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Two valence bond mechanisms for electron conduction along a linear chain of six or eight lithium
atoms are studied using an ab initio valence bond approach. The initial step is of the type
(—)(LiaLig)(LicLip)(LigLif)...(+) — (—)(LiaLig)*(LicLip) (LigLig)...(+), in which the transferred
electron occupies either the @p atomic orbital (Pauling mechanism) or the antibondingcp
molecular orbital. An external potential is modeled by use of negative and positive charges located
to the left and to the right of the chain of atoms. It is calculated thg(L{Li) *(LiLi) ~(LiLi)...(+) —
(—=)(LiLi)(LiLi) *(LiLi) ~...(+), which involves electron and positive hole transfer, as well as
(=)(LiLi) *(LiLi) ~(LiLi)...(+) — (—)(LiLi) *(LiLi)(LiLi) ~...(+), with electron transfer only, contribute to

the second electron transfer process. Resonance between the valence bond structures associated with
the second step helps lower the energy of the second step of either mechanism. The antibonding molecular
orbital mechanism is calculated to involve a marginally lower energy than the Pauling mechanism. The
resonance stabilization that occurs in the second step is concomitant with greater positive hole delocalization
than the first step. This phenomenon is illustrated for a linear polyene by uséaeHumolecular orbital

theory and the free electron model for electrons in a 1-dimensional box. For both eight-atom mechanisms,
the propensity for electron transfer to occur between cathode and anode increases as the size of the external
potential increases.

Introduction T Li_@(g TS
Electron conduction in metals is usually described and studied

quantitatively using the delocalized molecular orbital (MO) band © e e @

theory. Several qualitative valence bond (VB) mechanisms for L=t L L—i U

electron conduction in alkali metals have been propds&, @ l .0

but except for a provisional study reported in ref 10, no L Li—L Li—Li L

quantitative VB studies of the process have been published. A
number of ab initio VB studies of the electronic structures
of lithium clusters have been publishg#:, 18 and in ref 9,
Lester a_nd co-wc_)rk(_ars also give attention to conduction mECh'those VB structures believed to participate directly in the
anisms in a qualitative manner. In this paper, we study aspects
of two VB mechanisms for electron conduction along a
linear chain of six and eight lithium atoms, arranged as
LiALiBLicLi DLi ELiF and LiALiBLicLiDLiELiFLigLiH, respec-
tively. The purpose is to examine these mechanigms in both Electron Conduction Mechanisms
the absence and presence of model external potentials. Because
at the most only eight atoms are included in the calculations, We restrict our attention to mechanisms for which
and the nature of the model potential, we stress that some ofthe initial step involves the one-electron-transfer
the conclusions obtained from our study could be model process £)(LiaLig)(LicLip)(LigLip). . .(+) -
dependent. However, the study is able to provide useful insights (—)(LiaLig)*(LicLip)~(LigLif). . .(+) ~ for ~ which  the
into the nature of the primary canonical Lewis structures that (—) and (+) represent the cathode and the anode.
contribute to two mechanisms of electron conduction, and The transferred electron can then occupy either thec2p
indicate how the second and subsequent electron-transfer stepgtomic orbital (AO) on L¢ (the Pauling mechanism) or the
involve positive hole transfer away from the cathode as well as antibondingo*cp MO.
electron transfer toward the anode. It is to be noted that positive hole transfer, from anode to
The approach adopted for each mechanism is equivalent to acathode, always balances the negative electron transfer, from
one-dimensional approximation to Pauling’s two-dimensional cathode to anode. One VB formulation of this type of positive

representation of the resonating VB mechanisfwith only hole transfer is displayed in Figure 1. The VB structures
associated with each electron-transfer step and concomitant hole
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Figure 1. VB representation of the hole conduction mechanism along
a linear chain of six lithium atoms.

conduction mechanism utilized in the treatment. Use of at least
six atoms enables some comparisons to be made between the
first and second electron-transfer steps.
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Figure 2. VB representations of (a) Pauling and (b) antibonding MO

electron conduction mechanisms along a linear chain of six lithium atoms.

the Pauling mechanism (Figure 2a) or as Lior the antibonding

Harcourt and Styles

(a) — -
ULl Mi—L Li—Li
® ©
S L Ui o020 N Li—Li L ©
(12 +12) O
Li®Li oLislLi eLi—Li
() (-2l ™l Li—tLi |
© ® 0% N | @
— Li e« Li Li o Li Li—Li ——
@ ..
LieLi Li—Li LieLi

Figure 3. Modified VB representations of (a) Pauling and (b)
antibonding MO electron conduction mechanisms along a linear chain

MO mechanism (Figure 2b). In contrast, positive hole transfer of six lithium atoms, with no positive hole transfer.

involves the development of electron-deficient bonding units
of the Lis* type. In this paper, we restrict our attention to the
electron-transfer mechanisms.

(a) Pauling Mechanism.Pauling has introduced a “metallic”
orbital=> in order to provide a VB representation for electron
conduction in alkali metals. For lithium, this orbital is thes2p

AO, and use of it enables “bicovalent” VB structures such as

Li(PLi—Li¢)-Li to be implicated in a “resonating VB” conduc-
tion mechanism. The results of VB calculati&hshow that

bicovalent structures help to provide an appreciable contribution

to the cohesive energy for the metallic solid. For a linear

arrangement of six atoms, use of the bicovalent structures
implies that electron conduction proceeds according to that

displayed in Figure 22, when an electrical potential is applied.
(b) Antibonding MO Mechanism. The antibonding MO
mechanisr1%involves the delocalization of an () electron
into a vacant antibonding*cp MO of Lic—Lip, to form the
(Pauling) three-electron bond configuratiosicg)?(o* cp)! O
(2s0)X(2sc + k2%)Y(2%)* when initially we assume thaicp =
2 + k2% and o*cp = k*2sc — 2. The k is a polarity
parameter, withk* = (k + 2sc|20/(1 + k2|20 in order
thatocp ando™* cp be orthogonal. The antibondimg cp electron
is then transferred into the antibondiatjer MO to create a

new three-electron bond. The mechanism is displayed in Figure

2b.

(c) Madifications to Pauling and Antibonding MO Mech-
anisms.For both mechanisms of Figure 2, the initial conduction
step involves the transfer of an electron from the ionjctLig™
structure into a vacant orbital. A lower energy formulation
permits the ionic Li~Lig™ structure to participate in resonance
with the Lia*Lig™ structure. When this occurs, and an electron
is transferred from either of the Lianions, the one-electron
bond structure, (l4-Lig)™, is obtained. This structure also arises
when an electron is removed from the {kiLig) electron-pair
bond, using either a MO or a HeitleLondon formulation of
the wave function for this bond. The VB representations for
the two mechanisms then become those of Figure 3.

In ref 10, an alternative formulation of the second electron

(@) — -

Li—ZLi Li—Li
© LN @
Ll CHTIN C Ay |
® =t LiTLi Li—Li |
© Li ~/L/i\l_.i?lzi/?;u O
| Li—Li TRATR AT |

Figure 4. Modified VB representations of (a) Pauling and (b)
antibonding MO electron conduction mechanisms along a linear chain
of six lithium atoms, with positive hole transfer.

When Heitler-London type AO-wave functions, for example
...2%929°] + |...29%25#|, are used to represent the electron-
pair bonds, each of

-@ Li and Li @, Li % Li

Li@ Li

is equivalent to resonance between four (canonical) Lewis
structures1—4 and 5—8, respectively. These structures are
displayed in Figure 5.

The Li®) in the Pauling mechanism involves a @&po)!
configuration in which the 2p AO is used as a hybridization
function, i.e., to help form an additional electron-pair bond. For
the antibonding mechanism, @prbital participation on the
same atom can also be included as a polarization function, i.e.,
to help strengthen an existing bond. The p-orbital participation
is obtained by using theof?(o*)! = (h)Y(h + k2s)(2s)!
configuration for a Li~ three-electron bond structure, in which
h = 2s + A2po. For 4 > 0, resonance between the Lewis

transfer permits positive hole transfer as well as electron transferstructuress—8 of Figure 5 is equivalent to resonance between
to occur. The resulting VB representations for the mechanismsten Lewis structures that involve one of the 2¢2p0)?, (2s¥,
are displayed in Figure 4. The mechanisms of Figures 3 and 4(2s)}(2po)?, and (2jw)? configurations for the atom or anion on

for the second step will be labeled as “electron transfes) (e
and “electron+ hole transfer” (¢ + h) mechanisms, respec-

which the hybrid AO is located. The (299nd (2w)* configura-
tions refer to each of the structures of typend 8, and the

tively. The initial electron-transfer step will be designated as (2sf, (2s}(2po)t, and (2w)? configurations refer to each of

the (@) step.

the structures of typeS and 7. Thus, when the 2p AO is
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Figure 5. Canonical Lewis structures for Pauling (structutes4) and antibonding MO (structurés-8) electron conduction mechanisms along

a linear chain of six lithium atoms. For clarity, formal or “long bonds” that link singly occupied AOs on nonadjacent atoms are not included. (e
= first electron-transfer step, fe= second electron-transfer step, ang {eh) = second electron-transfer stepassociated hole transfer step.

included, there is a total of 10 configurations to represent the antibonding MO mechanism, VB structures arise in which one-
four VB structures. center 2p—2s and (honadjacent) two-center2s spin-pairings

In this paper, we compare the)ge), and (e + h) electron- occur. Thus for the VB structure
transfer steps displayed in Figures 3 and 4 for the Pauling and
antibonding MO mechanisms. . O
Lig °Li¢ Lip
Method

We have used Roso’s ab initio VB progréir?! to perform
STO-6G VB calculations for a linear arrangement of the lithium
atoms with nearest-neighbor internuclear separations of 3.03
A.22ag]ater orbital exponents of 2.7, 0.65, and 0.475 were used
for the 1s, 2s, and 2sAQ’s, respectively. (It should be noted
that with atom and ion 2s AO’s on the same atomic center, for
the antibonding MO mechanism an equivalence exists between
extended MO and VB formulations of the three-electron
bond®23 For both mechanisms, the exponent of the 2p AO

the relevant AO’s are & 23, b = 2%, ¢ = 2poc, and d=
25, and the appropriat® = 0 spin wave function is equal to
—IPI - lIJH_

When two electrons are not involved explicitly in the electron-
transfer process at any stage we have, for computational
simplicity, located the electrons in a doubly occupied bonding
MO. For example, this MO for the ki-Lir bond of the (g
step in Figures 24 isogr = 25 + k2, for whichk s a polarity
parameter whose value is determined variationally for each

. o . mechanism. For the eight atom calculations with model external
was determined variationally to haV(_e a value of 0.4 |n_the potentials, we have approximated thestLiy electron-pair
absence of an external potential. This value was useql in all bond adjacent to the anode agthiiy~ (i.e.,k = « in ogy =
925(3 + k2s;). Pilot calculations indicate that this approximation
Qs satisfactory and that the values for each of thg (e»), and
‘(e + h) polarization parameters for the six atom calculations
change only slightly when the &iLiy™ is introduced.

The appropriate VB structures included in the various six
atom (LiaLigLicLipLigLif) calculations are displayed in Figure
5. (Elaboration of the calculations would use Coulséischef*
type orbitals instead of one-center AO’s, thereby including
additional canonical Lewis structures in the resonance schemes.)
Introduction of a model external potential is achieved by locating
negative (cathode) and positive (anode) char@es (—1, —2,

b 0B o o oo or —3, andQ = +1, +2, or +3, respectively), at distances of
W =la bie*d| + b c’d”| — || — b e | (1) 3.03 A to the left of Lj and 3.03 A to the right of either the
Lir (six atom calculation) or the Li(eight atom calculation),
W, = &%’ ddY + [dbcd| — @t | - [dbcid*| (2) respfectively. Obviously Sl).ICh an app(rogch is artificial, but it c)zloes
provide insights into changes in the nature of the primary VB

by current standards, but the results obtained can be used t
illustrate qualitative aspects of the electron conduction process
The S= 0 spin VB structures that we consider involve either
two or four singly occupied AO’s when Heitlei.ondon type
wave functions are used to represent covalent electron-pair
bonds in these structures. For two singly occupied AQ'’s, a and
b, the Slater-determinantal wave functiona®?| + |b%e’|. With
four singly occupied AQO'’s, a, b, ¢, and d, there are two linearly
independent Rumer-type wave functions, which are given by
egs 1 and 2.

For the Pauling bicovalent structure structures when an external potential is applied, and the energy
o lowering that occurs as the excited electron proceeds from
Lig— Lic—Lip cathode to anode. These choices for the magnitudes and
locations of the charges are arbitrary and therefore some of our
the four singly occupied AQ’s are=a 2s3, b = 2poc, ¢ = 2%, conclusions are dependent on the nature of these choices.
and d= 2%. In the Wy, 2$—2poc and 2g—2% spin-pairings Weights for the VB structures have been calcul#teding
occur, whereasVy; involves 2g—2s and 2wc—2% Spin- the formulaw; = Ci#/=C;?, in which C; is the coefficient of the

pairings. When L§) 2s and 2p AO’s are included in the normalized wave function for VB structuriein the ground-
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TABLE 1: Li ¢ and Lig Weights and Energies (au) for the
Pauling (Structures 1—4) and Antibonding MO (Structures
5—8) Mechanisms with No External Potential Q = 0)?

(ev) (&) (e2+h)
structure k=0.9(0.9,1.2) k=0.1(1.0,0.1) k=1.5(0.9,1.5)
1 0.910, 0.910 0.899, 0.887 0.917, 0.924
2 0.017,0.012 0.002, 0.005 0.023,0.013
3 0.074,0.078 0.097, 0.096 0.060, 0.062
4 0.000, 0.000 0.003, 0.012 0.000, 0.001

energy —44.4454,—59.2657—44.3968,-59.2183—44.4446,-59.2654

(e1) (e2) (e2+h)
structure k=1.0(0.8,0.9) k=0.1(1.0,0.1) k=1.6(0.9,1.5)
5 0.811, 0.820 0.839, 0.798 0.829, 0.812
6 0.079, 0.082 0.063, 0.100 0.060, 0.085
7 0.107, 0.095 0.089, 0.086 0.105, 0.099
8 0.003, 0.002 0.009, 0.016 0.006, 0.003

energy —44.4434,—-59.2640—44.4016,-59.2225—44.4434,—59.2639

a(ey) = first electron-transfer step, Je= second electron-transfer
step, and (g+ h) = second electron transfef hole transfer step.
k values in parentheses referden = 25 + k25 and eitherogr =
25 + K25 or ocp = 25 + k2% or oag = 25 + k2.

state wave function for resonance between either struciuréds
or 5—8 of Figure 5.

Results and Discussion

In Table 1, we report lsiand L energies (1 ae= 4.360E-

18 J) and the weights for the Lewis VB structuties4 of the
Pauling mechanism ar#8 of the antibonding MO mechanism
with no external potential. The remaining tables provide values
for the Lis and Lig energies (Tables 2, 3, and 6) ang &iructural
weights (Tables 4 and 5) with an external potential.

(a) No External Potential. The electronic structure of the
conduction band will involve resonance between the Lewis-
type VB structures of Figure 5, together with all other Lewis
structures that will interact with them, but which do not

Harcourt and Styles

structuresl and5 ensures that the Ei-Lig electron-pair bond

is nearly homopolar, i.e., the value of the polarity paramkter
for the doubly-occupieder MO is near unity. Similarly, for
each of the electron transfer steps, the absence of a positive or
negative formal charge on tin structuresl and5 ensures that

the Lic—Lin electron-pair bond is almost homopolar.

In the absence of an external potential, due to symmetry, there
is no preferred direction for electron transfer. The positive and
negative chargesHQ) associated with the anode and cathode
provide the asymmetry needed for a unidirectional flow of
electrons. The results of the eight-atom calculationsfer 0
(Tables 2-6) show that the propensity for this effect to occur
increases as the magnitude@fincreases.

(b) Applied External Potential. When the external potential
is applied (Tables 2 and 3), the presence of the cathQde (
—1,—2, and—3) and the anodg) = +1, +2, and+3) induces
substantial polarization of the g+Lir and Lix—Lig bonds for
the () and (e+h) electron transfers, thereby increasing the
ionic character of these bonds so that they approximate to
Lig"Lir and Lia*Lig~. However for the (8 electron transfer,
the ionic character of the kfLip~ bond decreases relative to
that which occurs whe@® = 0 (Table 1). The behavior of the
polarization parameters is similar in thegLand the L
calculations.

In Tables 4 and 5, we report the weights for VB structures
1-8 whenQ = +1 and+3. They show that as the magnitude
of Q increases, the importance of the (bicovalent) structure
for the Pauling mechanism and struct@réor the antibonding
MO mechanism increases. For lar@e these structures are
calculated to be the primary Lewis structures. Wigr +1,
the other bicovalent structur8 also makes a significant
contribution to the (g and the (g electron-transfer processes
of the Pauling mechanism.

The energies for the antibonding MO mechanism are calcu-
lated to lie marginally below the energies for the Pauling
mechanism. The magnitude of the energy difference increases

contribute directly to the conduction mechanisms that are being &S the size of the external potential increases. WQen £2
considered. Here we give consideration to the nature of the OF £3, this result is also obtained when the lithiumu2fO is

primary Lewis structures for the conduction mechanisms of
Figures 3 and 4.

For each of the (@ and (e + h) electron-transfer processes,
resonance between the Lewis structutest for the Pauling

excluded from the antibonding MO mechanism. Inclusion of
the 2pr AO generates only a small stabilization for the latter
mechanism whe® = £3.

(c) Energy Decrease as Electron Conduction ProceedEhe

mechanism generates an energy which is margina”y lower discussions of this section will be based on the results of the

than that for the5—8 resonance for the antibonding MO
mechanism. The converse result is obtained for thes{ectron-

Lig calculations. For the antibonding MO mechanism, similar
results are obtained for thed.¢alculations.

transfer process. In accord with electrostatic considerations, the As the excited electron moves from the cathode to the anode,
(e2 + h) mechanisms of Figure 4, with both electron and positive an energy decrease must occur at each successive electron-
hole transfer, are calculated to involve lower energies than the transfer step. For both mechanisms, the total energy that arises

(e2) mechanisms of Figure 3, with no positive hole transfer.
Electrostatics also account for the large weight for either
structurel (Pauling) or structur® (antibonding MO) for each

of the (@), (&), and (e + h) electron-transfer processes. The

after the second electron transfer is associated with (ground-
state) (g) < (e; + h) resonance, to give the wave functigh

= Y(e) + C¥(e; + h). WhenQ = +1 (Tables 2 and 3), for
both mechanisms, the energies for the) @ectron transfers

positive and negative formal charges have closer spatial locationsare less than the energies for each of thg énd (¢ + h)

in these structures (and also in struct@ethan they do in
the other structures. Structurésind2, with the same arrange-
ments of formal charges, possess28% and 2wc—2%
bonds, respectively. However the presence of the-2s
bond in structurel stabilizes it relative to structur2 with the
2poc—2% bond.

The polarization parameteis, for the doubly occupied
bonding MOogr = 25 + k25 has a value near to unity for the
(ey) electron-transfer step (Figure 3). In contrast to what occurs

electron transfers. However the)e> (e; + h) resonance gives
Pauling and antibonding MO energies 6f59.4026 and
—59.4104 au (Table 6), respectively. These energies are lower
than the (g electron-transfer energies ©69.3950 au (Pauling)
and —59.3974 au (antibonding MO).

WhenQ = £+2 and=+3, the energy for the antibonding MO
mechanism decreases as one proceeds from {helgztron
transfer to the (g electron transfer (Tables 2 and 3). The energy
differenceE(e)) — E{(e2) < (&2 + h)}, as well a€(e;) — E(e),

in either of the second electron transfer steps, the absence of ancreases for each mechanism as the magnitudgintreases

positive or negative formal charge orplin the dominant Lewis

(cf. Tables 2, 3, and 6), thereby demonstrating that an increase
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TABLE 2: Energies (E, au) and MO Polarity Parameters K in k2s + 25, 25 + k2%, or k2sy + 2s3) for the Pauling

Mechanism
6 atoms 8 atoms
(&) (&) (e2+h) (&) (&) (e2+h)
Q=41,E —44.5867 —44.5686 —44.5779 —59.3950 —59.3791 —59.3916
Q=+1,k 0.2 0.6 0.1 0.2 0.6 0.1
Q=4+2,E —44.8803 —44.8501 —44.8588 —59.6714 —59.6751 —59.6557
Q=+2,k —-0.2 1.1 0.0 0.1 0.8 0.0
Q=43,E —45.2506 —45.2118 —45.1434 —59.9981 —60.0204 —59.9703
Q=+3,k -0.3 25 -0.1 0.1 1.1 -0.1
TABLE 3: Energies (E, au) and MO Polarity Parameters K in k25 + 25, 2% + k2%, or k25, + 2s3) for the Antibonding MO
Mechanism
6 atoms 8 atoms
(1) (&) (&2+h) (&) (&) (&2+h)
Q==+1,E —44.5934 —44.6038 —44.5991 —59.3974 —59.3949 —59.3952
Q=+1,k 0.1 0.6 0.1 0.1 0.6 0.2
Q=+2,E —44.9132 —44.9662 —44.9146 —59.6893 —59.7085 —59.6747
Q=+2,k —-0.2 1.3 —-0.1 0.1 0.9 0.0
Q=43,E —45.3140 —45.4134 —45.3078 —60.0349 —60.0765 —60.0078
Q=4+3,k —-0.3 2.7 —-0.1 0.0 1.2 —-0.1

TABLE 4: Li g Structural Weights, Energies (au), and MO Polarity Parameters k in k2 + 25, 25 + k2s3, and k2, + 2s3)

for the Pauling Mechanism

Q==+1 Q=43
structure ® (&) (&2+h) (e) (&) (&2+h)

1 0.070 0.028 0.274 0.001 0.000 0.004
2 0.012 0.022 0.047 0.001 0.006 0.003
3 0.354 0.369 0.217 0.006 0.049 0.002
4 0.564 0.581 0.463 0.991 0.945 0.991
energy —59.3950 —59.3791 —59.3916 —59.9981 —60.0204 59.9703
k 0.2 0.6 0.1 0.1 1.1 -0.1

TABLE 5: Li g Structural Weights, Energies (au), and MO Polarity Parameters k in k25 + 25, 2% + k2%, or k25 + 2s3) for

the Antibonding MO Mechanism?

Q=+1 Q=+3
structure ® (&) (&2+h) (e (e) (e2th)
5 0.024 0.008 0.070 0.000 0.000 0.001
6 0.043 0.029 0.148 0.005 0.007 0.007
7 0.445 0.121 0.353 0.015 0.007 0.015
8 0.488 0.842 0.429 0.980 0.986 0.978
energy —59.3974 —59.3949 —59.3952 —60.0349 —60.0765 —60.0078
(~59.3853) 59.3880) £59.3823) 60.0329) £60.0750) —60.0060
k 0.1 0.6 0.2 0.0 1.2 —-0.1
©0.1) (0.6) 0.2) (0.0) (1.2) €0.1)

aEnergies and polarity parameters in parentheses omit the 2p AOs.

TABLE 6: Li g Energies (au) for the (g) < (e, + h)

Resonance, with (¢ and (& + h) k Values of Tables 2 and 3

Table 5). For the (8 < (e2) < (&2 + h) resonance, we obtain

W = 0.31884V(e;) — 0.75041¥(e,) + 0.14218V(e; + h), with

Q=+1 Q=42 Q=43 an energy of-60.0820 au. The resulting weights for the)(e
Pauling 504026  —596840  —60.0255 (e2), and (e + h) structures of type8 are 0.223, 0.702, and
antibonding MO~ —59.4104  —59.7140  —60.0796 0.076, thereby showing the dominance of thg te (e; + h)

resonance over the jjestep.

in the magnitude of the external potential increases the tendency For Q = %3 (with the 2 AO omitted), the energies for the
for electron transfer to occur between the cathode and anodetype8 (e1), (&), and (e + h) structures;-60.0318,—60.0725,

Of course, for each value ¢@)|, the (a) < (&) < (&2 + h) and —60.0049 au, are lower than the corresponding, (&),
resonance occurs, with the restricted wave function and (e + h) energies 0t-59.9981,—-60.0204, and-59.9703
W = Ci¥(e) + CW¥(e) + C3W(e; + h) associated with au (Table 4) for the Pauling mechanism. For the latter
it. To provide a simple example of this wave function, we have mechanism, the structural weights of Table 4 indicate that
constructed it for the antibonding MO mechanism, wigr structure4 is the dominant type of structure. For each of the
+3. For these values @, the weights reported in Table 5 show structures of typ&, the negative charge is located closer to the
that structure8 is the dominant type of Lewis structure for each anode and further from the cathode than it is in the correspond-
of the electron-transfer steps. With thes2AO omitted from ing structure of type4. Therefore for largeQ, electrostatic
the calculations, the energies fidf(e)), W(e:) and W(e+h), considerations are in accord with the calculated result that the
—60.0318,—60.0725, and-60.0049 au are similar to those antibonding MO mechanism involves a lower energy.
obtained when structures of typgs7 are also included in the To separate the {gfrom the (g) <> (e; + h) electron-transfer
calculations {60.0329, —60.0750, and—60.0060 au; cf. step, we requirdW(e)|WO= (W(e)|HWO= 0, with ¥ =
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A@A p:@/.\ ArA  AA  A—n A similar result is obtained from the free electron model for
\ ) electrons in a 1-dimensional box. The energy levels are given
a+B  3a+p 60+ 6.988p by e, 0 n%/L2 withn=1, 2, 3, ... and. = box length. The box

length is given by = (N — 1)R, in which N is the number of
equally spaced atoms arlis the spacing between a pair of

AA APA A9A A—A A—a adjacent atoms. Witk O Y vg, the energies for each electron-
— transfer step of Figure 6 are proportional to the following
30.+3.854p 30+p do+4.4728 values: (6+ 53/25)R?, (6 + 16/9)R?, (6 + 69/25)R2, and

(6 + 44/49)R2. They show that the lowest energy is obtained
for the Ag"A,~ system (i.e., (6+ 44/49)R?), which involves

@ ° Qe L v
AmA A=A AFA ATA A—A the greatest degree of delocalization of positive charge.
S500+6.543B 300+ B 200+ 2B )
Conclusions
A—A A—A A—a A94 29 When an external electric potential is applied across a linear

N P, chain of eight lithium atoms, the results of model VB calcula-
tions indicate that (a) the electronic structure of the conduction
band changes substantially, with the development of essentially
Figur? 6. VB structures for eac_h_ electron transfer step together with jonic character at the diatomic +£Li sites adjacent to the
the Hickel energies for the positively charged and neutral “polyene" cathode and the anode in particular, (b) the propensity for
separated by the three-electron bond that carries the negative charge. ’ .

electron transfer to occur between cathode and anode increases
as the size of the potential increases; (c) the energy at each
stage of the electron transfer process is lower for the antibonding
MO mechanism than it is for the Pauling mechanism, and
finally, (d) for small external potentials, electron transfer from
the first step to the second step is assisted by a greater extent
of delocalization of positive charge. Conclusion (d) is equivalent
to saying that the associated electrons for a positively charged
“polyene” are more delocalized after the second electron-transfer
step than they are after the first step, thereby leading to a “crucial
reduction” in the kinetic energies of these electréhs.

With or without an external potential, electrostatics primarily
determine which Lewis-type VB structures are important at each
stage of the electron-transfer process.

! . A X We stress that the above conclusion (c) in particular is based
configurations for the Pauling structurs4 and the antibond- o the nature of the external potential and the number of lithium

ing MO structures5—8, but for the present purpose, it is ot 5:51 that we have considered, and therefore, this conclusion
necessary to do this. is obviously model-dependent.

(d) Huckel MO Theory and Electron Transfer. The energy Increased-valence structure representations based on those

lowering of the second step relative to the first step is associated|;sgq for gas-phase nucleophilic substitution reacti®ftan be
in part with the greater degree of delocalization of the positive developed for electron conduction.

charge in the second steparticularly when the external

po_tentlal has a small magnitude. Th'.s. |s_equwalent o the Acknowledgment. We are grateful to and thank the follow-
existence of a larger resonance stabilization energy for the.

associated electrons in the resulting alliisLicLip)™ cation, ing people: (a) Dr. W. Roso for his ab initio VB program and

- i . - & . Dr. F. L. Skrezenek for installing it; (b) the Victorian Partnership
compared with what occurs in the fLiig)™(LigLiF) for the first . .
step. The effect can be illustrated simply by usingzkl MO for Advanced Computing, grant number EPPNNU0024/2001;

theory for a linear polyene with equally spaced atoms, when ©) D.r' ‘]'hM' White fo.r support aﬂd I(d) Dr. H. M. Qurllney fqr
no external potential is applied. reading the manuscript. During the later stages of the project,

N . . Dr. White also provided an improved workstation. Dr. Quiney
The Hickel MO energies are (givé® by : :
6 = a + 28 cos{z/(N + 1)), in which a and § are the then installed the VB programs on the workstation and ensured

) . . that the time needed to perform the calculations could be

Coulomb and (negative) nearest-neighbor resonance integrals .
. . . decreased dramatically.
N is the number of atoms in the polyene, ane= 1 to N.
The total Hickel MO energy isE = Zwe, in which v
is the occupation number for théh MO with energye. We
provide one example here for a chain of 10 atoms using the (1) Pauling, L.Nature 1948 61, 1019.
VB symbolism for the antibonding MO mechanism, with three (2) Pauling, L.Proc. R. Soc(London)1949 A196,343.
electron transfers after the initial step. The VB structures for (3) Pauling, L.J. Solid State Cheni984 54, 297.
i i i (4) Pauling, L.; Herman, Z. S. Ifalence Bond Theory and Chemical

e?'Ch eIecEron tranSfe.r step are dlspl_ayed in Figure 6, tOgemerStructure Klein, D. J., Trinajsti¢c N., Eds.; Elsevier: Amsterdam, 1990; p
with the Hickel energies for the positively charged and neutral ggq (see also refs 4 and 6 therein).
“polyene”, which are separated by the three-electron bond that  (5) Herman, z. S. InPauling’s Legacy Modern Modelling of the
carries the negative charge. Each three-electron bond has &hemical Bond Maksic Z. B., Orville-Thomas, W. J., Eds.; Elsevier

i ; ; Science: Amsterdam, 1999; p 701 (see also refs 25 and 27 therein).
Hfu80k968| entgarg;z/ of 35—2 p- Thde ]F(r)]elg?at'.ve) reson_ance er!frgles (6) Harcourt, R. D. InPauling's Legacy Modern Modeling of the
of 8.988, 9.32¢3, 9.543, an .17 increase in magnitude  chemical Bond. Maksic, Z. B., Orville-Thomas, W. J., Eds.; Elsevier

as the conduction electron proceeds along the chain of atomsScience: Amsterdam, 1999; p 449.

~
Tou+9.1708 300+ B

Ci¥(e) + CW (&) + CsW(e, + h). The resulting wave func-
tion for the type8 Lewis structures i8¢ = —0.03583V(e;) +
W(ey) + 0.88520P(e; + h), whose energy;-60.0352 au, lies
slightly below the energy of60.0318 au for th&(e;) energy.

The (&) <> (e; + h) resonance for the second electron transfer
can be generalized. For theh electron transfer, there are
positive holes, h hy, ..., hh. The resulting wave function
associated with the {et+ h;)) < (en + hy)... <= (en + hy)
resonance 8V, = C;W¥(e, + hy) + CW(en + hy) + ... +
C\W(en + hp). This wave function should approximate to
either¥, = C,1W¥(e, + hy-1) + CW (e, + hy) for small Q
or ¥, = CiW¥(e, + hy) + CW¥(e, + hy) for large Q.

Further energy lowerings are obtained by interacting the VB
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