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Abstract

The permeability of a self-assembled polyelectrolyte multilayer to small ions under the influence of an applied potential difference
is studied as a function of the number of layers and the nature of the supporting electrolyte. The multilayer is described as a series of
homogeneously charged membranes with alternating sign of their fixed charge. Ion transport is described on the basis of the dif-
fusion equation and the assumption of (Donnan) electrochemical equilibrium at the boundaries between layers. The calculated
steady-state current—voltage curves are found to be in good agreement with experimental linear sweep voltammograms (at low sweep
rate). The permeability of polystyrenesulfonate/polyallylamine multilayers to ferro/ferricyanide ions is found to decrease mono-
tonically with increasing number of layers when sodium perchlorate is used as the supporting electrolyte. However, an interesting
non-monotonic dependence on the number of layers is observed when the supporting electrolyte is barium perchlorate. Both types of
behaviour are accounted for satisfactorily by the theoretical model.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Self-assembled polyelectrolyte multilayers (PEMUSs)
can be obtained by sequential adsorption of polymers of
two or more types in a solid substrate [1]. These novel
materials have proven applications in several areas in-
cluding light-emitting diodes [2], nonlinear optical devices
[3-5], biosensors [6-8], gas separation [9], ethanol-water
pervaporation [10], electrochromics [11], conductive
coatings [12] and patterning [13,14]. PEMUs have also
shown promise as selective membranes for the immobi-
lization of macromolecules or particles [15-20] and for the
controlled transport and release of small molecules
[21,22].

The build-up of PEMUs is driven by electrostatic
interactions between each new layer added and that
previous already deposited having a net charge of op-
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posite sign (mainly distributed at the surface). There-
fore, each layer of polymer being added reverses the net
charge on the surface leaving it primed for the next
[1,23]. Several issues concerning this build-up process
are currently under debate. For instance, it is not well
known to what extent the excess of charge is distributed
on the surface. Some studies attribute it to the first few
layers under the surface [23,24], while others attribute it
to molecule-molecule and molecule-surface charge
overcompensation [25,26].

Another aspect that remains to be clarified concerns
whether the compensation of the internal charge inside
the multilayer “as formed” is due to a 1:1 stoichiometry
of the alternating polymers (‘“‘intrinsic compensation’)
or to the presence of mobile salt ions (‘“‘extrinsic com-
pensation”); see [27] and references therein. It is gener-
ally accepted, however, that if the multilayer is
immersed in an external solution with a significant salt
concentration, the chemical potential of the salt forces
some swelling of the multilayer thus establishing
some degree of extrinsic compensation [24,28,29]. The
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importance of this compensation is the subject of a
presently raging controversy [27]. In any case, the salt
concentration in solution has been proven to be a crucial
experimental variable not only in controlling the build-
up of the multilayers but also in determining their
transport properties [30—35]. The nature of the salt is
also relevant: when it is composed of multivalent ions, a
strong Donnan exclusion (inclusion) effect is expected
for these ions in layers with matching (opposite) charge
sign [36]. A detailed knowledge of all these issues is
mandatory for the understanding of charge and mass
transport properties through PEMU .

The structure and properties of these PEMUs have
been extensively studied by X-ray [1,37] and neutron
reflectivity [1,37], ellipsometry [27,38], the quartz crystal
microbalance, scanning electron microscopy and atomic
force microscopy [39]. Measurements of the { potential
[40,41] have shown a symmetrical oscillation from
—20 mV for the anionic layer to +20 mV for the cationic
layer. This indicates that during the successive deposi-
tion of PSS and PAH layers each polyelectrolyte brings
with it a net charge which is, in absolute value, the same
for the polyanion and the polycation and does not
change during the build-up procedure. This also implies
that the charge excess of the multilayer does not vary
between the deposition of two consecutive PSS and
PAH layers [40,41].

In the present work, ion transport through polyelec-
trolyte multilayers is studied theoretically and experi-
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Fig. 1. Scheme of a multilayer Au + cysteamine + PSS + PAH.

mentally. Linear sweep voltammetry experiments in the
presence of supporting electrolyte are carried out on a
polystyrenesulfonate (PSS)/polyallylamine (PAH) mul-
tilayer deposited on a gold electrode modified with
cysteamine (see Fig. 1). The results are analysed with the
help of a theoretical model based on a description of the
multilayer as a series of homogeneous charged mem-
branes, the assumption of (Donnan) electrochemical
equilibrium at the boundaries between layers, and a
diffusion transport mechanism within the layers. The
framework for this approach is based on previous
models that have been successful in explaining the ion-
transport selectivity of polyelectrolyte multilayers de-
posited on porous supports [32-35].

2. Theory

The system under study is an isothermal multilayer
composed of alternating PAH and PSS layers which is
deposited onto a cysteamine-modified working elec-
trode. Following the notation introduced by Silva et al.
[42], the total number of bilayers is denoted as
N = (npss + npan)/2, where npss and npapg are the
number of layers of PSS and PAH, respectively. Thus, N
is an integer number when npgs = npapg and a semi-in-
teger number when npss = npapg + 1. The layers are
numbered by a superscript running from i = 0 for the
cysteamine layer to i = 2N for the outer layer in contact
with the bulk solution. Layers with even index i are
positively charged and layers with odd index are nega-
tively charged. The working electrode is denoted by
superscript ““¢”’. The molar concentration of fixed charge
groups takes the same value X'=X for layers
i=0,...,2N — 1. The charge concentration in these
layers can, therefore, be written as w'X, where
o’ = (—1)" is the charge number of the fixed groups. The
concentration of charged groups in the last layer is
X2V = X(1 + «), where « is a factor describing its rela-
tive charge excess. This assumption concerning fixed
charge concentration is in agreement with previous ex-
perimental findings for PSS/PAH multilayers [40,41] in
which the { potential was measured indicating always
the same oscillation between £20 mV.

In every layer a position coordinate x’ running from
x' = 0 at the interface with the layer (i — 1) to x' = d at
the interface with layer (i + 1) is used. The layer thick-
ness d is assumed to be the same for all layers. The
charge of the fixed groups in every layer is compensated
by the mobile counterions. This assumption is supported
by previous experimental results [27,40,43-46]. More-
over, since the multilayers in the system under consid-
eration are bathed by a (moderately) concentrated
solution of supporting electrolyte, some coions (i.e.,
mobile ions of the same sign as the fixed groups) are also
present. Thus, the local electroneutrality condition
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wiXi+szci,:0 (1)
k

is assumed to be valid throughout the system. In Eq. (1),
¢; denotes the molar concentration of k at any position
x' within the ith layer.

It is well known that PEMUs are not perfectly
stratified but fuzzy [1]. In our model we assume that
stratification persists as a consequence of the build-up
process. In some PEMUs there may also exist defects,
such as pinholes, that could play a role in the diffusion.
However, since the importance of these defects decreases
strongly with increasing number of layers and we study
films with more than four layers, it is assumed that
diffusion takes place through the compact film and not
through pinholes or other defects. It is evident that some
degree of polyelectrolyte entanglement and partial in-
trinsic compensation at the junctions between layers is
needed to provide stability to the system. However, as
far as the permeability of the multilayer to ion transport
and the analysis of experimental linear sweep voltam-
mograms are concerned, it can be assumed that the in-
terfacial regions between layers (where Eq. (1) does not
apply) play a negligible role. This is confirmed below by
the agreement between theoretical and experimental
results.

The boundary conditions at the interfaces between
layers are provided by the (Donnan) electrochemical
equilibrium condition. Multivalent charged ions, such as
those considered in this work, are then expected to be
strongly excluded in regions of fixed charge with
matching sign. This condition introduces the concept of
electrostatic partitioning within the multilayer, which
appears to be of special relevance to understand the low
permeabilities observed (e.g., of the order of 10~* cms™!
in [36]).

The film-modified working electrode is immersed in a
solution containing five ionic species. The electrochem-
ical probe is [Fe(CN)s]*~/#~ which is added to the so-
lution in the form of K4Fe(CN)s. The supporting
electrolyte is either Ba(ClO4), or NaClO4. The ionic
species are identified by the following subscripts: £ = 1
for Fe(CN)¢~, k = 2 for K*, k = 3 for Fe(CN)}~, k = 4
for Ba** or Na*t, and k = 5 for ClO; . The bulk solution
concentration of the different species are ¢} =c},
=48 +3c5, = b=cb, and & =2cl
(Ba(ClO4)2) or 2 = cbs (NaClOy), where 3, and c5,
denote the K4Fe(CN)s and K;Fe(CN)g concentrations.
The supporting electrolyte concentration is 5.

The sign convention is such that flux densities and
electric current density are positive in the positive x’
direction, i.e. from the working electrode to the bulk
solution. Due to the presence of inert supporting elec-
trolyte, the electric potential in every layer is roughly
uniform and the electric current density does not sig-
nificantly modify the potential drops between adjacent

layers. The interfacial potential drops are defined as
Ay = ¢! — ', where ¢*V ! = ¢° is taken as zero.

Under steady-state conditions, the continuity equa-
tion for species k requires that its flux density J; must
take the same value in every layer i. The flux densities of
the electroactive ions are J; = —J3 = —[/F and are ap-
proximately related to the concentration drop in the
layer through the diffusion equation
dc Dy . ,
= g @) =< 0)]. 2)
The flux densities of the inert ions are zero and their
concentrations are approximately uniform within all
layers.

Eq. (2) shows that the concentration drops of species
k=1, 3 are the same in every layer. These ions are
counterions in the positively charged PAH layers and
coions in the negatively charged PSS layers. The ionic
concentrations at both sides of a PAH|PSS interface are
not equal to each other, and hence the PAH layers ex-
hibit a higher permeability to these ions than the PSS
layers. At the PAH|PSS interfaces all species are as-
sumed to satify the equilibrium condition

ch(d)e? = ¢ (0)e (3)

where f = F/RT. The factor e*/% accounts for the
electrostatic partitioning of ionic species k in layer i
whose potential with respect to bulk solution is ap-
proximately uniform and given by ¢'. The permeability
of the layer i to species k can be defined as

P]i = Pkeizkfd)i, (4)

Jip & —Dy

where P, = Dy /d is the permeability corresponding to a
neutral layer. Thus, in a positively charged layer, the
electric potential with respect to bulk solution is positive
and e /¢ > 1 for k = 1,3, while the opposite is true for
negatively charged layers. Moreover, since z; = —4 and
z3 = -3, Pl and P*! can be very different from each
other for £ =1 and 3.

When considering the transport across the whole film,
the equilibrium condition in Eq. (3) allows us to write

Ji = =Pl (c} — ¢})

2
S @ — e
i=0

2N 1
=Py & (5)
i=0 g k
and, therefore,
2N 2N
LS .
By =0 BB =0

where ¢? = ¢V (d)e/*” and ¢ = ¢?(0)e*/*" are the bulk
and “surface” concentrations of species k; strictly
speaking ¢ (0) is the surface concentration and ¢; is the
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external concentration in equilibrium with it when the
potential in the cysteamine layer is ¢° with respect to the
bulk.

Obviously, in the absence of electrostatic partitioning
effects, Eq. (6) reduces to (P), = P1/(2N + 1), which is
the permeability of a neutral multilayer. However, such
a simple expression cannot be used in our system be-
cause it predicts much higher limiting currents than
those observed experimentally (see below), and this is
indirect evidence of the importance of electrostatic
partitioning.

The current-voltage curves can be calculated from
the polarographic equation

1

E=E “ln— 7
1/2+f nlnm—l’ ()

where
Lim = —FAJ) jim = FAP[ ¢}, (8)

PT

Eip=E +—-In-L 9
12 +f nP3T’ )

are the limiting current (corresponding to ¢} = 0) and
the half-wave potential. Eq. (7) can be shown as follows.
The electrode potential with respect to the bulk solution
is

E=¢°—¢"=¢°— 9"+ 9" — ¢". (10)
Since the electrode reaction at the working electrode is
Fe(CN)¢~ s Fe(CN);~ +e-, the potential drop across
the electrode|cysteamine layer interface is given by the
Nernst equation as

1. 3(0)
*—¢'=E°+—-In3 11
Foe =R o) o
and then
1 A(0) 40 1, ¢
E_E(’—i-—ln{—3 ef‘b}—E"—i-—ln—3
L) foq
1 s b
:E°+—ln<—3—1>. 12
f C? C? ( )

From Eq. (5), the surface concentrations of the ferro-
cyanide and ferricyanide ions are given, respectively, by
¢; =1 —1/him) = (him —I)/FAPT and ¢§ =1/FAP],
where we have used ¢ ~ 0. Straightforward substitution
of these concentrations in Eq. (12) leads to Eq. (7).

It is important to stress, however, that the use of the
relatively simple equation (7) requires the evaluation of
the film permeabilities P and P] from Eq. (6). These
permeabilities are not constant but depend on the
composition of the bathing solution, the film composi-
tion, and even the current. The steady-state current—
voltage curves are obtained by imposing a value of the
current /. This value is initially very small (compared to
Iim). The potential ¢' can be evaluated as a sum of in-
terfacial drops

2N

N
O == NTo==3 (9" -¢) (13)
J=i J=i
and every interfacial potential drop is determined from
Eq. (3) and the local electroneutrality condition, Eq. (1),
applied to positions x' = 0 and d. The solution of this
equation system starts from the bulk solution where the
ionic concentrations are known. The outer interfacial
potential drop Agx“qﬁ = —¢* is obtained by solving
the algebraic nonlinear equation
5 5

D)™ (1 +a)x = ZZkCiN(d) = szcgefzk/>d)2m7

=1 k=1

(14)
which is obtained from Egs. (1) and (3) for i = 2N and

x*N = d. The concentrations at x> = 0 are then obtained

from Eq. (2), and the procedure continues from
i =2N — 1 to i = 0 until position x°(0) is reached. This
allows us to evaluate all the potentials ¢’ (i =0,
1,...,2N), the permeabilities P! and P, and hence the
steady-state current—voltage curve. The current density is
then slowly increased until the limiting current is reached.

3. Experimental
3.1. Materials

The solvent used in all experiments and in all cleaning
procedures was ultra pure water (18 MQcm~!, Milli-
pore). The cationic alkanethiol used to create the initial
layer was cysteamine (Fluka). The alternating anionic and
cationic polyelectrolytes were, respectively, poly(sodium
4-styrenesulfonate) PSS (MW =70,000, Aldrich),
poly(allylamine hydrochloride) PAH (MW = 15,000,
Aldrich). The scheme of the multilayer with the arrange-
ment of the polyelectrolytes is shown in Fig. 1. Supporting
electrolyte Ba(ClOy4); (Pronalys* AR) and NaClOy4
(Merck) and potassium hexacyanoferrate(Il) trihydrate
(Fluka) were all used without further purification. All
electrochemical experiments were performed in a three-
electrode cell at room temperature (20 °C) containing a
modified gold disc with a diameter of 2 mm (Radiometer
EM-EDI-AuD?2) as the working electrode connected to a
rotating system (Radiometer), a platinum net as counter
electrode and a Ag|AgCl 3 M KClI reference electrode,
connected to the working volume with a Luggin capillary,
against which all potentials are reported. The cell was
enclosed in a grounded Faraday cage.

3.2. Methodology

Gold disc electrodes were polished on a polishing
cloth (Buehler), rinsed in water and then cleaned by
cycling between the potentials —0.3 and 1.5 V vs.
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Ag|AgClin 0.1 M HCIOy solution at a scan rate of 100
mV s~! until reproducible scans were recorded (1 h ap-
proximately). Finally, the electrodes were rinsed with
water and ethanol. The clean electrodes were immersed
in a 3 mM cysteamine ethanolic solution, overnight for
approximately 14-16 h. They were then rinsed with
ethanol, followed with water. The first polyelectrolyte
multilayer was deposited onto a cysteamine-modified
electrode from aqueous 0.1 M acetate buffer solution,
pH 4.5, containing 1 mgml~' of PSS, for 20 min and
then rinsed with water for 1 min. This procedure was
repeated either using PSS or PAH to produce the desired
number of layers and contrasts with the procedure de-
scribed in [47] where two different concentrations of
H,SO4 were employed to produce the initial positive
layer.

3.3. Electrochemical measurements

Linear sweep voltammetry measurements were per-
formed with the electrochemical cell filled first with 0.1 M
Ba(ClOy4); and 1 mM K4Fe(CN)g, using an Autolab
PSTAT 10 potentiostat, between —0.2 and 0.6 V, using
several sweep rates (10-500 mV s~!). The electrochemical
probe in these experiments was Fe(CN)zf/ *~. The ro-
tating disc experiments were carried out at several rates
between 100 and 4900 rpm, regulated by a Radiometer
CTV 101 speed controller. Solutions filling the electro-
chemical cell were purged with nitrogen for 10 min be-
fore each measurement, and the cell was kept under
flowing nitrogen for the duration of the experiment.
Another series of experiments was carried using a con-
centration of 0.1 M NaClO, as supporting electrolyte.

4. Results and discussion

The parameters considered below are the permeability
P, = Dy/d, which is assumed to be equal for the two
electroactive species, the bulk concentration c'2°3 of the salt
K3Fe(CN)g, and the relative charge excess o of the last
layer. The permeability was chosen to match the values
for the measured half wave potential £, and the limiting
current and corresponded to realistic values of the diffu-
sion coefficient and the thickness of each layer [36]. The
concentration of supporting electrolyte in all experiments
and calculations was 100 times larger than that of
K4Fe(CN)g, that is, cfs = 100c5,. The standard electrode
potential £° = 300 mV and the value 1/ = 25 mV were
used. The area of the working electrode was 3.14 mm?.

4.1. Equilibrium concentration profiles
When there is no transport of electroactive species,

the concentrations of all ionic species are constant inside
each layer of the multilayer. As indicated above, mul-

tivalent ions are expected to be strongly excluded from
regions of fixed charge with matching sign. This is
confirmed in Fig. 2, which shows the equilibrium con-
centration profiles calculated from Egs. (1) and (3) for
all ionic species for N =25, c§5=0.17xX,
5 =45x 1077}, and o = 0. Electrostatic partition-
ing, however, also causes the concentration of multi-
valent ions to increase very significantly in those layers
where they are counterions (the PAH layers in this case).
It is observed that the concentration of the Fe(CN)g~
and Fe(CN);~ ions throughout the multilayer is always
smaller than that of the supporting electrolyte ions, and
therefore the assumption that their transport takes place
mostly by diffusion can still be safely used.

4.2. Current-voltage characteristics using Ba(CIlO,), as
supporting electrolyte

When a bias potential is applied to the multilayer,
some of the PAH|PSS junctions are polarized in the
forward direction thus favoring the conductivity of ions,
but others are in the reverse direction, strongly limiting
the current and rendering it more diffusive. Since the
ionic fluxes are continuous through the multilayer (there
are no sources or sinks of charge), it is then clearly
understood why the PSS layers have a larger influence
on the electric current. The calculated current—voltage
characteristics provide some interesting insights. In
Fig. 3 these characteristics are plotted for multilayers
with different numbers of bilayers. The parameter values
used are ¢§s /X = 0.17, ¢ = 100c5,, ¢5; = 4.5 x 10775,
a=0and P, = P; = 0.1 cms~!. The classical sigmoidal
shape is obtained for the current-voltage characteristics.
We observe that adding a PAH layer to the multilayer
has no appreciable effect on the limiting current (a slight
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Fig. 2. Equilibrium ionic concentration profiles in a multilayer with
N =2.5 bilayers for c§s/X =0.17, 5, =4.5x 1077}, and «=0:
Fe(CN)}~ (dashed line, k = 1), K* (dotted line, k = 2), Fe(CN);~
(solid line, k£ = 3), Ba?* (dash—dot line, k = 4) and ClOj (solid line,
k=15).
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Fig. 3. Calculated steady-state current—voltage curves for the numbers
of bilayers N shown on the curves. The supporting electrolyte con-
centration is c§s/X =0.17 and other parameter values are
Sy =45%x1077c8,a=0and P, =P; =0.1 cms™.

decrease was obtained in the calculations, although it is
not appreciable in the figure). The half-wave potential
Ey )y is ca. 0.27 V and remains approximately unchanged
when varying the number of layers. This constancy of
the half-wave potential is related to the constancy of the
ratio P|'/P] through Eq. (9).

The concentration profiles inside the multilayer for an
electric current / = 14.451 pA, which is close to the
limiting value Iy, = 14.483 pA, are shown in Fig. 4 and
the corresponding interfacial potential drops are given
in Table 1. It is interesting to compare Figs. 2 and 4. The
interfacial equilibrium remains practically unperturbed
for the parameter values considered except at the cys-
teaminelelectrode interface. The concentration of the
inert species is constant and that of the active species
varies linearly with position within each layer (note the
logarithmic scale).

Fig. 5 shows the experimental linear sweep voltam-
mograms of gold-electrodes modified with PSS/PAH
multilayers. An interesting feature of the experimental
curves is that those with an integer number of bilayers
show a higher value for the limiting current than those
with a semi-integer number having one less layer de-
posited. Although Figs. 3 and 5 show similar qualitative
trends, this feature of the experimental results is not
reproduced by the calculations in Fig. 3.

As indicated above, the excess of charge for PAH/
PSS layers has been found not to change after the suc-
cessive deposition of bilayers. If we suppose an excess of
charge homogeneously distributed in the last layer, we
can explain the phenomenon described above. A mul-
tilayer with a semi-integer number of bilayers brings a
negative charge w?¥X? = —X(1 + ) in the last layer.
When another positive layer is deposited on top of it, the
charge in the last negative layer is now —X. It is because

10° | 5 S
107 b 20
[0}
T
1 e
10 e — 8
._ox / s\ o
Vo8
10° }
10° |
3
-10] H H
bulk solution PSS PAH PSS PAH PSS cyst.

Fig. 4. Ionic concentration profiles in a system of N = 2.5 bilayers for
/X =017, 5, =45x107ch, =0 and P, =P;=0.1 cms™!
corresponding to an electric current / = 14.451 pA close to the limiting
value I, = 14.483 pA: Fe(CN)‘g’ (dashed line, £ = 1), K™ (dotted
line, k = 2), Fe(CN);~ (solid line, k = 3), Ba?t (dash-dot line, k = 4)
and CIOj (solid line, k = 5).

Table 1

Interfacial potential drops f Af“ ¢ in a system with N = 2.5 bilayers for
/X =017, 5, =4.5x107"c};, =0, P, =P;=0.1 cms™!, and
electric currents close to i, /2 and to iy, = 14.483 pA

Potential drop 1/ L, = 0.4989 1/hi, = 0.9978
FAS =[N -10.40 -14.92
AR ¢ = Ao -1.57 -1.67
A ¢ =rATp 1.54 1.59
AR = [ -1.54 ~1.59
[N b = fA 1.52 154
AE/S\SJM fA5¢ -1.52 ~1.54
A = FA%) 0.62 0.62
Total, fE = —fAJ¢ 1135 15.97
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Fig. 5. Experimental linear sweep voltammograms of multilayer-
modified rotating disk electrodes for the numbers of bilayers N shown
on the curves. Supporting electrolyte: 0.1 M Ba(ClOy),, with | mM
K4Fe(CN)g. Sweep rate: 10 mVs~!; rotation rate: 900 rpm.
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of this compensation of the excess of negative charge by
the last positive layer that a higher value for the limiting
current is observed for a multilayer with an integer
number of bilayers in reference to a multilayer with the
immediate lower semi-integer number. This is clearly
shown in Fig. 6 where the current-voltage characteris-
tics have now been calculated using a relative excess of
charge in the last layer o = 0.33. The experimentally
observed non-monotonic variation of the limiting cur-
rent with the number of bilayers is now reproduced by
the calculations.

For N = 3.5, the theoretical estimation of the per-
meability of a neutral multilayer to the ferrocyanide ion
is (Pl), =P /8~0.012 cms~!. Experimental perme-
abilities are of the order of 10~* cm s~! [36] and this can
be considered as an indirect verification of the impor-
tance of the internal electrostatic partitioning. As PSS
layers are negatively charged, the actual permeability is
Pl < (Pl),. If the fixed charge concentration is reduced
and lower permeabilities are considered, the current—
voltage characteristics would span the same order of
magnitude as those shown in Fig. 5. However, the non-
monotonic dependence of the limiting current on N
described above requires electrostatic partitioning to be
considered.

4.3. Current—voltage characteristics using NaClO, as
supporting electrolyte

The experimental linear voltammograms obtained
when using NaClOy as supporting electrolyte are shown
in Fig. 7. It is clearly observed by comparison with
Fig. 5, that the nature of the supporting electrolyte
strongly influences the permeability of the multilayer, as
previously observed in [36]. The ramp-like shape of these
voltammograms might be due to a contribution of the

16
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0 0.1 0.2 03 0.4 05
E/V

Fig. 6. Calculated steady-state current—voltage curves for the numbers
of bilayers N shown on the curves and a relative excess charge in the
last layer a = 0.33. Other parameter values as in Fig. 3.
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Fig. 7. Experimental linear sweep voltammograms of multilayer-
modified rotating disk electrodes for the numbers of bilayers N shown
on the curves. Supporting electrolyte: 0.1 M NaClO4, with 1| mM
K4Fe(CN)g; sweep rate: 10 mV s~!; rotation rate: 900 rpm.

electron hopping to the charge transport [30,48]. How-
ever, this contribution has not been accounted for in the
theoretical model and will not be discussed any further.
Instead we concentrate on the fact that the limiting
current has now a monotonic dependence on the num-
ber of bilayers and that the addition of a single PAH
layer (e.g., when varying N from 2.5 to 3) exerts a much
stronger influence on the limiting current than observed
in Fig. 5. This observation is unexpected because the
electroactive species are counterions in the PAH layers
and their permeability across these layers should be so
large that the addition of a PAH layer to the multilayer
should not modify the limiting current significantly. We
thus conclude that the probe ions must have a relatively
low permeability across the PAH layers and this might
be due to an increased thickness of the PAH layers, i.e.,
the nature of the supporting electrolyte would affect the
swelling of these layers. A larger swelling might lead to
increased thickness, smaller permeabilities, and then to
lower limiting currents as observed in Fig. 8 (see, e.g.,
the curves for integer N).

Fig. 8 shows the calculated current—voltage curves for
CZS/X =2.5, 05’3 =4.5x 10’705’1, a=0 and
PL=P;=12x 103 cms!. These curves are also in
qualitative agreement with the experimental observa-
tions. A monotonic decrease of the limiting current with
increasing N is now observed, in agreement with the
experimental findings, because of the relatively low
permeability of the layers. Notably, we observe in this
case that the neutral permeability of each layer
P=P;=12x10"% cms!' leads to a value
(Ph), =P1/8=1.5x10"* cms~! which is of the same
order of magnitude as previous experimental values [36].
It should also be mentioned that the observed values for
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Fig. 8. Calculated steady-state current-voltage curves for the numbers of
bilayers N shown on the curves. Other parameter values are cs /X = 2.5,
Ay =45x107ch, e =0and P, =Py = 1.2 x 103 cms~L.

the electric current can be reproduced in the calculated
curves only by using relatively high values of the ratio
cfs/X (compared to those used in the calculations of
Figs. 3 and 6). This supports the hypothesis of increased
thickness by swelling. These two facts decrease the role
of the electrostatic partitioning in this case.

We observe, however, that some other effects de-
pending on the nature of the supporting electrolyte must
be present. The decrease of the electric current due to the
addition of a single PAH layer is much larger in the
experimental curves than in the calculations. We could
tentatively ascribe this to a variation of the diffusion
coefficients with the number of layers due to the changes
in the compactness and porosity of the multilayer.

5. Conclusions

The permeability of a self-assembled polyelectrolyte
multilayer to small ions under the influence of an ap-
plied potential difference has been studied as a function
of the number of layers and the nature of the supporting
electrolyte. The permeability of the multilayer has been
described as the appropriate sum of the contribution
from the different layers taking into account the elec-
trostatic partitioning.

When using Ba(ClO4), as supporting electrolyte, a
non-monotonic decrease of the electric current in the
steady-state current-voltage characteristics when in-
creasing the number of layers has been observed. This
has been attributed to an excess charge in the more
external layer and the effect of the electrostatic parti-
tioning. When using NaClOy4, a monotonic decrease of
the electric current with increasing N has been ob-
served in the linear sweep voltammograms. In addi-
tion, the permeability of the PAH layers was found to

be significantly smaller than when Ba(ClOy4); was used
as supporting electrolyte. This has been attributed to
the effect of swelling, leading to a less permeable and
thicker multilayer where the effects of electrostatic
partitioning are weaker. Although chemical partition
coefficients might also be included in the theory (es-
pecially in the PAH layers), the calculations have in-
tended to explain only the qualitative behaviour of the
system and it has been preferred not to incorporate
additional parameters. Indeed, the rather good agree-
ment found between the theoretical current-voltage
curves and the experimental linear sweep voltammo-
grams at low scan rate, indicates that both the
monotonic and the non-monotonic variation of the
current with the number of layers can be accounted
for satisfactorily by the theoretical model.

6. List of symbols

Roman symbols

A area of the bare electrode (cm?)

ch concentration of species &k within layer i
(molcm™)

el bulk concentration of species k (mol cm~?)

3 bulk concentration of K;Fe(CN)g (molcm™3)

o bulk concentration of K3;Fe(CN)g (molcm™)

cbs bulk concentration of supporting electrolyte
(molcm™—?)

c “surface” concentration of species k£ (mol cm~?)

d layer thickness (cm)

Dy diffusion coefficient of species k (cm?s™!)

E applied voltage (V)

E° standard electrode potential (V)

E\p half wave potential (V)

f =F/RT (V)

1 electric current (A)

Lim limiting current (A)

Ji flux density of species k (molcm~2s71)

k subscript for ionic species: k = 1 for Fe(CN){~,

k=2 for K*, k=3 for Fe(CN)}~, k=4 for
Ba?" or Na', and k = 5 for ClO;

N = (npss + npan)/2, number of bilayers

1pss number of PSS layers

npagy  number of PAH layers

P, permeability of species £ through a neutral layer
(cms™)

P permeability of species & through layer i
(cms™)

P! permeability of species k& through the multilayer
(cms™)

(PY), permeability of species k through a neutral
multilayer (cms™!)

X position coordinate within layer i (cm)

X' molar concentration of fixed charge groups in

layer i (molcm™)
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Greek symbols

o relative charge excess

¢ electrostatic potential in layer i (V)
¢° potential in bulk solution (V)
electrode potential (V)

A;“ ¢  Donnan potential drop between layers i and i + 1

ol = (—1)", charge number of the fixed groups in
layer i
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