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which describes the electric-field-induced current of a reactant.
The model is based on the following equations:
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with f(u, v)=¢ 'u(l1-u)(u—(v+b)/a) and g(u, v)=u-—no,
where u denotes the fast excitation variable and v denotes the
slow recovery variable. D is the diffusion coefficient of u, M
the ion motility and E the electric field strength. ME (3u/3x)
is the additional flux term. The parameters a, b and ¢ control
the dynamical properties (such as excitability) of the system'®.

To compare the model with the BZ reaction, we take the
autocatalytic species HBrO, as the excitation variable and the
catalyst ferroin as the recovery variable. It might seem unreason-
able to use an uncharged component to describe electrically
induced flux, considering that more realistic models (such as
the Oregonator) include the bromide ion, Br~, which is most
affected by the field. But in fact, because of the reaction kinetics,
the dynamical behaviour of Br™ is closely related to that of
HBrO, (ref. 1). The modified model used here allows a more
general way of describing the effect of an external perturbation
such as an applied electric field on a reaction-diffusion system.

The computer investigation agreed well with the experimental
data. Figure 3 shows a graphical representation of an annihila-
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FIG. 3 Three-dimensional representation of the slow recovery variable, v, in
a numerical simulation of annihilating vortices with ME/D=0.3. g, Initial
structure. b, Region enclosed by the vortex pair is small and has low
excitability. ¢, Chemical perturbation disappears in the centre of an expanding
circular wave.
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FIG. 4 Calculated traces of crossing vortices. The angle between the sym-
metry axis of the spiral pair and the field direction is 12° initially and —24°
after the interaction. ME/D =0.15.

tion process. The trajectories of coexisting vortex tips are drawn
in Fig. 4.

Electric fields can thus be used to influence and decompose
dissipative structures in excitable systems by inducing drift of
key ions, and could be a simple, controllable tool for investigat-
ing reaction-diffusion patterns. This could be useful, for similar
studies of forced vortex interaction in other systems and could
help to elucidate their specific dynamics'"'%. O
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ONE advantage of using conjugated polymers in semiconductor
applications is that they can be processed using techniques well
established for conventional polymers. We reported recently that
poly( p-phenylenevinylene) could be used as the active layer in a
light-emitting diode’, producing yellow/green emission. We have
now found that related copolymers, comprising a combination of
different arylene units, can be chemically tuned to provide a range
of materials with considerably improved properties for this and
other applications. By incorporating two different leaving groups
into a precursor copolymer, we can selectively eliminate one of
these, to give a conjugated/non-conjugated copolymer, or both, to
give a fully conjugated copolymer. This allows us to induce local
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variations in the m—=* electronic energy gap at both the molecular
and supramolecular level. Variations at the molecular level can
act to trap excitons, hindering their migration to quenching sites,
and we find that these materials give strongly enhanced quantum
yields for electroluminescence (by a factor of up to 30). They also
allow control of the colour of emission. Variations at the
supramolecular level, by patterning the films to control the progress
of conversion, allew the production of structures suitable for
multicolour displays. The ability to pattern the film also allows
for fabrication of optical waveguides, as regions with different
energy gaps have different refractive indices.

Much attention has recently been devoted to the development
of efficient routes to conjugated polymers®®. Because most
organic materials with a high level of conjugation show poor
solubility in common solvents, approaches to conjugated poly-
mers have involved the preparation of a processible precursor
polymer, the attachment of groups that increase solubility®°,
or a combination of both.

In our initial work' on the light-emitting properties of poly( p-
phenylenevinylene) (PPV) we observed that the efficiencies (up
to 0.01%; photons emitted per electron injected at room tem-
perature) depended on the combination of electrode materials
used. We used aluminium with a surface oxide coating or
indium/tin oxide as the positive, hole-injecting contact, and
aluminium as the negative, electron-injecting electrode. We
found that a segmented PPV analogue emitted blue-green light
(508 nm) with a twofold improvement in efficiency'’. Consider-
ably higher efficiencies are obtained with metals of lower work
function as the negative electrode: Braun and Heeger'?, working
with a soluble dialkoxy derivative of PPV, showed that efficien-
cies could be raised to 1% through the use of calcium, whose
lower work function allows much easier injection of electrons.
We find that efficiencies can be raised to above 1%, using some
of the copolymers discussed below. This illustrates the import-
ance of controlling the injection electrodes, and we see scope
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for further improvements by using hole and electron transport
layers. Here, however, we are concerned with the optimization
of the emissive layer formed from the conjugated polymer.

Both photoluminescence and electroluminescence originate
from the radiative recombination of exciton states, in the first
case formed by photoexcitation, and in the second by combina-
tion of oppositely charged polarons (radical ions) generated by
injection of electrons and holes'®. The quantum yield for photo-
luminescence in small conjugated molecules can be very high,
but the yield in PPV is reduced as the extent of sr-electron
conjugation is increased'*. Increased mobility of excitons in the
delocalized w-electron system will allow more rapid motion to
quenching centres; among the latter, self-localized charged exci-
tations have been experimentally identified as important!*'S.
We set out, therefore, to introduce local variations in the poten-
tial that could act as exciton traps and reduce motion to quench-
ing sites, by synthesizing copolymers that have regions of
different - 7™ energy within a single chain.

The essence of the synthetic route was to produce a precursor
polymer polyelectrolyte with two different leaving groups on
the main chain. We illustrate this here for the monomers (I)
and (II), copolymerized to form polymer (III), which was then
converted to polymers (IV) or (V) by heat treatment under
different conditions. Formulae and preparation details are given
in Fig. 1. We chose these two monomers because their conjugated
homopolymers show substantially different bandgaps, 2.5 eV
(496 nm) for PPV and 2.1 eV (590 nm) for poly(2,5-dimethoxy-p-
phenylenevinylene)'’. The films of polymers (IV) and (V) were
characterized by infrared and ultra-violet/visible spectroscopy.
The infrared spectra of (IV) showed the presence of methoxy
leaving groups, which disappeared on thermal treatment in the
presence of HCI. In the optical absorption spectra of the poly-
mers (IV), the energy of the band edge shifted to the blue with
increasing numbers of dimethoxy-p-phenylene units. These
results confirmed that the polymer (IV) had been randomly

FIG. 1 Synthetic pathway. The symbols m and n represent the molar
equivalents of the monomeric salts (1) and (Ii} in the reaction. A small number
(o) of benzylic positions adjacent to the phenylene rings in (lll) are substituted
by methoxy groups. Thermal elimination of all the sulphonium groups and
a few methoxy groups from (lll) produces the polymer (IV), which has
an arrangement of conjugated units randomly interrupted by saturated
units (where a, b, ¢ and d stand for the total number of each structural
type). Further acid-promoted conversion of (IV} produces the conjugated
polymer (V).

METHODS. The ratio of units in the copolymer was varied by altering the
amount of each monomer unit in the reaction mixture. We copolymerized
the two bis(sulphonium) salts in a water/methanol mixture with aqueous
sodium hydroxide. After termination, polymers (lll) were purified by dialysis
against water before isolation and dissolution in methanol. Thermal conver-
sion of films of polymers (lll) (220 °C in vacuo; 2 h} produced homogeneous,
dense and uniform films of the polymers (V) (typical thickness 100 nm).
The polymers (V) were formed from (Ill) by heat treatment under acidic
conditions (220 °C, HC!/Ar, 22 h).
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FIG. 2 Absorption spectra of copolymers prepared from ratios of (I) to (II)
9:1{—---—),4:1 (----), 7:3 (——) from thermal treatment and acid
and thermal treatment. The shift is indicated in the direction of the arrows
for each case.

segmented into discrete conjugated units, because the sul-
phonium groups on the benzylic carbons attached to the 2,5-
dimethoxy-p-phenylene units are readily displaced by methanol.
Those attached to the benzylic carbons of the p-phenylene units
are not. During the thermal conversion, the sulphonium groups
are readily lost, whereas the methoxy groups resist elimination.
They require both heat and acid. Consequently thermal and
acidic treatment of the polymer (III) yields the polymer (V).
Elimination of both the sulphonium and methoxy leaving groups
is substantially complete, with the result that the energy gap
shifts to the red (Fig. 2).

We thus have the choice of conjugated copolymers (V) or
conjugated/nonconjugated copolymers (IV). We have looked
at the properties of the conjugated/nonconjugated copolymers
in electroluminescent diode structures, and find that these offer
better device efficiency than PPV. The most striking results are
obtained for devices with aluminium/aluminium oxide and
aluminium contacts. The device efficiency depends strongly on
the monomer feed ratio, increasing from 0.01% (PPV in the
same device configuration) by a factor of up to 30 (to 0.3%) as
the monomer feed ratio (1) : (II}) was reduced to 9: 1; copolymers
arising from lower feed ratios (I): (IT) showed an efficiency that
decreased consistent with the lower photoluminescence yield
from poly(2,5-dimethoxy-p-phenylene vinylene)'®.

Conversion of (IIT) to (V) can be achieved lithographically,
by control of the presence of acid through patterning, and thus
copolymer samples with supramolecular variations in w-7*
energy gap can also be prepared. One convenient method is to
make use of the hydrogen chloride, a by-product of the thermoly-
sis of the sulphonium groups of polymer (II1), to catalyse the
removal of the methoxy leaving groups. This merely requires
that the acid generated in this way is trapped in the film. We
achieved this by masking a thin film of the precursor polymer

Copolymer on a Uncapped

glass substrate

Evaporate Al

—_——
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Thermal treatment

v

NaOH solution

FIG. 3 Schematic diagram showing the process for forming a pattern of
polymers (IV) and (V) from polymer (iil).
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FIG. 4 Absorption (&) and photoluminescence (b) spectra of a capped sample,
and absorption (c) and photoluminescence spectra (d) of an uncapped
sample of copolymer made from a 7:3 mixture of (I) and (il).

(III) with strips of evaporated aluminium or another suitable
metal (Fig. 3). After thermal treatment and removal of the
aluminium mask, the films showed a striking difference in colour
(orange where previously coated and yellow elsewhere) and in
their photoluminescence spectra (Fig. 4). Such a process is
readily amenable to lithographic techniques, with resolution
limited only by acid diffusion around the edges of the mask.
We compared the effective refractive indices of the TE and
TM optical waveguide modes in each of two closely neighbour-
ing regions on either side of the boundary at a wavelength of
632.8 nm, and we estimated the difference in the polarization-
dependent refractive index nrg and nry in the two regions. We
found a striking difference in nqg (electric field paraliel to
surface) linked to the change in absorption spectra in the two
different regions. For example, a copolymer prepared from a
4:1 feed ratio of (I) to (II) treated in the above fashion had
nrg=1.81 in the uncapped region (polymer absorption
maximum at 376 nm (3.30eV)) and nyz=1.96 in the capped
region {polymer absorption maximum at 427 nm (2.90 eV)).
The efficiency of the output of electroluminescent devices that
incorporate copolymers can be raised to levels comparable to
those of inorganic devices operating in the yellow-green part of
the spectrum. Furthermore, the colour of the electroluminescent
output can be varied by controlling the chemistry behind the
copolymerization and the degree of conversion to the conjugated
form. Emission over the spectral range from green-blue'' to
orange-red has already been demonstrated using different co-
polymers. Supramolecular control of refractive index through
control of the 7—7* energy gap also offers scope for guided-wave
devices. O

Received 2 December 1991; accepted 23 January 1992.

. Burroughes, J. H. et al. Nature 347, 539-541 (1990).

Wessling, R. A. L Polym. Sci., Polym. Symp. 72, 55-56 (1985).

. Lahti, P. M., Modarelli, D. A., Denton, F. R, Lenz, R. W. & Karasz, F. E. . Am. chem. Soc. 110,

7258-7259 (1988).

Lenz, R. W., Han, C.-C. & Lux, M. Polymer 30, 1041-1047 (1989).

Tokito, S., Momii, T., Murata, H., Tsutsui, T. & Saito, S. Polymer 31, 1137-1141 (1990).

. Ohnishi, T, Noguchi, T, Nikano, T., Hirooka, M. & Murase, |. Synth. Metals 41-43, 309-312 (1991).

Han, C.-C. & Elsenbaumer, R. L. Synth. Metals 41-43, 849-854 (1991).

Askari, . H., Rughooputh, S. D. & Wudl, F. Synth. Metals 29, E129-134 (1989).

Burn, P. L., Bradiey, D. D. C., Brown, A. R., Friend, R. H. & Holmes, A. B. Synth. Metals 41-43,

261-264 (1991).

10. Swatos, W. J. & Gordon, B. Polym. Prep.(Am. Chem. Soc. Div. Polym. Chem.) 31(1), 505-506 (1990).

11. Burn, P. L. et al. L chem. Soc., Chem. Commun. 32-34 (1992).

12, Braun, D. & Heeger, A. J. Appl. Phys. Lett 58, 1982-1984 (1991).

13. Bradley, D. D. C. Chem. Brit. 27, 719-723 (1991).

14. Wong, K. S. et al. . Phys. C. (Solid State Phys.) 20, L 187-1194 (1987).

15. Bradley, D. D. C. & Friend, R. H. /. Phys. condensed Matter 1, 3671-3678 (1989).

16. Ziemelis, K. E. et al. Phys. Rev. Lett 66, 2231-2234 (1991).

17. Halliday, D. A., Bradley, D. D. C., Burn, P. L., Friend, R. H. & Holmes, A. B. Synth. Metals 4143,
931-934 (1991).

18. Bradley, D. D. C. et al. Springer Series on Solid States Sciences 99, Electronic Properties of

Conjugated Polymers IV {ed. Kuzmany, H.) (Springer, Berlin, in the press).

[RENES

©o~NDO N

ACKNOWLEDGEMENTS. We thank R. W. Jackson and M. Ginty for assistance in preparing the polymers,
and the SERC, Christ's College (Dow Research Fellowship to P.LB.), the Deutsche Forschungsgemein-
schaft (A.K.} and Cambridge Research and Innovation Limited for financial support.

49

© 1992 Nature Publishing Group



