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relationship between molecular structure and the mesomor-
phic phase of thermotropic liquid crystals. The phase behavior
in our rod —coil system can be explained by the fact that the
main factor governing the geometry of the supramolecular
architecture in the liquid-crystalline phase is the anisotropic
aggregation of rod segments and the consequent space-filling
requirements as well as entropic limitations due to the
flexibility of the coil.l'%!3 The lamellar structure observed in
the crystalline phase for 3 or in the liquid -crystalline phase for
1 is still the most efficient packing of melt chains, which is
similar to that of smectogens with low molar mass. With
increasing temperature (in the case of 3) or increasing volume
fraction of coil segments, however, space crowding of the coil
segments would be larger. Lamellar ordering of rods would
confine junctions between rods and coils to a flat interface
with a relatively high density of grafting sites, which forces a
strong stretching of the coils away from the interface, and the
system becomes energetically unfavorable. Consequently, the
lamellar structure of the rod-coil molecule will break apart
into interwoven networks of branched cylinders to lead to a
bicontinuous cubic phase and then discrete cylinders; this
gives rise to a hexagonal columnar phase in which coil
stretching is reduced.

Although this explanation is qualitatively consistent with
theoretical predictions for the phase behavior of rod-coil
diblock molecules, that of our system is in contrast to the
predicted specific supramolecular structures such as the
various “hockey-puck” phases.'!l In this respect, our system
provides access to a large variety of experimental and
theoretical investigations to understand fully the complete
range of supramolecular structures formed by rod-coil
diblock molecules. This is essentially an unexplored area of
research.

In summary, the rod—coil molecules which can be consid-
ered as either small diblock copolymers or large smectogens
were observed to organize into bicontinuous cubic and
hexagonal columnar mesophases as a function of volume
fraction of the coil segments or temperature. This behavior
differs significantly from that predicted for this type of
molecule.['*-13]
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Superconductivity and Chemical Bonding in
Mercury

Shuiquan Deng, Arndt Simon,* and Jiirgen Kohler

Dedicated to Professor Hartmut Birnighausen
on the occasion of his 65th birthday

Recently a hypothesis on the chemical origin of super-
conductivity was proposed which is based on a tendency for
pairwise localization of conduction electrons.!! In crystalline
phases, in which chemical bonding is adequately described by
the electronic band structure, a prerequisite for superconduc-
tivity seems to be the simultaneous occurrence of bands with
large dispersion, “steep bands”, and those with “flat bands” at
the Fermi level Eg. The flat bands provide a vanishing Fermi
velocity for some conduction electrons in the normal con-
ducting state. This view is formally similar to a physical model
based on the interplay of itinerant electrons in a wide band
with local pairs of electrons in a narrow band.’! However, in
extracting the flat band/wide band features from calculated
band structures we address the specific chemical bonding in
actual superconductors.

Following arguments introduced by Krebs,?! who suggested
that the necessary condition for superconductivity is a crystal
orbital that is nodeless in certain directions, Johnson and
Messmer used SCF-Xa-SW cluster calculations to obtain
remarkably accurate results for the superconducting charac-
teristics of a number of elements and compounds.[¥ However,
this real space approach is based on clusters rather than
infinite solids; in terms of a band structure, I" point config-
urations are considered.
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Superconductivity has been discovered with mercury (7. =
4.2 K).Bl Here we report on our studies of the electronic
properties of the metal at the normal conducting state based
on calculations of the Fermi surface, the total density of states
(DOS), and the orbital analysis of the projected band
structure. We are particularly interested in the occurrence of
flat bands at the Fermi level Ep, and the character of chemical
bonding for the states that belong to these bands. The term
flat band refers to a section of a band, which falls into a
narrow energy window centered by FEjy, where the group
velocities of the electrons approach zero. The width of the
energy window should correspond to the Debye frequency;
however, to account for inaccuracies of the band structure
calculation, the window was fixed at a forty times larger value.
We used the LMTO method® to calculate the energy
dispersion E(k) in the irreducible Brillouin zone (BZ).!
After E(k) was obtained, the scalar velocity field!'” in the
whole BZ was calculated, and the maximum velocity as well
as the positions and shapes of the flat bands were determined,
the latter by using our own program.['* The regions of the flat
band are quite small. In order to analyze their bonding
properties it is sufficient to choose one k point. Crystal orbital
overlap population (COOP) curves! at some individual k
point—not averaged over the entire BZ—were used as a
bonding indicator for the flat band. To achieve this, we used
the semiempirical extended Hiickel (EH) method™ ' to
carry out the bonding analyses.['”] The obtained bands below
Eg were in good agreement with the LMTO bands.

The band structure of Hg serves as a particularly easy-to-
analyze example to illustrate the flat band/steep band
scenario. As Figure 1 shows, the total DOS at Ey has no local
maximum and is very low (N(Eg) = 0.29 states/(eV - cell)). The
bands have 6p and 6s character. The narrow 5d bands lie 5.6 to
8.7 eV below Ep. Hence, the electrons in the d bands do not
contribute to the metallic and superconducting properties of
Hg. Figure 1 also shows the energy dispersion E(k) for seven
bands up to Er along three symmetry lines in the BZ.
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Figure 1. Band structure calculated for special symmetry directions and
the total DOS of Hg. The fatness of the bands illustrates the contribution of
the p, orbital.

The highest occupied band (band 7) crosses the Fermi level,
while the maxima of the next lowest band (band 6) ap-
proaches Ey at the Z and F points. It is worth mentioning that
band 6 crosses Er in other parts of the BZ. The flat bands at F
and Z exhibit pure p character as p (ungerade) does not mix
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with s (gerade) at the special points. The “fat band”
representation indicates the exclusive p, orbital character of
the flat band in Z (see below). In agreement with earlier
results obtained both by relativistic APW calculations*®! and
by de Haas-van-Alphen measurements,!'”) our calculated
Fermi surface (Figure 2) is composed of six electronic lenses
(band 7) centered at the large hexagonal faces and a multiply
connected surface of holes (band 6). The Fermi velocity on
each lens decreases from the face center to the edge of the
lens, while that on the multiply connected Fermi surface is low
when it rides on the edge of the large hexagonal face of
the BZ, and high when it rides on the edge of the rectangular
face.

Figure 2. Fermi surface of Hg for band 6 (a) and band 7 (b) (Brillouin zone
outlined). The increasing velocity of the electrons is represented by the
change from blue to red. The isovelocity surface for band 6 around the F
and Z points at a value of 0.03 (atomic units) is additionally shown in b).
The two features are magnified by a factor of 100; they lie within the range
of Er+0.28 eV.

Band 7, the steep band, crosses the Fermi level with various
velocities throughout the BZ; the largest value is 1.29 (in
atomic units). The highest value for the velocity of electrons
within the energy window of Ex+0.28 eV is 1.88 for band 7
and 1.83 for band 6. The maxima of band 6 at Z and F, which
fall into the same energy window, meet the flat band, where
the electron velocities become zero. In the energy window
Er+0.28 eV this special condition only holds for these two k
points in the whole BZ. Hence, the great majority of the
conduction electrons exhibits high velocities. In this energy
window the isovelocity surface at a value of 0.03 is plotted for
band 6 in Figure 2, illustrating the shapes and locations of the
flat band characteristics and giving evidence for their very
limited extensions.

The self-consistently calculated and the fitted semiempir-
ical band structure are in good agreement for all bands up to
Eg, which provides added support for the accuracy of the
analysis of the bonding properties of the flat bands on the
basis of the semiempirical results. The interaction between
nearest neighbors (2.986 A) averaged over the whole BZ is of
weakly bonding character for the band states around Ey. This
particularly holds for the flat band states in band 6, as can be
shown more explicitly with COOP curves calculated specif-
ically for the Z and F points.
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The crystal orbital of Hg at the Z point is purely p,
character (see Figure 1), as revealed by LMTO and EH
calculations, while at the F point the orbital is a hybrid of Hg
p., P and p, orbitals (with dominating p, contribution). The
crystal orbitals in band 6 are plotted for the Z and F point,
respectively, in Figure 3. In both cases the imaginary part of
the crystal orbital is very small and thus neglected. The crystal
orbital at Z has the D;; symmetry of the Z point in the BZ,
while that at F has C,, symmetry.

Figure 3. The crystal orbitals at Z (a) and F (b) in band 6. In a) the state is
composed of pure p., while in b) the orbital at the origin of the primitive
lattice is a hybrid of —0.2642p,, —0.4577p,, and —0.5633p.. In both cases,
the ¥, and ¥_ indicate two nodeless bonding systems, which are composed
of the positive and the negative lobes of the orbitals, respectively.

At Z the orbital interactions along all three primitive lattice
vectors (2.986 A) are of o(p,—p,) type, while that along the
short face diagonal direction (3.457 A) is of m(p,—p,) type.
However, as the lobes of the p, orbital do not point directly in
the directions of the lattice vectors, the o bonding is quite
weak. At the F point, the orbital interactions along ¢, and ¢,
are of o(p-p) type, while those along the #; direction are of
n(p-p) type. In the #¢, plane the orbital interactions along
the #, — ¢, direction are also of 7(p—p) type, while those in the
t,t; and t,t; planes are of o(p—p) type. As shown in Figure 3 a,
for the Z point, t(p,-p,) bonding occurs in planes perpendic-
ular to the threefold axis and results in layers without nodes.
Nodes occur between adjacent layers. According to Figure 3 b,
at the F point the nodeless bonding systems occur in layers
that are oblique to the threefold axis, and these layers are
again separated by nodal planes. The topologies of the crystal
orbitals of the flat bands perfectly agree with those thought to
be essential for superconductivity.®

Our results suggest a rather visual scenario for the
occurrence of superconductivity in mercury (and other
conventional superconductors). According to the band struc-
ture the conduction electrons in mercury have large Fermi
velocities except for a few that are at rest. The latter need to
become singlet electron pairs in order to undergo condensa-
tion into the superconducting state.?’l Pairing can be achieved
by coupling of the flat band states to dynamical lattice
distortions, phonons, which modulate the bonding character
of the band states in the maxima. A sufficient lowering of
these states provides the spin pairing energy. Phonons
periodically change the position of the flat band relative to
Eg, and when the top of the flat band lies above Ep the
electron pairs are scattered into states of steep bands near Er.
Vice versa, the electrons scatter into the so-created empty flat
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band states to become paired. At T, the paired state becomes
stable through condensation, and as the flat band states are
periodically depleted they are continuously filled from the
large reservoir of electrons in steep bands, thus creating more
and more bosons.

Provided our hypothesis is correct, then two aspects are
worth mentioning. First, in the band structure of Hg flat bands
only lie at Er when relativistic effects are considered in the
calculations, otherwise the flat bands are located approxi-
mately 1eV below Ep Hence, mercury is a relativistic
superconductor. Second, the flat bands have such tiny
extensions that the identification of this feature, if responsible
for superconductivity, rather resembles the search for a needle
in a haystack.?!]
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Stilbenoid Dendrimers**

Herbert Meier* and Matthias Lehmann

Stilbenoid compounds show interesting photophysical and
photochemical properties and are therefore appropriate for
various applications in materials science.l!! Besides use in
well-established areas such as optical brighteners, new
applications are increasingly becoming apparent, including
light-emitting diodes (LED), nonlinear
optics (NLO), and optical imaging,
storage, and switching techniques.

Through the incorporation of stilbe-
noid chromophores into dendrimers,?
the design of which is also of consid-
erable interest, we envisioned the new
structural concept 1. The convergent
syntheses, coupled for individual generations, are depicted in
Schemes 1 and 2. The required E-configured double bonds
were formed by the Wittig—Horner reaction. The readily
available tris(phosphonate) 3P was used as a basic unit to
form the core. Aldehyde 8" and the bis(phosphonic acid)
derivative 75 with a protected aldehyde functionality served
as building blocks for generating the dendrons; aldehydes 9!
and 101 were obtained via 7 (Scheme 1). This procedure
permitted the preparation of three generations of dendrimers
(1a—c) from 3 and 8, 9, and 10 (Scheme 2). Tris(dodecyl-
oxy)phenyl groups were attached to the periphery in order to
enhance solubility and, as discussed below, to induce liquid
crystalline (LC) behavior. The trans selectivity of the Wittig—
Horner reaction is sufficiently high in this series of stilbenoid
compounds to generate all-frans isomers la—c within the
limits of NMR detection. 'H and *C NMR spectroscopy
confirms the threefold symmetry of dendrimers 1a—c. The
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Scheme 1. Synthesis of the dendrimer precursors. a) P(OC,Hjs);, 160°C;
b) NBS (CCl), Fe (H,0), 100°C; c¢) CH;0H, HC(OCH;);, Dowex
50W-X8; d) KOC(CH,), (THF); e) HCI (CHCl,).

observed chemical shifts are all very similar within this series
of compounds (Table 1).

The MALDI-TOF technique proved to be excellent for
determining the molecular masses of 1a—ec. The discrepancy
between the measured and calculated m/z values amounts to
no more than one mass unit. For example, for 1¢ with the
molecular formula CgysHgosO5¢ We obtained the value 8859.6,
whereas the calculated mean for the peak of this molecular
ion M is 8858.6. The yields presented in Scheme 2 refer to
dendritically pure compounds whose formation is assured by
the convergent synthesis. A small amount of the “two-
branched” compound, formed when only two molecules of
10 reacted with 3, could only be detected in the crude product
of 1¢ with the MALDI-TOF method.

The aggregation of the stilbenoid dendrimers is especially
interesting. Neat 1a and 1b generate two liquid crystalline
phases each (Dy,: discotic hexagonal disordered phase; D 4:
discotic rectangular disordered phase; D,,: discotic oblique
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