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Electromechanical response of ionic polymer-metal composites
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An ionic polymer-metal compositdPMC) consisting of a thin Nafion sheet, platinum plated on

both faces, undergoes large bending motion when an electric field is applied across its thickness.
Conversely, a voltage is produced across its faces when it is suddenly bent. A micromechanical
model is developed which accounts for the coupled ion transport, electric field, and elastic
deformation to predict the response of the IPMC, qualitatively and quantitatively. First, the basic
three-dimensional coupled field equations are presented, and then the results are applied to predict
the response of a thin sheet of an IPMC. Central to the theory is the recognition that the interaction
between an imbalanced charge density and the backbone polymer can be presented by an eigenstress
field (Nemat-Nasser and HorMicromechanics, Overall Properties of Heterogeneous Materials

2nd Ed., Elsevier, Amsterdam, 1999 he constitutive parameter connecting the eigenstress to the
charge density is calculated directly using a simple microstructural model for Nafion. The results are
applied to predict the response of samples of IPMC, and good correlation with experimental data is
obtained. Experiments show that the voltage induced by a sudden imposition of a curvature, is two
orders of magnitude less than that required to produce the same curvature. The theory accurately
predicts this result. The theory also shows the relative effects of different counter ions, e.g., sodium
versus lithium, on the response of the composite to an applied voltage or a curvatug900o
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I. INTRODUCTION polymer gels in artificial muscles, smart material systems,
o ) o and microelectromechanical systedEMS) are currently
An ionic polymer-metal composit#PMC) consisting of  peing actively pursued by many investigators. One of the
a thin Nafion membran¢178 um thick) sandwiched be-  foa1res of polymer gels is the slow response time which is
tween two thin platinum plateléess than 1um thick), has ot the order of 1-10's, compared with 18-10"2s of living
been processed by M|Ile1t2al., following a procedure de-  gyeletal muscles. The time required for the reconfiguration of
veloped by Takenakat al,” as a solid polymer electrolyte jqns in 4 thin sheet of IPMC, on the other hand, is very short
for water electrolysis, as.well as for application 'to fuel-cell (o1ative to the vibrational periods of most mechanical sys-
technology. The composite has excellent chemical and M&gng  Hence, the reaction time is solely controlled by the
chanical stability, high ionic conductivity, and gas imperme- ,ohanical properties. Thus, the material is promising for
ability. Its use as an electroactive polymer compositg_seemt?]ose applications which require a quick response time. An-
to have been realized in the eazly 1990's by Ogeral” in  iher feature of an IPMC is that it functions as both a dis-
Japan, and by Sadeghipoat al* and Shahinpodrin the i ted actuator and sensor. This attribute could be tailored

United States. A strip of this composite in a swollen weta¢ the molecular level to produce different responses to dif-
condition undergoes large bending motion when an altemafsent stimuli, making it an attractive system for certain ap-
ing electric field is applied across its thickness. Converselyplications.

when the strip is suddenly bent, a voltage is produced across \yile these novel smart composites have many potential

its faces. Gold-plated IPMCs, using perfluorocarboxylic aCidappIications, the mechanisms which control their macro-

6 &copic behavior have not been fully understood. This article
cently by Seweetal” . is a step toward remedying this paucity. As a starting point,
The IPMCs are distributed "soft” sensors and actuators,e fndamental field equations which govern the response
capable of large deformations. They offer great opportunitieg ihe material are systematically developed. It is hoped that
fqr many biomechanical and bipmimetical applications. Theg,ch an approach would encourage further modeling which
pioneer work of Kuhn and his colleagdéson mecha- 414 enable the polymer chemists to optimize the material

nochemical engines showed that water-swollen macromolys the molecular level, to design new materials and devices,

ecules can convert chemical energy into mechanical energyyq tq further understand other chemomechanical and bio-
Since then significant progress has been made in the devglyic systems. In this article, we outline a set of field equa-
opment of stimulus-responsive polymer gels which responions \which characterize the electrochemomechanical re-
to the applied electric field, to changes in th, and 0 g,4nse of this composite. For the sake of completeness, the
changes in the temperatuteApplications of electroactive coupled three-dimensional field equations are first presented.
Then the results are simplified for application to the bending
dElectronic mail: sia@shiba.ucsd.edu of a strip of a Nafion-platinum composite. The basic field

membranes, with similar properties, have been produced r
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equations are solved for this special case and it is shown tharocedure developed by Takenakhal,? as described by
the theory, both qualitatively and quantitatively, predicts theMillet et all! The Nafion is first “cleaned” by boiling it in
observed response of this composite, at least in a certai®5% nitric acid for 30 min, then in deionized water for 1 h,
range of the applied potential or deformation. The constituto get rid of foreign materials. It is then immersed in a solu-
tive parameters in the proposed model are estimated basé¢idn of platinum tetramine dichloride (Hs],Cl,) for a
on the microstructure of the composite, using micromechanspecific period, at room temperature, to incorporate the plati-
ics, or they are determined from the experiments. Central toum salt into the membrane. Finally, the"Ptis reduced to
the theory is the recognition that the internal stresses proPt metal by immersing in a suitable borohydride (MBHor
duced by the presence of electrically unbalanced negativ2 h at room temperature, to reduce the platinum salt to plati-
ions that are permanently fixed to the backbone polymer, canum metal deposited on the membrane faces, where M may
be represented by an eigenstr&s$he constitutive param- be lithium, sodium, potassium, or other elements of this
eter connecting the eigenstress to the charge density is cajroup. The quality of the product critically depends on the
culated directly using a simple microstructural model. Theconcentration of the platinum salt and the incorporation pe-
results are applied to predict the response of samples afod, as well as on the concentration of the reducing agent;
IPMC, and good correlation with experimental data is ob-using this procedure, the composite has been produced at
tained. In particular, the theory correctly predicts the ob-UCSD.(This is an ongoing collaboration among the authors,
served results that a suddenly imposed curvature inducesRrofessor Yitzhak Tor, Dr. Masoud Beizai, and graduate stu-
voltage which is two orders of magnitude smaller than thadent Phoebe Glaz¢iWhen done properly, the micron-thick
necessary to produce the same curvature. The theory algtatinum becomes fully integrated with the Nafion mem-
shows the relative effects of different counter ions, e.g., sobrane on both faces, providing the necessary electrodes. The
dium versus lithium, on the response of the composite to aplatinum plate, as well as the Nafion layer, are microscopi-
applied voltage or a curvature. cally porous. The mechanical response of the composite to
This article is organized as follows. In Sec. Il a brief an applied voltage, depends on the nature of the counter ions.
account of the microstructure of the composite and the platWe consider the cases where the counter ion in the Nafion is
ing procedure is presented, based on the work of Millesodium, N&, or lithium, Li". Under wet conditions, this
et al»*! The basic field equations are then presented in Se¢PMC bends in an electric field, and produces a voltage when
[ll. They are specialized for application to the bending mo-it is bent. Our aim is to provide a set of equations which may
tion of a strip of the composite in Sec. IV. In Sec. V, variousbe used to predict these phenomena quantitatively. Explicit
constitutive parameters are calculated and numerical resultesults are obtained and are compared with experimental
are obtained and compared with experimental observationsdata.

Il MATERIAL lIl. BASIC FIELD EQUATIONS

Nafion, produced by DuPont de Nemours, is a copoly-
mer of tetrafluoroethylene and sulfonyl fluoride vinyl ether,
having the following chemical formula:

Figure Xa) is a schematic representation of a model of
the microstructure of water-saturated Nafion in the electri-
cally neutral state. It shows the phase-separation morphology
of discrete hydrophobic and hydrophilic regions, where the

—(CFZ—CF}(CFZ—C&)— hydrophobic region is compoggd of the fluoroca}rbon polymgr
| e n backbone, and the hydrophilic region contains the ionic
o CF,—CF—O CF,—CF,—S0y° groups and counter ions. In this model, the ionic groups are

permanently attached to the fluorocarbon backbone, while
CFs 1 the coun';er ions are free to move through the interstitial re-
gions which are saturated with water. As a result of electro-
This linear fluorocarbon polymer, having soni@o more  static interaction, the ionic groups in Nafion tend to aggre-
than 10 mol % pending acid groups, is strongly affected by gate to form tightly packed regions referred to as
water content and cations, because it combines two inconelusterst>'3Under an electric field, the cations are redistrib-
patible components, i.e., the hydrophobic fluorocarbon withuted, resulting in a microscopic, locally imbalanced net
the hydrophilic ionic phase, and has the phase-separatiacharge density which produces internal stresses acting on the
morphology of discrete hydrophobic and hydrophilic re-backbone polymer. As pointed out by Forsnfénhe clus-
gions. The polytetrafluoroethylene in this material providestering of ionic groups in sulfonate ionomers is accompanied
the three-dimensional structured backbone system, havingy an increase in the mean radius of gyration of the polymer
regularly spaced long perfluorovinyl ether pendant sidechains. Thus, upon the redistribution of the cations, in the
chains which terminate in ionic sulfonate groups. The ionicresulting anion-rich region, the polymer chains relax, while
groups tend to aggregate to form tightly packed regions rein the cation-rich region, they further extend, leading to the
ferred to as cluster$ ¥ which are fully interconnected and bending of the polymer membrane; see Figh)1In general,
are readily saturated by water. The membrane is permeabtbe redistribution of cations is accompanied by a redistribu-
to water and cations, while it is impermeable to anions.  tion of the water molecules which are carried by the cations.
The plating of the Nafion by micron-thick platinum It is often suggested that this differential water distribution
metal is implemented from inside out, using an ingeniousmay produce differential swelling which may lead to the
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The stress field within the membrane is decomposed into
an elastic part which is carried by the backbone polymer,
denoted byo, and an eigenstress;*, which represents the
effect of the imbalanced charge density, i.e.,

o'=o+to* (inV), (2
whereo ! is the total stress. We assume that the eigenstress is
given by

o* = o+ o°. (3

In Eq. (3), o° is the electrostatic stress due to the imbalanced
charge density given by

0°=—kopl, p=(C"—C)F, ()

wherek, is yet to be calculated, is the identity tensorp is

the charge densityg* andC ™ are the positive and negative

ion densities (mol/r), respectively, ané is Faraday’s con-
stant(96,487C/mol). ¢° is the osmotic stress due to the re-
distribution of water molecules which are carried by the cat-
ions. We assume that the osmotic stress can be represented

(? ..... “ e by
0°=—Cpe, ®)
@ @ whereCp is the elastic stiffness tensor of the swollen Nafion,
v Ny and €° is the volumetric strain due to the water redistribu-

tion. The eigenstress induced by other effects is assumed to
be negligible, for the considered cases.

With D, E, and ¢, respectively denoting the electric dis-
placement, the electric field, and the electric potential, the
charge distribution is governed by the following field equa-

,,,,,, tons:
V.D=p, D=k, E=-V¢, ®)
? C? """" where k. is the effective dielectric constant of the polymer.
In view of Egs.(4) and(6), the electrostatic stress is related
(0) v to the electric field by
FIG. 1. Schematic representation of a possible microstructure for hydrated o°=— koV : (KeE) L (7)

Nafion: (a) electrically neutral state with interconnected clusters, permeable .
to water and cations, anfb) in an electric field which redistributes the Since the anions are assumed to be permanently attached to

cations, leaving a net negative charge density near the anode and a r¢fe backbone structure, having a uniform distribution, it fol-
positive charge density near cathode. lows thatVC ™ =0. Hence

bending deformation of the IPMC. While this mechanism VC+=1V[V~(K9E)]=—EV(VZQS), (8)
may well dominate the deformation process for certain cases F F
under certain ranges of boundary data, our analysis seems ffoaye assume thak, is constant.
SUggeSt that the electrostatic forces must be dominant in the The distribution of the counterions is governed by the
linearized model that we have developed to explain the quickontinuity equation,
response to a suddenly applied electric field. The resolution
of the relative influence of electrostatic and fluid-induced ~ 9C" _

: ) ) . —+V.J=0, 9)
swelling forces, and their coupling effects, requires a system- gt
atic experimental evaluation which is currently underway. . . . .
Here, we shall focus on the electrostatically induced defory"hl(;’\ret measures time, and is the ion flux vector, given
mation of the IPMC. In the following development, the
Nafion membrane is assumed to be isotropic, with perma- tE CTAV
nently attached sulfonates uniformly distributed throughout ~J=—d| VC*+ RT V¢t T VP +C'v; (10
the polymer. The results can be generalized to include an-
isotropy and heterogeneous distribution of sulfonates withouhered is the ionic diffusivity,R is the gas constant, is the
any difficulty. absolute temperature,is the fluid pressure, and
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vVt ooww whereu is the displacement field; see, e.g., Nemat-Nasser
AV=MT| o W) (1) and Hort® for more details.

It is still necessary to calculate the constitutive param-
in which V" andV" are partial molar volumes of the cation eter,k, of Eq. (4). To this end, we must take into account the
and water, respectively, add* andM" are the correspond- detailed microstructure of Nafion. It is widely accepted that
ing molar weights. In Eq(10), v is the free water velocity the ionic groups in Nafion tend to aggregate to form tightly
field. In the present model, we assume that it is given bypacked regions referred to as clusters. The clustering phe-

Darcy’s law® nomenon has been supported by both theoréfitdand ex-
A B perimental observatiorts:'®?° Readers are referred to re-
v=dn(~C FV4=Vp), (12 view articles by Mauritz' and Heitner-Wirguiff for details.
whered,, is the hydraulic permeability coefficient. Although the detailed microstructural arrangement of clus-
Finally, dynamic equilibrium requires that ters is yet to be determined, for modeling purposes, the clus-

ters may be represented by spheres of radii ranging from 20
(13) to 50 A. For our modeling, we assume that all the anion-

cation pairs are distributed on the spherical surface of the
clusters, inside which there is a continuous body of water. In

. . the absence of an applied electric field, the net charge inside
second-order tensors. In E43), p, is the mass density and each cluster is zero. We consider the electrostatic interaction

V is the velocity of the IPMC when viewed as a continuum. . L . . : :
between ion pairs inside a cluster, ignoring the interaction

Equaﬂons(Z)—_(lS? are the f'.EId equatK_)ns_ defining the re- between different clusters. Every anion attached to a fluoro-
sponse of the lonic polymer in an electric field. T_h(_ey must b.ecarbon polymer chain is equilibrated by two competing
s:upplemented_\_/wth ap_pro_prlate boundary ar_1d initial .Cor.]d"forces: one is due to the electrostatic interaction with other
tions for specific applications, as well as with constltutlveions in the clusterF;. and the other is due to the elastic
relations for the polymer. .

When the applied electric field is time independent andmteractlon with the polymer chaifs,, so that
no external load is applied to the composite, at the equilib- F;+F.=0. (19

rium state, the distribution of the cations is obtained from o
Upon the application of a voltage at the boundary, the cat-

V-o'=p av (in V)
Odt ’

with all three stress fieldsy', o, and ¢*, being symmetric

J=0, v=0 (in V). (14 ions are redistributed, changing the electrostatic interaction
From Eqs.(10) and (12) we now have among the ion pairs. In the new equilibrium state,
AF;+AF.=0, (20
Ke Ke _
FV(V'E)_R_T(V'E)E(l_C AV) where AF is the corresponding change in the interaction

force; AF; is the source that produces the eigenstress. The
redistribution of cations introduces a net effective charge in-
side the cluster, located at the center of the cluster, due to
symmetry. The electrostatic interaction of individual anions
where Eqs(6) and (8) are also used. We assume here thatyith their ionic environment has two components, one is due
(ke/RT)V-E<(CF/RT), ie., we neglect the nonlinear iq the interaction with other ion pairs, which, to a first order
term and reduce Eq15) to of approximation, will not change with the introduction of
CF? the net effective charge, and the other is due to the net ef-
p R_I_(l—C‘AV)E=0, (16 fective charge introduced at the cluster center. Therefore, the
e change in the electrostatic interaction fora€;, may be
which is the final equation of this linearized model, to beestimated, according to Coulomb’s law, as follows:
integrated subject to given boundary conditions. From the
solution we obtain later, it is found that this assumption is  AF,= 5
valid almost everywhere within the membrane. Once the AT Kel o
electric fieldE is obtained, the electrostatic eigenstresss ; i i i ;
calculated, using E(.7). In this quasi-static case, the stressr\\,’:eeerﬁraﬁszgf&dﬁg rﬁsd”::éd |Z|etkr1:zerr1r:§§/n glhsétjgge (?6_36

field in the polymer is then obtained from X 10 1°C); see Fig. Ba). The charge density inside the clus-

CF _

V(V-E)—

—e

(Ct=C)Fr3, (21)

koC ™ F2 ter is larger than the average charge dens@ty ¢ C™)F,
Vio=—-V.o*= RT (1-C AV)E-V.06° (in V), because it is assumed that all ions are located inside the
17) clusters. From Eqg20), (21), and(4), we have
3
which must be integrated, together with given stress- or e I

. o . = —, 22
displacement-boundary conditions. We assume that linear ° 47-rKer§ rrré 22

elasticity constitutive relations may be used to relate the ) _ _ . .
stress,o, to the straing, in the polymer, i.e. wherer, is the effective radius of the polymer chain. It is

clear that the internal stress induced by the charge redistri-
0=C, €, e=3[Vu+(Vu)T], (18  bution is isotropic, due to the spherical geometry. Equation
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other face carries a uniform potentigl( —h) = ¢,. All field
pe=(C-CF( ) (Anr13) quantities are now functions afandt only. It will be shown

at the end of this section that the time required for the cations
/ to redistribute themselves over the thickness of the strip, is
Iy éq% very small based on the present formulation. Hence, if the

| e (a) applied potentialg,, is alternating with a frequency of sev-

e A eral Hz, the redistribution of ions and hence the ionic re-
sponse can be assumed to be essentially instantaneous. This
may not, however, be the case when other effects, such as
swelling due to osmotic pressure, are considered.

Ad=rir/(3R,)
g / A. Deformation due to applied potential

@ / In view of the above comments, E(L6) which, in the
g i3 9 (b) present case, takes on the form

/ =N 2% _g , CF? L CiAV_;C’FZ
e AE=0, = e )= R

(23

is used, even if the applied potenti@l, is time dependent.
FIG. 2. Schematic representation of Nafion membr@hénternal stresses  The |ast estimate in Eq(23) is based on the fact that
induced by interaction between ion pairs inside a cluster, @pdlipole - < . .
induced by imposed bending curvature. |[CTAV|<1. In what follows, the subsgnpt orz |s.use.d to
denote vector or tensor components in ther z direction.
Using d¢(x)/dx=—E,, the boundary conditionsp(—h)
(22) shows how the geometric parameters defining the mi= ¢, and ¢(h)=0, andf*lhpdx= 0, the following expres-
crostructure of the polymer, affect the magnitude of the forcesions are obtained:
which can be induced in the composite by an electric field;

see also Egs(4) and (17). The cluster radius. and the =—Lsinr(ax)+ @,
cluster spacing 4 can be modified by changing the length 2 sint(ah) 2
and density of the side chains which carry the sulfonates. boa
(The Dow Chemical Company has developed a perfluori- Ex=23m—mcoshax),
nated ionomer with shorter side chains than those of Nafion. 24
Thus, it may be possible to tailor the microstructure for an . . Koketod® (24)
optimal response. O77=Oyy="— msmf{ax),
IV. RESPONSE OF THIN STRIP OF IPMC b Ked’oaz .
CcC'=C +—2F sintah) sinhax).

A platinum-plated strip of Nafion in a swollen water-
saturated state, is approximately 20 thick. Denote the  When no external loads are applied,= o}, =0, and there-
thickness by B, and letx measure the distance along the fore, o-,,= 0, = — 03,. We have ignored the osmotic stress
thickness, from the midplane of the strip; see Fig. 3. Assumey® here, assuming that it is small compared with the electro-
that the facex=h is grounded, so tha(h)=0, and the static stresses; this will be discussed in the next section. In

general, the osmotic stress can be estimated from the water
y distribution inside the Nafion membrane, which is closely
Xa /' related to the cation distribution. The stresses= o, act
normal to the planes of the cross section, in thandy
/ directions, creating out-of-plane bending of the strip. If the
strip is long in thez direction and narrow in thg direction,
(a) as shown in Fig. @) then the bending occurs as suggested in
Fig. 3(b). The resulting bending moment and the correspond-
ing curvature are given by

~ Y

o w2 (h
M= f Xo,Adxdy
—-w/2J —h
Kokedoa sinh(ah)
= —————| hcosi{ah) - ————|w=Kkgk.ppahw,
. Slnr(ah) r( ) a 0 e¢0
(b) _ _ (25)
- . : , YI 2Yh?

FIG. 3. Schematic diagram of a thin strip of IPM@) in electrically neutral - =
state, andb) being bent in an applied electric field. © M 3Bkokepoa’
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wherew is the width of the membranéy is the effective ~Second-order quantity. The displacement alongxtagis of
Young modulus of the composite, ahé the cross-sectional the memErane subjected to an applied bending curvature is
moment of inertia. Since the bending moment is constan@ven by?
along the length, so is the curvature. 2 2 2
. . . . . Z°+ X —vy
It is worthwhile to examine the solution given by Egs. Uy=—————,
(24). In the present linearized approximation, the magnitude 2R;

of ais of the order of 1&, the charge density being vir-  where is the Poisson ratio of the membrane dRdis the
tually zero everywhere inside the membrane. Under thesgnposed radius of curvature. This imposed displacement
conditions, it is indeed verified that the nonlinear term in Eqfield distorts the ionic clusters, creating an effective dipole
(15) is negligible. Near the boundaries of the membraneswithin each cluster. To estimate the value of this dipole,
i.e., atx=*xh, the solution suggests the presence of a thirconsider a spherical cluster of radims, with center at
boundary layer, within which most of the imbalanced (x,0,0), and assume that the fixed anions are uniformly
charges are distributed. Since the maximum negative charggstributed on the surface of this sphere, while the cations are
density cannot excee@™F, we calculate the total charge uniformly distributed over a sphere of the same center but of
within half of the membrane to estimate the thickness of thiSradiusrc_ ri, Whereri is the distance between the anion and
boundary layer. The total imbalanced charge per unit lengtigation in an ion pair; see Fig.(@. The distributed charges
IS are equivalent to an effective total charge located at the com-
mon center of the two spheres prior to the applied distortion,
> tanah/2)= > producing zero total charge and dipole. The imposed defor-
mation displaces the effective anion and cation charge cen-
(26) ters by different amounts, producing an effective dipole; see
If these charges are assumed to be all distributed within &ig. 2(b). The displacement of the effective charge center is
thin boundary layer at the surface, with the maximum posestimated by averaging the resulting surface displacement
sible charge density of “F, the thickness of the boundary over each surface. For a typicath sphere of radius. and

(30

aKahoW aKahoW

Q=th(C*—C’)Fdx=
0

layer would be center at X,,0,0), the effective charge center moves by the
0 é distance
aAKe@q
':mzzce*F' @7 11 (=2 5 :
Auy(Xx,)= ﬁ W f f [I'C sir? 0(C032 v—v sir? )
o
Such a charge distribution will induce the following electro- ¢ c 700
static stress over the length r2+3wvx2
+ v(r,cosf+x,)?rsingdy do= ——,
05,=0y=—kCF, (28) 6R.
(31

which gives a bending moment
N where the spherical coordinate system is used. The separa-

J x(— o2, dx dy=kokepoahw, (29)  tion of the effective centers of anions and cations in a cluster,
-1 due to the imposed bending curvature, denoted\lyx,,)

for the ath cluster, is now given by

w/2
M=2
—w/2
which is equivalent to Eq(25). Thus by introducing a thin
boundary layer, in which charges are uniformly distributed, 1, Mife
we obtain the same bending moment as given by (2§), Ad(x,)= ﬁ[rc_(rc_ri)z]i 3R (32
while overcoming the difficulty presented by the linearized ¢ ¢
solution, Eq.(24). The charge density, however, may not which is independent af,. The separation of the effective
have the maximum value; ~F. Any uniformly distributed charge centers introduces a dipgkein the cluster, which
charge density within a thin boundary layer, equivalent to theénduces a potential field. The magnitudes of the dippie,
total chargeQ, yields the bending moment given by E89),  and the resulting potential,,, are given by
as long as the boundary layer thickndss small enough
compared withh so that 2 —1=2h. w(Xo) = GrorwAd=CFr3

ﬁ b= Qrotal v
3R.’ T Ayt Ak’
(33

whereqq iS the total positive charge inside the clusters
the position vector of magnitude with respect to the in-

If instead of an applied electric field, the strip is sud-quced dipole, andk,, is the dielectric constant of water
denly bent by the application of a bending moment which(7g,.). Now, we have a series of clusters of water embed-
produces a stress;, on the backbone polymer, then an elec-ded in the polymer backbone, each with a dipole at its center.

tric potential is generated across the composite, due to thenhe electric field at in the polymer,E(r), induced by the
differential displacement of the effective centers of the angipole, u, located at the cluster center, is given by

ions and cations within each cluster, producing an effective
dipole. Since this differential displacement is second order in _ 1 3
. : : . . E(r)=—
magnitude, the resulting electric potential will also be a Amry 2Kp Kyt 1

B. Potential due to imposed deformation

po 3(pen)r
=S

: (34)
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TABLE I. Water absorption of Nafion in [i Na" salt forms®

Cation pq(10°kg/m®)  sm (%) V(%) C~ (molim®) CW (molim®)  «kol/k, @ (10

Lit 2.078 29.7 61.7 1070 21300 6.10 8.60
Na* 2.113 21.0 44.3 1200 17100 5.27 9.80

8Gierkeet al, 1981.
PNarebskeet al., 1985.

where k, is the dielectric constant of polymer £3). The  where MY is the molar weight of water. From Narebska
derivation of Eq.(34) is given in Appendix A. We will use et al,” the anion concentration in water-swollen Nafion of
the electric field on the boundary between two clusters as tha' salt is 1200 mol/mi Thus, the corresponding anion con-
average electric field in the membrane, which is the sum otentration of Li" is determined from
the contributions from all the dipoles along the thickness -
direction, Cary=Cuel 110V, (41)
n=c whereC, andC,, are the anion concentration in dry and
1 1 3 2u v ;
E=22 5 5 (35) wet Nafion membranes, respectively. These values are also
n=0 (2n+1)° 4wk, 2kp/ Kyt 1 (14/2) listed in Table I. Now we can estimate the relative magnitude
of the osmotic stress. Every anion is associated with 14 or 19
ater molecules for Naor Li* exchanged Nafion, accord-
g to Table I. Assuming every cation carries 4 water mol-

whereE is the magnitude of the resulting electric field. This
leads to a potential difference across the thickness, given b;g

A¢=2hE. (36)  ecules with it, which is the hydration number for Né&Ref.
26), it follows that the osmotic strain is proportional to
C. Estimate of charge-relaxation time (C*—C7)/C™(4/14). On the other hand, the electrostatic

. . e g
Finally, we estimate the relaxation time for the redistri- stress is proportional tiee(C™ —C™)F. So for the same ion

bution of the positive charges when the applied electric ﬁelodistribution profile, osmotic stress is orders of magnitude less

is suddenly changed, by considering the continuity €. than th? electrgstatlc stress. . .
which, with the aid of the other field equations and linear- An interesting experimental observation, relating to the
ization. can be reduced to osmotic and electrostatic forces, is the difference in the re-

sponse of the IPMC in air and in water. Upon the application
N A RN of a step voltage to an IPMC in the dry air, the sample
a2t o ) quickly bends towards the anode side, to a maximum posi-
tion, and stays there, showing little tendency toward imme-
ydiately returning to its neutral position. However, when the
same step voltage is applied while the IPMC is immersed in
water, the sample slowly relaxes backward toward its neutral
initial position. The long-term response of the IPMC in water
appears to involve several time-scales, as is also suggested
by the experimental results reported by Kanmb al.
1 (1996:;%" see their Fig. 3. In the present case, where a step
n<,7g (39 voltage is applied to the water-saturated IPMC in [&iig.
4(a)] and then held at a constant value for §Fsg. 4(b)],
Wh|Ch is less than 10125, as will be shown in the fO||0Wing before it is reversecﬂFig_ 4(C)]1 no relaxation toward the
section. neutral position of Fig. &), was displayed by the IPMC
strip. On the other hand, when the same test is performed in
water, relaxation toward the neutral position is observed dur-
ing the 6 s, while a constant voltage exists across the strip.
A. Numerical estimate of parameters Hence, there are at least two effective time scales defining
From the results of the preceding section, it is clear thafhe short-timg(less than 6 sresponse of the strip: one is the

the cluster size is an important microstructural parameter the{'f”t'aI (fasp response time, contr_olled by the electro_stat_|c ef-
determines the response of IPMCs. It is related to the watdfcts: and the othefslow relaxation respon};eoccurrmg in
absorption of the ionic polymer, here Nafion, which is listed e Présence of water due to an osmotic process.

in Table | for Li* and N&; in this table,p4 is the density of

the dry membrane, anm and 6V are the fractional incre- B Effective properties

ments of weight and volume due to the water absorption.
The molar concentration of water may then be determine
from

37

Using the standard separation of variables, it is readil
shown that then-th relaxation time is given by

1 n?a? 5
T =3 An= iz +a
n

Hence, the smallest relaxation tims,, satisfies

d. (38

V. NUMERICAL RESULTS AND COMPARISON
WITH EXPERIMENTS

d With virtually all the water inside the clustefsxcept for

a small amount which is present in the channels connecting

the clustery the mean distance between adjacent clusters,

Ccw— PdOm (40) rq, is given as a function of the cluster radiug, and the
MY(1+6V)’ volume fraction of waterg, by
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FIG. 4. Video frames of IPMC strip bending in an electric field) in
electrically neutral stategh) bent upward, andc) bent downward.

S. Nemat-Nasser and J. Yu Li

13 S5V
, C= .
1+ 6V

4/37r?3
rg= (42)

c

The number of anions and water molecules per cluster,
andn,,, is then given by

CW

n=r3NC~, n,=fxn;, ===

(43
wheref is the molar ratio of water relative to the cations, and
N is Avogadro’s number (6.0210%°). In Table II, we list

the microstructural parameters for different cluster sizes, and
the corresponding expected response of the IPMC strip. In
the calculation, the effective dielectric constant of the IPMC
is evaluated as

2Kkt Ky = C(Kp— Ky)
= Kp -
2kpt Kyt C(Kkp—Ky) P

Ke (44)
The derivation of Eq(44) is given in Appendix B. The ef-
fective radius of the fluorocarbon polymer chain is assumed
to be 2 A(covalent radii of carbon and fluorine are 0.77 and
0.71 A, respectively The effective Young modulus of the
composite is determined as follows. Defining the effective
Young modulusy of the IPMC strip by

__(h h
YJ hx2dx dyzf hY(x)xzdx dy, (45)
its estimated value is then 2.38 GPa, where the Young modu-
lus of platinum is 146.8 GPa, while that of the hydrated
Nafion is 0.23 GPa, measured by a three-point bending test;
the total thickness of the IPMC is 2Q3n, and the thickness

of the platinum is about 0.2um. However, the measured
Young modulus of the IPMC strip, obtained by the same
three-point bending test, ranges from 0.5 to 0.65 GPa. The
reduction in the effective modulus is due to the presence of
microcracks in the platinum plates which are microscopically
porous. With these parameters, the estimated relaxation time
for the distribution of the cations is of the order of 18s,

as was mentioned before.

Table Il provides a comparison between IPMCs ex-
changed by N& and Li*, for the same cluster size. Such a
comparison needs further experimental justification. First,
the cluster size and anion per cluster could be different for
Na" and Li*. Second, due to the difference in the water
absorption, the corresponding Young modulus for the swol-
len Nafion would also be differef All these effects influ-
ence the response of the IPMC strip. These effects are not
included in the estimates given in Table II.

TABLE Il. Microstructural and physical parameters of Nafion in" INa* salt forms corresponding to different cluster sizes.

Cation Li* (C~=1070 mol/ni, C"= 21300 mol/m) Na' (C~=1200 mol/ni, C"=17100 mol/rd)

re (A) rq (A) n; Ko (J/C) R. &0 A¢ R,(10° %) rq (A) n; Ko (J/O) R. ¢¢ A¢ R,(10° %)
10 22.2 7 21 0.46 50.6 23.8 10 30 0.33 45.4
20 44.4 56 41 0.23 101 47.8 79 59 0.17 10.8
30 66.7 191 62 0.16 152 71.7 266 89 0.11 136
40 88.9 452 82 0.12 203 95.6 630 119 0.083 182
50 111 884 103 0.09 254 119 1232 148 0.066 227
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FIG. 5. Schematic diagram of experimental setup. .g* r ]
02 =
0.1 E o e o b b b s e e
C. Comparison with experimental data 08 1 12 14 16 18 2 22

. . L trip length
To verify whether the theoretical predictions based on strip length (cm)

the proposed model, are reasonable, we have measured the. 7. Maximum tip displacement of IPMC strip vs strip length when a
tip displacementi= 2R, sir? (I/2R;) of various IPMC strips sinusoidal voltage is applied; Young modulus is 0.65 GPa.
under a sinusoidal voltage. The schematic of the experimen-

tal setup is shown in Fig. 5. The sample is held in a grip

. . . luster size is assumed to be 50 A, ands taken as 6 A,
through which the voltage is applied. Both the voltage and\fvhich is approximately the sum of the radii of MindSO;

the current.across the sample_ are dlsplaygd on an oscnl%nd the diameter of one water molecule.
scope. A high-speed camera is used to video tape the tip
displacement, the voltage, and the current on the oscnlo\—/I CONCLUSIONS
scope. These are captured at the rate of 5 frames per second
in an IBM PC by Bigpicture Asymetrix DVP Capture. The A micromechanical theory is developed to explain the
video clip is analyzed by a UTHSCSA ImageTool from observedshort time, of the order of secondgsponse of a
which the digitized displacement, voltage, and current arevater-saturated ionic polymer-metal composgite air), i.e.,
obtained. The temperature is 300 K. The amplitude and frebending under an applied electric field, and producing volt-
guency of the applied voltage are 2.5 V and 0.32 Hz, respe@ge when bent. The theory couples the ion transport, electric
tively. field, and elastic deformation to successfully predict the
Figure 6 shows the tip displacement of the strip versushort-time response in air, qualitatively and quantitatively.
time, and Fig. 7 shows the tip displacement of the strip as &he constitutive parameters are estimated based on the mi-
function of the strip length. Other than a small difference incrostructure and composition of the membrane. These esti-
phase, good agreement between the predictions and measuneates provide guidance for tailoring the microstructure in
ments is observed. This difference in phase is due to therder to obtain optimal desired macroscopic responses. They
inertia and damping effects which have been ignored. It camlso suggest various experiments which can be used to verify
actually be used to estimate the effective damping of theéhe theoretical predictions and fine-tune the micromechanical
strip. Figure 8 shows the tip displacement of the IPMC ver-model.
sus the applied voltage; the experimental data are from Sha-

hinpoor et al2® Figure 9 shows the predicted and measuredACKNOWLEDGMENTS
voltage which is produced by suddenly bending a strip; the The authors would like to thank Professor Shahinpoor

experimental data are from Mojarrad and Shahingdor. o : )
. . . for providing IPMC samples for our experiments. Useful dis-
Again, good agreement is observed. In the calculations, the' ™. 7
cussions with Mr. Santosh Putta are gratefully acknowl-

edged. The work reported here has been supported in part by

0.6 [T
r ] 12 (rrrr
) E 1r : °
S ] 'é‘ [ O experiment
- . 8 0.8 L model 1
: ] 2 F
g ] g 06" ]
3 ] 8 r ]
< -
§ ] g 0.4; ]
B ]
& ] = 0.2: ]
O experiment i 0r 7]
L S S USSP 2 b
A0 123 45 6 7 o 05 1 15 2 25 3
time (second) applied voltage (V)

FIG. 6. Tip displacement of IPMC strip vs time when a sinusoidal voltage isFIG. 8. Tip displacement of IPMC strip vs the applied voltage; Young
applied; the sample length is 1.57 cm. Young modulus is 0.65 GPa. modulus is 0.5 GPa; experimental data are from Ref. 28.

Downloaded 03 May 2001 to 131.215.48.8. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



3330 J. Appl. Phys., Vol. 87, No. 7, 1 April 2000 S. Nemat-Nasser and J. Yu Li

A A S e APPENDIX B: THE EFFECTIVE DIELECTRIC
E . O] CONSTANT OF COMPOSITES
9 F O experiment o ]
85 & model © E The swollen Nafion can be regarded as a two-phase
s %0 b E composite system, with hydrophilic clusters embedded in a
g g o ©o0 5 1 hydrophobic polymer-backbone continuum. The effective di-
% BE 00970 o ° E electric constant of the two-phase composite can be ex-
§ 70 F E pressed rigorously &%
65 ?O 1 Ke=(1—C)ri A+ CrooA,, (B1)
o = . .
60 ; o ] wherek; and k, are the dielectric tensors of phase 1 and 2,
55 b L e b b e A, andA, are the corresponding field concentration tensors,
-6 -12 08 04 0 04 08 12 16 andc is the volume fraction of phase 2. The concentration
tip displacement (cm) tensors are defined by
_ 0 _ 0 _
FIG. 9. Voltage produced by sudden bending at constant curvature vs the tip <El>_AlE ’ <E2>_A2E ) (1_C)A1+CA2—|1 (BZ)
dlspla_cement of the IPMC strip; the effective sample length is 2.5 Cm;WhGre(E) denotes the volume averageE),f EC is the elec-
experimental data are from Ref. 4.

tric field applied at the boundary, ands the second-order
unit tensor. It is clear that the determination of the effective
dielectric constant depends on the determination of the con-
Defense Advanced Projects Agenc¢®ARPA, Dr. Steve centration tensor. To do this, we adopt the Mori-Tanaka
Wax, Program Managgand in part by the UCSD-endowed mean field approact,assuming that the average fie{é,),
John Dove Isaacs Chair in Natural Philosophy. in phase 2, is equal to the average field in a single cluster
embedded in an infinite matrix subjected to an external field
equal to the yet-unknown average fie{&, ), in phase 1,

APPENDIX A: ELECTRIC FIELD OF A DIPOLE E,=AYE;, AY=[1+Sk; *(r,— )] Y, (B3)

Consider a dipoleu situated at the center of a spherical whereA% is a concentration tensor for the dilute distribution
cluster which contains a continuous body of water inside0f clusters(i.e., no interaction with other clustersand can
and is embedded in a polymer-backbone continuum. Thée determined exactly, using Eshelby’s equivalent-inclusion
general solution of Laplace’s equation for the axially sym-concept? In Eq.(B3), Sis the dielectric Eshelby tensor. For

metric field is° a spherical inclusion embedded in an isotropic mattis,;
=S,,=S33=3. From Egs.(B2) and(B3), we have
- b | i
o= |ar'+ r—,+'—1P|(cosa) , (A1) A=A T(1—c)l+cAT ] (B4)
=0

From Eqs.(B1) to (B4), after some manipulation, we finally
whereP,(cosé) is the Legendre function, arimeasures the obtain

angle from the axis of symmetiy.e., the dipole axis andr K1+ Ko— C(Kky— K2)

measures the length from the origin. We denote the potential «,= T " K1, (B5)
outside the cluster by, , and that inside the cluster h,. Kyt K+ ClK Ky
The boundary conditions are for isotropic constituents and composites.
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