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The band structures of 11 one-dimensional (1D) poly-decker sandwich compounds with dif-
ferent transition metal centers M (M = Mn, Fe, Co, Ni, Cu, Zn) and a variety of fivemembered #
ligands L from the cyclopentadienyl moiety (CsHs) to the pure boron ring BsHs have been
studied by means of a semiempirical crystal orbital procedure based on the INDO approxima-
tion in order to allow a priori predictions on possible semiconducting or conducting low-dimen-
sional materials composed by ML fragments. To determine the (numerically) different self-
energy corrections (i.e. long-range and short-range “correlations”) in the transition metal 3d
spines and the ligand backbones approximate quasi-particle shifts have been employed for the
correction of the Hartree-Fock (HF) band energies. The band structure properties (e.g.,
dispersion curves, density of states distributions, effective mass parameters, propagation times of
charge carriers) are discussed in the light of the semiempirical tight-binding approach. It is
shown that the forbidden band gaps are reduced with an increasing number of B atoms in the 7
ligands. The gap in the Mn(C;Hjs) stack amounts to 8.27 eV, while overlapping dispersion curves
are predicted in the Zn(BsHs) derivative. This model polymer is the only intrinsic conductor in
the series of the studied 1D metallocenes; all other compounds require injected charge carriers
(electrons or holes) in order to achieve partially filled bands. Injected holes in the Mn or Fe
backbones lead to 1D materials with conducting 3d spines; the charge transfer in this regime is
best described as some type of hopping motion. The remaining poly-decker strands belong to the
class of organic metals (injected carriers) with conductive pathways that are formed by diffuse
ligand states leading to transfer processes that can be rationalized in terms of a band picture. The
rotational profiles and the magnitudes of intracell and intercell interactions are also studied. The
band structure properties (band gaps, characters of the valence and conduction bands) depend
critically on the mutual orientations between neighbouring unit cells in the case of ligands with
low spatial symmetries. General rules and strategies for synthetic approaches to organometallic
1D materials containing 3d centers with small or vanishing band gaps are formulated.

are stacked metal-over-metal. An angle of 90° is
formed between the ligand plane and the longitudi-
nal axis. Deviations from the 90° arrangement are
encountered in the polymers of class B with short
metal-ligand contacts between adjacent moieties.
The 1D systems of class A are often called M—M
phases, while the slipped arrangements are char-

1. Introduction

The chemical and physical properties of low-di-
mensional transition metal compounds with organo-
metallic unit cells have been investigated in large
detail in the last years [1 —4]. It has been shown that
these one-dimensional (1D) stacks show often semi-

conducting or even conducting properties in the
solid state. The variety of organometallic 1D
systems can be roughly divided into four large
groups on the basis of the topological arrangement
of the different stacking units. Simplified represen-
tations of the mutual coupling schemes are sum-
marized in Figure 1. Direct metal-metal contacts are
found within the columnar structures of the class
A materials with planar organometallic units that
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acterized as M—L—M modifications [5]. The transi-
tion metal atoms in 1D materials of class C are
separated by the organic ligands or by bridging
fragments —X—. The stacking units are thus coupled
via metal-ligand bonds. The organometallic poly-
mers of class D, at least, are formed by building
blocks connected via covalent ligand-ligand inter-
actions.

The current experimental activities in the field of
1D organometallics of the classes A—D were re-
stricted to a limited number of model compounds.
The tetracyano platinate chain (Ky[Pt(CN)4]Brg;
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Fig. 1. Simplified representation of the four topologically
different types of one-dimensional (1D) transition metal
polymers A, B, C (C; and C;;) and D, respectively. that can
be discriminated on the basis of the intercell coupling
between the molecular building blocks. The type A mate-
rials crystallize in the form of columnar structures with a
metal-over-metal arrangement. The angle between the
stacking axis and the mean plane of the organic ligand is
90°. Polymers of class B show a slipped arrangement with
respect to the stacking direction. The angle between the 1D
axis and the ligand plane differs from the perpendicular
90° orientation. The shortest intercell contacts are found
between the metal center (M) of one unit cell and ligand
atoms in the nearest neighbouring moieties. The transition
metal atoms of class C (C; and Cy;) chains are separated by
organic ligands or bridging atoms. C; and C;; differ with
respect to the environment around the transition metal
centers. In the first backbone the metal atoms are only
coupled to ligand units in the direction of the longitudinal
axis (e.g.: tetrathiosquarato nickel(II)). In the 1D stacks of
the latter topology the metal sites M belong to planar
organometallic building blocks with vacant positions in the
direction of the 1D axis; in the polymer chain these
vacancies are occupied by organic =z ligands or bridging
atoms. Both polymer units (C; and Cy;) are thus coupled
via covalent metal-ligand bonds. The 1D materials of class
D are characterized due to ligand-ligand bonds between
neighbouring stacking fragments.

- 3H,0, Krogmann’s salt) is a historically important
example for a highly conducting material in the 1D
backbones with columnar structures (A) [6]. Por-
phyrin derivatives and phthalocyanine materials on
the other side have focused most of the very recent
experimental interest in this group of low-dimen-
sional transition metal derivatives [2]. Highly con-
ducting organometallics. that crystallize in the
M—L~M modification B, are yet not known. On the
other side. it has been demonstrated that the insu-
lating (undoped) modifications of partially oxidized
(doped) conducting chains of class A favour often
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the crystallization in the stacking pattern B in the
absence of oxidants [2]. Some typical representatives
of class C. that have been investigated by experi-
mental groups, are tetrathiosquarato nickel(II) [7],
phthalocyanine stacks with SiO, GeO or SnO
bridges [8] as well as metallomacrocycles with 3d
transition metal centers that are coupled by means
of organic n systems [9, 10]. At the end, we want to
mention the large number of low-dimensional poly-
ferrocenylene derivatives that belong to the 1D
stacks with ligand-ligand bonds (D) between the
molecular fragments [11, 12]. It is common to all
these organometallic polymers that they are insula-
tors in the absence of materials leading to a partial
oxidation or reduction (i.e. to nonintegral oxidation
states due to an incomplete charge transfer).

It had been mentioned that the recent experi-
mental activities towards conducting or semicon-
ducting transition metal polymers were restricted to
a limited set of model systems. Therefore, it is not
astonishing that there exists a vital interest to syn-
thesize and characterize new 3d materials with
metallic or semimetallic properties in the solid state.
In the molecular field it has been shown that
possible synthetic strategies towards systems with
specific properties can be often guided and facili-
tated by quantum chemical model investigations.
Such an interplay of theory and experiment is yet
not found in the solid state area. This deficit must
be traced back to the complicated structure of the
low-dimensional materials on one side and the elab-
orate computational expenditure of reliable theoret-
ical solid state models on the other side. Previous
experience, e.g., has shown that simplified one-elec-
tron procedures (Wolfsberg-Helmholtz or Extended
Hiickel Hamiltonians) are often too insensible to’
allow a priori predictions about conducting or in-
sulating properties of 1D derivatives, the possibility
of band conductivities or diffusive hopping pro-
cesses etc. [13—15]. These shortcomings of simple
one-electron procedures are of course expected. as
the classical contributions of Mott and Slater have
shown that it is the electron-electron interaction that
determines whether a solid is an insulator, a semi-
conductor or a conductor [16. 17].

In order to allow theoretical investigations on ex-
tended metallomacrocycles in the framework of the
Hartree-Fock (HF) approximation, we have devel-
oped a semiempirical crystal orbital (CO) formal-
ism [18] which is based on the tight-binding formal-
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ism for infinite periodic systems with cyclic bound-
ary conditions [19, 20]. The employed CO scheme is
formulated in the framework of the well-known
CNDO or INDO approximation in the ZDO (zero
differential overlap) hierarchy. The self-consistent-
-field (SCF) HF CO procedures have been derived
to reproduce the results of timeconsuming ab initio
calculations in the framework of dressed ZDO
operators with screened two-electron parameters
[21]. We have used this CO method to study the
solid state properties (e.g., band structures & (k).
density of states distributions N (E), nature of intra-
cell and intercell interactions, geometrical effects in
the solid state, transfer paths and transport mecha-
nisms of (injected) charge carriers, etc.) of a large
number of recently synthesized transition metal
polymers of the classes A—D as well as of organic
donor-acceptor systems [22, 23]. In the type A
materials we have analyzed the solid state elec-
tronic structures of bis(glyoximato)nickel(IT) [24].
bis(benzoquinonedioximato)nickel(II) [25], Ni(II)
porphyrinato and tetraza porphin stacks [26—28].
The slipped modification of bis(glyoximato)-
nickel(I) has been investigated as a representative
example in the class B backbones with short metal-
-ligand contacts between neighbouring unit cells [29].
In the case of low-dimensional materials with co-
valent metal-ligand-metal bonds we have considered
the above mentioned systems tetrathiosquarato
nickel (1) [30], bis(glyoximato)pyrazine iron(II) [31]
as well as tetraza porphin moieties with SiO and
GeO bridges [32]. The band structure of polyferro-
cenylene has been examined to understand and to
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file the solid state properties of class D polymers
[33]. The HF SCF INDO CO investigations on
organic and transition metal backbones allowed in
any case the interpretation of a large amount of ex-
perimental results. The dressed nature of the
HF SCF CO Hamiltonian even made possible reli-
able predictions of optical band gaps as a result of
the renormalization of the two-electron part in the
HF operator and the screening of the one-particle
regime (i.e. occupied and empty Fermi seas)
[34—37]. The screened electron-electron interaction
terms diminish furthermore the shortcomings of the
HF potential to describe the virtual one-particle
space by means of a Vy (N electron system) poten-
tial instead of the physically justified Vy_;) poten-
tial [38. 39].

The successful application of the semiempirical
HF SCF INDO CO formalism to a large number of
organometallic polymers suggests to employ this
method also to investigate systematically solid state
properties of low-dimensional materials, where also
unexpected physical and chemical properties can be
expected, and thus to allow a priori predictions
of suitable precursors and synthetic routes. It is the
purpose of the present contribution to analyze the
band structures of one-dimensional metallocene (mul-
tiple-decker) derivatives (see Fig.2) with an alter-
nating arrangement of fivemembered homo- and
heterocyclic 7 ligands L and transition metal atoms
M that form unit cells with 12 (or 14) outer valence
electrons (only the ligand 7 and metal 3d electrons
are counted). The molecular building blocks of the
1 D materials summarized in Fig. 2 have been stud-

X Fig. 2. Schematic representation of the mo-
lecular stacking units 1-11 that are studied in
the present investigation. On the left side of
the figure we have displayed the 1D arrange-
ment for the eclipsed conformation with a
torsional angle of 0° between direct neigh-
bours (a) and the staggered orientation (b). In
the latter stacking pattern a mutual torsional
angle of 180° is found between adjacent unit
cells. The employed coordinate system for the
1D materials 1s shown on the extreme right.
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ied extensively in the last years (i.e.: triple-decker
and tetra-decker sandwiches with a large variety of
heteroligands and 3d atoms) [40—42].

The extension of recent synthetic activities from
finite clusters to 1D systems seems to be rather at-
tractive as detailed experimental and theoretical
studies on the molecular building blocks have
shown a high degree of charge delocalization in
some ions of the multiple-decker sandwiches: the
transition metal fragments are thus not electronical-
ly isolated from each other [41, 43]. This behaviour
1s obviously a necessary condition for high conduc-
tivities in the solid state.

The following theoretical aspects will be dis-
cussed in detail in the present investigation to the
collection 1-11 of 1D stacks that belong all to class
C: a) Dependence of the band structures and den-
sity of states distributions as a function of the 3d
centers and the organic z ligands; most of the cyclic
moieties summarized in Fig. 2 are well-known ligand
fragments employed in experimental approaches to
poly-decker sandwich compounds*. b) Discrimina-
tion into intrinsic conductors with partially filled
bands even in the absence of electron donors or
acceptors and charge transfer systems that require
oxidizing or reducing species in conducting modi-
fications. ¢) Discrimination into organic metals with
ligand states that form the conductive pathways and
conducting transition metal derivatives, where the
charge transfer channels are formed by the 3d
spines. d) On the basis of the CO results it will be
possible to separate the 1D stacks into systems
where the charge transport can be described within
a band model. and materials that belong to the large
group of polaronic conductors with transport pro-
cesses of the hopping type between localized states.
e) Formulation of general rules that allow one to
estimate those topological and structural factors
favouring or suppressing the formation of small (or
vanishing) band gaps.

Quantum chemical investigations on simple me-
tallocene derivatives either by means of semi-
empirical or ab initio LCAO methods are legion
and can not be reviewed in this context. The
bonding capabilities of conical ML fragments have
been discussed on the basis of one-electron calcula-
tions of the EH type [44]. The first computational

* The systems S, 6. 7, 10 and 11, respectively. have been
postulated as suitable ligand fragments.

approach to triple-decker sandwiches was also based
on the EH Hamiltonian [45]. The importance of
electron-electron interactions had been demon-
strated in subsequent theoretical model studies [41]
that were based on the semiempirical HF SCF INDO
Hamiltonian of [21] or that were even beyond the
mean-field description of the HF scheme [43].

The plot of the present manuscript is as follows:
The computational background of the semiempiri-
cal crystal orbital model is shortly summarized in
the following section. Here also those theoretical
steps beyond the HF scheme are discussed that are
necessary for a critical analysis of the band structure
data. We will adopt approximate elements of the
quasi-particle approach to estimate the importance
of long-range and short-range correlations and re-
laxations in the 1D stacks. The computational re-
sults are presented in Sect. 3 and are analyzed in
Paragraph 4.

2. Theoretical Background and Computational
Conditions

The theoretical background of the crystal orbital
formalism has been described in the literature [19.
20] and is thus not reviewed in detail in this context.
The state of art of tight-binding procedures [46—48]
as well as computational shortcomings of the meth-
od [49] have been reviewed thoroughly in previous
contributions. The combination of the variational
HF scheme with the translational symmetry en-
countered in an infinite 1D backbone leads to a set
of coupled. complex Hermitian pseudoeigenvalue
equations that are defined in (1) in the ZDO
adapted form.

F (k) C(k)=e(k) C(k): (1)
k is of course the convenient wave vector in solid
state theory characterizing the translational sym-
metry. F (k) is the k-dependent Fock operator given
by the Fourier sum of (2): the C (k) set symbolizes
the variational coefficients of the crystal orbitals
and the ¢(k)’s are one-electron energies forming the
dispersion curves of the low-dimensional material
within the mean-field (HF) approximation.

F(ky= > exp(ijk) F(j): (2)

j==oC
jin (2) is a cell index that labels the building blocks
in the 1D stack (j = 0. reference cell in the origin).
The matrix elements of the Fock operator in the
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semiempirical INDO approximation are defined in
[18]. The A-dependent eigenvalue problems of (1)
are coupled by means of the charge-density-bond-
order matrix P(j — /'), which has to be calculated
via a numerical mtegr‘mon within the first Brillouin
zone.

Plj=1)m=

+n/c

(/77” f Z(;u/\(uk (3)

—n/c i
“exp [ik(j =] O (er — & (k)) dk
w and v symbolize atomic orbital (AO) basis func-
tions and ¢ is the unit cell dimension of the
polymer. The summation over / is controlled by the

Heaviside step function O (eg —¢(k)), see (4),
where ¢p is the Fermi energy.
Oerp—ei(k) =1, ¢i(k) =eF;
(4)
O(eg—¢i(k) =0, ¢&(k)>ef.

The total energy of the 1D system is defined in (5);
EFS:(N) has been normalized to one unit cell.
H (k) stands for the one-electron part of the Fock
operator and Ecc is the core-core repulsion in the
1D system.

+n/z

Efft(N)=(c/27) | ZZZ

—nle i

[k (H(K) + F () ev)
@@~ (k) dk + Ecc.  (5)

In order to simplify the analysis of the subsequent
results, we make use of partitioning schemes that
lead to a straightforward fragmentation of Eff1 (V)
into terms of physical significance. E{&t(N) can be
decomposed into the total intracell energy (EnTra)
as well as into intercell elements (Es) that offer
quantitative insight into the coupling strength be-
tween the building blocks in the 1D arrangement.

Ef§1(N) = Enntra + Es . (6)

In the following we want to restrict our interest to
the intercell terms Eg that can be divided into re-
sonance energies (Ergs). that are a measure for the
covalent interaction between the various atomic
sides (kinetic energy operator), into an exchange
element, that describes the Fermi correlation due to
the antisymmetry of the one-determinant in the HF
approximation and into the classical Coulomb
energy (Ecoy) which is given by the sum of elec-
tron-electron repulsion, electron-core attraction and
the repulsion between the atomic cores. In ZDO
based models it is always possible to reduce these

parameters to two-center couple> between the atoms
A and B ERE. EAR. and EA8y. respectively [50].
Thus the followmg equatlons are valid in ZDO
based CO calculations to define the intercell ener-
gies in the 1D stack.

Eg= Z Eres + Egx + Ecou (7)

Es= Z ZZEAO (8)
j Ao B J

E5 = ErRBs + ERR+ EQ8y . 9)

The band energies ¢; (k) can be related to auxiliary
functions that characterize the physical conditions
experienced by injected carriers (electrons and
holes). In (10) we have displayed simple effective
mass relations (my.m.) derived by means of a
k-averaged parabolic energy wave vector connection
[51]. The my or m. figures are an indicator for
deviations of the charge carriers from the free elec-
tron behaviour.

Mipey = (P 12/ (2c* dey) (10)

Ae, and Ae. stand for the widths of the valence or
conduction bands of the polymer. The parameter T,
in (11) corresponds to the hopping time for an
electron or hole from one unit cell of the 1D stack
to the nearest neighbouring moiety with the mean
group velocity 7. T, is defined by means of the
convenient uncertainty principle and ¢ is given in
(12) where Ak is the k-interval from the center of
the Brillouin zone (k= 0) to the zone edge (k= n/c).
T.de=h, (11)
F=h""(de/4k) . (12)
A careful analysis of the 7. numbers provides one
with informations on possible electron-lattice inter-
actions (polaron trapping) in the conduction pro-
cesses [52] and on the importance of short-range re-
organizations (electronic relaxation and correlation)
accompanying the propagation of the charge car-
riers (holes or electrons) through the lattice [53 — 56].
The influence of electron-phonon coupling as well
as of short-range “relaxations” is obviously en-
hanced with decreasing group velocities ¢ or in-
creasing times of (electron or hole) propagation 7.
Correlation and relaxation effects are neglected in
the band energies ¢; (k) derived in the HF approxi-
mation. Detailed theoretical investigation on molec-
ular building blocks (i.e. 3d complexes), however,
have shown that many-body effects play a signifi-
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cant role in (weakly coupled) transition metal sys-
tems. Thus it has been demonstrated, that Koop-
mans’ theorem [57] is nonvalid to assign low-energy
photoelectron spectra of 3d complexes as a result of
remarkable relaxation and correlation effects ac-
companying the ejection of strongly localized 3d
electrons [58—61]. ASCF calculations on weakly
coupled binuclear complexes and diatomic 3d clus-
ters at larger internuclear separations converged into
symmetry-broken, localized hole-states [62—64].
These instabilities of the Hartree-Fock solutions de-
monstrate the crucial importance of left-right cor-
relation between the transition metal centers and
can be interpreted as a self-reorganization of the
electronic (HF) wave function from the incorrect
delocalized MO limit to physically correct VB type
functions. Similar effects have been also discussed
in low-dimensional transition metal polymers [65].
The ~various types of correlation effects in 3d sys-
tems with differences in the coupling strength have
been analyzed thoroughly in previous contributions
[43. 66—70]. On the basis of this theoretical mate-
rial 1t must be suggested that electronic correlation
and relaxation effects in the transition metal spines
of the 1D stacks 1-11 have also a remarkable
control on the electronic structures of these transi-
tion metal polymers. Thus it is necessary to take
into account electronic reorganizations to decide.
whether injected charge carriers in 1—11 belong to
the transition metal atoms or to ligand states. The
third possibility in conducting organometallic poly-
mers is a degeneracy between partially filled 3d and
ligand functions (i.e. doubly mixed valence systems).

The physical significance of the Hartree-Fock
energy bands is defined in (13) and (14) for the
occupied HF space (r) and the empty subspace (c¢)
by means of the well-known Koopmans’ theorem.

ev(k)=EfSt(N) — Ef§tr v (N = 1) = — IHF (13)
(k)= Bt (N +1) — Effr(N) = - 4HF. (14)

These relations contain neither short-range nor long-
range corrections due to electronic correlations and
relaxations in the solid state ensembles. The latter
quantities can be taken into account via quasi-
particle bands. ¢gp., (k) and eqp. (k). respectively,
that are defined in (15) and (16) by means of the
exact energies Etor(N).

eqpv (k)= Etor(N) = Etor (N—=1)=—1I,, (15)

eqp.c (k) = Etor.o (N +1) — Eto1(N) = — A4c. (16)

Decker Sandwich Compounds

In solid state theory it is a widely used procedure to
relate quasi-particle bands to the HF dispersions by
means of perturbational self-energy expansions
TP, 2, W) and 2D that describe the long-
range correlations in the infinite materials [53—55,
71] ZWTY is the self-energy of the v-th hole-state,
2™ is the electron self-energy associated to the
\alence bands of the (N) electron stack, Xy} is once
again a hole correction for the conduction band,
while the last element is the corresponding electron
self-energy. The detailed formulas for the deter-
mination of these many-body corrections have been
reported in the literature [53—55, 71]. The narrow
band widths in transition metal polymers of the 3d
series as well as the large on-site electron-electron
interaction integrals are the physical sources for the
fact. that many-body effects are insufficiently de-
scribed in terms of the aforementioned long-range
self-energy parameters [72]. The low group veloci-
ties cause strong local (short-range) reorganizations
within the stacking units of the infinite materials. It
1s therefore necessary to consider self-energy correc-
tions for these local reorganization processes; they
can be divided into relaxation energies, the loss or
gain of ground state correlation due to the variation
in the number of electrons and the modification of
the electronic correlation as many-body response to
orbital relaxation [72]. The theoretical details of this
procedure are discussed in large detail in [72]. The
relevant formulas for the quasi-particle energies
under the inclusion of short-range and long-range
Lorrections are giv en in (17) and (18), where M,

M), ). and MV are the short-range counter-
N ~(N ~(N
parts of -L(H‘Y\Ik E,‘E_\’. 2 and 29D respec-
tively.

egpy (k) = &, (k) + ZWV+ TN+ MYTV+ M)

=&, (k) +degp.y: (17)
eop.c (k) = e (k) + T+ ™D+ M)+ MY
= ¢ (k) +deqp.c. (18)

Approximate computational schemes for the deter-
mination of the quasi-particle shifts Adegp, and
Aegp.. have been developed in our previous con-
tribution [72] and will be applied in the following
sections to discriminate organic conductors from
systems with partially filled metal 3d states. The
quasi-particle corrections lead to upwards shifts for
the filled energy bands and to the opposite effects
for the virtual dispersion curves: the net result is a
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reduction of the gap between the occupied and
empty Fermi seas in insulating model polymers. It is
obvious that these effects are of larger importance
in the transition metal (3d) subspace in comparison
to the ligand functions that are delocalized over all
atomic centers (ligand sides) within the unit cells of
the polymers.

The transport properties in conducting polymer
modifications are furthermore influenced due to the
spatial carrier properties that can be either delocal-
ized in nature or localized. The band description is
valid in the first case, while charge transfer pro-
cesses in the latter case are best described as some
type of hole or electron hopping between localized
states. These problems have been investigated in
some detail by Kunz et al. [65, 73, 74]. Violations of
the full translational symmetry (carrier localization)
must be expected for those systems where the intra-
cell relaxation energy for the ¢-th or c-th state
exceeds the band width 4¢,(, of the corresponding
dispersion curve [65]. Our previous studies on hole-
state properties of transition metal complexes have
shown, that this criterion should be extended to the
net local reorganizations, i.e. the sum of electronic
relaxation and correlation, as the many-body ener-
gies are by no means negligible in comparison to
orbital relaxation [58, 59, 72]. Thus the relations
(19) and (20) can be employed to separate the Bloch
conductivity mechanism from hopping events;
AERgg 18 the total intracell (short-range) reorganiza-

tion, which is given by My, + M) in the occu-

pied one-particle space and by M+ M in the
empty Fermi sea.

band conductivity: AERec | =déy(o; (19)
hopping conductivity:  4Ergg > déy() - (20)

In recent contributions we have determined these
local reorganization energies [58, 59, 72]. They
amount to ca. 2.5-3.0eV in the case of strongly
localized 3d orbitals (Mn, Fe, Co or Ni centers) and
are smaller than 0.5 eV in the limit of diffuse ligand
functions.

A classical definition via a summation over N, k-
points has been adopted for the determination of
the density of states distributions N (E) in the 1D
stacks 1-11[75]. We have employed 30000 k-points
per ¢ (k) curve. This sampling procedure avoids the
complicated determination of (1/rn)(0k/0E) with

all possible singularities and discontinuities. The
N, points have been calculated by means of fourth
order polynomials that were determined via a least
squares fits to the ten available k-points per band.

The occupation schemes of the various dispersion
curves have been settled on the basis of preliminary
one-electron calculations of the Extended Hiickel
type. Often several start occupation patterns (me-
tallic and insulating ¢(k) profiles) have been
iterated up to a given SCF criterion. The results
summarized in the next sections correspond to those
filling schemes that are lowest in energy. To con-
serve the preselected band occupancies during the
iterative circles and to avoid shell swapping between
the occupied and empty Fermi seas we have
employed an accelerated Hartree damping of the
k-dependent charge-density-bond-order matrices
76]. The iterative HF SCF CO steps have been
continued until the energy differences between two
subsequent steps were smaller than 107 au.

Our recent crystal orbital studies have shown,
that five neighbours should be taken into account in
the determination of the lattice sums (index j); this
dimension leads to computational results that stabi-
lize the band energies as well as the charge distribu-
tions in the 1D systems [24, 25, 33]. Thus all
HF SCF INDO CO calculations have been per-
formed in the j =35 array. 10 k-points have been
considered for the solutions of (1) and (5), respec-
tively.

We have adopted geometrical parameters for the
semiempirical crystal orbital investigations that
have been derived by means of X-ray diffraction
studies on polynuclear poly-decker sandwich com-
pounds [41. 77, 78]. In each 1D system we have
studied the eclipsed orientation (a) with a torsional
angle = of 0° between neighbouring unit cells as
well as the staggered arrangement (b) where «
amounts to 180°. A standard bond length of 1.10 A
has been adopted for the CH bonds and a value of
1.19 A for the BH distances [79]. The unit cell
dimensions ¢ in the 1D series 1-11 are found in an
interval from 3.146 A (11) to 3.580 A (9) and have
been also transferred from X-ray investigations on
the polynuclear building blocks.

3. Results

The density of states distributions of 1-11 as
determined in the framework of the HF approxima-
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tion are displayed in the Figs. 3—13. The N(E)
profiles for hole- and particle-states in the interval
between —25¢eV to 10 eV are shown in these histo-
grams. The employed energy grid amounts to
0.2 eV. We have used separate scale factors for the
normalization of the N (E) peaks in the various
density of states plots. The associated ¢ (k) curves
for a representative collection of poly-metallocenes
are given in the Figs. 14—19. The model systems 1
and 11 with the fivefold rotational axes in the
stacking directions have been selected on one side as
well as the 1D materials 4, 6, 7 and 9 as examples on
the other side, where the rotational symmetry is
violated due to the various heteroatoms in the cyclic
nligands.

Important HF band structure data for 1-11 are
summarized in Table 1. We have collected the ¢ (k)
values of the valence and the conduction bands at
the centers (k=0. I-point) and edges (k= n/c,
X-point) within the first Brillouin zone. 4¢, are the
associated band widths of the two dispersion curves.
AE symbolizes the forbidden band gap of the

N(E)

1 ) e -
1 |
‘ I
l' | e — m (i ‘} - L I !
-25.0 -7.5 10.0
E[eV]

Fig. 3. Density of states distribution, N (E). for holes and
particles (i.e. filled and empty Fermi seas) of the cyclo-
pentadienyl Mn polymer 1 in the outer valence region
between —25¢eV to 10 eV. The N (E) histogram(s) is (are)
based on the Hartree-Fock (HF) energy bands derived in
the mean-field description. The employed energy grid in
the sampling procedures amounts to 0.2eV. We have
adopted individual normalization constants for the repre-
sentation of the various density of states profiles in the
Figs. 3—13. At the bottom of the N(E) plot(s) we have
labeled the Fermi level in absence of injected charge
carriers by means of a triangle (HF approximation). At the
top of the diagram(s) we have indicated the position(s) of
the highest occupied microstates with predominant transi-
tion metal amplitudes. The circles are associated to HF ener-
gies where long- and short-range reorganizations (i.e. elec-
tronic correlation and relaxation) are not taken into ac-
count. The corresponding quasi-particle (QP) levels are
labeled by full bars.

2a - [ —
22 -
N(E) ’
I
i
L “‘“ ) i 1;
F b ;Mih“ﬁ_”"h } “—‘ ‘_;4
-25.0 -7.5 10.0
EleV]
2b - ]
2b s 1
N(E)
i
I I ) ‘\ I i,,,,-" ";.,- M | | I
- et AL A . I - “4
-25.0 -7.5 10.0
E[eV]

Fig. 4. Density of states distribution, N(E), of 2a and 2b
in the region between —25eV to 10eV; see legend
Figure 3. The highest N (£) maxima in the filled one-
particle space of both backbones are due to Fe 3d states
that belong to narrow dispersion curves.

neutral materials (i.e. absence of injected charge
carriers). The types of the gaps and the T, parame-
ters are given in the last two columns of the table.

It 1s seen that 4E values up to ca. 8.3 eV are pre-
dicted for the 1D materials 1-10, while overlapping
bands are only encountered in the Zn system with
five B atoms in the cyclic rings; the Fermi energy in
this system amounts to —6.57eV. The energy differ-
ences between filled and empty one-particle levels
are continuously reduced with an increasing number
of B centers in the 7 moieties: the latter atoms are
less electronegative than the carbon sides. In the
case of 1 and 11 we have only summarized the
HF SCF INDO CO results for the eclipsed chain
orientations as the band structure properties of the
x=0° and x=180° stacks are nearly indistin-
guishable. This situation is reminiscent of the close
correspondence between the Dsy and Dsy structures
of simple metallocene derivatives that are separated
by a rotational barrier of only a few kJ/mol [80, 81].
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Table 1. Band structure data for the one-dimensional metallocenes 1-11 according to semiempirical crystal orbital
calculations. The various results have been derived in the fifth neighbour’s approximation; ten k-points are considered for
the construction of the ¢ (k) curves and for the numerical integration of the charge-density-bond-order-matrices. Band
energies for the conduction (c¢) and valence (v) bands are given at the center and the edge of the Brillouin zone, ¢(0) and
¢(m/c)., respectively. d¢(,, symbolizes the associated band width, m, and m), are the effective masses for injected electrons
or holes. 4E is the forbidden band gap of the unoxidized materials in the HF approximation. ¢ labels the Fermi energy
(conductor) in the case of 11. The characters of the microstates at the /- and X-points are also summarized in the table.
The types of the various gaps are given in the last but one column. 7 is the time that corresponds to the propagation of
injected charge carriers (holes and electrons) from one unit cell of the 1D stacks to the nearest neighbouring moiety. (0).
e(n/c). Ae and AE are givenin eV, T insec. L is an abbreviation for the cyclic 7 ligands.

1D

Band ¢, (0)

& (n/c)

de.

m

AFE

Character at the

Character at the

Type of

T, (e)

System &, (0) e (n/c)  Ade, m; I"-point X-point the gap TZ (h)
1 c ~031 060 091 74 L (%) L (z*) . 7.28x 10-16
v —819 -858 058 153 %27 Mn3d.. Mn 3d.. X=>T 1 ax1071s
22 ¢ 074 —171 245 36 L (%) L (%), Fe 3d,. - 270 x 1016
v 912 -938 071 123 809 [ L (n) =X 933,101
b ¢ 178 011 199 44 L (z%), Fe 3d,. L (z*) . 333x10716
v ~855 1059 240 36 O% L(n Fe 3d.. F=rI 53x10-
3a ¢ ~013 213 226 45 s L(r L (%), Fe 3d,. Fox  293x107
v 771 -1025 317 32 37 L(n) Fe 3d.. 2,09 x 10-16
3b ¢ ~202 001 203 50 4, L(z*).Feld, L (z%) Fo o 326x107
v ~778 —1049 303 34 >P L(n Fe 3d.. 219 x 1016
42 ¢ —0.04 —407 403 21 L (z%) L (z*), Fe 3d,. 1.64 x 10716
v —834 -998 224 38 4B [(n) L (n) ! F'=X  96x1016
4 ~419  —074 336 26 4,4 L(1*).Fe3d, L (%) L 197x107
v —800 —11.10 328 26 328 L[(n : L (o) 2,02 x 10-16
5a ¢ -035 =375 339 926 L (z%) L (%), Co 3d,. - 1.95x 10716
v ~865 -950 087 101 *%0 L[(n L (n) =X 761x1016
5b ¢ ~182 043 162 54 .o L(t L (%) i 4.09 x 10-16
v 867 -959 172 51 936 L(4).Co3d,. L{s) 3.85 x 10-16
6a ¢ ~002 —487 485 18 oo L(r L (o*), Ni 3d,. Fox  137x107
v —868 —10.04 143 60 *8 L[(n) L (x) : 4.63x 10716
6b ¢ ~365 —LIl 258 33 4o L(o*).Ni3d, L (z%) %o 257x107
v 1032 -921 111 77 3% L[(g : L (o) 597 x 10-16
7a ¢ 069 -541 609 16 o L(o%) L(e*).Ni3d.  ,_y 109x107
v ~728 -948 258 37 87 [(n) L (n) 257 x 10-16
b -391 -172 23 41,0 L% L (z%) . 2.85x 1016
v -980 —10.15 274 35 *10 [(5)/Ni3d,. L (o) 242 % 10716
8a ~063 419 355 24 0 L(r% L (o*), Ni 3d,. Fox  187x107
v -819 -954 273 43 400 '(n/Ni3d,. L (n), Ni 3d,. 243 % 10-16
8b ¢ ~425 -L18 317 27 4 L(e*).Nidd, L (x*), Ni 3d,. X 209x10718
v —945 -783 262 33 3% L(n) : L (z), Ni 3d,. 253 % 10-16
9a ¢ —096 —413 320 23 5, L(z*).Nid, L (%), Ni 3d,. o x  208x10716
v ~737 —1033 296 25 324 L(n ' L (n) ' 224 % 10-16
9 ¢ —416 —115 301 25 L. L(o*). Nidd, L (z*), Ni 3d,. X 220x1076
v —1002 -691 311 24 276 [(),Ni3d, L (x), Ni 3d,. 214 % 10716
10a ¢ ~290 545 255 27, L(o* L (%) o x  260x10716
v —98 —1259 351 37 441 L(n L () 1.89 x 10716
10b ¢ —447 -561 113 85 450 L(z% L (%) g 5.88 x 10-16
v o —1353 -930 423 23 370 [(g) L (n) 1,57 x 10-16
11 ¢*  -287 -717 430 22 &= L(o*),Zn3d,./3d,. L(o*), Zn 3d,./3d,. 1.54x 10716
vE 619 —1491 938 10 —657 L(n) * Zn 3d.. ' 7.08 x 1017

* The symbols ¢ and v have been used for the overlapping energy bands in the conducting modification.
a) (n/3¢c) — (n/dc).

b) (n/3¢) - I.

c) X — (n/2c).
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r - side cause violations from these ¢(k) symmetries.
Significant mutual repulsions of the dispersion
curves in k-space are clearly seen in the ¢ (k) repre-
sentations of 4a/4b, 6a/6b, and 7a/7b. respectively.
An avoided (k) crossing between filled and un-
filled energy bands leads to an ¢, (k) maxima at
k = n/3 ¢ in the last example (7b).

b The calculated band widths for the conduction

A and valence bands of 1-11 span a wide range from

MYy ca. 0.6 eV (1) to 9.4 eV (11). The A¢ parameters are

10.0 of course enlarged with an increasing number of

E[eV] B atoms in the ligand fragments. This behaviour

must be expected as the diffuse 2p functions of the

3b § l B centers show a stronger overlap with the 3d

valence set of the transition metal centers and also a

&

N(E)

NIE] larger ligand-ligand interaction. Such an enlarged
mutual coupling in the boron complexes compared
to structurally related carbon derivatives has been
verified in several theoretical and photoelectron
spectroscopic investigations [82, 83]. The majority of

T ey 1111 O
-25.0 -7.5 10.0 4a T —— —
EleV] — H

Fig. 5. Density of states distribution, N (E), of 3a and 3b  N(E) i‘
in the region between —25eV to 10eV. see legend I
Figure 3. The N(E) maxima in the filled one-particle

space once again must be traced back to Fe 3d states in

narrow ¢(k) curves. The staggered polymer shows an

energy gap in the extreme outer valence region (—23.7 eV

to —21.0eV). while a complex N (E) profile without any

gaps is predicted in the » = 0° modification.

On the other side larger differences in the band -25.0 1.5 10.0
structure properties are predicted for systems with E[eV]
heteroatoms in the ligand moieties. The magnitudes ;
of the forbidden band gaps and the positions of the —_— 9
top of the valence bands and the bottom of the con-
duction bands in these strands depend critically on
the mutual orientation of the stacking units. The
largest changes of A4E as a function of x» amount to
ca. 2.2 eV (7a/7b); usually the differences are found
in an interval between 0.5 to 1.5eV. Most of the
forbidden band gaps in the transition metal stacks
are indirect. The results summarized in Table |
indicate that the shapes of the valence and conduc-
tion bands in the eclipsed and staggered chain
Orler?lallons e an, 1mage\—reﬂecte§ 1m§ge Fig. 6. Density of states distribution, N (E). of 4a and 4b
relation. Strong perturbations of the dispersion ;e region between —25eV to 10eV: see legend
curves due to avoided curve crossings on the other  Figure 3.

N i
-25.0 =T.5 10.0
E[eV]
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Fig. 7. Density of states distribution, N (E), of Sa and 5b
in the region between —25eV to 10eV; see legend Fig-
ure 3. The different transfer channels (injected holes) in the
%= 0° backbone (organic metal with band conductivities)
and the % = 180° orientation (3d conductor with an acti-
vated hopping transfer of charge carriers) is clearly recog-
nized in the two representations (i.e. positions of the full
bars on the top of the two N (E) histograms).

the Ae,/A¢. values i1s found in an interval between
1.5 and 3.5eV. The associated effective masses for
injected holes and electrons span a range between
1.0 and 15.3; strong deviations from the free electron
behaviour are thus predicted for most of the charge
carriers. An exception is the B stack 11 where my,
reachs the free electron limit due to a very broad
“valence” band. The various 7. parameters differ
by an order of ca. 10°. The largest number is
1.14- 10 S sec, the smallest 7. value amounts to
7.08 - 1077 sec. This T, spectrum indicates the im-
portance of short-range reorganization effects in the
studied 1D systems as a result of the long lifetimes
of electrons and holes at the various lattice sites.
The slowest “hopping rates™ exceed fast phonon fre-
quencies in convenient organometallic moieties only
by one power.
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A detailed inspection of the computational data
collected in Table I shows that most of the valence
bands are of ligand (7 or o) character (HF approxi-
mation). Valence states with predominant transition
metal amplitudes are only predicted in the Mn and
Fe polymers 1-3 (exception: 2a). The valence band
of the Mn stack is of 3d.: character at both mar-
ginal k-points. The CO properties within a given
band are thus conserved as a function of the k-
vector. This conservation of the CO amplitudes is

6 [-]
a 8 I
N(E)
-25.0 -75 10.0
E[eV]
T S
ek g |
N(E)
- A LIy
-25.0 -75 10.0
E[eV]

Fig. 8. Density of states distribution, N (E), of 6a and 6b
in the region between —25eV to 10eV; see legend Fig-
ure 3. The coalescence between the N (E) maxima in the
filled Fermi sea (HF approximation) and the highest
occupied metal 3d states encountered in the previous
model polymers is violated in the x=180° stack as a
result of the highly populated Ni 3d,. states that are
involved in a broader dispersion curve. The pronounced
N(E) maxima in the lower N (E) histogram (filled one-
particle space) must be traced back to Ni 3d.., 3d.._,. and
3d., states that belong to narrow ¢ (k) curves as a result of
their small metal-ligand overlap. The z-dependence of the
transfer-channels (injected holes) is clearly visualized in
the two diagrams. 6a belongs to the group of organic
metals with conducting ligand states, while the charge
carrier pathway in 6b is prevailingly formed by the Ni 3d
spine.
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Fig. 9. Density of states distribution, N(E), of 7a and 7b in
the region between —25eV to 10eV; see legend Figure 3.
The labels for the highest occupied 3d states in the HF
approximation and in the quasi-particle (QP) description
show the strong energy dependence of the 3d states on the
mutual orientation of the neighbouring building moieties
in the 1D solid. The large separations between the N (E)
maxima in the occupied Fermi sea (Ni 3d.., 3d.._,. and
3d,, states) and the HF labels (circles) are the result of
highly populated Ni 3d,. states that form broader energy
bands. The two N (E) histograms show furthermore the
significant 2-dependence of the forbidden energy gap.

not found in the case of the iron derivatives 2b, 3a
and 3b. The states at the bottom of the valence
bands are Fe 3d.. functions (X-point), while the
microstates at the top of the bands are diffuse
ligand orbitals (/-point). Pronounced 3d admix-
tures in the valence bands are furthermore pre-
dicted in the electron-rich Ni derivatives 8 and 9.
The geometrical conditions (torsional angle =)
favouring or suppressing the efficient population of
the Ni 3d,. or Ni 3d,, orbitals are clearly seen in
Table I and are therefore not discussed in detail.
Two situations must be discriminated to classify
the nature of the filled and unfilled bands in the 1D
stacks 1-11: a) Conservation of the character of the

microstates as a function of & within a given disper-
sion curve: b) strong k-dependence of the micro-
states due to avoided curve crossings in reciprocal
k-space. The collected ¢ (k) plots in the Figs. 14—19
indicate increasing deviations of the &(k) curves
from the shapes of “unperturbed tight-binding
bands” in 1D materials with reduced spatial sym-
metries in the stacking units (i.e. 1 and 11 with
fivefold axes vs. 2—10, where only a mirror plane in
the direction of the longitudinal axis is found within
the ML units, = 0°). A reduction in the number of
different irreducible representations leads immedi-
ately to an enlarged number of crossing regions be-
tween the (k) curves in k-space. Various types of
k-dependent modifications of microstates can be
extracted from Table 1. Typical intraligand changes
in the virtual subspace are n* — ¢* “correlations”
or transformations between diffuse pure ligand

B I LI
N(E) l
e - I 9
-25.0 =T.5 10.0
E[eV]
8b °
gk s |
N(E)
il SNy ot LD |
-25.0 -7.5 10.0
E[eV]

Fig. 10. Density of states distribution, N (E), of 8a and 8b
in the region between —25¢eV to 10 eV: see legend Fig-
ure 3. In analogy to the 1D pair 7a/7b once again a strong
dependence of the Ni 3d filling scheme on the conforma-
tion of the poly-decker is observed. In contrast to 7,
however. highly populated Ni 3d,. orbitals are predicted
for the eclipsed chain.
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Fig. 11. Density of states distribution, N (E), of 9a and 9b
in the region between —25¢eV to 10 eV; see legend Fig-
ure 3.

states (7*, ¢*) and microstates with comparable
metal 3d and ligand admixtures. Intraligand trans-
formations in the filled Fermi sea are once again
n — o(n) processes that conserve roughly the local-
ization properties of the CO wave functions (i.e.
magnitude of the on-site electron-electron integrals).
The intracell localization of the microstates, how-
ever, depends critically on the value of the k-vector
in those dispersion curves, where ligand (metal)
amplitudes are transferred into metal (ligand)
states. The necessary modifications of the HF re-
sults in Table 1 (i.e. relative sequence of the metal
and ligand states in the quasi-particle picture) will
be discussed below.

The band energies as derived in the HF approxi-
mation for the “transition metal 3d states™ (occu-
pied one-particle space) of some 1D materials are
summarized in Table2 (1, 6a/6b, 9a/9b). Only
three occupied bands with large Mn 3d amplitudes
(3d-: band with a; symmetry, degenerate 3d.:_,:/3dy
band with e, symmetry) are predicted in the Mn
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derivative 1; these bands are found on top of the
highest occupied ligand states. The Ni 3d functions
in the heterosystems 6 and 9 on the other side are
several eV below the high-lying ligand = and o func-
tions. A comparable switch in the sequence of the
3d and ligand states as a function of the 3d atom
has been detected in semiempirical MO calculations
on simple closed shell metallocenes [84]. Ab initio
studies on the HF ground states of 3d (Fe, Ni)
ligand 7 complexes lead also to a MO sequence,
where the highest ligand functions are on top of the
3d set [85, 86]. The simple three below two splitting
pattern in the Mn system 1 (i.e. occupied 3d..,
3d-,«/3dyy states, virtual 3d,./3d,. functions) is
perturbed in the heterosystems 6 and 9 with the
reduced lattice symmetries or the enlarged number
of valence electrons (9). In 6a strongly atomic-like
3d,- and 3d,. states are predicted at the center of
the Brillouin zone: they are transferred into micro-
states with predominant ligand admixtures at

106 |
N(E) W
In
| -
\ M‘ _"‘f: [
i |
el M, DO I
-25.0 -7.5 10.0
E[eV]

Fig. 12. Density of states distribution, N (E), of 10a and
10b in the region between —25eV to 10eV; see legend
Figure 3.
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Table 2. Representative collection of some band energies in the 1D metallocene series (1, 6a, 6b, 9a and 9b. respectively)
at the center (¢ (0)) and edge (¢ (n/c)) of the Brillouin zone for those dispersion curves that are characterized due to
significant metal 3d amplitudes at (one of) the marginal k-points I” and X. We have summarized the numbers of the ¢ (k)
curves. the HF energies and the transition metal admixtures to the crystal orbital wave functions. Different band labels at
the center and the edge of the zone indicate that the characters of the (3d) microstates are not conserved as a function of
the wave vector k. The numbering scheme of the dispersion curves is associated to the configuration of the valence elec-
trons.

1D system  Type of the Band no. I” 3d admix- e (0) Band no. X 3d admix- e (n/c)
3d states tures I~ (eV) tures X (eV)
1 Mn3d. ./3d,,  15/16 926 —8.46 15/16 75.7 -9.36
Mn 3d.. ' 14 91.8 —8.54 14 97.2 -8.19
6a Ni 3d.. 12 81.9 —12.29 12 37.0 —12.00
Ni 3d.. 11 92.1 —-12.62 11 98.6 —11.96
Ni3d._ . 10 91.3 -12.79 10 94.6 —8.98
Ni3d,. 9 69.0 ~13.04 14 39.9 ~10.68
Ni 3d,, 8 72.7 —13.25 8 96.6 -8.94
6b Ni 3d,. 16 36.1 —9.95 11 84.4 —-12.42
Ni3d, . 12 83.1 —12.51 12 96.3 -12.07
Ni3d.. 11 90.5 —12.53 13 99.3 —11.88
Ni 3d,. 10 56.6 —12.64 14 75.5 ~10.59
Ni3d,, 9 61.1 —13.17 9 96.4 -12.08
9a Ni 3d,. 14 54.3 —12.45 14 14.1 —-10.92
Ni 3d.. 12 93.1 —13.64 13 93.7 —12.80
Ni3d,, 1 74.3 =138 11 98.3 —13.19
Ni3d:_,. 10 89.4 —13.85 10 98.2 =13.19
Ni3d,. 8 83.9 —14.85 8 55.2 -13.92
9b Ni 3d,. 15 16.0 —11.94 15 54.1 —11.61
Ni 3d.. 12 92.7 —13.87 1.3 93.6 —13.05
Ni3d._, 11 70.2 ~14.03 11 98.7 —13.44
Ni 3d,., 10 64.6 —14.04 10 98.3 —13.46
Ni 3d,. 7 64.2 —15.04 8 90.6 —14.01
1 - ‘2]"* g B the B complexes, an interaction pattern that allows
(-} g 5 2
3 the reduction of the forbidden energy gap. The con-
N(E) duction bands are shifted downwards and are also
! broadened due to the modified interactions within
the B-substituted 1D stacks.
The band energies of the ““3d dispersion curves”
; of 1, 6 and 9 at the I'- and X-points show that the
v characters of the CO wave functions are often not
conserved in k-space. Metal-ligand transformations
[ e o = already have been mentioned. The low spatial
-25.0 -7.5 100 . R
E[eV] symmetries of the heterostacks allow furthermore

Fig. 13. Density of states distribution. N(E), of 11 in the
region between —25 eV to 10 eV: see legend Figure 3. The
two N(E) maxima embedding the Fermi energy
g (=—6.57¢eV) are due to the I'- and X-singularities of
the overlapping energy bands that lead to the metallic state
in the Zn backbone (see also Figure 19).

¢ = n/c. Almost the opposite pattern is observed in
the staggered arrangement 6b. The 3d,. and 3d,.
AO populations are still enhanced in 9 as a result of
the two additional electrons. These examples show
explicitly the strengthened metal-ligand coupling in

“correlations”™ between different types of 3d func-
tions (e.g. Ni 3d..(/") = Ni 3d.-(X) in 6b). The
symmetry reduction in the 1D lattice and the in-
fluence of the heteroatoms violates in any case the
simple one-electron (orbital) picture that is found in
metallocene complexes: here three nonbonding 3d
functions with small or even negligible 3d admix-
tures are strictly discriminated from the diffuse
ligand orbitals [84. 85]. In the low-dimensional
materials also CO wave functions are encountered,
that show comparable metal and ligand admixtures.



M. C. Bohm - A Crystal Orbital Investigation on Poly-Decker Sandwich Compounds 237

E[eV] 1

10.0

-7.51+ \"
x2-YZ/xy
(ey)

/ e

-25.0 t
o] k TT/c

Fig. 14. Hartree-Fock (HF) energy bands of the Mn poly-
decker 1 in the interval between —25eV to 10eV. The
valence band of the undoped polymer is symbolized by ¢,
the conduction band by ¢. The character of some char-
acteristic HF bands is labeled at the edge of the Brillouin
zone. 22 is the abbreviation for the Mn 3d.. dispersion;

In Table 3 we have collected the energies of the
highest occupied transition metal states in the
quasi-particle approximation. The calculated shifts
amount to 3.0—3.3 eV in the Mn, Fe and Co stacks.
They are reduced to 1.6—0.5eV in the Cu and Zn
sandwich compounds. For the diffuse ligand states
self-energy corrections of ca. 0.3—0.5eV can be
assumed in the outer valence region [72]. It is seen
that the 3d states in 1, 2 and 3 are well separated
from the ligand bands if correlation and relaxation
effects are taken into account. Injected holes belong
to the transition metal spines and thus should give
raise to a hopping type conductivity. Most of the Co
and Ni model polymers belong to the group of the
organic metals in the case of partial oxidation. The
conductive pathways in the Cu and Zn systems are
exclusively determined by states of the hetero-
ligands.

Our model calculations predict in some of the 1D
stacks near degeneracies between conduction pro-
cesses in the ligand framework and hopping conduc-

x2—y¥/xy is associated to the degenerate Mn 3d._,./3d,,
band, 7(e;) to the degenerate ligand (= cyclopentadienyl)
7 band of e, symmetry and 7(a;) to the symmetric ligand
7 band.

tivities in the 3d manifold (injected holes). Such
doubly mixed valence states with oxidation pro-
cesses that are both ligand and metal centered, e.g.,

Table 3. Collection of the highest occupied microstates in the 1D metallocene series 1-11 with predominant transition
metal 3d amplitudes. The types of the 3d states are summarized in the second column, their admixtures to the CO wave
functions are given in column 3. ¢(k) is the one-electron energy derived in the Hartree-Fock approximation of the
semiempirical crystal orbital formalism. eqp (k) symbolizes the associated quasi-particle energy based on HF dispersions
that have been corrected by means of long range and short-range electronic correlations (and relaxations). 1D stacks with
injected holes are discriminated into organic metals (OM) and transition metal systems (TM). The conductive pathway is
formed by ligand states in the first case and by the 3d spine in the latter materials. The conduction processes thus can be
classified into band conductivities (B) and into hopping transfer processes (H).

1D system  Type of the 3d admix- e (k) eop (k) k value Conducting  Conduction
3d states tures (%) (eV) (&/) modification  process
1 Mn 3d.. 97.2 -8.19 — 5,19 r ™ H
2a Fe 3d.. 88.4 —10.44 —6.89 X ™ H
2b Fe 3d. 85.0 —10.50 —6.85 X ™ H
3a Fe3d: 85.2 —10.60 =7:05 r ™ H
3b Fe 3d,, 92.3 —10.83 —7.28 X OM/TM B/H
4a Co3dys_e 93.1 —11.52 —8.22 X oM B
4b Co 3d. ! 99.6 -11.71 —8.41 X oM B
Sa Co 3d.. 85.4 —11.98 —8.68 r OM B
5b Co 3d. 98.6 —10.90 —7.60 X ™ H
6a Ni 3d.. 99.3 —11.96 —8.76 X oM B
6b Ni 3d,. 75:8 —10.59 —8.59 X ™ H
7a Ni 3d.. 99.7 —12.96 -9.76 X OM B
7b Ni 3d,. 68.5 —-11.29 -9.29 X OM B
8a Ni 3d,. 76.8 —10.89 —8.89 r OM B
8b Ni 3d.. 99.6 —12.16 —8.96 X oM B
9a Ni 3d.. 93.7 —12.80 —9.60 X OM B
9b Ni 3d. 93.6 —13.05 —9.85 X OM B
10a Cu 3d,. 74.1 —12.85 —11.15 r OM B
10b Cu 3d,. 54.7 —11.92 —11.02 r OM B
11 Zn 3d /3d,. 373 —13.98 —13.48 X OM B
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Fig. 15. Hartree-Fock (HF) energy bands of the two Co poly-decker

sandwiches 4a and 4b in the interval between — 25 eV to 10 eV. The valence
band of the unoxidized backbone is symbolized by ¢, the conduction band
by ¢.
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Fig. 17. Hartree-Fock (HF) energy bands of the two Ni backbones 7a and
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case of the 2= 180° material we have displayed the ¢ (k) region where an

avoided crossing between the filled and empty Fermi seas is encountered

(ACR).

E[eV] 6a E[eV] 6b
10.0 10.0
e e
—_— —
Y %
-754+ -75 Jk »
S

-25.0 } -25.0 f
0 k /e 0 k T/c
Fig. 16. Hartree-Fock (HF) energy bands of the two Ni strands 6a and 6b
in the interval between — 25 eV to 10 eV: see legend Figure 15.
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Table 4. Energy differences A4Efff between the eclipsed (a) and staggered (b) conformations of the 1D metallocenes
1-11 according to semiempirical INDO CO calculations. 4El; has been derived in the fifth nearest neighbour’s

approximation: ten k-points have been employed in the computational approaches. AEHS =EH, (staggered)— E

(eclipsed). 4 EH¥1 is given in kJ.
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Fig. 19. Hartree-Fock (HF) energy bands of the penta-
borolenyl Zn poly-decker 11 in the interval between
—25eV to 10eV. The Fermi energy ¢p (=—6.57eV) is
labeled in the (k) plot. The character of the CO micro-
states of the “valence band™ (see footnote Table 1) of 11 is
indicated at the /-point (7 (a;)) and at the marginal X-
point (z* = Zn 3d.. states).

have been discussed in conducting tetrabenzpor-
phyrinato nickel(Il) stacks [87]. In the staggered
conformation of 3 nearly degenerate quasi-particle
energies (Fermi levels) for Fe 3d and ligand = states
are predicted. The nature of the transfer channels in
5 or 6 depends on the stacking pattern of the 1D
materials. The strong upwards shifts of the Co 3d.:
(5) or Ni 3d,- (6) levels in the x = 180° orientation
leads to a transition from an organic metal (x=0°)
to a conducting 3d spine (x = 180°) (injected holes).

The energy differences between the eclipsed and
staggered polymer conformations of 1—11 are sum-
marized in Table 4. Of course only small torsional
barriers are found in the highly symmetric transi-
tion metal derivatives 1 and 11. The heteroatoms
cause significant energetic separations between the
different conformations in the 1D stack. One of the
largest AEHST figures is found in the pair 2a/2b
where the variation of the BB distance vector between
adjacent = ligands is largest; a high barrier is also

encountered in the diborolene stack 4a/4b. The
torsional profile of 4 is displayed in Figure 20. We
have shown the relative HF energies 4 EHf; as a func-
tion of x (Efft(eclipsed) = 0) and the variation of
the intracell (Ejntra) and intercell (Eg) energies.
The eclipsed conformation corresponds to a sharp
minimum. The ascend A EHE curve for small libra-
tion amplitudes must be traced back to modifica-
tions of the intracell energies while the influence of
the intercell coupling is strengthened with increas-
ing Ax values. The shapes of the various curves
indicate that the mutual torsions between the

Table 5. Fragmentation of the total intercell energies of
the 1D metallocenes 2a and 2b as well as Sa and Sb,
respectively, into resonance (Eggs), exchange (Egy) and
classical electrostatic (Ecqy: Coulomb energy, i.e. sum of
electron-electron repulsion, electron-core attraction and
core-core repulsion) interaction terms between the refer-
ence cell (j=0) and the first (j = 1), second (j = 2), etc.
nearest neighbouring moieties. Eq= Eggs+ Epx + Ecou-
All values are given in eV.

ID ERgs Egx Ecou Es

System

2a | —21.0722 —4.4356 —1.4475 —27.2553
2 —-0.2028 —0.1328 —0.0894 —0.4250
3 0.0007 —0.0678 —0.0243  —0.0928
4 - -0.0515 -0.0107 —0.0622
S — —0.0414 —-0.0054 —0.0468
1-5 -=21.2743 -5.0291 -1.5773 -=27.9650

2b 1 —19.9674 —4.5070 —1.5712 —26.0456
2 —0.1889 —0.1560 —0.0984 —0.4433
3 0.0008 —0.0657 —0.0347  —0.0995
4 — -0.0516 —0.0117 —0.0633
5 — —0.0410 —-0.0074 —0.0484
1-5 —20.1555 -—-4.8213 —1.7234 -26.7002

Sa 1 —19.9927 —4.5148 —1.4538 —25.9612
2 —-0.1100 —0.1911 -=0.1714 —0.4725
3 0.0005 —0.0697 —0.0512 —0.1205
4 = —0.0525 —-0.0215 -0.0740
S = —0.0420 —-0.0110  —0.0530
1-5 —-20.1022 —-4.8701 —1.7089 —26.6812

5b 1 —19.2133 —3.7569 —1.2683 —24.2386
2 -0.0777 —0.1855 —0.1329 —0.3961
3 —0.0009 —0.0707 —0.0435 —0.1133
4 ~— —-0.0513 —0.0165 —0.0678
) — —0.0412 -0.0094 —0.0506
1-5 —19.2919 —-4.1056 —1.4706 —24.8681
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Fig. 20. Rotational barrier AEH}; of the 1.3-diborolenyl cobalt polymer 4 according to the semiempirical INDO crystal
orbital formalism. The net curve A Effl; is labeled by squares (upper profile). The curve in the middle corresponds to the
«-dependent changes of the intercell energies 4Eg (circles), while the lower one is the modification of the intracell

potential

AENTra (triangles). The eclipsed chain conformation (x=0°) has been used as internal standard

(AERG (2=0)=0, 4Eg (x = 0) = 0 and 4 Ejy1ra (2 = 0) = 0, respectively).

stacking units are both influenced via electronic re-
arrangement processes within the unit cells as well
as via ligand-ligand interactions of the intercell
type. The intracell energies are nearly constant in
the interval 90° = % = 180° where the rotation is
hindered due to the decreasing interaction between
the stacking units. The z-dependent variations of
the band energies in the metal 3d regimes (see
Tables 1 and 3) have obviously their electronic
origin in these intracell and intercell rearrangement
processes.

To understand the driving forces for the pro-
nounced energy barriers in 2—10 (exceptions: 1, 8
and 11) we have decomposed the intercell energies
Es of 2a/2b and Sa/Sb into the aforementioned re-
sonance, exchange and Coulomb elements Eggs,
Eex and Ecou. respectively (Table 5). The analysis
1s extremely simple in the Fe system 2. The dif-
ference between the staggered and the eclipsed
structure 1s almost exclusively determined by the
covalent resonance energy between nearest neigh-
bours; all other intercell contributions are smaller
than 15%. The numerical values of the individual

two-center elements show immediately that the
Ergs variation can be traced back to two coupling
elements, 1.e. the BB and BFe couples between ad-
jacent building blocks. The diffuse B orbitals (in
comparison to C) allow both an efficient direct
covalent overlap between the B-over-B stacked
heteroatoms and enhance the metal-ligand inter-
action in the eclipsed conformation. The EZE terms
exceed Egfs (interligand parameters) by a factor of
ca. 4. The covalent (BB and BFe) interaction is
dramatically weakened in the 180° arrangement.
This interpretation is obviously in line with the in-
creasing Ae parameters in the boron-substituted
polymers. The energy fragmentation for the Co
systems Sa and Sb is of larger complexity. The
z-dependent variation of the BB vectors is smaller
than in the Fe stack 2. Thus also the width of the
Ergs elements is reduced in the Co derivatives. The
torsional profile i1s determined in a like manner by
the covalent resonance energies and by the exchange
parameters Egx (only nearest neighbour’s coupling):
the modification of the classical electrostatic poten-
tial is small in comparison to Ergs and Egx. It is
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once again the direct BB coupling that leads to the
7-dependent differences in the interaction energies.
An exception in the series 2—10 is the heteroderiva-
tive 8 the stabilizing B-over-B arrangement in an
eclipsed stack is reduced by means of the repulsive
SS potential that favours the staggered conforma-
tion. Both factors (BB and SS interactions) largely
compensate each other and therefore only a negli-
gibly small energy difference between the two ex-
treme orientations is predicted. The 4 E{ff; param-
eters summarized in Table 4 are encountered in an
energetic interval where modifications of the equi-
librium geometries (i.e. value of x at the energy
minimum) are still possible due to bulky substi-
tuents in the organic 7 ligands [88].

To summarize: Band structure calculations on the
mean-field level as well as quasi-particle corrections
of the HF bands for the 1D polymers 1-11 have
shown that only 11 is an intrinsic conductor. The 1D
stacks 1-10 require injected charge carriers (holes
or electrons) to achieve partially filled energy levels.
The types of the transfer channels depend critically
on the stoichiometry of the organometallic materials
and on the mutual orientation of the stacking units.
A concise discussion of the electronic structure of
the various model stacks will be given in the next
section.

4. Discussion

The forbidden band gap in the undoped cyclo-
pentadienyl manganese derivative 1 amounts to
8.27 eV: the gap is indirect (I” — X). The acceptor
levels of 1 are found at rather high energies. The
injection of electrons thus should be ruled out in
synthetic routes to conducting modifications of 1.
Partial oxidation would lead to injected holes that
propagate within the Mn 3d spine via a diffusive
hopping motion. Details of these hole-state proper-
ties will be discussed in a subsequent contribution
[89]. The dispersion curves of 1 (Fig. 14) show the
absence of extensive crossing regions in k-space.
The extremely broad energy band between
—1820eV to —9.81eV (de=8.4¢eV) in the &(k)
plot is associated to ligand n states of a; symmetry.
The effective mass parameter for injected holes
(my = 1.04) associated to this dispersion curve 1is
very close to the free electron value.

The formation of broad ligand 7 bands is pre-
vented in the 1D stacks 2—10; the reduced lattice

,):OD
a=180°

c,zZC c,ZE v,ZC v,ZE
Fig. 21. Schematic representation of the crystal orbital

amplitudes of the conduction (c¢) and valence (r) bands at
the center of the Brillouin zone (ZC, k = 0) and at the zone
edge (ZE. k= n/c) in the Fe derivatives 2a and 2b (top
and bottom of the figure).

symmetry is the topological origin for pronounced
modifications of the CO wave functions as a func-
tion of the A-vector. This behaviour is demonstrated
in Fig. 21, where the CO amplitudes of the conduc-
tion and valence bands of 2a and 2b are displayed
at the center and the edge of the Brillouin zone. It is
obvious that such “correlations” between different
types of CO microstates are forbidden in the 1D
stacks with the fivefold rotation axes. The symmetry
relations between the CO amplitudes at the two
marginal k-points are clearly seen in the conduction
bands of 2a and 2b. This behaviour is not found in
the occupied subspace (valence band); the localiza-
tion properties of the CO’s are completely different
in 2a on one side and 2b on the other side. The
band gap in the 0° stack is indirect (/" — X) while a
direct gap at the center of the Brillouin zone is
predicted in the 180° arrangement. The largest 4¢
parameters in the outer valence region are reduced
to ca. 2.5eV. The positions of the conduction and
valence bands in 2a and 2b (energy criterion) sug-
gest once again the injection of holes in aspired con-
ducting modifications of the 1D metallocene. The
¢ (k) profiles and the N (E) distributions of 3a and
3b are closely related to the one-electron properties
of 2a and 2b and are therefore not discussed in
detail. The additional B atom per unit cell however
leads to a reduction of the forbidden band gap (ca.
1.5-2.0eV).

A relatively small direct gap at the center of the
Brillouin zone is predicted in the staggered
(%= 180°) chain conformation of the 1.3-diborolene
derivative 4b. The shape of the valence band is
roughly conserved as a function of «. The disper-
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sions of the conduction bands show the aforemen-
tioned mirror symmetry in the pair 4a and 4b.
There exists an 1:1 correspondence between the CO
amplitudes in the conduction bands of the eclipsed
and staggered chains. The repulsion between the
highest filled and lowest unfilled dispersion curves
in the staggered backbone 4b suggests the existence
of a finite band gap even under high-pressure con-
ditions. The ¢ (k) profile in the 0° system on the
other hand should allow an insulator-to-metal tran-
sition under pressure. Test calculations as a function
of the unit cell dimension have shown that c¢-reduc-
tions of 10—15% are necessary to force an insulator-
to-metal transition. In Fig. 15 it i1s furthermore dis-
played that the indirect gap (/" — X) in the eclipsed
stack 1s nearly degenerate with a direct one (energy
difference: 0.08 eV) at the edge of the Brillouin zone
leading to the coexistence of photoconducting
properties, that would require phonon absorptions
to conserve the crystal momentum. and excitations
that are not coupled to lattice vibrations. The
microstates at the marginal A-points in the valence
band of 4a are of ligand n character with vanishing
transition metal admixtures. The valence band of
4b. however, shows ligand ¢ states at the X-point.
This variation of the crystal orbitals as a function of
the k-vector is still enhanced in the 1.2-diborolene
system Sa/Sb, where the BB bonds cause strongly
destabilized ligand ¢ states in the outer energy

region.

The valence band in the eclipsed chain is of
ligand 7 character both at the /- and the X-point.
The highest filled band in the staggered backbone is
a o-type function with Co 3d,. admixtures at the
center of the Brillouin zone: the transition metal
amplitudes are reduced with increasing values of
the k-vector. The smallest forbidden gap A4£ in 5b
1s predicted at (n/3¢). The close contact between
the filled and unfilled dispersions once again must
be traced back to avoided curve crossings in k-
space. The k-dependence of the microstates of 5 is
displayed in Fig. 22: we have shown the CO wave
functions of the valence band at the k-points /™ and
X as well as the amplitudes of the conduction band
at the center of the Brillouin zone (2 = 0° polymer).
The acceptor levels in the two diborolene Co stacks
4 and 5 are significantly lowered in comparison to 1,
2 or 3 and are. e.g.. comparable with the ¢ (k) spec-
trum of the lowest unfilled band in tetrathiosquarato
nickel(II). This band is occupied by 0.08 electrons in

¢,ZC v,ZC

v,ZE

Fig. 22. Schematic representation of the crystal orbital
amplitudes of the conduction (c¢) and valence () bands at
the center of the Brillouin zone (ZC) and the zone edge
(ZE) in the 1.2-diborolenyl Co poly-decker Sa (eclipsed 0°
conformation). In the case of the conduction band only the
CO amplitudes at the /"-point are displayed in this figure.

the conducting state of the low-dimensional mate-
rial [7. 30]. Thus it can be assumed that the injection
of electrons via strong donors (e.g.. alkaline atoms,
K. Na) should be possible in 1 D materials as 4 or §
with their electropositive heteroatoms. The depres-
sion of the virtual Fermi sea is still enhanced in the
Ni polymers 6 and 7 containing three B centers per
fivemembered ring.

A near degeneracy between a direct gap at the
edge of the Brillouin zone as well as an indirect gap
(I" = X) is predicted in the 0° modification of 6
(see Figure 16). The valence band in the 0° stack is
of ligand n character at both marginal k-points. The
broad conduction band 1is characterized due to
ligand 7* states at the zone center while the X-states
are ¢* linear combinations which are strongly
coupled with Co 3d,. functions. This efficient metal
(3d,- or 3d,.)-ligand (B AO’s) overlap allows the
formation of the broad conduction bands in some of
the presented 1D poly-decker sandwiches. The re-
duced 7m overlap in the 180° conformation is re-
sponsible for a switch in the sequence of the highest
filled bands in the eclipsed strand on one side and
the staggered backbone on the other: the micro-
states in the valence band of 6b are ligand ¢ func-
tions that are prevailingly localized in the BBB
moieties. 6a is one of the sparse examples in the
series of the heteroderivatives. where the CO am-
plitudes within the 3d manifold are conserved as a
function of k (see Table 2). The localization proper-
ties of the 3d... 3d.:—,: and 3d,, bands are nearly
constant within the three dispersion curves.

The energetic width between the filled and un-
filled bands is reduced if the three B atoms in the
cyclic 7 ligand are separated by carbon centers
(7a/7b). The AE number in 7a amounts to only
1.87 eV. but is enlarged to 4.10 ¢V in the staggered
arrangement. The 1.87 eV gap is indirect (I" = X)
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offering the possibility of an insulator-to-metal tran-
sition under pressure. The ¢ (k) profiles of 7a and
7b show a large number of avoided curve crossings:
the shapes of the HF bands differ dramatically from
the “unperturbed dispersions™ encountered in the
Mn derivative 1. A strong correlation between
microstates in the filled and empty HF spaces is
diagnosed in the model polymer 7b. The deforma-
tions of the ¢ (k) curves cause a near degeneracy be-
tween the lowest, indirect gap ((n/3) = 7) and a
direct excitation at k= n/3¢. The two marginal
microstates /~ and X in the valence band are of
ligand o character (large BB contributions). On the
other side, the intermediate states in the vicinity of
the top of the valence band are prevailingly of n
type (with small ¢ amplitudes). The 1D models 7a
and 7b should be suitable precursors both for the
injection of electrons and holes as a result of the
high-lying valence band (7a) and the low-lying con-
duction bands (7a and 7b).

The sulfur atom in 8 leads to a magnification of
the forbidden energy gap. The positions of the
valence and conduction bands should allow the in-
jection of holes and electrons; both “hypothetical”
conductors would be organic metals with charge
carriers localized in the ligand framework. Small
AE parameters in spite of the four carbon centers
per ligand ring are predicted in the 1D stacks 9a
and 9b with 14 valence electrons (Ni 3d and ligand
n) per unit cell. This surplus leads to highly popu-
lated Ni 3d,. states in the valence bands of the Ni
polymers. The associated CO wave function is
neither a pure ligand orbital nor a strongly metal-
centered 3d function. Both domains are important
in transfer processes due to injected holes (Ni 3d..
admixtures) or injected electrons (Ni 3d,.). Sche-
matic representations of the /" and X amplitudes of
the valence band as well as of the conduction band
are given in Figure 23. The eclipsed pattern is
characterized by significant Ni 3d,. admixtures in
the conduction band. The ¢ (k) plots of 9a and 9b
(Fig. 17) show once again the mutual symmetry be-
tween the dispersion curves in the x=0° and
2= 180° conformations. The indirect gap in 9a is of
the /" — X type, the opposite X — [ excitation is
found in 9b. Thus both geometries would allow
insulator-to-metal transitions with reduced lattice
spacings. Strongly perturbed ¢ (k) curves are absent
in the two Ni model polymers. The energetic posi-
tions of the valence and conduction bands should

¢, ZC ¢, Z

v, ZC v,ZE

Fig. 23. Schematic representation of the crystal orbital
amplitudes of the conduction (¢) and valence (r) bands at
the center of the Brillouin zone (ZC) and the edge of the
zone (ZE) in the eclipsed Ni polymer 9a.

allow the design of hole conductors as well as of
electron transfer systems.

The additional electrons in the Ni stack 9 di-
minish on one side the spacing between the filled
and unfilled one-particle spaces significantly. On
the other side, however, the stabilizing intercell
energy is reduced by ca. 20%: the mutual coupling
energies amount to 16.57 eV (9a) and 15.91 eV (9b),
respectively. The difference between 9a and 9b is
due to the covalent resonance energies encountered
for the nearest neighbour’s interactions. The
eclipsed arrangement is stabilized by means of
through-space and through-bond terms between the
boron atoms.

The enlarged overlap integrals in the tetraborina-
to Cu stacks are the origin for strongly perturbed
dispersion curves with microstates, that are often
modified as a function of the k-vector. n and o
states are calculated for the valence and conduction
bands of the 1D backbones. The low-lying acceptor
levels would suggest to dope the material with elec-
tron donors.

A vanishing band gap is predicted in the Zn stack
11. It must be mentioned, however, that this result
can not be transferred without any precaution to
real solids, as the creation of a finite band gap is
possible by means of a Peierls distortion [90]. In any
case it should be clear that 11 is a hypothetical
model, where electrical conductivities either due to
injected charge carriers or due to external pressure
(intrinsic conductor, i.e. overlapping bands) can be
expected most probably. The extremely broad
(overlapping) bands (see Table 1) allow conduction
processes that are similar to the transport of free
electrons (electron-lattice interactions neglected).
The largest calculated band width in 11 amounts to
9.38 ¢V. The microstates at the top of the band are
of ligand 7 character (n descendant of a; symmetry).
This = dispersion has a forbidden crossing with the
Zn 3d.: curve, which belongs to the same irreduc-
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ible representation. The strong perturbations of the
two ¢ (k) curves in the crossing region is clearly seen
in Figure 19. The most stable z states (a; symmetry)
are predicted at ca. —25 eV (lowest dispersion curve
in Figure 19). The “net n(a;) width™ in the 1D stack
11 thus amounts to about 18.8 eV (compared to
8.4 eV in the cyclopentadienyl derivative 1).

The enhanced covalent interactions (i.e. the en-
larged overlap integrals) between boron centers in
comparison to carbon atoms are therefore clearly
demonstrated by means of the differences in the
widths of the n(a;) bands in 11 and 1, respectively.
The broadening results from the superposition of
two effects. The larger BB separations within the
fivemembered ligand rings allow a reduction in the
distance between the transition metal side and the
plane of the 7 moiety. The contraction of the inter-
planar spacing is of course not only accompanied by
a strengthening of the metal-ligand coupling, but
also by a magnification of the direct (through-
space) Interaction between neighbouring ligand
units. This geometrical enhancement effect is
furthermore supported due to the diffuse valence
orbitals at the B centers.

5. Conclusions

It was the purpose of the present systematic
crystal orbital investigation on one-dimensional
poly-decker sandwich compounds to understand
those structural and geometrical factors that lead to
small or vanishing band gaps in organometallic 1D
stacks with 3d centers as central units and an alter-
nating metal-ligand arrangement. Furthermore we
wanted to make plain the differences between or-
ganic metals on one side and typical 3d conductors
on the other side. The general trends within the
computational findings can be transferred to struc-
turally related transition metal backbones that
crystallize in perpendicular stacks with the afore-
mentioned metal-ligand-metal arrangement. On the
basis of the material derived in the last two para-
graphs it is possible to formulate general principles
that can be used to guide synthetic activities in
the area of conducting low-dimensional materials
formed by organometallic building blocks:

a) Conducting 3d spines can be expected in com-
plexes with transition metal centers from the left
side of the 3d series (e.g., Ti. V, Cr, Mn, Fe), while

transition metal centers with higher ionization po-
tentials (e.g.. Co, Ni, Cu, Zn) are usually not
involved in conduction processes in extended or-
ganometallic materials. The conductive pathways
are formed by the diffuse ligand states of the
organic moieties.

b) Charge transfer processes in narrow 3d bands
(hole transport) can not be described in terms of a
band structure picture. Violations of the full trans-
lational symmetry (i.e. localization of the 3d hole-
states) lead to a (thermally activated) hopping con-
ductivity. The coupling to lattice vibrations is a
necessary condition for this type of charge transport.

¢) Hopping conductivities between localized 3d
states are not restricted to 1D materials with metal-
ligand-metal contacts. The 3d band widths in class
A materials exceed only slightly the A¢ figures in
transition metal backbones belonging to the groups
B. C or D, respectively (see Fig. 1) [24—28]. The 4¢
spectrum associated to the transition metal states in
1D materials with a metal-over-metal arrangement
is prevailingly caused by k-dependent metal-ligand
interactions within the unit cells of the 1D back-
bones or between neighbouring molecular moieties.
Broad transition metal bands are only encountered
in 5d materials (e.g. Krogmann's salt), where the
overlap between the metal atoms is dramatically
enlarged [91]. Only these materials are characterized
by a significant graduation between o, 7 and ¢
bands.

d) The model calculations have shown that the
energetic separations between the filled and empty
Fermi seas are reduced with an increasing number
of atoms that are either less electronegative than
carbon or that allow a more efficient (covalent)
overlap between the ligand atoms or between the
transition metal sides and the organic 7 centers.
Therefore molecular precursors containing atomic
centers from the third periode (e.g. replace C or N
against Si or P) should be taken into account. Alter-
natively. atomic species that are found at the left of
the group IV elements should be employed in syn-
thetic routes. This means that a hydrocarbon com-
plex should be replaced by an isovalent system
where the number of 3d electrons has been enlarged
while the number of electrons from the organic
ligand has been reduced. Stable hydrocarbon
ligands are not the optimum choice for suitable syn-
thetic building stones associated to (intrinsic) 1D
conductors.
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e) Electropositive elements lead to an upward
shift of the valence band(s) and to a downward shift
of the conduction band(s). This facilitates the injec-
tion of charge carriers (holes and electrons) and
favours furthermore the formation of photocon-
ducting systems with thermally activated charge
carriers.

f) Phase transitions (e.g. insulator-to-metal tran-
sition) are possible under pressure in a large num-
ber of 1D materials. The different ¢ (k) profiles dis-
cussed in this context have shown that the condi-
tions and the types of these transitions can be par-
tially controlled by suitable substitution patterns in
the organic ligands.

g) It has been demonstrated that the magnitude
of the forbidden band gap depends critically on the
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