An effect of carbonization on the electrorheology of poly(p-phenylenediamine)
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ABSTRACT

Particles of poly(p-phenylenediamine) were synthesized by the oxidation of p-
phenylenediamine with ammonium peroxydisulfate at two oxidation levels. They
were carbonized at 200 — 800 °C in inert atmosphere and subsequently tested in
electrorheological (ER) suspensions. Scanning electron microscopy, Raman
spectroscopy and thermogravimetric analysis were used to characterize an influence

of the carbonization on the molecular structure and particles size and shape.
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Subsequently, ER suspensions were prepared by mixing polymer particles and
silicone oil. In order to determine an effect of carbonization on the ER behavior, a
number of rheological measurements under various external electric fields were
carried out. Dielectric spectroscopy was used for the evaluation of the influence of
particles carbonization on the ER performance of suspensions as well. Although the
particles carbonized at 600 °C exhibited nearly the same ER effect as the original
particles, the efficiency of ER performance was the highest for original, i.e. non-
carbonized particles. This is due to lower field-off viscosity in comparison to ER

fluids based on carbonized particles.

1 Introduction

Conducting polymers find their use in many applications. Not all of them,
however, require high conductivity, and other electrical, optical, or redox properties
typical for conducting polymers are exploited. Electrorheology belongs to the group
of applications, where the electrical polarizability is a decisive property. An
electrorheological (ER) effect is a phenomenon which causes abrupt changes of the
viscosity of ER fluids upon the application of an electric field [1, 2]. This reversible
change from the liquid to a solid-like state appears in a very short time (within
milliseconds) and is accompanied by a distinct transition in rheological properties
(viscosity, yield stress or viscoelastic moduli) [3—6]. This performance is highly
desired by certain industrial fields, for example, in hydraulic and robotic applications
[7]. ER fluids can be used in electrical clutches, torque transducers, dampers, etc.
[8]. Nevertheless, there are still some shortcomings that hinder broader utilization of
ER fluids in practice [9]. Many materials have been investigated for their ER

performance as the dispersed phase with promising results. Unfortunately, they have



not met all requirements on the ER fluids from the application point of view. Hao in
his review [5] presents the most important properties that the proper ER fluid should
have. Among these, a short response time of the system to the applied electric field,
high yield stress, low conductivity, high ER efficiency, low field-off viscosity, and
high stability belong [5, 10].

Traditionally, an ER fluid is a two-phase system consisting of insulating carrier
liquid and semi-conducting dispersed phase that can be either liquid or solid [5, 11].
At the beginning of the research in the area, many ER systems containing water had
been investigated. These suspensions were found unsuitable due to the content of
water causing device corrosion. In addition, evaporation can negatively influence
the liquid to solid-like state transition in time [12] and ER properties would be lost
at elevated temperature. A substantial effort has recently been focused on
investigation of polymeric materials for ER systems. Previous investigations have
shown the possibility of utilization of conducting polymers as the dispersed phase.
In particular, polyaniline (PANI), polypyrrole, poly(p-phenylene), poly(acene
quionone) radicals, and their derivatives and composites are of concern [1, 11, 13—
17]. These polymers display unique properties due to the conjugated system of z-
bonds and presence of charge carriers that cause them to be electrically conducting.
In other words, this structure enables charge transfer and, consequently, particle
polarization in an electric field [5, 12].

It is assumed that the interfacial polarization has a crucial effect on the ER
phenomenon [5], thus dielectric and electric properties of particles are the dominant
factors determining the intensity of ER effect [9]. The dispersed particles start to be
polarized in electric field and their spatial distribution changes from random to

highly organized. This transition leads to the creation of particle columns and chains



oriented in the electric field direction. As a result, the system with oriented structure
can withstand forces applied while the electric field is on [8, 13].

Conducting polymers exposed to elevated temperature have recently been
investigated as a new class of materials applicable in electrorheology [18-20]. They
have been modified by heat treatment in air up to 300 °C [18, 20, 21]. This treatment
reduces conductivity of these polymers, the property which often causes undesirable
current drifts. The exposure to temperatures ~600 °C in inert atmosphere or in
vacuum converts them to nitrogen-containing carbons [19, 22, 23]. Such materials
have not been used in electrorheology yet. The fact that the morphology is retained
during carbonization belongs among interesting features of this process [22, 24, 25].
So far, attention has especially been paid to various PANI and polypyrrole
morphologies. For example, PANI [19, 22, 26-28] or polypyrrole [23]
nanotubes/nanofibres were converted to analogous one-dimensional carbons. The
ER response of carbonized conducting polymers, however, is still has to be
investigated.

The above approach can be extended to other polymers, such as poly(p-
phenylenediamine). Trlica et al. [14] focused on the ER response of different isomers
of polyphenylenediamine, i.e. a PANI derivate, particles in silicone oil. In this case,
the best ER performance was achieved for the poly(p-phenylendiamine) (PpPDA)
isomer. Therefore, PpPDA particles were chosen as a reference material in the
present study, which investigates the influence of various temperatures of PpPDA
carbonization on its ER response. To evaluate the ER response rheological
measurements comprising steady-state shear and oscillatory tests in the absence and
in the presence of electric field have been performed. Moreover, thermogravimetric

analysis, Raman spectroscopy and scanning electron spectroscopy were used to



follow changes in the structure of carbonized particles. Dielectric properties of the
suspensions were also investigated as the interfacial polarization is assumed to be an

important factor of the ER performance of ER suspensions.

2 Experimental

2.1  Synthesis of PpPDA

PpPDA was prepared by the oxidation of 0.2 M p-phenylenediamine (Fluka,
Switzerland) with 0.25 M or 0.5 M ammonium peroxydisulfate (APS) (Lach:Ner,
Czech Republic) in 0.4 M hydrochloric acid at room temperature. Next day, the
precipitated oxidation product was separated by filtration, rinsed with 0.4 M

hydrochloric acid, then with acetone, and dried at room temperature.

2.2 Carbonization

Thermogravimetric analysis was used at first as an analytical tool of PpPDA
carbonization. This was performed in 50 cm® min™ nitrogen flow rate at a heating
rate of 10 °C min! with a TGA 7 Thermogravimetric Analyzer (Perkin Elmer, UK).
A comparative experiment in air was also done for comparison.

At preparative scale, 5 g portions of the polymer were placed into an electric oven
in nitrogen stream and the temperature was increased at 20 °C min~! to the target
temperature. Then, the heating was switched off and the sample was left to cool

down to room temperature still in nitrogen atmosphere.

2.3 Raman spectroscopy

Raman spectra excited with a HeNe 633 nm laser were collected on an inVia
Reflex Raman spectroscope (Renishaw, UK). A research-grade DM LM microscope

(Leica, Germany) 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 analyzed by the spectrograph with holographic grating 1800 lines mm™ for
HeNe laser. The dispersed light was registered by a Peltier-cooled CCD detector

(576x384 pixels).

2.4  Preparation of ER suspensions

The PpPDA particles were ground in a ball mill Lab Wizz 320 (Laarmann, The
Netherlands), sieved on sieves with pores diameter of 45 pm, and dried in a vacuum
oven at 60 °C for 24 h. The suspensions of particles in silicone oil (Lukosiol M200,
Chemical Works Kolin, Czech Republic, viscosity 7 =200 mPas, conductivity
oc~ 1071 S cm™!) were prepared in 10 wt% concentration. Before each experiment,
the suspension was stirred with a glass stick for ca 5 min and then sonicated for

1 min to insure homogeneous distribution of particles within a suspension.

2.5  Electrorheological measurements

The rheological measurements were carried out using a rotational rheometer
Bohlin Gemini (Malvern Instruments, UK) with a plate-plate geometry (a diameter
40 mm with a gap of 0.5 mm between plates) at 25 °C. To determine the rheological
parameters of ER fluids, steady-state shear tests were performed. Before each
measurement step the suspensions were sheared for 60 s at a shear rate of 20 s to

destroy residual internal structures.

In order to determine viscoelastic behavior of suspensions, oscillatory tests were
performed. Firstly, an amplitude (dynamic strain) sweep test was done to determine
the linear viscoelastic region. Consequently, a frequency sweep test with fixed strain
(y = 0.0004 obtained from amplitude sweep test) in this region within 0.1 — 1 Hz was

carried out. External electric field strengths within 0.5 — 3 kV mm~ were generated



by a DC high-voltage source TREK 668B (TREK, USA). Prior to shearing the ER
fluid in applied field, there was a 60 s delay to provide the particles time to build up

the internal structures.

2.6 Dielectric measurements

An impedance analyzer Agilent 4524 (Agilent, Japan) was used for the
investigation of dielectric properties. The data were collected in the frequency range
50 — 30x10° Hz. The data were further fitted according to the Havriliak-Negami

empirical model [29]:

;:%+(@—%) (1)
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where ¢* stands for complex permittivity, &'o and &', are static relative permittivity
and theoretical relative permittivity at infinite frequency, respectively. Their
difference expresses the dielectric relaxation strength, A¢’. Parameter o represents
angular frequency, trel IS the relaxation time, and a and b are shape parameters. Last
two parameters enable to fit asymmetric relaxation peaks; the former one describing

the width of the relaxation peak and the latter its asymmetry [29].

3 Results and discussion
3.1  Preparation of PpPDA

The oxidation of aniline in acidic aqueous media yields PANI. It may be proposed
that a similar reaction performed with p-phenylenediamine would lead to a PANI-
like structure (Fig. 1a). The involvement of both amine groups could produce a
"polyphenazine” ladder-like polymer, which can be regarded as being composed of
two entwined PANI chains (Fig. 1b). The real situation is probably more complex

and can involve the branching of chains at free amino groups, various oxidation



states simulating the leucoemeraldine—emeraldine—pernigraniline transitions,
possible involvement of oxygen-containing quinonoid groups, etc.

As the starting structure is not exactly known, it would be premature to speculate
what happens after carbonization. For PANI, however, the production of cross-
linked phenazine-containing structures has been proposed [22]. A similar structure

of a nitrogen-containing carbon can probably be expected also in the present case.
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Fig. 1. Idealized structure of PpPDA produced by the oxidation of (a) one or (b)

both amine groups in p-phenylenediamine.

3.2 Raman spectroscopy

To test the hypothesis concerning the molecular structure of PpPDA obtained
with two oxidation levels, with 0.25 and 0.5M APS, and to check if the
carbonization was successful, the process was followed with Raman spectroscopy.

A Raman spectrum of PpPDA prepared with equimolar amount of oxidant (in
Fig. 2 labeled as 1x) is similar to the spectrum of PpPDA observed by Sestrem et al.
[30]. A shoulder at about 1647 cm™! belongs to the vibrations of phenazine- and
oxazine-like structures [31, 32]. The peak at 1597 cm™! is attributed to the ring-
stretching vibrations, that at 1520 cm™! is connected with C=N stretching vibrations

in quinoneiminoid or phenazine-like units [33-35]. The another one at 1455 cm™!



with a shoulder at 1413 cm™! belongs to the skeletal vibrations and to the oxidized
phenazine-like structure [34]. Two bands located at 1320 and 1178 cm™' were
assigned to C-H bending on benzenoid or quinonoid ring vibrations, respectively
[35]. These bands were observed for PpPDA but not for poly(o-phenylenediamine)
[30]. The peak at 577 cm™! is attributed to the vibrations of phenazine-like linkages
[36]. Finally, weak peaks at 498, 519, 457 and 411 cm™! are connected with skeletal
deformations.

The spectrum of PpPDA prepared at doubled amount of oxidant (in Fig. 2 labeled
as 2x) is not as clear as the previous spectrum and the bands are broader. The
shoulder at 1647 cm™! is more pronounced, the shoulder at 1413 cm™' developed into
a strong band. Small peaks below 500 cm™" are not observed. These changes may be
connected with higher ratio of phenazine-like structures (Fig. 1b) and due to the
crosslinking. The bands connected with para-coupled chains are still present in the
spectrum. The spectrum thus corresponds rather to a randomly linked and branched
material than to a perfect ladder-like structure presented in Fig. 1b [37].

After heating to 200 °C (Fig. 2, 1x 200 °C and 2x 200 °C) a broad band at
1394 cm™! appears for both materials. This band is connected with short oligomers
of aniline, the structures potentially containing phenazine-like and benzoquinone
structures [38]. This band becomes even stronger after heating to 400 °C (Fig. 2,
1x 400 °C and 2x 400 °C). After heating to 600 °C or higher temperatures
(Fig. 2, 1x or 2x, 600, 650, and 800 °C), two broad bands located around 1570 and
1330 cm™! are observed. These bands can be considered as G-band (“graphitic”
band, stretching of any pair of sp? carbons) and D-band (“disorder” band, breathing
of hexagonal carbon rings activated by any defect included by a heteroatom), which

are defined for graphitic material [39] and proved to be applicable for a nitrogen-



containing analogue. The spectrum corresponds to the disordered nitrogen-

containing graphitic material [18].
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Fig. 2. Raman spectra of PpPDA prepared by oxidation of 0.2M
p-phenylenediamine with 0.25 (1x) or 0.5 M (2x) APS as prepared and after

heating to various temperatures in nitrogen atmosphere.
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3.3  Morphology

PpPDA has an irregular morphology (Fig. 3a, b), the particle size being smaller

when higher oxidant concentration had been used. Its features are preserved after

carbonization at 600 °C (Fig. 3c, d).

p

ples - prepared by

Fig. 3. Scanning electron micrographs of origial sam
oxidation of 0.2 M p-phenylenediamine with 0.25 (a) or 0.5 M (b) APS, and the

same samples after carbonization at 600 °C in nitrogen atmosphere (c, d).
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3.4  Analytical carbonization: Thermogravimetric analysis

The carbonization of PpPDA can be understood on the basis of thermogravimetric
analysis, which is its analytical equivalent. As can be seen in Fig. 4, the PpPDA
prepared at lower oxidant-to-monomer mole ratio is more stable both in nitrogen
atmosphere (Fig.4a) and in air (Fig. 4b). Carbonization in nitrogen leaves
40 — 50 wt% residue at exposure to 800 °C (Fig. 4a), while in air the samples are
practically completely decomposed (Fig. 4b). However, it can be found that the
modification at temperatures below 300 °C, used sometimes in the literature [18, 20,

21], leaves a sufficiently large residue similar for both environments.
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Fig. 4. Thermogravimetric analysis of PpPDA, prepared by oxidation of 0.2 M
p-phenylenediamine with 0.25 (1x) or 0.5M (2x) APS, in (a) nitrogen

atmosphere and (b) in air.
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3.5  Electrorheology

After carbonization of PpPDA at various temperatures, suspensions for ER
measurements were prepared. However, particles carbonized at 650 and 800 °C were
found not to be suitable for the use in ER suspensions because of their excessive
conductivity that caused short circuits in the measuring device. Therefore, these
materials are not discussed below. From synthesis of various types of PpPDA
particles, those prepared with a double amount of APS showed more interesting ER
responses in silicone oil suspensions and were analyzed in more detail.

For ER fluids a low field-off viscosity is one of key demands [10]. Therefore, this
parameter was one of the important aspects in ER performance of the systems. Fig. 5

shows the dependence of the field-off viscosity, 7o, on the shear rate, . The ER

suspension of the original PpPDA particles, i.e. non-carbonized, exhibits the lowest
field-off viscosity. With increasing carbonization temperature the field-off viscosity
significantly rises. Especially at low shear rates the viscosity of investigated ER

suspensions differs approximately by one order of magnitude.
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Fig. 5. Dependence of the field-off viscosity, 7o, on the shear rate, y, for 10 wt%

ER fluids based on PpPDA particles carbonized under various temperatures in

nitrogen atmosphere.

The generation of internal structures can be confirmed by the examination of flow
properties of ER fluids in the presence of external electric field. Fig. 6a and Fig. 6b
show rheological properties of ER fluids in the absence and in the presence of
electric field of 2 kV mm™, respectively. A substantial increase in the shear stress
reflecting the appearance of chain-like structures upon the application of electric
field can be observed. This is caused by the formation of stiff internal structures

within the system whose rupture occurs only above a yield stress, 7o [8].
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Fig. 6. The double-logarithmic plot of shear stress, z, in the absence (a) and in

the presence of electric field strength of 2 kV mm= (b) on shear rate, y. The

meaning of symbols is the same as in Fig. 5.

The highest yield stress is observed for the ER suspension based on the original

PpPDA particles. However, there is no substantial difference in the ER effect
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between these particles and those carbonized at 200 and 600 °C, while particles
carbonized at 400 °C show the lowest response on the applied electric field. This can
be partially explained as the consequence of conductivity of these particles.
Rozlivkova et al. [24] worked with carbonized granular PANI and their
measurements revealed that electric conductivity increases for particles carbonized
at 600 °C. These particles had the conductivity 1.2x108 S cm™, while original
PANI base conductivity was 1.7x1071° S cm™. Further, the particles exposed to
200 °C or 400 °C had a similar conductivity as the original PANI base or even lower
by one order of magnitude, respectively. Thus, the low conductivity of particles
carbonized at 400 °C could partially clarify the low ER effect. This can elucidate the
ER performance of investigated particles in electric field, since PpPDA is a derivate
of PANI, and thus similar behavior can be expected. However, too high conductivity
of particles can lead to shortcuts of the device in practical applications, as already
mentioned.

The ER efficiency, e, is another important factor in ER systems as it evaluates the
behavior change of the system in the absence and in the presence of external electric
field. It can be calculated according to Eq. (2):

(775 - 770) )
o

e=

where #7e is viscosity in the presence of the electric field and 7o is field-off viscosity.
Fig. 7 shows the dependence of ER efficiency, e, on shear rate, . As can be seen,
the highest ER efficiency was achieved for suspensions based on original PpPDA
particles. However, the suspension based on particles carbonized at 200 °C exhibited
only slightly lower ER efficiency. A substantially lower ER response can be

observed for suspensions based on particles carbonized at 400 °C and 600 °C, which
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is caused by the low ER effect and the high field-off viscosity. At high shear rates,
the differences in various ER fluids are reduced due to the dominance of

hydrodynamic forces.
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Fig. 7. Dependence of ER efficiency, e, (calculated from viscosity at 0 and
2kV mm™?) for ER fluids based on PpPDA particles (carbonized under

different temperatures in nitrogen atmosphere) on shear rate, 5. The meaning

of symbols is the same as in Fig. 5.

Even better description of these smart systems, in connection to applications, can
be obtained from oscillatory tests represented by dynamic loadings. These tests give
a picture of viscoelastic behavior of the materials. Fig. 8 shows the dependence of
storage and viscous moduli on angular frequency in the absence (a) and in the
presence (b) of external electric field. From the Fig. 8a it is evident that the storage
(elastic) modulus, G, and the loss (viscous) modulus, G”, exhibit nearly the same
values. Thus, there is no dominance of any modulus. However, after the application

of the electric field (Fig. 8b) G’ increases more significantly than G” and its

16



dominance is apparent. This is connected with transition from the liquid to solid-like
state caused by the formation of organized structure within the ER fluid. It can be

seen that the highest storage modulus was achieved for original PpPDA particles.
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Fig. 8. Dependence of storage modulus (open symbols), G', and viscous modulus
(solid symbols), G, on angular frequency, w, in the absence (a) and in the
presence of electric field strength of 2 kV mm- (b). The meaning of symbols is

the same as in Fig. 5.

3.6. Dielectric properties

It is assumed that interfacial polarization of particles plays a dominant role in the
ER performance. It was proposed [5] that a good ER fluid should have its dielectric
relaxation time between 10% — 10° Hz and the dielectric relaxation strength should
be large. Thus, dielectric properties were analysed and Eq. (1) was applied for data
evaluation. The obtained results are presented in Tab. 1. As can be seen, suspensions
based on original particles and particles carbonized at 200 °C and 600 °C possess
short relaxation times, which correspond well to the ER response of these
suspensions to external electric field. The suspension based on particles carbonized

at 600 °C exhibits the highest dielectric relaxation strength; its response to the

17



electric field, however, is similar to the suspensions based on original particles and

particles carbonized at 200 °C.

Table 1 — Dielectric parameters obtained from Havriliak-Negami model.

Carbonization temperature [°C]

Parameter

Original 200 400 600
e'o 4.06 4.07 4.35 4.63
&' 3.10 3.05 3.00 2.03
Ag' 0.96 1.02 1.35 1.60
Trel [S] 2.68x107° 8.54x107° 3.16x10°  5.50x10°°
a 0.98 0.53 0.66 0.99
b 0.59 0.62 0.68 0.62

This can be seen also in Fig. 9, which shows the dependence of real, ¢, and

imaginary, ¢”, part of relative permittivity on the frequency, f. The relaxation time

of the suspension based on the particles carbonized at 400 °C is 4.02x107 s, which

means that it does not fulfill the above mentioned criterion for sufficient ER

performance.
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Fig. 9. Dielectric spectra of relative permittivity (a) and dielectric loss factor (b)
for ER fluids based on original particles, and particles carbonized at 200 °C,

400 °Cand 600 °C.

4 Conclusion

Poly(p-phenylenediamine) particles were carbonized at different temperatures in
inert nitrogen atmosphere. Carbonization was followed by thermogravimetric
analysis, which showed the higher thermal stability of PpPDA particles prepared by
a lower amount of oxidant. The conversion to the disordered nitrogen-containing
carbon with increasing carbonization temperature was observed. Particles were
subsequently used for the preparation of ER fluids which exhibit a distinct ER
performance. With increasing electric field strength the ER response was higher.
The highest ER efficiency was observed for original, i.e. non-carbonized sample.
The ER efficiency decreased as the carbonization temperature increased, i.e.

carbonization of PpPDA particles had a negative effect on ER behavior.
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Figure captions
Fig. 1. Idealized structure of PpPDA produced by the oxidation of (a) one or (b)

both amine groups in p-phenylenediamine.

Fig. 2. Raman spectra of PpPDA prepared by oxidation of 0.2M p-
phenylenediamine with 0.25 (1x) or 0.5 M (2x) APS as prepared and after

heating to various temperatures in nitrogen atmosphere.

Fig. 3. Scanning electron micrographs of original samples prepared by
oxidation of 0.2 M p-phenylenediamine with 0.25 (a) or 0.5 M (b) APS, and the

same samples after carbonization at 600 °C in nitrogen atmosphere (c, d).

Fig. 4. Thermogravimetric analysis of PpPDA, prepared by oxidation of 0.2 M
p-phenylenediamine with 0.25 (1x) or 0.5M (2x) APS, in (a) nitrogen

atmosphere and (b) in air.

Fig. 5. Dependence of the field-off viscosity, 5o, on the shear rate, 5, for 10 wt%

ER fluids based on PpPDA particles carbonized under various temperatures in

nitrogen atmosphere.

Fig. 6. The double-logarithmic plot of shear stress, z, in the absence (a) and in

the presence of electric field strength of 2 kV mm= (b) on shear rate, y. The

meaning of symbols is the same as in Fig. 5.

Fig. 7. Dependence of ER efficiency, e, (calculated from viscosity at 0 and

2kV mm?) for ER fluids based on PpPDA particles (carbonized under
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different temperatures in nitrogen atmosphere) on shear rate, . The meaning

of symbols is the same as in Fig. 5.

Fig. 8. Dependence of storage modulus (open symbols), G', and viscous modulus
(solid symbols), G, on angular frequency, w, in the absence (a) and in the
presence of electric field strength of 2 kV mm (b). The meaning of symbols is

the same as in Fig. 5.

Fig. 9. Dielectric spectra of relative permittivity (a) and dielectric loss factor (b)
for ER fluids based on original particles, and particles carbonized at 200 °C,

400 °Cand 600 °C.
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Table caption

Table 1 — Dielectric parameters obtained from Havriliak-Negami model.
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