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Abstract The association of linear or macrocyclic

polyethers with the electronic properties of the p-conju-

gated polythiophene backbone leads to functional

conducting polymers that exhibit metal cation dependent

electronic properties. Based on this concept, various clas-

ses of cation sensors have been proposed and investigated

for almost two decades. The interactions of metal cations

with linear or macrocyclic polyether functional groups lead

to modifications of the electronic properties of the p-con-

jugated backbone through various mechanisms including

direct electronic effects on a single conjugated chain, col-

lective electrochemical processes, or conformational

changes. Conjugated polymers and oligomers representa-

tive of these various processes are discussed with an

emphasis on recent examples of derivatized conjugated

systems in which the interactions between metal cations

and polyether groups serve as driving force to create

molecular motion in conjugated systems.

Keywords Polythiophene � Crown ether � Complexation �
Actuation

Introduction

Sensors based on extended thiophene-based p-conjugated

systems has been a focus of sustained academic and tech-

nological interest for more than two decades [1–4]. Despite

the huge variety of sensors based on conjugated systems

proposed and investigated, all of them have in common the

fact that their sensing mechanism resorts more or less

directly to an alteration of the electronic properties of the

extended p-conjugated system.

In their neutral state, conjugated polythiophenes are

large band gap semiconductors (Eg * 1.80–2.00 eV) [5].

Reduction, or in most cases oxidation, of the conjugated

systems results in the creation of charge states associated

with a local geometrical relaxation of the structure

namely polarons or bipolarons that confer electrical

conductivity on the material. Since this so-called ‘‘dop-

ing process’’ is chemically or electrochemically

reversible, a first generation of rather rudimentary sen-

sors has been based on the variation of the electrical

resistance of conjugated polymers in the presence of a

chemical species e.g. nitrogen dioxide, or ammonia

capable to induce changes in the doping level. Sensors

based on this principle have been considered at an early

stage [6, 7] but the interest in this first generation of

sensors rapidly declined because of their lack of sensi-

tivity, selectivity and reproducibility.

A specificity of conjugated polymers based on aro-

matic units like poly(thiophenes) lies in the extreme

sensitivity of their electronic properties on changes in the

geometry of the conjugated system [5]. Whereas a fully

planar geometry leads to optimal electron delocalization,

any departure from planarity caused by a local torsion of

the conjugated system induces a localization of p-elec-

trons and thus an increase of the energy gap with
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changes in the optical and redox properties of the sys-

tem. This mechanism is at the origin of many examples

of sensors in which interactions of the polymer with a

target species generate a modification of the geometry of

the conjugated system and thus of its electronic proper-

ties. This principle presents several potential advantages

over the old ‘‘variable resistor’’ concept in terms of

stability and reproducibility and allows to read the

sensing event by means of various optical and electro-

chemical techniques both in solution and in the solid

state.

During the past two decades this concept has been

widely developed and a large number of conjugated poly-

mers tethered by functional groups specifically designed to

recognize a huge variety of chemical or biochemical spe-

cies have been synthesized and investigated in view of

evaluating their sensing properties [1–4].

Among the numerous classes of functional conjugated

polymers designed for sensor applications, polythio-

phenes functionalized by linear or macrocyclic polyethers

form a specific class of materials combining enhanced

hydrophilicity with metal-cation sensitive electronic

properties. Intensive studies on these materials have

demonstrated that the interactions between these func-

tional polymers or oligomers and metal cations can give

rise to various interesting combinations of electronic and

geometrical effects. More specifically, in several cases, it

has been shown that the interactions of the attached

polyether with metal cations could generate large geo-

metrical changes. The goal of this short review is to

present a brief survey of this particular class of func-

tional conjugated systems in order to try to identify

possible directions for future research with an emphasis

on the potentialities offered by these compounds for the

generation of molecular motion.

Polythiophenes derivatized with linear polyether chains

Polythiophenes derivatized by linear polyether chains are

among the very first classes of functional polythiophenes

synthesized [8–12]. Initial work in this area was moti-

vated by the development of electroactive polymers

potentially capable to act as cation sensors but also by the

search for more polythiophenes with enhanced hydrophi-

licity [11]. The polymerization of thiophenes derivatized

by polyether chains is in general more delicate than for

the parent alkyl-thiophenes. In this regard, the position of

the first oxygen atom in the side chain has been identified

as a crucial parameter which controls both the reactivity

of the monomer and hence the maximum degree of

polymerization of the polymer, as well as the electrical,

electrochemical and optical properties of the final

polymer.

When directly attached at the 3 or 3 and 4 positions

of the thiophene ring, an ether group exerts a strong

electron-donating mesomeric effect which produces an

increase of the HOMO level and hence a decrease of the

oxidation potential of the thiophene ring. This effect

leads to a stabilization of the corresponding cation rad-

ical at the 2-position adjacent to the methoxy group and

thus to a drop of reactivity of the 5 position which

strongly limits the growth of the polymer chain [12]. A

noticeable exception is 3,4-ethylenedioxythiophene

(EDOT) which presents a unique combination of reduced

oxidation potential and high reactivity of the 2 and 5

positions [13].
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When introduced at the 3-position of the thiophene

ring after one methylene group, the ether group exerts an

inductive electron-withdrawing effect which raises the

oxidation potential of the thiophene ring by ca 0.15 V

[8,10]. However, this increased reactivity of the cation

radical has deleterious consequences for the efficiency of

the electropolymerization process and for the electronic

properties of the resulting polymer. Thus, compared to

poly(3-nonylthiophene) (1), poly(2) shows an oxidation

potential higher by 200 mV, an absorption maximum

hypsochromically shifted from 540 to 435 nm and a three

orders of magnitude lower conductivity. All these results

indicate a considerable decrease of the effective conju-

gation length [10]. Finally, the introduction of two

methylene groups before the first oxygen atom as in

compound 3, neutralizes its electronic effects thus

allowing the thiophene ring to recover an oxidation

potential identical to that of 3-alkylthiophenes while the

resulting polymers shows electronic properties quite

similar to those of their alkyl-substituted analogs [8, 10].

The characterization of the polymers synthesized taking

these results into account has shown that increasing the

number of ether groups in the side chain strongly increases

the hydrophilicity, thus leading to polymers (4, 5) that are

fully electroactive in aqueous media [11].
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Poly[3-(3,6-dioxaheptyl)thiophene] (4) and the parent

poly(5) are generally acknowledged as the first examples of

conjugated polymers on which cation dependent electro-

chemical properties have been observed [9, 10]. In the

presence of tetrabutylammonium cation in acetonitrile the

cyclic voltammogram (CV) of poly(4) displays two redox

systems at ca 0.50 and 0.80 V vs SCE. Replacing Bu4N+ by

Li+ produces a 100–150 mV negative shift of the first

oxidation potential of the polymer. This shift increases up

to 250 mV at high concentrations of Li+. Optical and

spectroelectrochemical experiments have shown that this

potential shift is accompanied by a 2–13 nm bathochromic

shift of the absorption maximum of the polymer and by an

exaltation of the vibronic fine structure in the optical

spectrum [14–16]. These results have been interpreted as

the consequences of the combined effects of cation com-

plexation by the side polyether chains namely (i) a

planarization of the conjugated backbone, and (ii) a rigid-

ification of the polymer network through ‘‘ionic

crosslinking’’. Changing the solvent to water led to a sig-

nificant blue shift of the absorption spectrum which was

attributed to a distortion of the conjugated backbone by

steric crowding due to the large effective volume of the

solvated Li+ [11, 15].

Solvation-induced steric effects were also observed

when immersing films of poly(4) in a strong hydrogen-

bonding solvent such as hexafluoroisopropanol. In such

case, solvation of the polyether side chain indirectly pro-

duces a torsion of the conjugated backbone due again to

steric crowding which results in considerable loss of con-

jugation with a 140 nm blue shift of the absorption

maximum [16]. Furthermore, experiments carried out on

films that have been cycled in the presence of Bu4N+ or Li+

provided first evidences of solid-state ionochromism on

polythiophene derivatives [16].

Ionochromic effects have also been observed in the case

of the chemically synthesized regio-regular polymer 6 [17].

Interactions of the polymer with Pb2+ and Hg2+ in chlo-

roform solutions produces a loss of conjugation with

complete disappearance of the absorption band in the vis-

ible region. It was proposed that this effect was not

associated with cation complexation by the polyether side

chain but resulted from a direct coordination of the metal to

the thiophene sulfur atom [17].

Crown-ether derivatized polythiophenes

The first examples of polythiophenes functionalized with

covalently attached crown ethers have been reported by

Bäuerle and coworkers who synthesized mono-, bi- and

tert-hiophene substituted with pendant 12-crown-4 receptor

linked to the thiophene ring via an alkyl spacer (7–9) [18].

Electropolymerization of monomeric precursors (7)

remained essentially unsuccessful. Precursors based on bi-

and terthiophenes (8, 9) were successfully polymerized but

the best results were obtained with bithiophenic precursors

(8) which led to extensively conjugated polymers. The

analysis of the electrochemical properties of these poly-

mers showed that addition of increasing amounts of Li+,

Na+ or K+ produces a steady positive shift of the anodic

peak potential and a decrease of the electroactivity

expressed by the amount of charge reversibly exchanged

upon redox cycling. The maximum sensitivity towards Li+

was observed with poly(8) with a short alkyl spacer. These

effects were observed to a lesser extent in the case of

poly(9), as could be expected from the lower ratio crown

ether/thiophene. To interpret these results the authors have

proposed that cation complexation by the crown ethers

results in the formation of a positively charged ‘‘shell’’

surrounding the conjugated backbone. This shell acts as a

potential barrier that impedes the migration of the charge-

compensating counter-anions during the electrochemical

doping process of the polymer and thus give rise to the

development of a Donnan potential [18].

Polythiophenes derivatized by crown ethers attached at

the 3-position of thiophene by an alkoxy linker (10, 11)

have been synthesized chemically [19, 20]. In acetone

solution poly(10) exhibits a ionochromic behavior with a

red shift of the absorption maximum from 444 to 544 nm

in the presence of Li+, Na+ or K+. The largest effect was

observed in the presence of Na+ and the smallest with Li+.

This unexpected results were attributed to the formation of

2:1 sandwiches with Na+ and K+ which results in larger

conformational changes in the conjugated backbone than in

the case of a 1:1 complex [19, 20].

In order to improve the electronic communication

between the p-conjugated system and the complexing site,

Bäuerle and coworkers have developed a series of poly-

mers derived from mono- bi- and terthiophene in which the

complexing macrocycle was fused to the conjugated sys-

tem by attaching a polyether loop between the 3 and 4

positions of the thiophene ring (12–14) [21]. Only com-

pounds 12 and 13 based on thiophene and bithiophene

could be efficiently electropolymerized while the trimer 14

could not. Whereas poly(13) was pratically insensitive to

the presence of alkali cations, the CV of poly(12) showed a

large positive shift of the anodic peak potential in the
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presence of Na+, in agreement with the size of the cavity of

15-crown-5 ether. This change in the electrochemical

behavior was ascribed to the combined effects of a more

difficult diffusion of the counter anion, and to the decrease

of the electron-donating properties of the two ether groups

after metal cation complexation. These combined effects

resulted in larger electrochemical responses than those

observed for polymers with pendant crown ether (7–9).

The same group has reported a series of oligothiophenes

with fused crown ether and pendant polypodants (15–17).

The analysis of the cyclic voltammetric response in the

presence of various cations showed that oligomers with a

18-C6 unit exhibit the largest positive shifts of the oxida-

tion peak in the presence of K+ whereas those containing a

15-C5 were more sensitive to Li+. Experiments carried out

in the presence of equimolecular mixtures of various cat-

ions allowed to conclude that oligomers 15 with a 15-C5

unit were able to selectively recognize Ba2+ in the presence

of alkali cations [22,23].

Berlin et al. have synthesized terthiophenes 18 and 19

with a 18-crown-6 unit fused to the median thiophene ring.

Electrochemical quartz crystal microbalance analyses,

showed that the complexation constants of the macrocyclic

crown ether ring towards alkali metal cations was two orders

of magnitude lower for the electrogenerated polymers than

those typical for 18-crown-6-ether molecules [24].

Sannicolò et al. have developed an original class of

polymers based on cyclopentabithiophene precursors with

either a 16-C5-ether ring coplanar to the bithiophene

moiety (20) or a 15-C5 perpendicular to it (21) [25].

This design allows to combine good electronic commu-

nication between the complexing site and the conjugated

system with reduced steric hindrance to planarity. Both

precursors were readily electropolymerized into exten-

sively conjugated polymers as confirmed by optical data.

The analysis of electrochemical properties of the poly-

mers in the presence of alkali cations showed that

whereas poly(21) is quite insensitive to the nature of the

cationic species, the anodic peak potential of poly(20)

undergoes a 350 mV positive shift in the presence of

Na+[25].

Polythiophenes derived from two-site precursors

A quite different approach consists in the creation of a

macrocyclic cavity between two consecutive thiophene

units by polymerizing a precursor involving two poly-

merizable groups linked by a flexible polyether chain

(Scheme 1).

This idea was initially investigated in the case of

compound 22 [26]. More recently, other two-site thio-

phenic precursors based on different polymerizable

groups and containing polyether chains of various

length (23–28) have been synthesized and investigated

[27–30].
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formation of macrocyclic cavities with two sides con-

stituted by polyether links and the two others by

conjugated chains (Scheme 1). Of course, such cavities

are potentially capable to interact with guest species

either during the polymerization process or after. In the

former case, template effects of imprinting effects may

be anticipated.

In fact such a template effect has been observed

when applying this concept to the synthesis of a related

system containing bithiophenic polymerizable groups

[28]. Thus, the analysis of the electropolymerization of

precursor (24) in the presence of Li+, Na+ or Ba2+

showed that the nature of the cation present during the

polymerization process strongly affects the structure of

the resulting polymer. In particular, the electrochemical

and optical properties of the polymer synthesized in the

presence of Ba2+ exhibited a 300 mV decrease of the

oxidation potential together with a significant red shift

of the absorption maximum compared to the polymer

synthesized in the presence of Bu4N+ [28]. These results

thus provide first evidences for a metal cation template

effect during electropolymerization. More recently, the

same approach has been extended to the electropoly-

merization of precursors based on hybrid bithiophenic

structures containing an EDOT unit (25–27) [29].

Electrochemical investigations carried out in the pres-

ence of various metal cations showed that polymers 26

and 27 present some sensitivity towards cadmium and

lead cations. However, the largest positive shifts of the

anodic peak potentials were observed with polymer 27

which contains only two sulfide groups attached at the

internal b-position of the thiophene units. This result

thus underlines the predominance of changes in the

electronic effects of the sulfide groups in direct com-

munication with the conjugated system on cation

sensitivity [29].

A quite different behavior has been observed for

polymers derived from precursors in which two EDOT

units are linked by long oligooxyethylene chains (28)

[30]. The cyclic voltammograms of these polymers

recorded in the presence of various metal cations show

that depending on the length of the oligooxyethylene

linker, doubly charge cations such as Sr2+, Ca2+ or Ba2+,

produce considerable positive shifts of the anodic peak

potentials. Thus, the CV of poly(28) (n = 3) undergoes a

400 mV positive shift in the presence of Ba2+. These

polymers presents several unique properties such as an

extreme sensitivity to water. Thus, transfering a film of

poly(28) (n = 3) from acetonitrile to water leads after

electrochemical undoping to a 100 nm red shift of the

absorption maximum. Furthermore, these polymer films

exhibit fast solid-state chromism by simple immersion in

acetonitrile solutions containing different cations. Thus

removing a film from a MeCN solution of Bu4N+ and

immersing it into a Ba2+ MeCN solution leads to an

immediate 80 nm blue shift of kmax. This process is fully

reversible and the initial spectrum is restored by immer-

sion in a Bu4N+ solution [30].

Poly(thiophenes) with inter-ring macrocyclic crown

ethers

Bithiophenic precursors containing macrocyclic receptor

cavities of variable size (29–31) have been synthesized by

Marsella and Swager [31]. The corresponding polymers

Polymerizable group

Functional group

Polymerization

Scheme 1
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were synthesized by Stille coupling or oxidative coupling

in the presence of Fe(acac)3. The UV-vis spectra of the

polymers showed that connecting the polyether loop by

methylene groups (31) leads to an hypsochromic shift of

the absorption maximum of the polymer due to the larger

steric hindrance of the methylene groups as compared to

oxygen. The cation complexing properties of the polymers

were analyzed in acetonitrile solutions in the presence of

0.10 M of Li+, Na+ and K+.
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Addition of Li+, Na+ or K+ to solutions of the polymers

induces a hypsochromic shift of the absorption maximum.

This effect was attributed to a transition from a planar

conformation of the non-complexed polymer to a more

twisted structure when the polyether loop unfolds to adopt

an optimal geometry for cation complexation (Scheme 2).

The largest effects were observed for polymers 29 and 30

while the less conjugated polymer 31 exhibited little ion-

ochromic activity [31].

Another class of polymers containing preformed crown

ether cavities have been synthesized by electropolymer-

ization of crown annelated bithiophenes 32 and 33 in which

the external b-positions are linked together by a polyether

chain connected via a sulfide linkage [32]. The UV–Vis

absorption spectra recorded in methylene chloride solu-

tions show that compound 33 absorbs at a shorter

wavelength than compound 32, (306 vs 333 nm) a differ-

ence which reflects the larger dihedral angle between the

two thiophenes caused by the size of the polyether loop in

compound 33.
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Both compounds were readily electropolymerized into

the corresponding polymers. The shorter effective conju-

gation associated with the more distorted structure of

bithiophene 33 was also apparent in the higher oxidation

potential of the corresponding polymer. The analysis of the

cyclic voltammetric response of the polymers in the pres-

ence of various metal cations showed that whereas poly(32)

is quite insensitive to the presence of metal cations, for

poly(33) replacing Bu4N+ by Li+ produces a ca 100 mV

negative shift of the main anodic peak potential. This

behavior strongly reminiscent of that of poly(1) has been

attributed again to a planarization of the conjugated system

consecutive to cation complexation (Scheme 3) [32].
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polythiophenes derivatized with linear and macrocyclic

polyethers resorts to very different concepts and mecha-

nisms including (i) the development of a Donnan potential

due to the pinning of the counter anions by the immobilized

positive charges of the cations, (ii) purely electrostatic

effects involving a decrease of the electron-releasing

properties of oxygen or sulfur atoms directly attached to

the p-conjugated system and (iii) chemo-mechanical

effects in which cation complexation induces geometrical

changes which are more or less directly transmitted to the

conjugated backbone to in turn modify its conformation

and electronic properties. On the basis of this latter

mechanism, one can envision to adopt a different point of

view by considering cation complexation no longer in

terms of sensing properties but as a tool to generate motion

at the molecular level.

Cation complexation as driving force for molecular

actuation

In order to test this idea, we have synthesized oligothi-

ophenes 34–38 in which a polyether loop is attached at two

fixed points of the conjugated backbone. In those systems,

metal cation complexation will be used as a driving force

to produce geometrical changes in the structure of the

conjugated system and hence to modify its electronic

properties [33].

The analysis of the cation complexing properties of

compounds 34–36 by 1H NMR (500 MHz) titration experi-

ments with solutions of Li+, Na+, in 1:1 CDCl3/CD3CN

showed that alkali cations have essentially no effect on the
1H NMR spectrum. In contrast, addition of sub-stoichiom-

etric amounts of Ba2+, Sr2+, or Pb2+ induces significant

changes in the chemical shifts of the aliphatic protons of the

polyether chain confirming that complexation essentially

occurs within the macrocyclic cavity. The binding constant

estimated by treatment of 1H NMR data show that the

compounds form 1:1 complexes with low to moderate

binding constants with alkali-earth cations. Definitive evi-

dence for 1:1 complex formation was given by mass

spectrometry. As expected, the binding constant increases

with the size of the macrocyclic cavity and compound 36,

exhibits the largest value (K = 7200 M-1 for Ba2+) [33].

Unlike open chain sexithiophenes, the optical spectrum

of compounds 37 and 38 shows two absorption band

around 380 nm and 440 nm. This result indicates the

coexistence of two distinct conjugation lengths generated

by rotation around a single bond in the middle of the

molecule, thus dividing it into two quasi-orthogonal ter-

thiophene segments. The larger intensity of the 380 nm

band observed for 37 compared 38 is consistent with a

stronger constraint imposed on the 6T chain by the shorter

polyether loop. Addition of Pb2+ cation to solutions of 37

and 38 produces a decrease of the 440 nm band with a

concomitant increase of the 380 nm one around an isos-

bestic point, indicating the interconversion of two distinct

species (Scheme 4). The largest changes are observed for

38, in agreement with the larger degree of freedom of the

conjugated chain allowed by the longer polyether loop.

The cation complexing properties of the macrocyclic

oligothiophenes 35 and 36 have been investigated by

cyclic voltammetry in the presence of Ba2+, Sr2+, or Pb2+.

In the absence of metal cation, the CV of compounds 35

and 36 shows two reversible one-electron oxidation pro-

cesses with redox potentials E01 and E02 at ca 0.90 and

1.10 V, corresponding to the successive generation of the

oligothiophene cation radical and dication. Depending on

the value of the binding constant, the addition of sub-

stoichiometric amounts of metal cation to electrolytic

solutions of compounds 35 and 36 produces a slight

negative or positive shift of E01 but always a negative

shift of E02.

This unusual behavior has been attributed to the dif-

ferent conformation imposed to the oligothiophene chain

by cation complexation. As shown by crystallographic

data, in the absence of guest species, the quaterthiophene

chain presents and anti-anti-syn conformation (Scheme 5,

top). Complexation of a metal cation forces the macrocy-

clic cavity to adopt the optimal geometry for complexation

with in particular a reduction of the distance between the

two sulfur atoms. This exerts a constraint on the conjugated

chain and after the flip of one thiophene ring the systems

adopts an anti-syn-anti conformation.
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Oxidation of the oligothiophene to the cation radical

state leads to the expulsion of the cation out of the mac-

rocyclic cavity by coulombic repulsion. However, since the

oxidation process occurs after cation complexation, the

conjugated system which is now locked into a quinoid

form, keeps the anti-syn-anti conformation imposed by the

transient residence of the metal cation in the cavity. Since,

as shown by theoretical calculations, the anti-syn-anti

conformation has a higher HOMO level than the anti-anti-

syn one, oxidation of the cation radical into the dication

requires a lower potential when the first oxidation step has

been preceded by cation complexation (Scheme 5). These

results thus provide conclusive evidences showing that

cation complexation can induce conformational transitions

in the oligothiophene conjugated chain. This process can be

utilized either as a means to achieve a reversible

mechanical control of the electronic properties of p-con-

jugated systems or as a source of molecular actuation.
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In the continuation of this work, we have synthesized

crown-annelated p-conjugated systems based on a hybrid

terthienyl chain containing a median EDOT unit (39–41)

[34]. Incorporation of EDOT in the terthienyl chain was

expected to stabilize the cation radical due to the syner-

gistic effects associated with the rigidification of the

conjugated chain by noncovalent intramolecular sulfur-

oxygen interactions[13] and the strong electron-releasing

effect of EDOT combined to those of the two lateral sulfide

groups.

The electronic absorption spectrum of compounds 39–

41 in methylene chloride presents an absorption maximum

at 392–393 nm similar to that of an open chain reference

compound. The invariance of the absorption maximum

clearly shows that contrary to the other series of crown-

annelated oligothiophenes (29 to 38), the nature and size of

the macrocyclic cavity have no effect on the geometry of

the oligothiophene chain. This absence of effect is clearly

due to the rigidification of the p-conjugated system by

noncovalent intramolecular sulfur-oxygen interactions

associated with the presence of the median EDOT ring

[13].

The cation complexing properties of 39–41 have been

analyzed by UV-vis spectroscopy, 1H NMR spectrometry

and cyclic voltammetry. Investigations carried out in the

presence of Li+, Ag+, Ba2+ or Pb2+ did not provide any

evidence of complexing ability for 39 and 40 whereas some

sensitivity toward Pb2+ was observed for 41 [34].

Addition of successive amounts of Pb2+ to a solution of

41 leads to a decrease in the intensity of the main

absorption band in the 360–450 range and an increase of

absorbance in the 250–340 nm region. These changes

occur around isobestic points at 360 and 430 nm, which

suggest interconversion between defined species. The

absence of shift of the absorption maximum shows that

complexation does not induce any interannular rotations

around single bonds in the terthienyl chain, as expected for

a rigidified conjugated system. A complexation constant K

of 4.2 9 104 was obtained from these spectral changes, in

good agreement with the value of 6 9 104 obtained from
1H NMR data. The CV of 41 shows two quasi-reversible

redox systems peaking at 0.75 and 1.10 V. Addition of

increasing amounts of Pb2+ produces a progressive

decrease of the intensity of the first anodic wave with the

concomitant development of a new anodic wave at ca.

0.90 V. This progressive shift of Epa1 is due to the com-

bined effects of the coulombic repulsion between the

positive charges of the metal cation and cation radical of

the conjugated system and the decrease of the electron-

releasing effect of the sulfur atoms when involved in the

complexation of the metal cation. On the other hand, the

fact that the second redox system is not affected by the

presence of Pb2+ indicates that once the terthiophene chain

is oxidized to the cation radical state, repulsion between

positive charges leads as expected to the expulsion of the

metal cation from the cavity.
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Conclusion

Functional conjugated polymers based on the association of

polythiophene with linear and macrocyclic polyether have

almost 20 years history. Starting from polymers derivatized

with simple linear short-chain polyethers the chemistry in the

area has progressively evolved toward more sophisticated

systems in which crown ethers with well-defined macrocy-

clic cavities are associated with the polythiophene

conjugated backbone. Work carried out on various classes of

polymers and oligomers of this type has demonstrated that

the creation of a direct communication between the com-

plexing macrocyclic cavity and the p-conjugated backbone

leads to a significant improvement of the sensitivity and

selectivity of the system for metal cation detection.

Despite the significant progress accomplished in this

area, cation recognition does not appear any longer as

a priority target and the topic has been progressively sup-

planted by the development of sensors for molecules of

biological interest in the general context of functional p-

conjugated systems [2, 4]. From this point of view, the

derivatization of polythiophenes by polyether chains rep-

resents an invaluable tool for adjusting the hydrophilicity

of the conjugated backbone to biological media. On the

other hand, the control of the hydrophilicity of conjugated

systems can also contribute to progress in the field of

sensors based on organic field-effect transistors (OFETs)

that represent another emerging topic where conjugated

thiophene derivatives with enhanced hydrophilicity can

provide an interesting contribution [35]. Recent examples

of OFETs based on alkoxyoligothiophenes [36] or on

hybrid EDOT-based oligothiophenes [37] represent inter-

esting first steps in this direction.

Among the various processes involved in the interac-

tions of metal cations with polyether-derivatized

thiophene-based conjugated systems, complexation trig-

gered single-chain conformational changes appear as a

particularly interesting possible source for molecular

actuation. Some first illustrations of these ideas have been

recently reported and this field clearly represents an inter-

esting direction for future research.
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19. Lévesque, I., Leclerc, M.: Ionochromic effects in regioregular

ether-substituted polythiophenes. J. Chem. Soc., Chem. Commun.

2293–2294 (1995)

20. Boldea, A., Lévesque, I., Leclerc, M.: Controlled ionochromism

with polythiophenes bearing crown ether side chains. J. Mater.

Chem. 9, 2133–2138 (1999)
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25. Sannicolò, F., Brenna, E., Benincori, T., Zotti, G., Zecchin, S.,

Schiavon, G., Pilati, T.: Highly ordered poly(cyclopentabithi-

ophenes) functionalized with crown-ether moities for lithium- and

sodium-sensing electrodes. Chem. Mater. 10, 2167–2176 (1998)

26. Roncali, J., Garreau, R., Lemaire, M.: Electrosynthesis of con-

ducting poly-pseudo-crown ethers from substituted thiophenes. J.

Electroanal. Chem. 278, 373–378 (1990)

27. Marrec, P., Fabre, B., Simonet, J.: Electrochemical and spectro-

scopic properties of new functionalized polythiophenes

electroformed from the oxidation of dithienyls linked by long

polyether spacers. J. Electroanal. Chem. 437, 245–253 (1997)

28. Blanchard, P., Huchet, L., Levillain, E., Roncali, J.: Cation

template assisted electrosynthesis of a highly-conjugated poly-

thiophene containing oligooxyethylene segments. Electrochem.

Commun. 2, 1–5 (2000)

29. Moggia, F., Brisset, H., Fages, F., Blanchard, P., Roncali, J.:

Water-compatible electrogenerated poly(thiophenes) derived

from linked EDOT-based bithiophenic precursors. Electrochem.

Commun. 8, 533–540 (2006)

30. Perepichka, I.F., Besbes, M., Levillain, E., Salle, M., Roncali, J.:

Hydrophilic oligo(oxyethylene)-derivatized poly(3,4-ethylenedi-

oxythiophenes): Cation-responsive optoelectroelectrochemical

properties and solid-state chromism. Chem. Mater. 14, 449–457

(2002)

31. Marsella, M.J., Swager, T.M.: Designing conducting polymer-based

sensors: selective ionochromic response in crown ether containing

polythiophenes, J. Am. Chem. Soc. 115, 12214–12215 (1993)

32. Demeter, D., Blanchard, P., Grosu, I., Roncali, J.: Electrochem.

Commun. 9, 1587–1591 (2007)

33. Jousselme, B., Blanchard, P., Levillain, E., Delaunay, J., Allain,

M., Richomme, P., Rondeau, D., Gallego-Planas, N., Roncali, J.:

Crown-annelated oligothiophenes as model compounds for

molecular actuation. J. Am. Chem. Soc. 125, 1363–1370 (2003)

34. Demeter, D., Blanchard, P., Allain, M., Grosu, I., Roncali, J.:

Synthesis and metal cation complexing properties of crown-

annelated terthiophenes containing 3,4-ethylenedioxythiophene.

J. Org. Chem. 72, 5285–5291 (2007)

35. Torsi, L., Dodabalapur, A., Sabbatini, L., Zamboni, L.G.: Multi

parameter gas sensors based on organic thin film transistors. Sens.

Actuators B67, 312–316 (2000)

36. Torsi, L., Tanese, M.C., Cioffi, N., Gallazzi, M.C., Sabbatini, L.,

Zambonin, P.G., Raos, G., Meille, S.V., Giangregorio, M.M.:

Side-chain role in chemically sensing conducting polymer field-

effect transistors. J. Phys. Chem. B 107, 7589–7594 (2003)

37. Turbiez, M., Frère, P., Allain, M., Videlot, C., Ackermann, J.,

Roncali, J.: Design of organic semiconductors: tuning the elec-

tronic properties of (-conjugated oligothiophenes with the 3,4

ethylenedioxythiophene (EDOT) building block. Chem. Eur. J.

11, 3742–3752 (2005)

J Incl Phenom Macrocycl Chem (2008) 61:227–239 239

123


	Poly(thiophenes) derivatized with linear and macrocyclic polyethers: from cation detection to molecular actuation
	Abstract
	Introduction
	Polythiophenes derivatized with linear polyether chains
	Crown-ether derivatized polythiophenes
	Polythiophenes derived from two-site precursors
	Poly(thiophenes) with inter-ring macrocyclic crown ethers
	Cation complexation as driving force for molecular actuation
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


