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tions in the study of chemical dynamics by infrared
fluorescence are excellent, and several major new di-
rections are already off the drawing board and into the
laboratory.
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The electronic structures of extended linear chain
compounds are characterized by their energy bands, in
contrast to the discrete energy levels in molecular sys-
tems. Energy bands are continuous regions of allowed
energy values for an extended system, and are often
indicated by rectangular blocks as shown in 1a and 1b.
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For an extended system of N repeat unit cells, where
N — o, any of its energy bands consists of N band
orbital levels. Since each of those levels can accom-
modate two electrons, a given band is completely filled
if each unit cell contributes two electrons to the band.
The band orbitals of the highest occupied band may be
either completely or partially filled as illustrated in 1a
and 1b, respectively.

Many physical properties of an extended system are
largely governed by the highest occupied and the lowest
unoccupied bands, just as those of a molecule are in-
fluenced by the highest occupied and the lowest unoc-
cupied molecular orbitals. The highest occupied band
level at the absolute zero temperature is commonly
referred to as the Fermi level e, while the energy gap
between the highest occupied and the lowest unoccu-
pied band levels is known as the band gap E,. Thus,
the band gap is nonzero in 1a but vanishes in llg, so that
the band structures la and 1b represent typical insu-
lating (or semiconducting if E; is small but nonzero) and
metallic states, respectively.

One of the important quantities in describing the
electronic structure of a molecule or an extended system
is the so-called density of states. Consider, for example,
a hypothetical molecule that has the allowed orbital
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energy levels shown in 2, where the e, level is doubly

degenerate. Thus in 2, the number of allowed orbital
levels (or density of states) with the energy e, is two,
while that with the energy e; or e; is one. Of course,
the density of states with the energy value other than
the allowed energy levels is zero. Similarly, the density
of states n(e) in an extended system is the number of
allowed band orbital levels having the energy value e
per unit cell or per unit volume. In an extended system
the density of states is generally a complicated function
of energy, and its value at the Fermi level, n(ey), is
important in describing the physical properties arising
from a partially filled band.

A linear chain in a metallic state is susceptible to a
structural distortion that introduces a band gap at the
Fermi level.’® This metal-insulator transition is known
as a Peierls distortion, and is also called a 2k, distortion.
A nonlinear polyatomic molecule whose highest occu-
pied level is degenerate but incompletely filled un-
dergoes a structural distortion that lowers the molecular
symmetry and thus removes the degeneracy. This
phenomenon in molecules is called a Jahn—Teller dis-
tortion,'® and is similar in nature to a Peierls distortion
in extended linear chains.

A partially filled band results typically when a chain
has an odd number of electrons per repeat unit cell. A
chain with an even number of electrons per unit cell
may also lead to a partially filled band when the chain
structure has a special symmetry element? or when the
chain is partially oxidized (reduced) by good electron
acceptors (donors).? From the viewpoint of one-elec-

(1) (a) Peierls, R. E. “Quantum Theory of Solids”; Oxford University
Press: London, 1955; p 108. (b) Selem, L. “The Molecular Orbital Theory
of Conjugated Systems”; Benjamin: New York, 1966.
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C. 1975, 8, L45. (c) Lax, M. “Symmetry Principles in Solid State and
Molecular Physics™; Wiley: New York, 1974.
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Figure 1. Formation of the band orbitals ¢, in terms of the orbital
y; of each lattice site as well as in terms of the molecular orbitals
¢, and ¢, of each dimeric unit (i.e., any two neighboring lattice
sites).

tron theory that neglects electron—electron repulsion,
any extended chain with a partially filled band is pre-
dicted to be metallic. However, such a material may
become insulating even in the absence of a Peierls
distortion, since a band gap can be introduced by
electron—electron repulsion alone.? This kind of insu-
lating state is brought about so as to reduce the extent
of electron—electron repulsion arising from orbital
double occupancy® and can be either magnetic or non-
magnetic. Therefore, in understanding the chemical
and physical problems associated with extended linear
chain compounds, it is essential to recognize how elec-
tron—electron repulsion governs the occupancy of their
band orbitals and how the resulting electronic states
affect the structural and physical properties. These
questions are briefly examined in the following dis-
cussion by drawing analogies between extended linear
chains and discrete molecular systems in their structural
and electronic phenomena.

Nature of Energy Band

Let us consider the formation of an energy band
based upon a regular chain 3a with repeat distance a.
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In this chain of N sites (i.e., unit cells), the position of
a jth site is given by R; = ja. For simplicity of dis-
cussion, it is assumed tIJxat each lattice site j is repre-
sented by one orbital, y;, and that these site orbitals y;
are orthonormal, (Y;|¢;) = é;. Figure 1 shows sche-
matically how the band orbitals ¢; of a chain are related
to the molecular orbitals (¢, and ¢,) of a dimer and to
the site orbitals y;* The lowest (highest) level of the

(8) (a) Miller, J. S.; Epstein, A. J. Prog. Inorg. Chem. 1976, 20, 1. (b)
Stucky, G. D.; Schulz, A. J.; Williams, J. M. Annu. Rev. Matter, Sci. 1977,
7,301. (c) Keller, H. J., Ed. “Chemistry and Physics of One-Dimensional
Metals™; Plenum: New York, 1977. (d) Miller, J. S., Ed. “Extended
Linear Chain Compounds”; Plenum: New York, 1982; Vol. 2. (f) Hat-
field, W. E., Ed. “Moleculr Metals”; Plenum Press: New York, 1979.

(4) (a) Brandow, B. H. Adv. Phys. 1977, 26, 651. (b) Mott, N. F.
“Metal-Insulator Transitions”; Barnes & Noble: New York, 1977. (c)
Haas, C. “Current Topics in Materials Science”; Kaldis, E. Ed.; North~
Holland: Amsterdam, 1979; Chapter 1. (d) Doniach, S. Adv. Phys. 1969,
18, 819. (e) Herring, C. “Magnetism”; Rado, G. T, Suhl, H., Eds.; Aca-
demic Press: New York, 1966; Vol. 4. (f) Anderson, P. W. Solid State
Phys. 1963, 14, 99. (g) Kanamori, J. Prog. Theor. Phys. 1963, 30, 275. (h)
Hubbard, J. Proc. R. Soc. London, Ser. A 1963, 276, 238. (i) Yoffa, E.
J.; Rodrigues, W. A.; Adler, D. Phys. Rev. B: Condens. Matter 1979, 19,
1208.

(5) (a) Whangbo, M.-H. J. Chem. Phya 1981 75, 4983. (b) Whangbo,
M.-H. Ibid. 1980, 73, 3854. (c) Whangbo, M Foshee,M J.; Hoffmann,
R. Inorg. Chem. 1980 19,1723, (d) W'ha.ngbo M-H Ibid. 1980 19,1728,
(e Whangbo, M.-H. J. Chem Phys. 1979, 70, 4963. (f) Whangbo, M. -H,,
in ref 3d, p 127.
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Figure 2. Variation of the band orbital energy e, as a function
of wave vector k, where @ = r/a.

band represents the maximum bonding (antibonding)
interaction that results when the orbitals y; combine
in phase (out of phase) between all nearest-neighbor
sites.225 To be precise, the band orbitals ¢, are written
as

¢ = (1 /M/z);e"whﬁj 0y

where the band orbital index k, the wave vector, is
related to the crystal momentum hk. Note that the
orbital coefficient e**%i is equal to 1 at k = 0 and (-1)/
at k = 2@ (here @ = n/a). Thus, the bottom and the
top of the band occur at k2 = 0 and k = £Q), respectively.
Unlike the case just described, the nodal properties of
site orbitals may be such that the interaction between
adjacent ones is antibonding. Then the bottom and the
top of the resulting band would occur at & = =@ and
0, respectively, as expected from 4, which shows a band
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constructed from p-type site orbitals aligned along the
chain direction.

The band orbitals ¢, may be given as eigenfunctions
of the core Hamiltonian (i.e., the kinetic plus the nu-
clear-electron attraction energies).’® Then the band
orbital energies e, are given as

er = (¢p|H|dp) ~ € + 2t cos (ka) (2)

where the mean band energy ¢ is the Coulomb integral
é = (Y/HJy;) and the transfer energy ¢ is the resonance
integral ¢t = (Y;|H|Y;+1). The dependence of the band
orbital energy e, on wave vector & is plotted in Figure
2, which together with eq 2 shows that the width of the
band is given by W = —4¢ (note that ¢t < 0).

Partially Filled Band and Structural
Distortion

When each site orbital y; of the chain 3a is doubly
occupied, the resulting band becomes completely filled.
As an example, consider the highest occupied band (i.e.,
the d,2 band) of a [Pt(CN),]* chain™ depicted in 5,
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where the z-axis is taken along the chain. In this chain,
square-planar Pt(CN),?* units are stacked face to face

(6) Each site orbital ; is represented as an s-type atomic orbital in
Figure 1. In general, ¢; may refer to any group orbital of the unit cell j
that leads to a partlcufa.r band under consideration.
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to form linear chains of platinum atoms.” Upon partial
oxidation of this chain, electron removal occurs from
the top portion of the d,2 band so that a partially oxi-
dized [Pt(CN),]#*?- chain becomes metallic.”® The
bonding between platinum atoms is strengthened by the
partial oxidation, since the orbitals near the top of the
d,2 band are strongly antibonding between platinum
atoms. As a consequence, the internuclear Pt-Pt dis-
tance in a [Pt(CN),]@*® chain becomes shorter as the
extent of the partial oxidation § increases.3>’

With one electron per site in 3a, the bottom half of
its band orbitals may become doubly occupied as in 6a.

60 4-@- éb 4-@
M FM

According to Figure 2, the Fermi wave vector k; (i.e.,
the wave vector that leads to the Fermi level eg) of 6a
is £6)/2. Thus, the band orbitals ¢, in the region -@/2
< k < @/2 are doubly occupied in 6a. This half-filled
band is split into two by the pairing—distortion 3a —
3b as illustrated in 7.5 Because of the concomitant
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band gap introduction, the occupied band levels of 3b

are lowered in energy with respect to those of 3a. Thus
a regular chain with a half-filled metallic band is sus-
ceptible to a pairing distortion. For instance, consider
a linear chain NbX, (X = halogen) that contains formal
Nb#* (d!) ions. The ideal NbX, chain 8a is made up

of NbXg octahedra sharing their opposite edges. The
observed structure 8b is derived from 8a by the pairing
distortion of niobium atoms along the chain.® The
Peierls distortion expected from a half-filled metallic
band is the pairing distortion (or the lattice dimeriza-
tion) just described, and those from one-third- and
one-quarter-filled metallic bands are lattice trimeriza-
tion and tetramerization, respectively.

Electron Localization and Orbital Occupancy

As observed from magnetic insulators, a regular chain
with a partially filled band may become insulating due
simply to electron—electron repulsion. The electrons
in such materials are often called localized electrons.
Let us explore the meaning of electron localization in
terms of the diagram 9, which shows an electron hop-

(7) (a) Whangbo, M.-H.; Hoffmann, R. J. Am. Chem. Soc. 1978, 100,
6093. (b) Bullett, D. W. Solid State Commun. 178, 27, 467. (c) Miller,
J. 8., Ed. “Extended Linear Chain Compounds”; Plenum Press: New
Yrok, 1982; Vol 1. (d) Reis, A. J., Jr.; Peterson, S. W. Inorg. Chem. 1976,
15, 3186. (e) Krogmann, K.; Hausen, H. D.; Binder, W. Angew, Chem.,
Int. Ed. Engl. 1968, 1, 812.

(8) (a) bo, M.-H.; Foshee, M. J. Inorg. Chem. 1981, 20, 113. (b)
Taylor, D. R.; Calabrese, J. C.; Larsen, E. M. Ibid. 1977, 16, 721. (c)
Blight, D. G. Kerpert, D. L. Phys. Rev. Lett. 1971, 27, 504. (d) Kerpert,
D. L.; Marshall, R. E. J. Less-Common Met. 1974, 34, 153.
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ping from one lattice site to another in a regular chain
with one electron per site. If 7 is the mean time of stay
for an electron at a given site,? * would be infinite for
a localized electron. Since a hopping electron may as-
sume any energy value within the band of 9a, the un-
certainty in energy is equal to W. Thus, according to
the uncertainty principle, r =~ /W so that r — « as
W — 0. That is, electron localization occurs from a
chain with a very narrow band. What makes electron
hopping energetically unfavorable in such a case is the
on-site repulsion brought about by having two electrons
on a lattice site as in 9b.4

Localized insulating states can be accommodated
within the framework of band orbital picture once it is
recognized how electron—electron repulsion affects or-
bital occupancy.5 The electron—electron repulsion terms
of importance are the on-site repulsion U = Wiy
and the nearest-neighbor intersite repulsion V =
(Ya¥j41¥41). Let us first consider the relative stability
of tl{1e singlet and the triplet states of a dimer (i.e., any
two neighboring sites of a chain) shown in 10a and 10b,

— % -+ %,
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10a 10b

respectively, where ¢; = (y; + ¥,41)/2Y/% and ¢, = (y;
- ¥;+1)/2"/% The singlet state 10a has the lower lying
orbital doubly occupied, which is favored in terms of
orbital energy but opposed in terms of electron—electron
repulsion. The opposite is the case with the triplet state
10b in which orbital double occupancy is avoided.
Thus, when e; — ¢; < U/2, the triplet state becomes
more stable than the singlet state.>f Because of the
relationship that e, — e, = -2t = W/2, the relative
stability of those two states can be written as

Er < Eg 3

if W < U. An extreme case of eq 3 occurs when the
orbitals ¢, and ¢, are degenerate so that ¢; — e, = W
= 0. Then the triplet state is more stable than the
singlet state since U is nonzero. This is, of course, an
example of Hund’s rule.

Consider now an alternative to the metallic state 6a.
The ferromagnetic (FM) insulating state 6b of a half-
filled band has every band orbital singly occupied, and
hence removes the electron—electron repulsion arising
from the orbital double occupancy in 6a. The relative
stability of the metallic and the FM states is given by®f

Epy < Ey 4

if W < (x/4)U. This expression is similar not only to
the electron localization condition determined by using
many-body theory!® but also to its molecular counter-
part (eq 3) concerning the relative stability of the low-
spin and high-spin states of a dimer. From the view-
point of total electronic energy in which all electron—
electron repulsion terms but U and V are neglected, the

(9) Kruger, E. Phys. Status Solidi B 1978, 85, 261.
(10) Hubbard, J. Proc. R. Soc. London, Ser. A 1964, 277, 237,
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FM state 6b is equivalent to any localized state that has
each site orbital ¢; of 3a singly occupied either with
up-spin or with down-spin.}!

Charge and Spin-Density Alternation

Besides the FM state, electron—electron repulsion
could lead to a number of other electronic states for a
regular chain with a half-filled band. It is convenient
to regard these states as derived from the metallic state
when its occupied orbitals ¢ (-k; < k < k¢, where k; =
Q/2) are modified by mixing with the unoccupied or-
bitals ¢4ox.* Namely, new band orbitals may be de-
fined as

¢x* = M (@1 + oppion)
¢ = M (¢ — auPrror,)
&1’ = Mg(dp + iBrdrsor)

where M, and M; are the normalization constants and
the mixing coefficients a; and 3, are even and odd
functions of k, respectively. The electron densities
resulting from the orbitals ¢,%, ¢,%, and ¢,° are re-
spectively given by (¢,*)*¢,%, ($:%)*@,%, and (¢:°)*¢,?,
each of which consists of the terms associated with
on-site densities ;> and those associated with near-
est-neighbor intersite densities y;4;+;. An essential
consequence of the orbital mixing defined in eq 5 is
electron density alternation. It is on-site densities y;
that alternate in magnitude in (¢,*)*¢,* and (¢,%)*¢.°,
but intersite densities y;¥;4, in (¢1®)*¢x?. The band
orbital densities (¢,*)*¢,* and (¢,%)*¢,* differ only in
that the sites of density accumulation (depletion) in the
former coincide with those of density depletion (accu-
mulation) in the latter.

Thus, when the modified orbitals of eq 5 are occupied
as indicated in 11 for all & in the region —k; < k < k;,5

b % &3
T
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there occur charge density wave (CDW, or diagonal
CDW!2%), bond density wave (BDW, or off-diagonal
CDW11), and antiferromagnetic (AFM, or spin density
wave) states. The characteristic charge and spin density
distributions in the AFM, CDW, and BDW states are
compared with those of the metallic (M) state in 12. In
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(11) The energy difference between any two different spin arrange-
ments of a magnetic insulator is small, which is described in terms of spin
Hamiltonians.

12

(12) (a) Peldus, J.; Cizek, J. Phys. Rev. A 1970, 2, 2268. (b) Kertész,
M. Phys. Status Solidi B 1975, 69, K141. (c) Kertész, M.; Koller, J.;
Azman, A. J. Chem. Phys. 1977, 67, 1180. (d) Fukutome, H. Prog. Theor.
Phys. 1968, 40, 998, 1227. (e) Ooshika, Y. J. Phys. Soc. Jpn. 1957, 12,
1246.
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Figure 3. Correlation between the d,2 band of a [Pt™L,X] chain

and that of a [PtIL,Pt"VL,X,] chain, where the z-axis taken along
the chain direction, and the label 22 refers to d,z.

each electronic state of 12, the magnitude of the up-spin
(down-spin) electron density on a lattice site is repre-
sented by the length of the upward (downward) arrow,
while the magnitude of the bond order between any to
neighboring sites is indicated by the height of the
dashed line. Thus, the AFM state exhibits spin density
alternation, and the CDW state charge density alter-
nation. The bond orders of the BDW state alternate
in magnitude, but those of other states are uniform.
Note that the essential difference between the CDW
and BDW states lies in whether the density alternation
refers to on-gsite or intersite electron density.

In the metallic state the symmetry of the density
distribution is identical to that of the chain lattice. This
is not the case with the CDW, BDW, or AFM state, in
which either spin or charge density distribution has
lower symmetry than does the chain lattice. Occurrence
of such a phenomenon, often described as the Har-
tree—Fock instability,'3 is due to electron—electron re-
pulsion. With respect to the metallic state 6a in which
all the orbitals ¢ in the region —k; < k < k; are doubly
occupied, it amounts to reducing the extent of orbital
double occupancy (and hence the extent of electron—
electron repulsion) to fill the modified orbitals of eq 5
as shown in 11. When an AFM, CDW, or BDW char-
acter is created on top of the metallic state as depicted
in 11 (i.e., o # 0 and B, # 0 in eq 5), a band gap is
introduced in the resulting state. The magnitudes of
the band gaps in the AFM, CDW, and BDW states are,
like the energy lowering factors favoring the formation
of those states, proportional to the electron repulsion
terms U, (4V - U), and V, respectively.’® Thus, the
AFM state reduces on-site Couloumb interactions as in
the FM state, and the CDW state reduces nearest-
neighbor Coulomb interactions while increasing on-site
Coulomb interactions at the same time. The BDW
state enhances nearest-neighbor exchange interactions,
which originate from intersite electron densities
2T B

(13) (a) Thouless, D. J. “The Quantum Mechanics of Many Body
Systems”; Academic Press: New York, 1961. (b) Lowdin, P.-O.
“Quantum Theory of Atoms, Molecules and Solid State”; Lawdin, P.-O.,
Ed.; Academic Press: New York, 1966; p 601. (c) Cizek, J.; Paldus, J.
J. Chem. Phys. 1967, 47, 3976. (d) Hirao, K.; Nakatsuji, H. J. Chem.
Phys. 1978, 69, 4535, 4548. (e) Bohm, M. Ber. Bunsenges. Phys. Chem.
1981, 85, 755. (f) Fukutome, H. Prog. Theor. Phys. 1972, 47, 1156. (g)
Ostlund, N. S. J. Chem. Phys. 1972, 57, 2994.
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We summarize in Chart I the various band electronic
states that may arise from a regular chain with a
half-filled band. Both the FM and AFM states occur
from a narrow band, while the metallic and BDW states
occur from a wide band. Due to the increase in on-site
Coulomb interactions, the CDW state cannot be real-
ized unless (U - 4 V) < 0814 and/or unless its al-
ternative electronic states are made unstable by a cer-
tain structural modification of the chain. For example,
the mixed-valent [PtUL,PtVL,X,] chain 13a is ob-

13a —/lr—x—ll?—xﬁ—g—x—g{‘—,\'—
/| /| / /|

/3b —f|>? X—A?HX—AJ'AX*A"?_AL
{ /| { /|

tained from the monovalent [Pt!L,X] chain 13b that
consists of Pt™L,X, octahedra sharing their opposite
corners X.15 As shown in Figure 3, the highest occupied
band of 13b (i.e., the d,z (III) band) is half-filled and
has antibonding character between platinum and hal-
ogen atoms.® This antibonding combination in the d,z
band is a consequence of the fact that the d orbitals of
platinum are higher lying than the s and p orbitals of
halogen. The pairing distortion of halogen atoms 13b
— 13a converts the antibonding orbitals of the Pt!-
X-PtM centers in 13b into the d,z lone pair orbitals of
the PtUL, units and the Pt™V-X antibonding of the
PtVL,X, units. Because of the removal of the anti-
bonding interactions, the d,: (II) band of 13a is lowered
significantly relative to the d,2 (ITI) band of 13b.22 This
orbital energy lowering must be far greater than what
one expects from the simple introduction of a band gap
as indicated in 7, in order to overcome the on-site re-
pulsion from the Pt! sites in 13a.15?

The CDW (i.e., diagonal CDW) or the BDW (i.e.,
off-diagonal CDW) that arises from a half-filled band
is commensurate in that the periodicity of the electron
density distribution is an integral multiple of that of
the chain lattice. An incommensurate CDW originates
from a partially filled metallic band whose occupancy
is not a simple fraction of the number of lattice sites
such as /5, /5, and 1/,1® A commensurate CDW is
locked into place because its sliding motion along the
chain faces a large potential barrier. However, an in-
commensurate CDW, which consists of both diagonal
and off-diagonal CDW characters, can easily slide along
the chain unless pinned to the lattice by impurities.1®

Pairing Distortion and BDW

When formed on a regular chain with a half-filled
band, a BDW makes the potentials acting on the two

(14) (a) Richter, A.; Mizia, J. Phys. Status Solidi B 1979, 92, 5619. (b)
Ionov, S. P.; Manakova, L. A.; Zemskov, B. G. Ibid. 1979, 91, 389. (c)
Ionova, G. V.; Makarov, E. F.; Pachev, O. M.; Ionov, S. P. Ibid. 1978, 85,
359, 683.

(15) (a) Berkaroglu, O.; Beer, H.; Endres, H.; Keller, H. J.; Nam Gung,
H. Inorg. Chim. Acta 1977, 21, 183. (b) Day, P., in ref 3¢, p 197; ref. 3e,
p 191, (c) Brown, K. L.; Hall, D. Acta Crystallogr., Sect. B 1976, B 32,
279. (d) Clark, R. J. H.; Franks, M. L.; Trumble, W. R. Chem. Phys. Lett.
1976, 41, 287. (e) Clark, R. J. H,, in ref 3e, p 672. (f) Robin, M. B.; Day,
P. Adv. Inorg. Radiochem 1967, 10, 247.

(16) (a) Berlinsky, A. J. Contemp. Phys. 1976, 17, 331. (b) DiSalvo,
F. J. “Electron-Phonon Interactions”; Riste, T., Ed.; Plenum Press: New
York, 1977, p 107. (c) White, R. M.; Geballe, T. H. “Long Range Order
in Solids”; Academic Press: New York, 1979. (d) Fleming, R. M,;
Moncton, D. E.; McWhan, D. B. Phys. Rev. B 1978, 18, 5560.
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sides of a lattice site unequal, thereby inducing a pairing
distortion.’!”  Therefore, it may be said that the
Peierls distortion (i.e., the pairing distortion) in such
a chain is driven by a BDW created on top of the
metallic state. A pairing distortion is also found in
linear AFM chain compounds that are comprised of ion
radicals. This phenomenon is known as a spin—Peierls
distortion.!® In contrast to a Peierls distortion that
refers to a phase transition from a metallic to a non-
magnetic insulating state, a spin-Peierls distortion al-
ters an AFM state with a uniform spin-exchange pa-
rameter to another with two alternating parameters, 14a
— 14b. A spin—Peierls phenomenon is usually de-

~J - =l dp
1L 1 1L o1

4a 14b

scribed in terms of the magnetic energy associated with
spin Hamiltonians.!® Within the framework of elec-
tronic Hamiltonians, a spin—Peierls distortion can be
considered to result when a BDW is introduced into an
AFM state as depicted in 15.52 As already mentioned,

the formation of a BDW is favorable in a wide band,
but that of an AFM state in a narrow band. Therefore,
the extent of a BDW that can be formed on top of an
AFM state would be small. This explains why the
magnitude of a spin—Peierls distortion is small com-
pared with that of a Peierls distortion. Ultimately, no
BDW is expected from a truly localized state, which
occurs when W = 0.5 This is consistent with the ob-
servation that nonzero spin-exchange parameter J is
needed to predict a spin—Peierls distortion in the spin
Hamiltonian analysis, because ¢/ is related to the band
width as J = W?/4 1618

2k, vs. 4k, Distortion and Molecular Analogy

With one electron per every two sites, the regular
chain 16a will have its band one-quarter filled. Thus,

60 oo s'e oo oo
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if electron—electron repulsion is neglected, the Fermi
wave vector is given by k; = %@ /4 so that the appro-
priate Peierls distortion (or the 2k, distortion) is a
lattice tetramerization such as 16a — 16b. Because of
electron—electron repulsion, however, the chain 16a
might undergo a lattice dimerization such as 16a — 16¢
as if k; = £€/2. This kind of structural distortion is
termed a 4k; distortion.!® As an example, let us con-

(17) (a) Kondo, J. Physica B+C (Amsterdam) 1980, 98 B+C, 176. (b)
Kertész, M.; Koller, J.; Azman, A. Int. J. Quantum Chem. 1980, 18, 645.

(18) (a) Bray, J. W.; Interrante, L. V.; Jacobs, I. S.; Bonner, J. C.
“Extended Linear Chain Compounds; Miller, J. S.; Ed.; Plenum; New
York, 1982; Vol. 3, p 353. (b) Jacobs, L. S.; Bray, J. W.; Hart, H. R, Jr.;
Interrante, L. V.; Kasper, J. S.; Watskin, G. D.; Prober, D. E.; Bonner,
J. S. Phys. Rev. B 1976, 14, 3036. (c) Soos, Z. G. Annu. Rev. Phys. Chem.
1974, 27, 121. (d) Chesnut, D. B. J. Chem. Phys. 1966, 45, 4677. (e) Beni,
G.; Pincus, P. J. Chem. Phys. 1972, 57, 3531. (f) Pytte, E. Phys. Rev. B
1974, 10, 4837. (g) Cross, M. C.; Fisher, D. S. Phys. Rev. A 1979, 19, 402.
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Figure 4. Correlaﬁon between the MO levels of the tetramers
18a, 18b, and 18c.

sider a salt of 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ) with the methylethylmorpholinium cation
(MEM?Y), i.e., MEM(TCNQ),.1%¢® With the formal
oxidation of (TCNQ),", the band made up the lowest
unoccupied molecualr orbitals of neutral TCNQ units
becomes the highest occupied band of each TCNQ
chain in MEM(TCNO),, which is one-quarter filled.
The TCNQ chains in MEM(TCNQ), as viewed along
the chain direction above and below ~335 K are
schematically shown in 17a and 17b, respectively. The

» PHHH

17 &\\\\\
TCNQ units are almost uniformly spaced in 17a, while
they are dimerized in 17b. Below ~20 K the TCNQ
chain 17b is known to undergo a dimerization along the
chain direction, thereby leading to a tetramerized
structure.!%#

The cause for the 4k; distortion in a quarter-filled
band may be accounted for in terms of its molecular
analogy, i.e., the distortion from a square-planar tet-
ramer 18a. Figure 4 shows how the MO levels of 18a
vary as it undergoes a “dimerization”, 18a — 18¢, and
a “tetramerization”, 18a — 18b. The electronic states
19a—-19e are obtained when the MO’s of 18a are half-,

- - - - %
#— —— - ®H H+
# #  F  #  #

19a 190 19¢ 19d 19e

quarter-, and three-dquarters-filled. The MO correla-
tion diagrams of Figure 4 allow us to examine which
distortion, dimerization or tetramerization, would be
preferred in 19a-19e. The half-filled configuration 19a
is expected to follow a dimerization as in the case of the

(19) (a) Torrance, J. B. Phys. Rev. B 1978, 17, 3099. (b) Weger, M.;
Gutfreund, H. Solid State Commun. 1979, 32, 1259. (c) Hubbard, J.
Phys. Rev. B 1978, 17, 494. (d) Emery, V. J. Phys. Rev. Lett. 1976, 37,
107. (e) Huizinga, S.; Kommandeur, J.; Sawatzky, G. A,; Thole, B. T;
Kopinga, K.; deJonge, W. J. M.; Roos, J. Phys. Rev. Sect. B 1979, 19,
4723. (f) Kobayashi, H.; Kobayashi, A. in ref 3d, p 259. (g) Kagoshima,
S. Ibid., p 308.
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Figure 5. Correlation between the MO levels of the trimers 20a,
20b, and 20c.
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Jahn-Teller distortion of cyclobutadiene,?’ while the
quarter-filled configuration 19b would be stabilized by
a tetramerization. When the interactions among the
four sites of 18a are weak, the MO levels of 18a split
only slightly so that the high-spin state 19¢ would be
favored over the low-spin state 19b due to electron-
electron repulsion. Consequently, the quarter-filled
configuration 19¢ will induce a dimerization just as in
the case of the half-filled configuration 19a.

The above discussion suggests that the 2k; and the
4k; distortions of a linear chain compound are the same
in nature as the Jahn-Teller distortions that are asso-
ciated with the low-spin and the high-spin states of a
discrete molecule, respectively. The distortions from
quarter-empty configurations are similar to those from
quarter-filled configurations. That is, the states 19d
and 19e are expected to undergo a tetramerization and
a dimerization, respectively.

In a similar manner, the 2k; and the 4k, distortions
from a chain with a third-filled (or a third-empty) band
may be estimated in terms of the distortions expected
from an equilateral triangle trimer 20a. The appro-
priate MO correlation diagrams for the distortions 20a
— 20b and 20a — 20c¢, shown in Figure 5, suggest that
a regular chain 21a with a third-filled band (i.e., two
electrons per every three sites) would prefer the 4k;
distortion 21a — 21¢!% to the 2k, distortion 21a — 21b

2la
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if the interactions among the lattice sites are weak in
20a.

The localized electrons in the quarter-filled 4k,
structure 16c and those in the third-filled 4k, structure
21c¢ may be antiferromagnetically oriented. Then the
4k; — 2k, distortions 16¢ — 16b and 21¢ — 21b can be
regarded as the spin—Peierls distortions in the linear
chains with quarter- and third-filled bands, respectively.

(20) The singlet configuration 19a of 18a is higher in energy than the
triplet configuration of 18a that has each of the degenerate orbitals of
18a singly occupied by an up-spin electron. Another singlet configuration
in 18a, which results when the two electrons in one of the degenerate
orbitals of 19a are transferred to the other of the degenerate levels, may
be referred to as 19a’. Then, a symmetry-adapted singlet state may be
approximated by a linear combination of 19a and 19a’. In cyclobutadiene,
the lowest energy singlet state of 18¢c that is derived from 19a of 18a upon
dim(lall:ization is lower in energy than the lowest energy triplet state of
18c.
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Competition between Electron Localization and
Superconductivity

The ability to carry an electrical current without re-
sistance is referred to as superconductivity,'%?! and the
temperature at which a material becomes supercon-
ducting upon cooling is called the superconducting
transition temperature, T,. It is known that T, is raised
upon increasing the density of states at the Fermi level
n(eg),*? and a high transition temperature T, is likely
to occur from a nearly half-filled narrow band® partly
because the n(eg) value of such a band is generally large.
As already pointed out, electrons in such a band are also
susceptible to electron localization. Thus, competition
between superconductivity and electron localization
may occur, as observed from several organic salts of
tetramethyltetraselenafulvalene (TMTSF) with inor-
ganic ions X, i.e.,, (TMTSF),X.2 For instance,
(TMTSF),PF¢ undergoes a spin density wave (SDW)
transition near 12 K at ambient pressure.?? However,
an applied pressure of ~12 kbar is known to suppress
the SDW transition and give rise to superconductivity
at T, =~ 0.9 K.# On the other hand, (TMTSF),Cl1O0,
becomes superconducting at T, ~ 1 K without any

(21) (a) Krebs, H. Prog. Solid State Chem. 1975, 9, 269. (b) Grassie,
A. D. C. “The Superconducting State”; Sussex University Press: London,
1975; Chapter 2. (c) Kittel, C. “Quantum Theory of Solids™; Wiley: New
York, 1963; Chapter 8.

(22) A recent summary of experimental and theoretical results on
(TMTSF),X salts is found in Mol. Cryst. Liq. Cryst. 1982, 79, 1-359.

(23) (a) Bechgaard, K.; Jacobsen, C. 8.; Mortensen, K.; Pedersen, H.
J.; Thorup, N. Solid State Commun. 1980, 33, 1119, (b) Walsh, W. M.,
Jr.; Wud), F.; Thomas, G. A.; Nalewajek, D.; Hauser, J. J.; Lee, P. A;;
Poehler, T. Phys. Rev. Lett. 1980, 45, 829. (c) Scott, J. C.; Pedersen, H.
J.; Bechgaard, K. Phys. Rev. Lett. 1980, 45, 1874. (d) Chaiken, P. M,;
Grunner, G.; Engler, E. M.; Greene, R. L. Phys. Rev. Lett. 1980, 45, 1874.

(24) (a) Jerome, D.; Mazud, A.; Ribault, M.; Bechgaard, K. J. Phys.
Lett. (Orsay, Fr.) 1980, 41, L95. (b) Andres, K.; Wudl, F.; McWhan, D.
B.; Thomas, G. A.; Nalewajek, K.; Stevens, A. L. Phys. Rev. Lett. 1980,
45, 1449.

applied pressure.s It is certainly a challenge to unravel
the structural and electronic factors responsible for such
delicate changes in the physical properties of
(TMTSF),X.

Concluding Remarks

The electronic structure of a given system is char-
acterized by its orbital occupancy, which is in turn
governed by a balance between two opposing energy
components. That is, the double occupancy of low-lying
orbitals is promoted by orbital energy but opposed by
electron—electron repulsion. Since this is true for any
material, regardless of whether extended or discrete, it
is only natural that similarities do exist between ex-
tended and discrete systems in their structural and
electronic phenomena, Some of those similarities were
identified and analyzed in this article. It should also
be noted that common facets exist between molecular
ring current and bulk superconductivity® and that a
solid-state polymerization process, as to whether ther-
mally or photochemically allowed, can be discussed in
terms of the Woodward-Hoffmann rules.?” Further
investigation of such similarities between extended and
discrete systems would help us to build true bridges of
comprehension between chemistry and physics associ-
ated with solid-state materials.
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This Account is concerned with the development of
methods, based on the selective chemisorption of oxy-
gen, to characterize the specific surface area of chromia
and molybdena catalysts. Selective chemisorption
techniques, especially for hydrogen and carbon mon-
oxide, are well-known for the characterization of sup-
ported metal catalysts. Comparable methods for sup-
ported transition-metal oxide and sulfide catalysts have
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been relatively neglected, and more study will be needed
before we understand in detail what is being measured.
The author’s interest in this topic originated some 30
years ago in a more general context.

Two papers by Dowden aroused hopes, around 1950,
that a unitary electronic theory of catalytic action would
be successful.'? Dowden’s approach was based on
application of band theory (of electronic energy levels)
to insulator, semiconductor, and metal catalysts.* The
author’s first work on transition-metal oxide catalysts

(1) Dowden, D. A. Research (London) 1948, 1, 239.

(2) Dowden, D. A. J. Chem. Soc. 1950, 242.

(3) Some years later, Dowden gave up this approach in favor of greater
emphasis on surface chemistry, expressed in terms of crystal and lig-
and-field theory.
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