Conductive Polymers
A conductive material permits flow of an applied electrical current through it.

Polymers have low density, flexibility, are easy to process and show high resistence to chemical attack. Polymers can be
shaped. This is the major driving force for polymers in electronics. They can be easily processed, much easier than metals
(i.e. spin coating from solution). They can be deformed without breaking, unlike metals. If conductivity can be added, very
useful materials could be produced.
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Three ways whereby a polymer may exhibit electrical conductivity:
1. Metallic or other conducting particles (i.e. carbon black) may be incorporated into a non-conductive
polymer
Required particle concentration >20% by volume or >70% by weight so that continuity of conductive material from
one side of the sample to the other is achieved. The mechanical properties of the polymer material are lost at such
high particle concentrations. Conductivities ca. 6x103Ω-1m-1. The polymer itself does not take part in the
conduction, is only support of the conducting material.
2. The polymer might contain ions derived from impurities (catalyst, salts…)
Relevant for electrolytes in batteries (Li-polymer batteries such as LiClO4 dissolved in PEO). Ions move when a
sufficiently large element of free volume becomes avaliable immediately adjacent to them, i.e. applications only
possible with polymers at T>Tg. Ionic conductivity increases with T and decreases with crystallinity.
3. The polymer might exhibit „electronic“ conductivity associated with the motions of electrons along

the polymer chain

What is electrical conductivity? (Elektrische Leitfähigkeit)

Conductivity (Leitfähigkeit) is defined by Ohm’s law (Ohmschem Gesetz):

U=RI

U=Spannung (V)
I=Stärke (Ampere)
R=Wiederstand (Ω)

where I is the current (in Amperes) through a resistor and U is the drop in potential (in
Volts) across it. R is called the “resistance” (Widerstand), measured in Ohms (Ω). R is
measured by applying a known voltage across the resistor and measuring the current
through it.
The reciprocal of resistance (R–1) is called conductance (Leitfähigkeit) in Siemens (S=Ω-1).

In Ohmic material, the resistance is proportional to the length l of the sample and
inversely proportional to the sample cross-section A:

R=ρl/A

Resistivity: potential drop across a given distance
in a cross section of the material in question of
given area, when a given current passes through
this cross section.

where ρ is the resistivity measured in Ω cm (in SI units Ω m). Spezifische Wiederstand
Its inverse σ = ρ–1 is the conductivity. Spezifische Leitfähigkeit
The unit of conductance is the Siemens (S = Ω –1).
The unit of conductivity is S m–1.

* Not all materials obey Ohm’s law. Semiconductors and what are termed “one
dimensional conductors” (e.g.a linear polyene chain) generally all deviate from
Ohm’s law.

Polymers may also have conductivities corresponding to those of semiconductors.

*Conductivity depends on: the number density of charge carriers (number of
electrons, n) and how fast they can move in the material (mobility, μ)

σ=nμe
where “e” is the electron charge.
*In semiconductors and electrolyte solutions, one must also add in the above
equation an extra term due to positive charge carriers (holes or cations).
*Conductivity depends on temperature: it generally increases with decreasing
temperature for “metallic” materials (some of which become superconductive below
a certain critical temperature Tc), while it generally decreases with lowered
temperature for semiconductors and insulators.

FIGURE 2. The conductivity of conductive polymers decreases with falling
temperature in contrast to the conductivities of typical metals, e.g. silver, which
increase with falling temperature.

What makes a material conductive?
• A conductive material permits flow of an applied electrical current through it.
• It needs free electric charges that move continuously in the presence of the electric field.
• Typical conductive materials: metals (gas of electrons)
• Metal atoms have an electronic structure consisting of a core of filled electronic sub-shells with
outer electrons rather loosely bound to the atom. When the atoms come together to form a
solid, the outer electrons come under the influence of the positively charged nuclei of all
neighboring atoms as well as ist own nucleus. This results in the outer electrons of all atoms
becoming like a gas of electons, with eath electron moving in the relavitely smooth potential due
to the atomic cores of all the other electrons,

The energy spacing between the highest occupied and the lowest unoccupied bands is called the
band gap. The lowest unoccupied band is called the conduction band and the highest occupied one
the valence band.
The conductivity of the metal is due either to only-partly-filled valence or conduction bands, or to
the band gap being near zero, so that with even a weak electric field the electrons easily
redistribute: electrons at higher energy and holes at lower energy.
In a polymer, the band gap is ca. 1.5 eV → insulator

• The highest occupied
level in the
conduction band is
the Fermi level

• In an insulator: Electrons are tightly bound to the atoms (covalent bonds) and their energy levels form a filled valence
band.
• Polymers that contains saturated chemical bonds, each with two electrons closely bound to particular atoms,
behave as insulators.

• Polymers with conjugated double bonds along the main chain present mobile charges and can act as semiconductors.
In conjugated polymers, the chemical bonding leads to one unpaired electron (the pi electron) per carbon atom.
Moreover, pi bonding, in which the carbon orbitals are in the sp2pz configuration, and in which the orbitals of successive
carbon atoms along the backbone of the polymer. This electronic delocalization provides the highway for charge mobility
along the backbone of the polymer chain.

Structures of conductive polymers

How to make polyacetylene a conductive material??
→ charge carriers in the form of extra electrons or ”holes” have to be injected into the material → DOPING
A hole is a position where an electron is missing. When such a hole is filled by an electron jumping in from a
neighbouring position, a new hole is created and so on, allowing charge to migrate a long distance.
(1) Oxidation ( p-type doping) or reduction (n-type doping) reactions

(2) p-doping (withdrawing electron from polymeric chain) or n-doping (additing electron into polymeric chain) are
accompanied by incorporation of couterion, such as cation for p-doping or anion for n-doping, into polymer chain to
satisfy electrical neutrality.
(3) doping degree in conducting polymers can be as high as 50%.

EXAMPLE: The “doped” form of polyacetylene had a conductivity of 105 Siemens per meter, which was higher than
that of any previously known polymer. As a comparison, teflon has a conductivity of 10–16 S.m–1 and silver and
copper 108 S.m–1.

The history of CPs: Polyacetylene
• Natta and coworkers prepared polyacetylene in 1958 by polymerising acetylene in hexane using Et3Al/Ti(OPr)4 as a
catalyst. Though the resulting material was highly crystalline and of regular structure, it was a black, air-sensitive,
infusible and insoluble powder.
• In the early 1970s Shirakawa and co-workers found (by chance) that this polymerisation could be effected at a
surface when using a concentrated solution of the catalyst system in an inert solvent.
• Ti(OBu)4 and Et3Al in toluene at inert atmosphere. Age
solution at 20°C for 45 min and cool to –78°C. A film of the
catalyst formed on the walls of the reaction vessel. Add
Acetylene gas. It reacts with the catalyst and forms a coppercoloured film of all-cis-polyacetylene with a cis content of
some 95 %.
• Silvery all-trans-polyacetylene is formed by running the
reaction in n-hexadecane at 150°C. Isomerization from cis to
trans at high T (cis form is thermodynamically less stable)
• However, its conductivity was relatively modest:
• cis-PA 10–8 -10–7 S m–1
• trans-PA 10–3 -10–2 S m–1.

Shirakawa noticed that when (CH)x films were exposed to bromine or chlorine at room temperature for a few
minutes, there was a significant increase in conductivity. The halogen doping transforms PA to a good
conductor by oxidation (or p-doping). Reductive doping (called n-doping) is also possible using, e.g., an alkali
metal.

Oxidation caused by a chemical species generates a positively charged CP and an associated anion.
Reduction generates a negatively charged CP and an associated cation
Conductivity of 3000 S.m–1 was measured for iodine-modified trans-polyacetylene, an increase of seven orders
of magnitude over the undoped material.
Alan Heeger and Alan MacDiarmid collaborated to study the metallic properties of conductive polymers.
Doping cis-polyacetylene with AsF5 resulted in an increase of conductivity by a factor of 1011.
The high conductivity found by Heeger, MacDiarmid and Shirakawa clearly opened up the field of “plastic
electronics”.

Doping of CPs can be accomplished chemically (i.e. exposure to solution or vapour of the dopant) or
electrochemically (subjecting the CP, generally in a solution, to an applied potential)
When a positive potential is applied to a CP, for instance one immobilized on an inert electrode, the dopant anion
moves in from the solution into the CP towards delicalized charge sites on the CP, and anionic doping occurs. This
type of doping is termed p-type doping. Example: polypyrrole
P(Py) + nLiClO4 → P(Py)n+(ClO4) n(n-)
If a negative potential is applied in solution to a CP immobilized on an electrode, a cation would move in from the
solution into the polymer. This is termed a cationic, n-type doping. Example: Poly(p-phenylene)
P(PP) + nLi → (Li)n(n+)P(PP)(n-)
In chemical doping, the dopant should have a redox potential suitable for oxidation/reduction of the CP whilst the
Ionizazion Potential of the CP should be small enough to facilitate this.

The Nobel Prize in Chemistry, 2000:
Conductive polymers
• Professor Alan J. Heeger at the University of California at
Santa Barbara, USA
• Professor Alan G. MacDiarmid at the University of
Pennsylvania, USA and
• Professor Hideki Shirakawa at the University of Tsukuba,
Japan
rewarded the Nobel Prize in Chemistry for 2000 “for the
discovery and development of electrically conductive
polymers”.

Conductivity mechanism
The doped polymer is thus a salt. However, it is not the counter ions, I3– or Na+, but the charges on the polymer that
are the mobile charge carriers.
The role of the dopant is either to remove or to add electrons to the polymer. For example, iodine (I2) will abstract an
electron under formation of an I3– ion (see oxidative doping above). If an electron is removed from the top of the
valence band of a semiconductive polymer, such as polyacetylene or polypyrrole, the vacancy (hole) so created does
not delocalise completely, as would be expected from classical band theory. If one imagines that an electron be
removed locally from one carbon atom, a radical cation would be obtained. The radical cation (also called a
”polaron”) is localized, partly because of Coulomb attraction to its counterion (I3–), which has normally a very low
mobility, partly because of a local change in the equilibrium geometry of the radical cation relative to the neutral
molecule.
If the polymer is oxidized, thereby producing a radical cation (hole) on the chain, the polaron is a positive charged
hole site. If it is reduced by adding electron to the chain. This process produces polaron with negative charge.
The mobility of a polaron along the polyacetylene chain can be high and charge is carried along (Figure).
However, since the counterion (I3–) to the positive charge is not very mobile, a high concentration of counterions is
required so that the polaron can move in the field of close counterions. This explains why so much doping is
necessary.

If a second electron is removed from an already-oxidised section of the polymer, either a second independent polaron
may be created or, if it is the unpaired electron of the first polaron that is removed, a bipolaron is formed. The two
positive charges of the bipolaron are not independent, but move as a pair.
Alternatively, a cis polyacetylene chain by undergoing “thermal” isomerisation to trans structure may create a defect, a
stable free radical : this is a neutral soliton which although it can propagate along the chain may not itself carry any
charge. On the other hand it may contribute to charge transfer between different chains.

All conjugated polymers do
not carry solitons, but
polarons can be found in most
of them. Charge transport in
polaron-doped polymers
occurs via electron transfer
between localized states
being formed by charge
injection on the chain.

Bulk conductivity in the polymer material is limited by the need for the electrons to jump from one chain to
the next, i.e., in molecular terms an intermolecular charge transfer reaction. It is also limited by macroscopic
factors such as bad contacts between different crystalline domains in the material.
One mechanism proposed to account for conductivity by charge-hopping between different polymer chains is
”intersoliton hopping” (Figure). Here an electron is jumping between localized states on adjacent polymer
chains; the role of the soliton is to move around and to exchange an electron with a closely located charged
soliton, which is localised. The mechanism at work in intersoliton hopping is very similar to that operating in
most conducting polymers somewhere in between the metallic state at high doping and the semiconducting
state at very low doping.

The conducting polymer doped can be return to insulating state by neutralization back to the uncharged stat. This
return to neutrality is referred as compensation. Exposure of ox datively doped polymers to electron donors or
conversely, of reductively doped polymer to electron acceptors effects compensation. This ability to cycle between
charged and neutral states forms the base for the application of conducting polymer in rechargeable batteries

Synthesis of CPs: chemical, electrochemical
Chemical or electrochemical.
In general chemical synthesis involves polycondensation reactions and electrochemical involve addition
polymerization.
Oxidation or reduction of the polymer occurs by subjecting the neutral polymer to the appropriate oxidizing
or reducing voltage in an electrochemical cell. The charge appearing on the polymer chain is then neutralized
by a counterion from the electrolyte solution. An interesting groupj of conducting polymers are prepared by
electrochemical oxidation and simultaneous polymeritazion of monomers at the anode of the electrochemical
cell (polypyrrole, polythiophene)
Initial electrochemical step (typically oxidation via an applied potential) to generate the radical ion, which
initiates the polymerization.
Advantage of electrochemical polymerization: CP with well defined polymer structure or morphology.

Polyacetylene
Addition polymerization using Ziegler Natta catalyst. Ti (OProp)4 easily reacts with Al(Et)3 to give a Ti–C bond;
the polymer chains grow upon insertion of the monomers in the created Ti–C bonds. The work of Shirakawa [1,
23] followed the procedure by Natta, but the catalyst concentration was much higher so that a highly viscous
catalytic “soup” remained on the wall of the reaction flask. The diffusion of acetylene in the system, under
vacuum, led to the formation of a shiny freestanding film which had to be washed several times in order to
remove the catalyst residues.
• At low Temperatures: polyacetylene with a cis content of some 95 %.
• At high temperatires: Silvery all-trans-polyacetylene (cis form is thermodynamically less stable)

The main drawbacks to PA are related to its insolubility and to the impossibility of treating the polymer after
synthesis: once it is polymerized the polymer must be taken as it is. Attempts to solubilize PA were performed
by different groups with two main approaches: the precursor route and grafting.

Ziegler-Natta polymerisation mechanism

PRECURSOR ROUTE:
A soluble precursor of PAc, which upon elimination of some molecular fragments, in a controlled way, may
develop the conjugated form of PAc. The advantage of this synthetic procedure is that allows preliminary
processing of the CP (spinning fibers, casting) before preparation of final polymer.
The first step is obtained by ring-opening metathesis polymerization (ROMP) of cyclobutene derivative (7,8bis(trifluoromethyl)-tricyclo4,2,2,0-deca-3,7,9-triene) catalyzed by, for example, WCl6. In the second step, the
film is thermally treated so that PAc is obtained.
The disadvantage of this approach is in the synthesis of the monomer to be polymerized and in the possibility
that elimination of CF3 groups is not complete and some of them remain in the backbone.

The rigidity of the backbone is a limit to the solubility of a
polymer. To overcome this difficulty, some groups tried to
solubilize PA by grafting it onto a flexible polymeric chain
exhibiting a high conformational freedom.
This procedure is based on the mechanism of the
ZieglerNatta –olefin polymerization. During this process, the
reaction between Ti(OBut)4 catalyst and AlEt3 leads to the
formation of a Ti–C bond. Polymerization of the monomers
(ethylene, propylene, etc.) occurs by insertion into the Ti–C
bond. If the activated catalyst reacts with a polymer
containing vinyl double bonds (for example a vinyl group of
1,4-cis polybutadiene containing 1,2 units) these will act as
an olefin inserting in the Ti–C bond. At this step, the
bubbling of acetylene in the solution makes possible the
growth of a PA chain directly from the soluble polymeric
backbone. A control of the ratio between Ti and the 1,2
units of the polymer allows control of the relative amount
of PA with respect to polybutadiene.

As-produced PA may be doped, cationically or anionically, by chemical or electrochemical means.
Common cations that have been included in the structure
Li+ (LiClO4/THF), Na+ (NaPF6/THF), K+ (KBu3Py/THF) and Bu4N+ (BuNClO4/PC)
Common anions that have been used: ClO4-, AsF+-, triflate, BF4-, I´-/I5-, HSO4-…
Maximum doping generally 5-8%
Orientation of PA:
As-produced PAc forms entangled fibers of 5-100n m. This material can be stretched for orientation,
leading to anysotropic conductivity. Stretching can align the nanofibers and leads to a conductivity
ratio parallel/perpendicular to the chain direction ot 3-40x.

Poly(thiophene)
Step-growth polymerization: Yamamoto polymerization catalyzed by Ni derivatives; R is an aromatic molecule
(benzene, thiophene).

One of the most studied and used derivative of
Poly(alkyltiophene) is poly(3,4-diethyloxy)-thiophene
(PEDOT) which has been recently introduced onto the
market for many purposes. It is sold as a blue
suspension in water containing the anion of
polystyrenesulfonic acid (PSS) as counterion (Fig. 1.3).
PEDOT is obtained through an oxidative coupling using
FeCl3 or Na2S2O8 as
oxidizing agent, starting from 3,4ethylenedioxythiophene.
This synthetic procedure, an oxidative coupling, is
widely used in many polymerizations
with aromatic monomers.

Polyparaphenylenes
The simple extension of the Yamamoto synthesis to phenylenes produces the polyparaphenylene (PPP)
derivatives. These polymers were synthesized in their insoluble form at the end of the 1970s by Jones et al. [52]
and Yamamoto. The Kovacic polymer was a brown, insoluble and amorphous powder. These characteristics were
mainly due to meta linkages in the backbone and to branching. The Yamamoto polymer [53] was obtained as a
yellow insoluble powder using the same synthetic procedure described for PATs (see Scheme 1.3), starting from
2,5-dibromobenzene. The polymer was characterized by very low molecular weight (8–10 monomeric units),
even though the branching in the main backbone was avoided due to the synthetic procedure followed.
The introduction of side chains in the 2 and 5 positions in 1,4-dibromobenzene has allowed to obtain a soluble
polymer.

The introduction of the Suzuki coupling for the preparation of PPP opened the way to the production
of a great variety of conjugated polymers, not only in the PPP family, but also for polyfluorene (POF)
preparation, and represents a strong improvement in the synthesis of conjugated polymers.
Polymerization starting from boronic ester is also possible: the advantage of working with boronic
ester is in the low amount of water associated with ester with respect to the boronic acid. Reaction of
the boronic acid with 1,3-propanediol or ethyleneglycol in excess leads to the formation of the
desired ester.
The main advantage in the use of the Suzuki coupling is related to the possibility of crystallizing the
boronic acid or the corresponding esters, because they are stable and can be purified even by flash
chromatography. This allows working with highly purified monomers while the Grignard reagents, due
to their high reactivity, cannot be purified.
The use of Suzuki coupling has found widespread use for the preparation of alternated copolymers.
By following Scheme 1.11, a great number of polymers can be synthesized.

Poly(Pyrrole)
PPy has attracted special interest because of their high conductivity, the ease and high flexibility in preparation,
stability, and good mechanical properties.
PPy is one of the few electronically conducting polymers that can be prepared in aqueous solutions
Chemical synthesis: oxidative polymerisation. one-pot reaction with a chemical oxidant (FeCl3) to generate a piradical cation C4H4NH+ from the monomer that initiates polymerization. This electrophile attacks the C-2 carbon of an
unoxidized molecule of pyrrole to give a dimeric cation (C4H4NH)2]++. The process repeats itself many times. FeCl3
serves as oxidizer and dopant

(C4H2NH)n + x FeCl3 → (C4H2NH)nClx + x FeCl2
Reaktionsmechanismus
Pyrrol wird im ersten Reaktionsschritt zum Radikalkation oxidiert, das ein wesentliches Intermediat der oxidativen
Polymerisation ist. Zwei Radikalkationen koppeln zum dimeren Dikation. Möglicherweise werden bereits während
dieser Dimerisierung simultan zwei Wasserstoffionen abgespalten.[3] Da das Oxidationspotential des nun gebildeten
Bipyrrols unter dem des Pyrrols liegt, wird es sofort zum Radikalkation oxidiert. Die Polymerisation setzt sich
allerdings nur dann fort, wenn das Oxidationspotential ausreichend hoch bleibt, um weiteres Pyrrol zum
Radikalkation zu oxidieren.

Electrochemical synthesis: 0.01M monomer in 0.1 to 2 M dopant/Electrolyte (eg. LiClO4, Et4NTos) in acetonitrile.
Stainless steel, graphite or Pt as electrode. Voltage is applied.
The overall electropolymerization of PPy can also be simply represented as in Fig. 3, where A is the counterion
incorporated during polymerization. A charged polymer must contain anion to give charge balance and the formation of
a PPy film in an oxidized state requires anion, as well as electrons, to move through the film.
Application of a suitable potential (E≥0.65V vs. Ag/AgCl in aqueous solutions) initiates the polymerization reaction. As a
result of simultaneous oxidation and polymerization of the pyrrole monomer, the conducting form of the polymer with
a delocalized positive charge on the π electron system is formed.

