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In polymer films carrying an excess of fixed charge the electrostatic penalty to bring ions of same charge
from the bathing electrolyte into the film sets a membrane potential (Donnan Potential) across the film-
electrolyte interface. This potential is responsible for the ionic permselectivity observed in polyelectrolyte
membranes. We have used electrochemical measurements to probe the dependence of the Donnan potential
on the acid-base equilibrium in layer-by-layer self-assembled polyelectrolyte multilayers. The voltammpero-
gram peak position of the Os(III)/Os(II) couple in self-assembled polyelectrolyte multilayers comprised of
poly(allylamine) derivatized with Os(bpy)2PyCl+ and poly(vinylsulfonate) was recorded in solutions of
increasing ionic strength for different assembly and testing solution pH. Protonation-deprotonation of the
weak redox poly(allylamine) changes the fixed charge population in the as prepared (intrinsic) self-assembled
redox polyelectrolyte multilayers. For films assembled in solutions of pH higher than the test solution pH,
the Donnan plots (Eapp vs log C) exhibit a negative slope (anionic exchanger) while for films assembled at
lower pH than that of the test solution positive slopes (cationic exchanger) are apparent. The ion exchange
mechanism has been supported by complementary electrochemical quartz crystal microbalance. X-ray
photoelectron spectroscopy and infrared reflection-absorption spectroscopy experiments demonstrated that
the as prepared films have a memory effect on their protonation state during assembly, which leads to the
observed dependence of the Donnan potential on the adsorption pH.

1. Introduction

Very well characterized ultrathin films of polyelectrolytes can
be built over virtually any substrate by means of the layer-by-
layer self-assembly (LbL-SA) technique.1,2 As its name indi-
cates, the adsorption steps are self-regulating and therefore fine
control over the multilayer structure, composition, and properties
should be indirectly exerted by manipulation of different
processing variables. Due to the high degree of ionic cross-
linking in electrostatically self-assembled films,3 it is not
surprising that the most studied parameters affect the screening
or neutralization of polymer-bound charged groups, namely, the
ionic strength at processing2,4-6 and, for weak polyelectrolytes,
the pH of the dipping solution. Effects of the assembly pH on
film thickness,7,8 surface roughness,7 dielectric properties,9 and
surface wettability7,8,10 have been demonstrated.

The assembled multilayers also respond to pH changes in
the outer solution due to the acid-base equilibria in the weak
polyelectrolytes. Examples in the literature include swelling
transitions,11,12pH-induced microporosity,12 and changes in film
permeability7,13-15

The Donnan or membrane potential is of fundamental
importance in polymer science, since it governs the permse-
lectivity of polyelectrolyte structures toward ions in the external
solution. It arises from the presence of fixed ionic charge, which

exclude ions of the same charge. In weak polyelectrolytes films
the fixed charges are pH-dependent and therefore the acid-
base equilibria may determine the Donnan permselectivity.
Examples of this are the pH-dependent permeability of charged
organic molecules through polyelectrolyte films13-15 and mi-
crocapsules.16 Also, it has been demonstrated that ionic perm-
selectivity and permeability could be controlled by the pH during
assembly and testing in photo-cross-linked LbL-SA films.17

Cation selective pH-switchable multilayers have been con-
structed from photolysis of multilayers containing photo-cross-
linkeable and photolabile groups.18

In a previous report,19 direct measurement of the Donnan
potential in multilayers built from poly(allylamine) modified
with Os(bpy)2PyCl+ (PAH-Os, see inset in Figure 2) and anionic
poly(vinyl sulfonate) was achieved recording the apparent redox
potential of the osmium couple in electrolyte solutions. While
Donnan permselectivity was shown to depend on the nature of
the polyelectrolyte capping layer and the ionic strength, the
influence of the solution pH during assembly and testing was
not systematically studied. Here we have extended these studies
to analyze the effect of the acid base equilibria on the Donnan
potential of redox weak polyelectrolyte multilayers by combin-
ing electrochemical methods (cyclic voltammetry (CV) and
electrochemical quartz crystal microbalance (EQCM)) with
surface characterization techniques (X-ray photoelectron spec-
troscopy (XPS), Fourier transform infrared reflection-absorp-
tion spectroscopy (FTIR-RAS) and ellipsometry) The present
study is relevant to the design of structures with specific ionic
permselectivity and to aspects of supramolecular chemistry of
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weak polyelectrolyte layer-by-layer self-assembled films such
as charge balance and structure-function relationships.

2. Experimental Section

2.1. Reagents and Materials.All solutions were prepared
with 18 MΩ Milli-Q (Millipore) water. The following chemicals
were used without further purification: poly(acrylic acid), PAA
(35% solution in water,Mw ≈ 100 000, Aldrich); poly(sodium
vinyl sulfonate), PVS (25 wt % solution in water, Aldrich);
sodium 3-mecapto-propane-sulfonate, MPS (Aldrich). Chemicals
employed in electrolyte solutions, glacial acetic acid, ammonium
hydroxide, KNO3, Trizma base, and TrizmaHCl, 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.20 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 polyelec-
trolyte solutions. The pH of the PAH-Os, PVS, and PAA
solutions was adjusted employing 0.1 M solutions of HCl or
NaOH respectively.

2.2. Surface Modification. Silicon (100) substrates were
coated with 200 nm gold layer on a 20 nm titanium and 20 nm
palladium adhesion layer by thermal evaporation with an
Edwards Auto 306 vacuum coating system atP < 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, OK, catalogue 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 adsorption,
the first polycation layer was deposited on thiol-modified Au
surface by immersion in PAH-Os 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 PAA) 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 measurements and EQCM.21

2.3. Electrochemical Experiments.Cyclic voltammetry
measurements were carried out at room temperature with an
Autolab PGSTAT 30 potentiostat (Autolab, Ecochemie, Hol-
land). 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.

A Ag/AgCl electrode (3 M KCl (0.210 V vs NHE)) was
employed as the reference electrode, and all electrode potentials
herein are quoted with respect 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.22

2.4. Electrochemical Quartz Crystal Microbalance.The
quartz crystal resonator at 10 MHz was used as a QCM ,which
has been described elsewhere.23 The crystals were mounted in
the cells by means of viton 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 thin,24 and therefore frequency shifts have been
directly transformed into mass changes by 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 70.00°. All adsorption steps
were carried out avoiding any variations of the electrode position
in order to keep the system alignment. Ellipsometric parameters
variations lower than the data dispersion for a single measure-
ment (0.01 inψ and 0.05 in∆) were guaranteed in this way.

Ellipsometric anglesψ and∆ were determined from reflec-
tion-induced changes in the state of polarization of linearly
polarized light; these were related to the ellipsometric ratioF

where tanψ represents the amplitude change inF, ∆ is the phase
difference change, andrp and rs are the complex reflection
coefficients for light polarized parallel and perpendicular to the
plane of incidence, which depend on the structure and optical
properties of the system.

After each adsorption step, the sample was rinsed with
Milli-Q water and dried with N2. Then, the ellipsometric
parameters,ψ and∆, were collected manually. The experimental
data were fitted as described elsewhere.25

2.6. FTIR-RAS Experiments.Infrared spectra were recorded
using a Nicolet Magna 560 FTIR spectrometer with an MCT-A
cryogenic detector. Reflection absorption spectroscopy was

Figure 1. Cyclic voltammograms of (PAH-Os)4(PVS)4PAH-Os mul-
tilayer modified Au electrodes self-assembled from PVS and PAH-Os
solutions of different pH, 3.5, 5.5, 7.3, and 8.3, and measured in pH
7.3 solution (0.2 mM KNO3 Tris 20 mM). Sweep rate: 0.025 V s-1.

Figure 2. Donnan potential calculated with eq 5 vsCS for different
concentrations of fixed charge in PAH-Os polyelectrolyte film (from
top to bottom): 0.10, 0.05, 0.01, 0,-0.01, -0.05, -0.10 M. Inset:
Chemical structure of PAH-Os.

F ) tan(ψ) exp(i∆) )
rp

rs
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measured as described elsewhere26 with a 4 cm-1 spectral
resolution integrating 100 interferogram scans.

2.7. XPS Experiments.XPS measurements were performed
using a commercial XPS system (Specs SAGE 150) equipped
with a dual-anode Mg/Al X-ray source and an hemispherical
electron energy analyzer. The reported binding energies (BEs)
are based on the analyzer energy calibration using reference
samples (Ag 3d5/2 and Au 4f7/2). No charge compensation was
necessary and no differential charging features were observed
(e.g., low BE tails) given that we have measured sufficiently
thin films on grounded conducting substrates. Atomic ratios were
calculated from the integrated intensities of core levels after
instrumental and photoionization cross-section corrections.27

3. Results and Discussion

3.1. Determination of the Donnan Potential from the
Os(II)/Os(III) Apparent Redox Potential. The effect of the
acid-base equilibria on the electrochemical response of redox
multilayers assembled from solutions of different pH in the range
3.5 to 8.3 was probed by cyclic voltammetry. For each assembly
pH condition, two films that differ in the nature of the capping
layer were built: (PAH-Os)4(PVS)4PAH-Os (positively charged
PAH-Os capping layer) and (PAH-Os)5(PVS)5 (negatively
charged PVS capping layer).

Figure 1 shows voltammograms recorded for (PAH-Os)4-
(PVS)4PAH-Os electrodes built from solutions of different pH.
Several general trends can be observed in the voltammetric
waves of the osmium pyridine-bipyridine complex:

(i) The area under the peaks increases the higher the pH of
redox polymer solutions; thus the total amount of adsorbed
polymer increases at higher pH. This will be discussed in section
3.4: Effect of the Assembly pH on Film Thickness.

(ii) There is a slight increase in the separation between the
oxidation and reduction peaks with the decrease of the adsorp-
tion pH, from an almost zero value (ideal surface reversible
system) at pH 8.3 to approximately 34 mV at pH 3.5. The same
behavior has been previously reported for PAH-Os/glucose
oxidase (GOx) multilayers28 and has been ascribed to a
hindrance in charge transport for films assembled at low pH,
because they have a more compact structure than those built at
higher pH and therefore have more restricted segmental motions
and less mobile redox centers.

(iii) The peak position shifts toward higher potential values
the higher the adsorption pH. This has been been explained by
Anson29,30 and Doblhofer31,32 as resulting from a Donnan or
membrane potential between the electrolyte and the film.19

The shift in apparent redox potential (Eapp
1/2) is equal to the

interfacial electrical potential that arises due to the different ionic
composition inside the film and in the electrolyte

where E0 is the formal redox potential of the Os(II)/Os(III)
complex in the absence of electrostatic work terms due to the
charged polymer film, i.e., in solution, and∆φD is the interfa-
cial Donnan potential, which is related to the presence of
pH-dependent fixed charges in the film. In the treatment above
we have neglected the small correction for liquid junction
potential.33,34

Assuming for simplicity that there is no change in the
resolvation energy of the exchanged ions in the solution and
inside the film, that they have the same activity coefficients
and neglecting the effect of the solution ionic strength and the
redox state of the film on the concentration of fixed charges,

∆φD can be calculated with19,32

whereCS is the 1:1 electrolyte concentration in the external
solution andCF is the concentration of fixed charged sites in
the polymer and can be positive/negative for films bearing fixed
positive/negative fixed ionic charges. A detailed derivation of
eq 2 has been included in the Supporting Information. It should
be noted that the difference with eq 1 in ref 19 whereCF was
strictly positive and the sign of the fixed charges was accounted
for the parameterω, while in the present analysisCF can be
either positive or negative.

For CS , CF, Donnan preselectivity applies and eq 2 is
simplified to

whereω ) +1 for anion exchange and positive charge in the
polyelectrolyte, and converselyω ) -1, CF refers here to the
analytical concentration of charges or|CF|. Equation 3 has been
used in the seminal work of Naegeli et al.29 to explain Donnan
effects for Nafion coated electrodes, but it does not account for
Donnan breakdown atCS g CF while eq 2 does.

Equation 2 strictly refers to the ionic equilibrium between
two phases: (i) a thick membrane carrying a number of fixed
charges and (ii) an external electrolyte. For thinner membranes,
i.e., membranes with a surface charge and thicknessd f 1/κDH

(κDH is the Debye-Hückel parameter of the surface charge) the
Donnan potential leads to the surface potential.35 In the present
work we have studied multilayer films withd g 6 nm, and the
analysis was carried out with the standard Donnan model.

For ampholytic films (such as LbL multilayers)CF should
be regarded as the difference between the concentration of
positive and negative fixed charges in the film,36 which in turn
should be average concentrations, neglecting their distribution
across the film. For a PAH-Os/PVS multilayer in the freshly
prepared (reduced) state

The effect of the electrolyte concentration on the resulting
Donnan potential predicted by eq 2 is shown in Figure 2
calculated for different values ofCF from -0.10 to 0.10 M.
Note that the sign of the Donnan potential is only determined
by the sign ofCF. At low salt concentrationsCS , |CF|, Donnan
permselectivity applies, and a linear dependence with a slope
of 60 mV per 10-fold in the Galvani potential difference is
observed. Under these conditions the film behaves as a cation
exchanger (CF < 0 M) or anion exchanger (CF > 0 M) during
the redox switching. At high electrolyte concentration (CS .
|CF|), Donnan breakdown occurs, and the exchange of salt (anion
and cation) takes place.

In order to determine the effect of the acid-base equilibrium
over the interfacial Donnan potential, cyclic voltammograms
were measured at pH 7.3 in buffer solutions of different ionic
strength for films self-assembled from different pH solutions.
A typical example is depicted in Figure 3, which shows that
the peak potential in voltammograms recorded for a positively
capped (PAH-Os)4(PVS)4PAH-Os film shifts toward more
negative values with the increase in salt concentration (as
predicted by eq 2 for a film with CF > 0 M). In all experiments

Eapp
1/2 ) E0 + ∆φD (1)

∆φD ) RT
F

ln[CF + (CF
2 + 4CS

2)1/2

2CS
] (2)

∆φD = ω RT
F

ln(CF

CS
) (3)

CF ) [NH3
+]PAH-Os + [Os(bpy)2PyCl+]PAH-Os - [SO3

-]PVS

(4)
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the apparent redox potential was determined as the average
between oxidation and reduction peaks. This is important for
voltammograms with a nonzero peak separation, an effect that
is particularly noticeable for negatively charge capped multi-
layers in low ionic strength solutions, due to slow diffusion of
charge in the film.37

Donnan plots forEapp
0 vs salt concentration are depicted in

Figure 4. Dotted curves show the best fit to the data with the
equation resulting from the substitution of eq 2 in eq 1

The best fits values forCF are shown in Figure 6A as a bar
plot for easy visualization. From these results it can be observed
that for a fixed assembly pH, those films terminated in positively
charged PAH-Os always exhibit a greater value forCF (greater
proportion of positive fixed charges) than those capped with
negatively charged PVS. The effect of the assembly pH is also
noteworthy: For a fixed capping layer,CF increases monotoni-
cally with the increase of adsorption pH. Thus the nature of

the capping layer not always determines the ionic exchange
behavior: Films assembled from pH 8.3 solution always exhibit
positive values ofCF while films assembled at pH 3.5 result in
negativeCF values. Films assembled between pH 5.5 and 7.3
also follow the general trend, but the sign ofCF depends on the
nature of the capping layer. Similar results have been obtained
when the polyanion, PVS, was substituted with PAA (Table 1,
Supporting Information). The value forE0 of (271 ( 5) mV
(averaged over all the experiments, Tables 1 and 2, Supporting
Information) is also in good agreement with 260 mV reported
for Os(bpy)2ClPyCHO in solution.19

In order to explain the effect of the adsorption pH and capping
layer on the Donnan potential we shall consider two different
contributions to the excess of fixed charges,CF. The first one

Figure 3. Cyclic voltammograms of (PAH-Os)4(PVS)4PAH-Os mul-
tilayer modified Au electrode self-assembled from PVS and PAH-Os
solutions of pH 8.3 and measured in pH 7.3 solutions of different KNO3

concentrations: 8, 40, 137, 481, 932 and 1500 mM. Sweep rate: 0.025
mV s-1.

Figure 4. Apparent formal redox potential for9 (PAH-Os)4(PVS)4PAH-
Os (positively charged capping layer) andO (PAH-Os)5(PVS)5
(negatively charged capping layer) modified electrodes self-assembled
from PAH-Os/PVS solutions of different pH, (A) 8.3, (B) 7.3, (C) 5.5,
and (D) 3.5, and measured in pH 7.3 solutions of different KNO3

concentration,CS. Dotted lines are best fits with eq 5 (see Table 1 in
Supporting Information for best fit parameters).

Eapp
1/2 ) E0 + RT

F
ln[CF + (CF

2 + 4CS
2)1/2

2CS
] (5)

Figure 5. Apparent formal redox potential for9 (PAH-Os)4(PVS)4PAH-
Os (positively charged capping layer) andO (PAH-Os)5(PVS)5
(negatively charged capping layer) modified electrodes self-assembled
from PAH-Os/PVS solutions of pH 7.3 and measured in solutions of
different pH, (A) 4, (B) 7.3, and (C) 10, and KNO3 concentration.
Dotted lines are best fits to eq 5 (see Table 2 in Supporting Information
for best fit parameters).

Figure 6. Best fit values ofCF to the data presented in (A) Figure 4
and (B) Figure 5 with eq 5 for (PAH-Os)4(PVS)4PAH-Os (black bars,
positively charged capping layer) and (PAH-Os)5(PVS)5 (gray bars,
negatively charged capping layer) self-assembled multilayers.
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accounts for the effect of the capping layer and is produced by
the presence of the topmost layer in contact with the liquid
electrolyte. In a three-zone model proposed by Decher,2 this is
a region adjacent to the electrolyte and characterized by an
excess of fixed charges compensated by mobile ions. These
fixed charges are not strictly located at the electrolyte/film
boundary but distributed within a region in the last few layers
due to polyelectrolyte interpenetration.2,38The existence of this
region is inherent to the LbL construction principle and has been
widely demonstrated by surface potential measurements.39-41

The second contribution toCF arises from the assembly
solution pH. When multilayers built from solutions of different
pH are transferred to the measuring solution of pH 7.3,
protonation occurs for those films prepared at pH> 7.3 (eq
6a), and deprotonation for those prepared at pH< 7.3 (eq 6b)

Note that in both equations a positive or negative fixed charge
in the multilayer is created by the uptake of mobile H+ or OH-

from the electrolyte, respectively. Unlike the effect of the
topmost layer, this mechanism is valid for the whole multilayer.
It also implies that LbL self-assembled multilayers have a
memory effect on the pH of assembly, as will be demonstrated
below.

For multilayers containing weak polyelectrolytes, the charge
density in the polymer can be changed by the external solution
pH after building up the LbL self-assembled structure at a given
pH. Therefore cyclic voltammetry experiments were performed
in solutions of different pH (4, 7.3, and 10), for films assembled
from PAH-Os and PVS solutions of pH 7.3. Figure 5 shows
the resulting Donnan plots forEapp

0 vs salt concentration, and
the best fit values forCF employing eq 5 are depicted in Figure
6B. Here again, films capped with positively charged PAH-Os
exhibit larger values ofCF than those finished in negatively
capped PVS. For films bearing the same capping layer,CF

decreases with an increase in the measuring solution pH due to
film protonation for pH< 7.3 and deprotonation when tested
at pH> 7.3. For experiments at pH 7.3 the protonation state of
the film remains unchanged, and the sign of CF is determined
by the nature of the topmost assembled layer (symmetric curves
in Figure 5B). These results demonstrate that the Donnan

potential depends not on the pH of the assembly solution but
on the relationship between the pH of assembly and testing
solutions, as is predicted by eqs 6a and 6b.

3.2. Effect of the Assembly pH on Ion Exchange.Under
Donnan permselectivity, eq 5 predicts that films with positive
CF should behave as anion exchangers and films with negative
CF as cation exchangers. EQCM has been used to study ion
exchange in PAH-Os capped films assembled at pH 8.3 and
3.5. We have chosen the number of bilayers in order to have
approximately the same osmium coverage in both films: 14.5
bilayers were used for the film assembled at pH 8.3 (high redox
charge per bilayer, Figure 10) and 59.5 bilayers for the film
assembled at pH 3.5 (low redox charge per bilayer). Areal mass
and charge transients were recorded in 0.01 M NaCl solution
for an oxidation potential step from 0.10 V (fully reduced state)
to 0.60 V (fully oxidized state) followed by a reduction potential
step to 0.10 V after 60 s. In EQCM experiments, anion
exchangers exchange positive molar masses (∆m/∆q), which
result in mass increase during oxidation (anions entering the
film) and decrease during reduction (anions leaving the film).
On the other hand, for films that exchange cations the opposite
behavior is to be expected and thus negative molar masses are
exchanged with the external solution.

Figure 7 depicts plots for charge (A) and mass (B) transients

TABLE 1: Fraction of Unprotonated Amine Groups, NH 2/(NH3
+ + NH2), PAH-Os Molar Content, and Ratios of Fixed Positive

Charges (Os(bpy)2PyCl+and NH3
+) to Fixed Negative Charges (SO3

-) Determined from XPS Experiments for
(PAH-Os)4(PVS)4PAH-Os (PAH-Os-Capped) Multilayers Self-Assembled at Different pH

assembly pH NH2/(NH3
+ + NH2) % PAH-Os Os(bpy)2PyCl+ + NH3

+/SO3
- NH3

+/SO3
- Os(bpy)2PyCl+/SO3

-

8.3 0.19 52 0.96 0.87 0.09
7.3 0.19 51 0.94 0.86 0.08
5.5 0.03 49 1.01 0.93 0.08
3.5 0.05 48 0.95 0.88 0.07
PAH-Os cast form pH 8.3 solution 0.72

TABLE 2: Refractive Index ( n), Extinction Coefficient (k),
and Steady-State Bilayer Thickness for
(PAH-Os)4(PVS)4PAH-Os4/5 Multilayers Assembled at
Different pH

assembly pH n k bilayer thickness/nm

8.3 1.58 0.011 9.7
7.3 1.56 0.011 2.07
5.5 1.56 0.0015 1.2
3.5 1.56 0 1.0

Pol-NH2 + Haq
+ T Pol-NH3

+ (6a)

[(Pol-NH3
+)(PVS-SO3

-)] + OHaq
- T PVS-SO3

- +
Pol-NH2 + H2O (6b)

Figure 7. Charge (A) and mass (B) transients and end-to-end mass to
charge (C) plot during chronoamperometry of (PAH-Os)n/(PVS)n-1

multilayers self-assembled from solutions of pH 8.3 (9, n ) 15) and
pH 3.5 (O, n ) 60) for the oxidation and reduction of the Os(II/III) in
10 mM NaCl from 0.1 to 0.6 V.
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and end-to-end mass to charge plots (C) for the films assembled
at pH 8.3 and 3.5 respectively. While the charge transients
(Figure 7A) are similar in shape and intensity for both films,
the mass transients (Figure 7B) and the mass-to-charge plot
(Figure 7C) show important differences. The film assembled at
pH 8.3 behaves as anion exchanger with an apparent exchanged
molar mass of 177 g mol-1, which is greater than the molar
mass of the anion (Cl-, Mr 35.45 g mol-1). This indicates
solvent uptake during oxidation and release during reduction
as was previously described.42 On the other hand, the film
assembled at pH 3.5 exhibits an exchanged molar mass of 19 g
mol-1, smaller than the molar mass of the anion, which suggests

that during oxidation/reduction cation exchange compensates
charge but its mass is masked by the flux of solvent.

As a conclusion, EQCM experiments demonstrate that the
assembly pH could be used to tune ionic permselectivity. This
is in agreement with previous experiments carried out by Park
et. al17 with non-redox PAH/PAA cross-linked multilayers,
which showed selective permeation of Fe(CN)6

3- or Ru-
(NH3)63+ when constructed from basic or acidic solutions,
respectively.

3.3. Effect of the Assembly pH on Film Composition and
Charge Balance.We have shown that films prepared from
solutions of different pH but transferred to a solution of pH 7.3
exhibit different Donnan potentials and ion exchange behavior.
This memory effect on the assembly solution pH can be
explained on the basis of different populations of protonated/
unprotonated amino groups in PAH-Os.

We have used FTIR-RAS and XPS to study the effect of the
acid-base equilibrium on the relative populations of NH2,
NH3

+, SO3
-, and the Os complex during the adsorption process

from solutions of different pH.
Figure 8 shows the FTIR-RAS spectra in the region 4000-

2500 cm-1 for films assembled at different pH and comprised
of 14.5 bilayers. The main difference between the spectra of
multilayers assembled from neutral and basic solutions (pH 8.3
and 7.3) and those assembled from acidic (pH 5.5 and 3.3)
solutions is the presence in the formers of a broad asymmetric
band in the 3600-3300 cm-1 spectral region. This band is a
convolution of the symmetric and asymmetric N-H stretching
bands of the free amino groups expected at∼3290 cm-1 and
∼3350 cm-1, respectively,17 and the associated water band at
3450 cm-1.26

The spectra also show some features which are common to
all multilayers: (i) the band centered at 3070 cm-1 produced
by the overlapping between the asymmetric NH3

+10,17,26and the
aromatic C-H stretching modes of pyridine and bypyridine
ligands in the osmium complex and (ii) several overlapping
bands in the region 3000-2850 cm-1 (dominated by a peak at
2917 cm-1), which are typical of methyl and methylene groups
stretching modes.26 These bands are more intense the higher
the assembly pH, indicating an increase in the amount of
adsorbed polymer.

The quantitative analysis required to calculate the degree of
ionization by FTIR is highly complicated by the presence of
several overlapping bands10,11 but is a relatively easy task
employing XPS. Figure 9 shows the XPS spectra (not to scale)
in the N 1s region for multilayers adsorbed from solutions of
pH 8.3 and 5.5 and for PAH-Os cast from a solution of pH 8.3.
Two components centered at (400.0( 0.2) and (401.8( 0.1)
eV could be fitted to peaks in the region. The low BE component
is associated to the N atoms from the aliphatic NH2

43 in the
PAH-Os backbone and from the N in pyridine and bypyridine
ligands in the osmium complex.44 The second contribution is
originated from aliphatic NH3

+,43 whose positive charge shifts
the peak to higher BEs. The relative amount of each component
is dependent on the adsorption pH and for pH 8.3 depends
whether the PAH-Os is forming part of a multilayer or not.

In order to quantify the degree of ionization, we first should
determine the contribution of pyridine/bypyridine to the low
BE peak. This could be accomplished performing the quanti-
fication of osmium content and using the structural proportion
of five pyridinic N atoms per Os atom present in PAH-Os.
Unfortunately it is impossible to obtain good quantification from
the osmium peaks due to overlapping with other elements,
except in the case of rather thick multilayers where the intensity

Figure 8. Ex situ FTIR-RAS spectra of (PAH-Os)15(PVS)14 films in
air. Incidence angle 80° and reference signal thiolated Au for films
assembled from PAH-Os and PVS solutions of different pH as indicated.

Figure 9. XPS N 1s spectra for a PAH-[Os(bpy)2PyCl+]Cl- cast film
on Au (×), and self-assembled (PAH-Os)4(PVS)4PAH-Os multilayer
films from PAH-Os and PVS solutions of pH 8.3 (0) and 5.5 (9).

Figure 10. Ellipsometric thickness at 632.9 nm vs number of self-
assembled layers for (PAH-Os)n(PVS)m for assembly solutions of
indicated pH values.
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of the Au 5p3/2 peak (overlapping the Os 4f peak) is negligible.
We therefore first have determined the molar relationship
between total N and osmium from the (thick) PAH-Os cast film
and employed this result to calculate the ratio of pyridinic N to
total N (0.28), which remains constant for different multilayers
because PAH-Os is the only source of nitrogen (N was absent
in dry cast PVS films). Then for each different multilayer, we
simply determined the pyridinic N from the pyridinic N to total
N ratio and the total area of the N 1s peak. A degree of
substitution of 1:11.6 (fraction of allylamine segments bearing
an attached osmium complex) was also calculated from the total
N/Os ratio.

The degrees of ionization for PAH-Os in the multilayers and
cast film are reported in Table 1. In agreement with FTIR-RAS
results, in the films assembled from solutions of pH 8.3 and
7.3 a fraction (∼20%) of the amino groups are deprotonated,
while almost only protonated (95-97%) amino groups exist in
multilayers assembled at pH 3.5 and 5.5. As a comparison,
degrees of charging in the range 0.7-0.9 were reported for the
system PAH/poly(styrene sulfonate) based on similar XPS
measurements.43 Table 1 also indicates that the degree of
charging of PAH-Os decreases from 81% in pH 8.3 multilayer
to 27% in the cast film. Several examples from this effect are
reported in the literature,10,45-49 showing that the degree of
ionization of a weak polyelectrolyte forming part of a multilayer
is increased with respect to its solution value due to the presence
of an opposite charged polyelectrolyte. While these works
reported apparent pKa values different from the solution
counterparts but averaged over all the multilayer, Von Klitzing
and Möwald48 proposed the existence of a proton concentration
profile, and hence an apparent pKa profile, within LbL poly-
electrolyte films.

The charge balance in the internal region of LbL multilayers
is still an open issue in the literature. Schelenoff50 has coined
the terms “extrinsic” and “intrinsic” to refer to those multilayers
where charge balance is achieved with and without the
participation of small mobile ions, respectively. Limiting the
analysis to multilayers containing PAH, intrinsic charge com-
pensation is supported by direct quantification of infrared active
ClO4

- content by ATR-FTIR.3 On the other hand, Riegler and
Essler51 suggested that one-third of PAH charges in PAH/poly-
(styrene sulfonate) films are extrinsically compensated based
on ellipsometric and Langmuir-Blodgett isotherms measure-
ments. The presence of mobile ions in multilayers was also
supported by X-ray and neutron reflectivity52 and fluorescence
measurements.40 In an XPS study performed on PAH/PSS
multilayers assembled from solutions containing increasing salt
concentration,43 mobile ions were only absent for assembly
solutions without added salts. We have performed XPS mea-
surements in the Cl 2p and Na 1s spectral regions in order to
determine the type of charge compensation in our system. It is
worthwhile to mention that the only small ions present in our
PAH-Os and PVS solutions were chloride and sodium ions
compensating polyelectrolyte electrostatic charges. The Na 1s
peak was absent in all spectra, regardless of the assembly pH.
In the case of Cl 2p, a small peak was observed, in quantitative
agreement with the stoichiometric amount of chloride present
in the osmium complex. It is important to point out that these
results imply concentrations of Na+ and Cl- bellow the
quantitation limit rather than the total absence of these elements,
since and mobile ions are necessary to balance the charge of
the topmost layer even in an intrinsic charge compensation
scenario. XPS results also allow the calculation of the ratio of
positive (NH3

+ + Os(bpy)2PyCl+) to negative (SO3
-) fixed

charges in the film, which was close to unity in all experiments
(Table 1). As a comparison, a similar study performed in poly-
(butanylviologen)/poly(styrenesulfonate) multilayers exhibited
1:1 stoichiometry and the absence of mobile ions within the
film.53 In other words, the experimental evidence indicates
intrinsic charge compensation in multilayers deposited from
PAH-Os and PVS solutions without added salts.

While the relative population of free to charged amino groups
increases with the adsorption pH, charge balance in the
multilayers is intrinsic under all assembly conditions. As a result,
those films assembled from basic solutions should exhibit higher
molar contents of PAH-Os in order to compensate for its smaller
degree of protonation as it is shown in Table 1. These differences
in composition are responsible for the differences in the Donnan
potentials measured for multilayers prepared from solutions of
different pH but tested under identical conditions. In this context
it is interesting to point out that in cast or electropolymerized
random films, ionic exchange was usually determined by mixing
the solution of the redox polymer or electro-polymerizable
monomer with a solution of an oppositely charged polyelec-
trolyte.54,55The control of the ion exchange in LbL multilayers
by the pH from which PAH-Os is adsorbed modifies the relative
composition of the multilayer, producing a similar effect as the
former.

In redox polyelectrolyte multilayers the transition from
intrinsic polyion-polyion electrostatic compensation to extrinsic
polyion-mobile ion interaction can occur by (i) change in the
protonation degree of the film by contact with solutions of
different pH, (ii) by electrochemical oxidation or reduction
thereby introducing extra charge,56 and (iii) by doping in salt
solutions of high ionic strength.57

3.4. Effect of the Assembly pH on Film Thickness.The
dependence of film thickness with the assembly pH has been
described by Rubner et al. for several systems including at least
one weak (non-redox) polyelectrolyte.7,10 We have studied the
system PAH-Os/PVS employing ellipsometry and XPS. In ex
situ ellipsometric experiments, the ellipsometric angles (∆ and
ψ) were measured in different stages of the self-assembly
process and fitted under the assumption that the refractive index
(n) and extinction coefficient(k) are independent of the number
of assembled layers25 (see Supporting Information for∆ vs ψ
plots). In Figure 10, the ellipsometric thickness of the multilayers
has been plotted as a function of the dipping cycle number.
For each curve, an initial slow film growth is evident in the
first few dipping cycles due to the effect of substrate (up to
thickness≈ 7.5 nm), and then a linear growth is observed.

The electrostatic adsorption of the redox polyelectrolyte from
PAH-Os solutions of different pH in the range from 3.5 to 8.3
results in quite different film thicknesses as measured by
ellipsometry at 632 nm, which grows with the number of dipping
cycles more pronounced for PAH-Os solutions of pH above 7,
where poly(allylamine) has fewer protonated amino groups. This
trend is in agreement with the results reported in previous
sections for the redox charge and IR absorbance probed by cyclic
voltammetry and FTIR-RAS, respectively. Table 2 compiles the
best fit values forn andk and the steady-state bilayer thickness.

These experimental observations can be explained considering
the linear charge density of polyelectrolyte chains in the
assembly solution. At high pH the linear charge density is small
and the polymer adopts coiled conformation (maximum en-
tropy), which in turn promotes high segmental population of
loops and tails during adsorption on the surface as reported for
(PAH-Os)n(GOx)n.28 At low pHs, a high linear charge density
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in the polyelectrolyte results in an extended rod conformation
which is adsorbed flat on the surface.

When compared with previous reports,10 the growth rate
dependence on the assembly pH for PAH-Os/PVS is qualita-
tively the same as for PAH/PVS. However, a deeper analysis
shows that for a given pH, the bilayer thicknesses for PAH-
Os/PVS are larger by a factor close to two, probably due to the
inclusion of the bulky osmium pyridine-bipyridine complex.

The XPS measurement of the film thickness was performed
by analyzing the signal of the underlying Au substrate, which
is attenuated by the PAH-Os/PVS multilayer. The decrease in
the intensity of the Au 4f photoelectrons with film thickness
could be described by the equation58

whereI is the area of Au peak for a multilayer of thicknessd,
I0 is the area of the Au peak for the bare Au electrode, andLAu

is the effective attenuation length. We have estimatedLAu )
3.0 nm from the ellipsometric data for multilayers assembled
at pH 7.3. Table 3 shows the comparison of XPS and
ellipsometric thickness values for films with 4.5 and 5 assembled
layers, respectively. The quantitative agreement between the
techniques is excellent for adsorption solution pH 3.5, 5.5, and
7.3, but some discrepancy is found for pH 8.3. Therefore we
consider XPS as valid alternative to ex-situ ellipsometry for
film thickness determination.

4. Conclusions

We have employed the covalently attached osmium complex
in PAH-Os, a weak polyelectrolyte, as an electrochemical probe
to study how acid-base equilibrium alters the Donnan potential
in LbL-SA PAH-Os/PVS films. Cyclic voltamperometry experi-
ments were performed under different experimental conditions
such as the pH and ionic strength of the test electrolyte solution,
the pH of the PAH-Os and PVS solutions during film self-
assembly, and the nature of charge of the topmost layer.

The peak potential dependence on electrolyte ionic strength
was fitted to the Donnan potential equation (eq 5) to yield
information on the concentration and sign of fixed ionic charges
in the film. These results showed two independent contributions
to the Donnan potential, the first arising from the charges
introduced by the topmost layer, mainly located in the outer
region of the multilayer, and the second one produced by the
charges created or destroyed during protonation or deprotonation
of the amino groups throughout the film. We have demonstrated
that this latter contribution depends on the relationship between
the self-assembling and testing pH:

(i) In the case where the testing solution pH< self-assembling
pH, protonation of the amines occurs (eq 6a), and the Donnan
potential, ∆φD, is positive. EQCM experiments showed a
positive exchanged molar mass in excess to the anion molar
mass, suggesting the exchange of anions and solvent.

(ii) If the testing solution pH> self-assembling pH, the
amines in the film became deprotonated (eq 6b), and the Donnan
potential is negative due to an excess of sulfonate groups; thus
cations enter the film to compensate for the charge. EQCM
experiments showed a positive exchanged molar mass, though
smaller than the anion molar mass, which suggests the exchange
of both cations and solvent.

(iii) Finally when the testing solution pH≈ self-assembling
pH, the degree of protonation of amines in the film remains
unchanged and the Donnan potential is determined by the excess
charge in the polyelectrolyte capping layer.

The proposed mechanism requires that the freshly self-
assembled multilayers have memory of their assembly solution
pH, based on the degree of protonation of the amines in PAH-
Os and the PAH-Os to PVS molar ratio as has been proved by
XPS and FTIR-RAS measurements.

As a concluding remark, we have demonstrated that acid-
base equilibrium in layer-by-layer self-assembled polyelectrolyte
films has a profound impact on the Donnan potential. On the
basis of several experimental techniques, we have provided a
detailed description of the mechanisms involved and have shown
how the effect can be used to control the ionic exchange in
redox active multilayers. Work is in progress to assess the
validity of the Donnan model for thin (d ≈ 1/κDB) redox
polyelectrolyte films.
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