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echanical deformation properties
of polypyrrole/dodecylbenzenesulfate linear
actuators in aqueous and organic electrolyte

A. Kivilo,a Z. Zondaka,a A. Kesküla,a P. Rasti,b T. Tamma and R. Kiefer*ac

The immobilization of dodecylbenzenesulfonate (DBS�) in polypyrrole (PPy) during electropolymerization is

typically expected to lead to cation-driven activity and actuation properties, at least in actuation electrolyte.

Here, the complete reversal of the behavior is demonstrated, as the solvent is changed from aqueous to

organic while maintaining the same electrolyte – bis(trifluoromethane)sulfonimide lithium salt. Isotonic

and isometric electro-chemo-mechanical deformation (ECMD) measurements under cyclic

voltammetric and square wave potential measurements yielded strain and stress values in ranges of 9–

10% and 0.7–1 MPa, respectively, independent of the solvent. The morphology of PPy/DBS films also

changed with the solvent exchange, while elemental analysis confirmed that fluorine atoms from the

TFSI� anions can be found only in the PPy/DBS films operated in organic solvent.
1 Introduction

Conducting polymers have been widely studied with several
applications in actuators,1–3 sensors,4 biomedical devices,5 and
composites,6 exible electrode materials,7 super capacitors,8

and many more.9 Applications of conducting polymers in
actuators are still not quite on the verge of commercial prod-
ucts, yet. One reason for this relies on the lack of understanding
of the factors determining the direction and extent of actuation.
In an ideal actuator only a single and well described type of
actuation direction (anion or cation-driven) should be estab-
lished, unfortunately, in most cases mixed ion behaviour has
been observed, leading to lack of control and unpredictable
changes that take place during redox cycles.10 Many parameters
including polymerization conditions,11 electrolyte concentra-
tion,12 and solvents13 inuencing the actuation properties have
been addressed in the last decades to understand the con-
ducting polymer (CP) actuation mechanism. Several models
such as polaron/bipolaron model,14 model of reversible s-
dimerization15 and the electrochemically stimulated confor-
mational relaxation (ESCR) model16 have been introduced in the
literature to explain the structural and electronic changes con-
ducting polymers undergo during redox cycles. Linear CP
actuators are essentially free standing CP lms, shown in the
past17,18 to have up to 30–40% strain and 10 MPa stress,
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depending on the choice of conducting polymer,19 inuenced by
the polymerization conditions11 and the applied electrolytes.2 A
typical well investigated and known cation-driven actuator is
PPy doped with DBS�, where the immobilized anions lead to
cation incorporation2 upon reduction (eqn (1)):

�ðPPynþÞðDBS�Þn
�þ nðLiþÞ þmðSÞ þ nðe�Þ )*red

oxh
ðPPyÞ0ðDBS�ÞnðLiþÞnðSÞm

i
(1)

Recent work13 on solvent effects with the LiClO4 electrolyte
did reveal that PPy/DBS trilayer bending actuators change their
actuation direction to anion-driven when organic solvent was
applied. For linear PPy/DBS actuators, it has been shown that
the size of anion and cation have an inuence on the actuation
direction.2 In this work, we want to characterize the solvent
contribution to the behaviour of PPy/DBS linear actuators,
focusing on the actuation direction, strain and stress. Consec-
utive potential cycles, square potential steps at different
frequencies will control the oxidation/reduction driven actua-
tion. The results will be discussed and corroborated by scan-
ning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analyses of the lms.
2 Material and methods
2.1 Materials

Sodium dodecylbenzenesulfonate (NaDBS, 99%), ethylene
glycol (EG, 99.8%), bis(triuoromethane)sulfonimide lithium
salt (LiTFSI, 99.95%) and propylene carbonate (PC, 99%) were
obtained from Sigma-Aldrich and used as supplied. Pyrrole (Py,
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Cyclic voltammetry (scan rate 5 mV s�1, 0.2 M LiTFSI, vs. Ag/
AgCl (3 M KCl) reference electrode 5th cycle) under steady state
condition (charging/discharging in balance) in potential range 0.6 to
�0.8 V of PPy/DBS films in different solvents (black: aqueous, aq; red:
propylene carbonate, PC). Comparison of strain curves (a) and stress
curves (b) against potential; (c) voltammetric responses and (d) cou-
lovoltammetric (Q/E) response.
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$98%) from Sigma-Aldrich was distilled at reduced pressure
prior use and stored at low temperature under argon atmo-
sphere. Milli-Q+ water was used for solutions.

2.2 Polymerization of PPy/DBS

PPy/DBS was polymerized galvanostatically at 0.1 mA cm�2

(40 000 s at �20 �C) in a two-electrode cell with a stainless steel
mesh counter electrode and a stainless steel sheet working
electrode (18 cm2) in 0.2 M NaDBS, 0.2 M Py in EG : water (1 : 1)
mixture. The lms were peeled off from the stainless steel sheet
aer the polymerization, washed with ethanol to remove excess
monomers and washed with water to remove excess NaDBS. The
lms were stored in 0.2 M NaDBS EG : water 1 : 1 solution. The
thickness of the PPy/DBS lms wasmeasured with amicrometer.

2.3 ECMD (isotonic and isometric) measurements

PPy/DBS lms were cut in dimensions of 20 mm length and 1
mm width. The lms were connected on the force sensor
(TRI202PAD, Panlab) with a xed arm that served as a working
electrode in the linear muscle analyzer set up.20 Platinum sheet
was used as the counter electrode and Ag/AgCl (3 M KCl) as the
reference electrode in the measurement cell with 0.2 M solu-
tions of LiTFSI in either water or propylene carbonate. The in-
house ECMD measurement setup has the advantage of
a movable force sensor instead of a steady one, allowing to
determine the mass (mg) needed to change the lm length per 1
mm (the k factor, mg mm�1). The in-house control soware
applies the k factor to calculate the corresponding length
changes of the lms. For PPy/DBS lms in aqueous and PC
solutions, the k factor was determined to be 178 mg mm�1 and
125 mg mm�1, respectively. The initial length of the lms
between the clamps was 1 mm. The force (isometric, constant
length) and length changes (isotonic, constant force of 4.9 mN)
under the applied electrical signal were measured in real time
with the in-house soware. The strain 3 in % was obtained from
the formula 3¼ DL/L� 100. The difference of the length change
DL¼ response to L� L1 where L is the original length of the lm
and L1 the changed length obtained from the isotonic ECMD
measurements. Within a voltage range of 0.6 V to �0.8 V, the
cyclic voltammetry (scan rate 5 mV s�1) and the chro-
noamperometry at frequencies 0.005 Hz, 0.01 Hz, 0.025 Hz, 0.05
Hz and 0.1 Hz were performed.

2.4 Characterization of the lms (SEM, EDX)

PPy/DBS lms before and aer actuations in different solvents
but the same electrolyte were analyzed with SEM and EDX
(Helios NanoLab 600, FEI). The PPy/DBS lms reduced/oxidized
(�0.8 V for 5 min) under different solvent conditions were
analyzed, to determine the ions present in the cross-section area
of the lms (broken in liquid nitrogen).

3 Results
3.1 Cyclovoltammetric ECMD measurements

Fig. 1a and b reveal that PPy/DBS lms show purely cation-
driven actuation in aqueous solution with strain of 7.7% and
This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 96484–96489 | 96485
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Fig. 2 Chronoamperometric ECMD measurements (square wave
potential steps) at frequency 0.005 Hz of PPy/DBS films in same elec-
trolyte but different solvents: water (black) and PC (red); 0.6 to �0.8 V.
(a) Strain response (2 cycles, 0.005 Hz) vs. time, (b) stress response (2
cycles, 0.005 Hz) vs. time. (c) Strain and (d) stress as a function of
oxidation/reduction charge at frequency range 0.005–0.1 Hz.
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stress of 1.65 MPa. Applying propylene carbonate as the solvent
led to the opposite actuation direction (almost completely anion
driven, strain at 9%, stress at 2.2 MPa), agreeing with previously
observed trend for bending trilayer actuators,13 explained by
Li+–DBS� couples staying inside PPy network with un-
dissociated character in addition to the larger solvation shell
of Li+ in PC as compared to water. Another factor for the change
in the mobile ion species relies on the character of the solvent
which in case for PC is of higher viscosity, impacting the
dynamics considerably.21 The higher viscosity of the solvent and
the hydrophilic/hydrophobic nature of the electrolyte have an
impact on cation and anion mobility during the redox cycles in
view of polymer–electrolyte and polymer–polymer phase.
Therefore, we assume that the anion driven actuation in PC is
caused by the combination of two effects: altered mobility of
ions (described by solvation number, o and p in eqn (2)), and
pair-forming Li–DBS salt. Eqn (1) has, therefore, to be modied
for anion exchange effect in PPy/DBS type of actuators (eqn (2)).
h
ðPPyÞnþðDBS�ÞmðLiþÞmðPCÞðoþpÞðTFSI�Þn

i
þ nðe�Þmetal )*

red

ox�ðPPyÞðDBS�ÞmðLiþÞm
�
PC

�
o

�þ nTFSI� þ pPC

(2)

Nevertheless, a small extent of cation involvement can be
observed in Fig. 1a and b; assumed to be accompanied by
a small part of TFSI� anions entrapped inside the PPy network
during the redox cycles.

The current density potential curve at Fig. 1c is revealing that
much higher current densities are obtained in aqueous solvent
with a large oxidation peak at �0.43 V and a small reduction
peak at �0.66 V. The current density of PPy/DBS in propylene
carbonate is just about half of that in water, with a broad
oxidation wave at 0.45 V. The coulovoltammetric charge density
potential loops (Fig. 1d) showed that the charging/discharging
is in balance22 for the chosen potential range. The shape of
the coulovoltammogram gives also information about struc-
tural changes23 appearing during the reversible redox cycles.
3.2 Square wave potential steps ECMD measurements

Conducting polymer actuators follow faradaic processes, where
the consumed charge is in relation to the extent of actuation
(strain and stress). The ECMD responses of square wave
potential steps (0.6 to �0.8 V) of PPy/DBS lms in different
solvents were investigated at different applied frequencies
(0.005–0.1 Hz). The strain and stress curves of two consecutive
cycles at frequency 0.005 Hz are presented in Fig. 2a and b. The
integration of chronoamperometric I–t curves gives the strain
and stress as a function of the consumed charge for the redox
processes, as seen in Fig. 2c and d.

The PPy/DBS actuators show nearly equal strain in PC and
aqueous solvent, in range of 9–10%, again with clear cation
activity in aqueous solution, and mainly anion activity in PC.
The small expansion at reduction for PPy/DBS in propylene
carbonate can be observed in Fig. 2a and b. We assume that
some TFSI� anions become immobilized in the PPy network,
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Diffusion coefficients calculated from eqn (3) and (4), by
addressing the chronoamperometric current density time curves of
PPy/DBS films in different solvent (same electrolyte LiTFSI): water
(black), PC (red) at oxidation. (a) The diffusion coefficient vs. applied
frequency and (b) the actuation speed n (% s�1) vs. diffusion coefficient
D. The actuation speed for aqueous electrolyte is normalized (absolute
values instead of the originally negative ones, corresponding to the
cation expulsion).

Fig. 4 SEM micrographs (scale bar 5 mm) of PPy/DBS surface (inset –
cross section) at oxidized (0.8 V) state in different solvents but same
electrolyte (LiTFSI) (a) aqueous solution, (b) PC solution.
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forcing a small amount of Li+ cation ingress for compensation
at reduction. A similar phenomenon has been observed for
CF3SO3

� ions in PPy/CF3SO3 linear actuators, where a more
mixed actuation mode was detected.10 Fig. 2b shows the
comparison of the stress of PPy/DBS linear lms in different
solvents, which is 30% higher (1.08 MPa) in PC solution than in
the aqueous solution (0.7 MPa). The coulovoltammetric
responses (Fig. 2c and d) describe a faradaic actuator: the strain
and stress follow a linear dependency on the consumed charge.
The higher stress and strain values of PPy/DBS lms in PC
solvent are reecting in Fig. 2c and d, revealing that just about
half of charge density of oxidation/reduction is needed for
a two-fold increase in strain or stress, in comparison to the
aqueous electrolyte.

In earlier studies,24 different reasons have been proposed
why in LiTFSI–PC no cations are exchanged during redox cycles.
One possible reason is the solvation number of Li+/PC found in
range 4–5.24 It has been assumed that Li+ ions do not cross the
polymer electrolyte interface carrying the full solvent shell with
This journal is © The Royal Society of Chemistry 2016
them. Therefore, partially unshelled Li+ ions paired with DBS�

anions in PPy/DBS give rise to the induction of osmotic pressure
difference between polymer–electrolyte interfaces, manifested
by the huge volume change of PPy/DBS lms.25 Considering that
the solvation number of TFSI� ions in PC solvent is about 2,26

the much smaller (solvated) TFSI� anions dragged into the PPy/
DBS polymer at oxidation can occupy new locations. The
coupling of Li+ and DBS� ions inside of PPy27 was assumed to
take place in organic solvent such as PC or acetonitrile, as
observed in PPy/DBS trilayer bending actuators.13 The higher
viscosity and lower dielectric constant of propylene carbonate is
assumed to be responsible for the low dissociation of ions
inside PPy lms.28 Changing to aqueous solvent, the solvation
number of Li+ ions is found in range of 5–6 (ref. 29) while for
TFSI� ions, due to the delocalized charge and larger size, no
solvation number was found.21 The immobilized DBS� ions in
RSC Adv., 2016, 6, 96484–96489 | 96487
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Fig. 5 EDX spectra (inset sulphur peak) of cross sections PPy/DBS
films (not actuated, right after polymerization, black), after actuation,
reduced (�0.8 V, 5 min, blue), and oxidized at (0.8 V, 5 min, red) in
different solvents (same electrolyte LiTFSI) of (a) aqueous and (b)
propylene carbonate solutions. Li+ ions were not detectable under
EDX.
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PPy lead to Li+ cation incorporation while it is assumed that the
TFSI� anions have no contribution to the reversible volume
change.

The rate of ion transport is controlled, through the Faraday's
law, by the ion diffusion constant through the PPy network. The
ESCR model, including both electrochemical and polymeric
structural aspects gives the possibility to get the diffusion
coefficient in those swelling/shrinking systems from the chro-
noamperometric responses:30

ln

�
1� Q

Qt

�
¼ �bt (3)

where Qt is the total charge consumed during the time t,
calculated from the integration of the current–time curve of the
chronoamperometric experiment, and Q the charge consumed
by each point of time. The diffusion coefficient D is included in
b (h is the thickness of the polymer lm):

D ¼ bh2

2
(4)

Plotting ln
�
1� Q

Qt

�
versus t provides the b30 as the slope, and

together with the lm thickness, it gives (eqn (4)) the diffusion
coefficient. Fig. 3a presents the evolution of the diffusion
coefficients of the anion (PC, TFSI) or cation (H2O, Li) in the
PPy–DBS swelling/shrinking lms at different frequencies.
Fig. 3b shows the strain rate (% s�1) at oxidation (normalized
for aqueous solvent) against the diffusion coefficient.

Higher frequencies bring along higher diffusion coefficients
(Fig. 3a): lower frequencies consume higher redox charges
(longer oxidation and reduction times) originating in deeper
shrinking/compaction/relaxation/swelling states, while high
frequencies only allow so shrinking/swelling processes.

At lower frequency (0.1 Hz), the highest D (22.4 � 10�7 cm2

s�1) corresponds to Li+ diffusion through the dense aqueous
PPy/DBS. The TFSI� diffusion coefficient is always a little bit
lower through PC, reaching 18 � 10�7 cm2 s�1 (0.1 Hz), which
can be attributed to either the higher viscosity of PC (2.53 mPa s
for PC vs. 0.89 mPa s for water), but also to the different inter-
action type: Li+ cations pair with immobilized anions while
TFSI� anions neutralized the charge of PPyn+ in the oxidized
state.

The strain rate (n) of the linear movement at lower frequen-
cies is nearly under linear control of the frequency dependent
average diffusion coefficient (D) of the exchanged counter-ions
(Fig. 3b) across the swelling/shrinking conducting polymer. In
PC, the PPy/DBS lm is more swollen; therefore the TFSI� ions
can enter and travel faster in the PPy/DBS network, which is
reected by the higher strain rate, as seen in Fig. 3b. The slope
value of the linear t for the PPy/DBS actuation rate (Fig. 3b) is
showing 60% higher value (0.057% cm�2) in PC, compared to
the 0.034% cm�2 in aqueous solution. It may be concluded that
although the diffusion coefficient of TFSI� ions in PC is lower
than that of Li+ in water, the effect of swelling rate (expansion)
of PPy/DBS in PC solvent is higher. Therefore, ion diffusion
coefficients are not the only parameter controlling the strain
96488 | RSC Adv., 2016, 6, 96484–96489
rates, both the diffusion coefficients and the host matrix prop-
erties (both partly dependent on the solvent properties) need to
be considered as well as the characteristics of the mobile
species themselves.
3.3 SEM and EDX analysis

In the previous sections it was shown that the actuation direc-
tion of PPy/DBS lms depends on the solvent (cation or anion
driven). SEM was used to investigate the effect of the different
solvents (same electrolyte) to the morphology; the micrographs
are presented in Fig. 4.

The typical surface morphology (inset shows dense
compaction) of PPy/DBS aer actuation in aqueous electrolyte
can be observed in Fig. 4a. For PPy/DBS lms aer actuation in
PC electrolyte, the surface morphology has changed to a more
swollen state (Fig. 4b), with cross-section (inset) having less
dense appearance.

To analyze the ion content of PPy/DBS lms before and aer
actuation in different solvents, EDX measurements from the
cross section of the lms were made, and presented in Fig. 5.
This journal is © The Royal Society of Chemistry 2016
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The small Na peak at 1.04 keV appearing in Fig. 5a and b of
fresh lms is a residue of the PPy/DBS deposition. The sulphur
peak at 2.315 keV in Fig. 5a (inset) identies that DBS� anions
are present in the PPy network independent of the solvent
applied. PPy/DBS lms actuated in PC electrolyte (Fig. 5b)
showed a uoride peak at 0.68 keV, the much larger intensity at
oxidation than reduction referring to TFSI� mobility. The
increase of the sulphur and the oxygen peaks at 0.52 keV for
oxidized PPy/DBS lms actuated in PC are also due to the TFSI�

incorporation. A low-intensity uoride peak in Fig. 5b testies
that some part of the TFSI� anions become entrapped during
redox cycling. The complete lack of uoride, together with
virtually constant sulphur and oxygen intensities for the
aqueous electrolyte lms conrm the purely cation-active
nature of the lms.

4 Conclusions

The behavior of PPy/DBS lms in solutions of the same elec-
trolyte (LiTFSI) but different solvents: water and propylene
carbonate was the subject of this study. ECMD studies revealed
that in aqueous solvent, cation-driven actuation (9% strain, 0.7
MPa) took place due to solvated Li+ ion incorporation during
reduction (eqn (1)). On the contrary, in propylene carbonate,
largely anion-dominated activity was observed (9.8% strain,
1.08 MPa). EDX and SEM results conrmed that in PC solvent
TFSI� ions were the exchanged species. Therefore, ionic species
of the electrolyte alone do not determine the actuation direc-
tion, rather the nature of the solvent inuences electrolyte–
polymer interactions. In PC solution, the diffusion coefficient of
the active species was found to be lower in comparison to
aqueous solution; while contrastingly, the actuation rate in PC
was faster than in aqueous solution, meaning that diffusion
coefficients (alone) do not determine actuation speed – con-
ducting polymers are faradaic actuators, where the extent in
strain and stress are in relation to the charge densities which
are independent of the actuation direction but in dependence
from the applied solvent.
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