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Electrodes modified layer-by-layer by self-assembly of redox active polyelectrolytes comprised of

osmium bipyridine–pyridine derivatized poly(allyl-amine) and poly(vinyl) sulfonate have been

studied by EQCM, ellipsometry, cyclic voltammetry and electrochemical impedance spectroscopy

in aqueous solutions of different anions and cations. Redox driven swelling by solvent exchange

during oxidation, in excess to the hydration number, occurs by perturbation of the equilibrium

between the osmotic and elastic forces as a result of the electrochemical injection of charge into

the film. The exchanged mass and volume change during redox switching strongly depends on the

nature of the anion under anion Donnan permselectivity conditions.

Introduction

Layer-by-layer self assembly of redox polyelectrolytes allows

the fabrication of electroactive nanometer thin films on elec-

trode surfaces with a fine tuning of film thickness and a precise

spatial organization. The choice of adsorption pH,1 salt con-

centration2–4 and the nature of polyelectrolytes has dramatic

consequences on the multilayer structure, while the ion-ex-

change5 and the electrochemical response6 are also affected by

the excess charge in the topmost layer. The ability to control

polyelectrolyte multilayer (PEM) structure and functionality,

in addition to its high reproducibility and low cost, make the

LbL technique an attractive option as compared to conven-

tional preparation methods of polymer modified electrodes

such as electropolymerization, spin coating or film casting.

Thus, it is not surprising that several examples of PEM

modified electrodes have been reported: polyviologen7,8 for

electrochromic and electrocatalytic devices, poly(allyl-amine)

with covalently attached ferrocene (PAH-Fc)9 or osmium

bipyridil (PAH-Os)10–12 and glucose oxidase (GOx) assemblies

for glucose biosensors, polyoxometallates for electrocataly-

sis,13 sulfonated polyaniline (SPAN) and cytochrome C

multilayers for peroxide determination,14 water-soluble

poly(p-phenylene) for LED fabrication,15 etc.

Electrostatically self-assembled polyelectrolyte films are

highly sensitive to their environment. For example, Schlenoff

has shown that when a PEM is transferred to a salt solution the

polyelectrolyte–polyelectrolyte (intrinsic) charge compensation

in the multilayer evolves to an extrinsic charge compensation

due to the incorporation of mobile ions in the film, producing

swelling and smoothing,16 improved permeability 17,18 and

polyelectrolyte interdiffusion.19 The pH of the outer solution

also affects the PEM when at least one of the components

is a weak polyelectrolyte; for example Rubner has demon-

strated that low pH treatment could lead to abrupt swelling

transitions20,21 and pH-induced microporosity.21 The effect of

the solution electrolyte on the structure and electro-chemical

response of redox PEMs has been studied to a much lesser

extent.

In the present work, we have analyzed the influence of

different electrolyte compositions in the electrochemistry of

PAH-Os/PVS films, considering not only the charge transport

but also the electrochemically driven fluxes of ions and

solvent. During the last decade, similar studies have been

carried out with a variety of chemically modified electrodes

such as electropolymerized,22,23 cast24 or electroprecipited25,26

polymer modified electrodes.

Some salient features of PEM modified electrodes

redox behavior have been obtained for the system

PAH-Os (self-assembled at pH 8.3)/PVS and should be con-

sidered to have a complete picture of the electrochemical

processes:

1. The electrochemistry is highly dependent on the nature of

charge in the topmost layer.6 For positively capped multi-

layers, the charge transport inside the film can be described

employing a bound diffusion model.6,27

2. The amount of net fixed charges in the film, calculated

from the Donnan E vs. log c plot, is positive.28 This means that

the film is an anion exchanger, provided that the electrolyte

concentration is below the Donnan breakdown concentration,

ca. 0.5 M.

3. Probe beam deflection technique (PBD) has confirmed

that the anions are the most important contribution (even for

negatively capped films) to maintain film electroneutrality

during redox switching.5,29

4. Fourier transform infrared spectroscopy (FTIR) has

shown that during oxidation the film uptakes water and

releases it during reduction of Os(III).27

5. During oxidation–reduction cycles, swelling–de-swelling

of the film has been observed by in situ ellipsometry.12,27
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In the present paper we have chosen to employ different

and complementary techniques (cyclic voltammetry, EIS,

EQCM and ellipsometry) in order to systematically study

the redox swelling and charge transport in multilayer films

in contact with electrolyte solutions of different cations (NaCl,

CsCl, LiCl, HCl) and anions (NaCl, NaF, NaNO3, NaBF4,

NaClO4).

The paper describes the results of the different experimental

techniques and discusses the forces involved in the electro-

chemically driven swelling and ionic exchange between the film

and the electrolyte.

2. Experimental

2.1. Reagents and materials

All solutions were prepared with 18 MO Milli-Qs (Millipore)

water. The following chemicals were used without further

purification: poly(sodium 4-styrenesulfonate), PSS (MW B
70 000, Aldrich); Poly(sodium vinyl-sulfonate), PVS (25 wt%

solution in water, Aldrich); sodium 3-mecapto-propane-sulfo-

nate, MPS (Aldrich). Salts employed in electrolyte solutions

(NaCl, NaF, NaNO3, NaClO4, NaBF4, CsCl, LiCl) and HCl

were of analytical grade and used as received.

The osmium bipyridine derivatized redox polymer Os

(bpy)2ClPyCH2NH-poly(allylamine), PAH-Os, was synthe-

sized as previously reported.30 Thiol solutions of 20 mM

3-mercapto-1-propane-sulfonic acid (MPS) (Aldrich) in

10 mM sulfuric acid (Merck) were prepared before each

experiment in order to avoid oxidation in air. No salt was

added to polyelectrolyte solutions, however their pH was

adjusted to 8.3. Under these conditions only 60–70% of the

primary amine groups in PAH-Os are protonated,31 producing

thick films due to the low charge density of the PAH-Os

chains.1

2.2. Surface modification

Silicon (100) substrates were coated with a 20 nm titanium and

20 nm palladium adhesion layer and a 200 nm gold layer,

thermally evaporated with an Edwards Auto 306 vacuum

coating system at Po 1.10�8 bar, and employed as electrodes.

Alternatively, 10 MHz Au-coated 14 mm in diameter and

0.168 mm in thickness AT-cut quartz crystals with an active

area of 0.196 cm2 (International Crystal Manufacturing Com-

pany Inc., Oklahoma City, cat.no.31210) were employed for

EQCM measurements.

In the first step, the gold film substrates were primed with

sulfonate groups by immersion in an MPS solution for 30 min,

followed by rinsing with deionized water. After thiol adsorp-

tion, the first polycation layer was deposited on thiol-modified

Au substrate by immersion in PAH-Os (pH = 8.3) solution

for 15 min, followed by thoroughly rinsing with Milli-Q water.

The next and subsequent layers were deposited onto the

modified surface by alternate immersion in a solution of the

respective polyanion (PVS or PSS) or polycation (PAH-Os)

for 15 min and rinsing with Milli-Q water until the desired

number of layers was achieved. The adsorption times were

previously determined by ellipsometric transient measure-

ments and EQCM.32

2.3. Electrochemical experiments

Electrochemical measurements were carried out at room tem-

perature (20 � 2 1C) with an Autolab PGSTAT 30 potentio-

stat (Autolab, Ecochemie, Holland) equipped with a FRA2

frequency response analyzer module for impedance measure-

ments. All experiments were performed in a purpose built

three electrode Teflon cell, with an electrode exposed area of

approximately 0.25 cm2 delimited by an inert ‘o’-ring.

For reference electrode, Ag/AgCl; 3 M KCl was employed

and all electrode potentials herein are referred to it; a platinum

gauze auxiliary electrode of large area was employed. Before

thiol adsorption the electrode potential was cycled in 2 M

sulfuric acid between 0.2 and 1.6 V at 0.1 V s�1 to check for

surface contamination and electrochemically active areas were

calculated from the reduction peak of gold oxide.33

Electrochemical impedance spectra were acquired in the

frequency range from 25 kHz to 50 mHz with a 10 mV

amplitude of oscillation. Data analysis and fitting were per-

formed with the program ZViews (Scribner Associates, USA).

2.4. Electrochemical quartz crystal microbalance

The quartz crystal resonator at 10 MHz was used as a quartz

crystal microbalance (QCM) with a complex voltage divider to

measure the resonant frequency and both components of the

quartz crystal Butterworth-Van Dyke equivalent circuit,

which has been described elsewhere.34 The crystals were

mounted in the cells by means of Vitonr O-ring seals, with

only one face in contact with the electrolyte; this electrode was

a common ground to both the ac and dc circuits. Previous

results for the system PAH-Os/PVS have shown that this film

could be considered as acoustically thin35 and therefore fre-

quency shifts have been directly transformed into mass

changes employing the Sauerbrey equation.

2.5. Ellipsometry

For ellipsometric measurements a Sentech variable angle

rotating-analyzer automatic ellipsometer (vertical type, 2000

FT model) equipped with a 632.8 nm laser as polarized light

source was employed. All measurements were performed at an

incidence angle of 70.001. The gold coated silicon electrode

was horizontally mounted in Sentech liquid cell (E-SE400-20)

fitted with two glass optical windows (positioned for 70.001

with an accuracy of 0.011). All adsorption steps were carried

out avoiding any variations of the electrode position in order

to keep the system alignment. Ellipsometric parameter varia-

tions lower than the data dispersion for a single measurement

(0.01 in c and 0.05 in D) were guaranteed in this way.

Ellipsometric angles c and D were determined from reflec-

tion-induced changes in the state of polarization of linearly

polarized light, these were related to the ellipsometric ratio r:

r ¼ tan cð Þ expðiDÞ ¼ rp

rs
ð1Þ

where tan c represents the amplitude change in r, D is the

phase difference change, and rp and rs are the complex reflec-

tion coefficients for light polarized parallel and perpendicular

to the plane of incidence which depend on the structure and

optical properties of the system.
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Ellipsometric parameters, c and D, were collected manually

after each adsorption step or continuously during potential

sweep or chronoamperometric transients with the modified

electrode surface in contact with the electrolyte solution. The

experimental data were fitted as described elsewhere.36 The

fitting of ellipsometric parameter for in situ electrochemical

experiments allows the determination of only two optical film

parameters (absorption coefficient, refractive index or film

thickness) and therefore the assumption that the absorption

coefficient is equal to zero at the working wavelength was used.

Results

3.1. Electrochemistry

The first step to understand the importance of anions and

cations in redox induced swelling of PAH-Os multilayers

consists in the analysis of how the different electrolytes modify

the electrochemical response. Fig. 1 depicts cyclic voltam-

perograms for a (PAH-Os)4(PVS)4(PAH-Os) electrode in 10

mM solutions of NaCl and NaClO4, respectively. All other

electrolytes used in this work produce similar voltamperogram

shapes to that obtained for NaCl. Peak parameters for all

solutions employed are compiled in Table 1. It is worthwhile

noting that the capping layer during this work was chosen to

be always PAH-Os since polyanion capped films present a

hindrance to redox switching as reported before.6

The cyclic voltammetry recorded using NaCl presents an

almost reversible surface wave shape, with a peak separation

of a few milivolts (probably due to ohmic drop by uncompen-

sated solution resistance) and a full width at half height

(FWHH) of nearly 90 mV. The peak current follows a linear

relationship with the sweep rate (inset in Fig. 1) as expected for

a Nernstian system.37 For NaClO4 electrolyte, a larger peak

separation and a smaller redox charge become apparent and

the voltamperogram presents a characteristic diffusion tail38

while the current–sweep rate relationship is no longer linear

(the current scales with v0.88, where v is the sweep rate). The

effect of the perchlorate anion is totally reversible and the thin

film voltammetry is recovered when the electrode is transferred

back to a NaCl solution. If a mixed solution (5 mM Cl� and

5 mM ClO4
�) is employed, the voltamperogram is similar to

that obtained in pure 10 mM NaClO4, demonstrating that the

electrochemistry is affected by the presence of perchlorate and

not by the lack of chloride.

In addition to NaClO4, the other electrolyte that produces

significant changes in peak parameters is HCl. For this electro-

lyte, the average peak potential is shifted to higher values, which

could be explained as a shift in the Donnan potential due to

protonation of free amino groups at lower pH.39 Table 1 also

reveals that HCl gives raise to the smallest redox charge.

However, this effect was observed to be irreversible and prob-

ably due to structural changes in the protonated film.20,21 Thus

experiments in HCl were always performed at the end.

To further characterize the effect of ClO4
� in the electron

transport, we have employed electrochemical impedance spec-

troscopy (EIS). Fig. 2 shows the Bode plots (log |Z| vs. log f and

y vs. log f plots)40 for a (PAH-Os)4(PVS)4(PAH-Os) electrode in

100 mM NaCl and NaClO4. These spectra were acquired at the

apparent E0
Os(III)/Os(II), which was previously determined by

cyclic voltammetry for each electrolyte. A complete discussion

of the impedance spectrum features of PAH-Os/PVS films has

been published elsewhere.6 A simple analysis shows that in the

whole frequency range investigated the impedance increases

when chloride is replaced by perchlorate.

A more detailed analysis requires fitting the whole EI

spectra employing an appropriate equivalent circuit. The

modified Randles circuit41 shown in the inset of Fig. 2A has

the advantage of being simple and all of its components having

a physical representation. It consists of the uncompensated

ohmic electrolyte resistance, Rs in series with an impedance

given by the double layer capacitance, CDL in parallel with the

charge transfer resistance RCT and a finite diffusion or bound

diffusion impedance, ZD.

The latter is given by:42

ZDðoÞ ¼ exp
ZF
2RT

� �
þ exp � ZF

2RT

� �� �2
RT

F2GOs

� 1

jDappo
� �1=2 cot h d

jo
Dapp

� �1=2
" # ð2Þ

Fig. 1 Cyclic voltamperograms for (PAH-Os)5(PVS)4 electrode in

NaCl 10 mM (solid line) and NaClO4 10 mM (dashed line). Scan rate:

25 mV s�1. Inset: logarithm of peak current versus logarithm of

velocity. Slopes of best linear fit are (0.997 � 0.005) for NaCl (black

squares) and (0.883 � 0.002) for NaClO4 (open circles).

Table 1 Peak parameters for cyclic voltamperograms of (PAH-Os5)/
(PVS4) electrode in 10 mM solutions of different 1 : 1 electrolytes. The
same electrode was used for all experiments. Scan rate: 25 mV s�1

Electrolyte Qox/mC cm�2 E1/2/V (Ep
ox � Ep

red)/V

NaCl 19.2 0.365 0.027
NaF 20.7 0.374 0.036
NaNO3 21.1 0.359 0.025
NaBF4 18.9 0.378 0.031
NaClO4 17.5 0.343 0.041
CsCl 18.7 0.364 0.025
LiCl 19.8 0.369 0.028
HCla 17.2 0.394 0.034

a HCl was the measured at the end since irreversible charge losses

where observed for this electrolyte.
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where o is the angular frequency, Z is the electrode apparent

overpotential: E � E00
Os(III)/OS(II), Dapp is the apparent electron

diffusion coefficient and GOs is the surface concentration of

electrochemically accessible osmium sites. The impedance ZD

behaves as a Warburg impedance at high frequencies (describ-

ing charge transport inside the film) and as a capacitor at low

frequencies since the maximum redox capacitance is limited by

the amount of osmium sites available in the film.

To account for frequency dispersion due to film roughness,

the double layer capacitance is modeled using a constant phase

element (CPE)43 rather than an ideal capacitor:

ZCPE ¼
1

C

1

io

� �n

ð3Þ

where n is the CPE phase and C is a constant with units F sn�1

It should be noticed that, except for the simplest equivalent

circuits, several sets of parameters can be accurately fitted to a

given EI spectra. Thus the determination of a set of para-

meters (local minima in the sum of squared residuals) is highly

dependant on the seed values employed. In the present study,

we have first performed the fitting for the experiment with

NaCl, using as seed parameters those previously obtained for

PAH-Os/PVS.6,27 We then employed the resulting parameters

as seed values to fit the spectrum recorded in NaClO4, setting

the restriction that the osmium surface coverage must be equal

to that obtained in NaCl (the same electrode was used in both

experiments). The fit solution was finally minimized with

respect to all the parameters. Table 2 contains the fitting

parameters and the simulated curves are plotted in Fig. 2 for

comparison.

Inspection of Table 2 reveals that the presence of perchlo-

rate produces a drastic decrease of nearly five orders of

magnitude in the apparent electron diffusion coefficient, as

well as a considerable increase in the charge transfer resis-

tance.

3.2 Electrochemical quartz crystal gravimetry

Fig. 3 and 4 show the evolution of areal mass (A) and charge

density (B) transients for a (PAH-Os)14(PVS)14PAH-Os film in

10 mM sodium electrolyte solutions of different anions and

10 mM chloride electrolyte solutions of different cations,

respectively, during the oxidation and reduction of the os-

mium in the film. In these experiments, the electrode was first

pre-treated at 0.1 V for 120 s to ensure complete reduction of

the redox sites and a potential step to 0.6 V was applied

recording both mass and current transients simultaneously for

60 s of oxidation, followed by a potential step to 0.1 V, where

reduction of Os(III) takes place.

Every few experiments, a measurement in NaCl was per-

formed. Good reproducibility in these control experiments

was obtained, which assured the integrity of the LbL film

electrodes and the reproducibility of the data.

Mass changes during the redox process for a (PAH-

Os)14(PVS or PSS)14PAH-Os electrode have previously been

discussed:27 mass increases during oxidation and decreases

during reduction.

The increase in mass upon oxidation in Fig. 3 is very

dependent on the anion of the bathing solution: Cl� and F�

yield the highest exchanged masses and ClO4
� the lowest. On

the other hand, mass and charge transients for chloride

solutions with different cations (Fig. 4) do not differ appreci-

ably from those recorded in NaCl solution beyond the differ-

ences in control experiments.

The Faradaic current also depends on the anion employed

consistently with cyclic voltammetry experiments: Cl�, F�,

and NO3
� yield approximately the same redox charge, a

smaller charge is obtained for BF4
�, while ClO4

� yields even

Fig. 2 (A) |Z| vs. f and (B) y vs. f plots (Bode plots) for a (PAH-

Os)5(PVS)4 electrode in NaCl 100 mM (solid squares) and NaClO4 100

mM (open circles). Solid lines are the best fits to the equivalent circuit

shown as an inset. See Table 2 for fitting parameters.

Table 2 Fitting parameters obtained from the electrochemical im-
pedance spectra of a (PAH-Os)5(PVS)4 electrode (see Fig. 2) in 100
mM electrolyte solutions

NaCl NaClO4

Q/mC cm�2 14.7 14.6
Dapp/cm

2 s�1 1.8 � 10�10 6.6 � 10�15

RCT/O cm2 4.9 165
RS/O cm2 28.8 31.4
CDL/F sn�1 cm�2 1.12 � 10�4 1.34 � 10�4

n (CDL) 0.79 0.84

Q: osmium redox charges in the film; Dapp: Apparent electron diffu-

sion coeficient; RTC: charge transfer resistance; CDL: value for double

layer capacitance modelled as a CPE with phase equal to n.
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a smaller charge. Since both mass and charge transients

depend on the anion, the exchanged molar mass has been

normalized per mole of electrons.

Fig. 5 shows mass to charge plots for the transients depicted

in Fig. 3 and 4. The hysteresis in the oxidation/reduction

transients show that the solvent exchange is delayed with

respect to injection of charge. Hillman reported similar effects

of different timescales for solvent and anions for poly(vinyl-

ferrocene).44,45 In PAH/PVS films the hysteresis decreases

after repetitive redox cycling as previously reported.27 We

have therefore chosen to use only the first redox cycle for each

electrolyte in order to avoid irreversible charge loss or mor-

phological changes in the PEMs during the complete set of

experiments.

The mass-to-charge curves show a strong dependence of the

exchanged mass with the nature of the electrolyte (Fig. 5A).

On the other hand, the end-to-end exchanged molar masses

(see Table 3) confirm that the difference observed for different

cations is within the experimental error.

3.3 Ellipsometry

The combination of in situ ellipsometry with electrochemical

methods allows the direct determination of film thickness as a

function of the oxidation state of the redox polyelectrolyte

multilayer. Fig. 6 depicts film thickness and refractive index

obtained for a (PAH-Os)14(PSS)14PAH-Os electrode during

Fig. 3 Mass (A) and charge (B) transients for the redox switching of a

(PAH-Os)15(PVS)14 film in different sodium 10 mM electrolyte solu-

tions. The electrode potential was kept at 0.1 V for 120 s, followed by a

step to 0.6 V. This potential was maintained for 60 s before a step back

to 0.1 V.

Fig. 4 Mass (A) and charge (B) transients for the redox switching of a

(PAH-Os)15(PVS)14 film in different chloride 10 mM electrolyte solu-

tions. See caption in Fig. 3 for the potential program applied.

Table 3 End to end mass to charge relationships for data in Fig. 3
and 4

Sodium salts
(Dm/Dq) a/
g C�1 (�103)

Dm a/
g mol�1 (�103) NH2O

NaCl 64 � 9 615 � 90 32
NaF 72 � 9 692 � 90 37
NaNO3 19 � 9 185 � 90 7
NaBF4 20 � 9 195 � 90 6
NaClO4 6 � 9 58 � 90 �2.3
Chloride salts
NaCl 62 � 9 598 � 90 31
LiCl 62 � 9 596 � 90 31
CsCl 58 � 9 564 � 90 29
HCl 69 � 9 662 � 90 35

a Error was estimated from comparing measures in NaCl 10 mM at

different stages of the experiment.
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slow cyclic potential scan in 10 mM NaCl and NaClO4. The

general trend is that the film swells during oxidation and

shrinks during reduction, as expected from EQCM results.

The refractive index, n, decreases upon oxidation as a result of

the uptake of water (nH2O: 1.33). The thickness–potential

curves also present some hysteresis, which means that even at

scan rates as low as 20 mV s�1 the flux of solvent is slower than

the ionic movement. The origin of the slow solvent flux could

be related to the slow relaxation of polymer chains to a new

structural conformation produced by the change in the redox

state of tethered osmium centers.

Although the curves recorded in the presence of both

chloride and perchlorate show similar qualitative behavior,

there are quantitative differences. The initial film thickness is

5% smaller in NaClO4 solution (the same electrode was used

in all measurements). Furthermore, the increase in thickness

due to the electrochemical oxidation is 2.6 times larger for

NaCl than for NaClO4, which is consistent with EQCM

results. The variation in the refractive index is also larger for

NaCl than for NaClO4 suggesting that less water molecules

enter the film in the latter case.

Fig. 7 shows the film thickness dependence on the fraction

of the oxidized osmium sites in the film during the oxidation

process (calculated as the ratio of the injected charge to the

maximum injected charge). An almost linear dependence on

the fraction of oxidized sites can be observed, which suggests

that all redox sites which are electrochemically accessible

within the experimental timescale, contribute similarly to the

redox driven swelling.

Table 4 compiles the ellipsometric film thickness and its

variation after oxidation for osmium films in different electro-

lytes.

Fig. 5 Mass to charge relationships for data in Fig. 2. Each graph

depicts one redox cycle: (1) oxidation at 0.6 V for 60 s (2) reduction at

0.1 V for 60 s. Dotted line slope is end to end exchanged mass

(see Table 3).

Fig. 6 Film thickness (A) and refractive index at 632.8 nm (B) during

potential scan at 20 mV s�1 for (PAH-Os)15(PSS)14 film in 10 mM

NaCl (black squares) and NaClO4 (open circles).
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3. Disscusion

The results presented in the previous section showed that the

electrochemical behavior and the redox driven swelling for

PAH-Os/PVS films are strongly influenced by the choice of the

anion in the bathing electrolyte. On the the other hand, for the

same anion all the cations analyzed produced similar results.

This difference could be explained considering that at the

low electrolyte concentrations employed in this work (10 mM)

Donnan permselectivity conditions28 are fulfilled and there-

fore only anion exchange takes place during redox switching.

At this point it is worthwhile noting the remarkable effect

produced by perchlorate in cyclic voltammetry, EI spectra and

chronoamperometric transients. The decrease in redox charge,

peak separation and tailing in the cyclic voltamperograms and

the nonlinear dependence between peak current and scan rate

suggests that the transport of electrons within the film is

slowed down in the presence of this anion as confirmed by

the extremely low electron diffusion coefficient obtained from

EIS experiments. An increase in the charge transfer resistance

also resulted from EI spectra measured in perchlorate solu-

tions. This may be explained assuming that in our simple

equivalent circuit, this resistance accounts not only for the

electron charge transfer at the film–metal interface but also for

the ohmic resistance of the film.

The effect of perchlorate on the electron transport reported

here for the first time for a layer-by-layer self-assembled redox

PEM modified electrode, has previously been observed in

redox hydrogels. Oh and Faulkner reported this effect of

ClO4
� on voltamperograms for the complex Ru(bpy)2Cl

+

attached to a quaternized poly(4-vinylpyridine) QPVP.46

Measurements of ionic conductivity, IR spectroscopy47 and

a luminescent probe46 have shown that perchlorate anion

interacts strongly with QPVP matrix leading to film dehydra-

tion. Based on these results these authors suggested that

perchlorate anions could ion pair to fixed positive charges in

the matrix or to redox groups due to its high hydrophobicity,

producing electrostatic cross linking in the film which would

affect the segmental mobility of pendant metal complexes

decreasing the electron hopping rate. Aoki and Heller48 also

reported a similar behavior in cyclic voltammetry for a redox

hydrogel comprised of an ethylamine quaternized poly-(4-

vinylpyridine) complex of Os(bpy)2Cl
+/2+and found a de-

crease in the steady state current for a generator–collector

experiment when perchlorate was used in the electrolyte

solution.

The theoretical approach of Savéant49 has shown that when

mobile electroinactive ions became ion-paired to immobile

electroactive sites, the charge-transport rate presents a sharp

decrease as the ion association constant increases if these ion-

paired sites are unable to participate in the electron hopping.

Based on the evidence and these ideas, we conclude that the

hindrance for the electron transport produced by perchlorate

anions in PAH-Os/PVS films is due to the association of

perchlorate with charged groups in the film, limiting the

mobility of the redox sites.

We will now turn our attention to the redox driven swelling

of PAH-Os/PVS films. We have shown that this process is

controlled by the nature of the anion. The following conclu-

sions can be drawn by examination of Table 5 which compiles

the molar masses, ionic radii both in the crystal and in solution

and the hydration numbers for the sudied ions.

1. The exchanged molar mass in all EQCM experiments is

much greater for all electrolytes (except for NaClO4) than the

molar mass of any of the ions including their coordination

water. This means that during oxidation an important amount

of neutrals (water and salt) enter the film due to osmotic

forces. Under Donnan permselectivity conditions, salt is not

exchanged and therefore only solvent can contribute to the

molar mass of exchanged neutral species:

DMneutrals ¼
FDm
q
�Manions ð4Þ

where Dm is the exchanged areal mass density, q the charge

density passed through the electrode andMions the molar mass

of the counterions.

2. No general trend for the redox swelling dependence on

the anion based on molar masses or ionic radii could be

identified so that it can be concluded that ion diffusion is

not an important limiting condition in the present results.

To gain a further insight in the process under discussion, it is

worth analysing the contributions to the osmotic forces during

swelling and redox driven swelling of LbL self-assembled

PEMs. The swelling behavior of charged polymer networks

immersed in an electrolyte solution can be described consider-

ing the changes in the total osmotic pressure when the film

swells or shrinks. At equilibrium the free energy is at minimum

with respect to the film thickness (for a film in mechanical

Fig. 7 Film thickness as a function of the fraction of oxidized

osmium sites during cyclic voltammetry for a (PAH-Os)15(PSS)14 film

in 10 mM NaCl (black squares) and NaClO4 (open circles).

Table 4 Ellipsometric film thickness in reduced state, df and change
in film thickness upon oxidation Ddf for potential scan measurements

HCl LiCl NaCl CsCl NaClO4

df/nm 78.8 76.6 78.2 80.1 74.3
Ddf/nm 5.9 3.9 4.5 3.6 1.6
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equilibrium) so that:

P ¼ � @G
@V

�
T

¼ � 1

A

@G

@d

�
T

¼ 0 ð5Þ

where P is the total osmotic pressure and G is the system free

energy. Most authors 50–53 recognize four independent differ-

ent contributions to the free energy, and hence to the osmotic

pressure:

P ¼ Pel þPcoul þPmix þPion ð6Þ

The elastic contribution of the polymer chains is represented

here by Pel. This term always carries a negative sign if the

unswollen film is taken as the reference state and its origin is

purely entropic.53 The term Pcoul accounts for the repulsion

between fixed charges in the polymer, which are partially

screened by the ions within the gel. The mixing term, Pmix,

contains both entropic and enthalpic contributions for the

mixing of the polymer backbone and the solvent, and is often

calculated with the Flory–Huggins lattice theory.54

The last term in eqn (6), Pion contains the contributions

from the translational entropies of ions inside the film:52

Pion ¼ RT
X
i

ci � c0i

 !
ð7Þ

where ci and ci
0 are the concentrations of the ith ion within the

film and in solution, respectively. For a 1 : 1 electrolyte with

csalt concentration and under Donnan permselectivity condi-

tions, the concentration of counterions inside the film is equal

to the number of fixed charges, cfix.

Therefore the expression (7) now reads:

Pion ¼ RTðcfix � 2csaltÞ ð8Þ

It is worth mentioning that for ampholytic films (such as

LbL multilayers) cfix should be regarded as the difference

between the concentration of positive and negative fixed

charges in the film.51 Swelling and electrochemically induced

swelling could then be explained qualitatively employing eqns

(1) and (2). Consider, for example, the difference in salt

induced volume changes of polyelectrolyte gels and LbL

multilayers. While the former shrink when the electrolyte

concentration increases50,53 due to a decrease in the osmotic

pressure Pion (the other contributions being constant), multi-

layer films swell when electrolyte concentration increases16

since the decrease in the osmotic pressure Pion is overcome

by the network relaxation produced by the break of electro-

static crosslinks by salt, which could be thought as a shift of

Pel towards less negative values.

When an anion exchanger film bearing positive net fixed

charges is oxidized (reduced), the redox switching creates

(destroys) fixed charges within the film. When new charges

are created an anion influx should occur to maintain electro-

neutrality and this increases Pion due to the increase in the

number of ions within the film and also Pcoul increases due to

an increase in the electrostatic repulsion between the positive

fixed charges in the film. As a result, the film swells until a new

equilibrium condition is achieved when the osmotic and elastic

forces are in balance. Upon film reduction the inverse pro-

cesses take place.

The dependence of the observed molar masses of exchanged

ions on the nature of the anion can be rationalized by

assuming that some anions can ion-pair to the newly created

osmium (III) sites:

Pol�OsðIIÞþ ! Pol�OsðIIIÞ2þ þ e� ð9Þ

Pol�OsðIIIÞþ2 þ X�Ð
K
0
eq

Pol�OsðIIIÞ2þX�
h i

ð10Þ

In this case the neutral ion-pair does not contribute to increase

Pion andPcoul and thus to the film swelling. The ion-pairing of

the free protonated amino groups of PAH-Os to the anion

may also contribute:

Pol�NH þ
3 þ X�Ð

K
0
eq

Pol�NH þ
3 X�

� �
ð11Þ

In this respect, Szwarc55 has distinguished between ‘‘solvated

ion-pair’’ and ‘‘contact ion-pair’’. Jeschke et al.56 have demon-

strated by electron spin resonance the spatial distribution and

dynamics of ‘‘contact ion pairs’’ formed by site binding of

divalent anions to soluble cationic poly(diallyldimethyl-

ammonium chloride) polyelectrolyte.

The condensation of perchlorate and amino groups in this

equilibrium would make Pel more negative due to cross-

linking. This contribution to the overall effect is, however,

controversial since Schlenoff et al.17,18 have shown for LbL-

self-assembled PEMs that the charged groups in polyanions

and polycations compensate each other (intrinsic charge com-

pensation), except at the film–solution interface.

The dependence of reduced film thickness with the electro-

lyte anion (Table 4) can also be explained considering eqn (11),

since pairing between free amino groups and perchlorate will

reduce Pion and Pcoul leading to film de-swelling.

The smallest exchanged molar mass is observed when using

ClO4
� or BF4

�. We have shown that ClO4
�, and to a lesser

extend BF4
�, also produce a significant decrease in the elec-

trochemical response due to a decrease in the electron hopping

diffusion coefficient. Therefore these anions should present

greatest pairing constant (keq in eqn (10)). When the support-

ing electrolyte contains NO3
� the exchanged molar mass is

larger than for ClO4
� but still less than for Cl� or F�. The

cyclic voltammetry for PAH-Os/PVS multilayer in this case is

Table 5 Physical-chemical data for the ions employed in this work
compiled from refs. 58 and 59

Molar
mass/g mol�1

Ionic
radius/pm

Hydration
radius/pm

Hydration
number

Anions
Cl� 35.45 180 319 6–8
F� 19.00 263 124 4–6
NO3

� 62.00 316 177 6
BF4

� 86.81 — — —
ClO4

� 100 370 241 4–5
Cations
Na+ 22.99 236 97 6
Cs+ 132.9 314 173 8
Li+ 6.94 208 71 4
H3O

+ 1.008 275 141 4
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reversible and the current transients integrate to almost the

same charge as for Cl� and F�; thus we can conclude that

some ion pairing would occur for NO3
�, but is not important

enough to modify the charge transport in the time scales

employed in this work.

Finally Cl� and F� exhibit the largest exchanged mass and

the maximum charge, so we conclude that ion pairing is not so

important with these anions.

The ability of anions to form ion pairs with osmium sites

(and probably with cationic sites of the multilayer in general)

decreases in the order: ClO4
�
c BF4

� 4 NO3
� 4 Cl� , F�.

This is in close resemblance with the well known Hofmeister

series.

Site binding to these polyelectrolytes by anions that favour

contact ion pairing results in hydrophilic to hydrophobic

transformation with the collapse of polymer chains into a less

solvated state.57

4. Conclusions

The charge transport and the electrochemically driven redox

swelling have been studied for PAH-Os/PVS films as a func-

tion of the composition of the electrolyte, employing cyclic

voltammetry, electrochemical impedance spectroscopy, elec-

trochemical quartz crystal microbalance and in situ ellipso-

metry.

At low sweep rate, the voltamperograms show a thin film

Nernstian behavior for all electrolytes employed, except for

NaClO4 where diffusional behavior could be observed. In the

latter case, the hydrophobic ClO4
� ion pairs with fixed charges

in the multilayer, leading to dehydratation and crosslinking.

This produces a constraint in the segmental mobility of the

osmium sites which drastically reduces the apparent diffusion

coefficient for electron transport, as is revealed by EIS.

EQCM and in situ ellipsometry have shown that the film

mass and thickness (volume) increases during oxidation and

decreases during reduction. The observed exchanged masses

could only be explained assuming that the water is exchanged

in large excess to the counter-ions hydration water. A thermo-

dynamic explanation to this phenomenon has been proposed

based on the different contributions to the osmotic pressure.

Mass to charge plots also reveal that solvent fluxes are

always slower than charge injection in the multilayer film. It is

suggested that the uptake of solvent needs slow polymer chain

relaxation to create a cavity within the film.

The amount of exchanged water is very dependent on the

anion in the electrolyte but not on the cation as expected for

an anion exchanger film. The smaller exchanged masses ob-

served for NO3
�, BF4

� and ClO4
� could not simply be

explained as a consequence of a decrease in the injected

charge. The final hydration of the film should therefore

depend on the anion employed and on its ability to ion-pair

with fixed redox and non redox charged sites in the film, even

in the case where the charge transport is not directly affected.

As a conclusion, we have demonstrated that the electro-

chemistry of PEM redox multilayers is highly dependent on

the electrolyte employed and therefore its correct choice is

crucial for any application based on redox PEM modified

electrodes.
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