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Abstract
A brief selective, introductory overview of applications of non-classical, in particular
spectroelectrochemical and theoretical, methods, to various challenges from interfacial and
materials

electrochemistry

as

well

as

electrochemical

and

chemical

kinetics

and

thermodynamics is provided including representative illustrating examples with particular
attention to intrinsically conducting polymers. Going beyond previously well established
applications of spectroscopic methods in determination of molecular structure (in particular
vibrational spectroscopies) and electrooptical properties (UV-Vis spectroscopy) thermodynamic
data (formal redox potentials, oxidation and reduction potentials of monomer and polymer
transformations) and supramolecular interactions are studied with various spectroscopic
methods combined with theoretical tools like density functional theory and ab initio calculations.
Selected examples particularly useful to illustrate these possibilities from recent studies of
polythiophenes, polyfurans, polypyrroles and their respective copolymers are briefly reviewed.
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Introduction
Electrochemistry as known to most chemists deals with numerous rather
different subjects ranging from energy storage and conversion over analytical methods,
synthetic procedures, surface treatment, and corrosion up to bioelectrochemistry and
beyond. Because of the extreme width of subjects and the sometimes rather
specialized applications well established in areas far away from traditional
electrochemistry the overall picture and with it the more fundamental capabilities of
electrochemistry tend to be overlooked. The still growing interest of inorganic,
bioinorganic and organic chemists in electrochemical methods and models indicates a
considerable interest in these capabilities, but in most cases of applications the true
potential of electrochemistry is not exhausted at all.
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Investigations of the structure of electrochemical interfaces, i.e. in the most basic
case the phase boundary between e.g. a solid metal and an aqueous electrolyte
solution, have been limited for a long time to the application of traditional
electrochemical methods wherein voltage/potential, current, charge and some other
experimental variables like temperature, concentration or pressure were either
measured or varied. Results of these methods pertaining e.g. to Gibbs energy of
adsorption ∆Gad or electrode potential of zero charge Epzc are numerous and
valuable

[1]

. A microscopic picture of the interface emerged only more recently. Based

on the application of numerous spectroscopic and surface science methods details of
the interface at the atomic and molecular level could be elucidated. Numerous probes
can be applied in methods mostly derived from surface science and analytical
chemistry yielding various signals as symbolically illustrated in figure 1: Electromagnetic radiation (h⋅ν), neutral atom beams (i°), ion beams (i±), magnetic (H) or
electric (E) fields and thermal excitation (W) can be used as probes or probe-like; upon
interaction with the surface or interface respective signals can be observed. Obviously
several methods cannot be applied in situ, i.e. in the presence of an electrolyte solution
or a liquid electrolyte (molten salt, ionic liquid or deep eutectic). This mode of operation
is preferable because it avoids artifacts possibly caused by the transfer of the sample
under investigation from e.g. an electrochemical cell into an ultrahigh vacuum
chamber. Even for those vacuum-based methods approaches limiting the possible
errors have been developed. Nevertheless already those methods which employ
probes and signals which can be applied in situ are numerous

[2]

. Beyond the methods

now generally called spectroelectrochemical ones surface-analytical methods like e.g.
scanning probe microscopies, confocal methods or surface conductivity measurements
have been adapted successfully.

Figure 1:Probes and signals in spectroelectrochemistry, for meaning of symbols see
text.
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In this brief report selected possibilities of electrochemistry and in particular
spectroelectrochemistry and surface analytical methods

[2]

as applied to several

challenging questions related to intrinsically conducting polymers as a rather new and
particularly challenging class of materials are highlighted, for a thorough discussion,
complete deduction of mathematical formulation etc. the reader might wish to consult
the original papers published elsewhere and quoted in the references.
Polymeric materials both of inorganic as well as organic origin are generally
insulating substances. Since the surprising discovery of the unusual electrooptical
properties of polyacetylene by Shirakawa et al.

[3, 4]

and the subsequent development

of electrochemical methods for formation, modification and characterization of these
materials subsequently called intrinsically conducting polymers (ICPs, also synthetic
metals) by Diaz et al.

[5]

this class of materials has shown an explosive development

regarding the scope of investigated monomers, methods of polymerization and
characterization and suggested applications. Numerous reviews covering selected
members of the family are available

[6]

. Most applications of electrochemical, in

particular spectroelectrochemical methods, have aimed at elucidating molecularstructural features and electrooptical properties. Use of theoretical methods in
understanding or even predicting properties as pioneered by Bredas et al. in their
studies of polypyrrole

[7]

has seen wide application recently because of availability of

various computational tools manageable even by non-experts. Beyond structural
properties derived from e.g. the comparison of measured and calculated vibrational
spectra results of both ab initio and semiempirical methods including DFT have yielded
insights going far beyond the purely empirical results of the application of e.g. the
Hammett equation. These results in turn have suggested the application of
thermodynamical concepts on results of spectroelectrochemical studies.
In attempts to widen the range of available process parameters and applicable
monomers concepts of supramolecular host-guest chemistry have been applied by e.g.
encapsulating monomers in cyclodextrines.
Following results of recent experimental studies and theoretical calculations
illuminating the various aspects touched upon in the preceding introductory overview
will be reviewed briefly.
Experimental
For cyclic voltammetry (CV) gold (99.99%, Schiefer, Hamburg) embedded in
epoxy ARALDIT D/HY 956 (Ciba special chemicals, Wehr/Baden, Germany) or platinum
(99.99%, Schiefer, Hamburg) working electrodes embedded in glass were used. A gold
or platinum sheet served as counter electrode, respectively. An Ag/AgCl electrode filled
with the respective supporting electrolyte solutions was used as reference in studies
employing electrolyte solutions based on organic solvents. In the case of aqueous
electrolyte solutions relative hydrogen electrodes filled with the supporting electrolyte
solutions according to Will [8] or a saturated calomel electrode were used.
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UV-Vis spectra were recorded for homo- and copolymer films deposited on an
optically transparent ITO-glass electrode (MERCK) in the supporting electrolyte
solution in a standard 10 mm cuvette using a Shimadzu UV 2101-PC instrument
(resolution 0.1 nm); a cuvette with the same solution and an uncoated ITO glass was
placed in the reference beam. Composition of electrolyte solutions is given in the figure
captions.
Substituted thiophenes were prepared and purified as described elsewhere [9, 10],
the purification of pyrroles (unsubstituted and substituted ones) as well as their
encapsulation in 2,6-dimethyl-β-cyclodextrin (CD) have been reported in the respective
publications [11 - 13].
Density functional theory (DFT)[14-17] of the three-parameter compound functional
of Becke (B3LYP) was used to optimize the geometry as well as to calculate the
ionization potentials of neutral thiophene compounds and total atomic spin densities of
the radical cations. The 6-31G(d) [18-29] basis set was used to optimize the structures as
well as the total spin densities, while the 3-21G(d) [30-36] basis set was used to calculate
the ionization potentials for neutral and radical cations of the compounds. The geometric structures of neutral molecules were optimized under no constraints. Nearly
planar structures were used as the initial states
oligothiophenes show planar conformations

[37]

because most of the crystalline

[38 - 40]

. Ionization potentials were computed

as the energy differences between the neutral molecule and the respective radical
cation, in which the radical cation has the same molecular geometry as the neutral
molecule (the Frank-Condon state was assumed for the cations). On the other hand,
the geometric structures of the radical cations were optimized independently from the
neutral molecules prior to the calculations of spin densities. Radical cations were
treated as open shell systems (UB3LYP). All calculations were performed using the
Gaussian-98W software [41].

Results and Discussion
Redox thermodynamics of thiophene-furan copolymers
Oxidation and subsequent reduction§ of ICPs may be considered basically as
redox processes with species being present in their respective oxidized and nonoxidized (in this context of redox electrochemistry also: reduced) form. According to the
Nernst equation for any given concentration a formal potential can be calculated according to

E = E0 +

§

R ⋅ T cox
R ⋅ T [O]
ln
= E0 +
ln
n ⋅ F cred
n ⋅ F [ R]

(1)

Frequently the neutral state is called the reduced state, this is obviously wrong, in particular
when considering those polymers which can be reduced (i.e. n-doped) indeed in addition of
being oxidized (i.e. p-doped).
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with cox and cred being the respective concentrations** of the redox species. It has been
proposed to derive these concentrations from UV-Vis spectra of polymer films

[42]

. A

broad absorption band (A) appearing with the polythiophene PTh (see figure 2) in its
neutral (non-oxidized) state around λ = 450 nm (A) corresponds to the π→π*-transition
in the thiophene units. Its width observed in our investigation in particular in the
oxidized state (in the original report

[42]

no spectra are shown) implies the coexistence

of segments with long as well as short effective conjugation lengths. The band width
observed already in the neutral state which may not be attributed straightforwardly to
the effect of conjugation may be due to residual oxidized segments present even in the
reduced state, they may also be caused by intermolecular interactions in the polymer.
Unfortunately this feature and further changes in the shape of the band as seen in
Figure 2 may result in some uncertainty of the correlation between actual concentration
of the studied species and the maximum absorption.
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Figure 2: In situ UV-Vis spectra of an ITO-electrode coated with polythiophene
prepared at EAg/AgCl = 1.65 V in a BFEE + EE (ratio 1:2) solution containing 0.1 M
thiophene and 0.1 M TBATFB recorded at different applied potentials in a solution of
acetonitrile + 0.1 M TBATFB††.

** In a more rigorous treatment activities have to be used instead, only at small concentrations
activities can be replaced by concentrations. In the present discussion this detail is not considered, a suitable treatment of this problem has neither been developed nor described so far.
††
BFEE: Boron trifluoride-ethyl ether, EE: Ethyl ether, TBATFB: Tetrabutylammonium
tetrafluoroborate
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Upon oxidation, this absorption almost vanishes. Taking the absorbance at a
selected wavelength (here: the absorption maximum of the neutral polymer form) as
being related to the concentration according to the Lambert-Beer law the Nernst
equation can be modified

E = E0 +

R ⋅ T Amax − A
ln
n ⋅ F A − Amin

(2)

with A being the absorption at a given electrode potential applied to the polymer film
and Amin and Amax being the minimum (fully oxidized state) and maximum (fully neutral
(non-oxidized) state) absorptions. This approach may be valid when the system under
investigation has only two redox states. The appearance of a quasi-isosbestic point in
the UV-Vis spectra (figure 2) and of only one redox peak pair in the CVs as displayed
in figure 3 associated with the redox process

Red R Ox + + e −

(3)

supports this assumption. The peak shift of the low-wavelength peak as well as the
extreme width of the high-wavelength peak suggest nevertheless, that both oxidized
and reduced species show a considerable dispersion of the property responsible for
the absorption maximum position.
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Figure 3: CVs of polymer films deposited on a platinum electrode recorded in a
solution of acetonitrile + 0.1 M TBATFB, dE/dt = 100 mV/s.
In the present case this is the energy difference between the participating
electronic states, i.e. the respective HOMOs and LUMOs or – in case of band
formation – the respective electronic bands in the polymer. As discussed elsewhere [43,
44]

the width of the electronic absorption bands indicates a broad distribution of
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conjugation lengths of the involved segments of the polymer chain. Accordingly the
HOMOs involved in the electrooxidation process show a distribution of energy values.
As previously discussed extensively in semiconductor electrochemistry redox systems
in solution have been treated assuming similar distributions of states without making
the use of the Nernst equation invalid

[45]

. Upon electrochemical oxidation a radical

cation (elsewhere, in particular in solid state physics and chemistry, called polaron) is
formed, it may extend over several monomer (repeat) units by conjugation (for a
visualization see figure 4). The electrode potential where oxidation occurs may be
taken as indicator of the HOMO energy, it cannot be compared directly with data taken
from UV-Vis spectra. In the latter case excitation of an electron from the HOMO into a
LUMO results in a bound exciton whereas in case of electrooxidation the final state is a
charged species. Thus comparison of UV-Vis excitation energies with electrode
[46]

potential differences may be misleading

((electro)oxidation probes HOMOs,

(electro)reduction probes LUMOs, the difference appears like a HOMO-LUMO
difference at first glance). Even in cases where electrochemically the same site in a
species is probed (this is not necessarily always the case) only careful correlations
may be attempted. The band previously located around λ = 450 nm decreases in
intensity and shifts to higher energies (i.e. shorter wavelengths). This indicates a
decreasing number of reduced species being available for optical excitation (thus in
agreement with the Nernst equation approach outlined above), the band shift implies
that these species are actually shorter conjugated segments of the polymer chain
requiring higher excitation energy. The optical absorption (B) observed with the
oxidized polymer around λ = 775 nm is caused by a transition from the valence band
into the upper polaron state [47]. With increasing degree of oxidation (and thus of doping
and concentration of radical cations) these species (polarons in polaron states)
combine pair-wise into spinless dications (bipolarons). The various states and energies
depending on the degree of oxidation as well as allowed optical transitions (some of
them already discussed above) are depicted in a band scheme in figure 5. As discussed above and in more detail elsewhere

[46]

the energy differences between bands

and levels are not equivalent to the position of absorption maxima in UV-Vis spectra. In
a simplified approach this is due to the fact, that optical excitation results initially in a
bound exciton, a state and situation entirely different from the electrooxidation or –
reduction products. Instead the onset of the respective absorption bands has been
suggested to be taken in approximation as being equivalent to said energies.
Obviously this does not remedy the fundamental problem and difference.
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Figure 4: Conceivable polaron and bipolaron structures in polythiophene etc.
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Figure 5: Energy levels, conduction and valence bands in polythiophene.
The simplified reaction scheme of the first transition has to be supplemented:

2 Red R 2 Ox + + 2 e− R Bip 2+ + 2 e −

(4)

The latter step is a non-electrochemical one, thus it can be argued, that only the
electrochemical first one has to be considered when setting up contributions towards
the Nernst-equation. Contrary to ICPs where the polaron and bipolaron states could be
separated easily by means of their distinctly different optical transitions this transition
appears impossible with polythiophene or polyfuran. The extremely broad absorption
extending only slightly into the NIR in case of polythiophene (see figure 2) may thus
include absorptions from the valence band into the upper polaron and bipolaron
state/band. This suggests using only the absorption A caused by the interband
transition in setting up the Nernst equation. Spectral deconvolution based on the
Alentsev-Fok method has been proposed to both identify and quantify various chemical
species in polyaniline differing in state of oxidation, type of bonding etc.

[48]

. This

approach might be helpful in treating complex UV-Vis spectra with the aim of
elucidating concentrations of species involved in various redox equilibria. In case of
polyaniline the existence of two redox peak pairs indeed suggests the presence of
more than two electrochemically related redox states (as compared to only one in case
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of polythiophene, polyfuran etc.). A further indicator of non-simple redox behavior (i.e.
the presence of e.g. more than one redox equilibrium) is the absence of an isosbestic
point as observed e.g. in case of polypyrrole. Despite the observation of only a single
redox peak pair in the CV three distinct optical transitions (see below) can be
observed.
Taking absorption data from the UV-Vis spectra displayed in figure 2 and from
those of polyfuran and several furan-thiophene copolymers

[49]

Nernst-plots as shown

in figure 6 were constructed. The value of E0 observed at [O]/[R] = 1 is lower for
polyfuran than for polythiophene as expected from the CVs (see figure 3). Further
values corresponding to copolymers prepared at different feed ratios and different
deposition electrode potentials Epol, are collected in table 1[49]. With a growing fraction
of furan in the feed the behavior of the copolymer as implied by the value of E0
approaches the behavior of polyfuran. A lower deposition potential favors incorporation
of furan which is easier to electrooxidize

[50]

again resulting in a polyfuran-like behavior

of the copolymer. The slope of the line in the Nernst-plot should be related to the
number of electrons n transferred in the potential-determining step according to
0.059/n [V]. The values of this slope as collected in table 1 are all in a range formally
resulting in a value of approx. n = 0.25. This significantly “super-Nernstian”‡‡ behavior
(sometimes also called “non-Nernstian behavior”
and discussed extensively before
results

[47]

[42]

[51]

) has been observed repeatedly

. With reference to previous explanations of similar

based on transferred charge and amount of polymer it has been suggested

that this value implies a one-electron transfer from/to a four monomer unit segment of
the polymer chain

[49]

, based on the arguments proposed so far this explanation

remains speculative or at least rather unreliable because of the numerous assumptions
fed into the stochiometric calculations nevertheless (see also ref. [52]). Higher values
of the slope correspond to higher values of E0. A similar correlation found before [42]
with differently substituted thiophenes has been attributed to the higher energy needed
for polymer oxidation as expressed in higher values of E0 and correspondingly higher
slopes.
Table 1: Thermodynamic data of selected ICPs
Epol* = 1.50 V
Furan/Thiophene
(mole ratio)

Epol = 1.55 V

Epol = 1.60 V

Epol = 1.70 V

E0 /V

slope
mV/log
unit

E0 /V

slope
mV/log
unit

E0 /V

slope
mV/log
unit

E0 /V

slope
mV/log
unit

1:1

0.96

252

0.98

260

1.20

262

1.22

274

4:1

0.71

237

0.79

248

0.87

254

0.94

268

8:1

0.44

203

0.61

219

0.74

224

0.85

234

Polyfuran

Polythiophene

Epol = 1.45 V

Epol = 1.65 V

E0 /V

slope
mV/log
unit

E0 /V

slope
mV/log
unit

0.42

216

1.27

262

*Epol: electropolymerization potential

‡‡

The term „hyper-Nernstian“ slope has been proposed elsewhere in symmetry with „hypoNernstian“ slope designating values smaller than 59 mV per decade.
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Figure 6: Nernst plots corresponding to the redox process of (a) polyfuran, (b)
polythiophene.
Because the concentration of oxidized and reduced species is derived from
optical data the value approx. n = 0.25 may indeed suggest a conjugation length of four
units based on the following line of arguments. Formal transfer of one electron results
in a fourfold increase in the number of optically absorbing species. Assuming validity of
Lambert-Beers law the observed optical absorption is proportional to the number of
absorbing species, i.e. in the present case of systems showing a π → π*-transition. A
fourfold increase (or decrease) of numbers of species showing this particular transition
is possible only when transfer of one electron affects four repeat units in the polymer
simultaneously, i.e. the transferred electron is (or was) delocalized along four units
This indeed is possible only when assuming a conjugation extending across four
repeat units. Careful further examination of this explanation remains necessary
because intrinsically polymers have apparently shown in many investigations broad
distributions of length of conjugation.
Theoretical studies of the mechanism of electropolymerization of substituted
thiophenes
Tools from theoretical chemistry can be combined with spectroelectrochemical
data yielding insights going well beyond empirical correlations provided by e.g. the
Hammett relationship [10, 53, 54]. In a study of the electrooxidation and –polymerization as
well as subsequent doping/dedoping in both n- and p-doping regime we have applied
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semiempirical calculation methods and DFT to predict trends in monomer and polymer
properties. A selection of 3-(p-X-phenyl) thiophene monomers (X= -H, -CH3, -OCH3, COCH3, -COOC2H5,-NO2) as depicted in figure 7 has been electrooxidized yielding
polymer films which were subsequently p- and n-doped electrochemically

[9, 10, 46, 37]

.A

correlation between oxidation potential and Hammett constant σp yields a less than
satisfactory result (figure 8). With respect to p- and n-doping correlations were not
substantially better, i.e. their predictive value remains limited. Taking into account that
both inductive and resonance effects contribute to σp separate correlations were tried
without substantial improvement. In addition, the fundamental limitation of the
Hammett-concept remains: it is limited to aromatic compounds having substituents. As
a first step away from this inherent limitation we have calculated semiempirically heats
of formation ∆Hf of the radical cations obtained in the initial monomer electrooxidation
step (as previously used in a large selection of heteroatom-containing ligands
frequently employed in organometallic chemistry

[53]

). The correlation – now free from

assumptions regarding identity etc. of the involved compound and availability of
experimental data – showed an only slightly better correlation. Variations in
assumptions regarding properties of, e.g., the molecular environment (solvent, see
figure 9) resulted in no significant improvement. A significantly better correlation was
obtained between the energies of the HOMOs of the thiophenes (displayed in figure 10
as ionization energies Ei, the ionization energies§§ Ei were assumed to be equal to the
HOMO energies based on Koopman’s theorem (for a thorough discussion of this
somewhat controversial subject see e.g. [56, 57])) and the oxidation potentials.

X

X

S

S
No.
1
2
3
4
5
6

n
X
–H
–CH3
–OCH3
–COOC2H5
–COCH3
–NO2

Figure 7: Investigated thiophenes.

§§

The terminology is confusing. Ionization energies are frequently used to denote the energy
needed to remove an electron from a single atom, whereas ionization potentials seem to be
used for the respective process involving polynuclear species. In agreement with current recommendations of IUPAC [55] we use the suggested symbol Ei.
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202

Figure 10: Plot of the oxidation potentials of the monomers against the HOMO energy.

Polypyrroles prepared via host-guest chemistry

Properties of ICPs as elucidated with electrochemical, spectroelectrochemical
and numerous other methods obviously depend strongly on the experimental
parameters set during their polymerization. A characteristic feature of ICPs prepared
both via chemical and electrochemical routes is a rather broad distribution of chain
lengths. In case of electropolymerization this seems to be related to the rate of radical
cation formation. High rates, i.e. high anodic currents obtained by applying very
positive electrode potentials, result in a large rate of oligomer nucleation and
consequently a limited subsequent chain growth. Reduction of the rate of radical
formation can be achieved obviously quite easily, this will result in a low rate of
polymerization, in the worst case the polymerization will not start at all. Attempts to
obtain more narrow chain length distributions include – besides the use of multiple
phase systems (emulsions)

[58]

– the use of concepts of supramolecular chemistry.

Molecules like pyrrole or thiophene can be loaded into the internal cavity of
cyclodextrins (CD's)

[59]

. These are cyclic glucopyranose oligomers having a toroidal

shape. The α-, β- and γ-cyclodextrins contain six, seven or eight glucose units,
respectively, and exhibit conical structures with a hydrophobic internal cavity and a
hydrophilic exterior caused by the presence of hydroxyl groups. These compounds
have the ability to form inclusion complexes with guest molecules of the proper size [60]
as depicted schematically in figure 11. In case of monomer-loaded CDs this inclusion
has several effects during the electropolymerization which is still possible: It may
increase effective concentration of poorly water-soluble monomers in aqueous
solution. In particular with these monomers this opens a route to electropolymerization
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in aqueous solution instead of nonaqueous ones. Apparently it protects the radical
cation formed with the monomer still inside the cavity by removal of an electron upon
interaction between the inserted molecule and the electrode from nucleophilic attack of
the solvent; otherwise the formation of polymers from aqueous solution impossible
without CD or possible only with a dominant fraction of overoxidation just as a
consequence of this attack would not be reasonable when performing the same
electropolymerization with encapsulated monomers.

H3C

H3C

CH3

+

N

or

N

N

3-methylpyrrole
2,6-dimethyl-ß-cyclodextrin

- eH3C

+

N+

or

N

xn

CH3

CH3

CH3
N

N
N

N
CH3
Figure 11: Schematic of the formation of CD-inclusion compounds

During electropolymerization by applying a cyclic electrode potential sequence
(just as in CV) the oxidation peak associated with conversion of the pyrrole monomer
into the radical cation a current peak is observed (see figure 12) which shifts towards
more positive electrode potentials during subsequent cycling. The peak observed with
the encapsulated monomer is observed at slightly more positive electrode potentials
indicating some inhibition of the charge transfer. In nonaqueous solutions the current
peak associated with monomer oxidation of 3MPy and (3MPy-β-DMCD) is less obvious
(see figure 13) and hardly separated from the current associated with electrolyte
solution decomposition. Again the oxidation is impeded somewhat with the
encapsulated monomer as implied by the diminished current.
The redox behavior of the polymer films obtained with all studied monomers is
significantly affected by the inclusion although no evidence of the presence of CD in
the polymer has been found (neither as a constituent of a composite material nor as
host of a polymer chain stringed within the CD). In reports by other authors only
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CH3

circumstantial evidence of the presence of CD in various thiophene-related polymers
has been reported

[61]

, no evidence of grafting of CD on the polymer chains of these

polymers has been presented in this report or elsewhere

[62, 63]

. Results of studies with

an electrochemical quartz microbalance obtained with bithiophene and hydroxypropylβ-cyclodextrine seem to indicate the presence of a small amount of CD in the polymer,
but no convincing evidence of grafting was obtained, instead cyclodextrine insertion by
chain encapsulation was suggested. Claims of CD-grafting presented recently [64] could
not be substantiated.
CVs of polymers of 3MPy and (3MPy-β-DMCD) during polymerisation as
displayed in figure 14 demonstrate the formation of redox active polymer films with the
encapsulated monomer showing only a slightly lower rate of growth. The current peaks
observed with poly-3Mpy are narrow as compared to those observed with poly(3MPyβ-DMCD). Taking the electrode potential where a segment of the polymer chain is
oxidized as a measure of the respective HOMO-energy a narrow peak implies a
narrow distribution of HOMO-energies and thus of length of conjugated segments.
Apparently based on these electrochemical data the distribution is broader with
poly(3MPy-β-DMCD). These differences are illustrated in figure 15 with polymer filmcoated electrodes in supporting electrolyte solution only. This simplified approach
towards understanding peak shapes and their changes in cyclic voltammograms
assumes the presence of discrete species in solution with discrete HOMO-energies.
The development of a peak in a CV depends instead on further complicating
contributions, in particular diffusion of species and evolution of concentration gradients
at the electrochemical interface. In case of ICPs the situation is even more complicated
because of the presence of a more or less extended interphase at the electrochemical
interface. The peak shapes frequently observed differ substantially from those
observed with dissolved species, details have been discussed previously elsewhere [65,
66]

. Accordingly the explanation of the change in peak shape observed here as being

indicative of a changed distribution of length of conjugated segments is speculative at
best.
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Figure 12: Cyclic voltammograms of a gold electrode in solutions of 0.1 M pyrrole

(solid line) and 0.05 M pyrrole-cyclodextrin (dashed line) in an aqueous solution of 0.1
M LiClO4, dE/dt = 50mV/s-1.
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Figure 13: Cyclic voltammograms of a gold electrode in a solution of 3MPy*** (solid

line) and (3MPy-β-DMCD) complex (dashed line) in acetonitrile + 0.05 M LiClO4, - 0.20
< EAg/AgCl < 1.10 V, dE/dt = 50 mV·s-1.
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More reliable information may be gleaned from UV-Vis spectroscopy. A
comparison of spectra obtained both with poly-3MPy and poly(3MPy-β-DMCD) (figure
16) shows three absorption features. A is assigned to the π→π*-transition. B is due to
the high-energy polaronic transition

[67]

(as displayed in the schematic (figure 17) this

transition refers to excitation from the valence band into the anti-binding (upper)
polaron state

[68]

). C (not to be confused with C’) as observed with significant intensity

only at higher degrees of oxidation/doping is caused by a transition from the valence
band into the lower bipolaron band, a more detailed discussion has been provided
elsewhere

[13]

. With poly-3MPy the absorption peak is well within the visible region of

the spectrum indicating a much shorter length of conjugation as for poly(3MPy-βDMCD) with the maximum in the NIR-region. The considerable blue-shift of the former
absorption with increasing electrode potential indicates formation of radical cations with
successively shorter conjugation length at higher electrode potentials indicating a
significantly broader distribution of chain lengths. With poly(3MPy-β-DMCD) the very
weak absorption C shows a small shift only, the absorption shoulder observed at the
long-wavelength edge of the spectrum seems to indicate such a shift also. Because
the absorption maximum in the latter case is located in the NIR a verification was not
possible in this study. Apparently the major absorption related to the presence of
bipolarons is in the NIR-range indicating longer conjugated polymer segments formed
with the encapsulated monomer. At first glance it is tempting to correlate this with the
electronic conductance. The macroscopically measured conductance is a convoluted
property depending on the concentration of mobile charge carrier (which may be
measurable with UV-Vis spectroscopy in case all charge carriers show a well defined
absorption band caused exclusively by their presence) and the mobility of

these

charge carriers (along the molecular chain, this step may indeed be related with
conjugation length with a greater length improving undisturbed mobility, and between
molecular strands in fibrils and between fibrils, for a detailed discussion see references
[6,69]). Thus it might be assumed that poly(3MPy-β-DMCD) shows a higher
conductance. Actually the conductance is slightly lower in the doped state

[13]

. This

does not necessarily contradict the line of argument given above, because the
obtained data are not specific ones (conductivity) and because the length of
conjugation is just one factor.
It seems noteworthy at this point to address two different features in both CVs
and UV-Vis spectra related to the distribution of conjugation lengths. A broad UV-Vis
absorption band is indicative of a spread of energies of the involved lower as well as
upper states with a more narrow distribution of energies in either one or both states
resulting in a sharper absorption band [44]. A shift of the band maximum (irrespective of
the band shape, its width) as a function of applied electrode potential (i.e. state of
oxidation/doping) implies a more or less extended variation of HOMO-energies, from
the HOMOs electrons are removed upon electrooxidation. Thus a shift (practically
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always for obvious reasons a blue-shift) detected with UV-Vis spectroscopy is
indicative of a distribution of length of conjugation more reliably than the width of the
current peak in the CV.
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Figure 16:
Left: UV-Vis-spectra for P3MPy deposited potentiodynamically by cycling the poten-

tials from -0.20 < EAg/AgCl < 1.10 V in solution of 0.038 M 3MPy in acetonitrile + 0.05 M
LiClO4 at different oxidation stages.
Right: UV-Vis-spectra for poly(3MPy-β-DMCD) deposited potentiodynamically by cy-

cling the potentials from - 0.20 < EAg/AgCl < 1.10 V in solution of 0.038 M poly(3MPy-βDMCD) in acetonitrile + 0.05 M LiClO4 at different oxidation stages.
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With poly-N-methylpyrrole (PNMPy) and poly(NMPy-β-DMCD) verification is
more straightforward. UV-Vis spectra displayed in figure 18 show again three
transitions which can be assigned in exactly the same way as above. The long
wavelength transition observed with PNMPy is at the edge of the spectrum implying a
rather large length of conjugation. Upon oxidation the onset of this band and thus
presumably the band itself seems to blue-shift somewhat indicating said distribution of
chain length. With poly(NMPy-β-DMCD) peak position and width remain almost
completely unchanged upon oxidation (doping) indicating a very small dispersion of
HOMO-energies and thus length of conjugation.
Encapsulation of pyrrole monomers has – although CD is not present in the
polymers according to our knowledge – a significant influence on the polymer. As
discussed elsewhere[12,13] this can be rationalized taking into account the
electropolymerization mechanism. As already implied by the slightly higher oxidation
potentials of the encapsulated monomers and the associated anodic currents being
somewhat lower the monomers have to be released from the CD, this process appears
to be slow. It limits consequently the local concentration of free radicals in front of the
electrode available for chain initiation and continuation (and also for detrimental
nucleophilic attack by other solution constituents) resulting in a more “orderly” chain
growth and thus a more narrow distribution of chain length. The actual average chain
length may differ substantially between various polymers as demonstrated above.
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Figure 18:
Left: UV-Vis-spectra of an ITO-electrode coated with PNMPy in a solution of
acetonitrile + 0.1 M LiClO4 deposited potentiodynamically with - 0.20 < EAg/AgCl < 0.90 V
in a solution of acetonitrile + 0.1 M LiClO4 at different electrode potentials.
Right: UV-Vis-spectra for poly(NMPy-β-DMCD) films in a solution of acetonitrile + 0.1
M LiClO4 deposited potentiodynamically with - 0.20 < EAg/AgCl < 0.90 V in a solution of
acetonitrile + 0.1 M LiClO4 at different electrode potentials.
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Conclusions
Using suitable combinations of complementary electrochemical, spectroscopic
and theoretical methods deeper insights into structure-property relationships of
intrinsically conducting polymers can be identified. They are corroborated by results of
theoretical treatments which – despite there apparent limitations – may provide venues
to more rational planning of synthetic experiments and tailored polymers.
In case of furan-thiophene copolymers optical data were used to elucidate redox
thermodynamics of the homo- and copolymers. The observed trends in formal
potentials fit well with results obtained from non-stationary studies of these polymers.
Electropolymerizsation of unsubstituted and substituted thiophenes proceeds via
radicals. Using DFT radical intermediates, in particular their internal spin density
distribution, can be studied. Polymer structures proposed on he basis of these calculations match very well experimentally observed ones supporting the suggested
reaction mechanism.
Using cyclodextrins as host for both unsubstituted and substituted pyrrole
intrinsically conducting polymers can be obtained both from aqueous and nonaqeous
electrolyte solutions. The involvement of the host – which is apparently absent from the
polymeric product – results in changes of the distribution of conjugation length (i.e. the
optical properties) of the polymer which can be straightforwardly understood based on
an encapsulation equilibrium between host and guest preceding the electrooxidation of
the monomer.
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