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Abstract

characteristics.

In this paper, electrical and structural properties of mono-, di-, tri- and tetrachlorothiophenes and their radical
cations have been studied using the density functional theory and B3LYP method with 6-311++G** basis set. The
effects of the number and position of the substituent of chlorine atoms on the properties of the thiophene ring
for all chlorothiophenes and their radical cations have been studied. Vibrational frequencies, nuclear chemical
shielding constants, spin-density distribution, size and direction of dipole moment vector, ionization potential,
electric polarizabilities and NICS values of these compounds have been calculated as well. The analysis of these
data showed that double bonds in 3-chlorothiophene are more delocalized and it is the best possible candidate
monomer among all chlorothiophenes for the synthesis of corresponding conducting polymers with modified

Introduction

Electrically-conducting polymers such as advanced
materials and the new class of ‘synthetic metals’ have
drawn high attention in the last years [1]. The 2000
Nobel Prize in chemistry recognized the discovery of
conducting polymers and over 25 years of progress in
this field [2,3]. There has been growing interest in
research on conducting polymer nano structures (nano-
rods, -tubes, -wires and -fibers) since they incorporate
the advantages of organic conductors with low-dimen-
sional systems and so create interesting physicochemical
properties and potentially useful applications [4-7]. The
varieties of such studies have been reported in the litera-
ture that includes: surfactants [8-11], liquid crystals [12],
polyelectrolytes [13], nano-wire seeds [14], thiophene
oligomers [15], bulky organic dopants [16-21]. Among
intrinsic conducting polymers with conjugated double
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bonds, polythiophenes (PTHs) and related derivatives
are suitable for commercial applications [22].

Polythiophenes are normally produced from non aqu-
eous media because the monomer is more soluble in
them. The influence of water on polymerization process
of thiophene as well as on the redox switching proper-
ties has been studied [23,24]. It has been recently shown
that the attachment of a range of electron-donating or
electron-withdrawing groups through a conjugated lin-
ker has a dramatic effect on polymerization potential
and subsequent photovoltaic performance [25,26]. Poly-
thiophene has a solubility of 75% (w/w) in chloroform
and a conductivity of 220 s cm™ [22].

The effect of temperature on polymerization process
of thiophene has been investigated as well [27]. Results
show that when polymerization is carried out at 15-
20°C, polymers with optimal properties will be obtained.
Ultrasonication has been used to improve the efficiency
(improved yield, lowering of polymerization potentials)
of electropolymerization process of polythiophene [28].
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Thiophene is oxidized to form a conducting electro
active polymer (CEP), with the best conductivity when it
is created from o-o linkages [22]. In polypyrroles, the
mechanism of polymerization involves the formation of
radical cations which react with another monomer to
develop the polymeric structure (Figure 1) [29].

The objective of the present research is to study elec-
tronic and structural properties of all chlorothiophenes
(shown in Figure 2) and their radical cations using
DFT-B3LYP and DFT-UB3LYP methods.

The electropolymerization and characteristics of
monomers (conductivity and solubility) are related to
the stability of their radical cations which it is closely
dependent on the type and configuration of the substi-
tuent on the thiophene ring [22]. Vibrational frequen-
cies with analyses of their IR intensities and NMR
shielding constants will be used to characterize and pre-
dict the molecular and spectroscopic properties of
fluorothiophenes.

Computational Procedures

First of all, structures of representative mono-, di-, tri-
and tetrachlorothiophenes were optimized using B3LYP/
6-311++G** method [30-32]. The geometries of these
compounds were optimized using standard gradient
techniques with default parameters set in G98W. Vibra-
tional frequencies with their IR intensities are calculated
with scale factors, f£21.0100 for low-frequency vibrations
(below 1000 cm™) and £.0.9679 for high-frequency
vibrations (above 1000 cm™) [33]. The vibrational

O = X,
zﬁl;
- S

Figure 1 Polymerization of Thiophene (where R = H or a
substituent).
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T: W=X=Y=Z=H thiophene
A: W=Cl, X=Y=Z=H 2-chlorothiophene
Ye Zq B: Y=CIl, W=X=Z=H 3-chlorothiophene
\ C: W=Y=Cl, X=Z=H 2,3-dichlorothiophene
/03—04 D: W=Z=Cl, X=Y=H 2 4-dichlorothiophene
C/ \\C E: W=X=Cl, Y=Z=H 2,5-dichlorothiophene
We™ANg” X F: Y=Z=Cl, W=X=H 3 4-dichlorothiophene
! G: W=Y=7=Cl, X=H 2 3 4-trichlorothiophene
H: W=X=Y=Cl, Z=H 2 3 5-trichlorothiophene
I: W=X=Y=Z=Cl 2,3.,4,5-tetrachlorothiophene
Figure 2 All possible mono-, di-, tri- and tetrachlorothiophenes
studied in this work.

frequencies analysis showed that all structures corre-
spond to local minima in potential energy surface.

Results and Discussion

Structural Analysis of Chlorothiophenes

In this section, the electrical and structural properties of
chlorothiophenes and their related radical cations have
been studied. Because of the stabilizing effects of the
delocalization of non-bonding p electrons of sulfur
atom, it is expected that the thiophene molecules pos-
sess a plane structure.

In agreement with this expectation, results of the pre-
sent calculations show that all chlorothiophenes possess
planar structures (the optimized values of all dihedral
angles of all structures are either 0° or 180°). The opti-
mized structural parameters obtained at B3LYP/6-311+
+G** level of theory for all chlorothiophenes and
UB3LYP/6-311++G** level of theory for all radical
cations are listed in Tables 1 and 2.

To predict the bonding-characteristic behavior of
chlorothiophene rings in their corresponding polymer
chains and to determine the extent of the m-conjugation
character of these polymers, we have used the F,, coeffi-
cient defined in Equation 1 for each thiophene ring [34].

R34

" (R23 + R45)/2 M)

F,
where R34 is the length of C3-C4 bond (formally sin-
gle bond) and [(R23 + R45)/2] is the average length of
C,-C3 and C4-Cs bonds (formally double bonds) in the
thiophene ring. The calculated values of the F,, coeffi-
cient for thiophene, all chlorothiophenes and their radi-
cal cations are listed in Table 1. As shown in this table,
F,, coefficient has the following trend for all molecules:

B < Thiophene <C < A<D <H<E<F<G<I

And for all molecular radical cations, values of the F,,
coefficient has the following trend:

B < Thiophene <A<E<G=H<F=1<D<C

As this table shows, 3-chlorothiophene has the smal-
lest value of the F,, coefficient. Therefore, it can be
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Table 1 B3LYP/6-311++G** optimized values of bond suggested that double bonds in 3-chlorothiophene are
lengths (A) and the F, coefficient for Thiophene and more delocalized.
Chlorothiophenes
Molecule  S1-C2 S1-C5 C2-C3 (C3-C4 (C4-C5 Fn Spin-Distribution Analysis
Thiophene 1733 1733 1366 1428 1366 1045 Electropolymerization process for each molecular radical
1.728 1.728 1.422 1.376 1421 0.968 cation is obtained from a-o (Ca-Cs) linkages [29], so it
A 1740 1737 1364 1428 1364 1.047 can be said that in a compound, the greater spin density
1760 1715 1419 1378 1414 0973 in Positions C3 and C, is, the higher electropolymeriza-
B 1732 1733 1363 1424 1364 1.044 tion rate will be [35].
1681 1780 1437 1341 1366  0.957 The spin-density distribution over the ring atoms of
C 1741 1735 1367 1427 1362 1046 chlorothiophene radical cations have been calculated
1.732 1.743 1.445 1.395 1.383 0.987 and presented in Table 3. As ShOWl’l in thiS table, it is
0 1740 1737 1362 1427 1361 1048 obvious that monomers B and F have the maximal spin

1782 1700 1385 1386 1431 0984 density on positions C3 and C4. This means that the
electropolymerization of 3-chlorothiophene (B) and 3,4-

E 1745 1745 1362 1429 1361 1050 dichlorothionh E b ¢ bl o il
1750 1750 1410 1379 1410 0978 ichlorothiophene (F) can be more favorable ratio wit
respect to other molecules.
F 1.730 1.730 1.363 1433 1.363 1.051
1.733 1.734 1413 1.387 1412 0.982 A A
G 1.738 1.734 1.367 1435 1.360 1.052 Electric Dipole Moments
' ’ ’ ’ ’ ‘ Orientations of the polymer chains in the condensed
175 1728 1415 1386 1411 098 . )
phase are the most important parameters affecting the
H 174717441365 1429 1360 1049 electric charge transport properties of polymers so that
/34 1768 1430 1385 130 0% the electrical conductivity of a polymer chain is altered
1745 17431364 14371364 1.053 when its orientation and consequently its symmetry and
1.752 1.752 1413 1.388 1413 0.982

non isotropic interactions are changed.
Corresponding values for the related radical cations optimized with UB3LYP/6- Chemically synthesized PTHs powders exhibit a par-

311++G** are given in the lower row with italic fonts. See Figure 2 for . . . . . .
definitions of bond lengths. tially crystalline structure in which the chains align and

Table 2 B3LYP/6-311++G** optimized values of bond angles for Thiophene and Chlorothiophenes

Molecule C2-51-C5 S$1-C2-W $1-C5-X $1-C2-C3 $1-C5-C4 C3-C4-C5 C2-C3-Y C5-C4-Z

Thiophene 915 1199 119.9 1115 115 112.7 1234 1234
89.7 120.1 120.1 1133 1133 111.9 122.6 122.6

A 90.7 120.5 119.6 1125 1118 111.8 1234 1233
88.0 120.0 119.4 114.9 114.2 112.8 122.7 1223

B 917 1211 119.9 1106 1119 111.6 1234 1246
90.6 123.1 1188 1114 1134 110.0 120.7 1252

@ 91.0 1209 120.8 119.6 1122 1123 124.2 124.5
88.2 122.9 1182 1134 1154 110.7 120.6 124.5

D 90.9 1204 1204 112.8 1108 114.6 124.5 1234
885 1184 121.9 1155 1124 115.1 125.0 1204

E 89.9 120.1 120.0 112.7 112.7 1124 1234 1234
86.3 119.4 119.4 115.8 1158 1111 1225 1225

F 919 120.9 120.9 1113 113 112.8 1236 1236
89.9 122.9 121.5 113.0 112.9 112.1 123.1 1232

G 913 120.6 120.5 1121 1115 1134 1244 1235
88.3 121.2 120.7 1145 114.1 112.9 1232 122.8

H 90.3 120.1 1204 113.0 111.6 1135 124.5 124.2
86.7 121.8 118.0 174.1 116.8 109.4 120.9 124.5

90.6 120.1 120.1 1122 1122 1125 1242 1242

86.9 120.4 120.4 1154 1154 111.2 1232 1232

Corresponding values for the related radical cations are given in the lower row with italic fonts. See Figure 2 for definitions of angles.
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Table 3 Distribution of spin density over sulfur and
carbon atoms in UB3LYP/6-311++G** optimized
structures of Thiophene and Chlorothiophenes radical
cations

Molecule S, C, Cs C, Cs

Thiophene -0.131 0.547 0.046 0.046 0.548
A -0.087 0377 0.055 0.049 0456
B 0.041 0.356 0.289 -0.179 0.357
C -0.081 0.358 0.186 -0.108 0.399
D 0.003 0315 -0.124 0.162 0425
E -0.088 0.343 0.061 0.061 0.343
F 0419 -0.110 0.236 0.240 -0.109
G -0.065 0.384 -0.044 0014 0470
H -0.062 0.349 0.133 -0.064 0313
| -0.067 0.362 -0.006 -0.005 0.361

pack in a herringbone arrangement (Figure 3) in the
crystalline regions [36].

These overall interactions can be well expressed in
terms of interactions between local dipole moments of
monomers. The local alignment of monomers’ dipole
moments in solution with respect to the orientation of
the polymer chain determines the electrochemical prop-
erties of the polymer formed on electrode surface.

In addition, the orientation of monomer in the double
layer of the solution in an electropolymerization cell
depends on both size and direction of the dipole moment
vectors of both monomers and polymer chain [35].

It is necessary to study the dipole moments of these
chlorothiophenes to be able to predict their electropoly-
merization properties. The size of the dipole moment
vector and its components calculated for chlorothio-
phenes in this study are presented in Table 4.

An analysis of calculated dipole moments shows that
the orientation of the dipole moment vector is toward
sulfur atom for all chlorothiophenes. The size and direc-
tion of the dipole moment vector is more dependent on
the position (symmetry) of substituent than its number.

Figure 3 lllustration of stacking arrangements proposed for
polythiophene; (a) herringbone stacking arrangement,
(b) lamellar stacking arrangement.
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It can also be seen in Table 4 that the dipole moments
for all compounds have the following trend:

C>F>G>A>B>E>I1>H>D > Thiophene

The size of the dipole moment vector for monomers
C and F is greater than other compounds. Therefore,
compounds C and F have a high solubility in polar sol-
vents. These characteristics increase the efficiency of
electrochemical polymerization processes of these
monomers. Moreover it can be seen in Table 4 that
thiophene has a low solubility in polar solvents.

lonization Potentials

The first step in the electropolymerization of conducting
polymers is formation of intermediate radical cations
from monomers which can be considered as an ioniza-
tion reaction [37].

M— M*+e (2)

where M and M denote monomer and its radical
cation respectively. So, stability of intermediate radical
cations has an important role in the electropolymeriza-
tion process.

Therefore, it is useful to calculate electronic energy
deference between the neutral monomer (as the initial
species) and positively charged monomer (as the inter-
mediate). This energy difference is proportional to Ioni-
zation Potential (IP) of the monomer. Calculated values
of IP for chlorothiophenes based on Equation 2 are pre-
sented in Table 4. The trend of electrochemical stability
of these monomers is:

F > B > Thiophene > G>D>C>A>1>H>E

Since ionization potential energies are directly propor-
tional to the electrochemical oxidation potentials of the
compounds, it can be said that the electrochemical stability
of monomers F and B are greater than other compounds.

Electric Polarizabilities

Values of Polarizabilities of compounds containing halo-
gen are used to interpret light scattering and intensities
of vibrational Raman spectra [34]. Values of exact elec-
trical polarizabilities for all chlorothiophenes have been
calculated and listed in Table 4. Based on this table, it
can be claimed that with an increase in the number of
chlorine atoms on the thiophene ring, polarization
values will increase as well.

The zero values obtained for polarizabilities oL, and o,
are consequences of the planar structure. The small values
of o, polarizabilities indicate that the delocalization
strength of the 7-system of the ring dominates the anisotro-
pic effects of substituent for asymmetric chlorothiophenes.
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Table 4 Electric dipole moments, polarizability tensor elements, and ionization potentials calculated at B3LYP/6-311+
+G** level of theory for the optimized structures of Thiophene and Chlorothiophenes

Molecule Electric dipole moment (D) Polarizabilities (A) lonization potentials (ev)
Hx Hy Hiot Obx Olyy Oz Olxy IP

Thiophene 0.0000 -05169 05169 67.093 73.851 41.017 0.012 8.75
A 12229 -1.1156 16553 83.379 90474 45543 -0424 8.53
B 04885 -1.3293 14162 73.843 99.340 45713 0914 8.77
C 20522 -0.6022 2.1388 105378 99.760 50.761 1.770 8.56
D -0.0085 -0.6768 0.6768 118479 89.726 50.349 5.704 8.58
E -0.0014 -1.1668 1.1668 124.387 85.513 50.238 0.006 838
F 1.9947 -0.3062 2.0181 113.075 91.086 50.781 -3497 9.00
G 0.2028 -1.8053 1.8166 123.767 114.854 56.216 6.267 8.66
H -0.3414 -0.6487 0.7331 117.232 125.636 55339 14.351 844
| 0.7756 -0.6432 1.0077 135.731 138.834 61933 7424 8.50

Mz O, and a, are essentially zero for all compounds because of the planar structure.

Vibrational Spectra

The vibrational frequencies for all chlorothiophenes
were calculated using optimized structures at B3LYP/6-
311++G** level of theory. Calculated IR absorption fre-
quencies and intensities for all chlorothiophenes are
presented in Table 5. To facilitate the comparison the
frequencies are divided into low-frequency (below 1000
cm™) and high-frequency groups (above 1000 cm™).
According to analysis of frequencies listed in Table 5, it
can be suggested that thermal decomposition has the
following trend:

Thiophene > B>A>F>D>C>E>H>G>1

Table 5 B3LYP/6-311++G** calculated IR absorption frequencies in cm™

Chlorothiophenes

Thiophene and 3-chlorothiophene have the highest low-
frequency values among all these compounds; this means
that thiophene and 3-chlorothiophene have the largest
force constants for their bending modes of vibration.
Higher values of low frequencies obtained for thiophene
and 3-chlorothiophene can be regarded as higher protec-
tion from thermal decomposition for these molecules.

The calculated Zero-Point vibrational Energy (ZPE)
for thiophene and all chlorothiophenes are listed in
Table 6. Having in mind the contents of the table it can
be said that ZPE for thiophene is greater than other
compounds, as a result the relative thermal stability of
thiophene is higher than other compounds.

(intensities in km/mol) for Thiophene and

Molecule Low - frequency range

High - frequency range

Thiophene 460(0.67) 577 (0.0) 619(0.37) 697(0.0) 727(143) 751(0.41) 842(26.9)

017(3.15) 1069(4.45) 1070(0.0) 1234(11.37) 1348(0.71) 1397

1

886(1.63) 894(0.30) 928(0.0) (11.2) 1501(0.24) 3093(3.85) 3107(3.7) 3139(0.04) 3142(1.20)

A 208(0.72) 264(0.13) 438(4.5) 471(4.17) 566(0.36) 655(5.28) 655(83.78) 854 1033(11.23) 1075(1.96) 1206(9.34) 1329(2.19) 1406(48.15)
(20.46) 920(0.13) 969(50.73) 1512(8.91) 3100(3.84) 3120(0.21) 3143(0.78)

B 210(0.51) 289(0.11) 426(4.34) 462(0.0) 611(15.8) 642(4.36) 682(3.5) 783 1061(7.04) 1184(15.57) 1184(8.76) 1342(24.13) 1395(1.59)
(84.55) 812(1.54) 862(24.13) 886(0.01) 912(44.03) 1499(29.97) 3119(0.42) 3145(0.39) 3155(3.64)

C 158(0.12) 175(0.04) 240(1.51) 317(1.12) 418(1.45) 476(1.16) 497(5.84) 608 1078(0.73) 1144@5 97) 1327(16.33) 1405(27.92) 1508(27.40)
(14.78) 680(6.04) 717(47.74) 815(0.53) 892(64.40) 897(1.62) 991(40.60) 3118(0.85) 3144(1.22)

D 159(0.05) 189(0.27) 247(0.01) 327(0.52) 393(1.20) 466(6.33) 471(1.12) 505 1066(12.21) 1158(10.25) 1313(31.22) 1409(33.17) 1506(70.38)
(11.54) 687(9.9) 732(32.32) 833(35.74) 834(23.82) 883(42.25) 978(38.80) 3132(1.66) 3154(6.58)

E 117(0.01) 194(0.10) 273(0.0) 318(0.73) 362(1.33) 486(14.08) 527(19.39) 552 048(0.42) 1189(5.80) 1196(1) 1419(33.77) 1521(38.74) 3111

(0.0) 672(1.37) 728(3.32) 799(46.01) 884(0.0) 982(7.20) 985(140.11)

o
O
=

) 3122(0.14)

F 170(0.0) 179(0.48) 242(1.90) 335(0.14) 454(4.75) 458(0.65) 467(1.14) 633(0.0)
692(20.02) 707(0.0) 800(67.63) 860(1.4) 863(24.2) 967(62.3)

G 94(0.04) 179(0.02) 187(0.11) 237(1.3) 241(0.19) 363(1.3) 367(0.57) 456(3.83)
481(0.14) 541(3) 658(2.6) 732(33.4) 775(46.6) 856(3.9) 928(71.1)

H 115(0.0) 178(0.0) 173(0.05) 187(0.0) 279(0.15) 355(1.5) 364(1.5) 420(1.8) 493

(8.6) 582(21) 505(1.8) 695(3.1) 831(20.1) 853(61.7) 972(4.15) 999(85.6)

88(0.0) 114(0.02) 177(0.0) 181(0.05) 191(0.09) 236(0.91) 271(0.0) 489(4.6) 363
(0.14) 364(1.4) 403(2.6) 456(3.17) 514(2.15) 657(0.0) 671(22.11) 809(45.32)
896(61.9) 972(168)

104(19.3) 1142(0.1) 1318(58.4) 1491(7.9) 1491(13.2) 3154
.8) 3155(3.10)

009(3.9) 1120(16.22) 1297(79.65) 1410(17.9) 1498(37.1) 3155
7.6)

123(14.1) 1289(20.6) 1421(13.9) 1516(86) 3130(4.67)

- g2 5= 5=

1025(28) 1270(87) 1424(1.24) 1505(75)
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Table 6 Zero-Point vibrational energy in kcal/mol,
calculated at B3LYP/6-311++G** level of theory for the
optimized structures of Thiophene and Chlorothiophenes

Molecule ZPE
Thiophene 41.64
A 35.85
B 3581
@ 30.01
D 29.92
E 29.97
F 29.93
G 24.07
H 24.09
\ 1820

NMR Chemical Shifts
The NMR chemical shifts can be used to predict ring
current and estimate aromaticity of all chlorothiophenes
[38-40]. **C chemical shielding have been calculated for
DFT-B3LYP/6-311++G** optimized geometries of all
chlorothiophenes. The isotropic and anisotropic mag-
netic shielding have been calculated using GIAO and
CSGT methods [41-43].

Values of chemical shifts in Positions C, and Cj for all
chlorothiophenes are calculated and presented in Figure
4. It can be seen from this figure that compounds B and
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F have the lowest chemical shifts in Position C,, these
molecules have the highest chemical shifts in Position Cs,
as well. It should be noted that these compounds had the
highest values of spin-density in their Position Cs.

NICS Analysis

The Nuclear Independent Chemical Shift (NICS) at
GIAO/B3LYP/6-311++G** and magnetic susceptibilities
at CSGT/B3LYP/6-311++G** level of theory [44-49] in
center, 0.5 and 1 angstrom upper than thiophene ring
have been calculated and listed in Table 7. Negative
values of NICS represent the magnetic shielding and
electric current in cyclic compounds. NICS results
showed that compounds B and F have the highest NICS
values in rings center, 0.5 and 1 angstrom upper than
thiophene ring; these compounds have the largest elec-
trical current and most conductivity among all other
compounds. Based on this table, it can be claimed that
the magnetic susceptibilities of these molecules increase
with the number of the chlorine atoms, as well.

Conclusion

B3LYP method with 6-311++G** basis set calculations
have been carried out successfully to study the struc-
tural, electric and spectroscopic properties of all chlor-
othiophenes. Values of dipole moment, spin density
distribution, ionization potential, vibrational frequencies

(@)

55

50 *—— o

45 A\

w0 \ vl

" \ /
N .

25

13C, chemical Shift (ppm )

shifts, (b) '3C; chemical shifts.

T A B C D E F G H 1
Chlorothiophenes
~ b
2 39( )
38 *®
Rt VAN »
= 36 /. 7\
= 35 / Ne /
N /. N\ / Ne -
= 33 N / N\ / —.— .
2 N\ /. AN /
g 31 N\ / AN /
2 3 /. o /.
5 3 v S
U 28
= T A B c D E F G H 1
Chlorothiophenes

Figure 4 GIAO calculated values of the chemical shifts for Thiophene and chlorothiophenes (referenced to TMS); (a) 3¢, chemical
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Table 7 Calculated NICS values (ppm) at GIAO/B3LYP/6-
311++G** and magnetic susceptibilities (cgs-ppm) at
CSGT/B3LYP/6-311++G** for Thiophene and
Chlorothiophenes

Molecule NICS(0) NICS(0.5) NICS(1) %

Thiophene -11.91 -1149 -9.28 -51.86
A -12.30 -11.54 -9.05 -68.66
B -13.49 -12.22 -9.57 -69.26
C -12.57 -1145 -8.67 -86.79
D -12.77 -11.50 -8.56 -8545
E -12.13 -1091 -8.19 -85.24
F -13.51 -12.12 -9.31 -86.81
G - 1348 -11.87 -8.60 -104.38
H -12.48 -10.90 -7.81 -103.01
I -13.31 -11.38 -7.93 -123.23

and NICS have been calculated and analyzed. The analy-
sis of the data showed that 3-chlorothiophene has the
smallest values of the F, coefficient. Therefore, it can be
suggested that double bonds in 3-chlorothiophene are
more delocalized. Electrochemical stability of 3-chlor-
othiophene and 3,4-dichlorothiophene is greater than
other chlorothiophenes. Thermal stability and Zero-
Point Energy of thiophene are greater than all chlor-
othiophenes. The 3-chlorothiophene and 3, 4-dichlor-
othiophene possesses the largest NICS value; these
compounds have the largest electrical current in the
thiophene ring. Accordingly, compound B (3-chlorothio-
phene) is the best candidate monomer among all chlor-
othiophenes for the synthesis of corresponding
conducting polymers with modified characteristics. The
synthesis feasibility, experimental measurement and
thermo chemical stability of these chlorothiophenes are
interesting subjects for study.
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