =W (@" by 4) + W, (@bg ) —
W(MOCI) of Eq 39, with R = 2.00 au,& = 2.00, and&" = o o
1.5 (Energy-Optimized) (For&" = 1.4 and 1.6,E = lIil(b”’a(ﬂ/)'b,ao) - lIil(b'aol,z)bmao) (40)
—4.909 81 and—4.909 56)
gn E Cl CZ C3 C4 CS CG — 3{ |anl(xb0(1arﬂ| + |al(1b0(1anlﬂ| _ |bnltxaotxbrﬂ| _
1.5 —4.90986 0.350 —0.419 0.086 0.240-0.529 —0.109 %8, 2b"P| + K'(Ja"" b, bg’| + b “alad]) +
. . . . mnr 1O O ﬁ _ oL, O ﬁ
For H,~, W(MOCI) of eq 39 involves a linear combination K™(la"by by’| — b8 85 )} (41)

of six S= 1/2 spin configurations, each of which involves two . . R :
bonding electrons and one antibonding electron. With A and interacts with th&(&,d",b',b") of eq 26 to give the CI

=1sp £ 1sgand @ + by = 1s's £ 18'g, we have performed wave function of eq 42.

variational best calculations of linear combinations of these six "R L

Y ((Ch=w(@,d'b,b")+ p¥Pa,d'b,b 42
configurations. The 190 exponent has been assigned a value (€D 1 )+ e (@ ) (42)
of unity, but different values for the 1sAO exponent have = C,[y{(@d")bgt — p,{(b'b")ag] + Clw{a(bby)} —

been chosen. The results are reported in Table 3. These results / ' _ 11
show that as the Tsexponent is decreased, the coefficient of VAP (B} + Calyo{d' (bobo)} = vo b (d0)h] (43)

|p1%p1Ppa® approaches unity, and the coefficients of the Clyf@ad"bg — w {(b'b")a}] + Cly{a" (bby)} —
remaining configurations approach zero. Whgh= 0, the wel " (830}
5

configuration |p1%¢#@4%| reduces tojg1%ps#|, which corre-
sponds to the singlébonding MO configuration for i Thus A minimum energy of~1.019 630 au for eq 41 occurs &
= 4.95 au. The resulting values for the polarity parameters

optimization of the diffuse orbital exponent of;Hat inter-
nuclear separations leads to ionization of the anion. This is ;4 ¢ coefficient arek’ = 0.0253 k" = 0.0855,0 = 0.1528
not the case for He (Table 4); when a value of 2.0 is assigned 4k’ = 0.3349 wherK"" = K'. ! '
to the 15 exponent, the optimum value f@t' is 1.5 in theW-

(MOCI) of eq 39 wherR = 2 au for example. The resulting  |ncreased-Valence Structures

energy is—4.909 86 au; each of the six bonding configurations

that are linearly combined in eq 39 makes a non-negligible ~On Many occasion$, 425333441 44ncreased-valence struc-
contribution. tures of the type 12 have been obtained by spin-pairing the

At R= 1.65 au, and witlf’ = 1.0, eq 36 for thé>," wave —
function for H~ is energy-optimized whed” = 0.74. The Y A-B
energy is—0.827 81 au. WheR = », the energy is-0.846 45 (12)
for {' = 1.0 andl" = 0.74.

An earlier VB study® of H,~, which suggested that the
ground state for this anion h&8g" symmetry, has been shown
to be fallacious?#* The reason for this is that optimization of
the exponent for the midbond AO which accommodates the third
electron of the configuration designated \H¢H,,e) in ref 43
leads to ionization of the anion to formyH

antibonding electron of the AB three-electron bond configuration
[Yarpafy* | with the unpaired electronf@ Y atom, when
the latter electron occupies an A@) that overlaps withy* 4.

The resultingS = 0 spin wave function is given by eq 44.

LP(Y._'& * é) = |‘-|r'aba'~|—'abl3q—'*abuyﬁ |_|'~1"ab°[q-’<—;zbﬁq-’*al7p')/J [ (44)
= — (L + kk)(|a"WanPboyPI—|WaraPbPyel)  (45)

gglgl:cﬁt'arls for Ha™ with 1s AO for H, and 1s and 2py To obtain a doublé: formulation for eq 45, it is necessary
to replace the three-electron bond components of the Slater

In Table 2, the results of some VB calculations for Hwith determinants in eq 45 by the three-electron bond formulation
2po AOs included for the H, are also reported. The 2p AO  Of €d 28. Eight rather than two Slater determinants will then
exponent for the (1&)2p)t configuration of H has an energy- cgntrlbute toWs,, each_ of Whlch may be expressed in terms of
optimized value of zero. An estimate of 0.304 297 for the 2p €ither VB or MO configurations.
AO exponent was calculated for the closed-shell {2Zpnfig-
uration from the energy minimization gf — £ + 0.391408.
The four additional Lewis structures that have been included The establishment of equivalences between the VB and MO
in the VB calculations (Table 2) arise when tHegab' electron descriptions of the three-electron bond when more than two AOs

Conclusions

of each of the (@&"'")bp and (bb'""")ay configurations (& = 2pa, are used to accommodate the electrons has required the inclusion
b"" = 2pg, with 2pa|2ps0> 0) is delocalized into either the in the VB resonance scheme of additional AO configurations
Yan, = & + K'bp MO or the y'ys, = b + K'a MO. for VB structures of types 2 and 3. Use of either of these

(Delocalization of the'd = 2p electron generates no additional equivalent formulations for the three-electron bond configuration
Lewis structures). The resulting wave function is given by eqs of H,~ does not lead to ionization of the third electron of this
40 and 41, anion at normal internuclear separations. In contrast, this
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ionization occurs when canonical MOs are used to accommodate
the electrons, and the orbital exponent for the antibonding

electron is energy-optimized.
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