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Abstract

A self-powered controlled release system is achieved via galvanic coupling of a
conducting polymer and a zinc anode. Release of an anionic dye molecule, phenol red
(PR), as the polymer is reduced is quantified. Triggered release using the galvanic cell is
demonstrated in a freeze-thaw experiment when melting of the electrolyte completes the

galvanic cell and enables oxidation/reduction to occur.

Keywords: Controlled release, phenol red, conducting polymer, electrochemical quartz

crystal microbalance, galvanic cell.



1. Introduction

Polymer structures capable of triggering release in response to discrete thermal
transitions [ 2, pH B ¥ or electrical stimuli 7 have been demonstrated previously.
Those based on the use of electrical stimulation have the advantage that the release
profile can be tuned by the nature of the stimulation conditions (the current/potential
magnitude and frequency) employed. They have the disadvantage of requiring a power

supply of some description for operation.
Conducting polymers represent a class of materials capable of responding to electrical

stimulation to induce controlled release. This ability can be traced to the inherent redox

capabilities of these polymer structures according to:
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Anions (A" - Equation 1) are expelled into the solution during the reduction process ™ ).

However, when immobile counter-anions are employed in the conjugated conducting



polymers, the redox mechanism involves the entry of cations (X' - Equation 2) during
reduction and expulsion during oxidation " '), Obviously these processes can be used to

provide release on demand systems for either cations or anions ['> ',

For example, it has been reported that anthraquinone disulphonic acid (AQSA) can be

[14], with the rate of release

electrochemically released from a polypyrrole matrix
determined by the potential applied. The electrically stimulated release of sulfosalicyclic
acid (SSA) from polypyrrole has also been reported . In other work, Pyo and

Reynolds " incorporated adenosine 5’-triphosphate (ATP) as the counter-anion into

polypyrrole (PPy) and demonstrated electrochemical release of the molecule.

In this work, phenol red (Figure 1) sodium salt dye was chosen as the molecular dopant.
Phenol red was incorporated as a counter-anion into the polypyrrole matrix during
electrochemical growth. When this polymer was stimulated at negative potential, the
dopant, phenol red, was expelled and migrated into the solution, and the solution
exhibited a red colour which can be easily observed by eye. This, like most conducting
polymer controlled release systems, required an external power supply to apply the
required electrochemical stimulus. Therefore, a further novel development of this work
was the adoption of a galvanic cell system whereby the dye was released when the PPy-
phenol red electrode was connected to a zinc counter electrode in an electrolyte. This
system required no external power source to trigger and control the dye release. Here we
describe a self-powered controlled release system, particularly for autonomous

applications, based on coupling a conducting polymer cathode to a zinc anode. It is



envisaged that such systems would find applications in situations where the couple is
immediately connected. For example, a self powered controlled release system or where
the cell is coupled by a change in environmental conditions (e.g. a thawing electrolyte) to

act as a triggered monitoring system.

2. Materials and methods

2.1 Polymer electrosynthesis and characterization

Phenol Red (PR) dye was incorporated into polypyrrole as a dopant in this experiment.
This polymer was electrosynthesised galvanostatically at a current density of 0.5 mA cm’
? on stainless steel mesh or gold coated quartz crystal from Milli-Q water containing 0.1
M pyrrole and 5 mM phenol red sodium salt. Phenol red sodium salt (Aldrich) was used
as-received and pyrrole (Merck) was freshly distilled. The solution was purged with
nitrogen before use. The charge consumed during the electrosynthesis of polypyrrole was
1.0 C cm™. Stainless steel mesh was used as counter electrode, and the reference
electrode was Ag/AgCl (3M NaCl). After deposition the polymer coated electrode was
rinsed thoroughly with deionised H,O, then soaked in acetonitrile for 10 minutes to
extract H,O from the polymer matrix. The as-polymerized polymer coated electrode was

dried in air for 48 hours before use.

All the electrochemical properties were investigated using a standard one compartment
three-electrode cell with a stainless steel mesh counter electrode, and Ag/AgCl (3M

NaCl) reference electrode. Cyclic voltammetry (CV) was carried out using an EG&G



PAR 363 Potentiostat/Galvanostat, a MacLab 400, and EChem v 1.3.2 software (AD

Instruments).

PPy-PR samples, as electrosynthesised and after dye release, were sent to the

Microanalytical Unit of the Australian National University for elemental analysis.

2.2 EQCM

The resonance frequency of the polypyrrole coated quartz crystal was measured in-situ
during both electrochemical synthesis of, and the electrochemical characterization of the
polypyrrole with a Standford Research System (QCM 200) Quartz Crystal Microbalance.
The gold quartz crystals were obtained from Standford Research Systems, and have an
unloaded resonant frequency of approximately 5 MHz. The electrochemical surface area
of the crystal (1.37 cm?) is much larger than the oscillation surface area (0.4 cm?)
meaning that edge effects do not affect the frequency measurement. The crystal loaded
with polypyrrole was rinsed with Milli-Q water and dried slowly in air to avoid any crack

formation in the film.

Mass change was calculated directly from the change in resonant frequency using the

[18]

Sauerbrey equation ™. It gives the change Af in the oscillation frequency of a

piezoelectric quartz crystal as a function of the mass Am added to the crystal:

Af = M _ _i&m
A\Hp-‘jju'-‘j A p:ﬂ-’q (3)



Here, fy is the resonant frequency of the crystal, A is the active area of the crystal
(between electrodes), pq is the density of quartz, yq is the shear modulus of quartz, and vy
is the shear wave velocity in quartz. To a first approximation the mass change per cm’

can be calculated by:

m[ng] = relative frequency / 0.0566  (4)

The polypyrrole coated quartz crystal was immersed in the testing electrolyte (0.1 M
sodium dodecyl sulfate (SDS)) for 30 minutes before electrochemical characterization of
the film was initiated. This procedure allowed the electrolyte to swell the polypyrrole,
and hence minimize the mass change during electrochemical cycling due to the swelling

of the previously dried polypyrrole film.

2.3 UV-vis spectrum

The release of dye into the solution from the polymer film was monitored and
characterised using UV-vis spectroscopy. Vigorous stirring was applied continuously
during the dye releasing process to maintain the homogeneity of the solution. The UV-vis
spectra of the solution containing phenol red dye in 0.1 M NaCl or 0.1 M SDS were

recorded between 300 nm and 1100 nm using a Shimadzu UV 1601 spectrophotometer.

2.4 Controlled dye release

Initially, dye release at controlled potentials (-300, -500 and -800 mV vs Ag/AgCl (3M

NaCl)) was investigated in 0.1 M SDS electrolyte. Following this, a Galvanic cell system



comprising the PPy-PR on stainless steel mesh as working electrode (1.2 cm?), a Zn
electrode (6 cm?) as counter electrode, and 0.1 M SDS electrolyte was considered for dye

release without the need for an external power source.

This type of galvanic ell was put into the freezer (-35°C, MF285, Dometic medical
systems, Australia) overnight to completely freeze the electrolyte. The electrolyte was
gradually thawed out in an ambient environment when the frozen cell was taken out of
the freezer. A novel application of the Galvanic cell system was then investigated where
the dye release was triggered by the thawing of the electrolyte. In this experiment the

temperature and current variations vs time elapsed were recorded.
3. Results and Discussion

3.1 Electrodeposition of PPy-PR

The oxidation of pyrrole to form a polypyrrole film containing the dye molecule as the

molecular dopant can be depicted according to Equation (5) !'":

IR {5)

.-'},Hr \". oxidize
IV
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Using EQCM, the potential and relative frequency or mass variation on the gold coated
crystal were recorded during the polymer growth process (Figure 2). The
chronopotentiogram (Figure 2a) exhibits an initial spike due to charging of the double
layer, followed by a slowly decreasing potential as polymer growth proceeded. The
decreasing potential is indicative of conducting polymer deposition on the electrode. The
chronopotentiogram obtained during polymer growth on the stainless steel mesh substrate

was similar (not shown).

The mass of polymer deposited on the gold coated crystal working electrode increased

with time during the growth process, in a linear fashion (Figure 2b).

3.2 Cyclic voltammetry and mass variation

Cyclic voltammetry of PPy-PR on a gold coated crystal in an EQCM cell was performed
at a scan rate of 10 mV s™' over the potential range -0.80 V to 0.80 V (versus Ag/AgCl
reference electrode) in an electrolyte consisting of 0.1 M SDS in aqueous media (Figure
3). The changes in mass were recorded simultaneously. A redox couple (A/B) was
observed in the potential region of -800 to 400 mV. The reduction process is associated
with concomitant expulsion of anions or the insertion of cations as shown in Equations

(1) and (2) respectively and vice versa for the oxidation reaction.

It can be seen from Figure 3(b) that the mass change was dominated by cation (Na")

motion in the electrolyte of SDS. There was a decrease in mass during the anodic scan,



and an increase in mass during the cathodic scan. Such a pattern confirms that cation
movement (Equation 2) is the dominant reaction, which is not surprising given the
relatively large size of the phenol red dopant anion. However, the fact that phenol red
expulsion was visually observed during the cathodic scan also infers that it was expelled
during the earlier part of the cathodic scan before Na™ incorporation became dominant

resulting in a mass increase of the polymer.

3.3 UV-visible spectroscopy

The UV-vis spectrum of phenol red sodium salt in 0.1 M SDS or 0.1 M NacCl is shown in
Figure 4 (a). Two bands are observed for the dye in 0.1 M SDS where the primary band
occurred at 559 nm. The bands at 361 nm and 559 nm could be assigned respectively to
7 - * and excitonic transitions. The UV-visible spectrum obtained for the solution used

for controlled release was identical to that obtained for the phenol red sodium salt.

Using standard solutions absorbance intensities of the primary band were examined at a
series of concentration of dye in 0.1 M SDS, and they were plotted against the dye
concentration as shown in the inset Figure 4 (b). The absorbance intensity was monitored
during the controlled release experiments and used to calculate the amount of dye
released into the solution.  Polymer PPy-PR was soaked in 0.1 M SDS for 24 hours to
investigate if dye could be self-released into the solution, and no peak was shown in UV-
vis spectrum, which indicates that PR™ could not migrate out of the polymer matrix and

release into the solution without the electrical power or the amount of this anion was too

10



trivial to be detected. The absorbance intensities of dye obtained in this work can be

attributed to the release stimulated.

3.4 Dye release by controlled potential

The dye release process from the polymer film PPy-PR was investigated at controlled
potentials of -300, -500 and -800 mV, respectively using samples that were identically
prepared. The amount of anion PR™ released in the process was calculated from the
absorbance intensity shown at the primary band maximum (559 nm) and using the linear
regression equation as shown in Figure 4 (b). The percentage and the concentration of
dye released (calculated using the amount originally incorporated) were plotted vs time
(Figure 5). It can be seen that the onset time for dye release and the subsequent rate of
release was dependent on the potential applied. The effect on the onset time for release is
obvious if we consider the time required to effect 10% release as summarized in Table 1.
It took 205, 20.8 and 1.6 minutes at -300, -500 and -800 mV, respectively. Interestingly,
for applied potentials of -0.30 V and -0.50 V, the release appears to occur in three stages.
From EQCM data this would be attributed to the initial reduction process being
dominated by cation insertion, then anion release. At -500 and -800 mV, the amount of
dye anion released significantly increased initially before reaching a plateau. At -300 mV,
however, an obvious activation process was exhibited followed by the same dye release
trend. The initial rate of release was calculated based on the first stage and listed in table
1. The results show that the initial release rate was much higher at -800 mV than that at -

500 mV and -300 mV. At -800 mV, 63% of anion PR™ was expelled into the solution

11



from the polymer in 70 mins; the charge consumed was 4468mC. At -500 mV, only 33%
of PR™ was expelled in 160 mins; the charge consumed was 2998 mC. At-300 mV, RED"

expulsion was 41% in 387 mins and the charge consumed was 3210 mC.

Elemental analyses of PPy-PR’, as electrosynthesised and after dye release at -800 mV vs
Ag/AgCl (3M NaCl), indicated that 58% of anion PR™ was expelled which is in good
agreement with the efficiency calculated here. The monomer to counter-anion ratio was
also calculated from the elemental analyses and showed that the as electrosynthesised
PPy-PR had a ratio of 3 Py : 1 PR™ whereas after dye release the ratio became 7 Py : 1

PR".

To further investigate the ion exchange process during this discharging process, EQCM
measurements were also performed at the controlled potential of -800 mV to detect the
mass variation with time (Figure 6). It can be seen clearly that the mass shows an initial
transient increase then decrease in 0.1 M SDS. The mass increase can be explained by
Na' insertion into the polymer and the mass loss is due to the anion PR™ migrating from
the polymer matrix. It appears that cation insertion dominates during reduction at the first

discharge stage, but after a defined period anion expulsion is more evident.

3.5 Dye release in a galvanic cell system

The dye release process was also investigated in a galvanic cell system comprised of a

PPy-PR working electrode and a Zn counter electrode in 0.1 M SDS in Milli-Q water.

12



This galvanic cell produced an initial voltage of 1.20 V before the release procedure was
started. In this cell, the Zn was oxidized and migrated into the solution as Zn>" whereas
the PPy-PR was reduced resulting in the release of PR’ into the solution. In this way, dye
release can be achieved without the need of an external power source. The dye release
efficiency calculated from the absorbance intensity at the primary band maximum of 559
nm together with its concentration was plotted against time (Figure 7). A very similar dye
release trend was observed in the galvanic cell compared with that at the controlled
potential of -800 mV. The dye release rate was rapid at the first stage, and 55% of anion
PR™ was expelled from the polymer matrix in only 740 s. The proportion of PR’ that
migrated into the solution compared with the initial amount was 67% in 60 mins; which

is similar to 62.7% in 70 mins achieved by the controlled potential method at -800 mV.

The variation of the potential of the working electrode PPy-PR during this dye release
process was recorded against an Ag/AgCl reference electrode, and is shown in Figure 8
(curve a). The amount of charge consumed during this process accumulated with time
and is also shown in Figure 8 (curve b). It can be seen clearly that the potential dropped
sharply when the polymer was reduced, then an obvious plateau appeared followed by
potential decrease again, which implies that different reaction processes were involved.
The appearance of the plateau at -0.77 V indicates that the structure of the polymer was
not affected or did not change much during this reduction process. It can be ascribed to
the insertion of small Na'". The polymer structure was changed when the large anions

were expelled from the polymer matrix, causing the potential to drop again. The results

13



show two types of redox reactions, cation insertion and anion expulsion occurred during

discharge as well observed with the controlled potential experiments.

3.6 A novel temperature triggered galvanic cell device

This dye release process in a galvanic cell was also investigated with a frozen electrolyte
that was allowed to thaw at room temperature (Figure 9). When the electrolyte was
frozen, as expected, no current flowed in the system. However, as the temperature rose
and the electrolyte thawed, the redox reaction was initiated and a current was produced
concomitant with the release of PR™ dye. The colour change in the electrolyte is obvious
from the photographs included in Figure 9. The current reached a maximum after 6000 s

before decreasing as the PPy-PR was expended in the galvanic cell.

4. Conclusions

The controlled release of phenol red (PR") dye from a polypyrrole-phenol red (PPy-PR)
conducting polymer was achieved. The rate and efficiency of release increased as the
controlled potential was made more cathodic. CV experiments with PPy-PR on a gold
coated quartz crystal in an EQCM cell showed that the redox reactions of this polymer in
0.1 M SDS was predominantly associated with cation (Na") movement. However,
controlled potential experiments at -0.80 V in an EQCM cell showed that on reduction of
PPy-PR in 0.1 M SDS, initially Na" incorporation predominated but PR™ release became

dominant at longer times. A further advance on this technology was also achieved by use

14



of a galvanic cell system in which one electrode consisted of PPy-PR on stainless steel
mesh and the other electrode was zinc metal. When the two electrodes were connected, a
current flowed and PR™ was released. This release could be controlled by the freezing

and thawing of the electrolyte.
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Figure and table captions

Fig. 1. Structure of phenol red sodium salt.

Fig. 2. Chronopotentiogram (a) and mass plot (b) for the deposition of polypyrrole, at a
current density of 0.5 mA cm?, from an aqueous solution containing 0.1 M pyrrole and
0.5 M phenol red sodium salt.

Fig. 3. Cyclic voltammogram (a) and EQCM response (b) of PPy-phenol red on a quartz
crystal cell in 0.1 M SDS. Scan rate: 10 mV s™.

Fig. 4. UV-vis absorbance spectrum of phenol red sodium salt dye (a), and correlation
between ABS and concentration of dye in 0.1M SDS (b).

Fig. 5. Dye release efficiency (curve 1, 3 and 5) and concentration of dye released (curve
2,4 and 6) in 0.1 M SDS at controlled potentials of -800 (curve 1 and 2), -500 (curve 3
and 4) and -300 mV (curve 5 and 6) vs Ag/AgCl (3M NaCl).

Fig. 6. Mass vs Time plot of PPy-phenol red when poised at — 0.80 V vs Ag/AgCl (3M
NaCl) reference electrode.

Fig. 7. Dye release efficiency (1) and concentration of dye released (2) from polymer
PPy-PR in 0.1 M SDS, in a Galvanic cell system.

Fig. 8. Potential variation of polymer PPy-PR (a) and charge consumed (b) during the dye
release process in a Galvanic cell system.

Fig. 9. Current and temperature variation during the thawing process of the frozen
electrolyte in a Galvanic cell. Photograph A: electrolyte frozen; B: electrolyte thawing
(mixture of solid and liquid); C: electrolyte fully thawed showing the progress of dye

release during this thawing process.
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Table 1 Initial release rate of dye at difference potentials in 0.1 M SDS

Potential (V) Time to reach 10% release

Initial rate of release (mM.

(min) min” x 10?)
-0.30 205 0.0008
-0.50 20.8 0.0112
-0.80 1.6 0.2573
SO5 MNat
Ry
HO 0

Fig.1
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