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Complimentary Polytopic Interactions™*

Ekaterina O. Arikainen, Neville Boden,
Richard J. Bushby,* Owen R. Lozman,
Jeremy G. Vinter, and Andrew Wood

Substantially enhanced mesophase ranges can be obtained
by mixing the discotic liquid crystal 1a with one equivalent of
the “larger core” polynuclear aromatic compounds 2a or 3a
(Scheme 1). The special stability of these novel m-stacked
systems is not the result of either charge-transfer or (net)
quadrupolar interactions but instead arises from a compli-
mentary polytopic interaction (CPI).

Chemical doping of discotic liquid crystals is well known
and, in some cases, it produces enhanced mesophase ranges.!!
Hence, mixtures of the discotic liquid crystal 1a with 2,4,7-
trinitrofluoren-9-one (TNF) have been extensively studied.?
Although charge-transfer bands are observed in the UV/Vis
spectrum of this mixture, they are weak. It is now believed
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glass slides is annealed at 230°C
overnight, a homeotropic alignment
is obtained.

The diffraction maxima in the
small-angle region of the X-ray dif-
fraction (XRD) pattern are sharper
and more numerous in A than those
of 1a. The diffuse wide-angle max-
imum is typical of a columnar liquid
crystal, however, the suggestion is that
this phase is much more highly or-

1a:R=CsHy;3 2a:X=CgHyg, Y=H 3a:X=CgHy, Y=H P : :

1b: R =CH, 2b: X = OCH,, Y = OCH, 3b: X = OCqHyp Y = OCeH:s dered. T.h1s is also conmstegt with the

1n:R=CH,,, 2¢:X=CH, Y=H 3c:X=CH, Y=H rather high enthalpy associated with
2d: X = OCH,, Y = OCH, 3d: X = OCH,, Y = OCH,

Scheme 1. Molecules used in this investigation are the small-core discogens 1 and the large-core
polynuclear aromatic species 2 and 3, which differ only by atomic (N, C) substitution.

that quadrupolar interactions between the two components
produce the dominant stabilizing effect and that charge
transfer is coincidental.’] Nevertheless, almost all known
examples of “chemical doping” of discotic materials have
involved electron donor—electron acceptor pairs.

2,3,6,7,10,11-Hexakis(hexyloxy)triphenylene 1a displays a
hexagonal-columnar mesophase between 70 and 100°C.
When mixed with the azatriphenylene 2a (which has itself
two crystalline forms that melt at 71°C and 81°C) in a 1:1
ratio, a new liquid crystal A is formed, with a hexagonal-
columnar phase between 130°C and 240 °C. The transition at
240°C is isothermal. The phase behavior of the components 2
and 3 and their mixtures with 1a are shown in Table 1.4

Table 1. Phase transitions of the pure components and mixtures studied in
this investigation.

Molecule/mixture Phase transition 7 [°C] (AH [kJmol~'])iI

1a Cr 70 (48.3), Col,, 100 (7.1), I

2a Cr 71 (34.3), Cr 81 (variable), I

2b Cr, 98 (32.0), Cr, 147 (6.7), Col, 150 (10.2),
Col, 194 (31.8), I

3a Cr 59 (27.0), 1

3b Cr 65 (1.3), Col, 135 (12.5), 1

1a+2a(A) Solid ~130 (0.0), Col,, 240 (37.6), 1

1a+3a (B) Cr 66 (3.4), Col, 155 (18.3), I

[a] The transition temperatures and enthalpies were measured by DSC
(Perkin-Elmer DSC7, sample 2-3 mg in closed Al pans, heating rate
+10 Kmin™'). Phases were assigned from polarizing optical microscopy
and X-ray diffraction data.

Thin-layer chromatography of A shows two distinct spots,
corresponding to 1a and 2a. The UV/Vis (as a solid or a
CHClI; solution), the 'H NMR (as a solution in CDCl; or
C¢Dg), and the IR (as a solid or nujol mull) spectra of the
mixture prove to be simply a sum of those of the two
components. Apparently, there is no covalent bonding
between the two components and their electronic structures
are not perturbed in any significant way.

The optical texture of A is similar to that obtained for many
columnar mesophases (Figure 1). When a thin film between

2424
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the Col —I transition (+37.6kJ mol™!
for A, a % :% molar mixture of
la:2a, compared to +7.1kJmol™!
for 1a). The unit cell parameters

Figure 1. Optical texture of A as it appears when viewed through cross-
polarizing filters at 240°C (x 100).

for this and the related mixture, B (1a+3a), are given in
Table 2.

The fact that there is a single column/column repeat
distance C and a hexagonal lattice shows that there cannot
be segregated stacks of 1a and 2a. There is probably an
alternating structure of the type shown in Figure 2.

Over most of the composition range, A is immiscible with
both 1a and 2a (Figure 3). Along with the enhanced phase
behavior and changes in ordering, this confirms that there is a
very strong interaction between 1a and 2a.

Table 2. Calculated cell parameters from XRD measurementsl?! on some
of the pure components and their mixtures.

Molecule/mixture nex [A] C[A] Number of reflections
1a 242 3.55 3
2a 30.5 3.55 7
3a 29.6 3.55 7
la+2a(A) 283 6.9201 11
la+3a (B) 27.0 7.07kl 15

[a] Diffraction patterns were collected on film using a pinhole camera
consisting of a Philips generator and tubes, Ni-filtered Cuy, radiation (1=
0.154 nm), and a Lindemann sample tube (1.5 mm inner diameter) to a
plate 135.5 mm distant. [b] Average ring separation 3.46 A. [c] Average
ring separation 3.54 A.
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Figure 2. Representation of the probable stacking of 1a and 2a in A.
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Figure 3. Phase versus composition diagram for binary mixtures of 1a and
A (data points are those measured by differential scanning calorimetry
(DSC) and optical polarizing microscopy (OPM)). The liquidus of the
phase diagram for an ideal mixture of solid 1a:2a (= A, which dissociates
completely upon melting to 1a and 2a) against component 1a is given by
Equation (1), where x; is the mole fraction of 1a, AH, is the enthalpy
change at the clearing point of A (for a ":%4 molar ratio 1a:2a), T,, is
the melting point of pure A, and T is the melting point of the mixture
(1a+A).PL

A stable mixture, B, is also formed between 3a (the carbon-
atom analogue of 2a) and 1a. The phase diagram for mixtures
of 1a and B fits the same thermodynamic model as mixtures of
1a and A. Once again, X-ray diffraction shows the mixture to
be more highly ordered than 1a. In contrast, no stabilized
mixture is obtained when 1 is mixed with the more highly
substituted molecules 2b or 3b.

Stable mixtures formed by the discogen 1a with TNF have
previously been modeled by treating the components as
Gay-Berne disks with associated (net) quadrupole mo-
ments.’l On this basis, we expect the molecular components
of the stable 1:1 mixtures formed between the discogen 1a
and compounds 2a and 3a should carry opposite quadrupoles.
Table 3 shows calculated values for the net quadrupoles of the

Table 3. Calculated dipole (p) and quadrupole (©) moments for the pure
components.

Moleculel? p[D] 0 [eA?] Observed Expected!
CeH, 0.00 —168 - -

C.F, 0.00 17.9 - -

1b 0.02 —47.1 - -

2¢ 0.01 —83.4 Yes No

2d 0.06 106.6 No Yes

3¢ 0.03 —-713 Yes No

3d 0.08 178.2 No Yes

aromatic cores of these molecules and it is evident from these
calculations that this is not the case.

In order to understand the nature of the interactions in
these m-stacked systems properly, a dispersed, polytopic
description of the molecular charge distribution is required.
We have modeled these mixtures using an extended electron
distribution (XED) based upon that exploited by Hunter.® ]
This method involves displacing nonbonded electrons (such as
7 electrons and lone pairs) from the atomic centers to leave a
positive charge at the nucleus.!'”) This effectively generates a
set of quadrupole moments dispersed on each atom of the
system. This provides a more realistic charge distribution than
is available using traditional atom-centered charge methods
or by assuming that it is the net molecular dipole or
quadrupole that dominates.!'” The geometries of the mole-
cules under investigation (1b, 2¢, 2d, 3¢, 3d) were optimized
using the AM1 semiempirical routine in the MOPAC pack-
age."l After the extended electrons were added, a conforma-
tional search was performed. The docking routine then
brought one moveable (but conformationally fixed) molecule
towards an immobile (and conformationally fixed) molecule
from every direction using a free SIMPLEX minimizer. In
each case, where stable pairs are formed, the same minima
were obtained from many of these starting configurations. The
output from the docking experiment gives the overall
interaction energy and its van der Waals and coulombic
contributions. From this output, the minimum energy inter-
molecular conformations can also be visualized. By compar-
ing the interactions between the molecules and themselves
(such as 1b+1b and 2¢ +2¢) and the mixed system (such as
la+2c¢) it is possible to predict whether or not a stable
mixture will form. These figures (Table 4) agree with the
experimentally observed trends in mixture formation and
stability. Representations of the minimum energy “stacks” for
1b+1b and 3¢+ 3¢ and their mixture (1b + 3¢) are shown in
Figure 4.

Compounds 2a and 3a have different electronic character-
istics but similar shapes. Mixtures of both 2a and 3a with
2,3,6,7,10,11-hexakis(alkoxy)triphenylenes of varying chain
lengths 1n (n =4-16) behave in a similar manner (Figure 5).
In both cases there is an optimum side-chain length for the 1n

Table 4. Results from the XED calculations.

Mixturel? Mean energy [kJ mol~!] Observed! Expected!
CeH, + CH, —47 - -
CeFo+ CoFy ~52 - -
CgH, + CiF, ~10.6 - -
1b+1b —39.8 - -
2¢c+2c¢ -373 - -
2¢+1b —-412 Yes Yes
2d+2d —51.6 - -
2d+1b —40.9 No No
3c+3c —36.5 - -
3c¢+1b —49.9 Yes Yes
3d+3d —41.0 - -
3d+1b —32.6 No No

[a] Benzene and hexafluorobenzene are shown as an example of a binary
mixture that forms an induced phase.”! [b] Stable mixture with 1 observed
experimentally. [c] Stable mixture with 1 expected on the basis of the (net)
quadrupolar model ¥
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[a] Benzene and hexafluorobenzene are shown as an example of a binary
mixture that forms an induced phase (see Table 3). [b] Stable mixture with
1 observed experimentally. [c] Stable mixture with 1 expected on the basis
of the XED/CPI model.
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Figure 5. The trends in clearing temperature 7T, for binary mixtures of the

large core molecules (2a and 3a) with discogen 1n as a function of chain Di | hodi 1 tvoicallv h £ ¢
length n, measured by DSC and OPM. Upper line (—) =1n+2a; middle inuclear rhodium(i) complexes typically have face-to-

line (esee)=1n+ 3a; lower line (----) = 1n alone. face structures with both rhodium atoms in pseudooctahedral
or pseudo-square-pyramidal environments. The rhodium -
rhodium bond is systematically perpendicular to the two
faces, which are disposed in eclipsed or staggered conforma-
tions.['l These characteristics are found in complexes ranging
from the large family of lantern complexes with four bridging
ligands [Rh,(u-bridge),(L),] up to the cationic complex
[Rhy(NCMe),(]** with no bridging ligands.l'! Analogous
rhodium —rhodium bonds are even formed in complexes in
which the bridging ligands prevent face-to-face structures.!'!
Here we describe unprecedented dinuclear rhodium(ir) com-
plexes with a bond between two metal atoms in coplanar
square-planar environments and an unusually low electron
count of 30 valence electrons.

New starting materials with bulky PrBu,™ ligands can be
obtained by circumventing the inertness of known phosphido
rhodium(i) complexes. In contrast to the partial replacement
of 1,5-cyclooctadiene (COD) in [{Rh(u-PPh,),(cod)},]

component, presumably corresponding to the same optimum
packing. This stabilizing effect vanishes in those systems
where the side chains are too long and no stable mixtures are
obtained, or even predicted, for the systems 1a+2b or 1a+
3b (1b+2d, 1b+3d) in which the number of side-chain
(x+y) is doubled to twelve. Hence, although the XED — CPI
approach seems to be the only way to rationalize the
stability of these mixtures, the packing of side chains is also
important.

These mixtures not only provide a novel way of designing -
stacked systems but, from the standpoint of some applications,
these particular systems are attractive. For example, mixtures
obtained in this way are better photoconductors, with
higher charge mobilities (for example, the mobility is
~0.02 cm?V-''s~!! for 3a+1n (n=11)) than the discotic
liquid crystal 1n alone (1n (n=11)is 3 x 10~ cm?V-11g~11).[12]
This enhanced mobility begins to approach the highest known
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