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ABSTRACT: We summarize existing knowledge and present some new results on the relationship between
polyelectrolyte multilayer (PEM) growth and phase behavior of polyelectrolyte complexes (PECs) in solution.
Detailed understanding of competition between surface and solution as applied to PEMs requires selective labeling
of polymers and/or the application of techniques that allow chemically specific monitoring of film components,
such as in-situ ATR-FTIR spectroscopy. The trends observed with multilayers directly follow from the properties
of PECs in solution. Effects of a number of parameters, such as the type of interacting polyelectrolyte chains, the
ratio of their lengths, and ionic strength and pH of deposition solutions, on the likelihood of the multilayer stability
or erosion are considered. Polycations with high density of primary amino groups and polyanions with SO3

- or
SO4

- groups show the strongest interpolyelectrolyte binding, resulting in inhibited chain exchange within PECs
and/or PEMs. With weakly bound polyelectrolyte pairsspolycations containing quaternary ammonium groups
and carboxylate polyanionsswater-soluble PECs are easily formed, often resulting in erosion of PEMs. For the
latter case, we report a full phase diagram of polycation/polyanion/NaCl aqueous mixtures and show how ionic
strength can be used to tune the deposition of PEMs at surfaces. In addition, we present that the phase behavior
of PECs in solution also controls pH response of PEMs at surfaces. Better knowledge of the relationships between
the PEMs and PECs allows rational prediction and control of deposition of a wide range of weak or permanently
charged polyelectrolytes at surfaces.

Introduction

Alternating deposition of oppositely charged polyelectrolytes
at a surface has recently become a widely used technique for
surface functionalization and construction of polymer films.1-8

The fundamentals and applications of these novel nanoscopically
structured materials are summarized in several recent reviews.9-13

The deposition procedure is temptingly simple and is often
viewed as being applicable to virtually any pair of synthetic
polyelectrolytes or charged biopolymers such as proteins,

enzymes, or nucleic acids. Indeed, a variety of interacting
macromolecules have been successfully used for the multilayer
buildup.7-13 In the euphoria of success, cases when polyelec-
trolyte multilayer (PEM) films could not be produced are rarely
considered. Limitations of layer-by-layer technique were re-
congnized in cases when no interpolyelectrolyte binding oc-
curred, such as for polymers whose charge density is lower than
critical.14,15Disruption of interpolyelectrolyte binding also lies
in the heart of salt-induced16 and pH-induced dissolution of
multilayers.17-19 Other observations, however, were also made
of removal of polyelectrolyte (PE) chains from the PEM when
the substrate is brought in contact with PE solutions. Such chain
removal has been reported by several authors20-22 and is usually
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connected to solubilization of adsorbed chains through formation
of a water-soluble PE complex (WPEC).23 Competitive removal
of polyelectrolyte chains from PEM to WPEC implies that
chains remain strongly associated in both the PEM and WPEC,
but redistribution of chains occurs, favoring WPEC and resulting
in PEM erosion. One then concludes that strong intermolecular
association between a pair of polyelectrolyte chains is not the
only prerequisite for successful film deposition. A careful look
at the literature shows that the reported cases of PEM erosion
and inhibition of film growth are not rare for polyions with
low charge density24 and are often found when a combination
of a weak polyacid at neutral/basic pH values and a positively
charged protein or a synthetic polycation with quaternary
ammonium groups are used for PEM deposition.25,26 This
deposition scenario differs from irreversible film growth, in
terms of deposited amount, considered by theories of PEM
growth27 and recently reviewed by Dobrynin and Rubinstein.28

Importantly, the exchange between PEM and WPEC is easy to
overlook in experiments with no in-situ monitoring of the
amount adsorbed with time. However, such exchange might
drastically influence the composition and likely layering within
PEMs and have severe consequences for properties and per-
formance of PEM films. Understanding occurrences of PEM
erosion is also important as it will eventually provide materials
scientists with a “map” of PEM growth which will allow one
to rationally avoid unstable regimes during film deposition.

This review presents a first step toward this goal, where we
summarize existing knowledge and present some new results
on the relationship between PEM growth and phase behavior
of PE complexes (PECs) in solution. Where possible, we
generalize and predict the likelihood of PE chain removal from
PEM films during film growth for different types of polyelec-
trolytes and various ionic strength and pH conditions used for
PEM deposition.

I. Correlation of PEM Growth and Phase Diagrams of
PEC in Solution: Background

Cohen Stuart and co-workers29 have clearly emphasized the
connection between the phase behavior of PECs in solution and

the deposition of PEMs. Specifically, using a polyelectrolyte
pair of poly((dimethylamino)ethyl methacrylate) (PAMA) and
poly(acrylic acid) (PAA), the authors observed overshoots in
the total amount of polymers within the film at the step of
polycation addition. Such overshoots reflected initial binding
of polycation chains at the surface which was later followed by
chain solubilization. The overshoot behavior developed when
the concentration of salt increased to 5 mM which was required
for acceleration of polyelectrolyte chain exchange or “plastifi-
cation” of the PEM. In a later paper by Kovacˇević et al.,30 a
specific ion effect on erosion of multilayers (in the limit of small
salt concentrations used) has been discussed. The authors stated
that “the behavior of polyelectrolyte multilayers is governed
by the same physics as that of corresponding polyelectrolyte
complexes in solution”.30 Furthermore, the relevance of the
phase diagrams of PECs in solution was established in the
context of PEMs. Schlenoff21 has also described, for various
molecular weights of polyelectrolytes, the competition between
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adsorption and solubilization of polyelectrolyte chains during
PEM buildup.

Indeed, when a PEM is brought in contact with a solution of
free polyelectrolyte chains (a situation routinely occurring during
PEM buildup), erosion of multilayers can occur. In these
conditions, one usually finds a large excess of polyelectrolyte
in solution compared to an oppositely charged polymer within
the film. For example, when film is deposited onto a substrate
with 5 cm2 surface area in a 50 mL beaker containing 1 mg/
mL polymer solution, the total excess of polymer in solution to
that residing at the film surface is 5 orders of magnitude
(assuming the amount of oppositely charged polymer adsorbed
within the outmost layer of the film is 1 mg/m2). For polyelec-
trolyte systems in which chain exchange occurs at the experi-
mental time scale, such excess of charged chains in solution is
most favorable for the formation of WPECs.31 When a poly-
electrolyte chain is included within a WPEC, one expects gains
in translational and configurational entropy due to an increase
in the number of WPEC species in solution and greater mobility
of dissolved polyelectrolyte chains, respectively. For many
polyelectrolyte systems, specifically those containing highly
hydrated carboxylate or phosphate polyanions and/or tertiary
or quaternary ammonium polybases, water-soluble complexes
are formed when the excess of negative charge is large, i.e.,
when the ratioæ of total positive-to-negative charge (in molar
concentrations of repeat units) is relatively small,æ < 0.5.30

The observation of chain removal during deposition of strongly
charged polyelectrolytes within PEMs is a common phenomenon
when polycations with tertiary or quaternary amino group and
poly(carboxylic acid) chains are used.

Figure 1, top panel, shows data obtained in our lab where
98% quaternized poly(N-ethyl-4-vinylpyridinium bromide)
(QPVP, withMw of 330K, a polymerization degree DPQPVP of
1600) was assembled with poly(methacrylic acid) (PMAA with
Mw of 150K, DPPMAA of 1700) at pH 8.4, when both components
are strongly charged. A similar failure in film deposition occurs
when one tries to self-assemble a globular protein lysozyme,

Lys (Mw 14 600, pI 11.0) with PMAA at pH 8.4 where PMAA
is fully ionized and Lys carries overall positive charge. As shown
in Figure 1, bottom panel, Lys is completely removed from the
surface to solution at the step of polyacid deposition, and
adsorbed polyacid is in turn solubilized by Lys. In solution,
strong binding between a positively charged protein and charged
poly(carboxylic acid)s was found, with formation of WPECs
in excess PMAA.32 Also, solubilization of polyelectrolyte chains
in an excess of proteins of opposite charge has been observed
earlier.33,34In the literature, many other examples of multilayer
erosion can be found,20-22,24illustrating a potential problem the
multilayer technique might face if deposition needs to be
performed at desired conditions and the use of specific polymer
type is required.

A schematic stability diagram of multilayers was recently
suggested by Kovacˇević et al.,29 which takes into account the
effect of the mole fraction of positively charged polyelectrolyte
species, f +, and concentration of low molecular salt on
precipitation of polyelectrolyte complex. The diagram is shown
in Figure 2. Erosion of PAMA/PAA PEMs at ionic strength of
5 mM (i.e., at ionic strength higher than “glassy ionic strength”
cg

29) was explained by formation of negatively charged WPECs
(region L′ in Figure 2) or positively charged WPECs (region
L′′ in Figure 2) during the deposition of polyanion or polycation,
respectively. Importantly, the schematic diagram suggests that
region L where PEC precipitate and stable multilayers are
formed is bell-shaped, with wider precipitation range at lower
salt concentrations.

However, phase separations in solutions of oppositely charged
polyelectrolytes can be much more complicated. We studied
phase separation in the QPVP/PMAA polyelectrolyte system
in which polymer chain lengths differed by a factor of 1.8
(QPVP withMw of 200K, DP 900; PMAA withMw of 150K,
DP 1400) in aqueous solutions at pH 8.4, where both polyelec-
trolytes were completely ionized. The phase diagram for this
system is fan-shaped, as shown in Figure 3, and is in good
agreement with our recent report on salt-induced phase separa-
tion of polyelectrolyte complexes in solution and its correletation
with enhanced deposition of multilayers in salt solutions.35 Phase
diagrams similar to one shown in Figure 3 have been also found
for other polyelectrolyte systems such as PAA/ionene,23 PMAA/
ionene,36 DNA/poly(N,N′-dimethyldiallylammonium chloride)
(PDADMAC),37 DNA/QPVP,37 RNA/PDADMAC, or RNA/
QPVP.38

Results on compositional analysis of QPVP/PMAA solutions
after separation of the precipitate are presented in Figure 4, top
panel (see ref 35 for experimental details). At lower salt
concentrations water-soluble complexes (region I) are formed
for 5-fold excess (in molar units) of PMAA or QPVP (f + )
0.167 or f + ) 0.833). Increased salt concentration triggers
redistribution of polymer chains, and water-insoluble complex

Figure 1. Layer-by-layer deposition of 10 layers in the QPVP/PMAA
film (top panel) and lysozyme/PMAA system (bottom panel). Assembly
of PMAA (open symbols) and QPVP or lysozyme (filled symbols) were
performed for 30 min from 0.1 mg/mL solution in 0.01 M phosphate
buffer at pH 8.

Figure 2. Schematic representation of the stability diagram of an
adsorbed multilayer of oppositely charged polyelectrolytes (PAMA/
PAA) (taken from ref 29).
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and a water-soluble complex with a smaller fraction of PMAA
or QPVP units coexist in region II. Mechanism for the salt-
induced phase separation that considers the WPEC contraction
due to screening of unbound PMAA (or unbound QPVP)
charges by the added salt and cooperative chain rearrangements
at the point of phase separation caused by high local ionic
strength was recently proposed.39 Importantly, salt-induced
redistribution of polymer chains and separation of phases have
direct consequences for multilayer growth. The amounts of
polymers deposited at surfaces present mirror images of phase
diagrams in solution (Figure 4, bottom panel) with larger
amounts of polymers included within the film when phase
separation occurs. Note that at even higher salt concentration
(region III), QPVP/PMAA ionic pairs completely dissociate as
a result of competition with low molecular weight ions, and
both the PEC precipitate in solution and PEM dissolve.

The application of in-situ ATR-FTIR for detecting PEM
deposition allows the unique capability of chemical differentia-
tion between PEM components. Figure 5 shows the results of
separate monitoring of PMAA and QPVP during the QPVP/

PMAA film buildup. The amount of PMAA deposited over-
shoots as a function of time, reflecting initial accumulation of
PMAA at the surface, followed by overwhelming removal to
WPECs. Observation that the balance between multilayer growth
and polyelectrolyte chain removal is kinetically controlled was
also made earlier by Schlenoff and co-workers.21 Removal of
QPVP included within the outermost layer starts immediately
after PMAA addition and occurs at a similar time scale with
PMAA adsorption. Enhanced deposition of polymer layers,
illustrated in Figure 4 (bottom panel), is dictated by the phase
diagrams of WPEC (Figure 4, top panel), which shows that
formation of water-insoluble complexes is thermodynamically
favorable at relatively high salt concentrations. The equilibrated
amounts adsorbed depend on details of phase diagrams for a
particular polycation/polyanion pair and may vary greatly
between systems.

Interestingly, while multilayer formation is prohibited in 0.01
M phosphate buffer solutions, the film exhibits significant
growth when concentration of counterions becomes very low
(less than 0.003 M buffer or salt solutions). Figure 6 contrasts
assembly of QPVP/PMAA films performed at different con-
centrations of phosphate buffer solutions at pH 8.4. In 0.001 M
buffer solutions, robust film growth occurred, while at higher
buffer concentration of 0.01 M multilayers were eroded. This
result is consistent with earlier findings by Kovacˇević et al. on
salt-induced acceleration of polyelectrolyte chain exchange.29

Note that in our system an erosion-to-growth transition was
observed for all ratios of polycation-to-polyanion chain lengths.
Further in this paper we present results obtained in 0.01 M buffer
solutions of polymers, where interchain interactions were
weakened to promote exchange between polymer chains de-
posited within the film and those in solution.

Figure 3. Phase diagram for QPVP/PMAA/NaCl mixtures in aqueous
solution at pH 8.4 supported by 0.01 M phosphate buffer. Concentra-
tions of polymers were 0.001 M, and degrees of polymerization of
QPVP and PMAA were 900 and 1700, respectively.

Figure 4. Top panel: Fraction of QPVP remaining in supernatants
(QPVP*s) of QPVP/PMAA mixtures for PMAA (Mw 350K, DP 4000)
in excess of PMAA;f + ) 0.167 (circles) and in excess of QPVP (Mw

330K, DP 1600),f + ) 0.833 (triangles) plotted against concentration
of the added salt. Bottom panel: Total amount adsorbed of nine-layer
QPVP/PMAA films deposited from solution with various salt concen-
trations. Concentrations of polymers were 0.04 M (in monomer units)
in the top panel and 0.1 mg/mL in the bottom panel. In all experiments,
0.01 M phosphate buffer at pH 8.4 was used.

Figure 5. Time evolution of PMAA mass adsorbed (filled symbols)
and QPVP (Mw 330K, DP 1600) mass adsorbed (open symbols) at the
step of PMAA (Mw 350K, DP 4000) deposition onto an eight-layer
QPVP/PMAA film from solutions at pH 8.4 which additionally
contained 0.2 M NaCl.

Figure 6. Evolution of total amount adsorbed during assembly of 10-
layer QPVP (Mw 330K, DP 1600)/PMAA (Mw 25K, DP 290) films
from 0.01 M (open symbols) and 0.001 M (filled symbols) buffer
solutions at pH 8.4.
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II. Equilibrium and Dynamics in PEMs: Lessons from
PECs

Below we consider effects of a number of parameters, such
as the type of interacting polyelectrolyte chains, the ratio of
their lengths, and ionic strength and pH of deposition solutions,
on the likelihood of the multilayer stability or erosion.

II.1. Polyelectrolyte Type and Equilibrium and Dynamics
in PEC. The type of polyelectrolyte has been shown to critically
affect the binding energy and equilibration time of interacting
polyelectrolytes in solution. For easily equilibrating PEC systems
consisting of polyamines with tertiary or quaternary amino
groups and polyacids with carboxylate or phosphate groups, it
was shown that WPECs are thermodynamically stable structures,
with a measurable chain transfer rate between molecularly
dispersed complexes.40 Here, we consider cases where all
participating polymers are highly charged, i.e., either the case
of strong polyacid and polybases or weak polyacids/polybases
exposed to pH values significantly higher/lower than their pKa/
pKb so that macromolecules can be considered as strong
polyelectrolytes in these conditions. Binding of the two op-
positely charged polyelectrolyte chains results in formation of
multiple polymer/polymer contacts. A simplistic description of
the binding constantKn between two interacting chains having
n polymer/polymer contacts is as a product of individual contacts
Kn ) K1

n (I), whereK1 is the binding constant of the interacting
monomeric units.41 The multiplicity of polymer-polymer
contacts within polymer complexes, reflected by this equation,
has major consequences for polyelectrolyte interactions.

First, according to this equation, in mixtures of the two types
of interacting polymers A and B, where polymer A is mono-
disperse and of long chain length and type B polydisperse and
of shorter chain lengths, strong selectivity in binding of the
longest chains of type B within a PEC A/B is expected. Selective
binding of this type was originally found for complexes
stabilized by H-bonds.42,43 For electrostatically associating
polyelectrolyte chains, similar chain length selectivity was
observed. Specifically, a polycation of high charge density
(QPVP), DP of 500, and narrow molecular weight distribution
showed selective binding with the longest chains in PMAA
mixtures of various DPs, e.g., 4000, 500, and 50.44

The second type of selectivity of polyelectrolyte binding was
observed in mixtures of three polyelectrolytes and reflects
preferential binding based on different chemical nature of
polymer chains. According to the equation (I), even small
changes in the binding constantK1 for individual polymer/
polymer contacts should translate into large changes in mutual
affinity of polymer chains. Experimentally, for WPECs of a
quaternary ammonium polycation, QPVP, and polycarboxylate
(PMAA) or polyphosphate polyanions (PP) with the same chain
lengths,K1 values, as estimated from the critical concentration
of sodium chloride required for dissociation of WPECs, were
very close.45 In these systems with closely matched binding
constants, when the polycation and the two polyanions are mixed
together, the position of equilibrium was highly sensitive to the
ratio of polyanion chain lengths, to the type of small ions in
the buffer, and to the type of substituent in the QPVP chains.
Specifically, QPVP preference to PP significantly increased as
the radius of monovalent cation added as a chloride salt
decreased from K+ to Na+ and Li+ 45 and as theN-alkyl
substituent in poly(N-alkyl-4-vinylpyridinium) was changed
from propyl to ethyl and methyl.46 Note also that in this system
the same effect also could be caused by an increase in PP
length45 or by variation of temperature.46

Similar effects were also found in the system PMAA/QPVP/
DNA.47 However, in the latter case, the efficiency of monovalent
cations to shift equilibrium toward formation of QPVP/DNA
complex followed the opposite sequence; i.e., it was increased
from Li+ to K+and further to Na+, reflecting the strong affinity
of Li+ cations to native DNA. Similar but stronger effects of
divalent cations, such as Ca2+ and Mg2+, were also reported.48

Selectivity of binding of different ionenes to PMAA or DNA
in the DNA/PMAA mixtures is efficiently controlled by the
length and charge density of the ionene chains.49,50 Thus, the
increase in the ionene DP resulted in a steady increase in
selectivity of interaction and ultimately in almost exclusive
binding of one of the two polyanions. Ionenes with higher charge
density exhibited preferential binding to PMAA, whereas
ionenes with the lowest charge density selectively bound DNA.
Quite recently, the fact of recognition and preferential binding
of linear polycations with DNA of certain topology has been
established in mixtures of polycations with linear and plasmid
DNA.51 Another interesting finding is selective binding of DNA
by a polycation in mixtures of DNA and RNA.38

Recently, a quantitative approach to evaluate the binding
constantsK1 and Kn was proposed on the basis of studies of
the competitive reactions in three-component polyelectrolyte
solutions.48 Interestingly, for 3,3-ionene/DNA and 3,3-ionene
/poly(acrylic acid) systems,K1 values showed only a small
difference (1.012 and 1.024 for 3,3-ionene/DNA and 3,3-ionene/
poly(acrylic acid), respectively). However, for systems involving
poly(styrenesulfonate) (PSS), much largerK1 values were found.
Specifically, for PSS/poly-L-histidine systemsK1 was∼2, i.e.,
twice those for DNA/poly-L-histidine50b or DNA/3,3-ionene50a

complexes. The large difference reflected irreversible binding
of PSS with the polycation in the presence of DNA. This finding
is in very good agreement with other reports that in mixtures
of polyanions a polycation preferentially binds with macromol-
ecules with sulfonate and/or sulfate groups such as, poly-
(vinylsulfonate),52 PSS,53 or poly(vinyl sulfate).54 The presence
of a small number of sulfate or sulfonate groups in the
polycarboxylate polymer chains provided strong selective bind-
ing with a polycation in polyanion mixtures, even though the
mixture contained polycarboxylate polyanions of much higher
charge density.55 The difference in free energy of association
of a quaternized amine group with a sulfonate group and a
carboxylate group was reported to be as large as 15 kJ mol-1

for the case of PEMs.56 As a result of such strong interaction
energy, ionic pairs of quaternized amine group with SO3

- or
SO4

- are extremely stable in salt solutions. Water-insoluble
stoichiometric PECs of PSS with QPVP involving even very

Figure 7. Turbidity of QPVP/PMAA (open circles) and PAH/PMAA
(filled circles) mixtures measured as the absorbance of 0.04 M (repeat
units) solutions at 400 nm as a function of the mole fraction of positively
charged unitsf +. The pH of 8.4 was supported by 0.01 M Trizma buffer.
PMAA, QPVP, and PAH withMw of 72K, 200K, and 70K, respectively,
were used for the experiment.
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short chains exhibited high stability in salt solutions. Specifi-
cally, the salt concentration required for QPVP/PSS dissociation
for the case of QPVP oligomers of DPs 10 and 20 was 2.3 M
NaCl and 3.4 M NaCl, respectively, which is 1 order of
magnitude higher than that needed for destruction of complexes
formed by QPVP oligomers with PMAA57 or DNA.58

Strong binding of SO3-- or SO4
--containing polyanions with

polycations has a profound impact on kinetics of interpolyelec-
trolyte chain exchange. The first striking observation is signifi-
cant acceleration of the substitution reactions or that transfer
of polycations from carboxylate to SO3

-- or SO4
--contaning

polyanions. The rate of chain exchange in PECs is enhanced in
the presence of low molecular weight electrolytes due to
screening and weakening of interpolymer electrostatic interac-
tions.40 In contrast to QPVP, transfer from WPEC QPVP/PMAA
to added free PMAA chains that occurred at a measurable rate
in 0.05 M NaCl solution; the competitive displacement of QPVP
from WPEC by added PSS chains required 1 order of magnitude
lower concentration of salt.59

On the other hand, the extremely high affinity of PSS to
polycations imposes kinetic restrictions on interpolyelectro-
lyte exchange reactions or chain transfer between PECs of the
same chemical identity. As a result, when a polycation and
PSS solutions are mixed to provide large excess of polycation
or PSS units, precipitation occurs in solution since equilibra-
tion through chain exchange is inhibited. Accordingly, it is
commonly accepted that PSS is unable to form soluble
complexes with polycations.60,61 However, one of us showed
that PSS-containing WPECs can be prepared in 0.12 M KCl
solutions where interchain interactions are significantly weak-
ened.62

Just as PSS is one of the strongest competitors for binding
with polycations, polyamines containing primary amino groups
are the strongest binders among polycations. When various
polyamines were investigated for their binding with DNA, their
association strength with DNA increased in a series: quater-
nized-, tertiary-, secondary-, primary-amine polycation63 as
amino groups became more sterically accessible. In addition,
significant contribution of dispersive, nonelectrostatic interac-
tions to the binding energy is likely to occur in the case of PSS
and/or primary-amine polycations.

Figure 7 contrasts phase behavior of polycation/polyanion
mixtures in solution for strongly bound and weakly bound
polyelectrolyte pairs. In mixtures of PMAA with the primary
amine polycation poly(allylamine) (PAH), insoluble complexes
are formed in a wide range of polycation-to-polyanion ratios,
even when excess of PMAA or PAH units is large. In contrast,
solubility behavior of PMAA mixtures with the quaternized
polyamine QPVP is drastically different: precipitation occurs
in a narrow range whenf + is close to 0.5, i.e., when equimolar
charge ratio is achieved. Excess of PMAA or QPVP (atf + <
0.35 andf + > 0.6, respectively) results in formation of WPECs
which are solubilized by either negative or positive charge in
nonassociated polymer units. Consequences for PEM deposition
are illustrated in Figure 1, top panel, which shows that chain
deposition at the surface is greatly inhibited by exchange with
solution and does not result in QPVP/PMAA film growth. In
contrast, in the same conditions the irreversible deposition of
polymer chains at surfaces occurs for strongly interacting sys-
tems such as PAH/PMAA or PAH/PSS (data not shown). For
instance, construction of 12 layer films of PAH/PMAA results
in 30 and 60 nm multilayers deposited for 5 and 30 min, respec-
tively, from 0.1 mg/mL polymer solutions at pH 8.4 in Trizma
buffer. Polyelectrolyte exchange with solution for weakly bound

“exponentially” growing multilayers was also observed by others
for films composed of macromolecules such as PGLu and
hyaluronic acid.64-66 In our group, we have recently observed
competition and replacement reactions, when electrostatically
associating chains replaced hydrogen-bonded polymers within
hybrid PEMs.67 Recently, Jomaa and Schlenoff demonstrated
self-exchange of poly(carboxylic acid)s within a PEM as well
as replacement of self-assembled PMAA with stronger binding
PSS chains.68 At the same time, formation of very strong and
irreversible ionic pairs affords high stability to PAH/PSS films
and makes this system a favorite choice for multilayer buildup.
As described above, the trends observed with multilayers directly
follow from the properties of PECs in solution.

II.2. Ratio of Polyelectrolyte Chain Lengths.For quickly
equilibrating PEC systems, such as polycations containing
quaternary ammonium groups and polyacids with carboxylate
or phosphate groups, earlier works on WPEC suggested that
mismatch in the polyelectrolyte chain lengths is critical for
formation of water-soluble complexes.23 However, more recent
experiments by one of us showed that the formation of WPEC
occurs for all ratios of polyelectrolyte chain lengths.69,70Figure
8 shows the results of phase separation in QPVP/PMAA
mixtures in solution (top panel) and corresponding PEMs
(bottom panel) for different ratios of QPVP-to-PMAA chain
lengths.

Though the details of phase separations are different, water-
soluble complexes exist at low salt concentration for all ratios
of polycation/polyanion chain lengths from 24 to 0.5. Even when
molecular weights of polyelectrolytes are close, there is a
thermodynamic preference of formation of WPEC, and multi-
layer erosion occurs at low salt concentrations. This follows
from the efficient inhibition of PEM deposition (Figure 1, top
panel) due to solubilization of chains within WPEC in spite of
the matched polyelectrolyte chain lengths (polycation/polyanion
chain ratio close to 1.0).

Figure 8. Top panel: Fraction of QPVP (Mw 330K, DP 1600)
remaining in supernatants of QPVP/PMAA mixtures for PMAA (Mw

350K, DP 4000) in excess PMAA (open circles) and in excess QPVP
(filled circles) and for PMAA withMw of 7K, DP 80 in excess of
PMAA (open triangles) and in excess QPVP (filled triangles) plotted
against concentration of the added salt. Bottom panel: Total amount
adsorbed of nine-layer QPVP/PMAA films deposited from solution with
various salt concentrations for PMAA with 350K (squares) and 7K
(stars). In all experiments, 0.01 M phosphate buffer at pH 8.4 was used.
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II.3. Effect of Charge Density and pH. For the case of
strongly interacting weak polyelectrolyte PAH/poly(carboxylic
acid) pair where no chain exchange is expected as suggested
by noticeable turbidity in the mixture of solutions (Figure 7),
the dependence of multilayer thickness on pH was studied in
detail by Rubner and co-workers.71 Deposition of thicker
PDADMAC/PAA multilayers at lower pH values was also
reported by Dubas and Schlenoff.16 However, with weaker
bound polymer pairs, such as in the latter case, charge density
of interacting chains can have a pronounced effect on the
interpolyelectrolyte exchange rate. For example, a decrease in
the number of positively charged pyridinium units in the chain
of partly alkylated QPVP (a decrease in the degree of alkylation)
resulted in acceleration of QPVP exchange by PMAA chains.72

Also, in solution, drastic inhibition of chain exchange was found
for the system QPVP/PMAA at lower pH values.73 For
multilayers, a recent study in our group showed that using lower
pH deposition solutions eliminated solubilization of polyelec-
trolyte chains and dramatically improved the deposition of
polycation/PMAA films.74 Figure 9, panel A, shows that water-
soluble complex with compositionf + ) 0.8 becomes insoluble
when pH is lowered from 8 to 5. Correspondingly, deposition
of chains at the surface follows the same pH trend. As shown
in panel B in Figure 9, adsorption-desorption behavior at pH
8.4 is switched to robust multilayer growth at pH 5. The latter
observations in solution and at the surface might look counter-
intuitive after one considers the related data on increased
exchange rates of polyelectrolyte chains in solution for poly-
electrolytes with lower charge density.

Clearly, lowering charge density in a weak polyacid and
lowering charge density in a polycation copolymer are not the
same. Non-fully ionized poly(carboxylic acid)s bring significant
nonelectrostatic contributions to the binding energy due to
hydrogen bonding through protonated carboxylic acids and

inhibit exchange and equilibration of polyelectrolyte chains.
Note that a similar effect of lower ionization of PMAA with
promoted PEM deposition at lower pH values was also
demonstrated for protein/PMAA multilayer films.26

III. Kinetically Trapped PEMs

For systems with relatively fast equilibration times and
exchange of polyelectrolyte chains, multilayer deposition at
surfaces is not favored thermodynamically. In such systems, it
seems unavoidable that strong interlayer mixing and chain
removal will be triggered upon exposure to deposition solution
containing one of the polyelectrolytes. However, loss of
multilayer mass might be inhibited when not enough time is
allowed for equilibration with solution. Panel A in Figure 10
shows the effect of deposition time on multilayer thickness. For
the case of low molecular weight PMAA 7K, much thicker films
are produced if only 5 min are allowed for equilibration with
solution at each deposition step. An increase in deposition time

Figure 9. Panel A: Turbidity of QPVP/PMAA mixtures withf + ) 0.8 measured as absorbance of 0.04 M solutions at 400 nm as a function pH.
Panel B: Evolution of total amount of QPVP and PMAA adsorbed during nine-layer film assembly at pH 5 (filled circles) and pH 8 (open circles).
The pHs were supported by 0.01 M phosphate buffer. In all experimentMws for PMAA and QPVP were 72K, DP 670 and 200K, DP 900, respectively.

Figure 10. Panel A: Total amount adsorbed of nine-layer QPVP (Mw 330K, DP 1600)/PMAA (7K, DP 65) films deposited at pH 8.4 from
solutions with various salt concentrations. The deposition time per layer was 5 min (filled symbols) and 1 h (open symbols). Panel B: Time
evolution of PMAA (stars) and QPVP (triangles) amounts during deposition of QPVP on the top of the nine-layer film at 0.15 M NaCl concentration.
Arrows show amount retained after 5 and 60 min.

Figure 11. pH-triggered disintegration of a 10-layer QPVP/PMAA
film deposited at pH 5 and exposed to higher pH values (in-situ ATR-
FTIR results). In the experimentMw for PMAA and QPVP were 150K,
DP 1700 and 200K, DP 900, respectively.
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resulted in evolution of multilayer thickness toward those
predicted thermodynamically based on the shapes of QPVP/
PMAA phase diagrams in solution. Panel B in Figure 10
illustrates how this behavior correlates with the overshoot in
the amount of polymer deposited at the surface. Specifically,
since binding of a polyelectrolyte at the film surface precedes
the solubilization step, removal of previously adsorbed polymer
chains is inhibited when polymer solution is replaced with pure
buffer at early stages of desorption.

IV. pH-Triggered Decomposition of PEMs

pH-triggered behavior of PEMs is also controlled by the phase
diagrams of polyelectrolyte pairs in solution. Note that hydro-
philic poly(carboxylic acid)s, which are highly labile in inter-
polyelectrolyte exchange reaction and easily produce WPECs,
are often used to build PEMs.75-79 The capability of such films
(wPEMs) to respond to such environmental stimuli as pH and
ionic strength has been widely explored and exploited. Varia-
tions of the external pH may result in excess charge within
wPEMs, which can be utilized, for example, to bind and release
low molecular weight compounds such as dyes or drugs.80-82

Such pH variations have also allowed Sui and Schlenoff to use
wPEMs for controlling electroosmotic flow in microchannels.83

One way for PEMs to respond to electrostatic stress within the
film is through changes in film morphology. Sui and Schlenoff
suggested a mechanism of dissipation of electrostatic stress
within the film through migration of excess charge to the film
surface via short-scale macromolecular rearrangements or charge
“extrusion”.84

In the case of hollow wPEM capsules reversible porosity has
also been used to design capsules with pH-gated perme-
ability.85,86Nanoscale porosity can also be introduced in wPEM
films and reversed via pH variations, making such films
attractive candidates as erasable antireflection coatings.87 Re-
versible pH-induced swelling transitions88 have been also
reported by Hiller and Rubner.

However, pH variations can also cause film instabilities of
non-cross-linked wPEMs. Apart from conventionally expected
film decomposition at extreme pHs,18 which is a result of
dissociation of polyelectrolytes, sections above emphasize that
excess charge within the film can create conditions favorable
for solubilization of polymer chains in solution. Figure 11 shows
the pH-stability profile of QPVP/PMAA films which were self-
assembled at pH 5 and then exposed to increasing pH values.
We found that when negative charge within the film exceeds
positive charge∼3-fold, the PEM dissolves in a highly
cooperative manner. Note that the 3-fold excess of PMAA
charge corresponds to formation of WPEC. Dubas and Schlenoff
have also reported that multilayers composed of a weak poly-
(carboxylic acid) and quaternary ammonium polycation are
unstable during pH cycling.16 This behavior, again, largely
follows the phase diagrams of corresponding polyelectrolyte
pairs in solution. We have earlier shown that stabilization of
labile polyelectrolyte PEMs to pH variations can be achieved
by shifting the total balance of charges toward unity, i.e., by
raising the pH of wPEM in the presence of a polycation, which
“buffers” accumulation of negative charge within the film.25

An alternative strategy includes diluting pH-sensitive groups
by using copolymer blends and the additional use of PSS
polyanion which exhibits strong ionic pairing and enhances PEM
pH stability.83 Again, complexes involving PSS show precipita-
tion in a wide range of polycation-to-polyanion chargef + (data
not shown), suggesting high stability of PSS-containing mul-
tilayers during PEM buildup and pH response.

In summary, we demonstrated that deposition and pH
response of PEM at surfaces are largely controlled by the phase
behavior of polyelectrolyte complexes in solution. Detailed
understanding of competition between surface and solution as
applied to PEMs requires selective labeling of polymers and/or
the application of techniques that allow chemically specific
monitoring of film components, such as in-situ ATR-FTIR
spectroscopy. We suggest that better knowledge of the relation-
ships between PEMs and PECs would allow rational prediction
and control of deposition of weak or permanently charged
polyelectrolytes, proteins, and nanoparticles at surfaces and
enable the design of PEM-based polymer films with predictable
pH-response properties useful for a variety of applications.
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