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Abstract: The growth of polypyrrole
generated by electrochemical oxidation
of the monomer was studied by two
modeling approaches. The first is based
on transition state calculations of suc-
cessive coupling reactions to yield the
polymer. The second evaluates the acti-
vation energy of coupling reactions by
means of the frontier orbital model. The
two methods predict a growth trend for
polypyrrole in agreement with the struc-
ture inferred from spectroscopic inves-
tigations and provide a description of
the electronic modifications induced by

the growth of the highly conjugated
structure. The first approach overesti-
mates electrostatic interactions between
the two reacting species, whereas the
second neglects these interactions but
exaggerates the importance of orbital
interactions. Combining these two ap-
proaches allows separation of the elec-

tronic effects and leads to general rules
for their evolution and their impact on
the growth of polypyrrole. A theoretical
framework capable of rationalizing sol-
vent and counterion effects in electro-
polymerization is proposed. The first
approach suggests a mechanism for
defect formation which excludes reac-
tions between a pyrrole radical cation
and a nonterminal monomer unit of an
oligomer chain. Oxidation of the succes-
sive oligomers at high doping levels is
shown to be a key factor for the growth
of long, regular polymer structures.
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Introduction

Considerable effort has been devoted to preparing electrically
conducting organic polymers which consist of chains with
alternating single and double bonds. They have been pro-
posed for applications in batteries,[1] biosensors,[2] protective
coatings for metals,[3] conductive photoresists,[4] optical
switches,[5] and electrochromic[6] and electroluminescent[7]

devices. However, they are difficult to characterize because
of their very low solubility in common solvents. For this
reason, their molecular structures have been proposed on the
basis of various surface-science spectroscopic techniques
(XPS, IR, Raman).

Electropolymerization is one of the most valuable techni-
ques for obtaining conductive polymers. The first step of the
process is a one-electron electrooxidation of the monomer,
which forms a very reactive radical cation in the vicinity of the
electrode. The polymer is generated by a succession of
coupling reactions involving this radical cation. While many
studies have been devoted to determining the properties of
these materials, only a few attempts have been made to

elucidate the mechanism of electropolymerization. Several
electrochemical studies on the dimerization step[8] led to the
conclusion that it involves coupling of two radical cations. The
subsequent coupling reactions which generate the polymer
are little known and are generally considered to be similar to
the dimerization step. Two pathways can be considered for the
synthesis of long polymer chains: monomer ± oligomer and
oligomer ± oligomer reactions. It is generally accepted that the
former is predominant, and several experimental observa-
tions, such as the structural differences between polypyrrole
and poly(bipyrrole) and the recent work of Barbarella et al.[9]

on the oligomerization of 3-(alkylsulfanyl)thiophenes, sup-
port this idea. However, it was also demonstrated that
terpyrrole, bipyrrole, and pyrrole radical cations have similar
lifetimes in acetonitrile[10] (rate constants for dimerization:
5� 108, 1.2� 109, and ca. 109mÿ1 sÿ1, respectively), whereas
tetrapyrrole has a much longer lifetime. Therefore, a contri-
bution of oligomer ± oligomer reactions to the growth of
polypyrrole cannot be excluded, and they presumably com-
pete with monomer ± oligomer reactions. Here we assume that
long polymer chains are obtained by successive monomer ±
oligomer coupling reactions; growth by oligomer ± oligomer
reactions will be addressed elsewhere.

Mechanism schemes, based on the spectroscopically deter-
mined structure, have been formulated with the mesomeric
forms of the radical cation generated by oxidation of the
monomer. However, such schemes give no indication of the
driving forces for bond formation and can neither predict the
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most reactive sites nor consider the elec-
tronic modifications that are induced by the
growth of a highly conjugated system.

Molecular modeling methods make it
possible to propose new mechanistic ap-
proaches, which, in association with spec-
troscopic techniques, are useful tools in
elucidating the polymer structure and in
understanding the factors which affect electropolymerization.
Few quantum chemical studies have focused on the polymer-
ization process.[11±16] Recently, the polymerization of aniline
derivatives was examined[16] by density functional calculations
and discussed in terms of the softness/hardness concept;
however, the study was restricted to the dimerization reaction.

Here the mechanism of electropolymerization is described
by means of molecular modeling. Quantum chemical calcu-
lations were used to describe the successive coupling reactions
between the monomer and oligomers of increasing length.
The first objective was to determine which method is
appropriate, in terms of calculation time and accuracy, for
the treatment of polymer growth. The methods were eval-
uated by running calculations on the synthesis of polypyrrole,
one of the best studied conducting polymers and one whose
structure is well known. Given that there are several potential
sites for attack of a pyrrole radical cation on oligomers of
increasing length, correct prediction of the regioselectivity of
each coupling reaction is crucial. Initially we restricted our
study to the formation of the protonated dicationic inter-
mediate (Scheme 1), because this step determines the regio-
selectivity of the process.[17] There is good theoretical and

experimental evidence that dimerization precedes deproto-
nation,[8, 18] and this mechanism is thermodynamically and
kinetically favored. The second objective was understanding
the factors that cause the dimerization reaction to follow a
mechanism involving the coupling of two radical cations
instead of one in which a radical cation attacks a neutral
monomer. Can we predict the experimental conditions that
will favor one of these two mechanisms? A third objective is
to understand chain ± monomer reactions. These are generally
regarded as being analogous to the dimerization reaction, in
spite of the fact that the electronic structure of the successive
oligomers must evolve as the chain length grows. Few
experimental data are available on these reactions, but
understanding them is crucial for determining the effects that
favor the synthesis of long, regular chains without structural
defects.

Methods of Calculation

The relative activation energies and hence the selectivities of the coupling
reactions at various reactive sites (from the Arrhenius equation, T�
298 K), were evaluated by two approaches.

The first approach was the calculation of transition states. The reaction-
coordinate procedure was used to explore the region of the potential
energy surface that contains a transition state (TS) by means of energy
calculations on the supermolecule formed from the two reactive species.
Owing to the size of the molecules to be handled (up to the hexamer), a
semiempirical method is required for TS searches. The AM1 method[19] was
prefered to PM3[20] since the latter predicts unrealistic partial charges on
nitrogen atoms, whereas AM1 provides reliable results for aromatic
compounds and gives good predictions of the dissociation energies of
radical cations.[21] All geometries were optimized without symmetry
constraints. Application of the semiempirical method AM1(UHF) to the
reaction between two pyrrole radical cations gave potential energy/
reaction coordinate curves of the same general form for the different
coupling sites. The energy barrier corresponds to a well defined transition
state since the diagonalized force-constant matrix contains only one
negative eigenvalue, and animation of the vibrations indicates that the
transition states connect the correct reactants and products, that is, bond
formation and bond breaking correspond to the forward and backward
reactions.[22] This approach required relative activation energies, which
were initially calculated at the semiempirical AM1 level, since semi-
empirical energies are generally adequate for determination of regiose-
lectivity.[23] The correlation energy was taken into account by combining of
semiempirical AM1 optimized geometries with MP2[24] and DFT single-
point calculations (MP2/6-31G*//AM1 and B3LYP/6-31G*//AM1). The
hybrid Becke3LYP method was used for the DFT calculations and was
preferred to MP2/6-31G*//AM1 for studying the polymerization steps since
it gives correlation effects at the cost of a simple ab initio calculation. This is
the Becke three-parameter functional[25] with nonlocal correction provided
by the LYP expression.[26] According to this procedure, absolute activation
energies are not calculated accurately, and it is assumed that errors in the
activation energies of two similar reactions are similar, so that the
calculated differences are significant. This must be kept in mind when
analyzing the results. Accurate computation of absolute energies remains a

Abstract in French: La croissance Ølectrochimique du poly-
pyrrole a ØtØ modØlisØe par deux approches thØoriques
diffØrentes. La premi�re repose sur le calcul des Øtats de
transition des rØactions de couplage conduisant à l'obtention du
polym�re. La deuxi�me Øvalue l'Ønergie d'activation des ces
rØactions dans le cadre du mod�le des orbitales fronti�res. Les
deux mØthodes prØdisent une structure pour le polym�re en
accord avec celle proposØe à partir des donnØes expØrimentales
et dØcrivent les modifications Ølectroniques induites par la
croissance de la structure conjuguØe. La premi�re approche
surestime les interactions Ølectrostatiques entre les esp�ces qui
se couplent alors que la seconde approche nØglige compl�te-
ment ces interactions et exag�re ainsi l'importance des inter-
actions orbitalaires. La combinaison de ces deux approches
permet donc de sØparer les effets Ølectroniques et conduit à des
r�gles sur leurs Øvolutions et leurs impacts respectifs pendant la
croissance du polypyrrole. Un cadre thØorique, susceptible de
rationaliser les effets de solvant et de contre ion dans les
processus d'ØlectropolymØrisation est ainsi Øtabli. Par ailleurs,
la premi�re approche sugg�re un mØcanisme de formation des
dØfauts dans le matØriau qui exclue les rØaction entre un radical
cation pyrrole et un oligom�re via un motif central de
l'oligom�re. De plus, les deux approches indiquent que
l'oxydation des oligom�res à des forts taux de dopage est un
param�tre essentiel de l'obtention de chaînes longues et sans
dØfauts structuraux.

Scheme 1.
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major challenge, requires excessive calcula-
tion times, and is beyond the scope of this
work.

The second approach evaluates the activa-
tion energy of the successive reactions that
lead to the polymer by means of the frontier
orbital model. In this strategy, calculation of
the electronic structure of the reacting
species involved in the growth of the poly-
mer is the only requirement and no infor-
mation on the transition states of the
reactions is obtained. The semiempirical
AM1 method was used with full geometry
optimization. Calculations were performed
with UHF and RHF methods. Both gave essentially the same results for the
major coupling of each step and for the overall trend as the oligomer length
increases. Since the frontier orbital model is derived from a Hückel
approach to the chemical bond, the restricted Hartree ± Fock results (RHF)
will be presented, although the unrestricted Hartree ± Fock method (UHF)
gives better results for radical structures.[27]

All semiempirical calculations were performed with the MOPAC 7
program. Gaussian 94 was used for ab initio and DFT calculations.[28]

Unless otherwise stated, all calculations refer to the gas phase. Solvent
effects were modeled by the AMSOL V5.4 software[29] with the SM2 and
SM4 solvation models[29] on the basis of the gas-phase optimized geometry.
Futhermore, for the dimerization of pyrrole by the the radical/substrate
mechanism, it was found that the relaxation of the transition state geometry
induced by the solvent is small. The SM2 and SM4 methods are based on
atomic charges derived from the AM1 semiempirical Hamiltonians and
calculate the solvation energies by using a cavity adapted to the molecular
shape of the solvated molecule. For a wide range of neutral and ionic
molecules they yield solvation energies with an average error of only 1-
2 kcal molÿ1.

Results and Discussion

Transition state calculations

1) Dimerization step

Radical cation/radical cation mechanism : Table 1 lists abso-
lute energy barriers and relative coupling rates for different
coupling sites calculated by AM1, 6-31G*//AM1, MP2/6-

31G*//AM1, and B3LYP/6-31G*//AM1 for the reaction
between two pyrrole radical cations. Ab initio and DFT
results clearly indicate that the major coupling mode involves
the C2 carbon atoms of the two radical cations. This is in
agreement with experimental results. Electron correlation is
very important and lowers the barriers considerably (on going
from 6-31G*//AM1 to MP2/6-31G*//AM1). The MP2/6-
31G*//AM1 and B3LYP/6-31G*//AM1 results give similar
absolute energy barriers. Therefore, the latter method was
used for the following steps of the growth process. As
expected, the use of semiempirical methods with the UHF
formalism yielded inaccurate results.[23c] Futhermore, semi-
empirical calculations underestimate energy differences be-
tween the transition states and therefore indicate lower
regioselectivity than the ab initio calculations.

This approach allows a relatively precise description of the
geometry of the transition states of these coupling reactions.
This is in general experimentally inaccessible. The evolutions
of the AM1-calculated geometry and of the HOMO for the
C2 ± C2' coupling of the supermolecule formed by the two
reactive species are shown in Figures 1 and 2. The major
interaction between the two radical cations involves the p

orbitals. When two pyrrole radical cations approach one
another, the carbon 2pz orbitals overlap significantly, and the
two molecules come together with their planes roughly
parallel. Consequently, these orbitals are brought approx-

Figure 1. Evolution of the geometry for the a ± a coupling of two pyrrole radical cations; a) dc±c� 2.5 �; b) transition state; c) dihydropyrrole dication.

Figure 2. Evolution of the supermolecule HOMO for the a ± a coupling of two pyrrole radical cations. a) dc±c� 2.5 �; b) transition state; c) dihydropyrrole
dication.

Table 1. Activation energies relative to the reactants (in kcal molÿ1) and relative rates of the different
coupling reactions (ratios between the calculated coupling rates for different coupling sites and the highest
calculated coupling rate) calculated by means of different modeling methods for pyrrole dimerization by
the radical cation/radical cation mechanism.

AM1 631G*//AM1 MP2/6-31G*//AM1 B3LYP/6-31G*//AM1

a ± a energy barriers [kcal molÿ1] 74.8 94.6 58.1 60.6
relative rates 1 1 1 1

a ± b energy barriers [kcal molÿ1] 75.2 102.2 61.6 65.7
relative rates 0.5 10ÿ6 3� 10ÿ3 2� 10ÿ4

b ± b energy barriers [kcal molÿ1] 75.4 109.5 65.7 70.8
relative rates 0.3 10ÿ11 10ÿ6 10ÿ8
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imately into a s-type overlap. This induces ring deformation,
and the hydrogen atoms linked to the coupling carbon centers
move out of the molecular planes. The intermediate dimeric
dication has tetrahedral carbon centers which are sp3-hybri-
dized and prevent conjugation between the rings. This
sequence is confirmed by analyzing the variations in the
interatomic distance and p-electron delocalization during the
formation of bipyrrole. The main geometric characteristics of
the species involved are listed in Table 2.

The C2 ± C2' distance in the transition state is 2.2 �, which
is a normal distance for carbon ± carbon bond formation in
transition states.[30] The corresponding distance in the stable
protonated dimeric dication is 1.543 �, which is indicative of a
C ± C single bond between the sp3 carbon atoms of the two
reactants. The aromatic character of the rings, which is already
partially lost in the radical cation, disappears in the transition
state and in the protonated dimeric dication because these sp3

carbon centers prevent conjugation. The dramatic decrease in
the C3 ± C4 and N ± C5 distances indicates a more pronounced
double-bond character. The N ± C2 distance increases and
becomes a single bond length during coupling. The loss of two
protons regenerates the aromatic rings. Table 2 shows that the
pronouced single- and double-bond character of the dimeric
dication are much less evident in bipyrrole.

Radical cation/substrate mechanism : The dimerization mech-
anism is considered to be a radical cation/radical cation
process but earlier studies suggested a radical cation/substrate
mechanism.[31] Under the conditions of electrochemical syn-
thesis, the local concentrations of radical cations and unoxi-
dized monomer are roughly equal, and this implies that the
frequencies of encounters between two radical cations and
between a radical cation and a molecule are similar. The two
mechanisms could therefore compete, and the nature of the
solvent and other experimental parameters may favor one of
the mechanisms. We therefore studied the radical cation/
substrate mechanism to understand the factors involved.

Two pyrrole molecules with an overall charge of �1 are
brought together so as to simulate the radical cation/substrate
mechanism. When the two molecules are separated, the
charge is located completely on one ring, and the other is
uncharged. An initial minimum on the energy profile
indicates a long-range ion ± dipole complex, which is more
stable than the dissociated reactants. When the two molecules
are brought closer together, the energy increases until the
transition state is reached. The calculated geometry of the

transition state is similar to that of the radical cation/radical
cation mechanism, with the two rings parallel, but the distance
between the carbon atoms which couple is approximately
0.15 � shorter. Although this calculated difference requires
confirmation by higher level calculations, it is in agreement
with the theoretical study of Tanaka et al.[32] The most
important difference is the marked decrease in the energy
barrier as compared to the radical cation/radical cation
mechanism. The energy of the transition state is lower than
that of the reactants but higher than that of the complex. This
type of energy profile is also obtained for SN2 reactions in the
gas phase.[33] Activation energies are ÿ9.3, ÿ8.1, and
ÿ6.2 kcal molÿ1 (AM1) for the C2 ± C2', C2 ± C3', and C3 ±
C3' coupling reactions, respectively. The regioselectivity for
the radical cation/substrate mechanism appears to be similar
to that of the radical cation/radical cation mechanism; this
means that they cannot be distinguished on this basis.
However, in view of the considerable difference in the energy
barriers, the radical cation/substrate mechanism is, as expect-
ed, clearly preferred in the gas phase.

Solvent effects : The transition state energies calculated for the
radical cation/radical cation mechanism in the gas phase are
high because of the electrostatic repulsion associated with the
approach of two positively charged species. However, in the
vicinity of the electrode solvent is present, and this plays an
important role in weakening this interaction. An AM1-SM2
calculation of the energy on the basis of the optimized gas-
phase geometry indicates that the solvent (here water)
stabilizes the doubly charged transition state more than the
reactants (two singly charged pyrrole molecules) by as much
as 63 kcal molÿ1. This value is largely independent of the
coupling sites of the two pyrrole radical cations, and therefore
solvation appears to have little impact on the regioselectivity
of the process. The dimerization of two radical cations, which
appeared very difficult in the gas phase, becomes feasible
when solvent effects are included. They dramatically lower
the activation energy of the radical cation/radical cation
mechanism in aqueous solution. The same calculations on the
radical cation/substrate mechanism show that the solvent
stabilizes the 1� transition state less than the reactants (one
pyrrole cation and one neutral pyrrole molecule) by
17 kcal molÿ1. The activation energy becomes positive and
comparable to that of the radical cation/radical cation
mechanism. Combining the B3YP/6-31G*//AM1 gas-phase
absolute energy barriers with the D(DG0

solv) calculated at the

Table 2. Main AM1-calculated geometric parameters for the species involved in the a ± a dimerization of pyrrole by the radical cation/radical cation
mechanism.

N ± C5 [�] C4 ± C5 [�] C3 ± C4 [�] C2 ± C3 [�] N ± C2 [�] C2 ± H [�] C2 ± C2' [�]

pyrrole radical cation 1.384 1.467 1.382 1.467 1.384 1.101 -
transition state 1.350 1.480 1.383 1.472 1.434 1.103 2.199
dimer dication 1.335 1.474 1.364 1.530 1.488 1.137 1.543
bipyrrole 1.389 1.406 1.429 1.415 1.400 - 1.435
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AM1-SM2 level gives an approximate energy barrier of
ÿ2.9 kcal molÿ1 for the radical cation/radical cation mecha-
nism in aqueous solution and �1.9 kcal molÿ1 for the radical
cation/substrate mechanism (C2 ± C2' coupling). Thus, com-
petition between these two mechanisms can be understood
only if solvent effects are taken in account. Interestingly,
performing the same calculation with the AM1-SM4 model,
which is parametrized to reproduce free enthalpies of
solvation in hexane, leads to the prediction that in a such
solvent the radical cation/substrate mechanism will remain
largely dominant (radical cation/radical cation 26.0, radical
cation/substrate ÿ9.4 kcal molÿ1). This last case is purely
hypothetical, since in such a solvent ion pairing, which has not
been modeled, occurs and weakens the electrostatic inter-
actions. Although accurate prediction of the preferred
mechanism requires higher level calculations, it is neverthe-
less possible to suggest that solvent effects are strong enough
in water to make the radical cation/radical cation mechanism
predominant, while in apolar, aprotic solvents additional
reduction of the electrostatic interaction by counterion effects
or ion pairing will be needed. In polar, aprotic solvents such as
acetonitrile, in which it has been shown experimentally that
dimerization occurs by an radical cation/radical cation
mechanism, solvent effects may not be sufficiently strong to
explain the experimental observations, and counterion effects
could play a key role in the competition.

2) Chain ± monomer reactions
Transition states involving an oligomer and the oxidized

monomer were first calculated without solvent effects. The
results are therefore perturbed by the overestimation of
electrostatic interactions. Solvent effects were introduced by
means of AM1-SM2 calculations of the energy on the basis of

the optimized gas-phase geometry. The calculations were
performed with oligomers of increasing length. The oligomer
that is kinetically favored in step nÿ 1 is chosen in step n.

The supermolecule has a charge of �2 in the trimerization
and the tetramerization steps, and a charge of �3 in the
subsequent steps in order to maintain a charge of �1 on the
monomer. When the total charge in the pentamerization step
is�2 and the two reactants are far from each other, the charge
is on the tetrapyrrole and the monomer is neutral. This recalls
a well-known experimental result: it is easier to oxidize
tetrapyrrole electrochemically to the dication than pyrrole to
the monocation. This charge distribution does not fit the
experimental observation that electropolymerization occurs
only if a pyrrole radical cation is formed. Furthermore, it has
been shown that polypyrrole is doped to the extent of 30 ±
50 % during its synthesis. We therefore imposed an overall
charge of �3 for the pentamerization and hexamerization
steps and ensured that the charges were well distributed in the
system when the reactants were far apart (pyrrole singly
charged, oligomer doubly charged).

Calculated energy barriers and relative rates for successive
coupling steps in the gas phase are listed in Table 3.

General features of oligomerization reactions

A) Regioselectivity and transition state structure : The kineti-
cally favored coupling mode involves the Ca carbon atom of
the oligomer and the C2 carbon atom of the monomer (AM1
and B3LYP/6-31G*//AM1). This is in agreement with the
structure of polypyrrole that was inferred from experimental
observations. The transition state geometries of the successive
predominant coupling steps appear to be very similar
(Figure 3 top). The transition state for the tetramerization
step consists of a terpyrrole molecule and a pyrrole molecule

Table 3. Energy barriers (in kcal molÿ1) and relative rates of the different coupling reactions for pyrrole oligomerization at the B3LYP//AM1 level. Overall
charge 2� in the tri-, tetra-, and pentamerization steps, 3� in the penta- and hexamerization steps.[a]

Coupling site Ca ± C2 Ca ± C3 Cb ± C2 Cc ± C2 Cd ± C2 Ce ± C2 Cf ± C2

Trimerization
energy barriers 46.6 50.1 64.8 60.8 - - -
relative rates 1 0.003 10-14 5.10-11 - - -

Tetramerization
energy barriers 35.0 36.7 56.6 48.2 52.0 - -
relative rates 1 0.06 10ÿ16 10ÿ10 4� 10ÿ13 - -

Pentamerization (overall 2� charge)
energy barriers 25.9 28.2 46.1 - 42.0 38.0 -
relative rates 1 0.02 10ÿ14 - 10ÿ12 10ÿ9 -

Pentamerization (overall 3� charge)
energy barriers 83.4 86.7 95.6 99.6 105.4 116.2 -
relative rates 1 0.004 10ÿ9 10ÿ12 10ÿ16 10ÿ24 -

Hexamerization
energy barriers[b] 77.7 78.6 83.4 88.6 96.6 97.8 97.1

68.1 70.5 81.7 - - - 98.1
relative rates[b] 1 0.2 7� 10ÿ5 10ÿ8 2� 10ÿ14 2� 10ÿ15 6.10ÿ15

1 0.02 10ÿ10 - - - 10ÿ 22

[a] The majour product of the step is indicated in bold type. [b] AM1//AM1 results, B3LYP//AM1 results
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Figure 3. Geometry of the transition state during the pentamerization step.
Top: For Ca ± C2 coupling; bottom: For Ce ± C2. coupling.

in two parallel planes. The two hydrogen atoms linked to the
carbon atoms that couple lie out of the planes of the
molecules, and further evolution towards the tetramer
dication increases the dihedral angles between the ring planes
and the CaCbH planes. Analysis of the variations of the
interatomic distances and p-electron delocalization during the
reaction leads to the same conclusion as for the dimerization
step, that is, the intermediate has tetrahedral sp3 carbon
centers which prevent conjugation between rings.

B) Structural defects : Polypyrrole contains some Ca ± Cb

bonds, which are regarded as defects in the polymer backbone
because they prevent good conjugation.[34] The mechanism
and the factors that control the number of defects in the
chains are not fully understood. However, it is widely
accepted that chain growth renders the Ca and Cb atoms
equivalent, and that defects are generated by coupling
between Cb of the oligomer and C2 of the monomer. It has
also been proposed that defect formation implies central
chain motifs[35] or chain ± chain reactions.[36]

The modeling approach developed here reveals the princi-
pal mode of defect formation in polymer chains.[37] In all the
steps treated, the reaction leading to defects in polypyrrole
seems to be coupling between Ca of the oligomer and
C3 of the monomer radical cation. The alternative
route to Ca ± Cb bondsÐcoupling between Cb of the
oligomer and C2 of the monomer radical cation,
which is the usual mode of defect formation pro-
posed in the literatureÐappears to be negligible,
since the most reactive site of the successive oligom-
ers is clearly Ca. Coupling between a carbon atom of
the monomer and a carbon atom situated in an
internal ring of the chain appears very unlikely. The
probability of chain ± chain reactions involving in-
ternal ring carbons would appear to be even lower.
This mode of defect formation implies that once the
Ca carbon of an oligomer is blocked, the radical
cations generated by oxidation are much more stable.
This has been observed experimentally for a-blocked
or end-capped oligothiophenes[8b, 38]

The low reactivity of carbon atoms situated in
internal units of the chains cannot be attributed to

steric effects, since the forming carbon ± carbon bond is
shorter for Cd ± C2 than for Ca ± C2 transition states. It can
be attributed to the greater loss of conjugation induced by
binding a pyrrole radical cation at such positions. Indeed, the
geometry in the Cd ± C2 transition state is predicted to differ
considerably from that involving a terminal unit of the chain
(Ca ± C2). As can be seen in Figure 3 bottom, the two
molecules are still in parallel planes but the tetrapyrrole
molecule is severely deformed and is no longer planar
(bending angle: 158). This dramatically reduces the conjuga-
tion and consequently increases the activation energy of the
reaction.

C) Solvent effects : Solvent effects appear to be dependent on
the relative coupling sites between the two reacting species.
The D(DG0

solv) values for the reaction leading to Cd ± C2 and
Cb ± C2 coupling are higher than those for Ca ± C2 and Ca ± C3
coupling. This is in marked contrast to the the dimerization
reaction. It indicates that solvent effects will influence the
regioselectivity of reactions between a pyrrole radical cation
and an oligomer and lower the energy gap between the
competing coupling reactions. These differences in the
solvation of the various transition states can be attributed to
variations in charge distribution. Charge separation is higher
in the Cd ± C2 and Cb ± C2 transition states than in the Ca ± C2
and Ca ± C3 transition states and leads to stronger solvation.

Evolution during the growth process
The evolution of properties during polymer growth is more

difficult to analyze, because calculations performed on
molecules with different numbers of atoms must be com-
pared, whereas the regioselectivity of each step is based on the
comparison of calculations on molecules with equal numbers
of atoms. Table 4 shows the overall trend predicted for the
partial charge on the pyrrole oligomers, the interatomic
distance between the coupling carbon atoms in the transition
states, the activation energies, and the regioselectivity at the
B3LYP/6-31G*//AM1 level (gas-phase calculations). It also
shows the evolution of D(DG0

solv) calculated by AM1-SM2 for
the successive oligomerization steps. Combining the B3LYP/

Table 4. Calculated variations with chain length for the coupling of pyrrole with an
oligopyrrole: Partial charge on the pyrrole moieties in TS, TS interatomic distance,
B3LYP//AM1 gas phase energy barriers, gas phase regioselectivity, AM1 ± SM2
D(DG0

solv), and approximate energy barriers in water.

Dimeri-
zation

Trimeri-
zation

Tetra-
meriza-
tion

Pentamerization[a] Hexa-
meriza-
tion

partial charge on pyrrole 1 0.80 0.63 (0.46) 0.84 0.73

C ± C distance [�] in TS 2.20 2.14 2.09 (2.02) 2.11 2.07

B3LYP//AM1

gas phase energy
barriers [kcal molÿ1]

60.6 46.6 35 (25.9) 83.4 68.1

B3LYP//AM1 gas
phase % of defect

2� 10ÿ4 3� 10ÿ3 6� 10ÿ2 (2� 10ÿ2) 4� 10ÿ3 2.10ÿ2

D(DG0
solv) AM1 ± SM2

(kcal.molÿ1)
ÿ 63.4 ÿ 47.7 ÿ 34.3 (ÿ9.4) ÿ69.2 -

energy barriers in water
[kcal molÿ1]

ÿ 2.9 ÿ 1.1 0.6 (16.5) 14.2 -

[a] (Overall charge 2� ), Overall charge 3� .
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6-31G*//AM1 gas-phase absolute energy barriers with the
calculated D(DG0

solv) at the AM1-SM2 level allows a crude
evaluation of the activation energy barrier in aqueous solution
during the growth process.

A)Gas-phase evolutions : Provided the same overall charge is
imposed on the supermolecule, the energy barrier decreases
during polypyrrole growth. The activation energy for terpyr-
role formation is lower than that for dimerization. This result
holds as long as the supermolecule bears the same overall
charge (�2 or�3). However, when the charge increases from
�2 to �3 (pentamerization step) the calculated energy
barrier increases. This effect appears to be correlated with
the evolution of the electrostatic repulsion between the two
reacting molecules. The charge is distributed over the entire
oligomer chain, and this implies that the net charge on each
atom decreases when the length of the oligomer increases.
This reduces the electrostatic interactions between the two
molecules; consequently, the energy barrier decreases. En-
ergy barriers increase when the charge of the system goes
from �2 to �3, because the net charge on each atom and the
electrostatic repulsion between the two reacting species
increase. This trend does not necessarily reproduce what
really happens in the growth process, since at this stage the
calculations do not include solvent effects. The results are
therefore distorted by the overestimation of the electrostatic
interactions between the reacting species.

The observed evolution of the charge distribution between
the two reacting moieties in the successive transition states
indicates that pronounced electron transfer from the oligomer
to the pyrrole radical cation occurs, and that this electron
transfer increases with the oligomer length. At the same time,
the HOMOs of the successive transition states evolve; these
HOMOs appear to be a linear combination of the two
SOMOs of the separated species with a small contribution of
SOMO� 1 of the pyrrole radical cation (deduced by means of
single-point calculation on the separated species in the
transition state geometry). As the oligomer length increases,
the SOMO ± SOMO interaction decreases sharply, whereas
the contribution of SOMO� 1 of the pyrrole radical cation to
the HOMO of the transition state increases and is responsible
for the increasing partial charge transfer between the two
reacting species. As a consequence of these two effects, the
overall orbital interaction decreases as the oligomer length
increases (for a given C2 ± C2' distance).

The decrease in the electrostatic repulsion and of the
frontier orbital interactions (for the same C2-C2' distance) as
the oligomer length increases leads to a pronounced evolution
of the C ± C distance in the successive transition states. This
distance decreases with increasing oligomer length as long as
the supermolecule bears the same overall charge (�2 or �3)
but increases sharply when the overall charge goes from�2 to
�3. Although higher level calculations (TS geometry opti-
mization at the ab initio level) might be needed to confirm this
geometry evolution, this trend can be interpreted as follows. It
is generally accepted that the more reactive a molecule is, the
sooner the TS will be reached.[39] Hence, for a bond-forming
reaction, the length of this bond in the transition state
increases with increasing reactivity of the reactants. There-

fore, the evolution of the C ± C distance in the successive
transition states probably reflects the decreasing reactivity of
the oligomers towards the pyrrole radical cation with increas-
ing oligomer length. However, this evolution can generally be
correlated with the value of the absolute energy barrier
(according to the Hammond postulate), since it is generally
observed that as the absolute energy barrier increases, the
transition state is reached later in the reaction.[39] This is
clearly not the case here. This contradiction suggests that the
frontier orbital interaction effect has a greater influence on
the geometry of the successive transition states than the
electrostatic repulsion (a shorter C2 ± C2' distance would be
needed to provide additional stabilization by stronger frontier
orbital interactions in the successive transition states, but
electrostatic repulsion increases with decreasing C2 ± C2'
distances).

Table 4 also shows the evolution of the calculated regiose-
lectivity of each step at the B3LYP/6-31G*//AM1 level. As
long as the supermolecule bears the same overall charge, the
regioselectivity of the successive coupling steps decreases
continuously. When the overall charge goes from �2 to �3,
the regioselectivity increases sharply. This clearly indicates
that oxidation of the oligomers at high doping levels is a key
factor for the growth of long, regular polymer structures.

B) Solvent effects : When solvent effects are introduced into
the calculations, the energy barriers become more realistic.
The solvent stabilizes the transition states far more than
separated radical cations. As expected D(DG0

solv) decreases
sharply as the oligomer length increases, since the overall
charge is delocalized over a larger number of atoms, and
partial charge transfer reduces the charge separation in the
transition states. Electrostatic interactions are therefore bal-
anced by solvation in these successive coupling reactions.
Combining the B3YP/6-31G*//AM1 gas-phase absolute en-
ergy barriers with D(DG0

solv) calculated at the AM1-SM2 level
gives an approximate energy barrier for the successive C2-C2'
coupling steps (Table 4). The dimerization, trimerization, and
tetramerization steps have similar activation energies in
aqueous solution (ÿ2.9, ÿ1.1 and 0.6 kcal molÿ1, respective-
ly); dimerization is the fastest process. In contrast, there is a
pronounced difference between the activation energy of the
tetramerization (�0.6 kcal molÿ1) and the pentamerization
steps (�14.2 and 16.5 kcal molÿ1 for an overall charge of �3
and �2, respectively). The relative rates of the dimerization,
trimerization, and tetramerization steps appear to be highly
dependent on the electrolytic solvent. Strong solvent screen-
ing (as in water) of the electrostatic interactions is needed to
make dimerization faster than tetramerization.

Frontier orbital model : The main defect of the modeling
approach presented above is that gas-phase results are
distorted by overestimation of electrostatic interactions. Our
calculations with the SM2 model, on the basis of the gas-phase
optimized geometries, show that the solvent considerably
lowers these interactions. A simpler and complementary
approach is to analyze the successive coupling reactions with
the frontier orbital model. This model postulates that the
regioselectivity is controlled by interactions between the
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frontier orbitals of the reacting species and completely
neglects electrostatic interactions. Thus the reactions are
examined from an extreme view point that exaggerates the
influence of orbital interactions. This approach uses a screen-
ing effect to simulate the influence of a solvent, which
considerably reduces electrostatic interactions. The supres-
sion of all such interactions can be regarded as equivalent to
the use of an imaginary solvent with maximum screening
effect.

The frontier orbital model evaluates the relative activation
energies by means of a simple calculation of the molecular
orbitals of the separate reactants. This model does not
describe the transition states but has been used successfully
with several conducting polymers of known structures [12±14, 35]

It has the advantage of using few calculation resources.
Here we simply present the main results obtained for

polypyrrole growth without describing the model in detail. A
radical cation/radical cation mechanism was assumed. The
major orbital interaction between two molecules A and B is
then that between the SOMO of molecule A and the SOMO
of molecule B. The ratio of two competitive coupling rates is
given by Equation (1). Here va1!b and va2!b are the rates of

va1!b

va2!b

� exp
�

2�b2
a1bC2

a1
C2

b ÿ b2
a2 bC2

a2
C2

b�
kT�ESOMOA

ÿ ESOMOB
�

�
(1)

coupling of sites a1 and a2 of molecule A on site b of molecule
B, Ca and Cb are the atomic orbital coefficients of atoms A and
B in the molecular frontier orbitals SOMOA and SOMOB,
ESOMOA

and ESOMOB
the energies of these orbitals, and b the

resonance integrals. Resonance integrals depend on the
distance between the two coupling atoms, on the nature of
the atoms, and on the semiempirical method used. The bCC

were calculated by AM1 for a s-type overlap between 2pz

orbitals and for interatomic distances of 1.75, 2.00, and 2.25 �.
A distance between 2 and 2.25 � was found by transition state
calculations (first approach), but since the frontier orbital
model does not allow it to be determined and since the
previous calculations suggested that it falls with increasing
oligomer length, the coupling results are reported for several
interatomic distances.

In the more general case, the SOMOÿ 1, SOMO, and
SOMO� 1 have been used in the description of the oligom-
er ± monomer interaction. However, the results are practically
the same if only the SOMO is used, as in the case of the
heptamerization step (Table 7). In the case of a dimerization
reaction by a radical cation/radical cation mechanism,
ESOMOA

�ESOMOB
, and Equation (2) is obtained.

va1!b

va2!b

� exp
�

2�ba1bCa1
Cb ÿ ba2bCa2

Cb�
kT

�
(2)

1) Dimerization step

The highest SOMO of the pyrrole radical cation is a p orbital,
delocalized over the aromatic ring. The most important
contribution to this orbital comes from the carbon atom in the
position a to the nitrogen atom (Scheme 2). The frontier
orbital model therefore clearly indicates that the pyrrole

Scheme 2.

radical cation will react preferentially at the a-carbon atom.
Scheme 2 also shows the HOMO of neutral pyrrole.

Radical cation/radical cation mechanism : Table 5 lists the
relative coupling rates for the dimerization step by a radical
cation/radical cation mechanism. Frontier orbital interactions
clearly indicate a preference for the a ± a dimer; the a ± b and
b ± b dimers are predicted to be generated in extremely small
quantities. At shorter distances between the coupling carbon

atoms, orbital interactions and apparent regioselectivity
increase. It is interesting to compare these results with those
obtained by the transition state approach. Both predict the
a ± a dimer to be the major dimer, but with very different
proportions of by-products. The transition state calculation
suggests a less regioselective reaction than the frontier orbital
approach, which predicts almost no byproducts. Apparently,
there are two opposing electronic effects in dimerization:
frontier orbital interactions favor a ± a coupling because of
the high spin density on the a-carbon atom of the pyrrole
radical cations, whereas electrostatic interactions direct the
reaction towards other coupling sites because the a-carbon
atoms bear most of the excess positive charge.

Radical cation substrate mechanism : Within the framework of
the frontier orbital model, the radical cation/radical cation
mechanism is greatly preferred over the radical cation/
substrate mechanism. Maximum orbital interaction occurs
for the first mechanism because the SOMOs of the two radical
cations have the same energy (Figure 4), and the two electrons
are stabilized by this interaction. The frontier orbital inter-
action is not so favorable for the radical cation/substrate
mechanism. In this case the most important interaction is that
between the SOMO of the radical cation and the HOMO of
the neutral pyrrole molecule. This three-electron interaction
is necessarily weaker. Furthermore, the HOMO of the neutral
pyrrole molecule lies higher than the SOMO of the radical
cation, and this further reduces the orbital interaction.
Frontier orbital interactions favor the radical cation/radical
cation mechanism, whereas electrostatic interactions suggest
that the reaction should follow the radical cation/substrate
mechanism.

Table 5. Predicted relative coupling rates of pyrrole dimerization for
various coupling distances (ratios between the calculated coupling rates for
different sites and the highest calculated rate).

Distance [�] a ± a a ± b b ± b

1.75 1 8.10ÿ21 2.10ÿ28

2.00 1 2.10ÿ16 3.10ÿ22

2.25 1 5.10ÿ12 3.10ÿ16
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The frontier orbital approach simulates the influence of a
solvent, which considerably reduces electrostatic interactions
by a screening effect. The results obtained from the frontier
orbital approach are consistent with those deduced by
including solvent effects in the transition state calculations.

2) Polymer growth and doping levels

The regioselectivity predicted for the successive coupling
steps when the successive oligomers have a charge of �1 are
presented in Table 6. The major product of each step is
indicated by bold type. The kinetically favored mode in all
coupling steps involves the Ca carbon atom of the oligomer

and the C2 carbon atom of the monomer. This is in agreement
with the structure of polypyrrole inferred from experimental
observations and that predicted by transition state calcula-
tions. This result confirms that this approach can be used to
predict the molecular structure of conducting polymers with
far shorter calculation times than the transition state ap-
proach. The frontier orbital approach underlines the effect of
molecular orbital overlap on the growth process. This overlap
is strongly affected by binding a new monomer unit onto the
chain. Three effects that appear particularly important in the
first steps of polymerization can be distinguished. First, the
SOMO energy of the successive oligomers increases with
increasing number of monomer units. Therefore, the differ-
ence between the SOMO energy of the monomer and that of
the chain increases. It is 1.97 eV for the bipyrrole cation and

rises to 3.2 eV for the tetrapyrrole cation. As a
consequence, the frontier orbital interactions be-
tween the chain and the monomer are considerably
reduced. This is not surprising, since the successive
oligomers are fully conjugated, so that the molec-
ular orbitals become softer during the growth
process. Second, the atomic orbital coefficients of
the SOMO decrease progressively with increasing
oligomer size. This is due to increasing delocaliza-
tion of the molecular orbitals.[35] The SOMO
atomic orbital coefficients of the two carbon atoms
on the terminal monomer unit range from from
0.638 ± 0.303 in singly charged pyrrole to 0.218 ±
0.107 in singly charged terpyrrole. Third, as the
oligomer becomes longer, the energies of SOMO,
SOMOÿ 1 and SOMO� 1 become closer. The
frontier orbital interactions between the growing

chain and the monomer involve these orbitals, although they
are three- or one-electron interactions and are therefore less
strongly stabilizing than SOMO ± SOMO interactions.

For successive oligomers with a charge of�1 and a constant
C ± C distance these evolutions of the frontier orbital inter-
actions with increasing oligomer size induce: 1) a progressive
decrease in the calculated regiospecificity of coupling reac-
tions due to the increasing difference between the SOMO
energies of the oligomer and the monomer and to the effect of
the progressive decrease in the atomic orbital coefficients.
(this decrease in regioselectivity is partially compensated by a
progressive decrease in the C ± C distance as the chain
lengthens; see Table 4); and 2) a progressive increase in the
activation energy of the reaction between the monomer and
the chain. If is it assumed that the concentration of the
monomer radical cation remains approximately constant near
the electrode, then an oxidized monomer would react with
another monomer radical cation rather than with a previously
formed oligomer. Therefore, the growth of a long chain would
be negligible compared to dimerization or the formation of
small chains, and polymerization should be inhibited.

A theory consistent with the experimental observations
requires factors which increase the frontier orbital interac-
tions and hence lower the activation energy and increase the
regioselectivity. Calculations suggest that the doping level of
the chain has a major impact on the frontier orbital
interactions and consequently on the electropolymerization
process. Oxidation of the chain leads to a harder species and
lowers the energy gap between its SOMO and that of the
oxidized monomer. This increases the frontier orbital inter-
action and implies that the regioselectivity will be improved
and reactions between the monomer and the chain favored.
Table 7 compares the calculated regiospecificity of the

Figure 4. Frontier orbital interactions for radical cation/radical cation and radical cation/
substrate mechanisms.

Table 6. Predicted relative coupling rates of pyrrole oligomerization for
various coupling distances (ratios between the calculated coupling rates for
different sites and the highest calculated rate).

Distance [�] Ca ± C2 Cb ± C2 Cc ± C2 Cd ± C2

Trimerization
1.75 1 2� 10ÿ6 2� 10ÿ4 -
2.00 1 3� 10ÿ4 5� 10ÿ3 -
2.25 1 2� 10ÿ2 7� 10ÿ2 -

Tetramerization
1.75 1 10ÿ3 3� 10ÿ2 2� 10ÿ2

2.00 1 2� 10-2 10ÿ1 8� 10ÿ2

2.25 1 10ÿ1 3� 10ÿ1 2� 10ÿ1

Table 7. Predicted relative coupling rates of pyrrole heptamerization for
various doping levels (ratios between the calculated coupling rates for
different sites and the highest calculated rate).

(17 % doping level) (50 % doping level)
Distance [�] Ca ± C2 Cb ± C2 Ca ± C2 Cb ± C2

1.75 1 10ÿ1 1 10ÿ3

2.00 1 2� 10ÿ1 1 5� 10ÿ3

2.25 1 5� 10ÿ1 1 10ÿ2
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heptamerization step of polypyrrole for a charge on the
hexamer of �1 (17 % doping level) with that for a charge of
�3 (50 % doping level). This could be a general effect
applicable to most conducting polymers. Interestingly, Ko-
bryanskii et al.[40] experimentally demonstrated for the elec-
trosynthesis of poly(p-phenylene) that the degree of polymer-
ization depends on the doping level and proposed that high
doping is needed for the formation of high molecular weight
polymer chains.

Conclusions

The two approaches developed here support the molecular
structure of polypyrrole that was proposed on the basis of
experimental findings. They can therefore be regarded as
complementary to spectroscopic methods for the structure
elucidation of other polymers. The frontier orbital method
requires fewer calculations, is easier to implement, and is
likely to find many applications in this field.

The frontier orbital approach predicts that the radical
cation/radical cation mechanism is preferred, whereas the
transition state approach indicates that the two mechanisms
compete and that it might be possible to find electrochemical
conditions that direct the reaction towards a radical cation/
substrate mechanism. While the activation energy for dimer
formation is very high for the radical cation/radical cation
mechanism in the gas phase (60.5 kcal molÿ1 at the B3LYP/6-
31G*//AM1 level), it becomes reasonable when solvent
effects (SM2 model) are included. Conversely, the activation
energy for the radical cation/substrate mechanism, which is
negative in the gas phase, becomes positive and comparable to
that of the radical cation/radical cation mechanism in
solution. In water, the radical cation/radical cation reaction
is predicted to be faster.

The variations of geometry and of p-electron delocalization
during the reaction can be analysed by transition state
calculations, which explore the entire reaction coordinate
between the reactant species and the intermediate. This
information is not accessible by experimental methods and is
obtained here with relatively short calculation times. This
approach also suggests a mechanism for the formation of
structural defects in the chain, albeit in contradiction with the
assumption that defects are created by reactions involving
internal units of the chain.

An interesting feature of both approaches is that they can
be used to investigate the effects of the doping level on
polymer synthesis. High doping levels are associated with the
formation of polymer chains with high molecular weight and
few structural defects. Neither method alone is perfect, but
when their shortcomings are understood (transition state
calculations in the gas phase overestimate electrostatic
interactions, while the frontier orbital model neglects them
completely), it is possible to discern the effects of the different
electronic factors on the mechanism and the outcome of
chain ± monomer reactions. Solvent and counterion effects in
the electrochemical synthesis of conducting polymers are
always important. Application of quantum chemical calcu-
lations such as those performed in this study should help to

shed some light on the polymer growth process and its
dependence on monomer structure and experimental con-
ditions.
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