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pH-responsive ion transport in polyelectrolyte
multilayers of poly(diallyldimethylammonium
chloride) (PDADMAC) and poly(4-styrenesulfonic
acid-co-maleic acid) (PSS-MA) bearing strong-
and weak anionic groups†
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The layer-by-layer construction of interfacial architectures displaying stimuli-responsive control of mass

transport is attracting increasing interest in materials science. In this work, we describe the creation of

interfacial architectures displaying pH-dependent ionic transport properties which until now have not been

observed in polyelectrolyte multilayers. We describe a novel approach to create pH-controlled ion-rectifying

systems employing polyelectrolyte multilayers assembled from a copolymer containing both weakly and

strongly charged pendant groups, poly(4-styrenesulfonic acid-co-maleic acid) (PSS-MA), alternately deposited

with poly(diallyldimethylammonium chloride) (PDADMAC). The conceptual framework is based on the very

contrasting and differential interactions of PSS and MA units with PDADMAC. In our setting, sulfonate groups

play a structural role by conferring stability to the multilayer due to the strong electrostatic interactions

with the polycations, while the weakly interacting MA groups remain ‘‘silent’’ within the film and then act

as on-demand pH-responsive units. When these multilayers are combined with a strong cationic

capping layer that repels the passage of cationic probes, a pH-gateable rectified transport of anions is

observed. Concomitantly, we also observed that these functional properties are significantly affected

when multilayers are subjected to extensive pH cycling as a consequence of irreversible morphological

changes taking place in the film. We envision that the synergy derived from combining weak and strong

interactions within the same multilayer will play a key role in the construction of new interfacial

architectures displaying tailorable ion transport properties.

Introduction

The fabrication of polymer thin films with precisely defined and
tunable functions incorporated into their physical domains has
been the subject of intensive research during the last decade.
Within this context, the layer-by-layer (LbL) adsorption technique
emerged as an alternative ‘‘bottom-up’’ approach exploiting
the self-assembly of diverse building blocks by noncovalent
interactions, thus providing a low cost and facile way to create
sophisticated multilayered interfacial architectures with the
potential of integrating a broad variety of functional units into

the film. This technique was first proposed by Iler in 1966,1 and
then rediscovered by Decher and Hong in 1991,2 and is based
on the alternate deposition of polyanions and polycations on a
charged surface in order to form polyelectrolyte multilayers with
nanometer-level control over the structure, composition, and prop-
erties.3 Today this technique has taken on a new dimension,4,5 as
can be seen by the increasing number of applications of LbL
assemblies in, namely photodiodes,6 optical devices,7 filtration
membranes,8 self-supported membranes with highly enhanced
Young’s moduli,9 fuel cell membranes,10 drug11 and biomaterial12

release systems, or biologically active coatings.13

Intensive research by different groups demonstrated that
the properties of these assemblies depend on several condi-
tions including polymer type and concentration,14–16 molecular
weight,17–20 salt type and concentration,21–26 and pH (when
weak polyelectrolytes are involved).27–31 In addition, it has been
shown that the properties of the films depend on the nature of
the outermost assembled layer.29 Shiratori and Rubner28
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described how the thickness of polyacrylic acid/poly(allylamine
hydrochloride) (PAA/PAH) films depends on the charge density
of both polymers in solution, observing that thicker films are
observed when both polymers are charged. In the case of weak
polyelectrolytes it is possible to control the film properties by
changing the pH of the polymer solution. Fujii et al.32 described
the dependence of the film thickness and roughness on the
assembly pH. It has been reported that charge densities of the
polymers changed when they are assembled in response to
the immediate environment.19 Even the degree of coiled or
extended conformations of the polymers in solution changes
during the deposition steps due to interaction with the poly-
electrolytes assembled previously. In general, the degree of
ionization of weak polyacids in films is higher than that in
solution20,33 due to ionization produced by the positively
charged polyelectrolyte. The proportion in which the degree
of ionization increases relative to the value in solution depends
on the other polyelectrolyte in the assembly. Nevertheless, the
pH and ionic strength conditions of the starting solutions are
essential to obtain films with different characteristics. Caruso’s
group gave an interesting twist to this framework through the
multilayer assembly of an anionic copolymer, poly(4-styrene-
sulfonic acid-co-maleic acid) (PSS-MA), which consists of
strongly charged styrene sulfonate (SS) groups and weakly
charged maleic acid (MA) groups, together with PDADMAC,
demonstrating that these multilayers are very stable over a wide
range of pH.20 On top of this, very recently, Moya and co-workers34

reported interesting results indicating that interactions between
carboxylate units and PDADMAC are anomalously weak and play
no role in the electrostatic build-up of multilayers. This suggests
that PSS-MA constitutes an anionic polyelectrolyte with very
contrasting and differential interactions in the presence of
PDADMAC as a counter-polyelectrolyte. Exciting opportunities
to exploit synergies are revealed when we think in this manner.
The presence of strong sulfonate groups can result in enhanced
stability due to electrostatic interaction with quaternary amines
of the polycations, while the weakly charged MA groups may
potentially remain ‘‘silent’’ within the film and then act as
pH-responsive units. In this sense, the involvement of ‘‘silent’’
charges in the modulation of film properties is still an unexplored
scenario, which offers an interesting gamut of opportunities for
creating interfacial assemblies displaying pH-switchable ion
transport. In recent years there has been increasing interest in
engineering the permeation properties of LbL assemblies with the
aim of creating smart ion separation membranes.35 These studies
predominantly focused on the permeation properties of linearly
growing films such as PSS/PAH36 or PSS/PDADMAC.37 As a general
trend, the ion transport properties of compact multilayers,
in which the internal structural equilibrium is governed by
‘‘intrinsic’’ charge compensation, are rather poor. In this regard,
Farhat and Schlenoff demonstrated that permeability could be
increased by assembling the polyelectrolytes from solutions of
higher ionic strength.38 However, the same authors also demon-
strated that PSS/PDADMAC multilayers assembled under saline
conditions lead to strongly impermeable films with potential
applications as anticorrosive coatings.39 In a similar vein,

interesting studies on the use of polyelectrolyte multilayers
whose permeation properties can be switched by environmental
pH changes have also been reported.40,41 However, these approaches
demanded the additional use of covalent interactions to stabilize
the film because the pH-induced alterations of electrostatic
interactions compromised the structural integrity of the multi-
layer.42 In comparison to the number of studies performed with
linearly growing multilayers assembled under low ionic strength
conditions, up to now only a limited number of reports focused
on the manipulation of permeability properties in exponentially
growing multilayers.43

To date, despite the promising functional features of weak–
strong copolymer polyelectrolyte multilayers, only a few detailed
scientific studies on the matter have been carried out.20,44,45

Even more important, the application of their appealing
pH-switchable properties combining weak and strong moieties
to control ion transport processes through ‘‘silent’’ charges
remains fully unexplored. Taking into account these insights
from previous studies and being aware of the potential impact
of PSS-MA multilayers on the molecular design of responsive
polymer films, we decided to explore this new conceptual
paradigm based on the use of ‘‘silent’’ charges that do not
participate in the electrostatic assembly to control the permeation
of charged species. In the present work, we report the effective-
ness of this all-supramolecular strategy to create pH-switchable,
ion-rectifying interfaces operating under different pH and saline
conditions without requiring further covalent chemistries to
consolidate and stabilize the film.

Results and discussion

The deposition process of PSS-MA and PDADMAC was monitored
in situ by surface plasmon resonance spectroscopy (SPR) in order
to estimate surface coverage and thickness of the polyelectrolyte
multilayer. Fig. 1 shows the dependence of the PSS-MA/PDADMAC
multilayer growth on pH and ionic strength. The growth exhibited
a marked supralinear, exponential-like behaviour in all cases
except for assembly solutions in the absence of added salt. The
exponential growth can be ascribed to the ‘‘in and out’’ diffusion
of the assembled polyelectrolytes through the film, resulting in
film rearrangement during the assembly process.46–50 The linear
or exponential growth mode depends on the strength of the
intermolecular interactions of the polymers involved. These inter-
actions are influenced or affected by the deposition conditions,
such as salt concentration or solution pH.51 In our case, the
polyelectrolytes and the conditions employed for the assembly
process favored the exponential growth of the films. The
tendency of assembly growth at different pH values was
strongly dependent on the presence of salt in the polyelectrolyte
solutions. In the case of salt-free assembly solutions we observe
that an increase in pH leads to thinner films. For example, the
thickness of a PSS-MA/PDADMAC film containing 20 layers
varies from 33 to 8 nm upon increasing the pH of the assembly
solution from 3.5 to 9.5. This observation is in agreement with
the previous results demonstrating that a decrease in film
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thickness is typically observed when the charge density of the
polymer is increased.27,28 However, this trend is fully reversed
upon adding salt to the assembly solution. A dramatic increase
in supralinear growth behavior, and consequently in thickness,
is observed in the presence of 0.05 and 0.2 M KCl. Under each
particular pH condition the film became thicker with the
increase in KCl content. We should consider that the higher
the KCl concentration, the higher the coverage of polyelectrolyte
deposited, which is necessary to achieve the compensation of
the surface charges due to the screening effect of the KCl ions

on the polyelectrolyte charges.52 The effect of pH on transition
from linear to supralinear growth of polyelectrolyte multilayers
has been studied in detail by several authors;53 however, the
influence of salt on this transition has been studied to a much
lesser extent.54

For instance, a closer inspection of Fig. 1 indicates that at a
particular ionic strength the assembly growth does not follow
the same tendency with pH. Without the addition of salt the
thickness decreased with the increase in pH; at 0.2 M KCl the
behavior was quite the opposite, the thickness increased with
the increase in pH, and at 0.05 M KCl there is no clear trend
upon varying the pH, i.e. upon varying the pH from 3.5 to 5 little
change in thickness was evidenced. Hence, for the sake of clarity,
the behavior with pH at different ionic strengths was analyzed
separately. For that purpose it was necessary to consider the
change in the ionization degree of PSS-MA in regard to the pH of
the solution while PDADMAC is always positively charged.

As mentioned before, without addition of salt the tendency
of the assembly was similar to that found by other authors.55 The
charge density and the structural conformation of PDADMAC
remain the same regardless of the pH. On the other hand, the
higher the pH the more dissociated the carboxylic acid groups of
PSS-MA and the higher the repulsive forces among the charges,
causing a more extended conformation of the polymer chains. At
lower pH there was less charge density and, as a consequence,
the chains of PSS-MA adopted a more coiled conformation. As a
result of the low charge density at low pH, more mass of PSS-MA
was required to achieve surface charge compensation. In the
same way, with the increase in pH the higher charge density was
responsible for less quantities of polymer to achieve the charge
compensation of the film already assembled.

At 0.2 M KCl the thickness increased upon increasing the pH
conditions. This behavior agrees with the fact that at higher pH
values PSS-MA is highly charged and, consequently, the elec-
trostatic attraction between PSS-MA and PDADMAC is stronger.
Considering this perspective, under low pH conditions the
charge density of PSS-MA was low and then for the adsorption
of the next layer PDADMAC was not necessary to be in great
quantities for charge compensation. In contrast, when the pH
was high the charge density of PSS-MA was higher and more
quantities of PDADMAC were assembled. This would occur in
the same manner throughout the entire assembly process. The
mass of the material and, therefore, the thickness of a new layer
deposited depend on the charge density of the film assembled
previously. On the other hand, the presence of salt produced a
screening effect on the polymer charges but this effect was
more significant when there was greater charge density in both
assembled polymers. The salt always affected in the same way
as PDADMAC, regardless of the pH of the assembly solution.
However, the influence on PSS-MA was higher as the pH increased
due to the increase of the charge density of the polymer. Only
the change in the ionic strength of the assembly solutions was
important enough to reverse the tendency of the observed
thicknesses of the films as the pH increased. In other words,
the opposite trends of thicknesses observed in the absence and
in the presence of salt upon changing the pH conditions

Fig. 1 Thickness evolution of (PSS-MA/PDADMAC)n films as a function of
the number of deposited layers at pH (a) 3.5, (b) 6, (c) 9.5. Odd layers are
from PSS-MA and even layers are from PDADMAC.
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demonstrate the relevant role that the ionic strength plays in
the growth behavior of the films.

The exponential growth of the multilayers in the presence of
added salt at different pH values can be interpreted considering
the delicate interplay between polymer interdiffusion and charge
density of the polymer chains. It is well known that polyelectro-
lytes adsorbing on an oppositely charged surface experience both
an electrostatic attraction to the surface (favoring adsorption)
and an electrostatic repulsion within the layer (counteracting
adsorption). For instance, when highly charged polyelectrolytes
are adsorbed onto an oppositely charged surface, they are adsorbed
rather flat and form thin layers due to strong repulsion between
segments. If this repulsion is screened by adding salt, the adsorbed
amount increases and the adsorbed layer becomes thicker.56

However, this effect does not explain the supralinear growth
observed in the presence of salt.

The so-called ‘‘exponential’’ or ‘‘supralinear’’ growth is typically
observed when large interdiffusion takes place within the
assembly and diffusion of polyelectrolyte chains within a swollen
LbL film is coupled with reversible or irreversible exchange with
chains that are already a part of the assembly. In our case, the
addition of salt to the assembly solution facilitates polyelectro-
lyte interdiffusion within the multilayered films, as has been
conclusively demonstrated by Jomaa and Schlenoff in a set of
neutron reflectivity experiments, and concomitantly leads to the
exponential growth of the multilayer.57

Then, in addition to ionic strength, PSS-MA ionization as a
function of pH also plays a role in the exponential growth of the
multilayers. In principle, at low pH values the lower degree of
acid ionization in MA would be reflected by a lower number of
ionic cross-links with PDADMAC, thus resulting in an LbL film
with a looser network, thus making it easier for polymer chains
to penetrate the film. The enhancement of polyelectrolyte chain
mobility/interdiffusion within the multilayer by altering the
fraction of charged groups in the film has been demonstrated
by Hammond’s group. These authors demonstrated that a
number of weak polycations are capable of interdiffusion
and exchange with other polycations when the degree of
ionization is close to 70%, with interdiffusion significantly
more favorable when the degrees of ionization are lower than
this threshold value.58

It is interesting to note that, in our present system, we
observe a rather linear growth of PSS-MA/PDADMAC multilayers
at pH 3.5 even in the presence of salt, which is therefore opposite
to the observations of Hammond and co-workers. This strongly
suggests that other additional factors hinder the interdiffusion
of polyelectrolytes within the film. To understand these intri-
guing results we need to consider recent findings reported
by Moya and co-workers on the formation of polyacrylic acid
(PAA) and PDADMAC multilayers under acidic conditions.34

These authors showed that PAA/PDADMAC multilayers display
a marked growth pattern at pH 3 whereas for pH values higher
than 6, the multilayer formation is drastically inhibited. Their
isothermal titration calorimetry experiments provided surprising
results: at pH 3, under conditions where carboxylate groups are
fully protonated, titration was exothermic as expected due to

the formation of complexes from oppositely charged poly-
electrolytes (molar heat B2.11 kJ mol�1); in contrast, at pH 13
(fully ionized carboxylate groups) almost no observable heat of
reaction was measured, B0.048 kJ mol�1. The highly reduced
complexation heat at pH 13 is indicative of polymers that are not
interacting, although PAA is fully charged and the electrostatic
interaction should be at maximum. Conversely, at pH 3
the mixture of both polyelectrolyte solutions resulted in the
instantaneous formation of interpolymer PAA–PDADMAC com-
plexes.59,60 Referring back to our results, we hypothesize that
the strong interaction between the protonated carboxylate units
in PSS-MA and PDADMAC is responsible for inhibiting the
interdiffusion between polymer layers with the concomitant
effect on the multilayer growth mode, structure and solvent
content. In this context, we should also consider that inter- and
intra-polyelectrolyte hydrogen bonding in PSS-MA layers might
also take place within the assembly with its concomitant influ-
ence on the film grown.

Solvent can be trapped in cavities within a polyelectrolyte
multilayer, either between polyelectrolyte molecules forming a
given layer or between subsequent layers during assembly.61

Little is known about how the water content evolves during the
sequential deposition of the polyelectrolyte layers. This is an
important concern in LbL films provided that the water content
of the multilayer controls the local molecular interactions and
determines key properties like permeability.62 Hence, to reach a
more comprehensive and realistic view of the physicochemical
characteristics of the system under study we investigated the
influence of the assembly conditions on the water content of
the polyelectrolyte multilayer.

In contrast to SPR that is sensitive to differences in the
optical density between the adsorbate and the bulk solution,
i.e. it essentially senses the adsorbate mass, the quartz crystal
microbalance technique with dissipation (QCM-D) is based on
an entirely different transducer principle, namely, on the variation
in the electromechanical response of a shear-oscillating piezo-
electric sensor caused by polyelectrolyte adsorption. The quartz
crystal microbalance with dissipation monitoring (QCM-D) has
proven to be a powerful technique to follow the growth of
polyelectrolyte multilayers and to characterize the mechanism of
their assembly.63 Owing to its acousto-mechanical transducer
principle, the QCM-D technique is sensitive not only to the
adsorbed molecules but also to the solvent that is retained within
or hydrodynamically coupled to the surface-bound film. As a
consequence, the mass obtained by QCM-D measurements corre-
sponds to the total mass coupled to the motion of the sensor
crystal, including both the mass of the polyelectrolytes, measured
by, for example, SPR and the water bound to or dynamically
coupled to the film. Therefore, the difference between the mass
obtained from QCM measurements, mQCM, and the mass
obtained via SPR measurements,mSPR, when operated in aqueous
solution, provides a good estimate of the water content of the
polyelectrolyte multilayer (see the ESI,† for details).

We observed that hydration of the PSS-MA/PDADMAC multi-
layers is strongly affected by the salt content of the assembly
solution. It is known that the ionic strength has a direct impact
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on the conformation of the assembled layers. In stark contrast
to the behavior of PSS/PDADMAC multilayers that behave as
swollen polymer matrices that lose water as the ionic strength
increases we found that PSS-MA/PDADMAC assemblies behave
quite the opposite. In addition, we also found that pH plays an
important role in tailoring the water content of the multilayer
(Fig. S4 in ESI†). At pH 3.5 the water content steadily decreases
during the multilayer assembly regardless of the ionic strength
of the assembly solution. The presence of salt results in more
hydrated films with water contents close to 60% after assem-
bling 20 layers (see Fig. S4 in ESI†). Indeed, the water in the
multilayer is not only the water associated to the monomer
units of the polyelectrolytes, but also water which is entrapped
between the polymer chains. In the absence of salt the poly-
electrolytes adsorb on the surface adopting very flat conforma-
tions, and consequently this results in more compact and less
hydrated films. In the presence of salt the fraction of segments
in loops and tails become larger, thus leading to an increase in
entrapped water. The morphology of these films prepared in
the presence and in the absence of salt was examined by using

AFM considering PDADMAC or PSS-MA as capping layers
(Fig. 2). The surface roughness is markedly lower for multi-
layers terminated in PDADMAC layers regardless of the salt
content of the assembly solution. Both films were smooth and
uniform, with a root-mean-square roughness of ca. 0.3–0.4 nm
(see Table 1). In the case of PSS-MA-capped films AFM imaging
revealed the presence of globules of diameters B70 nm and
B300 nm for films prepared without and with added salt,
respectively. It is evident that the presence of PSS-MA in the
capping layer leads to morphological changes and influences
the surface texture resulting in rougher films.

At pH 6 the incorporation of water in the film during the
sequential adsorption of polyelectrolyte multilayers was strongly
affected by the presence of salt in the assembly solution. During
the first five layers no significant differences between systems
assembled in the presence or in the absence of salt were observed
(see Fig. S4 in ESI†). Though after assembling the fifth layer films
constructed in the presence of salt showed an increase in water
content that reached a plateau after incorporating the 15th layer
whereas those assembled in pure water described an almost

Fig. 2 Atomic force microscopy imaging (5� 5 mm2) of (PSS-MA/PDADMAC)9PSS-MA (‘‘PSS-MA capping layer’’) and (PSS-MA/PDADMAC)10 (‘‘PDADMAC
capping layer’’) multilayers assembled in pure water and in the presence of 0.2 M KCl under different pH conditions.
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linear decrease in hydration until reaching a scenario close to
dehydration. It is evident that the exponential behavior of the
multilayer has an effect on the hydration properties provided
that differences in water uptake come into light during the early
stages of the supralinear growth, i.e. 5th–7th layer. At this pH
the PSS-MA polyelectrolyte is not fully charged and the presence
of salt may lead to the interpenetration of layers and the
generation of amorphous polymeric domains, with this scenario
being compatible with the formation of a hydrogel-like layer with
considerable amounts of solvent. Interestingly, texture assessment
by AFM revealed that, in contrast to observations at pH 3.5, the
topographic characteristics of both type of films are independent
of the nature of the capping layer and the multilayer assembly
in the presence of 0.2 M KCl results in smoother films than in
the absence of salt. Notably, the root-mean-square roughness
of (PSS-MA/PDADMAC)10 multilayers is below 0.5 nm, thus
indicating the presence of an ultra-smooth film that is growing
in a nonlinear fashion. This observation is not trivial provided
that exponentially grown multilayers typically show the evolution
of local inhomogeneities that ultimately leads to an increase in
roughness (see Table 1).64 In addition, these results suggest that
for the PSS-MA/PDADMAC system the nonlinear growth cannot
be due to an increase of the film roughness during buildup as
suggested in the literature for other systems.65

The qualitative behavior of water uptake was fully reversed
at pH 9.5 as much as the subsequent assembly after the seventh
layer in the presence of 0.05 M KCl leads to films exhibiting
lower water content as compared with those obtained in pure
water, i.e. multilayer hydration without salt was higher than
that under saline conditions. We inferred that this film was
comparatively more compact than that assembled in pure water.
This observation can be attributed to the fact that at pH 9.5 the
PSS-MA is fully ionized and stronger electrostatic interactions
can lead to better packing of the polyelectrolyte coils. It is worth
mentioning that contraction of the coils may occur if the
attractive intermolecular interactions become larger than the
interaction with the solvent molecules. In extreme cases,
the solvent is forced out of the polymer coil and the chain
segments start to form compact aggregates.66

AFM imaging of these samples revealed significant differ-
ences between films prepared in pure water and salt-containing
solutions (Fig. 3). (PSS-MA/PDADMAC)10 multilayers prepared

in pure water at pH 9.5 display a highly granular morphology
that is hardly affected by the presence of PDADMAC or PSS-MA
in the capping layer, even though PSS-MA-capped films display
a slightly higher surface roughness.

In sharp contrast, (PSS-MA/PDADMAC)10 multilayers assembled
in 0.2 M KCl exhibit the presence of ‘‘wrinkles’’ or discrete
‘‘nanoaggregates’’ on top of considerably smooth surfaces
depending on the presence of PSS-MA or PDADMAC, respec-
tively, as the capping layer. The presence of wrinkles resembles
those observed in PDADMAC/PSS multilayers grown under
saline conditions resulting from the reorganization of the outer
layers with the consequent increase in surface roughness (see
Table 1). A similar morphological feature was also reported
by Caruso et al.67 in multilayers constituted of pH-sensitive
copolymers comprising block domains of acrylic acid (AA) and
styrene sulfonate (SS) groups (PAAx-b-SSy) and poly(allylamine
hydrochloride) (PAH).

Referring back to hydration we need to note that after
assembling the first layers hydration start to oscillate between
about 30% and 70%, upon the assembly of PSS-MA and PDADMAC,
respectively. The global structure of sufficiently thick polyelectrolyte
multilayers has previously been conceptualized by a three-zone
model: two interfacial zones, which are affected by the presence of
the solid support and the bulk solution, respectively, and
maintain a constant thickness; and an interior zone, placed
between the two interfacial ones, which grows in thickness
as additional layers are deposited. The change in the water
content when passing from even to odd layers suggests that at
least some of that water must be present in the interfacial zone
adjacent to the bulk solution. Then, the differences in water
content between multilayers with PDADMAC or PSS-MA as
capping layers might be due to the particular hydration or
reorganization of the outermost layers. Clearly, the presence of
salt retains the polyelectrolytes in a strongly collapsed state
inside the multilayer. We can associate the presence of water to
the uncompensated charges present in the outermost region of
the film. To elucidate the chemical nature of the outermost
layers we performed XPS and zeta potential characterization of
multilayers grown under different assembly conditions.

Table 2 shows the chemical composition of (PSS-MA/
PDADMAC)10 multilayers. XPS analyze approximately the top
10 nm of the sample.68 In general, the thickness of one layer is
less than 10 nm, thus the results obtained contain information
from more than one assembled layer.

Sulfur atoms are only present in PSS-MA while nitrogen is
only present in PDADMAC. As expected, S content was higher
for the films with PSS-MA capping layers in comparison with
the values associated to those with PDADMAC capping layers.
In the same way, after PDADMAC deposition greater quantities
of N were detected. But, by and large, it can be said that the S : N
ratio is close to 1 within the topmost region (B10 nm) of the
multilayers or, in other words, the outer region of the film
contains an equimolar amount of quaternary amines and
sulfonate groups. On the other hand, in the case of multilayers
grown under saline conditions the presence of potassium and
chloride can be detected. Note that the amount of K+ is always

Table 1 Root-mean-square (rms) surface roughness of (PSS-MA/PDAD-
MAC)9PSS-MA (‘‘PSS-MA capping layer’’) and (PSS-MA/PDADMAC)10
(‘‘PDADMAC capping layer’’) multilayers assembled in pure water and in
the presence of 0.2 M KCl under different pH conditions. Values are
expressed in nanometers

pH

Assembly conditions

Pure water 0.2 M KCl

Capping layer Capping layer

PSS-MA PDADMAC PSS-MA PDADMAC

3.5 7.9 0.3 3.2 0.4
6 0.7 0.7 0.5 0.5
9.5 3.2 1.4 1.7 3.7
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larger than that of Cl� regardless of the polyelectrolyte in the
capping layer. If we consider that the ‘‘extrinsic compensation’’
mechanism operates in the whole assembly, then the excess
amount of K+ ions with respect to Cl� hints for the presence of
ionized carboxylate units remaining ‘‘silently’’ in the multi-
layer. We use the term ‘‘silent’’ to denote that even though
carboxylate groups are charged they do not play an active role in
the purely electrostatic assembly of the multilayer. This can be
inferred from the fact that there are comparable amounts of
sulfonate and carboxylate groups on each polyanion chain
(SO3

� : COO� is 3 : 2) but XPS analysis indicated that quaternary
amines and sulfonate groups are present in nearly equimolar
amounts (SO3

� :QA+B 1). This suggests that there are fixed negative
charges that do not form ion pairs with the corresponding

counterpolyelectrolyte and might be ‘‘activated’’ by changes in
the environmental pH. This surmise was tested measuring the
zeta potential of (PSS-MA/PDADMAC)10 multilayers prepared
under different assembly conditions. As can be seen in Table 2
at pH 3.5, an experimental condition where carboxylate units
are ‘‘turned-off’’, the sign of the z potential is defined by the
type of polyelectrolyte in the capping layer, i.e. PDADMAC leads
to positive z potential values whereas PSS-MA leads to negative
z potential values. This observation is in full agreement with
the so-called ‘‘charge reversal’’ mechanism operating during
the multilayer build up.

Interestingly, at pH 6 we observed that charge reversal
operated in assemblies prepared in pure water, but no longer
operated in multilayers grown under saline conditions. This
effect is even more pronounced at pH 9.5, where the presence
of PDADMAC as the capping layer cannot reverse the negative z
potential of the multilayer. This can be interpreted considering
the rich interplay between molecular organization, interactions
and chemical equilibrium, which ultimately leads to a non-
trivial coupling of design variables. Increasing pH levels from
3.5 to 6 implies the generation of negative charges within the
film due to the ionization of ‘‘silent’’ carboxylate groups. In the
case of samples prepared under saline conditions the inter-
diffusion of polyelectrolyte layers in the outer region of the
multilayer leads to a situation in which fixed negative charges
in excess are strongly interdigitated with fixed positive charges
in defect, with the concomitant result of negative z potential
values. Then, when the pH was further increased to 9.5 the
effect of the ‘‘silent’’ ionized carboxylate groups played an even
more dominant role and the manifestation of more negative z
potential values was observed in all the samples, including

Fig. 3 Cyclic voltammograms corresponding to Au electrodes coated with PDADMAC-capped (PSS-MA/PDADMAC)10 multilayers assembled in pure
water (a) and in 0.05 M KCl (b) in the presence of the anionic probes Fe(CN)6

3�/4� and similar multilayers assembled in pure water (c) and in 0.05 M KCl
(d) in the presence of the cationic probes Ru(NH3)6

2+/3+. Scan rate: 10 mV s�1.

Table 2 Atomic fraction from XPS analysis of films of (PSS-MA/PDAD-
MAC)9/PSS-MA and (PSS-MA/PDADMAC)9/PSS-MA/PDADMAC

pH Capping layer

Atom%

[KCl] S N Cl K S/N

3.5 PSS-MA None 4.4 3.0 — — 1.46
PDADMAC None 3.7 4.6 — — 0.80
PSS-MA 0.2 M 3.7 4.2 1.0 3.2 0.88
PDADMAC 0.2 M 3.0 4.6 2.7 4.8 0.65

6 PSS-MA None 4.5 2.6 0.5 — 1.73
PDADMAC None 3.8 3.8 1.0 — 1.00
PSS-MA 0.2 M 4.4 4.0 0.4 3.4 1.10
PDADMAC 0.2 M 3.5 4.5 1.8 1.5 0.78

9.5 PSS-MA None 4.7 5.6 1.0 — 0.84
PDADMAC None 2.4 7.6 2.1 — 3.16
PSS-MA 0.2 M 4.6 4.3 1.1 4.8 1.07
PDADMAC 0.2 M 4.2 4.1 2.5 8.5 1.02
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those assembled in pure water and presenting PDADMAC as
the capping layer (see Table 3). Regarding the latter, we should
note that according to detailed studies reported by Donath
et al.69 not only the capping layer but also the underneath layers
contribute to the z potential. Hence, even though samples
prepared in pure water may exhibit low levels of interdigitation,
the pH-induced appearance of fixed negative charges under-
neath the outermost PDADMAC layer is sufficient to control the
magnitude and sign of the z potential.

Within this context, it is important to highlight that several
LbL assemblies displaying pH-responsive properties have been
reported. Despite these burgeoning achievements, many of the
existing pH-responsive LbL systems have disadvantages such as
the profound structural reorganization and limited stability
of multilayers in saline environments. In particular, Rubner
and co-workers showed that pH-induced phase separation of
PAA–PAH yields highly porous films.70 Concomitantly, Sui and
Schlenoff reported that multilayers containing weak poly-
electrolytes evidence pH-induced cratering in the surface
morphology.71 Contrarily, systems comprising weak–strong
copolymer polyelectrolyte multilayers showed no evidence of
cratering or phase-separation during pH switching from acidic
to alkaline conditions. In addition, it has been demonstrated that
too many counterion-compensated units within a multilayer cause
hyperswelling and decomposition.72,73 This phenomenology is
highly plausible and reasonable due to the fact that pH-tunable
electrostatic interactions between oppositely charged poly-
electrolytes play a structural role within the assembly.

However, this is not the case of multilayers assembled in the
presence of ‘‘silent’’ charges given that it has been demon-
strated that carboxylate groups do not interact with PDADMAC
and consequently the chemical equilibrium of the embedded
weak anionic groups does not compromise the multilayer
stability. In this particular setting the structural role is exclu-
sively played by quaternary ammonium ions and sulfonate
groups that are responsible for stitching together the multilayer
at all pH values. These ‘‘silent’’ charges can be exploited to
tailor not only the pH-responsive properties of the film but
also to further control its ion transport properties. With
this background in mind and being aware of the interesting
properties of our system we electrochemically probed the
pH-tunable permeability of anionic redox active probes, Fe(CN)6

4�

and Fe(CN)6
3� ions, diffusing through PSS-MA/PDADMAC

multilayers grown on gold electrodes using cyclic voltammetry.
We prepared gold electrodesmodified with (PSS-MA/PDADMAC)10
films assembled under different pH and ionic strength condi-
tions, and their cyclic voltammograms (CVs) were measured
in a 1 mM Fe(CN)6

3� + 1 mM Fe(CN)6
4� solution and a 1 mM

Ru(NH3)6
2+ + 1 mM Ru(NH3)6

3+ solution, respectively, both
containing 0.1 M KCl as a supporting electrolyte. Fig. 3 shows
CVs of the redox probes on the Au electrodes coated with
PDADMAC-capped (PSS-MA/PDADMAC)10 multilayers prepared
in pure water. CVs were recorded after the electrodes had been
immersed in the solution containing the redox probes for ca.
20 min because the magnitude of the electrochemical signal
increased with time during the first minutes.

Measurements performed at pH 3.5 displayed a well-defined
voltammetric response which was indicative of redox probes
diffusing through the film. However, for similar measurements
performed at pH 6, the redox response of the electroactive ions was
severely suppressed. The sharp decrease in the electrochemical
signal originates from the exclusion of the redox-active anions
from the multilayer. As hypothesized, this exclusion process
stems from the pH-induced generation of excess negative
charges within the film. PSS-MA/PDADMAC multilayers were
characterized by FTIR to corroborate the ionization of the
carboxylic acid groups within the film (Fig. 4). The peak at
1720 cm�1 stems from the CQO stretching of COOH groups
whereas peaks at 1580 and 1412 cm�1 are due to asymmetric
and symmetric stretching of COO� moieties. Peaks observed in
the 1250–1000 cm�1 range are due to the presence of sulfonate
groups. For PSS-MA/PDADMAC multilayers at pH 3.5 almost all
the carboxylic acid groups are protonated as indicated by the
presence of the COOH peak at 1720 cm�1 and the absence of
COO� signal at 1412 cm�1. Upon increasing pH, the intensity
of the COOH band is more tenuous, while the intensities of
the COO� bands at 1580 and 1412 cm�1 notoriously increase.
Consequently, FTIR characterization conclusively confirms a
marked increase in the number of ionized acid groups within
the multilayer when pH is increased from 3.5 to 6.

Table 3 z potential of (PDADMAC/PSS-MA)4/PDADMAC and (PDADMAC/
PSS-MA)4/PDADMAC/PSS-MA multilayers

pH Capping layer

z potential/mV

No KCl 0.05 M KCl 0.2 M KCl

3.5 PSS-MA �40.1 �49.4 �50.3
PDADMAC 74.5 60.5 57.6

6 PSS-MA �33.6 �40.2 �20.5
PDADMAC 27.5 �18.1 �15.2

9.5 PSS-MA �55.2 �48 �47.7
PDADMAC �61.4 �52.1 �52.3

Fig. 4 FTIR spectra of (PSS-MA/PDADMAC)9/PDADMAC multilayers pre-
viously immersed in 0.1 M KCl at different pH values: pH 3.5 (black trace),
pH 6 (red trace) and pH 9.5 (blue trace).
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Note that in the electrochemical experiments of permselec-
tivity the capping layer is PDADMAC that, in principle, would
attract the anionic probes to the film. However, the extent of
fixed negative charges generated within the film by increasing
the pH from 3.5 to 6 completely precludes the passage
of anions through the multilayer due to strong electrostatic
repulsions. A similar result has been observed for multilayers
grown under different saline conditions, indicating that in the
case of PSS-MA/PDADMAC multilayers their pH-regulated ion-
gating properties are not affected when films are grown in an
exponential fashion involving considerable uptake of solvent and
ions. Concomitantly, the strong cationic nature of the PDADMAC
capping layer plays a role as a ‘‘permanent gatekeeper’’ precluding
the passage of cationic probes at all pH values due to electrostatic
repulsion. In this regard, Calvo and Wolosiuk74 demonstrated
that in electroactive polyelectrolyte multilayers, the charge of the
capping layer itself may play an important role in regulating the
permselective properties of the multilayer. As a result, in our
experimental setting the combination of pH-responsive ‘‘silent’’
charges embedded into the film and a strong cationic layer
sitting atop the film permits the creation of an anion-selective,
proton-gated interfacial architecture that acts as a gateable
ionic filter enabling the selective passage of anions only under
determined pH conditions, whereas the passage of cations is
repelled regardless of the proton concentration (Scheme 1).
This interesting behavior in which the interface displays ion-
selective pH-activated gating properties (i.e.: rectified ion trans-
port) resembles that observed in acid-sensing ion channels
(ASICs) in peripheral sensory neurons and in the neurons of

the central nervous system, in which the biological pore exerts
active control over the flow of cations and fully precludes the
transport of anions.75

Within this context we should consider that, even though
the multilayer constitutes of strong- and weak acid repeat units,
the presence of weak acids often causes irreversible morphol-
ogy changes that could affect the ion transport properties. To
this end, we performed in situ AFM imaging during pH cycling.
Fig. 5 displays the significant morphological changes under-
gone by the film after cyclic exposure to solutions with pH = 6
and 3.5. These observations confirm the pH-induced structural
reorganization taking place during the pH cycling that ulti-
mately leads to the formation of small pores (see green arrows
in Fig. 5). We then confirmed through cyclic voltammetric
experiments that this film reorganization had a strong impact
on the ion transport properties and/or permeability of the
multilayer. Cyclic voltammograms of PSS-MA/PDADMAC multi-
layers in the presence of Fe(CN)6

3�/4� and Ru(NH3)6
2+/3+ after

extensive pH cycling showed that the permselective transport
properties in the presence of anionic probes were no longer
operating whereas the gatekeeping effect was only observed in
the case of the cationic probes (Fig. 6). In other words, voltam-
metric experiments showed that after extensive pH cycling
multilayers are highly permeable to Fe(CN)6

3�/4� and impermeable
to Ru(NH3)6

2+/3+ probes. This indicates that, despite the fact
that pH cycling does no affect the integrity of the multilayers,
film reorganization strongly affects their permselective proper-
ties probably due to the formation of pores that at last generate
pathways for the transport of charged probes. We hypothesize

Scheme 1 Schematic illustration of the pH-switchable function of the multilayered thin film. At high pH the film has a net negative charge resulting from
the ionization ‘‘silent’’ carboxyl groups embedded in the film during the electrostatic assembly that precludes the passage of anions.
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that the gatekeeping effect is due to the presence of PDADMAC
in the outermost layer of the film that, in spite of reorganiza-
tion, still precludes the diffusion of Ru(NH3)6

2+/3+ probes due to
repulsive electrostatic interactions.

Conclusions

An understanding of the supramolecular growth of PSS-MA/PDAD-
MAC multilayers under different assembly conditions led to the
design and preparation of functional interfacial architectures
displaying interesting pH-controlled ion-gating properties. Aided

by previous studies, characterization of PSS-MA/PDADMAC multi-
layers through a multitechnique approach provided a more
in-depth understanding of the delicate interplay between mole-
cular organization, inter-polyelectrolyte interactions and chemical
equilibrium taking place during the assembly and exposure
of these assemblies to solutions of different pH values and
ionic strengths. We showed for the first time the use of weak–
strong anionic polyelectrolytes as building blocks that can
interact differentially with the cationic counter-polyelectrolyte
to confer ion-gating properties to the multilayered thin film.
These surface-confined architectures are very stable under

Fig. 5 In situ atomic force microscopy imaging (5 � 5 mm2) of (PSS-MA/PDADMAC)10 multilayers assembled in pure water at pH 3.5 and subjected to
cyclic pH changes (between pH 3.5 and 6).

Fig. 6 Cyclic voltammograms of anionic and cationic redox probes in contact with Au electrodes coated with PDADMAC-capped (PSS-MA/
PDADMAC)10 multilayers after extensive pH cycling between pH 6 and 3.5. Scan rate: 10 mV s�1.
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different pH and saline conditions and operate as supramolecular
gates as a function of pH: at low pH anions can easily penetrate,
while at high pH they are excluded from the film. The switching
behavior of these multilayer films was attributed to the presence of
ionizable carboxylate groups that do not participate in the electro-
static assembly due to poor interaction with the polycation, but
remain ‘‘silent’’ within the film and play an active role when the pH
of the solution is increased, without compromising the structural
stability of the multilayer. When these interesting properties are
combined with a strong cationic capping layer that repels the
passage of cationic probes, a pH-active rectified transport of anions
is observed. Herein, however, it must be considered that these
interesting functional properties can be significantly affected when
multilayers are subjected to extensive pH cycling as a result of
irreversiblemorphological changes leading to the formation of holes
in the film structure, as observed by in situ AFM imaging. Never-
theless, we should note that this film reorganization does not
compromise the structural integrity of the multilayer.

Considering the versatile nature of layer-by-layer assembly
these proof-of-principle experiments using poly(4-styrenesulfonic
acid-co-maleic acid) could be easily extended to other weak–strong
polyelectrolyte systems displaying contrasting ion-pairing inter-
actions with the corresponding polycations. These results
introduce an interesting example of molecular design of multi-
layer assemblies whose structural integrity is given exclusively by
noncovalent interactions, in which inter-polyelectrolyte electro-
static binding stabilizes the structure while ‘‘silent’’ weak poly-
electrolyte units mediate the pH-responsive function of the
whole assembly. Bearing in mind these results, we envision that
this study will offer opportunities and insights for further develop-
ment of the blossoming discipline known as ‘‘nanoarchitectonics’’,76

as well as for the construction of soft interfaces displaying
switchable transport properties.77

Experimental section
Materials

Poly(4-styrenesulfonic acid-co-maleic acid), sodium salt (PSS-
MA; Mw 20.000 g mol�1; 3 : 1 SS :MA), poly(diallyldimethyl-
ammonium chloride) solution 20% in H2O (PDADMAC; average
Mw B 100.000–200.000 g mol�1), polyethylenimine (PEI, Mw B
25 000 g mol�1), hexaammineruthenium(II) chloride and hexa-
ammineruthenium(III) chloride were purchased from Sigma-
Aldrich. Boric acid, acetic acid and sodium acetate from Anedra
and sodium hydroxide from Biopack were used for buffer
solutions. Potassium hexacyanoferrate(III) and potassium chloride
were acquired from Anedra and potassium hexacyanoferrate(II)
trihydrate was purchased from Biopack.

All chemicals were used without further purification. Ultra-
pure water (Milli-Q) with a resistivity of 18 MO cm was used in all
experiments. Experiments were carried out at room temperature.

Preparation of multilayer films

The polymer deposition solutions were prepared with buffers at
pH 3.5, 6 and 9.5. The pH was adjusted in both polymer

solutions in order to avoid the change of the pH exposure
of PSS-MA during the PDADMAC assembly process. The ionic
strength was adjusted using no salt addition, 0.05 M and
0.2 M KCl.

The Au substrates were first coated with PEI (1 mg mL�1)
for 15 min and then rinsed with Milli-Q water. Multilayer
films were assembled by the sequential process, alternating
between PSS-MA solution (1 mg mL�1) and PDADMAC solution
(1 mg mL�1). The substrates were rinsed with Milli-Q water
after each adsorption step. Ten bilayers, (PSS-MA/PDADMAC)10,
were assembled.

Surface plasmon resonance

SPR detection was carried out using an SPR-Navi 210A setup
(BioNavis Ltd, Tampere, Finland) using gold sensor slides
provided by Bionavis. Thickness calculation was performed using
the ‘‘Winspall’’ software employing n = 1.48 as the refractive index
for both PSS-MA and PDADMAC polyelectrolytes. The surface
coverage (G) was determined from Freijter’s equation,78 which
can be expressed as

G ¼ Dykd
dn=dc

where y is the angular response in the measurement, k the
instrument constant, d the sample layer thickness and dn/dc
the dependency of the refraction index concentration. For the
calculation, k� d = 1.9� 10�7 cm deg�1 and dn/dc = 0.197 cm3 g�1

were used for l = 785 nm.

Quartz crystal microbalance with dissipation monitoring

The QCM-D measurements were carried out using a Q-Sense E4
quartz crystal microbalance (Q-Sense, Göteborg, Sweden) using
Au (50 nm)-coated quartz crystals (5 MHz) (QSX-301, Q-Sense)
previously treated with a UV-Ozone cleaning protocol. For films
considered rigid enough, it is possible to calculate the areal
mass from QCM-D data using the Sauerbrey equation79

Dm ¼ �CDf
n

where Df is the change in frequency, Dm the change in mass,
n the overtone number and C the mass sensitivity constant.

Electrochemical measurements

Cyclic voltammetry experiments were performed using a poten-
tiostat TEQ-04 and a conventional three electrode cell equipped
with a Ag/AgCl reference electrode and a platinum counter
electrode. The electrochemical experiments were performed
in the PDADMAC-capped (PSS-MA/PDADMAC)10 multilayers. Cyclic
voltammograms of potassium ferrocyanide/potassium ferricyanide
([Fe(CN)6]

4�/3�) 1 � 10�3 M solutions + 0.1 M KCl and
hexaammineruthenium(II) chloride/hexaammineruthenium(III)
chloride ([Ru(NH3)6]

2+/3+) 1 � 10�3 M solutions + 0.1 M KCl were
registered, respectively. The pH of [Fe(CN)6]

4�/3� and Ru(NH3)6
2+/3+

solutions was the same as the polyelectrolyte solutions used in the
film construction.
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Dynamic light scattering

The z potential of layer by layer assembly was measured by DLS.
The measurements were performed using a Malvern Zetasizer
Nano ZS at a scattering angle of 1731 at 25 1C with a He–Ne
633 nm laser. The layer by layer assemblies were prepared on
SiO2 particles at pH 3.5, 6 and 9.5 and the ionic strength was
adjusted without salt addition and with 0.05 and 0.2 M KCl at
each pH. The measurements were performed at the same pH of
assembly. The SiO2 particles were synthesized as described by
Stober and Fink.80

Atomic force microscopy

The films were imaged in the contact mode in air and in
the tapping mode in liquid at room temperature with a Multi-
mode AFM (Veeco) connected to a Nanoscope V controller.
Non-conductive silicon nitride cantilevers (Bruker) with a K =
0.35 N m�1 were used.

X-Ray photoelectron spectroscopy

XPS experiments were performed on a SPECS Sage HR 100
spectrometer with a non-monochromatic X-ray source (Mg Ka
line of 1253.6 eV). All measurements were done on an ultra-high
vacuum (UHV) chamber at a pressure of about 5 � 10�8 mbar.
Gaussian–Lorentzian functions were used to perform the curve
fitting of the high resolution spectra.

FTIR spectroscopy

Fourier transform infrared spectroscopy in the attenuated total
reflection mode (ATR-FTIR) was performed using a Varian
600 FTIR spectrometer equipped with a ZnSe ATR crystal with
a resolution of 1 cm�1. Background-subtracted spectra were
corrected for ATR acquisition.
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