
A Carborane-Based Analogue of
Poly(p-phenylene)

Howard M. Colquhoun,*,† Penelope L. Herbertson,‡
Kenneth Wade,*,‡ Ian Baxter,§ and
David J. Williams*,§

Science Research Institute and Department of Chemistry,
University of Salford, Salford, M5 4WT, U.K., Department
of Chemistry, University of Durham, Durham, DH1 3LE,
U.K., and Department of Chemistry, Imperial College, South
Kensington, London, SW7 2AY, U.K.

Received August 5, 1997

Revised Manuscript Received December 16, 1997

Since the successful development of elastomeric poly-
(carborane-siloxane)s with very high thermal and
chemical stability (Dexsils, Ucarsils),1 many attempts
have been made to extend the range of useful carborane-
based polymers.2 Current research is focused on the
synthesis and characterization of materials containing
carborane icosahedra linked either by direct carbon-
carbon bonds 3 or by aromatic systems.4 Poly(arylene-
carboranes) are of particular interest because of their
extreme resistance to combustion,5 giving them poten-
tial value as components of fire-retardant and oxidation-
resistant coatings. The remarkable combustion resis-
tance exhibited by these materials appears to stem both
from a high-temperature cross-linking reaction between
aromatic and carborane units, which prevents the
formation of volatile thermolysis products, and from the
production of a cohesive surface-coating of boron(III)
oxide, B2O3, which serves to limit further oxidation.6 All
previous syntheses of linear poly(arylene-carborane)s
have focused on the indirect linking of diarylcarborane
units by functional groups such as ester, amide, imide
and ether/ketone, but in view of the extreme chemical
stability of directly-bonded aromatic materials such as
poly(1,4-phenylene),7 we have begun to explore the
synthesis of analogous materials in which carborane
icosahedra alternate with directly bonded aromatic
nuclei. Here we report preliminary characterization
data for the first polymer of this type to be synthesized.
Transition metal-catalyzed coupling of dihalogenoare-

nes is a versatile route to polymers with biaryl linkages,8
but to establish the viability of this chemistry for
carborane-based systems, a model compound, 1-(4-
chlorophenyl)-12-phenyl-1,12-dicarbadodecaborane (1),
was synthesized 9 and coupled in dimethylacetamide
(DMAc) solution using Ni(PPh3)4 as catalyst (Figure 1).
The resulting “dimer” 2, a novel, carborane-based
analogue of p-sexiphenyl, was isolated in good yield by
column chromatography. Thermal analysis of com-
pound 2 by DSC showed not only a strong crystal-
melting transition at 419 °C, but also a series of weak,
lower-temperature endotherms at 260, 312, and 328 °C.
Although the extended, rodlike structure of 2 appears
to suggests potential nematic character, hot-stage polar-
izing microscopy in fact demonstrated that the weaker
endotherms are associated with solid state (crystal-

crystal) transitions rather than with any form of liquid
crystalline behavior.
The structure of dimer 2 was solved by single-crystal

X-ray diffraction,11 which revealed a centrosymmetric
molecular structure featuring a marked “sinusoidal”
distortion of the expected collinear configuration (Figure
2). Ab initio calculations at the HF/6-31G level (Gauss-
ian 94) revealed no intramolecular basis for this distor-
tion, so that the observed deviations from collinearity
must result from anisotropic crystal-packing forces.
Following the successful model reaction, catalytic

polycondensation of the bifunctional monomer 1,12-bis-
(4-chlorophenyl)-1,12-dicarbadodecaborane (3) was at-
tempted under similar conditions (Figure 3). The
resulting rodlike polymer (4) crystallized spontaneously
from the reaction solution, and was found to be very
similar in its physical properties to poly(p-phenylene).7
Thus, it failed to dissolve in a wide range of organic
solvents, even at high temperatures, and showed no
evidence of melting or softening up to 600 °C. The
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Figure 1. Synthesis and nickel-catalyzed coupling of 1-(4-
chlorophenyl)-12-phenyl-1,12-dicarbadodecaborane (1).

Figure 2. X-ray structure of the centrosymmetric dimer 2,
with atom numbering (upper view). The lower view illustrates
the marked “sinusoidal” distortion of this molecule in the solid
state. Selected molecular parameters: C(4)-C(7) ) 1.512(4),
C(18)-C(19) ) 1.516(4), C(22)-C(22A) ) 1.503(5), B-B(mean)
) 1.771(5), B-C(mean) ) 1.722(4) Å; C(3)-C(4)-C(5) )
117.8(3), C(20)-C(19)-C(24) ) 117.3(3), C(21)-C(22)-C(23)
) 116.5(3)°.
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extreme insolubility of polymer 4 suggests that only a
relatively low degree of polymerization is achieved
before the polymer precipitates from solution. The
polymer does however give a very well-defined X-ray
powder diffraction pattern (Figure 4), confirming that
its intractability stems from a high crystal melting point
and not from any cross-linking or other side reaction
associated with its synthesis. Since the dimer 2 melts
only above 400 °C, a crystalline melting point for
polymer 4 of >600 °C (i.e., above its decomposition
temperature) does not seem at all unreasonable. Ther-
mogravimetric analysis of polymer 4, to 1000 °C under
argon, indicates a very high ceramic yield indeed (ca.
92%). In view of this result, we are currently exploring
the possibility that the polymer may undergo direct
thermal conversion to graphitic boron carbide.
The X-ray powder pattern of polymer 4 (Figure 4,

upper trace) could be indexed in terms of a C-face-
centered monoclinic unit cell with dimensions a ) 9.11
Å, b ) 11.77 Å, c ) 13.33 Å, â ) 144.4°. The c dimension
was fixed by reference to the “polymer-repeat length”
represented by the distance C(7)-C(18A) in the struc-
ture of dimer 2 (Figure 2). Using the standard conven-
tion for polymer crystals, the c-axis is thus oriented

parallel to the direction of the polymer chain. A more
detailed structural analysis of polymer 4 was carried
out using the software package Cerius-2 (Molecular
Simulations Inc.), using an idealized chain-structure
based on that found experimentally for oligomer 2.
Crystallographic inversion centers were located at the
center of the carborane cage and at the center of the
biphenyl linkage, defining a polymer chain in which the
aromatic rings are effectively coplanar, leaving only the
torsion angle between the carborane cage and its
associated aromatic rings to be determined.
Ab initio calculations for phenyl-o-carborane show

that the energy-barrier to rotation about the phenyl-
carborane (C-C) bond is very low indeed (ca. 2.1 kJ/
mol).10 For the polymer considered here, the higher
symmetry of the phenyl-p-carborane linkage must re-
duce this torsional barrier even further, so that the ring-
cage torsion angle H-C-B-H (defined here as ∆) will
be strongly influenced by crystal packing forces. The
rotational potential has 10-fold symmetry (36° from
minimum to minimum), so that the actual range of ∆
over which the potential varies is only 18°. Crystal
packing calculations were therefore undertaken for
polymer chains with ∆-values ranging from 0 to 18°, and
the resulting crystal structures were evaluated in terms
of their lattice energy, density, and simulated X-ray
powder diffraction patterns. These calculations identi-
fied a number of possible unit cells of similar energy
and density (E ) 32-33 kcal per chain, F ) 1.18-1.20),
but the original, C-centered monoclinic unit cell pro-
vided the best fit to the experimental powder pattern.
This cell was found to represent the crystal-energy
minimum for a chain conformation in which ∆ ) 18°. A
powder diffraction pattern simulated, with appropriate
broadening parameters, from this structure is shown
in Figure 4 (lower trace), superimposed on the experi-
mental powder pattern. The experimental density for
polymer 4 of 1.19 g cm-3, measured by flotation, may
be compared to a value of 1.18 g cm-3 calculated for the
simulated unit cell.
In the final model (Figure 5) the polymer chain has a

mirror plane parallel to ac and inversion symmetry
about the centers of the icosahedron and the biphenyl
linkage. All aromatic rings in the crystal are essentially
parallel, and an analysis of interchain contact distances
suggests that the crystal packing is dominated by
arene-carborane (H‚‚‚H) contacts. A slight sinusoidal
distortion of the polymer chain, as found in the structure
of oligomer 1, leaves the chain symmetry unchanged but

Figure 3. Synthesis and catalytic polycondensation of 1,12-
bis(4-chlorophenyl)-1,12-dicarbadodecaborane.

Figure 4. Experimental (upper trace) and simulated (lower
trace) X-ray powder diffraction patterns (Cu KR) for poly(4,4′-
biphenylene-1,12-dicarbadodecaborane) and the current struc-
tural model (Figure 5), respectively.

Figure 5. Final model for the crystal and molecular structure
of polymer 4.
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significantly improves both the density of the simulated
crystal and the calculated fit to the experimental X-ray
powder pattern.
Currently available X-ray data do not permit a more

quantitative refinement of this structure, but it may be
noted that the symmetry elements of the model are
consistent with space group C2/m. Perhaps surpris-
ingly, the present work appears to be the first in which
a well-defined crystal structure is proposed for any
carborane-based polymer system.
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