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Abstract. Adsorption based on the immobilization of amino acids, i.e. leucine
and glycine, on the surface of undoped polypyrrole (Ppy) is investigated.
Calculations are done based on density functional theory using Gaussian03
software and applying GGA with 6-31G(d) basis set and exchange-correlation
model of PBE (Perdew, Burke, Ernzerhof) level of theory. The energy of the Ppy
doped with amino acids are minimized with respect to the orientation and
distance of the amino acids to the Ppy. Neutral leucine carboxyl shows greater
binding energy as compared to that other leucine configurations. It has
adsorption energy of 0.25 eV at optimum distance of 2.2 A from the surface of
Ppy. As for the glycine, the zwitterionic carboxyl exhibits the strongest binding
energy among other glycine configurations. It has adsorption energy of 0.76 eV
at optimum distance of 1.7 A from the surface of Ppy. The adsorption processes
for both amino acids should proceed easily because the activation barriers are
either absent or very small.

Keywords: adsorption; density functional theory; glycine; immobilization; leucine;
polypyrrole.

1 Introduction

Conjugated polymers are basically plastics with combined electrical properties
of metals and semiconductors. Polypyrrole is among the conjugated polymers
that is environmentally stable and biocompatible. It has been extensively
studied because of its wide potential industrial applications such as
electromagnetic shielding, fuel cell catalysts and membranes, nerve
regeneration and chemical detectors [1-6]. As the most biologically compatible
conductive polymer, polypyrrole has also been investigated as a potential
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candidate material for the fabrication of biosensors as well as for drug delivery
devices [7]. Conducting polymer-based biosensors work as transducers in which
biomolecules are immobilized. The presence of certain immobilized
biomolecules on the surface of conductive polymers could in turn make this
system function as that of toll-like receptors for pathogen recognition system
[8]. As a starting point in uncovering the physical phenomena responsible for
the immobilization of much more complex biological systems, we report in this
paper a density functional theory (DFT) based study on the interaction of
polypyrrole and the amino acids, i.e. leucine and glycine, with molecular
formula C¢H13sNO, and C,HsNO,, respectively. There are 20 most common
amino acids that constitute proteins. Although we choose among the simplest
ones, i.e. glycine and leucine, as the starting point, nevertheless the importance
of glycine and leucine should not be underestimated. Glycine is essential for the
biosynthesis of nuclei acids [9], and has the ability to act as inhibitory
neurotransmitter in the central neurosystem [10,11]. To emphasize further on
the objectives of this study, glycine adsorption has been investigated previously
on several surfaces such as carbon nanotubes, graphite, Cu, TiO,, Si, NiAl, Au,
and Pt for corrosion prevention, biocompatibility and biosensor [12-23].
Similarly, leucine immobilization has been actively investigated previously, for
applications in protein chemistry [24], smart biocatalyst [25], biological and
medical application [26-27], and other potential applications [28]. To the best
of our knowledge, the study on the surface interaction between these amino
acids and polypyrrole is still lacking.

Our computations with Ppy in the following section involve glycine and
leucine, both in its zwitterionic (NH;"-CH,-COO- and NH;"- CsH;,-COO-) and
neutral/nonionic (NH,-CH,-COOH and NH,-CsH1,-COOH) forms, dealing with
the adsorption on both amino acid’s carboxyl and amine ends. The total
energies of the polypyrrole doped with leucine and glycine are minimized with
respect to the orientation and distance of the amino acids to the polypyrrole
cluster.

2 Computational Details

Density functional theory based calculations [29] are conducted for all
configuration using Gaussian03 [30] code using 6-31G(d) basis sets and GGA
(Generalized Gradient Approximation) of PBE (Perdew, Burke, Ernzerhof) [31]
exchange correlation functional level of theory. Contracted Gaussian basis sets
have successfully been used to study the interaction between polymers and
metals [32-33]. These contracted Gaussian basis sets on an imposed periodic
boundary conditions were also succesfully utilized by [34-35] in their ab initio
study of polypyrrole and ladder-polypyrrole. It was revealed that the 6-31G
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Figure 1 Computational model of amino acids on top of Ppy: (a) Ppy + neutral
leucine-carboxyl side (b) Ppy + neutral leucine-amine side (c) Ppy + zwitterionic
leucine-carboxyl side (d) Ppy + zwitterionic leucine-amine side (e) Ppy + neutral
glycine-carboxyl side (f) Ppy + neutral glycine-amine side (g) Ppy + zwitterionic
glycine-carboxyl side (h) Ppy + zwitterionic glycine-amine side.
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basis set suited well for polypyrrole with periodic boundary conditions.
Disparities between the structural properties of polymer with a larger basis sets
such as LANL2DZ and those of 6-31G were reported in the order of only 0.005
A. For these reasons and computational efficiency, we have opted to use the
same basis sets as were used in [34]. We employ periodic boundary conditions
to this glycine — polypyrrole system and consider 4 rings of pyrrole as the
oligomers and one glycine. In other words, we have used a coverage of one
glycine molecule for every 4 pyrrole oligomers, and we have set the distance
between every periodic images at 14.46 A in order to minimize the interaction
with glycines in other neighbouring supercells. The size of our supercell at
14.46 A is larger than that used by [13] in their study of glycine adsorption on
carbon nanotube.

In this investigation we fix the geometry of polypyrrole and amino acids, only
their distance from each other are varied. In addition, we also only consider the
interaction of 1-D pyrrole rings with glycine or leucine in the vacuum. In other
words, the investigations are limited toward uncovering the intrinsic properties.
Knowing that glycine and leucine have 10 and 22 component atoms,
respectively, suggests that the adsorption process involves some degrees of
freedom. However we have opted to limit our ab initio analyses to the
computational models shown in Figure 1. Initial calculations are conducted to
determine the stable or optimized structures of isolated polypyrrole and amino
acids. These optimized structures are then used to calculate their total energies
as functions of their distance and orientation. The orientations and positions of
the amino acids have been specifically chosen so that the amino acid carboxyl
and amine groups approach directly to the surface of Ppy.
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Figure 2 Region where PES calculation are conducted.

We have determined the minimum potential energy surface (PES) from which
point the total energies are calculated at varying distance from the surface of
Ppy. Figure 2 shows the region where PES are evaluated with 0.2 A resolution
near minimum point. Figure 3 shows the contour maps of PES for Ppy +
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zwitterionic glycine carboxyl and Ppy + neutral leucine carboxyl. Although
investigation are conducted to all contour maps however only those two contour
maps are shown here. The minimum energy of this configuration are used to
calculate the adsorption energy. These methods are applied to other Ppy +
glycine and Ppy + leucine models as well.

¥ (A)

Figure 3 Contour map of (a) zwitterionic glycine carboxyl and (b) neutral
leucine carboxyl potential energy surface (PES) in Hatree.

3 Results and Discussion

Contour map of PES shown in Figure 3 are calculated by scanning on top of
Ppy covering area of 5 A x 5 A (see Figure 2) with 0.2 A resolution at a height
of 3.0 A. From the minimum site in PES, the total energies are then calculated
at varied distances between the amino acids and Ppy surface.

In Figure 4 we show the energy curve describing the adsorption of amino acids
in both ionic and nonionic forms. Table 1 shows the numerical results of the
adsorption energy calculations which are based on

Ead = Emin_ Eref ; Eref = EPPy + Egly-

where Eni, is the minimum energy obtained by varying the distance between
Ppy and amino acids, E. is the sum of energies of isolated Ppy and amino
acids. Numerical results shown in Table 1 suggest that both glycines and
leucines are weakly bound on the Ppy surface, with adsorption energies close to
that for gas molecules ([36,37] reported adsorption energies in the range of
about 0.1 — 0.8 eV). These results are comparable to that of glycine interaction
with carbon nanotubes [9,13].
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Figure 4 Adsorption energy curves of (a) Ppy + glycine and (b) Ppy + leucine.

These results in turn suggest the involvement of only non-covalent interactions
in the adsorption, as it is well known that non-covalent bonds are naturally
weak. Amino acids leucine and glycine through its carboxyl groups, as shown
in Table 1, is the strongest attracted to the Ppy surface among all adsorption
models (E;4=0.25 eV and E.4=0.76, respectively). The amino acids approaching
the Ppy surface through the deprotonated carboxyl groups adsorb the strongest
among all adsorption models which is similar to that adsorption on carbon
nanotubes surface as reported in [9,13]. A further detailed comparison from the
Figure 4 shows that the leucine in nonionic forms binds stronger onto the Ppy
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surface as compared to their ionic counterparts. However, the glycine in ionic
forms bind stronger onto the Ppy surface as compared to their nonionic
counterparts. These observations suggest that the nature of non-covalent
interactions between the two amino acids and Ppy surface is different. It seems
that ionic bonds in glycine — Ppy interaction is somehow more dominant than
that in leucine — Ppy one. It is also obvious from the smooth energy curves that
the amino acids adsorption should proceed easily, i.e. the activation barriers are
either absent or very small. Although a more complete modeling may be
necessary, the current preliminary results may provide rough information for
further development on entrapment process in polypyrrole based biosensor.

Table 1 Adsorption energies and optimum distances (zlc: zwitterionic leucine
carboxyl; zla: zwitterionic leucine amine; nlc: neutral leucine carboxyl; nla:
neutral leucine amine; zgc: zwitterionic glycine carboxyl; zga: zwitterionic
glycine amine; ngc: neutral glycine carboxyl; neutral glycine amine).

Species Optimum Adsorption
Distance (A)  Energy (eV)
Ppy+zic 34 0.02
Ppy+zla 2.6 0.18
Ppy+nlc 2.2 0.25
Ppy+nla 2.6 0.01
Ppy+zgc 1.7 0.76
Ppy+zga 2.7 0.31
Ppy+ngc 2.0 0.26
Ppy+nga 2.3 0.28
4 Conclusions

On the way to uncovering physical phenomena responsible for the adsorption
processes of more complex biomolecules, we have investigated the adsorption
of the amino acids leucine and glycine on polypyrrole. Neutral leucine carboxyl
showes greater binding energy as compared to the other leucine configurations;
it has adsorption energy of 0.25 eV at optimum distance of 2.2 A from the
surface of Ppy. As for the glycine, the zwitterionic carboxyl exhibits the
strongest binding energy among other glycine configurations. It has adsorption
energy of 0.76 eV at optimum distance of 1.7 A from the surface of Ppy. The
adsorption processes for both amino acids should proceed easily because the
activation barriers are either absent or very small. It is our hope that these
results somehow provide a new impetus for these new functional materials in
addition to the relevant experimental works.



120

Hermawan K. Dipojono, et al.

Acknowledgements

We would like to acknowledge the generous financial supports from IA-ITB
(Institute Technology Bandung Alumni Association), and Japan Society for the
Promotion of Science (JSPS) and Directorate General of Higher Education
(DGHE) through their Joint International Research Program, that make this
study possible. We would also like to express our gratitude to the Asahi Glass
Foundation for the partial financial support.

References

[1]

(2]

3]

[4]

[5]

[6]

[7]

(8]
(9]

[10]

Yoshino, K., Yin, X.H., Tada, K., Kawai, T., Hamaguchi, M., Araki, H.,
Sugimoto, R., Uchikawa, N., Asanuma, T., Kawahigashi, M. & Kato, H.,
Novel Properties of New Type Conducting and Insulating Polymers and
Their Composites, IEEE Trans. On Dielectrics and Electrical Insulation 3,
331, 1996.

The, K.S. & Lin, L., MEMS Sensor Material Based on Polypyrrole—
Carbon  Nanotube  Nanocomposite:  Film  Deposition  and
Characterization, J. Micromech. Microeng, 15, 2019, 2005.

Kaynak, A., Mohan, A.S., Unsworth, J. & Clout, R., Plane-Wave
Shielding Effectiveness Studies On Conducting Polypyrrole, J. Mat. Sci.
Letters 13, 1121, 1994.

Easton, E.B., Langsdorf, B.L., Hughes, J.A., Sultan, J., Qi, Z., Kaufman,
A. & Pickup, P.G., Characteristics of Polypyrrole/Nafion Composite
Membranes in a Direct Methanol Fuel Cell, J. Electrochem. Soc., 150,
C735, 2003.

Ramanavi¢ius, A., Ramanavi¢iene, A. & Malinauskas, A.,
Electrochemical Sensors Based On Conducting Polymer-Polypyrrole,
Electrochimica Acta, 51, p. 6025, 2006.

Dipojono, H.K., Saputro, A.G., Belkada, R., Nakanishi, H., Kasai, H.,
David, M.Y. & Dy, E.S., Adsorption of O, on Cobalt—(n)Pyrrole
Molecules from First-Principles Calculations, Journal of the Physical
Society of Japan, 78(9), 094710, 2009.

Geetha, S., Rao, C.R.K,, Vijayan, M. & Trivedi, D.C., Biosensing and
Drug Delivery by Polypyrrole, Anal. Chimica Acta, 568, 119, 2006.
Akira, S., Uematsu, S. & Takeuchi, O., Pathogen Recognition and Innate
Immunity, Cell, 124, p. 783, 2006.

Roman, T., Difio, W.A., Nakanishi, H. & Kasai, H., A Density Functional
Theory-Based Investigation of Adhesion of Poly (Butylene Terephthalate)
on Aluminum, Thin Solid Films, 509, p. 215, 2006.

Davidson, Michael W., Glycine, The Florida State University,
http://micro.magnet.fsu.edu/aminoacids/pages/glycine.html (August 16,
2009).



[11]

[12]

[13]

[14]

[19]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Immobilization of Amino Acids Leucine and Glycine 121

Paul, S.M., Gaba and Glycine, in Psycopharmacology: The Fourth
Generation of Progress, Edited by F. E. Bloom and D. J. Kupfer (Raven
Press, New York, 1995), p. 87 — 94, 1995.

Davidoff, R.A., Shank, R.P., Graham Jr., L.T., Aprison, MH. &
Werman, R., Is Glycine a Neurotransmitter?, Nature (London), 214, 680,
1967.

Roman, T., Difio, W.A., Nakanishi, H. & Kasai, H., Amino Acid
Adsorption on Single-Walled Carbon Nanotubes, Eur. Phys. J. D., 38,
117, 2006.

Efstathiou, V. & Woodruff, D.P., Characterisation of the Interaction of
Glycine with Cu(1 0 0) and Cu(1 1 1), Surf. Sci., 531, 304, 2003.

Nyberg, M., Hasselstrom, J., Karis, O., Wassdahl, N., Weinelt, M.,
Nilsson, A. & Pettersson, L.G.M., The Electronic Structure and Surface
Chemistry of Glycine Adsorbed on Cu.110, J. Chem. Phys., 112, 5420,
2000.

Barlow, S.M., Kitching, K.J., Haq, S. & Richardson, N.V., A Study of
Glycine Adsorption on a Cu{110} Surface Using Reflection Absorption
Infrared Spectroscopy, Surf. Sci. 401, 322, 1998.

Soria, E., Colera, I, Roman, E., Williams, E.M. & de Segovia, J.L., A
Study of Photon-Induced Processes with Adsorption Desorption of
Glycine at the TiO,(110) (1x2) surface, Surf. Sci., 451, 188, 2000.

Lopez, A., Heller, T., Bitzer, T. & Richardson, N.V., A Vibrational Study
of The Adsorption of Glycine on Clean and Na Modified Si(100)-2 x 1
Surfaces, Chem. Phys. 277, 1, 2002.

Tzvetkov, G., Ramsey, M.G. & Netzer, F.P., Adsorption of Glycine on a
NiAl(1 1 0) Alloy Surface, Surf. Sci., 526, 383, 2003.

Zhen, C., Sun, S., Fan, C.J., Chen, S.P., Mao, B.W. & Fan, Y.J., In Situ
FTIRS and EQCM Studies of Glycine Adsorption and Oxidation on Au(l
1 1) Electrode in Alkaline Solutions, Electrochemica Acta, 49, 1249,
2004.

Xiao, X.Y., Sun, S.G., Yao, J.L., Wu, Q.H. & Tian, Z.Q., Surface-
Enhanced Raman Spectroscopic Studies of Dissociative Adsorption of
Amino Acids on Platinum and Gold Electrodes in Alkaline Solutions,
Langmuir, 18, 6274, 2002.

Horanyi, G. & Rizmayer, E.M., Study of The Adsorption of Glycine on
Platinized Platinum Electrodes by Tracer Methods, J. Electroanal.
Chem., 64, 15, 1975.

Kalra, S., Pant, C.K., Pathak, H.D. & Mehata, M.S., Studies on the
Adsorption of Peptides of Glycine/Alanine on Montmorillonite Clay with
or Without Co-Ordinated Divalent Cations, Colloids Surf. A:
Physicochem. Eng. Asp., 212, 43, 2003.



122

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Hermawan K. Dipojono, et al.

Royer, Garfield P. & Andrews, John P., Immobilized Derivatives of
Leucine Aminopeptidase and Aminopeptidase M: Applications in Protein
Chemistry, The Journal of Biological Chemistry, 248, 1807-1812, 1973.
Roy, I., Sharma, S., Gupta & M.N., Smart Biocatalysts: Design and
Applications, Adv. Biochem. Eng. Biotechnol., 86, 159 — 189, 2004.

Chi, Meng-Chun, Lyu, Rui-Cin, Lin, Long-liu, Huang, Hsien-Bin,
Characterization of Bacillus Kaustophilus Leucine Aminopeptidase
Immobilized in Ca-alginate/k-carrageenan Beads, Biochemical
Engineering Journal, 39, 376 — 382, 2008.

Tischer, W., Kasche, V., Immobilized Enzymes: Crystals or Carriers?,
Trends Biotechnol., 17, 326 — 335, 1999.

Cao, L., Immobilised Enzymes: Science or Art?, Curr. Opi. Chem. Biol,
9, 217 — 226, 2005.

Hohenberg, P. & Kohn, W., Inhomogeneous Electron Gas, Phys. Rev. B
136, p. 864, 1964; Kohn, W. & Sham, L. J.: Phys. Rev. A 140, 1133,
1965.

Frisch, M.J., et al.,, Gaussian 03, Revision D.02 (Gaussian, Inc.,
Wallingford CT, 2004).

Perdew, J.P., Burke, K. & Ernzerhof, M., Phys. Rev. Lett. 77, 3865,
1996; Perdew, J.P., Burke, K. & Ernzerhof, M., Generalized Gradient
Approximation Made Simple, Phys. Rev. Lett., 78, 1396, 1997.

David, M., Roman, T., Difio, W.A., Nakanishi, H., Kasai, H., Ando, N. &
Naritomi, M., Polybutylene Terephthalate on Metals: A Density
Functional Theory and Cluster Models Investigation, J. Phys. Condens.
Mater 18, 1137, 2006.

David, M., Roman, T., Difio, W.A., Nakanishi, H., Kasai, H., Ando, N. &
Naritomi, M., A Nanoscale Understanding of The Adhesion of
Polybutylene Terephthalate on Aluminum, Surface Science, 601, 5241,
2007.

Pesant, S., Boulanger, P., Cote, M. & Ernzerhof, M., Ab Initio Study of
Ladder-Type Polymers: Polythiophene and Polypyrrole, Chemical
Physics Letters, 40, 329, 2008.

Pesant, S., Dumont, G., Langevin, S. & Co0té, M., First Principles
Elaboration of Low Band Gap Ladder-Type Polymers, The Journal of
Chemical Physics, 130, 114906, 2009.

Zhao, J., Buldum, A., Han, J. & Lu, J.P., Gas Molecule Adsorption in
Carbon Nanotubes and Nanotube Bundles, Nanotechnology, 13, 195
2002.

Peng, S. & Cho, K., Chemical Control of Nanotube Electronics,
Nanotechnology, 11, 57, 2000.



