
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 12:00
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

Molecular Crystals and Liquid Crystals
Incorporating Nonlinear Optics
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl17

Chemical Polymerization
and Oxidation of Pyrrole by
Halobenzoquinones
E. T. Kang a , K. G. Neoh a & K. L. Tan b
a Department of Chemical Engineering, National University of
Singapore, Kent Ridge, Singapore, 0511
b Department of Physics, National University of Singapore, Kent
Ridge, Singapore, 0511
Version of record first published: 22 Sep 2006.

To cite this article: E. T. Kang , K. G. Neoh & K. L. Tan (1989): Chemical Polymerization and
Oxidation of Pyrrole by Halobenzoquinones, Molecular Crystals and Liquid Crystals Incorporating
Nonlinear Optics, 173:1, 141-150

To link to this article:  http://dx.doi.org/10.1080/00268948908033375

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, 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.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268948908033375
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cryst., 1989, Vol. 173, pp. 141-150 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1989 Gordon and Breach Science Publishers S.A. 
Printed in the United States of America 

Chemical Polymerization and Oxidation of 
Pyrrole by Halobenzoq u i nones 
E. T. KANG and K. G. NEOH 
Department of Chemical Engineering, National University of Singapore, Kent Ridge, Singapore 
051 1 

and 

K. L. TAN 
Department of Physics, National University of Singapore, Kent Ridge, Singapore 051 1 

(Received November 18, 1988; in final form April 10, 1989) 

The halobenzoquinones, p-fluoranil, p-chloranil and o-bromanil have been successfully used for the 
simultaneous chemical polymerization and oxidation of pyrrole. The electrical conductivity (0) of the 
polypyrrole(PPY)-p-chloranil complex is about 2-10 S/cm while (u) for the PPY-p-fluoranil and PPY- 
o-bromanil complexes is in the range of 10-3-10-2 S/cm. XPS measurements indicate the presence of 
halogen anions in all three PPY-halobenzoquinone complexes and that the oxidation process may have 
proceeded further than pure molecular charge transfer complex formation. The physicochemical prop- 
erties of these complexes are reported in some detail. 

Keywords: polymerization and oxidation, halobenzoquinones, pyrrole, electroactive 

INTRODUCTION 

One of the most promising conducting polymer systems appears to be polypyrrole 
(PPY) and related polyheterocycles. In particular, PPY complexes, such as PPY- 
BF,, obtained via the electrochemical oxidation and polymerization are highly 
conductive and relatively stable.l-, Chemical methods of preparation with acid or 
peroxide initiators have resulted in fairly oxidative insulating materials with room 
temperature electrical conductivity (u) typically in the order of S/cm.S The 
initially insulating PPY films can be doped with halogenic electron acceptors such 
as bromine and iodine to achieve conductivity of the order of S / C ~ . ~  PPY 
films with (T in the order of 10 S/cm have been synthesized chemically in the presence 
of a Lewis acid catalyst, such as FeC1, and RuC1,.6-8 We have recently described 
a relatively simple and novel method for simultaneous chemical polymerization 
and oxidation of pyrrole by halogensg and by the organic electron acceptors, 2,3- 
dichloro-5,6-dicyano-p-benzoquinone(DDQ) and tetrachloro-o-benzoquinone (u- 
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chloranil). lo The PPY-complexes so produced have electrical conductivity and con- 
duction behaviour comparable to those prepared electrochemically or in the pres- 
ence of a Lewis acid. Accordingly, the chemical polymerization and oxidation of 
pyrrole have been extended to include three other halobenzoquinones: tetrafluoro- 
p-benzoquinone(p-fluoranil), tetrachloro-p-benzoquinone(p-chloranil) and tetra- 
bromo-o-benzoquinone(o-bromanil). The physicochemical properties of these PPY- 
halobenzoquinone complexes are characterized by elemental analysis, X-ray pho- 
toelectron spectroscopy (XPS), infrared (IR) absorption spectroscopy, thermogra- 
vimetric (TG) analysis and electrical conductivity measurements. The results from 
this work together with the earlier data on PPY-o-chloranil complex should provide 
a detailed representation of chemically synthesized PPY-halobenzoquinone com- 
plexes. 

EXPERIMENTAL 

Polymer Synthesis and Oxidation 

Pyrrole monomer (Merck, reagent grade) used in the present studies was purified 
by distillation under reduced pressure. All solvents were of reagent grade and were 
used as received. The organic acceptors were obtained from Aldrich Chemical Co. 
and were recrystallized from appropriate solvents before use. PPY-acceptor com- 
plexes were synthesized in the bulk by reacting pyrrole directly with the acceptor 
under a nitrogen atmosphere, and with vigorous agitation according to the method 
used for the synthesis of PPY-DDQ and PPY-o-chloranil complexes.'O The reaction 
mixture turned dark almost instantaneously and, depending on the nature of the 
acceptor and its concentration, the reaction might be quite violent. In all cases, 
the reaction mixture was cooled in a water bath. A black precipitate was formed 
and after at least 12 hours, the precipitate was washed with copious amount of 
organic solvents to remove the excess reactants. The powdery precipitate was then 
dried under dynamic vacuum for about 4 hours. 

Polymer Characterization 

The chemical compositions of the polymeric complexes were determined by ele- 
mental analysis. XPS measurements of the various PPY-acceptor complexes were 
made on a VG Scientific ESCALAB MkII spectrometer with a MgKa X-ray source 
(1253.6 eV photons). The polymer samples in powder form were mounted on the 
standard sample studs by using double-sided adhesive tape. All core-level spectra 
were referenced to the Cls neutral carbon peak at 284.6 eV. From the XPS meas- 
urements, the stoichiometry of the acceptor at the surface of each complex can 
also be determined from the ratios of the spectral areas after correction with the 
appropriate elemental sensitivity factor. For electrical conductivity measurements, 
the polymer samples were pressed into thin circular discs of about 0.05-0.1 cm 
thickness and 1.2 cm in diameter, and both standard four-probe and two-probe 
methods were used. For the more conductive samples, the temperature dependence 
of electrical conductivity was also determined using a liquid nitrogen cryostat. The 
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CHEMICAL POLYMERIZATION OF PYRROLE 143 

heating rate used was about l"C/min. The IR absorption measurements were carried 
out on a Perkin-Elmer Model 682 spectrophotometer with the polymer samples 
dispersed in KBr pellets. TG scans were carried out using a Netzsch simultaneous 
TG-DTA apparatus, Model STA 409, at a heating rate of 10"C/min in nitrogen. 

RESULTS AND DISCUSSION 

Chemical Composition and XPS Measurements 

It was found that the product yield, based on the initial monomer concentration, 
increased with the acceptor:monomer mole ratio in the reaction mixture. However, 
a high acceptor:monomer ratio has the tendency of resulting in non-uniform and 
inhomogeneous reactions, since all of the present bulk polymerization and oxidation 
reactions are rather rapid and somewhat violent in nature. Thus, a low accep- 
tor:monomer ratio (0.2:l or less) is usually preferred. For a particular initial ac- 
ceptor:monomer ratio, the yield for the PPY-p-chloranil complex is always sub- 
stantially lower than the PPY-o-bromanil and PPY-p-fluoranil complexes. Elemental 
analysis of the complexes indicate the following compositions: for PPY-p-fluoranil 
complex, C,~2H3,0H1~,(C6F,02)0,19; for PPY-p-chloranil complex, 
C,,,H2,,N,.,(C6cl,o,)o.~; and for PPY-o-bromanil complex, C,,H~,~N,~,(C~Br~0,),,. 
The stoichiometry of one acceptor molecule to 4-5 pyrrole units is consistent with 
those of the PPY-o-chloranil and PPY-DDQ complexes'' and other oxidized PPYs, 
synthesized either chemically*,9 or electrochemically.' -3 The surface stoichiome- 
tries for the PPY-p-fluoranil and PPY-o-bromanil complexes as determined from 
XPS measurements agree fairly well with the bulk values. This is not so for the 
PPY-p-chloranil complexes which appear to have a slightly higher acceptor con- 
centration at the surface as compared to the value for the bulk. Since the interaction 
between PPY and the halobenzoquinones has probably proceeded further than 
pure molecular charge transfer complex formation (see below), no attempts were 
made to study the structure of undoped PPY. 

The XPS halogen core-level spectra of the PPY-halobenzoquinone complexes 
are given in Figure 1. Each spectrum can be deconvoluted into two major com- 
ponents with a shake-up satellite at the high binding energy tail. For each spectrum, 
the largest peak (e.g. the peak at about 200 eV for the C12p spectrum) is assigned 
to the covalently bonded halogen while the smaller peak at lower binding energy 
is attributable to the halogen anion. The 01s XPS core-level spectra for all com- 
plexes also reveal a peak component which is shifted about -1.5 eV from the 
neutral carbonyl peak at about 532 eV and is probably attributable to the benzo- 
quinone anion. This appears to be consistent with the IR absorption data (see 
below). However, one cannot rule out also the contribution from the dopant oxygen 
to this low binding energy component, as the low oxidation potential of PPY would 
cause it to oxidize readily in the air.4 The total fraction of anionic species is the 
largest in the PPY-p-chloranil complex. This may partially account for the higher 
conductivity (see below) of this sample as compared to PPY-p-fluoranil and PPY- 
o-bromanil. The w of this PPY-p-chloranil complex is also higher than that of the 
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67 10 71 

BINDING ENERGY ( e V  I 
FIGURE 1 XPS halogen core-level spectra for (a) PPY-p-fluoranil (b) PPY-p-chloranil and (c) PPY- 
o-bromanil complexes. 
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CHEMICAL POLYMERIZATION OF PYRROLE 145 

PPY-o-chloranil complexes reported earlier,lOJ1 probably for the same reason. The 
presence of halogen anions suggests that some cleavage of the C-C1, C-Br and 
C-F bonds of the acceptors must have occurred, with possible formation of new 
linkages between the sites of cleavage and pyrrole. The Nls XPS core-level spectra 
of the samples are skewed substantially towards the high binding energy side and 
is consistent with the presence of positively charged nitrogen. In the charge transfer 
interactions involving pyridine and p-chloranil, the presence of chloride anions and 
pyridinium cations has been attributed to the formation of linkages between pos- 
itively charged pyridinium nitrogen atoms and the C atoms of the acceptor at the 
sites of cleavage. l2 

The Absorption Spectroscopy 

The IR absorption spectra for the PPY-p-fluoranil, PPY-p-chloranil and PPY-o- 
bromanil complexes are shown in Figure 2(a), (b) and (c) respectively. These 
spectra are consistent with the presence of a linear chain of a, a'-disubstituted 
pyrrole rings13 and the absorption bands at about 1540, 1300, 1180, 1040 and 900 
cm-* are all characteristic of oxidized PPY.'OJ3 The presence of strong 1040 cm-' 
peak attributable to C,-H vibration13 in each of these spectra indicates that the 
acceptors do not interact to a significant extent with the P-carbons of the pyrrole 
unit. These spectra also show a featureless decrease in absorption from 4000 to 
1800 cm-l and this decrease has been assigned to the tail of the absorption peak 
located in the near-IR for oxidized PPY.14*15 With the exception of a weak ab- 
sorption band at about 1700 cm-' and attributable to the residual C=O group, 
there is an absence of bands due to the halobenzoquinones in these spectra. This 
is similar to the spectra reported for other PPY-organic acceptor complexes'O and 
for electrochemically oxidized PPY ,I4 and is consistent with the presence of strong 
charge transfer interactions. l6 Furthermore, a substantial reduction in the carbonyl 
absorption is probably consistent with the formation of benzoquinone anion. l7 

Electrical Conductivity 

Of the three halobenzoquinones used in the present work, the PPY-p-chloranil 
complex exhibits the highest electrical conductivity. The electrical conductivity of 
the complex synthesized with a large excess of pyrrole (monomer:acceptor ratio 
of 1:0.017) is about 2 Skm. This value is about three orders of magnitude higher 
than that of the corresponding PPY-o-chloranil complex. lo The conductivity of the 
PPY-p-chloranil complex can be increased to about 10 S/cm by using a substantially 
higher acceptor to monomer ratio in the reaction mixture, but the complex becomes 
less stable. The conductivity of the PPY-p-fluoranil and PPY-o-bromanil complexes 
is about and 5 x S/cm respectively and hence is closer to the value 
obtained for the PPY-o-chloranil complex.1° 

The electrical conductivity of the complexes does not seem to be directly related 
to the complexing ability of the acceptors. Among the halobenzoquinone acceptors 
studied, the complexing ability decreases in the order DDQ > fluoranil > chloranil 
> bromanil.I6 Furthermore, although fluoranil, bromanil and chloranil have about 
the same reduction potential, the reduction potential of DDQ is substantially lower. l8 
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Mi CRONS 
, 3 1 6 8 12 20 

I I I I I 

( a )  PPY-p-fluoranil 

(b )  PPY -p -  chloranil 

( c )  PPY-a-bromanil 

I I I 1 I 

0 3000 2000 1600 I200 800 to 

WAVENUMBER ( cm’’ 1 
FIGURE 2 IR absorption spectra of (a) PPY-p-fluoranil (b) PPY-p-chloranil and (c) PPY-o-brornanil 
complexes. 
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CHEMICAL POLYMERIZATION OF PYRROLE 147 

On the other hand, u of the PPY-halobenzoquinone complexes decreases in the 
order PPY-p-chloranil > PPY-DDQ > PPY-p-fluoranil > PPY-o-bromanil, PPY- 
o-chloranil. This can probably be attributed to the fact that all the halobenzoqui- 
none acceptors have undergone chemical reactions with the polymer beyond the 
formation of pure charge transfer complexes, as suggested by the cleavage of the 
halogens from the acceptors to form halogen anions. The difference in the nature 
and extent of these reactions can be expected to influence the electrical conductivity 
of the resulting complex. 

The In u vs T-1'4 plot for the PPY-p-chloranil complex near and below room 
temperature as obtained from four-probe conductivity measurements is shown in 
Figure 3. An apparent linear fit of the experimental data is obtained throughout 
the temperature range of 150 to 300 K. This behaviour has also been widely 
observed in electrochemicalIy polymerized and oxidized PPY f i l m ~ . ' ~ J ~  as well as 
in chemically synthesized PPY-halogen comple~es .~  Based on these results, the 
conduction mechanism in PPY has been interpreted in terms of Mott's model19 of 
variable range hopping between localized states near the Fermi surface. In view 
of the recently reported inadequacy of the ordinary four-probe conductivity meas- 
urements in overcoming the interfibrillar, intergranular and intercrystallitic contact 

0.1 

-01 

- 
5 - 0 6  . 
v, - 
b 
c - 

-1.1 

-1.6 

\ PPY - p -  chloranil 

* \  
*\  

9 

FIGURE 3 
four-probe conductivity measurements. 

Temperature dependence of the electrical conductivity of PPY-p-chloranil complex in 
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resistance of the polymer samples with metallic conductivity,20,21 the physical sig- 
nificance of the T-1'4 dependence in the present complex can be fully interpreted 
only in the presence of more substantial solid state experimental data. 

Therrnogravirnetric Analysis 

The TG scans of the PPY-halobenzoquinone complexes are shown in Figure 4. 
The PPY-p-fluoranil complex shows a slow but steady weight loss immediately 
upon heating, whereas, the PPY-p-chloranil complex and the PPY-o-bromanil com- 
plex show a small initial weight loss followed by a plateau and then another weight 
loss step commencing at about 200°C. The larger initial weight loss of the PPY-p- 
fluoranil complex reflects its lower degree of stability upon heating, sincep-fluoranil 
sublimes readily even at room temperature. At 700°C the PPY-p-chloranil complex 
still retains about 60% of the original weight. A much smaller amount of residue 
is obtained with the PPY-o-bromanil complex and this is probably associated with 

PPY-  p -t luoranil 
PPY- p -  chloranil 
PPY- p -  bramanil 

I I 

0 w 

N 

ZE a 
2 01 - 

0 =E 

.-.- 
- - -  

0 2  - 

700 
D O  

0 100 200 300 L O O  
TEMPERATURE ("C ) 

FIGURE 4 Thermogravimetric scans of PPY-p-fluoranil, PPY-p-chloranil and PPY-o-bromanil com- 
plexes. 
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CHEMICAL POLYMERIZATION OF PYRROLE 149 

the higher weight fraction of acceptor incorporated into the complex. The weight 
loss behavior observed in all of the present complexes, especially the high pro- 
portion of materials retained at high temperature, is grossly similar to that of other 
chemically prepared PPY-organic acceptor complexes. lo Finally, the weight loss 
behavior observed appear to be also consistent with a degradation mechanism 
thereby the acceptor species, especially the loosely complexed ones, are gradually 
removed or dissociated from the polymer complex when heated above room tem- 
perature. 

CONCLUSION 

The relatively simple method used for the simultaneous chemical polymerization 
and oxidation of pyrrole by o-chloranil1° has been extended to three other halo- 
benzoquinonespchloranil, p-fluoranil and o-bromanil. The PPY-halobenzoqui- 
none complexes so produced are semiconductive in nature. The PPY-p-chloranil 
complex exhibits a conductivity of at least 2 Skm, which is substantially higher 
than those of the other PPY-halobenzoquinone complexes. XPS analysis shows 
that a significant fraction of the halogen in each complex exists as negatively charged 
anionic species and suggests the formation of linkage between the pyrrole and 
acceptor. The nature of the acceptor also affects the fraction of halogen present 
as anions and the thermal stability of the complex. 
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