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CONSPECTUS

Conjugated polymers (CPs) are interesting materials for

preparing devices based on nanoscopic molecular archi-

tectures because they exhibit electrical, electronic, magnetic,

and optical properties similar to those of metals or semicon- >
ductors while maintaining the flexibility and ease of process-
ing of polymers. The production of well-defined mono- and
multilayers of CPs on electrodes with nanometer-scale, one-
dimensional resolution remains, however, an important chal-
lenge. In this Account, we describe the preparation and
conductive properties of nanometer-sized CP molecular struc-
tures formed on electrode surfaces—namely, self-assembled
monolayer (SAM), brush-type, and self-assembled multilayer
CPs—and in combination with gold nanoparticles (AuNPs).

We have electrochemically polymerized SAMs of carboxy-
alkyl-functionalized terthiophenes aligned either perpendic-
ular or parallel to the electrode surface. Anodic coupling of
various pyrrole- and thiophene-based monomers in solu-
tion with the oligothiophene-based SAMs produced brush-
like films. Microcontact printing of these SAMs produced
patterns that, after heterocoupling, exhibited large height
enhancements, as measured using atomic force microscopy (AFM).

We have employed layer-by-layer self-assembly of water-soluble polythiophene-based polyelectrolytes to form self-assem-
bled multilayers. The combination of isostructural polycationic and polyanionic polythiophenes produced layers of chains aligned
parallel to the substrate plane. These stable, robust, and dense layers formed with high regularity on the preformed monolayers,
with minimal interchain penetration. Infrared reflection/adsorption spectroscopy and X-ray diffraction analyses revealed unprec-
edented degrees of order. Deposition of soluble polypyrroles produced molecular layers that, when analyzed using a gold-
coated AFM tip, formed gold—polymer—gold junctions that were either ohmic or rectifying, depending of the layer sequence.

We also describe the electronic conduction of model o,w-capped sexithiophenes featuring a range of electron donor/acceptor
units and lengths of additional conjugation. The sexithiophene cores exhibit redox-type conductivity, developing at the neutral/
cation and cation/dication levels with values depending the nature of the substitution and the redox system. Extending the con-
jugation beyond the sexithiophene frame introduces further oxidation processes displaying enhanced conductivity.

Finally, we discuss the ability of CP-based monolayers to coordinate AuNPs. Although thiophene- and pyrrole-based oligo-
mers aggregate toluene-soluble AuNPs, alkyl substitution inhibits the aggregation process through steric restraint. Consequently,
we investigated the interactions between AuNPs and polypyrrole or polythiophene monolayers, induding those formed from star-
shaped molecules. The hindered aggregation provided by alkyl substituents allowed us to adsorb thiol-functionalized oligoth-
iophenes and oligopyrroles directly onto preformed AuNPs. Novel materials incorporating AuNPs of the same size but bearing
different conjugated ends or bridges have great promise for applications in electrocatalysis, electroanalysis, and organic electronics.
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Introduction

Since their discovery at the end of the 1970s, conjugated
polymers (CPs) have been most widely investigated for bulk
applications associated with their conducting properties. The
beginning of the 1990s marked a turning point in the field,
with an explosion of research on new applications based on
the semiconducting properties of neutral oligomeric CPs, such
as in electronic devices like field-effect transistors (FETs) and
light-emitting diodes (LEDs)."

At the beginning of the millennium, a new interest in CPs
has originated from their possible use as molecular switches
or logic gates in future devices based on nanoscopic molec-
ular architectures.? Nanosized CPs appeared particularly inter-
esting in the light of emerging molecular electronics.® The
widespread development at that time of scanning tunneling
and atomic force microscopies has given favorable conditions
for significant progress in this field.

CPs as building blocks for synthesis of nanostructured
materials and devices* are particularly appealing because they
exhibit electrical, electronic, magnetic, and optical properties
similar to metals or semiconductors while keeping flexibility,
ease of processing, and control of electrical conductivity. The
electrical conductivity of these polymers can vary from an
insulator to almost a metallic state and can be reversibly mod-
ulated over 15 orders of magnitude by controlling the dopant
type and level.>Micro- and nanotechniques such as photolithog-
raphy, microcontact printing, scanning electrochemical microli-
thography, and electrochemical dip-pen lithography have been
used for fabricating micro- and nanoscale structures from conju-
gated polymers. The way to real nanocontrol still has much to be
done due to limitations in yield, resolution, material type, posi-
tioning, and production of high-density arrays.

CP chains are molecular wires that may be driven between
the conductive and the insulating state. Understanding of the
basic conductivity of these structures is a fundamental prerequi-
site for the general understanding of the conductive properties of
conjugated molecular wires. Therefore the production on elec-
trodes of well-defined mono- and multilayers of CPs is of high
importance given their nanometer-size one-dimensional
resolution.

Conjugated molecules may form supramolecularly assem-
bled structures.® The discovery of how polyconjugated rigid-
rod molecules may be ordered on (conducting) surfaces via
simple techniques is the goal of our investigations.

In a simplified picture polymeric layers can adopt brush or
sandwich conformations. Brush structures may be produced
through initiation from well-organized and functional surfaces,
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obtained through surface grafting (through anodic coupling)”
of monomers on self-assembled monolayers (SAMs). Sand-
wich structures may be formed via electrostatic self-assem-
bly (ESA) of structurally well-defined polymers.

The aim of this Account is to provide an overview of recent
work carried out in our laboratories on the preparation of
novel CP-based nanometer-size molecular structures on sur-
faces, supported by synthesis and characterization of new
monomers and oligomers with new and promising proper-
ties and corroborated by the realization of prototype applica-
tive examples. We will present in the order SAMs, brush-like
assemblies, and ESA multilayers of CPs. In this context, we
present also results on the conductive properties of the struc-
tures, with particular emphasis on the electronic responses of
monolayers, and the conductive properties of well-defined oli-
gomeric structures of interest in molecular electronics. Finally
we will show results we obtained on combined metal (essen-
tially gold) nanoparticles and CP structures.

CP Self-Assembled Monolayers

Organized layers of conjugated polymers or oligomers have
attracted much attention for their possible use in many differ-
ent fields. The conjugated sz-electrons form a one-dimensional
electron system with electrical and optical properties that may
be strongly influenced by interchain interactions.

Self-assembly (SA), a most widely used method for the con-
struction of organized supramolecular structures, has grown to
an impressive level. In particular self-assembled monolayers
(SAMs) are well documented.®

The use of conjugated oligomers or polymers in SAMs is at
present valid for optoelectronic applications and for molecular
electronics.® In particular oligothiophenes, and specifically
sexithiophene, ' have shown in this respect high utility as thin
films.

We have produced stable monolayers on transparent
indium tin oxide (ITO) electrodes from carboxyalkyl-function-
alized bithiophenes and terthiophenes bearing the oligoth-
iophene tail either perpendicularly or linearly linked to the
surface-bound carboxyl-terminated alkyl chain (Scheme 1).""
Electrochemical oxidation of the layer of perpendicular adsor-
bate 1 produced coupling to a polymer monolayer essentially
constituted by thiophene hexamers (Figure 1). In contrast, oxi-
dation of a monolayer of 2 did not produce the polymer.
Since the monomeric units in polythiophenes are as a rule
anti-coupled, it is required that the bithiophenes bend around
flexible alkyl chains to allow this conformation. The absence
of polymerization from adsorbed 2 may be attributed to the
rigid connection to the surface (the long and flexible alkyl
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SCHEME 1. Oligothiophene Carboxylates on ITO
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chain of 1 is absent), which prevents correct alignment of the
bithiophene moieties.

With yet another behavior, the linear terthiophene 3 may
be oxidatively coupled with 2,2'-bithiophene in solution to
polythiophene chains. The SA linear terthiophene 3 may be
coupled with itself in solution to produce a one-end surface-
grafted monolayer of sexithiophene (6) (formula in Scheme 3).

CP Brush Layers

SAMs may be initiator systems for the preparation of uniform
and densely grafted polymer brushes. Controlling the graft-
ing density of the resulting polymer brush by, for example,
mixing SAMs allows the preparation of two-component gra-
dients or the construction of complex spatial structures. The
latter can be formed by, for example, microcontact printing for
structures ranging from 100 nm to several hundred
micrometers.

We have used a combination of directed deposition of
functionalized areas of SAMs and consecutive surface-initi-
ated polymerization (Figure 2), which allows a superior con-
trol of pattern formation and amplification of the patterns by
creating polymer-brush layers at predefined sites. Surface
defects and topological features of the substrate are covered
by the polymer brush producing a higher contrast between
chemical and physical properties of functionalized and unfunc-
tionalized areas.

To this end, we have performed the anodic coupling of dif-
ferent pyrrole- and thiophene-based monomers with oligoth-
iophene-based self-assembled monolayers on ITO and gold
electrodes.'? Both monomeric and dimeric molecules have
been tested as monomers for coupling with bithiophene-, ter-
thiophene-, 3,4-ethylenedioxythiophene-, and bi-3,4-ethylene-
dioxythiophene-tailed monolayers. Carboxylate and phos-
phonate heads were used as hooks to form monolayers on
the ITO surface, whereas thiol heads were used for gold.
Scheme 2 shows the formulas of the compounds used, sur-
face linkers at the top and monomers at the bottom.

The reactivity to couple, higher for the monomeric than for
the dimeric monomers,” allows extensive coupling only to the
former, in fact to capped pyrrole and 3,4-ethylenedioxythio-
phene. Considering the coupling site on the surface, ter-
thiophene and bi-3,4-ethylenedioxythiophene couple
efficiently with monomers in solution. The practical result is
that the best combination for such heterocoupling is ter-
thiophene-headed monolayers and pyrrole- or 3,4-ethylene-
dioxythiophene-based monomers, as illustrated in Figure 2. In
this way, nanometer-size layers of conjugated polymers with
nominally normal orientation of the chain to the surface (poly-
mer brush electrodes) have been successfully produced.

The first immediate result of this investigation is that micro-
contact printing on gold and ITO surfaces produces patterns
for which heterocoupling yields strong AFM-measured height
enhancements, from nonobserved to clearly evident nano-
meter-size structures (Figure 3). A second long-term result is
the possible use of this heterocoupling approach for the real-
ization of organized structures on electrically addressed sur-
faces, of particular interest in molecular electronics.

CP Multilayers by Electrostatic
Self-Assembly

In the course of the last years, the layer-by-layer electrostatic
adsorption technique introduced by Decher'? has been par-
ticularly considered as a way to prepare thin, mechanically
robust polymer films. This self-assembly method involves the
sequential adsorption of polyelectrolytes from dilute solution
onto an oppositely charged substrate leading to charge rever-
sal on the surface. The simplicity of the method makes
layer-by-layer self-assembly applicable to a wide variety of
polyelectrolytes and attractive for a number of potential appli-
cations. The formation of multilayer films by this electrostatic
self-assembly (ESA) has been extensively reviewed.'*
Polythiophene-Based Multilayers. Polythiophene-based
polyelectrolyte multilayers have been layer-by-layer depos-
ited from polymer solution on ITO/glass and gold substrates
and characterized by UV—vis spectroscopy, AFM, and cyclic
voltammetry."'> For the first time, isostructural thiophene-based
polycations and polyanions 4 and 5 (Scheme 3), alternated
reciprocally or with nonelectroactive polyions such as polyal-
lylammonium or polystyrenesulfonate, have been used to pro-
duce layers with the polyconjugated chain parallel to the
substrate plane. The bolaform amphiphile molecule o,w-bis-
(carboxyhexyl)sexithiophene (6) was alternated with polyally-
lamine to produce multilayers with the conjugated chain
formally perpendicular to the substrate plane. Robust regu-
larly alternated multilayers of the two types have been pro-
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FIGURE 1. Reaction scheme (left) and cyclic voltammetry (CV, right) of a monolayer of 1 on ITO in acetonitrile + 0.1 M Bu,NCIO, at 0.1 V

s ': (a) first scan; (b) last scan.

SCHEME 2. Pyrrole- and Thiophene-Based Monomers for Brush Layers
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duced up to 20—30 bilayers. The multilayers have been
shown to be electroactive, with CV current and optical
responses proportional to the number of layers (Figure 4).

The possibility of forming layers with reduced or oxidized
polythiophene backbones has allowed determination of the
dependence of the growth rate on the oxidation state of the
polythiophene and the conductive properties of the layers,
both along the layer plane and perpendicular to it. Charge
transport between the electrode and the layers has been
investigated by cyclic voltammetry, whereas photolumines-
cence spectroscopy has allowed assessment of the influence
of the layers on the carrier photogeneration in comparison
with the vacuum-deposited polycrystalline material.
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Subsequently,'® we have considered the analogous poly-
mers with symmetrical alkylsulfonate (4b) and alkylammo-
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FIGURE 2. Polypyrrole brush formation from terthiophene thiolate
on gold.

nium (5b) disubstitution (Scheme 4) and the electrostatic self-
assembly between them and with other conventional
polyions. It was expected that these rigid-rod symmetrical mol-
ecules would arrange in layers with superior regularity.
These new water-soluble highly symmetric polycationic and
polyanionic polythiophenes, produced by anodic coupling,
form stable and dense monolayers on bare ITO and primed-
gold surfaces. Electrostatic self-assembly of multilayers occurs
with regularity on the preformed monolayers. Films with a
minimal interchain penetration are obtained from the poly-
thiophenes due to their chain stiffness. Infrared reflection-ad-
sorption spectroscopy (IRRAS) and X-ray diffraction (XRD)
analysis have evidenced in these ESA layers a degree of order
not observed in previous polyconjugated multilayers and
likely due to a good geometrical matching between anionic
and cationic polymers via proper charge density values.
Finally,'” taking into account the exceptionally highly sta-
bility and conductivity of poly(3,4-ethylenedioxythiophene)
(PEDT),"® we have produced organosoluble conducting PEDTs
bearing short or long oligoethyleneoxide chains (6b in
Scheme 4). Soluble conducting polymers were produced by
anodic coupling. A PEDT bearing a short oligoethyleneoxide
chain adsorbs as a stable, conducting, and electroactive mono-
layer on ITO and glass surfaces. Layer-by-layer alternation of
doped PEDTs with poly(sodium-p-styrenesulfonate) has given
electroactive and robust multilayers with low surface resistiv-
ity and fast switchability between the doped and the undoped
forms. The first property may be useful for the production of
high-quality antistatic layers on insulating surfaces such as
glass or quartz. The second may be of interest for the produc-
tion of efficient electrochromic devices and for contacting effi-
ciently the ITO surface of organic LEDs and photodiodes.

Polypyrrole-Based Multilayers. Since for fabrication of
micro- and nanoscale structures the production on electrodes
of well-defined mono- and multilayers of CPs is of high impor-
tance, given their nanometer-size one-dimensional resolution,
we have produced SAMs and subsequently ESA multilayers of
soluble polypyrroles (Scheme 5) on gold and platinum sur-
faces.'® Monolayers are intended not as layers of controlled
thickness of bulk material but as molecularly sized regular dis-
positions of polymer chains on conducting surfaces.

Gold and platinum surfaces were used bare or primed with
an anionic 3-mercaptopropylsulphonate or a Nafion layer.
Nafion solutions were for the first time reported to form sta-
ble, reproducible, and well-characterized monolayers on noble
metal surfaces. Polystyrenesulfonate and Nafion were used as
polyanions for ESA. ESA proceeds with a growth rate linear
with number of bilayers and particularly high with Nafion,
which appears to be an efficient primer for all the investigated
polypyrroles.

Gold—polymer—gold junctions, obtained by mechanical
contact between a polypyrrole SAM on gold and a gold-coated
AFM tip, are ohmic with Simmons characteristics in the case
of poly(N-hexyl-cyclopenta|c]pyrrole) (10). In contrast, gold—
polymer—gold junctions rectify current in polypyrrole sulfos-
uccinate (7) (Figure 5a), and alternation of rectifying and
ohmic (Simmons) characteristics is observed with progressive
ESA (Figure 5b,0).

Molecular rectifiers, that is, devices in which molecules
allow the passage of a larger current in one bias than in the
other, are potential components for memory and logic ele-
ments in molecular electronics. We have produced for the first
time molecular rectifiers from polypyrrole monolayers.

Conduction in Thiophene-Based Oligomers

CP mono- and multilayers are quite often based on thiophene
oligomers. Oligothiophenes and polythiophenes are in fact
used in plastic electronic devices such as organic thin-
film metal—insulator—semiconductor field-effect transistors
(OFETs)?° because of their excellent electronic properties, sta-
bility under ambient conditions, and ease of chemical modi-
fication. In oligothiophenes, the field-effect mobility of carriers
is mainly controlled by structural organization of oligomer
molecules in the film.?" Unsubstituted a-oligothiophenes, the
simplest compounds in the family, have been intensively stud-
ied since Horowitz et al. demonstrated the high hole mobil-
ity of a-sexithiophene (a-6T) films.? Mobilities as high as 1
cm? V' s~' are obtainable from dihexyl-terminated
sexithiophene in thin film transistors.*
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FIGURE 3. AFM topography images (top) and section profiles (bottom) of patterns obtained by microcontact printing of terthiophene
hexylphosphonate (brighter areas) on ITO (left) before and (right) after coupling with oligoethylenoxy-substituted 3,4-

ethylenedioxythiophene.
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FIGURE 4. [4/5], multilayers on ITO. Left, CV in acetonitrile + 0.1
M Bu,NCIO,: (a) voltammetric responses and (b) reversible charge
vs number of layers. Right, UV—vis spectroscopy (after hydrazine
reduction): (a) spectral profiles and (b) absorbance vs number of
layers.

Despite the wide investigation on the conductivity of CPs
performed in the past, the conduction in oligothiophenes is
still largely unknown. We have therefore dedicated much
attention to the conduction in a,w-capped sexithiophenes

SCHEME 4. Soluble Polythiophenes
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deposited as thin solid films by a-coupling of the correspond-
ing terthiophenes. This deposition method generally provides
the sexithiophene film as a crystalline sample also in the case
of insoluble products, and it does this directly on the elec-
trode in a form suitable for magnetic and conductivity inves-
tigations. The purpose of our studies was to provide the
electronic (electrochemical, magnetic, and conductive) prop-
erties of these compounds as thin films. The results are of fun-
damental importance in the understanding of the basic
conductivity of these materials and are particularly useful for
the analysis of the conductive properties of conjugated molec-
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SCHEME 5. Soluble Polypyrroles
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ular wires. It is clear that whereas conduction operating in
OFETs is that of the low doping levels, the characteristics of
molecular wires may be extended to include the whole avail-
able range of doping.

o,w-Capped Sexithiophenes. The investigations, applied
in the past to o,w-methyl-capped sexithiophene,?*2> have
been recently extended in our laboratories to a series of o,w-
capped sexithiophenes with different (methyl-, thiol-, cyano-,
carboxy-, formyl-, dibromovinyl-, dicyanovinyl-) caps.*® Sub-
stituents with different electron donor—acceptor properties
have been used since their presence may give enhanced sta-
bility compared with doping. Vinyl substituents like dibromovi-
nyl and dicyanovinyl have been also investigated to check the
effect of a conjugation extended beyond the sexithiophene
frame.
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FIGURE 5. -V plots for junctions (a) Au/7/Au, (b) Au/7/Nafion/Au,
and (c) Au/7/Nafion/7/Au.

®)

H
Ce| (e o
N ClO4

(10)

Among the investigated compounds, there were also car-
boxy-terminated compounds for grafting to oxide surfaces®”
and thiol-terminated forms for gold grafting.?® The surface-
grafting carboxy- and thiol-terminated forms are particularly
interesting in the light of recent molecular electronics.? In fact,
symmetrical molecular wires with two identical handles are
actually investigated as model systems for molecular
conduction.?®~' The insertion of a long conjugated moiety
such as the sexithiophene frame is an added value for such
studies.

The electrochemically modulated conductivity of electrode-
posited thin solid films of the sexithiophenes was investigated
by in situ conductivity measurements. The reversible oxida-
tion of sexithiophenes is composed by two separate one-elec-
tron steps. Conductivity is redox type and develops at the
neutral—cation (neutral—polaron, a) and cation—dication
(polaron—bipolaron, b) levels (Figure 6) with values in the
range 10~*—10"" S cm~" depending on the substitution type.

Whereas differences in electron donor—acceptor proper-
ties appear not to be particularly influential, steric and conju-
gative effects affect conductivity strongly. As a consequence,
the cyano moiety, with its effective conjugation and small size,
gives the sexithiophene with the best performance in the
series.

Conductivity is also much different for the two oxidation
states of the sexithiophenes. Thus the conductivity of the sec-
ond redox couple (b) is roughly 10 times higher than that of
the first one (a) so that a sort of empirical “10-fold rule” may
be enunciated for these redox neutral—polaron and polaron—
bipolaron conductivities.

Fluorenyl- and Fluorenonyl-Capped Sexithiophenes
and Higher Oligothiophenes. Extending the conjugation
beyond the sexithiophene frame with molecular fragments
longer than a simple double bond would give novel electronic
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FIGURE 6. In situ conductivity vs potential of a tetrahexyl-
substituted o,w-dicyano-sexithiophene film in acetonitrile + 0.1 M
Bu,NCIO,. The upper curve is the CV for comparison.

and conductive properties to the molecular wire. The conju-
gation of o,w-capped sexithiophenes has been significantly
extended using fluorene and fluorenone caps.>*> We must
recall that a very large amount of research has been devoted
to co-oligomers of thiophene and fluorene for OLED applica-
tions.?® Extension of the conjugation of the sexithiophene
chain with additional thiophene rings has also been investi-
gated3? using hexyl-substituted o,w-capped octathiophene,
decathiophene, and dodecathiophene. The dodecathiophene
is remarkable since it represents the longest regular oligoth-
iophene ever investigated electrochemically in the solid state.

In the fluorenyl- and fluorenonyl-sexithiophenes the revers-
ible oxidation is composed of three separate steps, namely,
the two one-electron processes of sexithiophene and a fur-
ther multielectron process (Figure 7). Conductivity is redox
type at the cation—dication (polaron—bipolaron, b) state and
metal-like at the subsequent oxidation state (c) with a 20-fold
increase at full oxidation. At this stage, capacitive properties
are displayed at early doping levels, lower than the one-elec-
tron oxidation state.

In the o,w-capped octathiophene, decathiophene, and
dodecathiophene, oxidation occurs in a single process with
extended capacitive properties absent in the sexithiophene.
Conductivity, which increases progressively (by 3 orders of
magnitude) with the oligothiophene chain length, is metal-
like in all cases. It is noteworthy that in dodecathiophene (with
a chain twice as long as that of sexithiophene) the maximum
allowed doping charge approaches four electrons per mole-
cule and conductivity, maximized at the two-electron level,
decreases linearly from there with charge approaching zero at

Conjugated Polymers as Nanosized Electronic Components Zotti et al.
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FIGURE 7. In situ conductivity vs potential of tetrahexyl-substituted
o,w-difluorenonyl-sexithiophene films in acetonitrile + 0.1 M
Bu,NCIO,. The upper is the CV for comparison.

the four-electron level. A bipolaron model has been used to
account for the observed conductivity in such oligothiophenes.

Comparing the results for the fluorenonyl- and fluorenyl-
substituted sexithiophenes with those on the generality of
sexithiophenes, we can observe that sexithiophene is in all
cases the location of the first two-electron oxidation, further
oxidation and related conduction being allowed by the pres-
ence of extensively conjugated end moieties.

Gold—CP Structures

Star-Shaped Oligothiophenes. We have recently investi-
gated>* the ability of CP-based monolayers to coordinate gold
nanoparticles (AuNPs) in order to produce novel materials con-
taining this technologically new and attractive form of gold.®
The use of conjugated chains to link AuNPs is of particular
interest for the modulation of conduction, charge transfer, and
optical properties of AUNP-based materials.

After it had been reported that terthiophene may be adsorbed
on gold surfaces,*® we investigated the ability of terthiophene-
based monolayers for such coordination. Advincula et al. recently
reported, but did not characterize, dendrimers functionalized with
terthiophene dendrons on their periphery and dendrimer-encap-
sulated gold nanoparticles.3” We have therefore considered both
a molecule with a single terthiophene end as the gold-interac-
tive moiety and a molecule in which the activity of the moiety is
enhanced via the presence in multiple arms, which may be per-
formed with dendrimers.

Whereas the benzene ring, generally used as the core of
star molecules, does not allow surface linking with the star
ends disposed in a plane parallel to the surface, a four-arm
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SCHEME 6. Terthienyl-hexanethiol, a Star Tris-terthienyl-hexanethiol, and a Tetrathiol on Gold
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carbon atom would allow three arms to extend over such a
plane and thereby interact mutually. For this reason, we have
synthesized the star molecule 12 (Scheme 6) with three ter-
thiophene arms and a hexylthiol linker stemming from the
same carbon atom. In this structure, the distance between the
end points of the terthiophene arms is ca. 2 nm.

We then investigated the formation of SAMs on gold elec-
trodes of such oligothiophene-armed star-shaped molecules,
the surface coupling processes of the monolayers to
sexithiophene surface bridges, and the ability of the mono-
layers to coordinate 5-nm wide gold nanoparticles. Multilay-
ers of this oligothiophene-thiol and gold nanoparticles have
also been produced and compared with the analogous struc-
tures obtained from the linear terthiophene-thiol (11) and a
star-shaped nonconjugated tetrathiol (13).

Multilayering of oligothiophene-thiol and gold nanopar-
ticles has produced structures that display mechanical strength
and electrical conductivity comparable with those of analo-
gous structures from generic polythiols. Moreover, when cou-
pled to sexithiophene, the linkers display a much increased
ability to coordinate gold nanoparticles.

Gold Nanoparticle Aggregation by Conjugated Hetero-
cyclic Oligomers. The above-mentioned first and clear evi-
dence of gold nanoparticle coordination to oligothiophenes
has opened the way to the direct functionalization of gold
nanoparticles with conjugated oligomers in general. In fact, we
found that conjugated heterocyclic (thiophene- and pyrrole-
based) oligomers aggregate gold nanoparticles weakly capped
with a tetraoctylammonium bromide monolayer and dissolved
in toluene.® The interactions between gold nanoparticles and
oligomers were investigated using surface plasmon absorp-
tion spectroscopy, FTIR, and TEM. From these studies, it was

concluded that the aggregate formation proceeds in two ways,
characterized by a different spacing among the aggregated
gold clusters, depending on the linker type and concentra-
tion. Terthiophene links to gold with the terthiophene plane
parallel to the gold surface and the sw-conjugated carbons in
line. Such moieties may link two adjacent gold surfaces; that
is, a single terthiophene may act as an adhesive sheet
between them. For this reason, oligomers bearing bulky sub-
stituents do not aggregate gold particles.

Pyrroles too cause aggregation showing clearly that the sul-
fur atom is not specifically required for aggregation. As in the
case of thiophene, also in pyrroles alkylsubstitution introduces
steric restraints that may even inhibit the aggregation process
completely.

The mechanism of aggregate formation involves in fact two
steps, a slow step at low ligand concentrations and a fast step
at higher concentrations. Below a critical ligand concentra-
tion, gold nanospheres possessing the anchoring adsorbate
interlock slowly to yield the aggregates. The formation of a
surface plasmon absorption band strongly red-shifted from
525 to ca. 700 nm is attributed to the selective coupling of
the plasmon oscillations in tightly interlinked nanospheres.
Above the critical concentration, the aggregation is very fast
and leads to aggregates characterized by a lower red shift (the
band is displayed at ca. 570 nm). From this result, it may be
concluded that in the superstructures formed under these con-
ditions AuNPs are less closely spaced. It is possible that at high
oligomer concentrations, the linker molecules form more
dense layers, possibly via perpendicular (rather than parallel)
orientation toward the metal plane.

Two main general conclusions could be drawn. From the
pyrrole, thiophene, and 3,4-ethylenedioxythiophene series, it
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SCHEME 7. Gold Nanoparticles (Top) Bridged to and (Bottom) Pendant from Oligothiophene-thiols

results that the critical concentration decreases as the oligo-
mer length is increased, which points to a higher adsorption
constant for the longer oligomers (ca. 1000-fold increased
from monomer to dimer). This result is in fact reasonable since
longer oligomers provide multiple coordination sites. The sec-
ond outcome is that the critical concentration increases in the
series pyrrole < 3,4-ethylenedioxythiophene < thiophene,
which suggests that a higher polarity of the heteroaromatic
molecule favors adsorption to gold, as confirmed by the
absence of adsorption by phenylenes. 3,4-Ethylenedioxythio-
phene presents oxygen atoms available for further coordina-
tion. It appears that coordination of the heteroatoms to gold
is the key factor for adsorption. Considering that the sequence
above follows also that of increasing aromaticirty, the facile
loss of aromaticity accompanying the heteroatom coordina-
tion to gold may favor pyrrole over, for example, thiophene.

After obtaining these general results, we undertook a study
of the interactions between AuNPs and polypyrrole and poly-
thiophene monolayers with the purpose of producing new and
clearly defined structures.>® The interaction between gold
nanoparticles in toluene and polypyrrole or polythiophene
monomolecular layers of various types has been investigated.
In fact, stable monolayers and multilayers are produced from
solution using polypyrrole and poly(3,4-ethylenedioxythio-
phene) soluble in organic solvents. The conductivities of such
gold/polymer multilayers are (3—6) x 1072 S cm™'; that is,
the values are comparable with those measured for gold
nanoparticles linked by short organic bridges.

Gold Nanoparticles Linked by Pyrrole- And Thiophene-
Based Thiols. In an attempt to produce a stable capping of
AuNPs with oligothiophene thiols via the place exchange route,
we have added terthiophene-thiol to a toluene solution of AuNPs.
The fact that the ruby red color turned immediately blue and the
subsequent formation of a dark gold precipitate (much the same
way as with terthiophene) indicated that gold clusters are aggre-
gated (instead of being capped) by the thiol. A similar behavior
has been shown by compound 11 (see Scheme 6), in which the
thiol head and the terthiophene tail are spaced by a long alkyl
chain. Yet the aforementioned discovery that hindrance to aggre-
gation is provided by alkyl substitution has opened up the way
to the direct adsorption of thiol-functionalized oligothiophenes
and oligopyrroles on preformed gold nanoparticles of definite
size, thus allowing the facile obtaining of new gold—polymer
superstructures.

Novel pyrrolethiol- and thiophenethiol-capped gold nanopat-
ticles have been produced and subsequently linked through elec-
trochemical and chemical coupling.*® The capping compounds,
which form dense self-assembled monolayers on gold electrodes,
react in solution with gold nanoparticles to form monodisperse,
stable, and soluble thiol-capped gold clusters with the same gold
core diameter. These are electrochemically or chemically cou-
pled to polymeric gold clusters linked by conjugated bridges, as
pictorially illustrated in Scheme 7. Analogous polymeric clus-
ters have been prepared on gold-modified surfaces via alterna-
tion of gold nanoparticles and oligothiophene-based dithiols or
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a polythiophene polythiol. The regular growth of the layers is
illustrated in Figure 8.

The thiol-capped gold clusters give fast and stable solvo-
conductive responses, which parallel the degree of swelling by
volatile organic solvents. Their conductivity, in the range 10~
to 1072 S cm™ ', increases in all cases up to a narrow range
of 2 x 1072 to 10" S cm™" when the polyconjugated ends
of the gold clusters are connected to form polyconjugated
bridges. Comparison with the literature data on a series of dif-
ferently linked AuNPs appears to indicate 10~' S cm~' as a
practical limit to the conductivity in such systems, possibly
controlled by the Au—S junctions.

The new materials, in which the gold particles are the same
size and bear different conjugated ends or bridges, are
expected to open interesting perspectives in the fields of mod-
ified electrodes for electrocatalysis and electroanalysis and in
organic electronics.

Conclusions and Outlook

Future developments in this area may be envisaged to occur
in three directions. One is the possible use of CPs as catalyst
supports because of their relative stability in both acidic and
basic media, good electric conductivity, and high specific sur-
face area, to be used, for example, as supports for anode cat-
alysts in methanol fuel cells as in a recent report on
polypyrrole with Pt-based nanoparticles.*' Conductive poly-
mers might be used to disperse and support platinum-based
nanoparticles. Using regular platinum nanoparticles embed-
ded in nanosized CPs may result in an efficient charge and
fuel transport in methanol fuel cells.

A second development involves CPs and semiconductor
nanoparticles, for example, in the rectifying junctions built
from polypyrrole layers and CdS nanoparticles.*? The integra-
tion of inorganic semiconductor nanoparticles and organic

(a)
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FIGURE 8. UV-vis (a) spectra and (b) relevant maximum SP

absorbance of (Au/PAT), multilayer growth on gold-primed ITO.

conjugated polymers may lead to composite materials with
interesting physical properties and important potential appli-
cations in light-emitting diodes, photovoltaics, photorefrac-
tions, lasers, and biosensors. Exploiting the cooperative
electronic and optical properties of inorganic nanoparticles
and conjugated polymers may develop via the construction of
appropriate molecular assemblies with an accurate control of
the spatial organization. A prime example of a composite
material that benefits from morphological structuring is pho-
tovoltaic cells. Photovoltaic devices in which the active matrix
consists of conjugated polymers may produce high efficiency
of optical-to-electrical power conversion.

The last direction, which is the most exciting for its possi-
ble contributions to understanding the conductive properties
of molecular assemblies, is the investigation of conduction in
mono- and multilayers of conjugated oligomers and polymers,
particularly at the different redox (doping) levels of the z-sys-
tem. Such potential-controlled analysis is hopefully greatly
rewarding for the development of molecular electronic com-
ponents with controlled properties.

The authors thank S.Sitran of the CNR for his technical
assistance.
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