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Hydrogels constructed from semi-interpenetrating polymer networks (semi-IPNs) of chitosan and
polyaniline (CP) were prepared and the effect of various pH (1, 4, 7, 10) levels on the equilibrium water
content (EWC) and electromechanical response were investigated. In swelling experiments, the freeze-
dried membranes exhibited a high EWC value in acidic conditions. The electromechanical behavior of
the CP membranes was also measured in a direct current electric field in pH buffer solutions. The electric
potential induced bending actuation in the membrane, with the direction of bending being reversed in
acidic and basic solutions. A novel oscillatory bending was observed in neutral electrolyte, which may
ultimately prove useful as a simple propulsion mechanism in fishlike swimming robots or for simple
pumps.

1. Introduction solution processability and unique pH-switching capability.
PANI's versatility is demonstrated by its use in a wide range
of applications,including actuators, electrochromic devices,
batteries, sensors, and others. The starting material for redox
reactions involving PANI is usually the emeraldine salt (ES),
as this is the only conductive form of PANi. As shown in
Scheme 1, oxidation or reduction of the ES produces the
pernigraniline base (PB) and the leucoemeraldine base (LB),
respectivel\b. Both the leucoemeraldine salt and pernigra-
niline salts are only stable at pH below 1 or 0 so that they
do not occur in common electrolytést® Of interest in the
present study is the fact that reduction and oxidation of the
polyaniline could induce a change in the local PHChis
local pH change may then trigger a response from the
neighboring hydrogel polymer.

Chitosan has been chosen as the hydrogel phase in the
present study because of its high swellability at low pH and
its general usefulness in biomedical applications. Chitosan
is a high-molecular-weight carbohydrate polymer manufac-
tured from chitid?13 by conferring a cationic nature to the
free amino groups left by the partial removal of the acetyl

Bending actuation from hydrogels in electric fields has
been known for some decades and has been used to
generate fish or eel-like propulsiéhn these previous studies,

a switching electric field has been used to generate oscillatory
bending in the hydrogel. In the present paper, we report a
self-oscillatory behavior in a novel hydrogel/conducting
polymer blend under a constant DC electric field. Although
currently a small response, further development may allow
a simple propulsion mechanism for fishlike swimming robots.
This communication reports the initial observations and
focuses on possible mechanisms for the oscillatory behavior.

The unique combination of a pH-sensitive hydrogel
(chitosan) and a redox-active conducting polymer (polya-
niline) is believed to be responsible for the unusual actuation
behavior. We are interested in developing hydrogel actuators
that operate by redox-induced pH switching. Ultimately, we
aim to prepare an electronically conductive network (com-
posed of polyaniline) that may be stimulated electrochemi-
cally to alter its surrounding pH, and so induce large-scale
phase changes in the neighboring hydrogel network. The
molecular distfinces involved should shor_ten the time required (5) Wallace, G. G.. Spinks, G. M.. Teasdale, P.Ganductie Electro-
for the actuation response. In our previous work, we have active Polymers: Intelligent Materials System@RC Press: Boca
shown that chitosan/polyaniline (CP) blends show separate = Raton, FL, 2003; p 169.
actuation responses due to pH and electrochemical stimuli. E% ggqu%ﬂhir"}g’.;\Aé'hgﬂcit,ﬁféi.;Fsgjgémb'\é'ﬁ;ngr?liR'l;sélgc)ﬁaZ’S;Zéecht’

Polyaniline (PANI) is one of the most useful conducting C. Conjugated Polymeric Materials: Opportunities in Electronic,
polymers and has been chosen for this study because of its Optoelectronics, and molecular Electroni¢duwer: Dordrecht, The

Netherlands, 1990; pp 55%82.
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Scheme 1 Common Forms of Polyaniline
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a () Emeraldine base (EB); (Il) emeraldine salt (ES); (Ill) pernigraniline base (PB); (IV) leucoemeraldine base (LB).
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groups of the chitin. Chitosan appears to be more useful for 48 h. The dried blended films were either used as they were or
biomedical applications and in the dehydration of aqueous crosslinked to form semi-IPNs. Crosslinking of the samples was
solutions than does chitin, because it has both hydroxyl andcarried out by immersing the film in a 1:1 methanol:glutaraldehyde
amino groups that can be easily modifiéd® Chitosan has solution containing 6 wt % chitosan in deionized water at room

many useful features, such as hydrophilicity, biocompatibil- :emﬂeﬁt”;eh' The%H ?f’\tl:/?l;?sﬁrl]tingl GA SO(;”tion wa;dalslta adtjugteld
ity, and antibacterial propertids. 0 pH <1. The residua in the films and any residual materia

. . was then extracted by washing the samples using a 1:1 methanol:
Recent studies have shown that chitosan IPN StrUCtul'es’deionized water solution at pH1 and dried under vacuum for

with polyvinylalcohol show strong swelling in acidic media 24 p.

because of the protonation of the amino groups. Thus, Freeze-drying was employed to obtain a more porous CP

chitosan is a suitable candidate for swelling induced by the membrane structure, as shown previod§ljfter drying, the CP

reduction of PANi ES. membrane was fully swollen by immersing in deionized water for
In this work, a freeze-drying method was applied to 24 h. The fully swollen CP membrane was then frozen in a freezer

fabricate CP membranes with a highly porous structure. (Forma SC'en'ﬂflC_ InC, Marietta, USA) at70 °C. The frozen

Freeze-drying has been shown to modify the inner structure S2mPples were dried in freeze dryer (OPERON, Korea) under a

5

of the gel producing a very open layered structure so as to VacUum of 1x 10™ Torr for 24 h. I

. the diffusi f mobile i d wafsia it 2.3. Characterization.To measure the equilibrium water content

It?gr?r\(laeeze?drlielésg?i’o mn;?m')(:a'r?gz Zr;lo\t’jvlz Srhz\;av r?;l;)ré)ve d (EWC), preweighed dry membranes were immersed in pH buffer

: ) . A solutions at 27°C until they swelled to an equilibrium value. A
electromechanical properties. Our main objective was 10 period ¢ 3 h was found to be sufficient for each membrane to

investigate these electromechanical properties of the CPreach equilibrium. The equilibrium water content (EWC) was
membrane under different pH and electric field conditions. calculated using the following equatitn
_ EWC (%)= (W, — W,)/W,) x 100 )
2. Experimental
whereW, denotes the weight of the swollen state at equilibrium

2.1. Materials. The chitosan was obtained from the Jakwang and W is the dry weight of the membrane. The swelling experi-

Co., Korea, and had an average molecular weight of>2.0C, ments were repeated three times until no further weight increase
with a 76% degree of deacetylation. Glutaraldehyde (25 wt % \as observed.
solution in water; GA), hydrochloric acid (HCI), 1-methyl-2- Before electromechanical measurements were performed, the CP

pyrrolidone (NMP), pH buffer solutions (pH 1, 4, 7, and 10), acetic  membranes were immersed in each pH buffer solution for 30 min.
acid, and methanol were purchased from the Aldrich Chemical Co., After the membranes were soaked, the bending experiments were
USA. The polyaniline emeraldine base (PANi EB Aldrich Chem. carried out by applying a various contact DC voltage in each pH

Co., USA) used had an average molecular weight of 6.50" buffer solution. An electrical connection was made directly to both
(undoped form, minimum assay 99.5%). sides and at one end of the CP membrane using platinum contacts
2.2. Preparation of Chitosan/Polyaniline Membranes.The (insulated from the electrolyte), so that one side of the membrane

chitosan was allowed to dissolve & 2 wt %acetic acid solution  acted as the anode and the other side the cathode. The bending
(solid content in solutior= 2 wt %) over a period of 24 h, and the  deformation of the CP membranes with porous structures were
PANi EB was dissolved in NMP (0.5 wt %). The chitosan/PANi  measured using a CCD camé#aht least 20 different samples were
mixed solutions were formed by mixing the chitosan and PANI-EB  evaluated at each pH, and the average degree of bending was deter-
precursor solutions. The pH of the mixed solutions were adjusted mined from the multiple samples when the DC potential was
to pH <1 using HCI, and the solutions were then mechanically applied.

stirred for a period of 24 8. The resulting solutions were then For CV measurements, the sample was immersed in an electro-
poured into petri dishes and dried in a vacuum oven atG@or chemical cell containing 1.0 M HCI and a CV-27 potentiostat
(Biolab) and Maclab (AD Instruments) were employed using a scan
(14) Lee, W. F.; Chen, Y. 1. Appl. Polym. Sci2001, 82 (10), 2487 rate of 50mV/sec. For conductivity measurements, the fully swollen
2496.
(15) Likharev, K. K.Proc. IEEE1999 87 (4), 606-632. (17) Kim, S. J.; Yoon, S. G.; Kim, I. Y.; Kim, S. J. Appl. Polym. Sci.
(16) Kim, S. J.; Kim, M. S.; Shin, S. R.; Kim, I. Y.; Kim, S. |.; Lee, S. 2004 91 (5), 2876-2880.
H.; Lee, T. S.; Spinks, G. Msmart Mater. Struc2005 14 (5), 889~ (18) Sun, S.; Mak, A. F. TJ. Polym. Sci. Part B-Polymer Physi2801,

894. 39, (2), 236-246.



Self-Oscillatory Actuation with Chitosan/Polyaniline Hydrogel Chem. Mater., Vol. 18, No. 24, ZR6/

7E08

6.E-08

it

w
8
Current( #A)

Conductivity (S/cm)

g

:

;

T

02

T T T

04 06 08
E (V, vs. Ag/AgCl)
Figure 2. Cyclic voltammogram of CP membrane 1 M HCI.
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Figure 1. Conductivity of CP membranes after conditioning for 30 min in
buffer solutions of different pH.

100

samples (dimension: length 20 mm, width=5 mm, and thickness

= 2 mm) were sandwiched between two ITO glass plates wrapped
with copper foil at the tip of one end to form a two-electrode system.
Impedance resistance analysis was conducted using a model 1260
frequency response analyzer (Solartron) driven by Solartron imped-
ance measurement software version 3.2.0 over a frequency range
of 1 MHz to 1 Hz with a perturbation ac voltage of 0.1 V. The 9
bulk resistanceR) was the average value of impedance taken from
the platen resistance in the high-frequency region from 10 kHz to 2
1 MHz and was assumed to be dominated by electronic rather than
ionic processes. Conductivity was calculated from
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whered is the sample thicknesa,is the area, anRis the measured

. 1
resistance.

Results and Discussion Figure 3. pH-dependent EWC values of CP ion-exchange membrane at
27°C
The electrical and electrochemical properties of the CP
membrane were characterized through conductivity testing NHz* ahd NH" groups are deprotonated to &!Hnd NH,
and cyclic voltammetry. As shown in Figure 1, the electrical respectively. These results may help to explain the bending

conductivity of the membranes was quite low1(08 S/cm) behavior of the CP membranes when a voltage is applied,

in acidic conditions, which is indicative of poorly connected
PANI islands within the chitosan matrix. The conductivity
becomes immeasurably small at pt4. This observation is
explained by the fact that PANi exists in the protonated and
conductive emeraldine salt form (Scheme 1, Il) at gH

and is in the non-protonated and nonconductive emeraldine
base form (Scheme 1, 1) at pH4.% Despite the low conduc-

because redox reactions may change the pH of the surround-
ing electrolyte.

When the CP membranes were subjected to an applied
electric field at pH 1, they bent toward the anode. Figure 4
shows the bending degree of the samples under various DC
voltages in the pH 1 buffer solution, showing that the degree
of bending increased as the magnitude of the applied voltage

tivity of the membranes, reasonable electroactivity was ob- increased. The degree of bending also increased with time
served in acid (Figure 2). Clear evidence of reversible and reached the maximum value for 15—25 s in all cases.
oxidation and reduction of the PANi can be seen from the The results are the average of 20 different samples with the
voltammogram, although the redox peaks are not well- variation between samples being less thar82
defined because of the low electronic conductivity of the  Bending toward the anode is believed to result from the
CP samples. locally high ionic strength that develops near the positively
Figure 3 shows the EWC obtained from each pH buffer charged anode because of the migration of mobile anions.
solution. These measurements were made to determine howhese anions include the Cktounterions introduced into
the CP membranes responded to the pH of the surroundingthe membrane during protonation with HCI. Other anions
electrolyte. The highest EWC occurred at pH 1 as a result from the buffer solution may also enter the gel and participate
of the protonation of the amino NHyjroups in chitosan and  in the electric-field driven ion migration. Although the mass
NH groups in PANI-EB to form PANI-ES. In acidic solu- transport of anions (and solvent) to the anode side should
tions, the protonation of the amino groups in the CP produce swelling at the anode and bending toward the
membrane and the dissociation of the hydrogen bondscathode, a different mechanism must dominate in the CP
develops an internal ion osmotic pressure. On the other handmembranes in acidic electrolyte. Previous reports have
in basic solutions, hydrogen bonds tend to associate becausattributed the bending of anionic gels toward the cathode as
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Figure 4. Bending degree of CP freeze-dried membrane at pH 1 when 1. (b) pH 4;, (c) pH 7, (d) pH 10). Photographs show limits of small
various potentials were applied ((a) 3, (b) 5, (c) 7, and (d) 10 V). oOscillatory motion at pH 7.
Photographs show neutral position (left) and maximum bending at 5 V
(right). Bending is toward the anode. observed to occur toward the anode, these processes must
be less significant in the pH 1 buffer than those mechanisms
described above.

The bending deformation was found to be highly depend-
rent on the electrolyte pH. As can be seen in Figure 5, the
of anions will occur at the anode, causing shrinking at the CP membrane bent toward the anode in acid solutions (Figure

anode and bending toward the anode (as observed). The higy+ curves a and b) and toward the cathode side in basic
ion concentration can shield the fixed positive charges on Selutions (Figure 5, curve d). Of particular note is curve c
the polymer backbones, reducing electrostatic repulsion in Figure 5, which shows an oscillation in bending toward
between neighboring charged sites and allowing the polymer

the anode and cathode alternately at pH 7.
to relax to a less-extended conformation. Deswelling of To understand the oscillation behavior, it is first necessary
chitosan gels by increasing the ionic strength of the sur-

to consider the process that causes bending toward the
rounding electrolyte has been reported previodsly.

cathode in basic electrolytes. Under these alkaline conditions,
Electrochemical reactions of PANi and/or the electrolyte POth the chitosan and polyaniline are uncharged and the

may also contribute to the bending actuation. PANi oxidation POlyaniline is in the nonconductive emeraldine base state
at the anode leads to volume contraction due to expulsion ofand is electrochemically inactive. The actuation due to redox

both protons and counterions to the surrounding electiolyte Processes in PANi (egs 6 and 7) is expected to be negligible,
as is the bending due to ion migration, because the CP

Anode: ES‘A"—PB+H"+ A~ + € inacid (6) membrane is uncharged and contains few free ions. The main
actuation mechanism is likely to be due to the pH gradient
induced by water hydrolysis when a DC potential is applied

being due to the electrostatic shielding induced by locally
high ionic strength near the cathd®eesulting from the

migration of free cations. In the positively charged CP
membrane used in the present study, a high concentratio

Cathode: ESA™ +e — LB + A inacid  (7)

This volume contraction at the anode also contributes to the

bending toward the anodéHowever, the reduction of PANi Anode: 40H — 2H,0+ O, + 4e" (8)

at the cathode side in acid also likely produces a contraction

at the cathod&@'and so limits the bending toward the anode.
Finally, the high DC potentials applied may induce _

changes in pH near the electrodes according to the following The lowering of the pH near the anode (eq 8) would cause

Cathode: 2HO + 2" — H, + 20H" 9

reactions protonation of the chitosan and polyaniline at the anode side
leading to swelling and bending toward the cathode.
Anode: 2HO — 4 H" 4+ O, + 4¢€ 4) The oscillation seen in neutral electrolyte represents a
cyclic shift in bending actuation between the behavior ob-
Cathode: 2H + 2e° —H, ©) served in acid electrolytes and that observed in basic electro-

lytes. At pH 7, the CP blend is partially charged with a small
amount of protonation in the chitosan. Careful examination
of the data in Figure 5 shows that the bending is initially
Soward the anode at pH 7, which is due to the movement of
(19) Kwon, I. C.; Bae, Y. H.; Kim, S. W., Characteristics Of Charged mobile catlo_nS .to the anode, Ieadlng to hlgh local ionic
Networks Under An Electric Stimulusournal Of Polymer Science, ~ Strength, shielding, and shrinkage at the anode. These pro-
Part B: Polym. Phys1994 32 (6), 1085-1092. cesses are the same that dominate in acidic electrolyte, where
(20) Kim, S. J.; ¥oon, S. G.. Kim, S. 0. Polym. Sci., Part B: Polym. yhe mmembrane is highly charged. At pH 7, however, the PAN

Phys.2004 42 (5), 914-921. e s _ ! !
(21) Smela, E.; Mattes, B. FSynth. Met2005 151 (1), 43-48. is initially in the nonactive emeraldine base state, so the

These pH changes would lead to swelling at the anode
(decrease in pH), contraction at the cathode (increase in pH),
and bending toward the cathode. Because bending wa
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C) Neutral The oscillation is due to competition between charge shield-
ing and protonation/deprotonation reactions occurring be-
cause of electrochemically generated pH changes. Other gel
oscillations have been driven by “chemical oscillatd¥s,”
where a series of chemical equilibria serve to oscillate the
pH in a reaction vessel. The gel then responds to the cyclic
changes in solution pF.

The oscillating gel bending reported in the present study
is quite different from those previously reported and appears
to be critically dependent on the role of the electroactive

-+ -

WAy s r s

B - : . )
) + - polyaniline. Other studies of chitosan IPN gels without

TzZyra ZZyzZrn polyaniline have not demonstrated oscillatory behavior. In
- e A particular, s formed between chitosan and poly(viny
e HBS ticular, IPNs formed bet hit d poly(vinyl
=N - ) alcoholf¥® and poly(allyl amin€¥ both show steady-state

e .

% \ bending toward the cathode at pH 7. In both cases, the
= 7 equilibrium water content increases at low pH because of
T o~ the protonation of the chitosan network, and actuation in a

Figure 6. Bending motion of chitosan/polyaniline membranes in different neutral electrolyte is most probably due to the low pH

electrolyte pH solutions. (A) In acid solution, the membrane bends to the ¢onditions produced at the anode. Neither of these systems
anode, as the membrane has an initial high charge densjtyaifd the

motion of mobile anions (solid circle with white bar in center) to the anode Showe‘?'_ OS(?'”atory bgha\_llor, lending support to the role of

cause charge shielding and shrinkage. Additionally, the oxidation of PANi polyaniline in the oscillations.

at the anode leads to anion expulsion, causing additional shrinkage at the

anode. (B) In alkaline solution, the membrane is initially uncha_r_ged, but Conclusions

local pH changes due to water hydrolysis generate low pH conditions near

the anode, causing protonation of the chitosan and polyaniline and swelling  The electromechanical actuation of IPNs formed by chito-

at the anode. N_et ber_1d|ng is toward thg _c_athode. © In_neutral electrolyte, san and ponaniIine has been investigated under DC condi-

the membrane is partially charged and initial movement is toward the anode *, . .

because of charge shielding effects (as in A). Subsequent protonation oftions at different electrolyte pH levels. Several mechanisms

the polymer at the anode causes local swelling and bending back towardywere identified as probably contributing to the observed

the cathode (as in B). The protonation renders the PANi electroactive o 40yation. In alkaline electrolytes where the polyaniline is not

that oxidation may occur at the anode, causing shrinkage that promotes . )

bending back toward the anode. A cyclic oscillation in bending results.  €lectroactive, the CP membranes showed bending toward the
cathode. This process was ascribed to local acidification at

contribution to actuation by polyaniline redox reactions (egs the anode side of the membrane causing protonation of the

6 and 7) is expected to be negligible. chitosan and polyaniline and associated swelling at the anode

A short time later, the direction of bending changes with side. In acid electrolytes, the polyaniline electrochemistry
the CP membrane passing back through the neutral positionVas believed to contribute to the bending toward the anode.
and then toward the cathode. As in alkaline media, the bend-!In addition, charge shielding due to the locally high ionic
ing toward the cathode is likely to be due to the localized Strength contributed to shrinkage at the anode. Intriguing
acidic conditions occurring at the anode (egs 8 and 9), |eadingoscillat0ry bending was observed in neutral electrolyte. This
to protonation of the chitosan and PANi. These processesdynamic movement was thought to be caused by the forma-
cause swelling at the anode and bending toward the cathodetion of electroactive polyaniline (swelling at anode) followed
The protonated PANi is now in the electroactive emeraldine DY its oxidation (contraction at anode). Although the oscil-
salt state, which can be oxidized to pernigraniline base, re-lation is currently small in magnitude and slow to occur,
leasing H and the counterion, and producing shrinkage at further development of this autonomous self-oscillation may
the anode (eq 6). The polyaniline oxidation then results in Ultimately be useful in actuators for propulsion or pumping.
bending toward the anode. Further reductions in pH (due to
both PAN' OXIdat.IOI’] and water hydrquS|s) favor th? furthgr Initiative Centre for Bio-Atrtificial Muscle of the Ministry of
protonatlon of chitosan and emeraldine base, causing oscCilla-ggience and Technology (MOST)ithe Korea Science and
tion back toward the cathode. The cycle of reactions can thengpgineering Foundation (KOSEF) in Korea and the Australian
continue to produce periodic oscillation in the bending. The Research Council through the Centres of Excellence and
process is depicted in simplified form in Figure 6. Clearly, Linkage International programs for partial funding of this work.
the two competing processes occur simultaneously and theC|v|060988|_|
direction of bending reflects the dominance of one process
over the other at a given point in time. Detailed analysis of (22) kudaibergenov, S. E.; Sigitov, V. Bangmuir1999 15 (12), 4236~
the kinetics of both processes would be required to accurately  4235. _
describe the mechanism, as would micro-pH measurements2>) Xa0a . Orban, M. Epstein, 1. Rec. Chem. Res199 23 (8),

to confirm changes in local pH near the electrodes. (24) Yoshida, R.; Sakai, T.; Ito, S.; Yamaguchi, ACS Symp. Ser.
.. . I Nonlinear Dynamics In Polymeric SysterCS Symposium Series
It is interesting to note that gel oscillations have been noted 869; American Chemical Society: Washington, DC, 2004; pp&®
previously. Most significant are the polyamphoteric gels that (25) Kim, S. J.; Park, S. J.; Kim, I. Y.; Shin, M. S.; Kim, S.J. Appl.
swell at both high and low pH. Such gels show an oscillatin Polym. Sci2002 86 (9), 2285-2289.
g pHA. g g (26) Kim, S. J.; Park, S. J.; Shin, M. S.; Kim, S.J. Appl. Polym. Sci.

bending at constant DC voltage when in their neutral gfate. 2002 86 (9), 22906-2295.
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