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Abstract

We report a theoretical study of the ground, excited and ionic states of 3-methyl pyrrole-4-carboxilic acid (MPC)
oligomers and related compounds which present conformational defects. Our results reveal the existence of differen-
tiated electronic behavior for MPC with relation to oligopyrrole derivatives. These electronic features might explain
why MPC works properly as a biosensor for cytochrome C while no voltametric response is observed for unsubstituted

poly(pyrrole).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The search for polymers that could effectively
interact with biological systems have attracted
much interest due to its potential technological
applications in the areas of biological sensors,
molecular electronics, surgical plasters containing
active ingredients, membranes, etc. [1-8]. Re-
cently, for instance, it has been reported in the
literature direct electronic communication between
functionalised, conducting polypyrrole and a re-
dox protein in solution [9-14]. They have adopted
a novel approach in order to study biological
electron transport between proteins and polymeric
materials using electrochemically functionalised
conducting polymers to produce thin film (<10
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nm). The methods employed have potential ad-
vantages over more standard techniques used in
bioelectrochemistry such as that involving self-as-
sembled monolayer (SAMs): (a) firstly, and per-
haps most importantly, they have shown that
polymer films can be used to modify a wider range
of electrode materials than SAMs, including e.g.
C, Au, Pd and Pt.

This provides a methodology where a variety of
biologically significant chemical functionalities
(necessary for molecular recognition) can be syn-
thesized at the surface through prescriptive
monomer synthesis; (b) the functionalised inter-
face can be presented to the biological solution as
a stable film (“fragility” of many SAMs); (c) since
the polymer’s gross structure is controlled both by
the applied electrochemical potential and the
counter-ion used during growth, there is the pos-
sibility of changing the physical character of
the film altering the polymerization conditions.
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Experimental evidences of these direct interactions
between biological structures and functionalized
polymers are evidenced by the modifications pre-
sented in the polymer electrochemical voltammo-
gram [15]. Polypyrrole films have been used for the
covalent binding of glucose oxidase to electrode
surfaces [16]. Eddowes et al. were the first ones to
study the electrochemical potential [17-19] of the
cytocrhome c. It has been also reported [20,21]
reversible electron transfer between Au electrodes
and peptide proteins. This opens interesting per-
spectives in terms of developing based conducting
polymers biosensors. The synthesis of 3-methyl
pyrrole-4-carboxylic acid (MPC) was obtaining
through the combined use of condensation, hy-
drolysis and decarboxylation techniques [22,23].

Cooper et al. [14] reported the use of MPC as a
working biosensor for cytochrome c, but no volt-
ametric response was observed for ethyl ester
MPC or unsubstituted poly(pyrrole). This has
been attributed to the absence of the of the carb-
oxylic acid groups required to orient the protein
and enable electron transfer.

In this work we have theoretically investigated
the geometric and spectroscopic properties of a
MPC oligomers and some of its related poly(pyr-
role) parent structures (Fig. 1).

2. Methodology

We have investigated the electronic structure of
the compounds shown in Fig. 1, from monomers
(m) up to pentamers (p). The geometry of their
neutral ground and negative polaron (anion) states
were fully optimized using the well-known semi-
empirical method Austin method 1 (AM1)/(MO-
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Fig. 1. Schematic representation of the monomer structure of
(a) pyrrole (P); (b) MP and (c) MPC.

PAC package) [24-27]. The convergence criterion
was modified from standard to maximum step-size
to 0.005 in order to ensure good quality geo-
metries. The simulated absorption spectra were
obtained using the ZINDO-S/CI (Zerner’s inter-
mediate neglect of differential overlap—spectros-
copy/configuration interaction) package [28-34]
with geometries from AMI1 calculations. The
ZINDO calculations were carried out with pa-
rameters chosen to give the best description of the
UV-Visible optical transitions [35-38] and using
on average 200 configurations including singlet
and doublet states.

3. Results and discussion

The most probable geometrical conformations
for the P and 3-methyl pyrrole (MP) were found to
be essentially planar structures for neutral and
polaron states. The dipole moment (DM) values of
the antiparallel oligomers conformations are al-
most equal to multiple units of the monomer
value, as would be expected from a simple sum-
mation of interacting monomer moments.

Table 1
AM1 results for the structures shown in Fig. 1, from monomer
(m) up to pentamers (p)

Meritaten G P HF-G HF-P EP

P (m) 1.9 1.1 39.8 633 -1.07
P (d) 0.0 2.9 81.7 819 -0.01
P (tr) 1.8 2.9 121.4 108.5 0.58
P (tetr 0.2 0.1 162.4 144.9 0.79
P (p) 1.8 1.8 209.9 203.4 0.29
MP (m) 1.8 0.6 31.8 541 -1.01
MP (d) 0.0 0.0 64.5 64.2 0.01
MP (tr) 1.7 2.7 98.1 85.4 0.57
MP (tet) 0.2 0.2 141.0 131.0 0.45
MP (p) 1.7 3.1 164.5 145.5 0.86
MPC (m) 44 4.3 —-60.8 -64.4 0.16
MPC (d) 0.8 0.3 -117.8  -148.9 1.41
MPC (tr) 33 4.1 -179.2  -214.5 1.60
MPC (tet) 0.3 11.3 -240.9 -275.3 1.56
MPC (p) 34 8.3 -297.7 -337.2 1.79

DM (in Debyes) and heats of formation (HF) (in kcal/mol)
values for neutral (G) and polaron (P) states are indicated. It is
also indicated the values for polaron formation (EP) (in elec-
tron-Volts).
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In Table 1 we present a summary of AMI1 re-
sults for the structures shown in Fig. 1.

The values of the heats of formation per ring
increase as the number of rings increases indicating
that there is an effective electronic stabilisation as
expected from the pi electron character of these
structures.

The values for the DM and for the polaron
formation show a quite differentiated behavior
for P, MP and MPC structures. The DM values
for MPC structures are higher than those for P
and MP, as expected due to the presence of the
carboxylic acid group. With relation to the po-
laron formation values there are remarkable dif-
ferences for P and MP structures when contrasted
to MPC ones. For P and MP structures these
values are negative for the monomer, with an
increase followed by a decrease (from tetramer to
pentamer). For the MPC structures these values
are always positives with a constant increase as a
function of the number of structural units. From
these values we can expect a quite differentiated
electrochemical behavior, as experimentally ob-
served.

In the Figs. 2-4 we compare the ZINDO simu-
lated absorption spectra for P, MP and MPC from
monomers up to tetramers. These spectra are
generated gaussian enveloping the transition en-
ergy values weighted by oscillator strength (OS)
values.

Although all spectra are similar (monomer with
monomer, dimer with dimer and so on), with the
largest band centered in the (a) 225-250, (b) 325-
350, (c) 375400, (d) 425450 and (e) 450 nm re-
gion, there are a few differences in the nature of the
transitions as we can observe from Table 2.

For P and MP structures the most important
transitions are composed essentially by a mixing of
|[H— L) and |[H — 1 — L + 1) configurations with
an OS values between 0.7 and 1.4. For MPC
structures the most important absorption lines
corresponds to different possible transitions, |H —
L), H-2—L), H—L+2), H—L+1).

For all the structures we observe significant and
continuous red shift as the number of units in-
creases, as expected from polymeric systems with
effective electronic couplings. Also we observe little
differences from trimers to tetramers, suggesting
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Fig. 2. Simulated absorption spectra of pyrrole chains from ZINDO calculations, as a function of the number of units: (a) monomer;

(b) dimer; (c) trimer; (d) tetramer, and (e) pentamer.
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Fig. 3. Simulated absorption spectra of MP chains from ZINDO calculations, as a function of the number of units: (a) monomer;
(b) dimer; (c) trimer; (d) tetramer, and (e) pentamer.
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Fig. 4. Simulated absorption spectra of MPC chains from ZINDO calculations, as a function of the number of units: (a) monomer;
(b) dimer; (c) trimer; (d) tetramer, and (e) pentamer.
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Table 2
Main electronic transitions from ZINDO calculations
oS CI Contributions
P (m) 0.7818 -0.70|]H — L +1)
-0.67H—-1— L)
P (d) 0.7603 0.99/H — L)
0.9282 -0.77H-2 — L)
0.60/H — L +2)
P (tr) 1.0642 -0.98/H — L)
-017H-1—-L+1)
0.8908 -0.62H—4 — L)
-0.52|JH — L +3)
P (tet) 1.4091 0.96/H — L)
-024H-1—-L+1)
1.0348 -0.62H—-6 — L)
0.48H — L +4)
MP (m) 0.8145 —0.63lH — L+ 1)
0.57H—-1— L)
MP (d) 0.9375 -0.72H-2 — L)
0.63/H—L+2)
0.7227 —-0.98/H — L)
-0.11/1H—-L+2)
MP (tr) 1.0176 -0.98H — L)
-0.17H-1—-L+1)
0.9323 0.63H—-3 — L)
-0.54/H — L+ 3)
MP (tetr) 1.4247 -0.52|[H — L +4)
0.66lH—4 — L)
1.3347 0.96H — L)
-025H-1—L+1)
MPC (m) 0.6927 0.87H—L+1)
035H-1—1L)
0.4247 —0.79H — L + 2)
04319 H-1—-L+1)
MPC (d) 0.9862 0.43H-2—L+2)
043H-3—L+1)
0.8436 -0.71/H — L +2)
-0.51H-2— L)
MPC (tr) 0.5194 —0.62[H—-3L + 1)
044H-1—-L+2)
0.4669 -0.94H — L)
022H-1—1L)
MPC (tet) 0.8861 —-0.70|]H — L +1)
0.47H —L+2)
0.7013 -0.96/H — L)
-0.17H-2 — L)

H and L refer to highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), respec-
tively.

that tetramers are representative in terms of elec-
tronic behavior of the polymeric systems.

4. Summary and conclusions

We reported theoretical analysis for geometric
and spectroscopic features of the structures indi-
cated in Fig. 1, from monomer up to pentamers.

Our results indicate that while the simulated
absorption spectra for pyrrole (P); MP and; MPC
present many common features there are very
differentiated behavior with relation to DM values
and cost for polaron formation.

These results, specially with relation to the
values for polaron formation are suggestive that
the experimentally observed differentiated electro-
chemical behavior (with relation to cytochrome c)
presented by P, MP and MPC structures might be
consequence of these electronic features and not
simply related to the absence of the carboxylic acid
groups required to orient the protein and enable
electron transfer as suggested in the literature [14].

This speculation deserves further investigation.
If true the incorporation of chemical groups de-
creasing the cost of polaron formation could lead
to new and more effective polymeric biosensors.

This work is part of a more complete investi-
gation on organic biosensor systems to be reported
elsewhere [39].

Acknowledgements

The authors are indebted to the Brazilian agen-
cies FACEPE/INOVA-01/00, CNPq and FAPESP
for financial support. J. Del Nero would like a
special thanks to CNPq for fellowship support
(grant number 360.138/01-2). We also thank Prof.
C.P. de Melo for clarifying discussions.

References

[1]1 H. Naarmann, Appl. Conduct. Polym. 81 (1990).

[2] R. Friend, Nature 352 (1991) 377.

[3] O. Ouerghi, A. Senillou, N. Jaffrezic-Renault, C. Martelet,
H. Ben Ouada, S. Cosnier, J. Elecroanal. Chem. 501 (2001)
62.



466 J. Del Nero et al. | Optical Materials 21 (2002) 461-466

[4] N. Alizadeh, M. Mahmodian, Electroanalysis 12 (2000) 509.
[5] B.P.J.D. Costello, P. Evans, N. Guernion, N.M. Ratcliffe,
P.S. Sivanand, G.C. Teare, Synth. Met. 114 (2000)
181.
[6] S. Cosnier, Appl. Biochem. Biotech. 89 (2000) 127.
[7] K. Yamada, Y. Kume, H. Tabe, Jap. J. Appl. Phys. 37
(1998) 5798.
[8] J.C. Vidal, E. Garcia, J.R. Castillo, Sens. Actuators,
B-Chem. 57 (1999) 219.
[9] K.S. Ryder, L.F. Schweiger, A. Glidle, J.M. Cooper,
J. Mater. Chem. 10 (2000) 1785.
[10] M.J. Swann, A. Glidle, N. Gadegaard, L. Cui, J.R. Barker,
J.M. Cooper, Physica B 276 (2000) 357.
[11] Y. Chen, C.T. Imrie, J.M. Cooper, A. Glidle, D.G. Morris,
K.S. Ryder, Polym. Int. 47 (1998) 43.
[12] A. Griffith, A. Glidle, G. Beamson, J.M. Cooper, J. Phys.
Chem. B 101 (1997) 2092.
[13] K.S. Ryder, D.G. Morris, J.M. Cooper, J. Chem. Soc.-
Chem. Commun. 14 (1995) 1471.
[14] J.M. Cooper, D.G. Morris, K.S. Ryder, J. Chem. Soc.-
Chem. Commun. 6 (1995) 697.
[15] F. Garnier, H. Kori-Youssoufi, P. Srivastava, A. Yassar,
J. Am. Chem. Soc. 116 (1994) 143.
[16] W. Schuhmann, Synth. Met. 41 (1991) 429.
[17] M.J. Eddowes, H.A.O. Hill, J. Chem. Soc. Chem. Com-
mun. 771 (1977) 364.
[18] M.J. Eddowes, Biosensors 3 (1987) 1;
M.J. Eddowes, Sens. Actuator 11 (1987) 265.
[19] M.J. Eddowes, D.G. Pedley, B.C. Webb, Sens. Actuator 7
(1985) 233.

[20] P.D. Barker, K.Di Gleria, H.A.O. Hill, V.J. Lowe, Eur. J.
Biochem. 190 (1990) 171.

[21] M. Kudera, A. Aitken, L. Jiang, S. Kaneko, H.A.O. Hill,
P.J. Dobson, P.A. Leigh, W.S. Mclntire, J. Electroanal.
Chem. 495 (2000) 36.

[22] R.E. Lancaster Jr., C.A.V. Werf, J. Org. Chem. 23 (1958)
1208.

[23] H. Ge, S.A. Asraf, K.J. Gilmore, C.O. Too, G.G. Wallace,
J. Electroanal. Chem. 340 (1992) 41.

[24] M.J.S. Dewar, E.G. Zoebisch, E.F. Healy, J.P. Stewart,
J. Am. Chem. Soc. 107 (1985) 3902.

[25] M.J.S. Dewar, W. Thiel, J. Am. Chem. Soc. 99 (1977) 4899.

[26] J.J.P. Stewart, J. Comp. Chem. 10 (1989) 209.

[27] MOPAC Program Version 6 (QCEP 455).

[28] J. Ridley, M.C. Zerner, Theor. Chim. Acta 32 (1973) 111.

[29] J. Ridley, M.C. Zerner, Theor. Chim. Acta 42 (1976) 223.

[30] A.D. Bacon, M.C. Zerner, Theor. Chim. Acta 53 (1979) 21.

[31] J.D. Head, M.C. Zerner, Chem. Phys. Lett. 122 (1985) 264.

[32] J.D. Head, M.C. Zerner, Chem. Phys. Lett. 131 (1986)
359.

[33] W.P. Anderson, W.D. Edwards, M.C. Zerner, Inorg.
Chem. 25 (1986) 2728.

[34] W.D. Edwards, M.C. Zerner, Theor. Chim. Acta 72 (1987)
347.

[35] J. Del Nero, B. Laks, Synth. Met. 101 (1999) 440.

[36] J. Del Nero, B. Laks, Synth. Met. 101 (1999) 379.

[37] R.L. Doretto, J. Del Nero, B. Laks, Synth. Met. 101 (1999)
178.

[38] J. Del Nero, C.P. de Melo, Synth. Met. 121 (2001) 1741.

[39] J. Del Nero, D.S. Galvao, B. Laks, in preparation.



	Electronic structure investigation of biosensor polymer
	Introduction
	Methodology
	Results and discussion
	Summary and conclusions
	Acknowledgements
	References


