Electroplastic Behavior of Doped Poly(3-hexylthiophene)
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SYNOPSIS

Dynamic viscoelasticity of poly(3-hexylthiophene) (P3HT) doped with iodine or FeCl, under
the influence of electric fields was studied. The doped P3HT's underwent a large decrease
in elastic modulus under small electric fields on the order of 1 dc V/mm. The electric fields
enhanced the loss tangent. The glass transition temperature decreased as the intensity of
the applied fields was increased. This electroplastic behavior was observed also in ac ex-
citation of less than 1 kHz. It was detected in both crystalline and amorphous P3HTs.
Joule heating was a main process in the electroplastic behavior of doped P3HT's. We mea-
sured FTIR and X-ray diffraction spectra under electric fields to examine the possibility
of other processes. The X-ray diffraction analysis suggested a possibility of another process
caused by the formation of intra-planar packing of thiophene rings. © 1996 John Wiley &

Sons, Inc.

INTRODUCTION

The structure of complex fluids can be dramatically
affected by applied electric and magnetic fields.
Electrorheological (ER) fluids are colloidal suspen-
sions in which applied electric fields both alter the
structure of the fluids and strongly influence its ap-
parent viscosity.'® Magnetorheological (MR) fluids
display similar phenomena in magnetic fields.%’
Such rheological behaviors, known as ER or MR
effects, are caused by alignments of electromagnet-
ically polarized particles between electrodes. Re-
cently, the ER or MR effects have been detected
also in polymer gels. A composite of silicone gel and
poly(methacrylic acid) cobalt (II) particles enhanced
its elastic modulus by action of electric fields on the
order of 1 kV/mm.3® It was found that a magnetic
field of 50 kA/m hardened a silicone gel containing
iron particles.’” The ER and MR effects in polymer
gels offer the possibility of electromagnetic control
of the viscoelasticity of an immiscible polymer blend.

In previous articles,!!"'? we investigated the vis-
coelastic behavior of the particulate composites of
conducting polymer particles in electric fields. The
composite gels of lightly doped poly(p-phenylene)
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particles stiffened in electric fields, as we had ex-
pected. It was, however, found that silicone gels
containing iodine-doped poly(3-hexylthiophene)
(P3HT) particles softened under electric fields.
Since it was suggested that the electroplastic be-
havior of the iodine-doped P3HT particle system
was caused by the softness of the PSHT particles,
we directly measured the dynamic viscoelasticity of
P3HT doped with iodine or FeCl; under an electric
field. Here, we report that doped P3HTSs in an elec-
tric field show a large decrease in the elastic modulus
or the glass transition temperature. We also discuss
the mechanism of the electroplastic behavior of
doped P3HTs.

EXPERIMENTAL

Preparation of P3HT

The starting monomer, 3-hexylthiophene (3HT),
was synthesized via the coupling of hexylmagnesium
bromide with 3-bromo-thiophene in the presence of
Ni(dppp)Cl, according to the method of Tamao et
al.’® PSHT was prepared by electrochemical poly-
merization or by oxidative coupling of 3HT. The
electrochemical polymerization was carried out with
(C,Hy); NBF, in nitrobenzene.'* The undoping of
BF; was achieved by exposing the prepared polymer
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Table I DC Conductivity of Samples

No. Polymer Dopant [Dopant] (Wt %) o (S/cm)
1 Crystalline Undoped 0 3.61 X 107°
2 Crystalline FeCl, 1.90 4.67 X 107}
3 Crystalline FeCl, 4.41 8.31 X 107!
4 Crystalline FeCly 7.25 6.25 X 107!
5 Crystalline Todine 13.8 2.45 X 107!
6 Crystalline Todine 23.2 8.89 X 107!
7 Crystalline Todine 31.8 7.18 X 107!
8 Amorphous Undoped 0 <1 X 10°°
9 Amorphous FeCl, 6.27 2.18 X 10°

10 Amorphous Iodine 21.7 1.67 X 10°

to a reversed electric field in fresh nitrobenzene. The
oxidative coupling was made using FeCl; in chlo-
roform.!® The prepared polymer was washed several
times with 2N HCI at 70°C. The P3HTSs obtained
from the two methods were dissolved in chloroform.
After filtration of insoluble P3HT gel, the solvent
was evaporated to give P3HT cast films (thickness
110 pm). According to our X-ray diffraction analysis,
the P3HT film by oxidative coupling was crystalline
while the film by electrochemical polymerization was
amorphous (see Figs. 9 and 10). Here, we call the
two P3HTs crystalline P3HT and amorphous
P3HT, respectively. When calibrated against poly-
styrene standards, values of the molecular weight of
the P3HTs, M, = 54,300, M,,/M,, = 2.51 (crystalline
P3HT) and M,, = 55,400, M,,/M, = 1.79 (amorphous
P3HT) were obtained.

Doping

Chemical doping was carried out by exposing the
P3HT film to a vapor of iodine at 80°C for 5 h or
by immersing that in a FeCl;—nitromethane solution
of 0.1 mol/L at room temperature for several min-
utes.'® The content of the dopants was calculated
using weights of undoped and doped P3HT films.
The dopant content and dc conductivity of the
P3HT films as samples are listed in Table 1. Dc con-
ductivity was calculated using the equation o = IS/
Vd (1, electrical current; V, applied voltage; S, area
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Figure 1 Schematic illustration of a test apparatus for
viscoelastic measurement under electric fields.
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of cross section of sample; and d, gap between elec-
trodes; see Fig. 1).

Measurement of Viscoelasticity

The experiments were performed in air on a visco-
elastic spectrometer (Iwamoto Seisakuzyo Ltd. VES-
F). Figure 1 indicates a schematic illustration of a
test apparatus for viscoelastic measurement. Both
ends of the sample were coated with Ag paste (Fu-
zikura Kasei Ltd., Dotite D-550) as electrodes. The
test apparatus was set in a chamber of the visco-
elastic spectrometer and then dc voltages up to 200
V or ac voltages between 0.1 Hz and 1 kHz were
applied between the Ag electrodes. The sample was
vibrated at a sinusoidally varying tensile strain, ¢
= 0.1 sin (2« ft), by a servomotor. The frequency of
the applied strain f was between 0.1 and 100 Hz.
Torque acting on the sample was measured in the
temperature range from —50 to 50°C through the
load cell. Storage and loss moduli, E' and E”, and
loss tangent tan 6 of the samples were calculated
automatically by a personal computer. The temper-
ature dependencies of the mechanical parameters
were measured by heating the chamber at a rate of
2°C/min.

® o P @ o

Ag paste g
9P R a——

infrared ray j/ ] /\L
/

X-ray ? \

Sample Sample

IR-ray source i X-ray source|

Holder Hoﬁder
(a) (b)

Figure 2 Schematic illustrations of (a) FTIR and (b)
X-ray diffraction measurements under electric fields.
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Figure3 Temporal changes in storage modulus in elec-
tric fields. The sample used was no. 6 in Table 1. The
applied fields were 0.44 dc V/mm and a 100 Hz field of
0.44 V/mm. In Figures 3-5, the experiments were carried

out at room temperature using a strain frequency of 10
Hz.

Measurement of FTIR Spectra

To investigate a change in chemical structure due
to electric fields, FTIR spectra of the samples in
electric fields were measured at room temperature
[Fig. 2(a)]. The experiments were performed on an
FTIR spectrometer (Nippon Bunkou, FTIR/5M)
using P3HT films with a thickness of ca. 5 um.

Measurement of X-ray Diffraction Spectra

X-ray diffraction patterns under electric fields were
measured to examine the possibility of a change in
the physical structure of P3HT chains in the elec-
tric fields [Fig. 2(b)]. The experiments were carried
out at room temperature in a 26 range between 3°
and 60° using a Rigaku X-ray diffractometer (RAD-
2B). The X-ray source utilized a copper target (A
= 1.541 A).

RESULTS AND DISCUSSION

Viscoelasticity in Electric Fields

The doped P3HTs changed in mechanical properties
when subjected to electric fields on the order of 1
V/mm. Figure 3 indicates storage modulus-time
curves of iodine-doped P3HT (no. 6 in Table I) in
dc or ac electric fields. E' decreases by the action of
a dc electric field and reaches a constant value in
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about 3 min. We call this phenomenon the electro-
plastic effect. When the applied field is removed, the
parameter recovers the starting value in the absence
of an electric field. The response speed upon the
applied field is almost equal to the reversing speed.
As shown in Figure 3, the electroplastic effect has
been detected in ac excitation of 100 Hz. It does,
however, disappear in ac fields of more than 1 kHz.
It suggests that ionic polarization is strongly asso-
ciated with the electroplastic effect. It is found that
dc excitation gives a large electroplastic effect. The
difference between ac and dc fields may probably be
due to the current distribution in the sample. We
next examined the relationship between electric
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Figure 4 (a) Storage modulus E’ and (b) loss tangent

tan 6 of doped P3HTs under various dc electric fields.
Samples: (O) no. 3; (A) no. 4; () no. 6; (@) no. 10.
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Figure 5 Temperature dependencies of E' with and
without electric fields: (O) 0 V/mm; (A) 0.44 dc V/mm.
The horizontal axis represents the temperature in a test
chamber of the viscoelastic spectrometer.

power input to the samples and the magnitude of
the electroplastic effect. The decrease in E' induced
by electric fields was proportional to the electric
power.

Figure 4(a) and (b) indicates the viscoelasticity
of doped PSHTs under various dc electric fields. The
values of E' and of tan § after 3 min of the exposure
time to electric fields are plotted as functions of the
intensity of the applied fields. E’' decreases with the
intensity of the applied fields on the order of 1 V/
mm. The crystalline P3HT [no. 3 (O)] shows a large
decrease of 465 MPa under an electric field of 1.22
V/mm. On the other hand, tan 6 increases in electric
fields. The field of 1.22 V/mm induces an increase
of 0.09 in tan & (the value of 6 changes from 10.2°
to 15.0°). The electroplastic effect was observed also
in amorphous P3HTSs [no. 10 (@)].

In Figure 5 are displayed temperature dependen-
cies of E' with and without an electric field. The
electroplastic effect is not practically observed in
the glassy state of P3HT. It affects the glass tran-
sition temperature T,. As shown in Figure 6, T, de-
creases gradually as the intensity of the applied field
is increased. An electric field of 0.44 V/mm leads to
a diminution of 10°C. The results obtained in Fig-
ures 4-6 suggest that the rigidity and damping prop-
erty of the doped P3HT's can be controlled by electric
signals.

Influence of Joule Heating on the Electroplastic
Effect

Since the doped P3HTSs have dc conductivities on
the order of 107! S/cm, an electric current is carried
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Figure 6 Glass transition temperature of doped PSHT
under various electric fields. The sample used was no. 3.

in the sample under the applied fields. If Joule heat-
ing due to the electric current warms the sample,
that may lead to a decrease in elastic modulus. To
understand the mechanism of the electroplastic ef-
fect, we first estimated the influence of Joule heating
on the electroplastic effect. The estimation was car-
ried out as follows: A temperature increase at the
surface of the sample in electric fields was measured
directly using a thermometer (Tsuruga Ltd., Model
13527). There may be no difference in temperature
between the inside and the surface of the sample
because the samples are thin films (thickness 110
um). Second, a decrease in E' (AE") due to the tem-
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Figure 7 Estimation of a decrease of E' induced by Joule
heating. AT is a temperature increase at the surface of
sample induced by electric fields. AE'; and AE'; represent
decreases of E' due to Joule heating and by electric fields,
respectively.
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Table II Influence of Joule Heating on the Electroplastic Effect

AE./AE,

No. Field (V/mm) AT (°C)y A E} (MPa)® A Ej (MPa)* (%)
2 2.00 45 17 36 472

3 1.21 10.1 242 467 51.8

4 0.82 13.8 128 243 52.7
6 0.33 14.6 125 204 61.3

7 0.40 12.1 230 413 55.7

9 0.32 20.2 204 387 52.7
10 0.32 17.2 196 354 55.4

2 Temperature increase by electric fields.
® Decrease of E’ due to Joule heating.
¢ Decrease of E’ by electric fields.

perature increase, indicating a decrease in E' by
Joule heating, was calculated using an E'-temper-
ature curve in the absence of an electric field [see
symbol (O) in Fig. 7]. We finally compared AE] with
a decrease in E' (AE%) observed in the electric fields.
The ratio of AE] to AE} represents the fraction of
Joule heating on the electroplastic effect. The results
are summarized in Table II. The ratios of AE] to
AE), are between 50 and 60%. Table II indicates that
Joule heating is the main process influencing the
electroplastic effect of the doped P3HTs. The elec-
troplastic effect is not, however, based simply on the
Joule heating effect. The results obtained show a
possibility of other processes.

FTIR Spectra in Electric Fields

FTIR spectra of the samples in electric fields were
measured to investigate whether a change in chem-
ical structure occurred in the electric fields [Fig. 8(a)
and (b)]. FTIR spectra A and B represent undoped
P3HT (no. 1 in Table I) and FeCl;-doped P3HT
(no. 2) in no field, respectively. They are the same
as reported by Wang and Rubner.!” Spectrum C ex-
hibits FeCl;-doped PSHT (no. 2) under 2 V/mm.
The influence of the electric fields on the iodine-
doped P3HT (no. 5) is shown in spectra D and E in
Figure 8(b). No difference was found in the FTIR
spectra with and without electric fields. These re-
sults say that the chemical structure of P3HT is
unchanged in the applied electric fields.

X-ray Diffraction in Electric Fields

X-ray diffraction measurements were made to in-
vestigate a change in the physical structure of P3HT
chains induced by the electric fields. X-ray diffrac-
tion patterns in the electric fields are displayed in

Figures 9 and 10. In spectrum A of undoped crys-
talline PSHT (no. 1) in Figure 9(a), the three low-
angle peaks at 20 = 5.09°, 10.53°, and 15.91° cor-
respond to first-, second-, and third-order reflections
from the interlayer spacing, respectively.’®?° When
doping with FeCl; or iodine is done, the peak posi-
tions are shifted to lower angles (spectra B and D).
Those are indicative of the expansion of interlayer
spacing. Winokur et al. reported the same expansion
of the interlayer spacing for poly(3-octylthiophene)
or poly(3-dodecylthiophene) moderately doped with
iodine.?! When a dc electric field is applied, the ex-
pansion of the interlayer spacing is induced (spectra
C and E). In the presence of an electric field, a new
peak was detected at 26 = 23-24° (see arrow points
in spectra C and E). When the applied field was
removed, the new X-ray peak disappeared in a few
minutes. So, the occurrence of the new peak may be
caused by dc electric fields.

Figure 10(a) and (b) indicates X-ray diffraction
patterns of amorphous doped P3HTs. In spectrum C
of iodine-doped P3HT, two new peaks appear at 20
= 14.5° and 26 = 23.4° under the influence of the
electric fields. On the other hand, the X-ray diffrac-
tion pattern of FeCls;-doped P3HT is unchanged by
the action of the electric fields (spectra D and E).

From the results in Figures 9 and 10, it is found
that X-ray diffraction patterns vary in the electric
fields. To investigate the effect of Joule heating on
the change in X-ray diffraction, we next measured
X-ray diffraction patterns of FeCl;-doped P3HT at
23 and 40°C in the absence of the electric fields (Fig.
11). The temperature of 40°C was determined by
measuring the temperature at the surface of the
sample under the applied electric field. At 40°C, the
peaks of the first, second, and third diffractions shift
to the lower-angle side. The intensity of the third-
order diffraction increases in the electric field.
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Figure 8 FTIR spectra of (a) FeCl;-doped PSHTs and
(b) iodine-doped P3HT's in electric fields. Spectra: (A) no.
1 (0 V/mm); (B) no. 2 (0 V/mm); (C) no. 2 (2 V/mm); (D)
no. 5 (0 V/mm); (E) no. 5 (0.33 V/mm).

Therefore, the changes at low angles observed in the
electric fields may be caused by Joule heating. On
the other hand, there is no peak at a wide angle at
40°C. So, it is reasonable that the peaks at a wide
angle shown in Figures 9(a) and (b) and 10(a) may
be induced by electric fields rather than by Joule
heating.

There are two explanations for the electric field-
induced peak at a wide angle. One is a conforma-
tional change in P3HT chains. Chen and Ni pro-
posed that the peak at 28 = 23.8° (d-spacing: 3.8 A)
could be attributed to the intralayer spacing between
two successive stacking planes of co-planar sub-
chains (intraplanar packing).!® In our study, the
electric field may cause the formation of intraplanar
packing. Since it may probably bring about a dim-
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Figure 9 X-ray diffraction patterns of crystalline
P3HTSs doped (a) with FeCl; and (b) with iodine. Patterns:
(A) no. 1 (0 V/mm); (B) no. 3 (0 V/mm); (C) no. 3 (1 V/
mm); (D) no. 6 (0 V/mm); (E) no. 6 (0.33 V/mm). In Fig-
ures 9 and 10, the notation X n represents a magnification
of intensity.
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Figure 10 X-ray diffraction patterns of amorphous
P3HTs doped (a) with iodine and (b) FeCl;. Patterns: (A)
no. 8 (0 V/mm); (B) no. 10 (0 V/mm); (C) no. 10 (0.5 V/
mm); (D) no. 9 (0 V/mm); (E) no. 9 (0.33 V/mm).

ELECTROPLASTIC BEHAVIOR OF DOPED P3HT 909

inution of an interaction between the interlayers,
the intralayer packing will lead to a decrease in the
elastic modulus. The other explanation is that the
undoping process proceeds in electric fields. It is well
known that undoping induces a volumetric change
of the conducting polymer and a decrease in E.%*
Although undoping is not induced practically by an
electric field, the interaction between polymer chains
and dopants may weaken in electric fields. As shown
in Figures 9(a), (b), and 10(a), the peaks observed
at 26 = 23-24° in the electric fields are clear and
sharp. They look like signals from crystalline poly-
mer. If the interaction between polymer chains and
dopants weakens in the electric fields, the X-ray dif-
fraction pattern at wide angles may become broad,
like patterns A in Figures 9(a) and 10(a). It is, there-
fore, maintained that the former explanation may
be correct.

CONCLUSION

The electroplastic effect of doped P3HTs which we
have identified is a unique phenomenon and will
have a great impact in conducting polymer tech-
nologies. The favorable feature of the electroplastic
effect is that a large decrease in the elastic modulus
on the order of 500 MPa is induced by the action of
small electric fields on the order of 1 V/mm. The
doped P3HT shows a better electromechanical effect
than do the ER or MR gels.®!® Although the mech-
anism of the electroplastic effect was not analyzed

Intensity(arb. units)
N
e
9]

3 10 20 30 40
26 (deg)

Figure 11 X-ray diffraction patterns of FeCl;-doped
P3HT at 23 and at 40°C in no electric field. The sample
used was no. 3.
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perfectly, it was found that the electroplastic effect
could not be explained simply by Joule heating. The
X-ray diffraction studies suggested the possibility
of another process which was based upon the for-
mation of the intraplanar packing of the thiophene
rings.
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