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Molecular dynamics calculations have been performed on thiophene polymers bearing heterocyclic substituents at the
third position in order to study the interaction of analyte with these heterocyclic substituents. Analysis of parameters
like total energy, density, radial distribution function, end-to-end distance in polymer chains and radius of gyration of
polymer—analyte system shows the variation in these properties with respect to nature of analytes and side chain on the
polymer. Overall, the study aims to bring out the role of side chain in designing chemical sensory material.
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1. Introduction

Conjugated polymers [1] are of substantial interest due
to their luminescent, electronic (such as light-emitting
diodes, organic transistors, solar cells, batteries, photo-
resists and magnetic shielding materials), optical and
optoelectronic properties. The development of chemical
and biological sensors based on conducting polymers (CP)
has gained considerable momentum in the past decade
[2,3]. Among the conjugated polymers, polythiophenes
(PT) and its derivatives are widely investigated due to their
environmental and thermal stability [4]. Conjugated PT
are versatile materials in which analyte recognition can be
achieved in different ways including the selective
interactions between polymers and analyte wherein the
side groups in the thiophene play an important role.
Detection relies on both electronic and structural
interactions between the sensing material and the analyte
[5]. Different polymers have varying degrees of response
and this could lead to the development of a multisensor.
An important property of organic-based sensors is the
chemical flexibility of the active layer that can be used to
attain a selective device. An interesting approach
demonstrated on a set of polysiloxanes uses side-chain
functional groups to confer broad selectivity to a chemical
sensor [6]. Recently, alkyl-substituted conjugated poly-
mers have been employed in a chemiresistor-type
configuration to promote the detection of non-polar
vapours, normally a weak point of CP sensors [7], because
such conductive layers are generally much more sensitive
to polar substances. As an analyte approaches the polymer
surface, the tendency to interact with that surface will
depend on the inducement of H-bonding or non-bonded
interactions. The interaction of analyte molecule with the

polymer, whether by hydrogen bonding, van der Waals
forces or even covalent interaction, will modulate
electronic, optical or magnetic properties of the material
so they become chemical transducers [8]. The versatile
molecular recognition capabilities of CP, coupled with
their ability to communicate electronically with input
controlling and output monitoring systems, provide the
basis for a powerful new sensing technology [9].

The discovery of new electronic polymeric materials
could be facilitated, accelerated and made more cost
effective with the use of computer modelling and
simulations for the identification of compounds with
significant advantages over materials currently in use.
The intrinsic electronic and optical properties of a material
are governed by the electronic structure of molecules and
therefore it is essential to successfully design such
polymers to understand the evolution of the electronic
properties of conjugated polymers in connection with their
chemical structure [10,11]. Accurate simulation of atomic
and molecular systems generally involves the application
of quantum mechanical theory. However, quantum
mechanical techniques are computationally expensive
and are usually applied only to small systems containing
between 10 and 100 atoms or small molecules. It is not
practical to model large systems such as a condensed
polymer containing many thousands of monomers in this
way. Hence classical simulation tools are widely exploited
and they incorporate a broad spectrum of molecular
mechanics (MM) and dynamics (MD) methodologies that
have demonstrated applicability to molecular design.
Using a carefully derived empirical force field as the
foundation, minimum energy conformations, as well as
families of structures and dynamics trajectories of
molecular systems, can be computed with confidence.

*Corresponding author. Email: sradha78 @yahoo.com

ISSN 0892-7022 print/ISSN 1029-0435 online
© 2010 Taylor & Francis

DOI: 10.1080/08927020903115245
http://www.informaworld.com



17: 14 14 January 2011

Downl oaded At:

64  V.D. Ghule et al.

The present theoretical study investigates the role of
chemically different side chains used as substituents of PT
in conferring chemical selectivity towards the analytes.
In order to understand the interaction between the polymer
and analyte, the 3-substituted PT derivatives have been
chosen as model compounds. Influence of analyte on the
various properties such as energy and conformational
changes are discussed.

2. Theoretical methodology

Molecular simulations were performed on Accelrys’
Materials Studio Suite [12] on various structures of
model polymers and analytes shown in Figure 1. MM and
MD calculations have been executed using DISCOVER
module using PCFF force field which handles electron
delocalisation in aromatic rings by means of a charge
library rather than bond increments. Periodic boundary
conditions have been adapted for the simulation of
structures consisting of a periodic lattice of identical
subunits. Implementation of periodic boundaries to
simulations provides improvement in the rigour and
realism of a structure. Monomers and the analytes have
been optimised at semi-empirical level: AM1 calculations
using Gaussian 03 Package [13].

2.1 Construction of models

The polymer model is constructed from its optimised
monomer structures in its isotactic form with inter-ring
random torsions. The connectivity of these homo
polymers are head-to-tail and the polymer chain is
built with ten monomer units along 2, 5 position

@

TNT PA

CH,3 OH
O,N \©/N02 O5N < i _NO,
NO, NO,

of parent thiophene. The charges of isolated polymer
chains are based on the charge equilibrium method
[14]. Simulation cell is an initial configuration to define
polymer system for computer simulation. In the present
study, a cell consisting of three chains has been
constructed with periodic boundary conditions, the
complete molecular models including monomer, analyte
and cell have been energy minimised by MM
calculations before going for MD simulations. The
number of polymer chains and analyte in each model
system has been kept constant.

Various electron-rich and -deficient analytes
(Figure 1(a)) have been chosen to study their effect on
polymer conformations (Figure 1(b)). An AMI1 optimised
analyte molecule has been included in simulation cell
while its construction in order to study the influence of
analyte on the polymer.

2.2 Simulation protocol

In order to bring the polymer model system to the most
probable configuration consistent with target temperature
and pressure, cell relaxations have been performed for the
energy minimised cells of pure polymer and polymer with
analytes using NVT-MD simulations. The relaxation
protocol employed is similar to the Hoffmann’s relaxation
protocol [15]. Karayiannis et al. [16] modified the above to
perform NPT dynamics at the end of the NVT cycles and
the simulation protocol is shown in Table 1. The final
structure has been taken from the relaxation simulation
and it was equilibrated by NPT-MD simulations for
1000 ps (production run). Density of the cell is recorded

H,;C CH
NH, SN TR
N
NH2 HsC~ > CHj
Benzene PDA TMPDA

H N
W 3 3

PT PTAP

PTBI PTBT

Figure 1. Polymer and analyte systems considered in the study (a) analytes; (b) polymers.



17: 14 14 January 2011

Downl oaded At:

Table 1. Relaxation protocol.

Temperature Time
Stage of equilibration Ensemble (K) (ps)
1 NVT-MD 750 30
2 NVT-MD 600 20
3 NVT-MD 450 20
4 NVT-MD 303 100
5 NPT-MD 303 100

NVT, constant number of moles/constant-volume/constant temperature dynamics;
NPT, constant number of moles/constant-pressure/constant temperature dynamics.

in equilibrium process and a constant density is ensured at
the end of production run.

2.3 Analysis methodology
2.3.1 Energy expression

The total energy of a system is the sum of its potential and
kinetic energies. While the kinetic energy depends on
temperature, the potential energy (PE) of a system can be
expressed as a sum of valence (or bond), crossterm, and
non-bond interactions:

PE = Evalence + Ecrossterm + Enon—bond- (1)

The energy of valence interactions is generally accounted
by diagonal terms like bond stretching (bond), valence
angle bending (angle), dihedral angle torsion (torsion),
inversion, out-of-plane (oop) interactions and Urey—
Bradley (UB) may be used to account interactions between
atom pairs involved in 1-3 configurations (i.e. atoms
bound to a common atom).

Evalence = Ebond + Eangle + Etorsion + Eoop + EUB- (2)

Cross terms can include the following: stretch—stretch,
stretch—bend—stretch, bend—bend, torsion-stretch,
torsion—bend—bend, bend—torsion—bend and stretch—
torsion—stretch. The energy of interactions between non-
bonded atoms is accounted for by van der Waals (vdW),
electrostatic (Coulomb) and hydrogen bond (H-bond),

Enon-vond = Evaw + Ecoutomb + EH-bonds 3)

where vdW accounts for intermolecular interactions
between atoms that are separated by three or more bonds
within a chain and their interaction potential is relatively
short-range. While the coulombic interactions decrease at
a much slower rate with distance, variation in interaction
energy depends on the structure. Many force fields contain
no special arrangement for hydrogen bonding and rely on
vdW and electrostatic terms to produce the hydrogen
bonding. Length distribution and radius distribution profile
analysis has been performed for the polymer model having
different analytes.

Molecular Simulation 65

3. Results and discussion

Appropriate molecular design of polymer side chains and
intelligent engineering of surfaces and interfaces will
lead to polymers with specific physico-chemical properties
for the chemical sensing applications. Recent literature
shows alkyl- and alkoxy-substituted PT regioregular
thin films show very promising properties for employment
as chemical sensors [17,18]. Molecular design of materials
for deemed application requires the detailed investigation
of the process involved. This study explores bringing out
the weak interaction associated with the chemical sensing
phenomena. Interaction of analyte with polymer can
produce a conformational change in the side chain/
backbone. These changes can be better realised by
analysing the orientational/structural changes of the
polymer system through length and radial distribution
profiles. In addition, any structural change will lead to a
change in the energy of a system.

3.1 Energy contributions

The total energy content of the polymer—analyte composite
depends not only on polymer and analyte, but also on the
interaction between them. The nature and the extent of
interaction are decided by the molecular features of the
analyte. Comparison of total energies of various polymer
systems without analytes is shown in Figure 2. No significant
change in total energy is observed in polymers PT, poly[4-
((thiophen-3-yl)methyleneamino)phenol]-2,5-diyl (PTAP)
and poly[N-((thiophen-3-yl)methylene)-1H-benzo[d]imida-
zol-2-amine]2,5-diyl (PTBI) while poly[N-((thiophen-3-
yl)methylene)benzo[d]thiazol-2-amine]-2,5diyl (PTBT)
exhibits high energy of about 3300 kcal/mol. This deviation
in PTBT may be attributed to the presence of sulphur atom
unlike nitrogen in PTBI. Sulphur-containing molecular
systems possess very high energy of non-bonded

3400 | v
v v v v
= 3200 -
2 = PT
% 3000_ ® PTAP
< A PTBI
& 28001 . . v PTBT
2
S 2600 u - .
‘_‘S | ]
2 2400 . °
[ ] A
° [ ]
] )
2200 N A . :

T T T
Pure TNT PA  Benzene PD. TMPDA
Analyte

Figure 2. Total energy distribution profile.
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interactions, which is in turn due to the electrostatic
interaction component.

A plot of total energies of the polymer systems with
different analytes is shown in Figure 2. A polymer model
without analyte has been taken as reference and is depicted
as pure in the graph. All the polymer models behave
similarly towards different analytes. Substitution of the
electron-withdrawing nitro groups on the aromatic ring
lowers the energy of the empty m* orbitals, thereby making
nitro aromatic compounds good electron acceptors [19].
Conjugated polymers are promising candidates for redox
sensing because they are electron donors [20] and their
donor ability is further enhanced due to delocalisation of
electrons in the backbone chain. Total energy of the
polymer models having TNT and picric acid (PA) as
analytes show high energy compared to other analytes. As
these nitro compounds (TNT and PA) are electron deficient
in nature, they interact well with electron donating
conjugated polymers and hence the overall energy of
these polymer model systems becomes relatively high. In
contrast to electron-deficient analytes, electron-rich analytes
(p-phenylene diamine (PDA), N,N,N’',N'-tetramethyl-p-
phenylene diamine (TMPDA)) will have poor interaction
with conjugated polymers. The present study confirms the
same and in the similar lines, benzene behaves moderately.

In the case of PTBT, PE of pure polymer and polymer—
analyte composite is very high (nearly = 1000 kcal/mol).
Energy difference in the PE as compared with PT, PTAP,
PTBI polymers composite and this energy contribution may
be due to bond stretching, bond angle bending, out-of-plane
bending, torsion and steric interaction between side chains.

3.2 Polymer packing behaviour

Packing calculations may reveal how effectively polymer
chains can pack together in the presence of an analyte and
this efficiency depends on the molecular potentials and the
nature of polymer—polymer interaction as well as
polymer—analyte interactions. In the present study,
packing effects in terms of density for the relaxed polymer
cells have been compared to understand the conformation-
al changes and intensity of interaction.

Comparison of densities of pure polymers Figure 3
show the following order,

PT > PTAP > PTBI > PTBT.

In the case of 3-substituted PT the presence of side
chain affects the free rotation of polymer chain and offers
steric hindrance to the overall system in a cell while these
constraints are not found in PT. Hence better packing is
possible in PT and higher the density.

Figure 4 presents various densities of different polymer—
analyte systems. Overall the trend of the unsubstituted PT is
different from 3-substituted polymers (PTBI, PTAP and
PTBT). In general, 3-substituted polymers have the highest
density for the electron-deficient analyte system (TNT),

Density (g/cc)

0.3

0 200000 400000 600000 800000 1000000
Time (fs)

Figure 3. Plot of density versus time of polymer models
(without analyte) from NPT-MD simulations.

1.38 vz PT

1.36 1 XY PTAP

1.34
132 47
1.30 4
1.28 |

Density (g/cc)
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Figure 4. Cell density of various polymer—analyte systems.

while it is low for electron-rich systems like PDA, TMPDA.
Functional side chains of these 3-substituted polymers make
the polymer system interact with the electron-accepting
analytes. Presence of —OH and NH in PTAP and PTBI can
bring more negative charge on these systems unlike PTBT
and hence there is a deviation in PTBT. In the case of PA as
analyte, the partial negative charge on OH group may create
repulsive force towards polymer system and hence it results
in poor packing behaviour. This may be the reason for lower
density of polymer—PA system compared to TNT. On the
other hand, electron-rich analytes may not interact well with
3-substituted polymers as they are already rich in electron
and hence, overall, all 3-substituted polymer—PDA/TMPDA
systems have similar density. Polymer—benzene system
behaves moderately in contrast to other systems.

3.3 End-to-end distance (r) and radius of gyration (S)

In general, polymer molecules assume an enormous
number of spatial arrangements given as statistical
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Figure 5. End-to-end distribution analysis of polymer-analyte
systems.

(ensemble) averages of some characteristic property.
The parameters to specify average global configuration are
the distribution and moments of the end-to-end distance
and the radius of gyration. End-to-end distribution for the
different polymer—analyte systems are shown in Figure 5.
In the case of unsubstituted PT, there is no significant
change in distance, which may be attributed to the absence
of side chain. Comparison of end-to-end distance of
various polymer systems without analyte (depicted as
‘pure’ in figures) reveals unsubstituted PT has a high value
of about 27 A while other systems exhibit 23 A. Presence
of side chain offers strain on the polymer backbone and
forces the molecule to fold and hence there is reduction in
the end-to-end distance value of 3-substituted polymer
systems. Electron-deficient analytes (TNT, PA) have less
distance distribution than electron-rich ones (PDA,
TMPDA) and this trend is similar in all the polymer—
analyte systems. It shows that electron-deficient analytes

A
11.2 R
A A
@ 1081 A .
= o
E a °
= 10.4 1
; v v
o v [¢] o
S 10.0 1 v
o v = PT
=}
2 o PTAP
8§ 961 v A PTBI
@
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9.2 -
- . ] - ]
8.8 =

T T T T T
PURE  TNT PA  Benzene PDA TMPDA

Figure 6. Radius of gyration of different polymer—analyte
systems.
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affect the free orientation of polymer in a cell, while this
may not be significant in the case of electron-rich analytes
since both polymer and analyte are electron rich.

Radius of gyration is the root mean square distance of
the atoms in the molecule from their common centre of
mass. Local chain geometry is frequently characterised by
measurements of valence and dihedral angle distributions
whose values are essentially determined by a combination
of packing effects and local intramolecular interactions that
are strongly correlated with global dimensions. Figure 6
compares the radius of gyration values of polymers for the
different systems following the reverse trend of end-to-end
distance. It is observed that for electron-rich analytes (PDA,
TMPDA and benzene), S is found to be less as compared to
electron-deficient analytes (TNT and PA).

3.4  Pair correlation function

In order to study the changes in the local packing of polymer,
which occur during physical processes, polymer—analyte
microstructure can be evaluated by calculating the radial
distribution function, g(r), from the trajectories [21]. The pair
correlation function (the radial distribution function) gives a
measure of the probability that, given the presence of an
atom at the origin of an arbitrary reference frame, it gives the
idea of the distribution of the polymer and analyte in a cell
and there will be an atom with its centre located in a periodic
cell with different periodic boundary conditions at a
distance, r, from the reference atom. It gives the number of
atoms found at a given distance in all the directions seen
from an atom of interest [22]. The radial distribution
function is useful not only because it provides insight into
the polymer—analyte microstructure, but also the ensemble
average of any pair function may be expressed in the form
number of different approaches, which give partial
descriptions of orientation ordering developed. Table 2
presents the minimum distance at which interaction starts
between the polymer and analyte sets obtained from radial
distribution analysis. It can be seen that in general, electron-
deficient analytes exhibit interactions even at shorter
distances than electron-rich analytes. Table 1 shows the
maximum possible g(r) for polymer—analyte system
obtained from MD simulations followed by radial
distribution analysis. Maximum interaction g(r) is observed
in PTBT and PTBI polymers. In case of unsubstituted PT,
electron-rich analytes interact better than deficient analytes.

4. Conclusions

This paper reports the interaction of thiophene-based
conducting polymer with analyte by the analysis of various
parameters obtained from MD simulations. Analysis of
parameters like total energy, density, radial distribution
function, end-to-end distance in polymer chains and radius
of gyration of polymer—analyte system shows the
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Table 2. Results of the pair-correlation analysis.

PT PTAP PTBI PTBT
System d* £(Pmax d £(Mmax d £(Mmax d £(Mmax
TNT 2.35 0.968 2.05 1.006 2.15 0.990 2.35 0.998
PA 1.95 0.969 2.25 1.001 1.85 1.002 2.55 1.040
Benzene 2.25 1.000 2.35 0.984 2.35 1.006 2.25 1.006
PDA 2.25 1.003 2.05 0.992 2.35 1.003 2.25 1.059
TMPDA 1.95 1.003 1.95 0.958 2.35 0.970 2.35 0.969

#The minimum distance at which the interaction starts.
® Maximum possible g(r).

variation in these properties with respect to the nature
of analytes and side chain on the polymer. PTAP and PTBI
show better interaction with analytes like PA and TNT.
Hence the study brings out the role of side chain in
designing chemical sensory material for the specific
analyte. Presently, experimental studies are being carried
out to support the simulation results.
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