This article was downloaded by:

On: 19 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymeric Materials

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713647664

Chemical and Electrochemical Polymerization of Thiophene Derivatives
o] F. Martinez?; J. Retuert®; G. Neculqueo®; H. Naarmann”
-'t? * Departamento de Quimica, Facultad de Ciencias Fisicas y Matematicas, Universidad de Chile,
-'j:,é Santiago-Chile  Plastic Research Laboratory, BASF AG, Ludwigshafen, Germany
l_‘

To cite this Article Martinez, F. , Retuert, J. , Neculqueo, G. and Naarmann, H.(1995) 'Chemical and Electrochemical
Polymerization of Thiophene Derivatives', International Journal of Polymeric Materials, 28: 1, 51 — 59

To link to this Article: DOI: 10.1080/00914039508012087
URL: http://dx.doi.org/10.1080/00914039508012087

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713647664
http://dx.doi.org/10.1080/00914039508012087
http://www.informaworld.com/terms-and-conditions-of-access.pdf

12:13 19 January 2011

Downl oaded At:

lnterr}. J. Po{ymeric _Mater.. 1995, Vol. 28, pp. 51-59 © 1995 OPA (Overseas Publishers Association)
Reprints ayanlab]e c!lrectly frpm the publisher Amsterdam B.V. Published under license by
Photocopying permitted by license only Gordon and Breach Science Publishers SA

Printed in Malaysia

Chemical and Electrochemical
Polymerization of Thiophene Derivatives
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The synthesis and some physical properties of polymers containing the thiophene ring are described.
The polymerization of 3-phenylthiophene (1), 2-phenyl-thiophene (2), 2,5-diphenylthiophene (3), 2-(2-
thienyl) pyridine (4) and 3,6-bis(2-thienyl)pyridazine (5) under electrochemical and chemical conditions
are reported. The monomers were prepared by the nicket or palladium catalyzed cross-coupling reactions
and were electrochemically polymerized using galvanostatic conditions (platinum electrodes) or chem-
ically polymerized by oxidation with iron trichloride. The effect of monomer concentration, electrolyte
and solvent were studied. From the examined polymers only poly(3-phenylthiophene) showed significant
properties, considering morphology and conductivity. The other polymers gave mainly powder or porous
films with low conductivity. The thermogravimetry analysis of poly (3-phenylthiophene) showed a wide
temperature range of thermal stability, only over 450°C considerable weight loss was observed. Scanning
electron microscopy (SEM) of samples obtained under different conditions demonstrated the depen-
dence of the morphology upon monomer structures, nature of the dopant and synthetic route employed.

KEY WORDS Thiophenes, electrochemical polymerization, chemical polymerization, electrical
conductivity, doping, thermal stability.

INTRODUCTION

The conducting polymers have generated widespread interest as potential choice
materials for a variety of applications. Among them, we can mention their use as
electronic switching materials,! electrooptic devices,? electrode materials in re-
chargeable and storage batteries,> solar batteries,* radiation detectors® and sensors.®
Different synthetic routes have been employed to obtain the conducting materials.
Electrochemical and chemical methods are, however, the most widely used pro-
cedures for the polymer synthesis and many reports and reviews have been pub-
lished to this respect.”

*To whom all correspondence should be addressed.
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This paper reports the electrochemical polymerization and chemical polymeri-
zation by oxidation with iron trichloride of 2 and 3-thiophene derivatives. Elec-
trochemical polymerizations were carried out using different electrolyte salts, sol-
vents and monomer concentration.

EXPERIMENTAL

Materials

Monomers. The synthesis of the monomers was performed following different
methodologies and was conducted according to the cross coupling reactions of
Kumada’s method® with nickel(diphenylphosphine propane) chloride, Ni(dppp),
catalyst or boronic acids with palladium tetrakis-triphenylphosphine, Pd(Ph;),
catalyst.10

The Scheme I illustrates the synthetic routes for the preparation of the different
monomers and their respective methods.

2-phenyl- and 3-phenylthiophene were prepared following the procedure of
Kumada'' and Gronowitz,'? 2-(2-thienyl)pyridine and 2,5 diphenylthiophene were
prepared according to Kumada'' and Kauffmann'® respectively. 3,6-bis(2-
thienyl)pyridazine was synthesized according to Monthéard.'*

B NiCl,(dppp) Pd(PPhy) B(OH,
L) NClalderr] Sl VI i S
@Mgsr S \ s\ Br

1 S

. NiCl2(dppp) O_F> Pd(PPh3) / \ .
OMQBF /S\ Br [ —2 /S\ B(OH), @Br

S
2
NiCla{dppp)
Clasie a1
3
= N NiClo(dppp) [ Pd(PPh ;) /\/\,L
+ . . .
(Nj'er /S MgBr _—IN' /S\—.._._i___/s\ BIOH); IN, B
A
/ \ ot Na NiCly{dppp} W
ZSX—MgBr Q ———'-/S\ W /S\
5

SCHEME I Synthetic routes of thiophene derivatives.
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The monomers 1-5 were characterized by their corresponding spectra, such as
'H-NMR, "*C-NMR, IR, UV and compared with those reported in literature. In
all cases good agreement was found.

CHEMICAL POLYMERIZATION VIA OXIDATION WITH IRON TRICHLORIDE

The solvent used in all polymerizations were p.a. quality reagent (E. Merck) and
were dried according to the known procedures reported in literature. Polymeri-
zation of the thiophene derivatives were performed using iron trichloride in ace-
tonitrile or nitromethane solution as indicated in Table 1. To the air degassed
solution of the monomer at 25°C, a 0.1-0.3 M of iron trichloride solution was
added and a precipitate appeared. The mixed solution was kept at 25°C under
argon bubbling and continuous stirring during 2 h. The precipitate was then washed
with acetonitrile, methanol and dried under vacuum at 60°C. The obtained pre-
cipitates, ranged from red to black powder depending on the monomer used.

ELECTROCHEMICAL POLYMERIZATION

The polymerization reactions were carried out using two types of electrochemical
cell with different geometries. One of them was a two compartment cell with a
glass-fritt as separator where the electrodes were arranged in a vertical position,

TABLE 1
Results of chemical polymerization of thiophene derivatives

Monomer monomer FeCl, Solvent Type of

product

2-pbenyl-thiophene 0,025M 0,10M AN powder

black

2-phenyi-thiophene 0,025M 0,10M NM powder
brown

2-phenyi-thiopheae 0,070M 0,28M NM powder
black

3-phenyl-thiophene 0,070M 0,28M NM powder
redish

2-(2-thienyD)pyridine 0,025M 0,10M AN powder
brown

3,6-bis(2-thienyl)pyridazine 0,045M 0,18M NM powder
] brown

2,5-diphenylthiophene 0,070M 0,28M | CH.CL.,/NM powder
brown

2,5-diphenylthiophene 0,075M 0,30M | CH.CL/NM powder
brown

NM = nitromethane AN = acetonitrile
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separated two centimeter to each other (platinum working electrodes, 2 cm?). The
other cell was a one-compartment cell with an horizontal arrangement of the elec-
trodes, being the working electrode a 3 cm? platinum disk, supported in a teflon
structure. Acetonitrile, nitrobenzene, dichloromethane and propylene carbonate
were used as solvents and tetrabutylammonium tetrafluorobate (TBABF,), tetra-
butylammonium hexafluorophosphate (TBAPF,) or lithium perchlorate (LiClO,)
as supporting electrolyte. Current densities of 3 mA/cm? were used and the
polymerization were carried out at room temperatures and purged with argon or
nitrogen gas for about 10 minutes before applying the current.

In a typical reaction, to a solution of 70 ml. acetonitrile, 2.69 g (16.8 mmol) of
3-phenylthiophene and 0.65 g (1.68 mmol) of TBAPF, were added, the solution
was bubbled 10 minutes with argon and then a current of 3 mA/cm? was applied
to the electrodes for a period of 21 h. The electrode containing the polymer film
was then washed with methanol and petroleum ether. The film was carefully sep-
arated from the electrode by means of an scalpel and then dried under vacuum at
60°C during 8 h.

Conductivity measurements were carried out by using the four probe method,
as reported by van der Pauw.'*

RESULTS AND DISCUSSION

The results of the polymerization of the different monomers are shown in Table I
and 1I, which resume the experimental conditions of chemical and electrochemical
polymerization respectively, Table II illustrates the values of conductivity obtained
for the poly(3-phenylthiophene). The DSC-TGA thermogram of poly(3-phenyl-
thiophene) is presented in Figure 1. The scanning electron micrographs (SEM) of
chemical and electrochemical obtained poly(3-phenylthiophene) are shown in Fig-
ures 2 and 3.

The chemical oxidation polymerization with iron trichloride of the thiophene
derivatives (Table I) gave black to dark brown powder which were insoluble in
common organic solvents. Ueda'® reported as product of the chemical polymeri-
zation of 3-phenylthiophene a red solid, soluble in organic solvent such as chlo-
roform, toluene, tetrahydrofuran, dimethylsulfoxide and dimethylformamide. A
transparent film was cast from this polymer solution (the polymer is in undoped
state). This author used 2,5 dibromo-3-phenyl thiophene as starting material and
polymerized was carried out using (dppp)NiCl, as catalyst. In our case a red polymer
was also obtained, however, it is not soluble in organic solvents, probably due to
the different structure of the oxidation obtained polymer as compared with a
chemical polymerization where polymer chains are all connected in the same way.
All the thiophene derivatives treated with iron trichloride were insoluble and no
changes were observed in the product of polymerization when the experimental
conditions were modified. No great differences were observed in chemical poly-
merization when acetonitrile or nitromethane or a mixture methylenechloride-
nitromethane were used as solvents. Measurements of conductivity of these pol-
ymers gave values less than 107° S/cm.
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TABLE 1
Results of electrochemical polymerization of thiophene derivatives
Structure [Monomer | Electrolyte Electrolyte | Solvent Cathode | Reaction time | Weight(mg) Typs of
mol{? mol [ {hl product
% 9.24 riclo, 0.024 an Itoglass 2.70 10 £ilm and
s powder
OT"‘ 0.24 Liclo, 0.048 AN Al 3.20 80 tilm
s
OU 0,24 TBAPF, 0.048 NB Al 9.70 (a) blue
s solution
Oﬂ 0.24 TBAPF, 0.048 AN Ri 23.00 130 film
S
OZ‘\) 0.24 TBAPF, 0.024 AN Ni 21,70 100 £ilm
s
O’Z‘\ 0.24 Liclo, 0.024 AN Ni 20.70 80 tilm
s
O{ § 0.24 Liclo, 0.048 AN Al 3.75 20 powder
3
@[\) 0.24 TBAPF, 0.048 AN Al 10.75 (a} green
s solution
O_ﬂ 0.24 TBAPF, 0.048 AN NL 7.00 (b) powder
s
O['\ 0.24 TBAPF, 0.048 AN N 26.00 20 powder
s
% 0.24 Liclo, 0.048 AN Ni 25.00 140 powder
s
O_[\ 0.24 TBAPF, 0.048 AN N 31.00 140 powder
s
m 0.047 Liclo, 0.0018 AN Al 5.00 (a) brown
N s solution
m 0.17 TBAPF, 0.034 NB a1l 7.50 (a) blue
s solution
O_ﬂo 0.17 TBAPF, 0.034 PC N4 9,00 (a) green
S solution
Qm 0.17 TBAPF, 0.001 AN/CH,C1, Ni 29.75 (b) powder
s
W 0.05 TBAPF, 0.0018 AN/CH,C1, Al 25.92 (b) film
NN

{a) product remains in solution

PC = propilenecarbonate

AN = acetonitrile

(b) very small amount

NB = nitrobanzene

The electrochemical polymerization of thiophene derivatives under galvanostatic
conditions (Table 1I) gave mostly dark blue film in the case of 3-phenylthiophene.
With others monomers only soluble oligomers or sponge-like product were ob-
tained. A good result for a polymer was obtained when acetonitrile and TBAPF,
was employed as electrolyte and the monomer to electrolyte ratio was 5:1. Our
results showed that the nature of the used cathode, ITO glass, alumina foil or
nickel did not have any meaningful influence on the film quality. In the electro-
chemical work, from the two different cell geometries utilized, the one with hor-
izontal disposition of the electrodes gave the better results, since the film adherence
to the electrode is facilitated by the gravity.

The 2-(2-thienyl)pyridine and 2-phenylthiophene provided only a light powder



12:13 19 January 2011

Downl oaded At:

56 F. MARTINEZ et al.

115 25
110 -
= 20
105 -
= 15
:\? 100 -
v o
3 s
G 95 10
s B £
=
=]
‘o 90 -
x ~ 5
85 938
338
= 0
80
18 J - S
1 T T T T T T ¥
=150 -50 50 150 250 350 450 550 650 750

TEMPERATURE (*C)

FIGURE 1 DSC-TGA thermogram of 3-phenythiophene.

or soluble oligomers (bluish or green solution) independently of the experimental
conditions examined. That means, that 2-substituted thiophenes do not yield high
polymer under these circumstances, because the conjugation goes trough the double
bonds (a,a’ position of thiophene ring) and when one of this position is blocked,
then a disruption of conjugation occurs, avoiding the growing of polymer chain.
A special case were the 3,6-bis(2-thienyl)piridazine and 2,5-diphenylthiophene, in
the first case one of the a position is occupied by the piridazine ring and in spite
of this fact, a thin polymer film was obtained. The explanation for this result is to
consider certain coplanarity between the thiophene rings and piridazine, which
allows the polymerization in some extension and the thiophene rings in both ex-
treme behave as if they had both o and ' position free. This behavior could be
explained by solvatation effects on nitrogen free electron pairs, from pyridazine,
which would avoid by steric hindrance the free rotation. In the case of 2,5-di-
phenylthiophene, considering the obtained results (not a film at all), the situation
should be a little different, so that a free rotation of phenyl group through the
single bonds connected to the tiophene ring is imaginable and in this way a growing
chain is not feasible.

The thermal stability of the polymers was examined by DSC and TGA analysis.
A typical trace of poly(3-phenyl)thiophene is shown in Figure 1. The temperature
ranged from — 150 to 500°C. Two small endothermic peaks were observed at 33.8°C
and 93.8°C in DSC curve. These peaks can be assigned to some degree of hydrogen
fluoride and water evolution from the sample, product of partial hydrolysis, since
this sample was doped with TBAPF,. A peak observed at higher temperatures
(160°C) might be due to some rearranging of the polymer chain or more probably,
to the loss of some small molecular weight fractions. By observing the TGA curve,



12:13 19 January 2011

Downl oaded At:

THIOPHENES POLYMERIZATIONS 57

FIGURE 2 SEM microphotograph of 3-phenylthiophene obtained by chemical oxidation with iron
trichloride ( x 3000).

the sample was quite stable between 30 and 300°C (no dramatic changes were
observed). Between 166 and 195°C small weight loss begins to be apparent (11%
weight loss) and over the 450°C a complete decomposition occurs. Ueda'® reported
a glass transition of 177°C for the chemically prepared poly(3-phenyl)thiophene
(nickel catalyzed), this transition was not observed in our sample. The TGA curve
has a similar profile as that reported by Ueda.'®

By the examination of the SEM microphotographs, is evident from Figures 2
and 3 that a different morphology is obtained upon the polymerization method.
Figure 2 shows the poly(3-phenyl)thiophene obtained by chemical oxidation with
iron trichloride, while Figure 3 corresponds to the poly(3-phenyl)thiophene ob-
tained electrochemically by using tetrabutylammonium hexafluorphosphate (TBAPF,)
as electrolyte and acetonitrile as solvent. It can be seen that different size particles
showing different morphology are observed. In the case of electrochemical
polymerization (Figure 3), regular size particles with a globular morphology
are observed which are formed on the electrode surface. This surface is well polished
for each polymerization and the nucleation of polymer monolayer is very regular
through the reaction, consequently a good quality film is obtained by electrochem-
ically polymerization. The poly(3-phenyl)thiophene obtained by chemical oxidation
with iron trichloride (Figure 2) shows an amorphous structure with different size
particles. The polymer is precipitated from the solution once the iron trichloride
is added and the particles form insoluble conglomerate with irregular sizes.

In conclusion, our study of chemical and electrochemical polymerization of thio-



12:13 19 January 2011

Downl oaded At:

58 F. MARTINEZ et al.

FIGURE 3 SEM microphotograph of 3-phenylthiophene obtained by electrochemical polymerization
(% 3000).

TABLE 11
Conductivity of 3-phenylthiophene
Polymer o (S/cm)
poly(3-phenylthiophene)/ TBAPF, 0,9
poly(3-phenylthiophene)/LiC10, 0,5

phene derivatives indicates that 3-substituted thiophenes are readily polymerizable
and those 2-substituted are less active to polymerization because of rupture of
conjugation, however there are some cases where the conjugation can be preserved
although the a,a’ position are occupied, as in the case of 3,6-bis(2-thienyl)pyridazine,
in this situation the coplanarity of the rings would explain the polymer formation.
The morphology of the samples depend in great extension upon the chemical or
electrochemical method chosen.
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