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A multiscale model to simulate large scale morphologies and
study charge transport in polypyrrole is developed. First, abinitio methods are used to derive an atomistic force field.
Coarse graining of this atomistic model is then performed. At

a final stage, the analysis of simulated morphologies allows
to split polymer chains into conjugated segments, which can
further be used to simulate both inter- and intrachain charge
dynamics.
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1 Introduction Historically, polypyrrole is probably
the very first polymer reported to have good conducting
properties when oxidized [1]. It is easy to synthesize and
handle; conductivities up to 300 S cm -1 were reported in
the oxidized state. The structure and therefore the conductivity of polypyrrole heavily depends on the processing.
The extreme insolubility of polypyrrole in organic solvents
hinders detailed structural analysis. Therefore, much about
the physical properties and structural characteristics is not
well understood and reports are often contradictory [2]. An
experimental overview of electrochemistry of conducting
polypyrrole films is given in Ref. [3]. Here we mention
only the main and rather sparse theoretical contributions to
the field.
The effect of doping on the geometric and electronic
structure has been studied in pioneering works of Brédas
et al. [4, 5]. It was shown that for high doping levels bipolaron bands are formed, confirming experimental observations of the spinless nature of charge carriers in the highly
doped state. Similar analysis was performed using density
functional approaches [6, 7]. The hopping transport picture
and underlying parameters were analysed for pyrrole oligomers by Hutchison et al. [8]. The stability of oligomeric
PPy structures bonded through α and β carbons was studied by Yutsever. It was shown that PPy is able to form
branch like structures [9, 10].
At the atomistic level of description, OPLS-AA force
field parameters were derived for liquid pyrrole by Jorgen-

sen et al. [11]. Molecular dynamics (MD) simulations of
solvated reduced and oxidized polypyrrole were performed
by Cascales et al. [12, 13]. In these simulations, the standard
GROMOS torsion potential connecting repeat units was
used for the neutral as well as the doped polymer. Apart
from the fact that this potential contradicts recent quantumchemical calculations [14], in what follows we show that it
differs significantly for doped and oxidized states.
Hence, the first important task on the way of modelling
large-scale PPy morphologies is the development of a reliable atomistic force field, with appropriate parameters for
the torsion potential and correct partial charge distributions
in reduced and oxidized states. This is the first part of this
work. Our final aim is, of course, to relate conductivity/
charge mobility to the underlying morphology. This is a
true multiscale problem: local hopping rates for charge carriers are very sensitive to specific chemistry and local conformations. At the same time, such macroscopic properties
as mobility and conductivity depend on the path a charge
takes and therefore on the large scale morphology of the
whole sample. However, these morphologies cannot be obtained using standard atomistic molecular dynamics due to
limitations imposed by equilibration times as well as system size. A coarse-graining technique which remedies the
situation is the topic of the second part of this contribution.
Finally we discuss our future plan for modelling charge
transport in the simulated morphologies. The transport
model we utilise is temperature activated polaron hopping,
© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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as described in non-adiabatic high-temperature Marcus
theory.
2 Atomistic model Our first step is to set up a reliable atomistic model of PPy. As a starting point, we used
the OPLS-AA force field, which is based on the force field
parameters of pyrrole monomers [11]. The parameters of
the dihedral and improper potentials connecting repeat
units are of course not available in the standard force field.
Ab-initio calculations were performed to derive them. In
what follows, we describe the procedure for the dihedral
potential; the improper potential, which keeps the bond
connecting two adjacent repeat units in their planes, was
obtained in a similar way.
The torsion angle θ of the N–C–C–N dihedral in 2,2′bipyrrole (see Fig. 1) was scanned and the torsion potential
was evaluated using B3LYP hybrid density functional and
6-311++G(3df,3pd) basis set. Calculations were performed
using GAUSSIAN package [15]. At each scanning step, the
dihedral angle θ was fixed at the value of interest while the
rest of the structure was optimized. The dependence of the
potential on the torsion angle is depicted in Fig. 1. To obtain the parameters of the dihedral potential from the abinitio potential energy, we took the optimized geometries
and let them further relax in MD, again constraining the
dihedral angle and with its parameters set to zero. The
force-field based potential energy of these relaxed contributions was then subtracted from the potential energy
curve provided by ab-initio calculations. Note that the direct fitting, without the subtraction, is a common mistake
which leads to a double counting of those energy contributions already taken care of in the existing atomistic model,
such as bond, angle, improper dihedral, Coulomb and Lennard-Jones interaction potentials. Another, more subtle
problem is that the minimum energy conformation in the
atomistic model has small deviations compared to the
quantum chemically optimized structures. To avoid this
mismatch the ab-initio structures are relaxed in MD with
the constraints imposed during the ab-initio optimization.

Table 1 Fitted values for the N – C – C – N Ryckaerd – Belleman
dihedral connecting two repeat units. All values are given in
kJ/mol.
C0

– C1

– C2

C3

C4

– C5

16.039

– 2.483

– 25.859

3.302

11.034

– 2.184

The relaxation in MD leads to barriers of equal heights
both in quantum chemical and atomistic simulations.
Without relaxation internal stresses (mainly due to improper dihedrals) would lead to lower barriers. Charges were
calculated using B3LYP/6-311G(d,p) and CHELPG [16]
fitting procedure in a chain of 8 repeat units.
A Ryckaerd–Belleman type potential was used to fit
the potential energy difference
5

Vrb = Â Cn (cos θ ) .
n

(1)

n=0

The fitted values are given in Table 1.
We shall also comment on the accuracy of DFT: Even
though DFT does not show perfect agreement with higher
correlated quantum chemical methods when applied to
judging rotational barriers in conjugated materials [17], we
judge that its accuracy is still sufficient in the case of
polypyrrole [14], given the other errors introduced in atomistic simulation.
To study the effect of doping on the force field parameters, we scanned the torsion angle of a charged chain.
Since the best conductivities are obtained for a doping rate
of one charge per three repeat units [18], we used a
charged tetramer and scanned around the middle dihedral.
Figure 2 shows the potential energy of the neutral and the
charged tetramer. It is clear that the barrier is increased and
the planar configuration is favored when the polymer is
doped. This high barrier cannot be reproduced by the previously used atomistic models, even if the charges are adjusted to the doped case. Moreover, for a doped polymer,
partial charges of the atoms do not increase homogene-
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Figure 1 (online colour at: www.pss-b.com) Potential energy curve for a 2,2′-bipyrrole as a function of the dihedral angle θ. Squares:
density functional data, B3LYP/6-311++G(3df,3pd). Circles: fitted dihedral potential with the rest of the parameters taken from the
OPLS-AA force field.
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Figure 2 (online colour at: www.pss-b.com) Energies, when a
pyrrole tetramer is rotated around the middle bond, are compared
in the undoped (black line) and doped (blue line) case.

ously: the whole distribution along the chain changes.
Hence, both the dihedral potential and partial charges
should be adjusted in order to correctly describe doped
chains. The chemical reason for the increase of planarity in
PPY upon doping is the quinoid structure of oxidized PPY,
i.e. double bond character of the bond connecting successive monomers. When an oxidized oligomer is forced to
aquire a twisted conformation the molecule will find itself
in a diradical state which cannot be properly described by
ground state theories such as DFT. Having said this, it is
also clear that small deviation from planarity (where
diradical formation can be assumed not to play an important role) results in much larger potential energies in the
oxidized than in the reduced states: DFT cannot give correct quantitative estimates of the rotational barrier in
charged PPY but can certainly describe the general trends:
a reduction in bond length of the inter-monomer bond and
a massive increase in stiffness.
3 Coarse graining Atomistic simulations are limited
to a small number of atoms and/or short timescales. To
dihedral distribution
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overcome these limitations, various coarse graining techniques were developed over the past years [19–25]. The
idea of coarse graining is to integrate out as many degrees
of freedom as possible while still being able to reproduce
the important properties of the system.
Here we follow the idea of Tschöp et al. [21]. The
model averages out all fast internal degrees of freedom by
mapping groups of atoms to coarse grained beads. For the
polypyrrole, we use a 1:1 mapping scheme where one
chemical repeat unit is mapped onto one bead (see Fig. 3).
Centers of mass of repeat units without the hydrogens were
used as centers of the beads. Beads are connected by bond,
angle and dihedral potentials. Coarse grained potentials
were derived using the inverse Boltzmann method
[21]. Phase space was sampled by a stochastic dynamics
simulation of an isolated atomistic chain in vacuum. Thus
the distribution of states is in the canonical ensemble. All
non-bonded interactions that correspond to 1–5 or further
interactions in the coarse grained scheme were excluded. Closer non-bonded interactions were considered
since they are a part of the bonded interactions in the
coarse grained model.
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Figure 3 (online colour at: www.pss-b.com) Mapping scheme
for PPy. On the coarse grained level, each monomer is described
by one bead (green spheres). The beads are connected by bond,
angle and dihedral potentials.
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Figure 4 (online colour at: www.pss-b.com) Probability distribution (left) and potential (right) for the dihedral potential that connects
the beads in the coarse grained model is plotted at 200 K (black), 300 K (blue) and 400 K (red). The potential was calculated by
Boltzmann inverting the probability distribution followed by a smoothing step to filter noise. With increasing temperature, the probability distribution broadens but the corresponding potentials do not change much. This fact is not compulsory since entropic contributions can, in principle, change the potential and are temperature dependent.
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Figure 5 (online colour at: www.pss-b.com) Left: radial distribution functions of an atomistic melt of monomers mapped onto coarse
grained beads for 200 K, 300 K and 400 K. Right: the radial distribution function at 400 K was fitted to the coarse grained model using
iterative Boltzmann method. Good agreement was achieved after 10 iterations.

The coarse grained conformations with the yet unknown potentials also sample a canonical distribution, and
are thus Boltzmann distributed. Assuming that the bonds,
angles and dihedrals are independent and factorize, i.e.
P (r , ϕ , θ ) = P (r ) P(ϕ ) P(θ ) ,

(2)

their potentials can be calculated separately by inverting
the Boltzmann distribution
U (r ) = - kBT ln P(r ) ,

U (ϕ ) = - kBT ln P(ϕ ) ,

mann inverted radial distribution function
U AA (r ) = - kBT ln g (r ) .

(4)

However, this expression is exact only in the limit of an infinitely dilute system, but can be used as a starting point to
iteratively improve the potential of coarse-grained beads
U i +1 (r ) = U i ( r ) + kBT ln

gi (r )
g (r )

(5)

till convergence is reached. Figure 5 compares the radial
U (θ ) = - kBT ln P(θ ) .
(3) distribution function obtained using the initial guess, the
rdf after 10 iterations, and the target rdf. Note that this
The distributions and Boltzmann inverted potentials of the method can be used to derive non-bonded potentials for
pyrrole monomers and in principle one has to study a set of
dihedral are plotted for different temperatures in Fig. 4.
Analyzing the distributions we found that in the oligomers to account for connectivity effects. This work is
coarse grained model bonds are very stiff; to a good ap- in progress.
To summarize, we have developed a coarse-grained
proximation one can use constrained bonds of length
0.377 nm. The angle potential was fitted with a harmonic model which can be used to study large-scale morpholopotential (ϕ 0 = 140 deg , k = 600 kJ/mol/rad 2 ) while tabu- gies of PPy. Generated morphologies will, of course, delated potentials were used for the coarse grained dihedral scribe correctly only the global conformations of mesophases, due to intrinsic approximations of coarse-graining.
potential. All values were derived at 300 K .
To calculate the non-bonded potentials, the iterative However, the coarse grained morphology can be mapped
inverse Boltzmann method (IBM) [20, 24] was used to back to atomistic resolution. Followed by a short atomistic
match the radial distribution function (rdf) of liquid pyrrole. equilibration it will allow for large scale morphologies
Rdfs were calculated based on trajectories of atomistic MD with atomistic level of details [26], suitable for studying
simulations at different temperatures. A box of 512 pyrrole charge transport in PPy.
monomers was first equilibrated in a NPT run (Berendsen
4 Outlook The aim of this work is to model charge
thermo- and barostat) at 1 bar and 200 K, 300 K and
400 K followed by a production run in the NVT ensemble. mobilities and conductivity in polypyrrole. The context
Monomers were mapped to coarse grained beads and the within which we will work is that of temperature activated
rdfs were calculated. The rdfs, which are shown in Fig. 5, polaron hopping, as described in non-adiabatic highreflect the ellipsoid-like shape of the pyrrole monomers: temperature Marcus theory. In this model charge hopping
at 400 K , the first peak is slightly deformed. With decreas- rates are determined by three parameters: the reorganizaing temperature, this peak splits up into two smaller peaks, tion energy (a measure of the polaron localization energy),
due to differend relative orientations of neighboring the transfer integral (a measure of the strength of electronic
coupling) and finally the difference in free energies before
monomers.
Based on the rdfs, the coarse grained potentials can be and after charge hops. One of the fundamental assumptions
derived iteratively. A reasonable initial guess is the Boltz- underlying non-adiabatic theory is that the polaron local© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ization energy, that is the energy gained in localizing a
charge, is smaller than the electronic coupling. This is
probably always true for intermolecular hops in a conjugated polymer, but is most certainly not true in the case of
intramolecular hops. For this purpose we propose to segment the polymer into conjugated segments and consider
those as our charge transporting units. The reorganization
energy [8] and site energy will then primarily depend on
the spatial extension of the conjugated segment, whereas
the electronic coupling will primarily depend on the molecular overlap between adjacent conjugated segments.
Several potential difficulties will be considered: coarse
grained simulations will be used to determine the timescale
on which conjugated segments change length. We will also
consider the influence of the change in stiffness of torsional
potentials upon charge dynamics. Another issue to be investigated is the role of bipolarons [4, 5] in hopping, while it is
known that doubly charged spinless excitations are involved in the charge transport it is not yet clear how these
excitations travel: do they hop “at once” or in two stages?
Having determined charge transport parameters, mobility can be simulated using numerical techniques such as
kinetic Monte Carlo or by solving the Master Equation for
charge hopping.
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