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The observation of a conductivity threshold on
the electrorheological effect of p-phenylenediamine
oxidized with p-benzoquinone

Tomas Plachy,?® Michal Sedlacik,*® Vladimir Pavlinek® and Jaroslav Stejskal®

p-Phenylenediamine was oxidized with p-benzoquinone in the presence of 0.1-5 M methanesulfonic
acid (MSA) solutions. The resulting methanesulfonate salts of 2,5-(di-p-phenylenediamine)-1,4-benzo-
quinone are semiconducting and the particles were further suspended in silicone oil in a weight ratio of
1:9 in order to create novel electrorheological fluids. Conductivity measurements using the two-point
method along with dielectric spectroscopy were carried out in order to investigate their electrical
and dielectric properties, including their silicone-oil suspensions. The higher the concentration of MSA
was present during the synthesis, the higher the conductivity was observed. Nevertheless, a certain
threshold of the ER effect has been found and a further significant increase in conductivity causes only a
slight ER effect enhancement. At an electric field strength of 1.5 kV mm™, the observed yield stresses
read at the low shear rate values were 11.5 Pa, 20.3 Pa, 24.5 Pa, and 28.2 Pa for particles with
conductivities 1.5 x 1072, 85 x 107, 1.0 x 1078 and 1.5 x 1077 S cm™, respectively. From dielectric
spectra, it was observed that the conductivity of the particles determines the relaxation times of their

www.rsc.org/MaterialsC silicone-oil suspensions.

1. Introduction

Electrorheological (ER) fluids are known as liquids whose rheo-
logical properties can be controlled by means of an external
electric field. Generally, dry-based ER fluids are suspensions
consisting of electrically polarizable particles dispersed in a
non-conducting liquid medium. In the absence of electric field,
particles are randomly distributed within ER fluids; however, the
application of electric field leads to a creation of electric field-
induced chain-like structures along the electric field strength
direction spanning a gap between the electrodes due to dipole-
dipole interactions.'™ This formation of internal structures is
fast and reversible,* and leads to a steep increase in the viscosity”
of ER fluids. This phenomenon is called the ER effect.

It was proposed that the main factors responsible for the ER
effect of ER fluids are the optimal conductivity of dispersed
particles and the high dielectric relaxation strength of the ER
fluids.>” The role of conductivity is major mainly in the presence
of a DC electric field and at low frequencies of an AC electric field.®?
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Conductivity of the particles also determines the response time of
ER fluids to an applied electric field.® It has been demonstrated
that the local electric field, E;, between two aligned polar particles
is much higher than the overall applied electric field, E.'>"" For a
strong Ey, (E;, > E) leading to the formation of stiff chain-like
structures, the ratio &p/eim, where e, represents the relative
permittivity of dispersed particles and ¢, is the relative permit-
tivity of a liquid medium, is crucial. Thus, a high mismatch
between the dielectric constants of a dispersed phase and a liquid
medium is required for high ER effects. Introducing of polar
groups into the particles can then lead to high ER effects due to
their increased polarizability."""'> The other important factors
influencing the ER effect are the size and morphology of the
dispersed particles.”® It has been shown that ER fluids based on
polypyrrole nanofibers** or polyaniline nanofibers'® exhibit a
higher ER effect than ER fluids based on their globular analogues
with similar conductivities. Also the higher aspect ratio of the
fibers contributes to higher ER effects.'* In general, in the case of
the particles with plate-like or fibrous morphology, these exhibit
higher ER response also due to the higher interparticle friction.”
On the other hand, Cheng et al. in their work have shown that in
the case of dielectric particles the smaller particle-based ER fluid
exhibited higher ER effects probably due to an increased content
of polar molecules together with their increased surface area.'®
Various ER fluids have been introduced so far, where a con-
tinuous phase was mainly represented by mineral or silicone oils,
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owing to their low relative permittivity. As a dispersed phase,
both organic and inorganic electrically polarizable particles have
been used. The latter are represented by clays, various titanium
oxides,'”*® silica particles,'® etc. Organic particles are primarily
represented by various carbon materials®**® and conducting
polymers such as polyaniline,”*° polypyrrole,””*® and their
derivatives.”® Polyphenylenediamine, a derivative of polyaniline,
can form three isomers, i.e. poly(ortho-, meta-, and para-phenylene-
diamine). All of them have been used in ER fluids as a dispersed
phase, and the para isomer has exhibited the highest ER effect
among them due to its highest conductivity.”® Conductivity of
these materials is provided by the presence of a conjugated system
containing sp” hybridized carbon atoms possessing delocalized
electrons. The movement of these electrons is even enhanced by
a doping process. While the conductivity of deprotonated con-
ducting polymers is low (approximately 10~ >~107° S em™*),**?° by
doping process it increases even over units of S cm™'.*' This
controllable conductivity makes these materials favorable for use
in ER fluids. However, oligomers of conducting polymers prepared
in the presence of p-benzoquinone forming trimers do not contain
the conjugated system. Thus, the conductivity of oligomers can
be then understood as a result of an inter-molecular charge
transport,>** where the delocalized electrons are responsible for
the hole transport and hydrogen bonding interactions influencing
the electron transport.>* The doping process is then crucial for the
conductivity of such oligomers.

Aniline oligomers have been recently introduced in electro-
rheology exhibiting high ER effects® that can be even increased
by their carbonization in an inert atmosphere.*” Their ER
effects increase with the amount of polar groups presented in
the structure of aniline oligomers. Therefore, this study deals
with the synthesis of analogous “trimers” obtained by the
oxidation of p-phenylenediamine (pPDA) with p-benzoquinone in
the solutions of methanesulfonic acid (MSA) along with their
utilization as a dispersed phase in novel ER fluids. It is known
that high concentrations of MSA presented during the synthesis
should provide particles with high conductivity and polarizability*®
suitable for their use in electrorheology.

2. Experimental

2.1. Preparation of solids

PPDA (0.2 M, Sigma-Aldrich) was oxidized with p-benzoquinone
(0.5 M, Sigma-Aldrich) in MSA (Sigma-Aldrich) aqueous solutions
of various concentrations of MSA (0.1-5 M).*® Both reactants were
dissolved separately in MSA solutions, the solutions were mixed,
and left at room temperature for 24 h. The solids were then
isolated by filtration, rinsed with corresponding acid solution,
then with ethanol, dried in the air at room temperature, and then
over the silica gel in a desiccator. For more detailed characteriza-
tion of the particles the reader is referred to ref. 36.

2.2. Characterization of the particles

Morphology and dimensions of the particles were observed
using scanning electron microscopy (SEM; Vega II LMU, Tescan,
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Czech Republic). Conductivity of the particles was measured by
the two-point method at ambient temperature using an electro-
meter (Keithley 6517B, USA). For the measurement of conduc-
tivity the particles were pressed into pellets of diameter 13 mm.
Thermal stability of the prepared particles was studied using
thermogravimetric analysis (TGA; TA Q500, TA Instruments,
USA). Thermogravimetic measurements were carried out in a
nitrogen atmosphere at a heating rate of 10 °C min™" in the
temperature range 25-900 °C. In the case of SEM images and the
ER fluid preparation, the particles were firstly ground using a
ball mill Lab Wizz 320 (Laarmann, The Netherlands), and further
sieved on a sieve with a mesh diameter of 45 pm. The particles
were subsequently dried in a vacuum oven at 60 °C for 24 h and
stored in a desiccator for further analyses.

2.3. Preparation of ER fluids

Each batch of the dry particles was mixed separately with silicone
oil (Fluid 200, Dow Corning, UK, viscosity 7. = 108 mPa s, density
pe ~ 0.965 g cm ) in a mass ratio of 1:9 in order to create ER
fluids of particle concentration 10 wt%. Before each measure-
ment, the prepared ER fluids were manually stirred with a glass
stick and sonicated for 1 min to ensure homogenous distribution
of the particles within the suspension.

2.4. Rheological measurements

Rheological parameters of the ER fluids in the absence and in
the presence of electric field were investigated using a rotational
rheometer Bohlin Gemini (Malvern Instruments, UK) with a
parallel-plate geometry (a gap of 0.5 mm and a diameter of
40 mm). Experiments were carried out at 25 °C, and electric field
strengths of 0.5-3 kV mm™~ " were supplied by a DC high voltage
supplier TREK 668B (TREK, USA). The rheological measurements
were performed in both the steady shear and oscillatory mode at
shear rates 0.1-200 s ' and at the frequencies 0.1-10 Hz, respec-
tively. To ensure that the measurements in a frequency sweep
mode are carried out in a linear viscoelastic region, the amplitude
sweep mode experiment at the fixed frequency 1 Hz was firstly
carried out. Before each measurement in the presence of electric
field, the electric field was applied for 1 min prior the shearing
in order to provide sufficient time for the creation of oriented
chain-like structures. After each measurement, the ER fluids were
sheared for 60 s at a constant shear rate of 50 s~ " to destroy the
residual structures.

2.5. Dielectric measurements

Dielectric spectra of the prepared ER fluids were studied using a
Broadband Dielectric Impedance Analyzer Concept 40 (Novocontrol,
Germany) in the frequency range 0.1-10" Hz. The dielectric
parameters were obtained by application of the Havriliak-
Negami model (eqn (1)) to the obtained data.®”

* ! (80, — 800/)

(1 + (iw - 170)") ®

In eqn (1), &* stays for complex permittivity, &’ and ¢’ for
their real part at “static” and “infinite” frequency, respectively.

This journal is © The Royal Society of Chemistry 2015
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Their algebraic difference, A¢, represents the dielectric relaxa-
tion strength, and a parameter o represents angular frequency.
The relaxation time is expressed as t.. Parameters a and b
describe a width and skewness of the relaxation time distribu-
tion, respectively.®”

3. Results and discussion

3.1. Particle characterization

It has been demonstrated,*® that the oxidation of p-PDA with
p-benzoquinone produced a “trimer”, 2,5(di-p-phenylenediamine)-
1,4-benzoquinone (DPB; Fig. 1 (1)). p-Benzoquinone is thus not a
mere oxidant, as it is included in the final structure of oligo-
mers.***** When the reaction is carried out in the solutions of
MSA the corresponding methanesulfonate salts are produced (Fig. 1
(2)). The degree of incorporation of MSA counter-ions into the salts
depends obviously on the concentration of MSA in the reaction
mixtures. Such salts are semiconducting, as discussed below.

Morphology of the DPB particles is not affected by the
concentration of MSA during their synthesis (Fig. 2). These particles
possess irregular shape and create agglomerates (Fig. 2a-c), whose
sizes increase with higher MSA concentration (Fig. 2d-f). The higher
amount of MSA introduced in the DPB oligomer trimers increases
their polarity and also provides oxygen atoms that can form
hydrogen bonds with hydrogens from the trimers leading to a
creation of agglomerates. Thus, with increasing of MSA concen-
tration, the size of the particles increases.

NH, o]
2 + 3
NH, le]
Q OH
HN NH,
Q 2
H,N 1 NH
© OH
+ 4 HA
OH
® ®
H,N NH
=
®
HNZ NH,
)
2 A OH Ae

Fig. 1 p-Phenylenediamine is oxidized with p-benzoquinone to 2,5(di-p-
phenylenediamine)-1,4-benzoquinone (1). After the "keto—enol” rearrangement,
the resulting imine nitrogen atoms may become protonated with (methane-
sulfonate) acid (HA) to corresponding salt (2).
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Thermal decomposition of DPB salts can be divided into
three main steps. The first step between 25 and 100 °C repre-
sents the loss of adsorbed humidity. The amount of adsorbed
water increases with increasing concentration of MSA present
during the synthesis of DPB (Fig. 3a). While for particles
prepared at low concentrations of MSA the loss was 4-6%, for
the particles prepared in the presence of 2 M and 5 M MSA the
losses were 9.2 and 14.3%, respectively. The higher amount of MSA
salts incorporated into DPB increases their polar character; thus,
they then adsorb more humidity. The second step was found at
approximately 100-260 °C. This can be associated with decom-
position of p-PDA* or, more likely, with the release of MSA
constituting the DPB salt. The further losses up to ~370 °C can
be among others ascribed mainly to leaving of sulfur dioxide.**
This trend considerably increased with the increasing concen-
tration of MSA presented during the synthesis (Fig. 3b) due to
higher amount of MSA salts linked to DPB. The decomposition at
higher temperatures represents the transformation of DPB into
a nitrogen-enriched carbonaceous structure involving probable
leaving of carbon monoxide, carbon dioxide, aromatic amines
and organic groups containing oxygen (p-benzoquinone).*!

The low conductivity of DPB salts prepared at low concen-
tration of the MSA (Table 1) can be explained by neutralization
of the MSA with the monomer pPDA.** The steep increase
in conductivity of about three orders of magnitude between
the particles prepared in the presence of 0.2 M and 0.5 M MSA
resembles a certain percolation threshold. With a further increase
in concentration of MSA, the conductivity increased up to the
~10"* S cm " (Table 1). The MSA serves as a dopant; thus, the
higher concentration of MSA leads to higher conductivity of
DPB obtained also due to the formation of a higher amount of
hydrogen bonds.**

3.2. Electrorheological behavior

The ER fluids based on DPB prepared in the presence of 2 M
and 5 M MSA caused a short-circuit of the measuring apparatus
due to too high conductivity of these particles (the limit for
passing current was 5 mA). Therefore, properties of these ER
fluids are no longer discussed. The conductivity of DPB prepared
in the presence of 0.5 M and 1 M MSA enabled the measure-
ments of their ER fluids only at the electric field strengths up
to 1.5 kv mm™ ",

The prepared ER fluids exhibited Newtonian behavior in the
absence of external electric field, which is expressed as a linear
increase in shear stress with the slope = 1 (Fig. 4a-c). Only
the ER fluid based on pPDA particles prepared in 1 M MSA
showed slightly pseudoplastic fluid character (Fig. 4d). After the
application of an external electric field, the ER fluids started
to behave as Bingham fluids. The ER effect of the prepared
ER fluids increased with the increasing concentration of
MSA presented during the synthesis, thus, with the higher
conductivity of the particles the higher ER effect was observed
for their ER fluid, which fits well with the theory that the
stiffness of the induced chain-like structures is mainly directed
by the conductivity of the particles in the presence of a DC
electric field.® The higher conductivity of the particles leads to
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Fig. 2 SEM images of DPB trimers prepared in the presence of 0.1 M (a), 0.2 M (b), 0.5 M (c), 1 M (d), 2 M (e), and 5 M (f) MSA.
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Fig. 3 TGA (a) and DTGA (b) curves of DPB prepared at various concentrations of MSA. Atmosphere: N,; heating rate: 10 °C min~2.

higher electrostatic interactions between them. Such chain- could also positively contribute to higher ER effects of ER
like structures can then withstand higher hydrodynamic forces fluids based on particles prepared in a higher amount of MSA
before the flow begins. The increasing size of the particles concentrations.*>*?

9976 | J. Mater. Chem. C, 2015, 3, 9973-9980 This journal is © The Royal Society of Chemistry 2015
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Table1l Conductivity of DPB prepared at various molar concentrations of
MSA

[MSA] (mol L™1) Conductivity, o, (S cm™")

0.1 1.5 x 107 *2
0.2 8.5 x 10~
0.5 1.0 x 1078
1 1.4 x 1077
2 5.8 x 107°
5 3.4 x 1074

The double-logarithmic plot of the yield stress of the ER fluids
on the electric field strength conforms the power law trend

T, =q X E (2)

where 1, represents a yield stress, g and E stand for rigidity of the
system and electric field strength, respectively, and an exponent
o is the slope of the exponential equation.®® Since it is compli-
cated to exactly determine a yield stress, the values of shear
stress at a very low shear rate of 0.15 s~ %, 4,5, were used for this
evaluation. For well-developed internal structures within the ER
fluids upon an application of an external electric field, the values
of exponent « should be within 1.5-2. The slope of an exponent
for all prepared ER fluids is within this border and the power law
fits very well the t value dependence on E (Fig. 5). In addition, it
is evident that with an increasing amount of MSA presented
during the synthesis (increasing conductivity) the ER effect
increases. A further increase in the conductivity of the particles
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Fig. 5 The double-logarithmic plot of shear stress values obtained at
a shear rate of 0.15 s, 14 15, vs. electric field strength, E, for the prepared
ER fluids. The lines represent the exponential fit and their slope values
involved in the graph.

would probably lead to higher ER effects, however, also to higher
current density passing through the ER fluid, which was repre-
sented by the short-circuits in a measuring device for the more
conducting particle-based ER fluids.

Nevertheless, from the dependence of the yield stress on the
MSA concentration, it can be seen that the increment in the ER
effect is not exactly proportional to the increment in conductivity
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Fig. 4 The double-logarithmic plot of the shear stress, 7, on the shear rate, 7, for the ER fluids based on DPB prepared in the presence of 0.1 M (a), 0.2 M

(b), 0.5 M (c), and 1 M (d) MSA at various electric field strengths.
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Fig. 6 The plot of shear stress values obtained at a shear rate of 0.15 s~*

vs. concentration of MSA presented during the synthesis of DPB for their
10 wt% ER fluids. The inset depicts shear stress values obtained at a shear
rate of 0.15 s7%, g5, vs. conductivity of the suspended particles.

of the particles. While a certain threshold in the conductivity of
DPB salts was observed between the concentrations 0.2 and 0.5
MSA, the sort of threshold in the ER effect can be observed
between 0.1 and 0.2 MSA concentrations (Fig. 6). In other words,
although the DPB prepared at 0.5 MSA solution possesses
conductivity of about 3 orders magnitude higher than those
prepared at 0.2 MSA, the change in the ER effect of ER fluids
based on 0.2 and 0.5 MSA particles is not so significant, as
between ER fluids of 0.1 and 0.2 MSA-based particles, where the
conductivity difference was only one order of magnitude (Fig. 6,
inset). This indicates that a certain threshold of formation of the
particles exists, under which a further increment of conductivity
does not provide a proportional increase in the ER effect.
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modulus higher than the storage modulus (G > G) (Fig. 7a).
However, after the application of an electric field, the ER fluids
underwent a transition from liquid-like to a solid-like state
leading to a steep increase in both moduli; nevertheless, the
increase in the storage modulus is much more significant and
starts to dominate over the viscous modulus (G” « G’). First
things first, the ER fluids based on DPB prepared in 1 M, 0.5 M,
0.2 M, and 0.1 M MSA solution exhibit the highest ER effect (the
storage modulus) in oscillatory measurements at an electric
field strength of 1.5 kV mm ™" (Fig. 7b). These findings correlate
well with the steady shear measurements, the conductivity of
the particles, and also with dielectric properties of the prepared
ER fluids. Thus, the higher conductivity and dielectric relaxa-
tion strength of the particles lead to stiffer created chain-like
structures induced by an electric field.

3.3. Impedance spectroscopy

Values of dielectric relaxation strengths of 0.1 M and 0.2 M
MSA-based ER fluids are almost the same (Table 2); however,
the relaxation process of the latter ER fluid occurs at higher
frequencies than the former one, which is represented by its
faster relaxation time (Fig. 8a). The faster relaxation time
positively contributes to the higher ER effect. The conductivity
of DPB salts dramatically increased at concentration 0.5 MSA
(Table 1). Dielectric spectra of their ER fluids are then distorted
at low frequencies probably due to the electrode polarization,
which is observed in conducting suspensions at low frequencies.

Table 2 Dielectric parameters of prepared ER fluids obtained from the
Havriliak—Negami model

Concentration of MSA

Behavior closer to the real applications is described by dynamic ~ Parameter ~ 0.1M 0.2 M 0.5M 1M
loadings of the prepared ER fluids presented by frequency sweep ¢,/ 4.86 4.89 6.55 6.14
measurements with a fixed strain inside the linear viscoelastic ~&x' 3.02 3.04 3.00 3.00

. .. inf ti bout vi lastic behavi £ d Ae 1.84 1.85 3.55 3.14
region giving information about viscoelastic behavior of prepared 1 1.80 134 x 101 501 x 10~ 7.54 x 10~
ER fluids. The prepared ER fluids based on DPB behave like liquid ¢ 0.80 0.67 0.89 0.39
materials, which is represented by the values of the viscous » 0.62 0.96 0.42 0.99
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Fig. 7 The double-logarithmic plot of the storage, G’ (solid symbols), and viscous, G” (open symbols), moduli vs. the angular frequency, , for ER fluids
based on DPB prepared in the presence of various MSA solutions in the absence (a) and in the presence of an electric field strength of 1.5 kV mm™ (b).
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Fig. 8 Real, ¢, (solid symbols) and imaginary, ¢”, (open symbols) parts of complex permittivity for the ER fluids based on DPB prepared in the presence of
0.1 M and 0.2 M MSA (a), and 0.5 M and 1 M MSA (b). The full lines represent the Havriliak—Negami model fits. The dashed lines represent original data

indicating the electrode polarization that were excluded from fitting.

In an alternating electric field, the free ions start to migrate to
electrodes,** which leads to development of ionic double layers
on the electrodes implying a huge polarization of the double
layer. Nevertheless, the relaxation times of the ER fluids and
their polarizability can be read from undistorted data (Fig. 8b).
Although, the polarizability is higher for the ER fluids based on
DPB prepared in 0.5 MSA, the faster relaxation time is observed
for the ER fluids based on DPB prepared in 1 MSA, corresponding
to the higher conductivity of the latter particles. With increasing
concentration of MSA presented during the synthesis of DPB, the
higher polarizability and faster relaxation times are observed,
which is in accordance with findings in the dielectric spectra of
aniline oligomers by Mrlik et al.*®

4. Conclusions

Oxidation of p-phenylenediamine with p-benzoquinone in the
presence of methanesulfonic acid leads to the formation of
“trimers”, 2,5(di-p-phenylenediamine)-1,4-benzoquinone methane-
sulfonate salts. Their conductivity increases with concentration of
methanesulfonic acid present during the synthesis. The difference
of about three orders of magnitude between conductivity of particles
prepared in 0.2 M and 0.5 M methanesulfonic acid represents a
certain percolation threshold, which prompts that the conductivity
of trimer salts is directed by inter-molecular charge transport.
Electrorheological fluids based on the suspension of these salts
in silicone oil exhibited a considerable electrorheological effect
directed by conductivity and polarizability of the particles. The
higher the conductivity the higher and more stable electro-
rheological effect was observed. On the other hand, a certain
threshold at which a further increase of conductivity only
slightly contributes to the ER effect was found.
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