Available online at www.sciencedirect.com

ScienceDirect

Journal of
Electroanalytical
Chemistry

ELSEVIER Journal of Electroanalytical Chemistry 614 (2008) 49-60

www.elsevier.com/locate/jelechem

Capacitance, spectroelectrochemistry and conductivity of polarons
and bipolarons in a polydicarbazole based conducting polymer

Zvika Pomerantz?®, Arie Zaban?®, Subrata Ghosh?®, Jean-Paul Lellouche?,
Germa Garcia-Belmonte °, Juan Bisquert ™*

& Department of Chemistry, Bar-Ilan University, Raman-Gan 52900, Israel
® Departament de Fisica, Universitat Jaume I, 12071 Castelld, Spain

Received 10 August 2007; received in revised form 5 November 2007; accepted 8 November 2007
Available online 21 November 2007

Abstract

The paper discusses the interpretation of electrochemical and spectroelectrochemical measurement of charging and transport of elec-
tronic species in conducting polymers, as a function of the polymer potential. The charging is accessible via two independent methods of
measuring the chemical capacitance, C,: electrically, by cyclic voltammetry (CV), and optically, by the light absorption. The conductiv-
ity, o, is measured by the microband electrode method. We formulate the models of the chemical capacitance for the formation of pola-
rons and bipolarons in the presence of Gaussian disorder in the energy levels. This gives rise to the appearance of either one or two broad
peaks in CV, depending on the formation energies of the polaron and bipolaron species. We also discuss the interpretation of the dif-
fusion coefficient D, and conductivity in the presence of a broad disorder. We find that the relation ¢ = CD,, is generally valid, and
application of the generalized Einstein relation allows us to find also the properties of the carrier mobility, u,. A decrease of the mobility
at very high carrier densities is expected because the density of states (DOS) is finite, and the transport is limited by the decrease of avail-
able empty transport sites. The observation of separate capacitance peaks for polarons and bipolarons is reported in a polydicarbazole
based conducting polymer, namely poly[2,6-bis-carbazole-9-yl-hexanoic acid pentafluorophenol ester]. The measured conductivity dis-

plays the expected feature, on the basis of the model, of a decrease when the DOS is saturated at high oxidation levels.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Conjugated polymers are actively investigated for appli-
cations such as optoelectronic devices, organic electronics
and sensors. A number of methods have been used to
address the nature of charge carriers induced by electro-
chemical doping and the associated changes in the polymer
during oxidation-reduction: Cyclic voltammetry (CV)
[1,2], electrochemical impedance spectroscopy (EIS) [3,4],
in situ conductivity [5], EPR and spectroelectrochemistry
[6]. However, the interpretation of such measurements
raises several issues that are yet not completely understood.
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When a conducting polymer is oxidized electrochemi-
cally, the holes in the polymer chains are self-trapped by
the local polarization, creating polarons (P) which can
move only by carrying along the associated structural
deformation. Two polarons in a single polymer chain can
form a bipolaron (B), since the energy gained by forming
only one deformation may outweight the increased Cou-
lomb repulsion energy. The dependence of the P and B den-
sities on the electrochemical potential during oxidation of
conducting polymers can be described by a well known
model based on equilibrium among the neutral, P and B
states [1,6-8]. This model amounts to the statistics of
non-interacting carriers allowing for both single and dou-
ble occupation of sites in the lattice of localized sites [9].
The nature of the charge carriers at high doping levels
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has been debated, and it was pointed out [10] that © dimers
are a likely alternative to bipolarons in highly doped con-
ducting polymers, but here we base our analysis on the sim-
ple P-B model [8,10]. It is generally observed that the CV
of electronically conducting polymers is characterized by
broad non-Nernstian waves and a theory previously pre-
sented [11], directly related the broad shape of CV peaks
usually found to the Gaussian density of states (DOS) that
is characteristic of disordered organic conductors [12,13].
The relationship was confirmed in the interpretation of
CV peaks of polypyrrole [11] and the hole conductor
spiro-OMeTAD (2,2'7,7 -tetrakis( N, N'-di-p-methoxy-
phenyl-amine)-9,9-spiro-bifluorene) [14], see also the
review paper [15]. However, in these reports [11,14] a single
CV peak was observed. So far a conclusive interpretation
of separate P and B peaks using this model has not been
made, and this will be shown below, by combining CV
and spectroelectrochemistry measurements.

Since many of the applications of the conducting poly-
mers (light emitting diodes, lightweight batteries, etc.)
involve charge transport, the mechanisms governing the
electronic conductivity in these materials as a function of
the degree of doping are of outmost interest. Hole transport
is measured electrochemically by bridging a microband elec-
trode with the polymer [5]. The hole conductivity is given by

o = epu, (1)

where e is the elementary positive charge, p is the total hole
density and u, is the hole mobility. Over the years, an
increasing amount of evidence shows a general pattern
for the conductivity and mobility as a function of electro-
chemical doping [5,16-27]. At increasing oxidation levels,
o shows a large increase, then a saturation and decrease
at the more positive potentials [5,16-25], see Fig. 9d below.
Early reports [16,17] found that the conductivity ¢ follows
the shape of the CV, and also that the region of high con-
ductivity is a restricted window of oxidation potentials. In
addition, the mobility also shows a remarkable variation
on oxidation potential. At low to moderate doping levels
uy, exhibits a constant (or decreasing) region, while at high
oxidation levels, it first increases steeply, sometimes over
several orders of magnitude, and later decreases [23,28].
While the increase of the conductivity is a normal conse-
quence of the increasing levels of carrier density (p) by elec-
trochemical doping, the decrease at very high carrier
densities has received different explanations. Sometimes
the decrease of ¢ has been attributed to the degradation
of the polymer [23], while in other cases such effect has been
clearly discarded [20], since the maximum of ¢ was recov-
ered in an reduction scan. The decrease of conductivity
has also been attributed to structural modifications [18,24].

In general, charge carrier transport in molecular and
organic materials is dominated by charge localization
resulting from polarization of the medium and relaxation
of molecular ions. As a result of weak intermolecular inter-
actions, the carriers in these materials are strongly localized
on a molecule, and transport occurs via a sequence of

charge-transfer steps from one molecule to another [29].
The low mobility of the charge transport in polymers is
mainly due to the obstacle for carriers to travel to jump
over a neighboring chain. Even if the polymer chains are
well-ordered, macroscopic transport is impossible unless
the carrier can hop to avoid the chain break and defects
[30]. One of the objectives of the present work is to clarify
the meaning of the transport coefficients (mobility, diffu-
sion coefficient) measured by electrochemical methods in
such complex situations. It is important to remark that
experimental results on quasi-equilibrium CV and carrier
transport in conducting polymers, are strongly influenced
by the shape of the DOS, so both features have to be trea-
ted combinedly. In particular, our theoretical framework
quite naturally incorporates the idea that the saturation
of the DOS at high carrier densities prevents long range
transport of carriers, which was enunciated in some papers
[16,17,20] as the origin of the leveling and decrease of the
conductivity at high oxidation potentials.

In this paper, we discuss the electrochemical behavior of
a polydicarbazole based conducting polymer (di-Cbz-PFP),
namely poly[2,6-bis-carbazole-9-yl-hexanoic acid pentaflu-
orophenol ester]. The syntheses of the monomer (Fig. 1)
as well as detailed analysis of the polymerization process
was reported [31]. It was found that the polymer insulator
to conductor transition is highly affected by the nature of
the group on the chiral center [31,32]. In the case of di-
cbz-PFP, the oxidation potential of the PFP neighboring
carbazole (Cbz a in Fig. 1) was shown to shift positively
as a result of the highly electron attracting nature of the
PFP group. Consequently polymer charging and the fol-
lowing processes, like polarons—bipolaron transitions
(elaborated below), spread over a wide potential window.
We note that in previous publications [31,32] we relate
the high potential broad peak to oxidation of dangling
bonds, i.e. carbazole units that are not part of the polymer
backbone. However, new experimental data lead us to the
understanding that this broad peak relates solely to the for-
mation of bipolarons. Full analysis based on this concept
will be published in the near future. In brief, we found that
the broad high potential peak in the CV presents classic
spectral behavior of bipolaron as will be discussed later
on. Moreover, the basic shape of the CV did not change
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Fig. 1. Chemical structure of the monomer used in this study.
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by forced increase of the dangling units density of the poly-
mer. Finally, chemical manipulation of the polymer to
remove the PFP units shows correlation between the width
of the high potential peak and the bipolaron spectroscopy.

The structure of the paper is as follows. In Section 2 we
discuss the theoretical concepts for analyzing the electro-
chemical data in terms of the energy disorder. This allows
us to describe the capacitance of P and B species as a func-
tion of the electrochemical potential. The properties of the
conductivity and transport coefficients (diffusion coeffi-
cient, mobility), are discussed theoretically in Section 3.
Section 4 describes the experimental procedures, and Sec-
tion 5 is an analysis of the experimental results in terms
of the model outlined in Sections 2 and 3.

2. Equilibrium statistics and chemical capacitance

Here, we outline briefly the model of Ref. [11]for the anal-
ysis of CV peaks, to facilitate the interpretation of the exper-
imental results presented below. The polymer is considered
as a collection of N, conjugated chain segments per unit vol-
ume, each containing m monomers. These segments describe
the extension of polarons or bipolarons in the polymer chain,
so that each segment contains at most one charged excitation
(P or B). Taking the energy reference at the center of the gap
of width 2¢, the energy for adding an electron is &, = ¢, and
the energy for extracting an electron (adding a hole to the
valence band) is ¢, = —¢. When a hole is added to the poly-
mer, relaxation of the atomic positions will occur extremely
rapidly. The energy of the P formation, —e¢p, is lower than
that of the unrelaxed hole, ¢,. Further, the total energy of for-
mation of a double charged excitation (B) is —¢g [8,33].

Let p be the total density of holes in the form of pola-
rons and bipolarons, Er(p) the electrochemical potential
of holes, or Fermi level (n = Eg), and u(p) the chemical
potential. Note that

Ep =edp+ u (2)

where ¢ is the local electrostatic potential. In quasiequilib-
rium conditions, a change of the electrode potential modi-
fies the Fermi level as edV =dEg =du. The chemical
capacitance (per unit volume) is defined as [11]
dp

CH = 62 d_“ (3)
and it is related to the current per unit area in cyclic vol-
tammetry (CV), j, as [11]

J
- (4)
where s is the scan rate and L is the film thickness. In the

zero-temperature limit, the capacitance is related to the
DOS function as [34]

Cu = €’g(Er) (5)

This last approximation has a limited validity at low car-
rier densities in a Gaussian DOS, as discussed later in Fig. 3b.

Assuming first that only single occupancy (P) of the
localized sites is possible, all with unique energy ¢p, the car-
rier density is given by

P = Nyfp(EF, p) (6)
Here fp is the Fermi-Dirac function

1
Se(Er.ep) = T T (7)

where kg is Boltzmann’s constant and 7 is the temperature.
The chemical capacitance of polarons has the value

N

<€
Cu= kBTfP(l — fr) (8)

This is the standard form of the “redox capacitance” for
a nernstian species [35]. It forms a peak at the standard
potential (fp(170, ep) = 1/2), with a slope of 60 mV/decade
at the cathodic side. The carrier density and chemical
capacitance dependence on Fermi level are shown in
Fig. 2a. Note that Eq. (7) is equivalent to the Langmuir iso-
therm and takes also the form

L 9)

Er = kpgT'1
F = &p T kB nNs—p

The energy disorder that is characteristic of organic con-
ductors usually has the form of a Gaussian function [15,36]

N (e — &p)’
g) = exp |——=—— 10
g(e) N pl 0 (10)
The carrier density is found as
+00
p= [ slflEe e (1)

and chemical capacitance is

+00 d
C, = ez/ g(a)d—l{;(Ep, ¢)de

62 +00

Tkl | g(&)f (Er,¢)[1 — f(EF,¢)]de (12)

Fig. 3a and b show the charging properties of the Gauss-
ian DOS. In Fig. 3b it is observed that high (>10%) charg-
ing level, the capacitance reflects the shape of the DOS and
displays a parabolic form in semilog representation. This is
expected in the standard approximation, Eq. (5), used in
charging experiments to determine the DOS [13]. However,
at occupation level <1% the chemical capacitance diverges
from this approximation. This is because of the features of
the Gaussian DOS. At very low charging densities, the car-
riers agglomerate at the tail of the Gaussian distribution.
The mean energy of the carriers is independent of the
Fermi level, and has the value E,, = o3 /kgT, indicated in
Fig. 3a. For Eg < E,,, most of the hole carriers are symmet-
rically distributed around E,, and are, therefore, situated
between the Fermi level and the center of the DOS
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Fig. 2. Representation of several quantities for carrier accumulation and
transport by hopping between localized states in a material with a single
level of energy &,=0¢eV. Ey is the Fermi level potential. (a) Carrier
density and chemical capacitance. (b) Conductivity. (¢) Mobility and
chemical diffusion coefficient. The following set of parameters was used in
the calculation: Ny= 1.0 x 10" em >, T=300K, vy = 10"?s7".

[37,38]. Therefore, in the Gaussian DOS at Eg < E,, the
Boltzmann approximation can be used in Eq. (11). The car-
rier density is given by

—+00 7E
p= [x g(e) exp (—ngTF)ds

Ex En
=N —— 1
s XP <kBT 2kBT> (13)
and the chemical capacitance has the value
e’N, Ex En
= —_—— 14
Co =TT P <kBT ZkBT> (14)
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Fig. 3. Representation of several quantities for charge accumulation and
transport by hopping between localized states in a material with a
Gaussian DOS, according to the transport energy concept. Ef is the Fermi
level potential. (a) Carrier density and transport energy. The Gaussian
DOS is also shown in linear scale. (b) Capacitance and thermodynamic
factor. The thin dashed line is the capacitance according to the
approximation C, = e*g(—Ep). The thin line is the low density approx-
imation of Eq. (14). (c) Conductivity. (d) Mobility and chemical diffusion
coefficient. The following set of parameters was used in the calculation:
N,=1.0x 10" em™, g,=0eV, op=0.1eV, T=300K, vo=10"s"",
a=2x10"%cm.
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At low charging level the chemical capacitance (that is
the quantity determined in step charging experiments) does
not reflect at all the shape of the Gaussian DOS, but
instead shows an exponential dependence on potential, as
shown in Fig. 3b.

The case in which both P and B can be formed upon oxi-
dation, corresponds to equilibrium ratios of the reactions
A P +e and P" — B"" + e where A is a neutral seg-
ment, with density ny= N; — np — ng. The distribution
functions are [11]

1
Jo(Ersep88) = T T e BT (15)
1

T 1+ 26w/ Er)/ksT 1 (en—cn—Er)/ksT

fB(EF,Sp,SB) (16)

The densities of P and B are given by
np = Nfp(EF, ep,e8), np = Nfp(EF,ép,én) (17)

If we describe the distribution of each species with its
own characteristic energy and width, the density of states
becomes

(E—ep) (E' —ep)

N
EE)=— -
g(E,E) 203 203

= €xX
2TCO'pO'B

(18)

The number of P and B are given by the expressions

+00
np :/ g(e, &) fp(Er, ¢, ¢)dede (19)
oo
ny :/ g(e, &) fa(Er, ¢ ¢)dede (20)
The chemical capacitances take the forms [11]
P 2 e / dfP / /
Ch=e g(E,E') = (Ep,E,E"YdEdE (21)
s dEE
B 2 e ! de / /
C’ =2e g(E,E) (Eg,E,E)dEJE (22)
g —00 dEF

The features of carrier density and chemical capacitance
in the above Gaussian disorder model for both P and B are
illustrated in Figs. 4 and 5. First, Fig. 4 shows a situation in
which the formation of a B is energetically favored over two
Ps, i.e. 2ep > &p. At low oxidation levels only Ps are formed,
since the single carriers are scarce and cannot aggregate, but
when the electrochemical potential approaches the value &g/
2, the recombination of Ps into Bs occurs and Bs dominate
the carrier distribution, Fig. 4a. Consequently the CV
mainly shows a unique peak of Bs, Fig. 4b, with the peak
broadness being determined by the energy spread of the
DOS, ag, see Eq. (5). Interestingly, the capacitance of Ps
displays a negative contribution, because their number
decreases while the electrochemical potential (i.e. the ther-
modynamic driving force for formation) increases.

The opposite case, in which the formation of P is ener-
getically favored (2¢p < ¢g) is shown in Fig. 5. Now the for-
mation of Bs is delayed in comparison with the former
example, but nonetheless it finally takes place. It is driven
by the entropic force associated with larger concentration
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of carriers in sites that is achieved by Bs in comparison to
Ps. The capacitance makes two consecutive peaks related
to P and B formation, and a third one that is caused by
the large negative capacitance of Ps in the high oxidation
region. It should also be pointed out that the relative stabil-
ity of one bipolaron vs. two polarons may depend on the
experimental conditions such as solvent and type of coun-
terions [10].

3. Carrier transport

The transport properties of conducting polymers are
highly dependent upon the structural disorder arising from
sample quality, doping procedure, and aging. Conducting
polymers generally display a rich variety in their morphol-
ogy, being partially crystalline and partially disordered. All
the electroactive polymers such as polypyrrole, polythio-
phene, polyaniline, poly(p-phenylene), etc. show an
extended localization in their polymer backbone, but disor-
der and one-dimensionality lead to localization of the
electron wave function. Even if the polymer chains are
well-ordered, localization occurs in the disordered regions.
Polarons move within the aggregates consisting of parallel
chains, which probably leads to the formation of metallic
islands. Since such domains may be considered as a
large-scale clusters of chains, charge transfer between them
to avoid the chain break and defects seems to dominate the
macroscopic conductivity of the polymer [30].

3.1. Mobility and diffusion coefficient

In the electron transport in metals or band semiconduc-
tors, a single transport level consisting of extended states is
well defined. Both the mobility u and the diffusion coeffi-
cient D are constant, and they satisfy the standard Einstein
relation

e
=—D 2
u kT (23)

In systems in which the transport is governed by hop-
ping between localized states, the situation is very different.
The rate of jumps between near sites (determining the dif-
fusion coefficient) depend critically on the distance, occu-
pation, and energy difference between the sites. These
factors may vary widely due to disorder, and change with
the position of the Fermi level, which determines the aver-
age occupancies of energy levels. It is also important to dis-
tinguish random walk displacement of single carriers from
the collective transport induced by macroscopic gradient.
A formalism recently presented [34] to determine the elec-
tronic transport coefficients from electrochemical measure-
ments, based on the formulation of Reed and Ehrlich [39],
is briefly outlined in the following, see Ref. [34] for details.

The random walks of an electronic carrier determine the
jump diffusion coefficient, that has the form

1/ (1 )
DJ6<<N;AH> > (24)

where Ar; is the displacement of the ith particle at time ¢,
and () denotes a statistical average. Dy can often be ex-
pressed, in three-dimensions, as

Dy =— (W {?) (25)

in terms of a mean effective jump frequency (v), and the
square of effective jump length (r?) [39,40]. On another
hand, experimental information on the fundamental jump
rates is often derived from the chemical diffusion coeffi-
cient, D,, that relates the flux J to the gradient of the
concentration

0
Jp =Dy a_i (26)

Routine electrochemical methods, based on a step of the
voltage (either in time or frequency domain), measure the
chemical diffusion coefficient, see, e.g. Refs. [41,42]. The
diffusion coeflicients D, and Dj differ by the thermody-
namic factor, y,

Dy = 1,D; (27)
p on
y — 2

which can be expressed with respect to the chemical capac-

itance as
e’p 1

, 29

=T G, (29)

The mobility, appearing in the conductivity, Eq. (1), is
proportional to the jump diffusion coefficient

_ eDJ

Uy =T (30)
The generalized Einstein relation has the form [34]
D
Uy = (31)
kB TXp
The conductivity in Eq. (1) can be expressed as
dp
2
=e'D,— 32
o e p d},l ( )
The conductivity can also be written [43]
g =D,C, (33)

The significance of Eq. (33) is that all three quantities con-
tained (conductivity, chemical diffusion coefficient, and
chemical capacitance) are separately measurable with elec-
trochemical methods.

In summary, the mobility and the chemical diffusion
coefficient have different dependencies on the electrochem-
ical potential, since they differ by the thermodynamic fac-
tor. The mobility, u,, is determined from the conductivity
and the total carrier density, while the chemical diffusion
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coefficient, D,, is directly measured by transient methods
such as EIS. D, can be also measured indirectly via Eq.
(33). It should be further remarked that the electrochemical
measurement of chemical diffusion coefficient of electronic
carriers by EIS needs special precautions, since the diffu-
sion coefficient of ions is preferentially observed when the
polymer is oxidized [3,44].

3.2. Single level model

Let us discuss the application of these concepts with a
very simple example without energy disorder [45], that
already shows some features observed in conducting poly-
mers. Carrier density and capacitance of a single energy
level ¢p, have been discussed in Fig. 2a. We consider the
transport of holes by hopping between the neighbor local-
ized sites. The mean effective jump frequency is

() = wo(1 = /o) (34)

where vy is the rate constant for hole hopping from an occu-
pied site to an empty site at the distance R = (NS)_I/ 3 [46].
Eq. (34) accounts for the fact that hopping probability de-
creases when neighbor sites become occupied. Therefore
jump diffusion coefficient is

D= (33)

and the mobility has the form

(I—/p) (36)

evy

Up (’1) = kB m2/3

Since the thermodynamic factor is y, = 1(1 — fp), the
chemical diffusion coefficient is a constant, D, = voR?, as
explained in Ref. [39], see Fig. 2c. Therefore the conductiv-
ity, given by Eq. (33), follows the shape of the chemical
capacitance. The peak of the conductivity, shown in
Fig. 2b, can be explained by the combined behaviors of car-
rier density and mobility. As the Fermi level increases the
density of holes increases until it reaches a constant level.
But then, the mobility starts to decrease because most of
the states have been filled.

This simple model shows that there is a correlation of
mobility and chemical capacitance, and also the important
feature of the saturation and decrease of the conductivity
usually observed in experiments, as discussed in the Intro-
duction. However, since the transport in organic conduc-
tors usually occurs through hops among localized states
characterized by a Gaussian distribution of site energies
[36], one should expect a more complex behavior of the
transport coefficients as a function of electrochemical
potential.

3.3. Gaussian disorder model
Transport in organic materials with a broad density of

states is described in terms of a hopping-percolation frame-
work [12,38,47,48]. Instead of hopping between sites with a

unique energy level, as in the former example, the transport
occurs by carrier jumps via localized states randomly dis-
tributed in space and distributed in energy as indicated in
Eq. (10). The aim of the models is to calculate the mean
effective jump frequency and jump distance, which allow
one to find the jump diffusion coefficient via Eq. (29),
and consequently the carrier mobility by Eq. (30). How-
ever, the disorder both in distance and energy space intro-
duces a very wide set of possible transitions between
localized states. Averaging over these configurations is usu-
ally very difficult and leads to complicated analytical
expressions.

In systems in which the DOS decreases rapidly with the
energy, the problem is considerably reduced by the concept
of transport energy [12,49,50]. In equilibrium conditions,
carriers jump from deep sites, where they are localized, to
shallower sites. For carriers situated deep enough energet-
ically, carriers most probably jump from the deep sites to a
hopping site that belongs to the transport energy of the
level E,.. The occurrence of the effective transport level
effectively reduces the hopping transport to multiple trap-
ping, with E playing the role of the mobility edge [51],
provided that the Fermi level is well below the transport
level.

Here we discuss, the model formulated by Arkhipov
et al. [52] that includes high carrier density effects. The
equation for the energy E, is

B g(E)(Ey — E)’ 6 (kT’
[ et e mmme e (a) 7

where « is the localization length. The average carrier jump
rate (v) is

R Fu g(E)
Oy =2 /, . T+ exp|(E — Ep)/kT]
X exp < EZB_Y"E> dE (38)

The average square jump distance, (), is found as

= [ etwa] . (39)

tr

We refer to Ref. [52] for the physical origin of these
expressions. It has been pointed out [53] that the jump fre-
quency in Eq. (38) should include the tunneling term
exp(—2r/a), however here we maintain the original formu-
lation of the model [52]. The equilibrium mobility is calcu-
lated with Eqgs. (25) and (30)

_e(m(r)
Uy == (40)

The results of this model for a Gaussian distribution are
shown in Fig. 3. Fig. 3a shows the transport energy, which
has the value 0.1 eV above the center of the DOS at low
carrier densities, and then shifts to higher energies as dis-
cussed in Ref. [52]. The conductivity traces a broad peak,
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Fig. 3c. At low carrier densities the mobility, shown in
Fig. 3d, exhibits a constant value, that is given approxi-
mately by the formula [48]

evy [ Ey Ey }

TtV P kT 2k T

up (41)

When the Fermi level increases, the mobility shows an
increase because of the decreased distance between the
Fermi level and the transport energy, that facilitates ther-
mally activated hops. This is a common feature in multiple
trapping models [45]. When the carrier density becomes
very high in Fig. 3d, the mobility declines. This is due to
the increasing localization of carriers due to the occupation
of the DOS, that reduces the number of sites available for
hopping. The effect is the same as that found in the simple
model of Fig. 2c. However, when the Fermi level is above
the center of the DOS the model of Eqgs. (38)—(40) is not
reliable, because the transport energy concept is not valid
at such high carrier densities [52].

The increase of the mobility depends strongly on the dis-
order parameter op. This is shown in the mobility variation
with respect to carrier density presented in Fig. 6 for sev-
eral op values. The increase of the mobility is even larger
if the DOS is a bimodal Gaussian, associated to more
and less ordered regions, as described in Ref. [52]. Another
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Fig. 6. (a) Conductivity and (b) mobility, calculated according to the
transport energy concept, as a function of fractional occupancy of a
Gaussian DOS, for different values of the width of the distribution as
indicated. The following set of parameters was used in the calculation:
N,=10x 10" cm ™3, T=300K, vo=10"s"", a=2 x 10"® cm.

effect that causes an increase of the mobility over several
orders of magnitude is the presence of traps, that is also
described by a bimodal Gaussian [54,55]. Shimotani et al.
[28] observed that the hole mobility in poly(3-hexylthioph-
ene) (P3HT) polymer films exhibits a sharp increase under
electrochemical doping, while in a field-effect transistor
measurement of the same material, the mobility shows a
much weaker dependence with the concentration. This
effect is attributed to the fact that the counterions in elec-
trochemical charging create deep coulombic traps that
broaden the Gaussian DOS. Further developments of the
Arkhipov model [56,57] explain the initial mobility
decrease observed in some electrochemical measurements
[58] in terms of deep Coulomb traps created by doping.

The transport model indicated so far has some limita-
tions for the quantitative interpretation of the electrochem-
ical experiments. The model of Fig. 2 neglects the energy
disorder, while the Arkhipov model of in Fig. 3 does not
adequately cover the region of decreasing conductivity at
high oxidation potentials, although the mobility decrease
at high carrier densities has been treated using a more
advanced approach [59]. In addition, these models are
restricted to a single kind of carrier and neglect the com-
bined transport of P and B species. However, these models
already provide a broad view of the features expected in the
conductivity, CV and diffusion coefficient during electro-
chemical oxidation of conducting polymers.

4. Experimental
4.1. General

All electrochemical and spectroelectrochemical experi-
ments described in this work were performed in three elec-
trodes cell. An indium doped tin oxide (ITO) electrode
(Delta-technologies, resistivity: 6-12 Q) was used as a
working electrode, an Ag/AgNOs electrode as a reference
electrode and a Pt ribbon as a counter electrode. All exper-
iments performed in Ar glove box atmosphere (H,O and
O, <1 ppm). For electrochemistry we used Echo Chemie
Autolab PGSTAT20 and PGSTAT30 (with bipot mode)
potentiostates.

4.2. Polymerization and Cyclic voltammetry
characterization

The polymer di-Cbz-PFP was deposited on the ITO
electrode by using cyclic voltammetry method. The poly-
merization solution contained 10 mM of the monomer in
highly grade 1:4 (v:v) dichloromethane—acetonitrile
(DCM:AN) solution and 0.16 M of tetrabutylammonium
perchlorate (TBACIO4) as a supporting electrolyte. For
polymerization we scanned the system four times between
0 and 1.4V at 50 mV/s, while increasing current from
one scan to another indicates the polymer growth. After
polymerization the working electrode has been washed
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intensively with clean AN to remove monomer leftovers
and dipped in clean dry solution of 0.2 M TBACIO, in
AN for the rest of the experiments.

4.3. In situ conductivity experiments

For in situ conductivity experiments we manipulated the
working electrode before the polymer deposition in the fol-
lowing way: We created a non-conducting gap (3 um
width) in the middle of the ITO working electrode all along
its length and by that we divided it to two individual ITO
electrodes (WE1 and WE2). To create the gap we ablated a
strip of ITO from the glass by using 355 nm ND:YAG laser
beam (JDSU, USA), focused by optic microscope (Olym-
pus AX70, magnification X60). We moved the electrode
slowly with an electric motor under the laser beam to con-
trol the gap length. We washed the electrode from ITO res-
idues and measured the resistance from one side to
another. The measured resistance between WEI1 and
WE?2 is always higher than 200 MQ, indicating the quality
of the gap.

To cover the ITO electrodes and the gap with the poly-
mer, we then shortcut both sides of the electrode with a
metal wire and performed the polymerization process
described above. We examine the electrode by high resolu-
tion scanning electron microscope to ensure the polymer
covers both sides of the working electrode and the gap
between it.

Measuring of in situ conductivity was done by supplying
constant potential to one side of the working electrode
(WE2) and increasing potential steps to the other side of
it (WE1l), ie. Ewg=Vi+AV, AV=0,510,15mV;
Ewg> = V7 [5]. We change from one step to another (on
WE1) when we identify that the current on both electrodes
changes very slowly (typically after 400s). The current
changes on WE2 (Alwg,) recorded at different AVs, origi-
nates from the current coming from WEI through the poly-
mer on the non-conducting gap. Plotting Alwg, vs. AV
gives 1/R (R is resistance) which is proportional to the
conductivity.

4.4. Spectroelectrochemistry

Spectra were taken by UV-vis—=NIR CARY500 (Varian)
spectrometer. Before starting the experiment we held the
polymer at —0.5 V for 30 min to ensure its neutral state.
To take a spectrum of the polymer at a specific potential
(e.g. V1) we linearly scan the polymer to ¥ and held it at
V| until we recognize that the current is relatively constant
(normally after 20-60 s). Then, we operated the spectrom-
eter and took an absorption spectrum at 350-1600 nm. We
assume that the absorbance of the polymer does not change
meaningfully during collecting the spectrum (ca. 1 min).
When collecting was over, we linearly scanned the polymer
back to —0.5V and held it there for 60s. We then per-
formed two scans of CV between 0 V and ¥}, to monitor
the polymer condition (whether it is still active or degraded

by over oxidation, etc.). We repeated these steps to
take spectra at potentials between 0.3 and 1.6 V at 50 mV
steps.

5. Results and discussion

The capacitive nature of the CV of conducting polymers
at sufficiently slow scan rates was already demonstrated in
Ref. [2] and has been further elaborated in terms of the
concept of the chemical capacitance, which is common to
many systems [15]. The capacitive response requires that
the voltage scan is slow enough for the film to reach equi-
librium at each state of charging. Fig. 7a shows the CV of a
di-Cbz-PFP film with thickness L =12 um and area
0.77 cm? at different scan rates. Using Eq. (4), the CV cur-
rents are converted to a capacitance as shown in Fig. 7b. It
is observed that the peak heights and positions at the slow-
est scan rates coincide well, so it can be concluded that the
film is in quasi-equilibrium conditions at these slow scan
rates and the CV current represents the chemical capaci-
tance of the polymer film.

— G mV/s
----------------- 12.5 mV/s
25 mV/sec
50 mV/sec
— — — - 100 mV/sec
15 4
i~ ia —
o
£ 101 P N\
2 7 N
E 5] by
; ] A T T T oy
5 0 == 7
s {1 = s
o N 7
@ ] ~ /
£ -10 4 ~ ~
&) ] PSS
'15-"I""l""l""l""l""
0.2 04 0.6 0.8 1.0 1.2
Voltage (V)
12 5
- 103 b T oy
E ] ’),d.\ N
o ]
= 5 1 o
4
8 49 /4
S 1
2 1
: 21/
Q :/
O 1 T T T T T T T T T T T T T T T T “
0.4 06 0.8 1.0

Voltage (V)

Fig. 7. (a) Cyclic voltammetry of di-Cbz-PFP film at different scan rates s
as indicated. (b) Representation of the capacitance per unit volume.
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In the absorption spectra, shown in Fig. 8, two absorp-
tion bands are developed with increasing potential, at 405
and 801 nm, followed by a third peak appearing in higher
potentials (>0.8 V) and located between the former two,
at 668 nm. At higher potentials, the later peak increases
while the former peaks decrease. This trend does not
change up to the highest potential used in this study
(Fig. 9a). We relate this spectral behavior to the creation
of polarons (P, 405 and 801 nm) and bipolarons (B,
668 nm) [10]. The n—=" transition of the neutral polymer
appears in higher energies (4 <350 nm) and is therefore
out of our spectral window.

Fig. 9 compares the different results obtained, as a func-
tion of the potential. Fig. 9a shows the number of P and B
inferred from the absorption spectra. By taking the deriva-
tive of Fig. 9a with respect to the potential, the chemical
capacitance of the separate P and B species is calculated,
Eq. (3), and is shown in Fig. 9b. The chemical capacitance
from CV data, Fig. 9c, cannot be separated into the P and
B components, but two well-separated peaks are observed.
Note that the separate peaks for P and B species are pre-
dicted in the model of Fig. 5. Also the negative capacitance
feature of P species indicated in Fig. 5 is observed in
Fig. 9b. Finally the conductivity is shown in Fig. 9d. ¢ dis-
plays the general features that are known from the litera-
ture and were discussed above: A region of increase at
increasingly positive potentials and then a decrease at very
high oxidation levels. In general the conductivity shows a
correlation with the capacitance of the film, and in fact
the first CV peak, interpreted as the maximum of P capac-
itance, is accompanied by a local increase on the conductiv-
ity, while the major increase of ¢ seems to be associated
with the B species. The decrease of the conductivity at
the more positive potentials is interpreted in terms of satu-
ration of empty hopping sites, as discussed in Section 3.
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It is observed that there is a very good correlation of the
peak locations in the three experimentally independent
curves (b), (c) and (d) of Fig. 9. This result strongly indi-
cates that both P and B species separately respond in the
three measurements. Especially the peaks in the spectro-
electrochemical capacitance (b) and the conductivity (d)
correlate very precisely. On another hand the CV capaci-
tance appears to be positively displaced about 100 mV.
This can be understood taking into account the different
conditions of the experiments, in which the spectra, the
CV, and the conductivity, where taken. As explained in
Section 4, the spectroelectrochemistry was done by doping
the polymer to a given potential and after taking the spec-
trum it was de-doped to (—0.5 V) and it was held there for
few tens of seconds. These conditions are kinetically much
better than cycling a fresh polymer two times at different
scan rates. Indeed it is observed in Fig. 7b that the posi-
tions of the capacitance peaks are not completely stabilized
at the slowest scan rates used. Moreover, considering the
lowest potential peak, the polymer was not yet doped to
high, damaging potentials (above 1.2 V, which can be seen
from the cycling efficiency, not shown) as it is in the CV
experiment. It is not surprising, then, that the CV experi-
ment presents worse doping kinetics than the spectroscopy
experiment. In terms of electrochemistry conditions, the
conductivity experiment resembles the spectroelectrochem-
istry, rather than CV measurements. In this experiment
also, the polymer is still fresh (it has not been continuously
scanned to high potentials), and the experiment is done
under steady state conditions (see Section 4), but the mate-
rial has not been de-doped to low potentials.

Using Eq. (33) we can calculate the chemical diffusion
coefficient Dp simply dividing the conductivity by the chem-
ical capacitance. The results are displayed in Fig. 10b. It
is observed that the general shape of the diffusion coeffi-
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Fig. 8. Absorption spectra of di-Cbz-PFP film at different potentials.
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cient shows a constant domain at low oxidation levels,
followed by and increase and later a decrease at higher
carrier densities. Following the model of Fig. 3b, the gen-
eral variation of D, observed in Fig. 10b can be interpreted
in terms of dominant transport of B, while the small
peak near 0.5V can be attributed to the transport of P.
However, we suggest that more work is needed to clearly
identify separately the diffusion coefficients of P and B
species.
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6. Conclusion

The electrochemical charging and transport properties
of conducting polymers have been described assuming a
set of characteristic features of these materials. (i) The for-
mation of polaron and bipolaron species. (ii) The disorder
broadening of the energy levels of the separate species. The
capacitance may shows different shapes according to the
formation energies of the separate species, that determine
their relative stability. Carrier transport consists the jumps
between a set of localized sites that show disorder both in
energy and spatial coordinates, and are furthermore mod-
ified by the Coulomb interactions induced by dopant coun-
terions. Therefore, detailed transport features require a
very complex description. However, some available models
describe important features of the characteristic behavior.
Importantly, the correlation between the capacitance and
the conductivity indicates that the peaks of both quantities
should occur approximately at the same potentials, and
this has been confirmed in the di-Cbz-PFP polymer used
in this study. The decrease of the mobility at high carrier
densities is explained by the exhaustion of empty sites for
hopping.
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