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Oligopyridine Liquid Crystals—Novel Building Blocks for Supermolecular
Architectures Based on Metal Coordination and Hydrogen Bonding

Carsten Tschierske*

2,2'-Bipyridines, 2,2:6',2"-terpyridines, phenanthrolines,
and other oligopyridines are particularly attractive building
blocks for the preparation of supramolecular structures.!I This
is because they easily form well-defined chelate complexes
with many metals. Hence, rather complicated and exotic
structures, such as catenanes, molecular knots,? well-defined
helicates,”! molecular grids, and nanocyclic architectures?!
have been built up in recent years. Additionally, many of their
transition metal complexes give rise to interesting para-
magnetic, nonlinear optical, photophysical, and redox proper-
ties which can be controlled by the rational design of the
ligands.

Furthermore, oligopyridines may act as efficient proton
acceptors in hydrogen bonding and they can also interact
through m-stacking interactions with other aromatic systems.
Thus, they provide many different intermolecular interactions
useful for designing well-ordered arrays of functional supra-
molecules. Though the stepwise construction of exotic supra-
molecular architectures using 2,2'-bipyridines and related
oligopyridines has significantly advanced during the recent
years, less progress has been achieved in obtaining macro-
scopic ordered structures built up by these systems. Examples
are ordered arrays of molecular grids at the air—water
interfacel® and self-assembled helical fibers.[”!

Liquid crystalline phases are especially challenging because
they combine order and mobility on a supermolecular level.
These well-defined macroscopic structures are the result of a
thermodynamically controlled, dynamic self-assembly proc-
ess. The molecular order provides anisotropic physical
(dielectric, magnetic, optic, etc.) properties, whereas the
mobility allows the switching between different well-organ-
ized states, and this combination leads to a lot of interesting
applications.®!

Many attempts have therefore been made to obtain liquid
crystalline oligopyridines and to use them as ligands for the
formation of metallomesogens.’! Thus, Hanabusa et al. de-
scribed linear polymers 1 comprising 2,2"-bipyridine units
whose mesomorphism was however lost when significant
quantities of sixfold coordinating cations were introduced.!'"]
Reports have also appeared of metal complexes of acylated
derivatives of 6,6'-diamino-2,2’-bipyridine (2)!'l and lyotropic
systems based on 4-alkylated 2,2"-bipyridine and 4'-alkylated
2,2":6',2"-terpyridine complexes of Ru" and Rh', such as 3.0
Other examples are shown in Figure 1.

However, all these compounds have, if any, only small
mesomorphic ranges and rather high melting points.[3-3]
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Figure 1. Representative examples of 2,2"-bipyridine mesogens;!'*%1 Cr=
crystalline phase; N =nematic phase; SmA =smectic A phase; Is =iso-
tropic phase.

Bruce etal. 'l Ziessel etal.,['l and Attias etal.l'¥! have
synthesized molecules incorporating linear 5,5'-disubstituted
2,2'-bipyridine units. These building blocks allow the con-
struction of extended rodlike molecules, for which—accord-
ing to classic concepts—Iliquid crystalline phases are likely to
occur. Some examples are shown in Figure 2. Indeed broad
regions of smectic (SmC, SmA) and nematic (N) phases were
obtained for the free ligands 8. However, the liquid crystalline
properties of the parent bipyridines were lost when they were
complexed to metal centers.['’! Clearly, the metal atoms and
the additional ligands disturb the parallel alignment of the
molecules. In order to reduce this unfavorable steric disturb-
ance it was necessary to enlarge the rigid segment to a
minimum of six aromatic rings, which led to the first metal-
lomesogens of this type (for example, 10).l°! However, such
large rodlike molecules with only two terminal alkyl chains
have high melting points which inhibit more detailed inves-
tigations. Additionally, only nematic phases and layer struc-
tures (smectic phases) could be expected for such molecules.
To decrease the melting points and to get other mesophases,
calamitic bipyridine derivatives with up to six aliphatic chains
have been synthesized.?” Indeed, these polycatenar mole-
cules, such as 9b and 9¢, have lower melting points and can
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Figure 2. Representative examples of rodlike 2,2-bipyridine meso-
gensl!® 1”200 and the Re complex derived from 9a;[”] J = crystalline J phase;
SmC =smectic C phase; Cub = cubic mesophase; Col, = hexagonal colum-
nar phase; Col;, Col, =columnar phases of unknown structure; Dec =de-
composition.

form not only smectic, but also cubic (Cub) and different
types of columnar (Col) mesophases.”” The investigation of
their metal coordination complexes is in progress,?” but two
promising novel types of bipyridine metallomesogens with
interesting mesophase structures have been reported by
Ziessel et al.

The first one is the Pd" complex 11, which consists of a
positively charged central core unit connected to three
flexible and lipophilic alkyl chains, two provided by the
bipyridine core and one by the dodecylsulfate ion.?" 22 Thus, a
strongly amphiphilic ionic metallomesogen was obtained with
a strong tendency to segregate the polar and rigid central
cores from the lipophilic and rather flexible alkyl chains. This
material shows a broad liquid crystalline region, whereas the
parent uncharged calamitic 2,2'-bipyridine ligand is not
mesogenic at all. This means that in contrast to all other
earlier attempts with bipyridines, the liquid crystallinity was
successfully induced in this case by metal complexation.

Two different liquid crystalline phases have been found: At
lower temperatures a columnar phase occurs, in which the
nearly flat aromatic central cores stack on top of each other>!
to form columns arranged in a rectangular 2D lattice (Col,,
see Figure 3). However, the structure of this Col, phase is
different from conventional columnar phases, because the
columns are not completely surrounded by the alkyl chains.
Instead, the polar centers of the columns are in lateral contact
with each other, thereby forming layers which are separated
from one another by layers of the liquidlike alkyl chains (see
Figure 3).

A transition to another mesophase was observed on raising
the temperature. Optical investigations indicate a smectic A
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Figure 3. Structure and transition temperatures (7 [°C]) of 11 and a model
of the organization of the supermolecular columns in the special Col, phase
(the alkyl chains which fill the space between the layers are not shown).

phase (SmA), whereas X-ray data suggest that a local order of
columns is remaining, that is, it could probably be a more
disordered variant of the Col, phase described above.?*!

A second useful approach is based on imino-substituted
oligopyridines (Figure 4). These molecules are nonmesomor-
phic themselves, but they can act as ligands for transition
metals. Bisiminobipyridines such as 12, for example, can form
stable Cu' double helicates incorporating two tetragonal
coordinated Cu! ions. Interestingly, here the bipyridine unit
is not the chelate forming unit; only one of the pyridine
nitrogen atoms of each bipyridine unit and the neighboring
imine group act as chelating ligands, which is in contrast to
most other bipyridine complexes.’!

Such complexes with a sufficiently large number of long
alkyl chains can organize into columnar mesophases (Fig-
ure 4).2% In these liquid crystalline phases the nonplanar,
polar, and rigid helicates (carrying a positive charge at each of
the Cu! ions and also incorporating the BF,~ counterions)
organize in the centers of the columns which are surrounded
by the liquidlike continuum of the nonpolar alkyl chains. This
designing principle is not restricted to the bipyridine com-
plexes 14b, also the Cu' complexes of the bisiminoterpyr-
idines (for example, 14¢),?” of the bisiminopyridines (for
example, 14a),8 and even those of the 2-iminopyridine
(15)281 show liquid crystalline properties.

Only one Cu! ion is coordinated by the two bisiminopyr-
idine ligands in 14a and by the two iminopyridine ligands in
15. Hexagonal columnar phases, in which the columns are
packed laterally into a two-dimensional hexagonal unit cell,
were found for both mononuclear complexes (Col,, Figure 5).
However the diameters of the columns of both compounds
are quite different: 60 A for 15 and only 47 A for 14a with the
larger ligands. The larger value found for 15 suggests that
more than one molecule is located in the diameter of the
columns. Since the number of alkyl chains in the complex 15
amounts to only half the number in 14a this arrangement
enables an efficient filling of the peripheral space around the
columns. In this respect the organization of 15 is similar to that
of the columnar phases of polycatenar liquid crystals®! and
linear stilbazole-Ag' complexes (for example, 16).5% In
contrast, the individual molecules of 14a only stack one on
top of the other to form the columns as known for conven-
tional discotic liquid crystals.

However it should be pointed out that, as a result of the
pseudotetrahedral coordination geometry provided by the
Cu! ions, these molecules are not flat as are conventional
discotic materials. The parallel alignment of rigid discs is
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Figure 4. Structures of the nonmesogenic ligands 12 and 13 and their liquid
crystalline Cu' complexes 14 and 15 (7[°C]);?*?! Col,=rectangular
columnar phase; Col,, =oblique columnar phase; Col; =lamellar phase
built up by the parallel alignment of columnar aggregates.
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Figure 5. Organization of the Cu' complexes 14 in their mesophases (only
one possible structure—Col,,—is shown for 14b, the alkyl chains which fill
the space between the columns are not shown).
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semi-fluorinated analogues.’? For these molecules a micro-
segregation of incompatible structural units into different
regions, separated by interfaces, was proposed to be the main
driving force for mesophase formation.*> 3% This should be
even more important for the organization of 14 and 15,
because the contrast in the intramolecular polarity between
the polar cores and the lipophilic chains is much larger in
these molecules. Additionally, attractive ionic interactions
significantly contribute to their mesophase stability, a feature
that is well known for the liquid crystalline phases of
anhydrous soaps and other ionic amphiphiles.!

Furthermore, geometric and space-filling effects have a
large influence on the mesophase structure. This is clear from
the comparison of the complexes 14a—c. In the case of the
mononuclear pyridine derivative 14a the polar rigid centers
are rather small and compact. Hence, the long alkyl chains can
perfectly surround the columns formed by the polar centers.
This allows for the arrangement of the columns in the hexagonal
lattice. A lamellar organization was found for terpyridine
complex 14¢ with the largest central core. In the case of the
bipyridine complex 14b a rectangular or oblique arrangement
of the columns (Col, or Coly, see Figure 5) was detected,
which can be regarded as an intermediate phase between
columnar and lamellar organization.

The smectic phase of 14 ¢ is again quite unusual as the layers
comprise parallel aligned columnar aggregates of the metal-
lohelicates.?*! Hence, this smectic phase is related to the Col,
phase of the Pd complex 11, as in both cases the layers are
formed by the parallel alignment of columns. However, in the
smectic phase of 14a the correlation between the layers is lost
and therefore no 2D lattice can be found. Thus, quite different
organizations of columns are possible with the bipyridine-
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derived metallomesogens, and the type of supermolecular
self-organization can be fine-tuned by careful molecular
design. It is remarkable that the unusual structure of the
mesophase of 14c¢ resembles that of linear DNA stretched
across lipid bilayers.[*’!

However, coordination of metal ions is not the only feature
of oligopyridines that can be used to design novel liquid
crystalline materials. The ability of the nitrogen atoms to
participate in hydrogen bonding has also been used to design
mesomorphic materials incorporating 2,2-bipyridine units.*!
In the 3,3'-diacylamino substituted 2,2"-bipyridine derivative
18 a high degree of planarity of the molecules is achieved by
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the large number of intramolecular hydrogen-bonding inter-
actions. This particular shape, the polarity of the central core,
and the presence of a sufficiently large number of peripheral
lipophilic chains induces hexagonal columnar liquid crystal-
line behavior. It should be pointed out that these 2,2'-
bipyridine derivatives have low melting points, extremely
broad regions of liquid crystalline phases, and, additionally,
the molecules retain their strong tendency to aggregate also in
solutions of apolar solvents.

Thus, significant progress has been achieved in designing
oligopyridine derivatives that can self-organize under ambi-
ent conditions into well-ordered supermolecular assemblies of
macroscopic dimensions. Hopefully, this will allow the con-
struction of novel and more-complex functional supermolec-
ular systems, which are useful for future applications.
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