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Department of Chemistry and Laboratory for Research on the Structure of Matter
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Philadelphia, Pennsylvania 19104-6323

ABSTRACT

The use of transition metal-catalyzed coupling reactions in the syn-
thesis of conducting polymers is discussed. These reactions are of grow-
ing importance in polymer synthesis and are particularly important in
the synthesis of highly functionalized conjugated (conducting) polymers.
In this report we discuss applications of this methodology for the synthe-
sis of conducting polymer sensory materials and polymers with reactive
functional groups. In the sensory polymers we have incorporated crown
ether groups which induce perturbations to the polymer’s electronic
structure when exposed to an alkali metal ion. Our interest in polymers
with reactive functional groups is for the development of polymers which
can be transformed into novel all-carbon ladder polymers.

INTRODUCTION

Metal-catalyzed coupling reactions are emerging as powerful tools for step-
growth polymerizations and are particularly effective for the formation of highly
unsaturated polymers with complex functionality. Cross-coupling methodology was
first demonstrated in polymer synthesis in the laboratory of Yamamoto [1] in the
preparation of polyphenylenes. Yamamoto further demonstrated cross-coupling
methodology for the synthesis of poly(arylene ethynylene)s [2]. Wudl was the first
to use coupling reactions to prepare polythiophenes by transition metal coupling
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reactions [3]. The polythiophenes synthesized by Wudl gave materials of more
certain structure than previously investigated and hence these materials were used
for careful studies of the conduction and magnetic properties of these important
materials. The advent of soluble conducting polymers and the development of a
number of coupling protocols by Stille [4], Heck [5], Kumada [6], and Suzuki [7]
has resulted in numerous syntheses of conducting polymers by transition metal
coupling reactions. The important aspects of these reactions are their high yields,
tolerance of functional groups, and availability of starting materials. In this report,
we summarize some of our efforts in the design and synthesis of novel conducting
polymers which make use of transition metal-catalyzed coupling reactions.

DESIGN AND SYNTHESIS OF SENSORY MATERIALS

We have been investigating the application of transition metal-catalyzed cross-
coupling reactions for the synthesis of conducting polymers which exhibit sensory
properties. Conducting polymers are ideal materials with which to produce sensory
devices since their conductivity is very sensitive to chemical composition and elec-
tronic perturbations and may vary by more than a factor of 10", Our initial efforts
in this area have focused on producing polymers which are responsive to alkali ions
and electron-deficient organic molecules. In principle, however, our design can be
applied to any chemical entity since the molecular nature of the sensory materials
allows for tailoring of the polymer’s response to a given chemical species by the
implementation of known molecular recognition principles and/or chemical selec-
tivity [8]. In our approach, conductivity changes are brought about by novel mecha-
nisms which involve the formation of barriers to carrier transport or by introduction
of carriers via host-guest-induced doping. There have been previous investigations
of conducting polymer-based gas sensors {9]; however, most of these systems are
chemically irreversible and have a time-dependent (i.e., integrated) response. The
switching processes in our systems are chemically reversible, allowing for the forma-
tion of sensors which give a steady-state response that does not depend on the
exposure time and permits the sensor to return to its original state once the chemical
signal is absent.

We have focused our attention on polythiophenes as a result of their environ-
mental stability and the versatile chemistry of thiophene which allows for facile
synthesis of functionalized monomers [10]. Typical of conducting polymers, polyth-
iophenes are only highly conductive when carriers have been injected via a redox
process. In the case of thiophenes, the dominant carriers are positively charged
bipolarons (dications) which delocalize over approximately three rings. The bipo-
laron structure shown below produces a bond alternation which requires that the
center ring have “quinoid” character and produces a double bond between the
thiophene rings [11].

Bipolaron
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Since propagation of a bipolaron through a polythiophene requires partial
double bond character between the rings, we reasoned that a chemically induced
twisting of the polythiophene backbone would impede intrachain carrier transport.
Given the established nature of crown ether chemistry, we considered that an ion
selective twisting would be easily designed. Additionally there is a need for ion
sensors since the concentrations of Group 1 and 2 ions are extensively measured in
the biological sciences and in health care. To effect this ion selective twisting, we
have designed and synthesized the crown ether-containing polymers shown in
Scheme 1, in which the crown ether linkages span the bithiophene groups. In the
uncomplexed state the polymer’s backbone is allowed to adopt a preferred “planar”
conformation which maximizes conjugation. Complexation of an ion of the correct
size can then induce the desired twist in the polymer’s backbone.

The synthesis of monomers 1 and 6 is reported elsewhere [12]. In our initial
studies we were not concerned with production of high molecular weight polymers
since it is well known that the electronic structure of conducting polymers is deter-
mined at low degrees of polymerization. In the case of polymer 3 we introduced a
new polymerization method whereby the dilithiated monomer 2 is formed and then
reacted with Fe(acac), to produce the hompolymer 3 (Scheme 2). In this polymeriza-
tion, insoluble Fe(acac), is separated by filtration to produce materials free of the
iron salts which typically plague FeCl; oxidative polymerizations. After precipitat-
ing 3 in methanol, the degree of polymerization of the soluble (low molecular
weight) portion was determined to be 10 thiophene units long by '"H-NMR integra-
tion of the two doublets resulting from the disubstituted thiphene end groups.

We have also made use of Stille coupling methodology [4] in the synthesis of
copolymers. In this case, the dilithio species of 2 and 7 are reacted in situ with
trimethyltin chloride and then subjected to palladium catalyzed cross-coupling with
5,5’ -dibromo-2,2’-bithiophene. The molecular weights produced in this procedure
are solubility limited since these copolymers precipitate during the course of the
reaction. The molecular weights as determined by GPC relative to polystyrene stan-
dards were determined to be 2800, 3700, 2000, and 1900 for polymers 4, 5, 8, and 9,
respectively. However, the absolute molecular weights may be higher since the
absolute molecular weight determined by NMR end-group analysis for 3 shows the
true molecular weight to be almost double that determined by GPC (1800 vs 960).

The ion-induced twisting was confirmed by the observation of ionochromic
effects, and the results are shown in Table 1. Polymers 3, 4, and § show large shifts
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a. Fe(acac)s, THF, reflux. b, Me;SnCl, THF.
¢. 5,5-dibromo-2,2"-bithiophene, PACl,(AsPhy),, THF, reflux.

SCHEME 2.

TABLE 1. Ionochromic Response of Polymers in
0.1 M Salt Solutions (acetonitrile)

ANpay, NM
Polymer Nmaxs M K* Na* Li*
K) 497 22 91 46
4 510 10 63 15
5 524 45 30 13
8 434 —4 3 3
9 432 1 3 4
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in A,,, with the appropriate ion, and because the shift occurs in the visible region, a
dramatic color change is observed. As anticipated from the binding preferences of
their crown ether analogs, polymers 3 and 4 show the largest shift for sodium, and
5§ is most responsive to potassium. The large magnitude of the shift despite the low
binding constants is ascribed to the additive effect of destroying conjugation at
several points along a highly conjugated system. This is supported by the fact that
copolymer 4, in which the number of twisting sites has been reduced, shows a
smaller shift than its corresponding homopolymer, 3. The observed ion-specific
effects result from the varying degree of rotation imposed on the bithiophene unit
by the ligand’s distinct conformational requirements for each metal. We do not
disregard the fact that electrostatic variations between the complexed and uncom-
plexed systems may play a role; however, at this time, we do not attempt to quantify
the individual conformational and electrostatic perturbations. The poor ionochro-
mic activity of polymers 8 and 9 is not surprising considering their poor binding
affinity (which results in failure of the twist-inducing mechanism) and the loss of
electrostatic interaction between the terminal oxygens of the polyether tether and
polymer backbone.

We are also using transition metal-catalyzed coupling reactions to synthesize
other ion-sensitive polymers which rely on other mechanisms to change the poly-
mer’s conductivity. For example, as shown in Scheme 3, we have synthesized poly-
thiophenes which have a crown ether macrocycle tethered between the 3 and 4
positions of the thiophenes. The alkoxides donate electron density into the polymer
backbone, and resonance structures which position positive charges on the alkoxide

SCHEME 3.
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oxygens clearly must play a role in stabilizing the carriers. Ion complexation will
serve to reduce the donating ability of the oxygens into the polythiophene backbone
and in effect raise the oxidation potential of a particular ring. The effect of ion
complexation on intramolecular carrier transport is conceptualized in Scheme 3.
The transport of bipolarons is impeded due to the increased oxidation potential of
the complexed “crowned” thiophene.

SYNTHESIS OF GRAPHITE RIBBON PRECURSORS

All carbon ladder polymers (also called graphite ribbons) promise to exhibit
particularly good electronic properties, and these materials were recently reviewed
by Schluter [13]. All-carbon conjugated polymers generally exhibit greater delocal-
ization and polarizability than polymers containing heteroatoms in their backbone.
High delocalization and polarizability are critical features necessary for materials to
exhibit high electrical conductivity and nonlinear optical susceptibility [14]. Hence
the all-carbon polymers polyacetylene and poly(1,4-phenylene-vinylene) display the
highest reported conductivities for organic polymers [15].

Ladder polymers have been studied extensively as a result of their high thermal
and environmental stability [16]. These materials typically are heterocyclic fused
ring structures which may be synthesized by condensation reactions. While very
elegant syntheses of all-carbon ladder polymers (and oligomers) have been reported
[13], it can be said that present synthetic procedures are insufficient to realize the
true potential of this important class of materials. The limited state of synthetic
procedures stems in part from the inherent insolubility of ladder polymers which
precludes standard synthetic methods.

We are investigating a new synthetic route to all-carbon ladder polymers with
novel architectures by cyclization reactions of poly(1,2-phenylene ethynylene)s [17].
Poly(1,2-phenylene ethynylene)s, 10, are prepared from 1,2-dihalo-benzenes and
1,2-diethynyl-benzenes by conducting a palladium-catalyzed cross-coupling reaction
in concentrated (0.15-0.25 M) i-Pr,NH solutions (Scheme 4). Under these condi-
tions only small amounts of cyclization products were formed and GPC analysis
reveals number-average molecular weights ranging from 53,000 to 170,000, indicat-
ing that the reaction proceeds with extremely high conversion. Our synthetic meth-
odology allows for the incorporation of a number of combinations of R and R’
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groups, and by variation of these groups we are attempting to induce a thermotropic
liquid crystalline state.

We considered that 10 has the potential to undergo ene-diyne cyclizations
(Bergman reactions) [18] in a zipper fashion to form an all-carbon ladder polymer
11 as shown in Scheme 5. Sequential ene-diyne cyclizations have been recently
shown to produce naphthalene derivatives [18b], and other investigations on well-
defined oligomers also have suggested that such a reaction occurs [18c]. DSC analy-
sis of all of the derivatives we have synthesized shows strong exothermic transitions
above 170°C. We have found the donor acceptor combination R = OC,(H,,,R’ =
CO,C,¢H,, to exhibit a particularly strong exothermic transition at 190°C (DH =
82 kJ/mol repeat) which is not accompanied by weight loss as determined by TGA
analysis. This terminal transformation also results in the disappearance of the acety-
lene infrared bands, which is consistent with the proposed cyclization.

We have also been investigating routes to graphite ribbons based upon the
cyclization of groups pendant to a poly(p-phenylene) backbone (Scheme 6). The
cyclization of pendant double bonds shown may be performed by the photochemical
methods developed by Mallory [19]. The alternative cyclization shown involving
the pendant acetylene has not been previously reported and was developed in our
laboratory specifically for the synthesis of graphite ribbon polymers. Other synthe-
ses of all-carbon ladder polymers involving poly(p-phenylene) precursors have also
been reported [20].

To investigate the transformations of Scheme 7, functionalized monomers 12,
13, and 14 were synthesized. This chemistry is made possible by using a palladium
catalyst to chemoselectively couple the iodine positions of 1,4-dibromo-2,5-
diiodobenzene. The resulting compounds are poised for further cross-coupling at
the 1,4 dibromo positions.

We have investigated a number of polymerization protocols for the formation
of the precursor polyparaphenylene polymers [21]. In general our best results have
been obtained by cross-coupling 1,4-boronic acid phenylene monomers under Su-
zuki conditions [7]. Photochemical cyclizations of pendant olefins have not been
successful; however, we have had considerable success with the cyclization of pen-
dant acetylenes [22].

SCHEME 5.
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SCHEME 6.
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SUMMARY

We have shown how transition metal cross-coupling reactions can be used to
synthesize novel conducting polymers. This synthetic method allows for the synthe-
sis of materials with well-defined structures and also allows for the incorporation of
reactive functional groups. In addition, transition metal coupling reactions allow
for the incorporation of complex structures in conducting polymers which are capa-
ble of molecular recognition. These new types of materials offer exciting new possi-
bilities for the formation of conducting polymer-based sensory materials.
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