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ABSTRACT: Low-molecular-weight organic semiconducting material was prepared by the
redox interaction between pyrrole and p-benzoquinone. The reaction between pyrrole and
p-benzoquinone in aqueous solutions of methanesulfonic acid proceeded smoothly at room
temperature. The product with a globular morphology obtained in high yield in 0.1 M
methanesulfonic acid had the highest conductivity, 4.6x10° S cm™'. On the other hand, the
samples prepared in the absence of acid or at its high concentration were non-conducting.

EPR spectroscopy confirmed the presence of electronic species as charge carriers responsible
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for conductivity. Dominating component was proved to be a low-molecular-weight adduct
composed of quinhydrone complex and pyrrole molecule. FTIR and Raman spectra were used
to discuss molecular structure in detail. Strong electrorheological effect with very fast
response time was demonstrated by reproducible increase in the viscosity of suspensions in
silicone oil after application of electric field. The effect is discussed with the help of dielectric

spectroscopy.

Keywords: Pyrrole; p-Benzoquinone; Oxidation; Conductivity; FTIR and Raman

spectroscopies; Electrorheology
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Introduction

Polypyrrole, an important conducting polymer, is usually prepared by the oxidation of pyrrole
with iron(III) chloride'? or ammonium peroxydisulfate.3 In attempt to prepare this polymer
with organic oxidant, p-benzoquinone, electroactive products have been obtained* but their
polymeric character was not confirmed. The present study suggests that oxidation products
are indeed of low-molecular-weight nature but conducting, and thus of potential interest. The
polymerization route has been replaced by the covalent substitution of p-benzoquinone with
pyrrole. Early study assumed the coupling of two p-benzoquinone molecules with pyrrole in
S-position.” (1) (Fig. 1). Later report proposed the substitution of p-benzoquinone with two
pyrroles in ()L-positions6 (2) and, based on the spectroscopic study, the coupling involving

nitrogen atoms was excluded.

NH

Fig. 1. The proposed compounds produced by the reaction of pyrrole and p-benzoquinone.

The redox reaction between pyrrole and p-benzoquinone is a special case of the

substitution of p-benzoquinone ring with nitrogen containing compounds, such as aniline,”®

11 12,13

p—phenylenediamine,gf benzimidazole,'” imidazole'*", and others.” Please note that
hydrogen atoms abstracted during the substitution from p-benzoquinone ring may also be
added to oxygen atoms in the same molecule, and p-benzoquinone moiety converts to
hydroquinone one. For that reason, the substitution is also regarded as an addition reaction,
and its products as adducts. Especially p-benzoquinone substituted with one or two nitrogen-
containing molecules, such as 2, have been considered most frequently in the literature.

714 Opinions still differ whether the bonding to p-benzoquinone involves nitrogen atoms’ ¢ or
not.>'”'® The former hypothesis, however, has been preferred, especially on account of the

. . . Jo 8
analogous reactions of p-benzoquinone with aniline.
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Some products displayed the conductivity up to 10 S cm™" [8, 9], and could be
applicable in energy-storage devices'® or in electrorheology.'® Their electroactivity’ may be of
interest in corrosion protection in the combination with good adhesion to metals."* The
present study concentrated on the reaction between pyrrole with p-benzoquinone under
various acidity conditions, and on the characterization of the products with respect to their
structure and conductivity. The application in electrorheology, where the rheology of

19,20
d

suspensions is controlled by electric fiel and conducting polymers had often been

applied,”'** has been tested in the next step.

Experimental

Preparation

p-Benzoquinone (3.24 g, 30 mmol) was dissolved in the aqueous solution of methanesulfonic
acid (MSA), pyrrole was added (1.34 g, 20 mmol) and the volume was adjusted to 100 mL.
The concentration of MSA was varied from 0 to 10 M in the individual experiments. MSA
was used for the acidity control because it does not precipitate silver ions, which may be
benefit in potential preparation of composites with silver.”> The yellowish reaction mixture
darkened and brown-to-black precipitate appeared within tens of minutes. The reaction was
left to proceed for 3 days at room temperature, the mixture being occasionally briefly shaken.
The solids then were collected by filtration, rinsed first with the corresponding acid solution,

then with ethanol, and dried in the open air.

Published on 02 May 2018. Downloaded by University of Western Ontario on 03/05/2018 12:38:07.

Spectroscopy

Infrared spectra were recorded using a Thermo Nicolet NEXUS 870 FTIR Spectrometer
(DTGS TEC detector; 64 scans; resolution 2 cm™') in transmission mode after dispersion of
samples in potassium bromide pellets. The spectra were corrected for the carbon dioxide and
humidity in the optical path. Raman spectra were recorded with a Renishaw InVia Reflex
Raman microspectrometer. The spectra were excited with a near infrared diode 785 nm laser.
A research-grade Leica DM LM microscope with an objective magnification x50 was used to
focus the laser beam on the sample placed on an X—Y motorized sample stage. The scattered
light was analysed with a spectrograph using a holographic grating 1200 lines mm . A
Peltier-cooled CCD detector (576%384 pixels) registered the dispersed light.
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Conductivity

The conductivity was determined by a van der Pauw method on powders compressed to
pellets (diameter 13 mm, thickness 1.0 = 0.2 mm) under pressure 530 MPa with a hydraulic
press Trystom H-62 (Trystom, Czech Republic). A Keithley 230 Programmable Voltage
Source in serial connection with a Keithley 196 System DMM was used as a current source,
the potential difference between the potential probes was measured with a Keithley 181

Nanovoltmeter (Keithley, USA).

Mass spectrometry

Solvent-free laser desorption ionization mass spectrometry (LDI-MS) was used.”* The
powdered sample prepared in 0.1 M MSA was transferred without any matrix or ionization
agent added to a ground-steel target plate with a disposable tip and gently pressed to a thin
film. Loose grains were wiped off. MS spectra were obtained with a ultrafleXtreme TOF-TOF
mass spectrometer (Bruker Daltonics) equipped with a 2000 Hz smartbeam-II laser (355 nm)
using the positive-ion reflectron mode and panoramic pulsed ion extraction. The values of

M)z were assigned using the external calibration with poly(ethylene glycol) 600.

Electron paramagnetic resonance

Measurements have been performed at room temperature using a Bruker ELEXSYS E-540 X-
band spectrometer at microwave power output 6 mW and 100 kHz magnetic modulation of
amplitudes 0.1 G with the samples placed in a quartz tube of outer diameter 3 mm. At least
three independent experiments were performed per each sample and the error of spin-

concentration determination and the results were averaged.

Electrorheology

Dried particles doped with 0.1 M MSA were mixed with a silicone oil (Lukosiol M200,
Chemical Works Kolin, Czech Republic, viscosity #.=194mPas, conductivity
0.~10""Sem™) in a ratio 1:9 (w/w) in order to create a novel electrorheological fluid.
Electrorheological measurements were performed at shear rates 0.01-250 s~ and 25 °C using
a rotational rheometer (Bohlin Gemini, UK) with a plate-plate geometry of a diameter 20 mm.
An external electric field in a perpendicular direction to the shearing was supplied by a DC
high-voltage supplier TREK 668B (TREK, USA). Electric field was applied 1 min before
shearing in order to provide time enough for the particles to create organized structures.

Internal chain-like structures formed by particles upon an application of external electric field

4
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were revealed with an optical microscope (Leica DVM2500; Leica Microsystems, UK). A
suspension consisting of 1 wt% was placed on the glass between two copper electrodes with a
gap 1 mm, and an electric field of strength 0.5 kV mm ™' was supplied by a DC high-voltage
source (Keithley 2400, USA).

Dielectric spectroscopy
Dielectric measurements were carried out with an impedance dielectric spectroscopy analyzer,
Novocontrol Concept 50 (Novocontrol, Germany) in a frequency range from 0.5 Hz to

2 MHz. They dielectric spectra were analysed using the Havriliak-Negami (H-N) model.*

Results and discussion

The present study was motivated by the preparation of conducting polymer, polypyrrole, by
using an original organic oxidant of pyrrole, p-benzoquinone, instead of classical inorganic

1226 or peroxydisulfate.” The oxidation products with moderate

oxidants, such as iron(III) salts
conductivity have indeed been obtained depending on the acidity of reaction medium using
the solutions of MSA but the chemistry of pyrrole oxidation turned to be more complex as

discussed below.

Morphology

The spherical particle were produced when the oxidation of pyrrole took place in aqueous

Published on 02 May 2018. Downloaded by University of Western Ontario on 03/05/2018 12:38:07.

medium in the absence of acid and converted to globular morphology as the concentration of
acid increased (Fig. 2). The similar trend has been reported for the oxidation of aniline.”’
Under neutral conditions, the miscibility of both aniline and pyrrole with water is limited and
they tend to produce monomer droplets that are subsequently converted to solid spheres. After
the acidity of the reaction medium increases, both monomers become protonated and well
soluble, the precipitation polymerization affords irregular globules. The size of aggregates

may vary depending on the nucleation and generation rates.
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Pressure

Fig. 2. Scanning electron micrographs of the samples prepared at various molar concentration

of MSA. Scale bar 2 um.

Conductivity

The conductivity of reaction products is of prime interest for applications based on electrical
properties of materials. When pyrrole was oxidized in the solutions of MSA of various molar
concentrations, the conducting products have been obtained in most cases (Table 1, Fig. 3).
The product prepared in the absence of MSA, however, was non-conducting (Table 1). The
increasing concentration of MSA improved the conductivity to up to 4.60x10° S ecm™" at
0.1M MSA (Fig. 3) and it decreased at higher MSA concentrations (Table 1). The
conductivity fell below 10" S cm™ for the preparation in 10 M MSA.
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Table 1. The yield, conductivity, spin concentration and elemental composition of the

products of pyrrole oxidation with p-benzoquinone prepared in the solutions of

methanesulfonic acid of various molar concentrations, [MSA].

[MSA], M | Yield, Conductivity, | Spins, C, H, wt.% | N, wt.% | O,S,
gg’! Scem’! mol mg ™' | wt.% wt.%
pyrrole

0 1.18 1.64x10° 8.8x101° [ 51.7 3.3 43 40.7

0.1 1.80 4.60x10°° 7.9x107 | 60.8 3.6 7.8 27.8

1 1.91 6.85x1077 6.0x10° | 63.3 3.9 7.2 25.6

5 2.75 1.43x10°° 3.1x10° [ 333 5.3 3.1 58.3
10° |
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Fig. 3. Conductivity of products obtained at various molar concentrations of methanesulfonic

acid in the reaction medium.
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EPR spectroscopy

EPR spectra clearly indicate the presence of unpaired electrons that manifested themselves in
the spectrum as a singlet line (Fig. 4). The concentration of spins depends on the molar
concentration of MSA (Table 1). The highest number of spins corresponds to the sample
prepared in 1 M MSA. Interestingly, the line width of a singlet has also peculiarity at IM of
MSA showing the sharpest line in comparison with other MSA concentrations. The
concentrations of the spins qualitatively correlate with the conductivity (Table 1). We
therefore conclude that the conduction mechanism is of electronic nature, similarly like in

conducting polymers.

1000
1M
500 0.1M
5M
() — /
1 oM
-500
-1000 T T T T T T T T
3400 3405 3410 3415 3420

Field, G

Fig. 4. EPR spectra of the samples prepared at various molar concentrations of

methanesulfonic acid.

Mass spectrometry

In preliminary tests in gel permeation chromatography, no polymeric fraction has been
detected in the samples dissolved in N-methylpyrrolidone. Polypyrrole thus was not produced.
Mass spectrometry is probably the most efficient method for the analysis of reaction products

composed of low-molecular-weight components. We have concentrated on the sample

8
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prepared in 0.1 M MSA (Fig. 5), which displayed the highest conductivity (Table 1). Most of
the peaks were tentatively assigned by combining molecular weights of pyrrole, p-
benzoquinone, and MSA as the most probable constituents. The difference between molecular
weight observed in the spectrum and that of the assigned structure can be explained by the
ionization type for 0 (loss of electron) and 1 (addition of proton). The difference of 2 can be
explained by the reduction of one p-benzoquinone (plus 2 H) and ionization by the electron

loss.

i 12

100 200 300 400 500 600
Mi/z

Fig. 5. Mass spectrum of the sample prepared in 0.1 M MSA. Numbers of above peaks

correspond to those in Table 2. M/z is the mole mass-to-charge ratio of ions.

With exception of component 2 corresponding to a pyrrole tetramer, majority of
products dominating the spectrum contains p-benzoquinone moieties in excess to the pyrrole.
This is reflected by low content of nitrogen in samples revealed by elemental analysis

(Table 1).
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Table 2. The assignment of the experimental mole mass-to-charge ratio of ions, M/z, to the

theoretical molecular weight My, expected for compounds composed of various numbers of

p-benzoquinone (BzQ) and pyrrole (Py) constitutional units and eventually methanesulfonic

acid. A is the difference between experimental and assigned molecular weight.

Peak Mz Mineo BzQ Py MSA A Formula

1 109.05 108.02 1 0 0 1

2 268.29 268.17 0 4 0 0

3 285.18 283.08 2 1 0 2 3,6
4 310.18 309.15 1 3 0 1

5 324.20 324.06 3 0 0 0

6 351.21 350.13 2 2 0 1

7 381.25 379.07 2 1 1 2 4
8 393.21 391.11 3 1 0 2

9 446.27 446.11 2 2 1 0

10 459.23  458.15 3 2 0 1

11 501.22  499.13 4 1 0 2

12 567.24 566.17 4 2 0 1

The dominant product (3 in Fig. 5) is likely to be composed of two p-benzoquinone

molecules and one pyrrole molecule, i.e. the structure (1) proposed already in 1911 by

Mohlau and Redlich.” When we take into account the fact that the oxidation of pyrrole to

polypyrrole takes place in a-positions,' ™ the reaction to di-a,a'-(p-benzoquinone)pyrrole (3) is

offered as more likely (Fig. 6):

B

/

NH ‘o

OH

Fig. 6. The oxidation of pyrrole with p-benzoquinone is expected to yield mainly di-a,a'-(p-

benzoquinone)pyrrole (3).

10
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The product 3 contains theoretically 68.3 wt% C, 3.9 wt% H, 5.0 wt% N and 22.7
wt.% O atoms. This is in qualitative agreement with the elemental analysis of the product
prepared in 0.1 M MSA (Table 1) considering the presence of accompanying by-products.

The ability pyrrole and ring-substituted pyrroles to be protonated with strong acids
was reported.”® The compound 3 would produce a corresponding salt 4 (Fig. 7), which well

corresponds to the component 7 in mass spectrum (Fig. 5, Table 2).

Fig. 7. The substituted pyrrole (3) is protonated with arbitrary acid HA, here methanesulfonic

acid, to a corresponding salt (4).

Another process has still to be considered. It is well known that p-benzoquinone
produces an equimolar charge-transfer complex with hydroquinone, quinhydrone, which is
currently used in analytical electrodes. In present study, p-benzoquinone is reduced to

hydroquinone (Fig. 6) and the formation of quinhydrone is possible. A compound composed

Published on 02 May 2018. Downloaded by University of Western Ontario on 03/05/2018 12:38:07.

of quinhydrone and pyrrole moieties can thus be also produced (6 in Fig. 8) and would also
explain the presence of dominating component 3 in the mass spectrum (Fig. 5, Table 2). LDI

mass spectrometry cannot distinguish between complex formation (6) and chemical bonding

Q).

0 52

Fig. 8. An alternative route, when a-(p-benzoquinone)pyrrole (5) produces with hydroquinone

a quinhydrone-like complex (6). Nitrogen atom in 6 can be protonated.

11
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Infrared spectra

Infrared spectrum of the product obtained in the absence of MSA (spectrum 0 M MSA in Fig.
9a) is very different from the spectrum of polypyrrole™® as expected. We detect the bands of
p-benzoquinone (spectrum p-BQ) and pyrrole (spectrum Py). The bands of quinhydrone
(spectrum QH) and hydroquinone (spectrum HQ) are also found. This is supported by the
presence of the band of OH stretching vibrations with a maximum at 3400 cm™'. In addition,
we observe a sharp band at 1407 cm ', which may correspond to the in-plane bending
vibrations of hydroxyl group.

Infrared spectrum of the sample with the highest conductivity prepared in 0.1 M MSA
(spectrum 0.1 M MSA in Fig. 9b), which has been analysed with mass spectrometry (Fig. 5,
Table 1), is close to the infrared spectrum of quinhydrone (spectrum QH). Some peaks of p-
benzoquinone (spectrum p-BQ) and of MSA counter-ion (Fig. 9¢c; spectrum NH4MS) are also
detected. The main bands of hydroquinone (spectrum HQ) and pyrrole (spectrum Py) are
missing in the spectrum. The hypothesis of the compound composed of quinhydrone and
pyrrole moieties (6 in Fig. 8), eventually protonated with MSA, is supported by the infrared
spectrum.

The infrared spectrum of the sample prepared in presence of 10 M MSA (Fig. 9c¢) is
completely different, it is composed mainly of the bands of methanesulfonate (spectrum
NH4MS in Fig. 9¢). In addition, we detect the band with maximum at 1607 cm ™' and the
peaks at 1274 and 975 cm ' associated probably with pyrrole, but the unambiguous

assignment is not possible.

12
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FTIR in KBr
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Fig. 9. FTIR spectra of the products of oxidation of pyrrole with p-benzoquinone (a) in
absence of methanesulfonic acid, (b) in 0.1 M MSA (b) and (c) in 10 M MSA. Spectra of
pyrrole (Py), p-benzoquinone (p-BQ), quinhydrone (QH), hydroquinone (HQ), and

ammonium methanesulfonate (NH4MS) are shown for comparison.

Raman spectra

Raman spectra recorded with 785 nm laser excitation are more sensitive to the pyrrole part of
the samples. In the Raman spectrum of the non-conducting product obtained in the absence of
MSA (spectrum 0 M MSA in Fig. 10a), we detect a strong fluorescence background
corresponding to the presence of pyrrole (spectrum Py). The broad bands with the maxima
corresponding to the main peaks of quinhydrone (spectrum QH) and p-benzoquinone
(spectrum p-BQ) are observed in the spectrum. The main bands of the polypyrrole”
(spectrum PPy G) are also present in the spectrum. This corresponds to the high sensitivity of
the Raman spectra to the oxidized pyrrole on the surface.

The Raman spectrum of sample 0.1 M MSA with highest conductivity exhibits the
main bands typical of pyrrole constitutional units in polypyrrole® (Fig. 10b; PPy) and some
peaks of quinhydrone (spectrum QH). We also find the peaks of p-benzoquinone (spectrum p-
BQ). The spectra are thus consistent with the expected chemistry (6 in Fig. 8).

14
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Fig. 10. Raman spectra of the products of oxidation of pyrrole with p-benzoquinone (a) in
absence of methanesulfonic acid, and (b) 0.1 M MSA and 10 M MSA. The spectra of pyrrole
(Py), p-benzoquinone (p-BQ), quinhydrone (QH), hydroquinone (HQ), ammonium
methanesulfonate (NH4MS) and of globular polypyrrole (PPy G) are shown for comparison.
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The Raman spectrum of the non-conducting sample prepared in 10 M MSA exhibits a
strong fluorescence (Fig. 10b). In addition to the bands found in polypyrrole, it contains also

broadened bands of quinhydrone (spectrum QH).

Electrorheology

The sample prepared in 0.1 M MSA with the highest conductivity, 1.4x107° S ¢cm ', has
subsequently been tested in electrorheology. Such conductivity is still low enough to avoid
the current drifts that reduce the efficiency. The suspension behaved as a pseudoplastic fluid
exhibiting typical shear-thinning behavior (Fig. 11). After application of an external electric
field, however, shear stress increased by several orders of magnitude due to induced dipole—
diplole interactions between the particles. Furthermore, the shear stresses at electric field
strength 2kV mm™ were higher than those presented in the literature for similar

. . - 30-32 . . 10,3334
electrorheological fluids based on conducting polymers or respective oligomers. ™

T T T T T

100

=

A

210

I B

® ]

S B m 0kvmm™]

»AE . O  0.5kVmm]
F m A 1kVmm™ ]

a" u O 1.5kVmm]

N < 2kvmm™ ]

0.1 al " gl " gl 1 " e gl "
0.01 0.1 1 10 100

Shear rate (s"1)

Fig. 11. Dependence of shear stress on the shear rate for the electrorheological fluid based on
particles prepared in 0.1 M MSA at various electric field strengths. The particle concentration

was 10 wt%. The solid lines represent fits of Cho-Choi-Jhon model.

In the state when electrostatic forces dominate over the hydrodynamic ones, yield
stress as a function of external electric field strength follows the power law model, 7, =k E,
where k reflects the rigidity of internal chain-like structures, E represents electric field
strength and ¢ is exponential factor with values between 1.5 and 2, depending whether rigidity

5,36

of the structures is directed mainly by conductivity or by polarization,™° respectively.

Therefore, the experimental data shown in Fig. 11 were fitted with corresponding model’” in

16
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order to obtain the dynamic yield stress values. For the calculation of the dynamic yield stress
in ER suspensions, the Bingham model (1) was frequently used at the beginning of 1990s:*®
=g+ xy;ltl = 5 (1)
y=0;l7| <7
where 7 stands for shear stress and 7, is a plastic viscosity, or also modified Dougherty-
Krieger model was used.” Since most of the suspensions do not exhibit a plateau at low shear

rates, and rather display the local maximum or minimum, the Cho-Choi-Jhon model®® (2) was

developed:
Iy
1+(t1 1)

1 (1+ 57) X7 )
In this model, the #; and #, are time constants inverse of the shear rate representing the region
where the shear stress exhibits a minimum at a low shear rate, and inverse to a shear rate at
which a pseudo-Newtonian behaviour starts, respectively. The exponent o is related to the
decrease in the shear stress and the values of § vary between 0—1, since dv/dj > 0, and the 7.,
represents shear viscosity at high shear rates.***' After fitting experimental data with this
model, the corresponding dynamic yield stresses were obtained together with rest of the
model parameters (Table 3). In the case of measurements in electric field strengths 0.5 and
1 kV mm ™, 7 values increased slowly which is typical for diluted ER fluids in low electric
field strengths. This region was not considered for fitting of the curves with the Cho-Choi-

Jhon model.

Table 3. Parameters for the prepared ER fluid obtained from the Cho-Choi-Jhon model for

various electric field strengths

Parameter 0.5kV mm ' 1kV mm 1.5kVmm ' | 2kV mm'
Ty 13.8 46.5 81.0 106.9
t 0.010 0.016 0.009 0.001
a 0.50 0.31 0.04 0.52
Noo 0.29 0.34 0.36 0.52
t 0.020 0.15 0.002 0.004
B 0.89 0.98 0.85 0.90

After the calculation of the yield stress 7, from eq. 2 and applying power-law model,

17

the value of parameter J was found to be 1.50 which clearly indicates that the rigidity of the
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internal structures is driven mainly by conductivity mismatch between the particles and

silicone oil.

slope 1.50
100 |-
©
e
W u
[
10 1 1 1 1 1
1 2 3

E (kV mm™)

Fig. 12. Doublelogarithmic dependence of dynamic yield stress, zy, at 0.7 s on the electric

field strength, E.

The reproducibility of the electrorheogical behavior enabling a control over
rheological parameters is important feature of the fluids. The present system reacts to the
applied electric field promptly and after its removal the rheological parameters decrease again
to the original off-field values (Fig. 13). Small variations in the on-field values can be
attributed to the fact that the structures were formed during the shearing, which can lead to an
uneven distribution of the created chains. Nevertheless, a capability of the prepared ER fluid

to react promptly and reversibly to the applied electric field was confirmed.
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Fig. 13. Time-dependence of the shear stress on the presence of an electric field of strength

1.5 kV mm™" and its absence at a shear rate of 1 5.

Optical microscopy

Rheological investigations exhibit the presence of the yield stress upon application of the
external electric field, indicating the development of the internal chain-like structures. The
optical microscopy images were captured to demonstrate this fact (Fig. 14). The particles
were randomly dispersed in silicone oil in the absence of the external electric field. After its
application, however, the particles became polarized, orient perpendicularly to the electrodes,
and create strands. Moreover, such structures are relatively robust and just partially branched,
which indicates their enormous rigidity and toughness that have not been observed either for

aniline oligomers or p-phenylenediamine analogues.'***
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100um
—

Fig. 14. Optical microscopy of 1 wt% suspension of pyrrole/p-benzoquinone adduct prepared
in 0.1 M MSA and tested in the absence of an electric field (top) and at electric field strength
1 kV mm' (bottom).

Dielectric spectroscopy

Dielectric studies are frequently used as a complementary method for the evaluation of the
dispersed phase suitability for application in electrorheology. Dielectric spectra were recorded
and fit with H-N model to quantify the performance of prepared fluids based on pyrrole/p-
benzoquinone adducts. It can be clearly seen that the relaxation process of interfacial
polarization is shifted to the higher frequencies indicating relatively fast action at the interface
(Fig. 15). The electrode polarization takes place at low frequencies as a very common
phenomenon, which is also found in other electrorheological systems* and these data were

excluded from the H-N model fitting.
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Basically there are two crucial parameters indicating the suitability of the material for
application in electrorheology, such as dielectric relaxation strength, A¢', and relaxation time,
t;- In the present case, the investigated sample possesses a high Ag = 2.04, which is
considerably higher than those usually obtained for other semiconducting oligomers; in the
case of aniline oligomers it was only’* 0.75 and for oligomers of p-phenylenediamine'® 1.85.
The relaxation time is also extremely short, 8.6 x 107 s, and thus the response of the particles
to the application of the external field is very fast and significantly faster than with aniline and
p-phenylenediamine oligomers having 0.3 and 1.8 s, respectively. The very short # fits well
with the high conductivity of the particles® and further shifts the breakdown of the structures

to much higher shear rates.**

Fig. 15. The frequency dependence of (a) real part of relative permitivitty, &', and (b)

dielectric loss factor, &", and the fit of Havriliak-Negami model.
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Conclusions

The reaction between pyrrole and p-benzoquinone in acidic aqueous medium
proceeded smoothly at room temperature to high yields. Low-molecular weight products
were semiconducting and maximum conductivity was of the order 10° S cm™" for the sample
prepared in 0.1 M methanesulfonic acid. EPR spectra indicate the correlation between the
conductivity and the concentrations of spins, i.e. the conductivity has electronic rather than
ionic character. In water or at high acid content, only non-conducting products have been
obtained. The FTIR and Raman spectroscopies indeed confirm that the molecular structure of
the products considerably depends on the acidity condition in the reactions.

Only the product with the highest conductivity was analysed in detail. Mass
spectrometry revealed that dominating compound was composed of one pyrrole and two
p-benzoquinone/hydroquinone molecules, probably in quinhydrone complex. The oxidation to
polypyrrole did not take place. The suitable level of conductivity makes
pyrrole/p-benzoquinone adduct applicable in electrorheology. The fluid based on this adduct
is very promising for its strong and fast responsive properties afforded by tough particle
strands produced in electric field. This is in good agreement with the results obtained from
both electrorheological investigations on a rotational rheometer as well as by optical
microscopy and dielectric spectra. Due to the expected electroactivity, the prepared materials
might also be suitable in the corrosion protection or as adsorbents, i.e. in applications that are

typical of related oxidation products of pyrrole, viz. of polypyrrole.
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