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a b s t r a c t

Surface functionalization with polyelectrolyte multilayer films (PEM films) has become very popular
owing to its simplicity and versatility. However, even if some research is already available, this field of
surface chemistry lacks a systematic knowledge of how the polyelectrolyte structure and solution condi-
tions influence the growth of PEM films. In this investigation, we focus on the possible relationship
between turbidity of polycation and polyanion mixtures in solution, and the buildup of PEM films made
from the same polyelectrolytes in the same physicochemical conditions, namely pH, temperature and
ionic strength. It comes out that for six different polycation/polyanion combinations there is a clear cor-
relation between the turbidity evolution of polycation/polyanion complexes with the salt concentration
and the evolution of the film deposition with the same parameter. In this investigation, the complexes in
solution were prepared in conditions where the ratio between the number of cationic to anionic groups
was close to unity. Even if there is a correlation between turbidity in solution and PEM film deposition,
we found some exceptions in the low salt concentration regime.

This work is an extension of the preliminary works of Cohen Stuart (D. Kovačević et al. Langmuir 18
(2002) 5607–5612) and Sukishvili et al. (S.A. Sukhishvili, E. Kharlampieva and V. Izumrudov, Macromol-
ecules 39 (2006) 8873–8881).

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The coating of surfaces, with functional molecules to yield films
with controlled properties and thickness, is of major importance
for both its fundamental aspects and its applications in technology.
The first demonstration of the possibility to use electrostatic self-
assembly (ESA) to deposit multilayer films from colloids [1] as well
as the generalization of the concept to polyelectrolytes [2–6] and
to polyelectrolytes in combination with charged colloids [7–11]
(among them biomolecules like DNA [12], proteins [13–16] poly-
saccharides [17] and even cells [18]) has opened the route to the
easy and versatile coating of substrates with films having a thick-
ness ranging from a few nanometers up to several micrometers.
The layer-by-layer (LBL) deposition can rely on ESA as well as on
the self-assembly of molecules carrying complementary function-
alities, for instance polymers carrying hydrogen donor or acceptor
moieties [19–22]. Charge transfer [23,24] and host–guest interac-
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tions [25] can also be used to build films using the layer-by-layer
concept. Multilayer films can be obtained from two multifunc-
tional molecules A and B provided that the functionality of A over-
compensates that of B during the alternate adsorption. In the case
of polyelectrolytes, the driving force for the deposition of a poly-
electrolyte multilayer (PEM) film is the charge overcompensation
at the topmost part of the film at each deposition step, as has been
demonstrated by means of zeta potential measurements [26–28].
The PEM films are easy to deposit on various substrates, among
them colloids [29,30] where they offer a plethora of possible appli-
cations in biology [31,32] as well as in materials science [33–35]. In
addition, they can be deposited by regular solution coating (using
dipping machines), by spin coating [36,37] or by spray [38,39].

The ease of the processing of such films is in total contrast with
the complexity of the underlying deposition mechanism. To under-
stand PEM deposition at a molecular level, two major aspects have
to be fully understood:

(i) The origin of the internal charge compensation, which can be
either of intrinsic [40,41] or of extrinsic nature [5,42,43],
meaning that electroneutrality in the bulk of the film is due
to the quantitative ion pairing between the polycation and
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the polyanion or to the incorporation of an excess of small
electrolytes, respectively.

(ii) The understanding of the film growth regime. Indeed, three
different situations have been described in the case of
polyelectrolytes:

Linear growth, in which the film thickness as well as the amount
of deposited molecules increase linearly with the number of depos-
ited layer pairs, n. A layer pair results from the successive deposition
of a polycation and a polyanion or vice versa. This film growth re-
gime is by far the most common, the combination of poly(sodium-
4-styrene sulfonate) (PSS) and poly(allylamine hydrochloride)
(PAH) at ambient temperature being one of the most representative
examples [4,25,44].

Supralinear growth in which the second derivative of the film
thickness with respect to n is positive. The first example of such
growth has been found in the combination between poly(L-lysine)
and sodium alginate [45] and many examples followed in the liter-
ature [46–51]. It has been demonstrated that the supralinear growth
can be described by an exponential function in many cases. This
growth regime is due to diffusion of at least one of the participating
polyelectrolytes in and out of the whole film during each deposition
step [47]. This growth has been described by means of a model rely-
ing on the assumption that the deposition of one polyelectrolyte
stops when its chemical potential in the bulk of the film is equal to
its chemical potential in solution. In addition the last deposited layer
constitutes an electrostatic potential barrier impeding the release of
the polyelectrolytes from the film in the solution before the contact
with the solution containing the polyelectrolyte of opposite charge
[52]. Other models able to explain exponential growth of the film
thickness have been proposed recently [53].

The absence of film growth which most often manifests in the
adsorption of one polyelectrolyte followed by its near quantitative
desorption when the substrate is put in contact with the polyelec-
trolyte of opposite sign [54,55]. This observation means that poly-
electrolytes A and B prefer to form complexes that desorb from the
substrate and are soluble in solution rather than to stick as an
insoluble film on the substrate. These findings have been rational-
ized by Sukhishvili et al. in terms of phase diagrams [56].

In their model, which is an extension of that proposed by Cohen
Stuart et al. [54], the formation of soluble complexes in solution is
unfavorable to the deposition of PEMs. In contrast, the formation of
insoluble complexes corresponds to a glassy state and the forma-
tion of PEM films when the same polyelectrolytes are deposited
in LBL manner. This relationship between a turbidity diagram
and multilayer buildup has been established on poly(methacrylic
acid) and quaternized poly(vinyl pyridine) (QPVP) [56]. It has been
demonstrated that the stability of polyelectrolyte–polyelectrolyte
or polyelectrolyte-protein complexes (where the proteins have to
be considered as colloids carrying a heterogeneous surface charge
distribution) depends among other parameters on the chain length
[57], the linear charge density of the polyelectrolyte [58–61], the
ionic strength of the solution [62], the pH in the case of weak poly-
electrolytes or proteins [62] and the temperature. Hence, the phys-
icochemical parameters governing the interpolyelectrolyte
complexation in solution appear to be basically the same as those
governing the buildup of PEM films. For instance an increase in io-
nic strength of a solution containing already formed complexes or
of a solution in contact with a PEM film leads finally to the solubi-
lization of the complexes [63] (or a disappearance of the coacer-
vate phase, where a coacervate corresponds to a liquid phase of
insoluble complexes [64]) and the partial [65] or total dissolution
of PEM films [66].

Exchange mechanisms provide another analogy between poly-
electrolyte complexes and PEM films. One kind of polyelectrolyte
in a polycation–polyanion complex can be displaced from these
complexes by the introduction of a competing polyelectrolyte
[67] and similarly exchange phenomena can occur in PEM films
[68–70]. Finally, self assembled systems, polyelectrolyte com-
plexes and PEM films can display variable mobility of their constit-
uents: BSA diffuses as well in polyelectrolyte complexes [71] as in
PEM films [72].

Despite these strong analogies in the behavior and properties of
polyelectrolyte complexes and PEM films, there have been only
few experimental investigations to uncover their molecular origin.
Some isothermal titration microcalorimetry experiments suggest
that the regime of film growth is related to the sign of the enthalpy
during the complexation process in solution [73]. These data
strongly suggest that entropy changes are one of the driving forces
in both PE complexation [74] and PEM film buildup. The impor-
tance of entropic contributions to free energy changes during poly-
electrolyte complexation has been assumed very early in the
literature [75]. However, these entropy changes are difficult to
measure by the sole use of isothermal titration calorimetry (ITC)
[76,77].

All these investigations and analogies mentioned above be-
tween complexation in solution and growth of PEM films provide
strong support to the assumption of Cohen Stuart et al. [54] and
Sukishvili et al. [56].

In the present investigation, we aim to use a broad range of
polyelectrolytes already involved in the preparation of PEM films,
to attempt a correlation between the turbidity diagram of polyca-
tion–polyanion complexation behavior in solution and the possible
buildup of PEM films from the same polyelectrolytes and to extend
the qualitative rule introduced by Sukhishvili et al. [56] to the cor-
relation between the turbidity diagram and the type of multilayer
growth. Note that we use the denomination of ‘‘turbidity diagram”
rather than the concept of phase diagram because the latter one re-
quires the system to be at equilibrium. It is well known that PE
complexes and films can correspond to kinetically frozen states
[54]. Hence, the measurement of turbidity in solution at a given
time after mixing the polyanion and polycation is a snapshot of
the complexation process that may not correspond to the state of
lowest free energy. If the polycation–polyanion association in solu-
tion, which will be measured by means of turbidity, is related to
the growth of PEM films, it will provide a very easy, predictive tool
for the to buildup of PEM films. The prediction merely would
require to mix polycation and polyanion solutions in different solu-
tion conditions (pH, ionic strength) and to follow if phase separa-
tion occurs.

Our investigation will also highlight, as already suggested by
Sukishvili et al. [56], that polymers carrying sulfonate groups are
very efficient to produce stable polyelectrolyte complexes as well
as robust buildup of PEM films over a broad range of physicochem-
ical conditions. To be as general as possible, we used both polycarb-
oxylates (poly(sodium-L-glutamate), PGA, sodium hyaluronate, HA,
and polysulfonates (poly(sodium-4-styrene sulfonate), PSS. The
used polycations carried both primary amine groups (poly(allyla-
mine hydrochloride), PAH, and poly(L-lysine), PLL) and quaternary
ammonium groups (poly(diallyldimethylammonium chloride),
PDADMAC). Our investigation will also point out that there can be
some exceptions in the relationship between the occurrence of
turbidity and the (apparent) absence of film growth at low ionic
strength.
2. Materials and methods

2.1. Polyelectrolyte solutions

Poly(L-lysine) (PLL, ref: P2636, Mw = 2.92 � 104 g/mol, Mw/
Mn = 1.64), poly(L-lysine) labeled with fluorescein isothiocyanate
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(PLLFITC, Mw = 5.89 � 104 g/mol, Mw/Mn = 2.82) with an average of
0.008 FITC group per lysine monomer, poly(diallydimethylammo-
nium chloride) (PDADMAC, Mw = 9.36 � 105 g/mol), poly(allyla-
mine hydrochloride) (PAH, Mw = 7 � 104 g/mol), poly(sodium-4-
styrene sulfonate) (PSS, Mw = 7.0 � 104 g/mol), poly (sodium-L-glu-
tamate) (PGA, Mw = 4.75 � 104 g/mol), poly(ethylene imine) (PEI,
Mw = 75 � 104 g/mol, were purchased from Sigma (St. Quentin
Fallavier, France). Sodium hyaluronate (HA, ref: 80190, Mw =
3.81 � 105 g/mol, Mw/Mn = 1.76) was purchased from Lifecore
(Chaska, MN). The mass distributions of HA and PLL were deter-
mined by means of steric exclusion chromatography–multi angle
laser light scattering (SEC-MALLS).

NaCl aqueous solutions were prepared at different ionic
strengths, and buffered at pH 7.4 with 1 mM Hepes (4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid) for PLL and HA solutions
or with 10 mM tris (tris(hydroxymethyl)aminomethane) to dis-
solve all other polyelectrolytes, using ultrapure water (MilliQ-plus
system, Millipore) with a resistivity of 18.2 MX cm. The ionic
strength of all the solutions was adjusted by adding variable
amounts of NaCl.

Polyelectrolyte solutions were prepared by dissolution of ade-
quate amounts of polyelectrolyte powders (or by dilution of the
commercial solution in the case of PDADMAC) in 1 mM Hepes or
10 mM tris–NaCl buffer at pH 7.4. The solutions were freshly pre-
pared before every buildup or turbidity measurement and equili-
brated overnight in a closed vessel. HA and PLL solutions were
prepared at a concentration of 3 � 10�3 M in monomer units. All
other polyelectrolyte solutions were prepared at a concentration
of 1 mg/mL, hence typically at a monomer concentration between
5 � 10�3 and 1 � 10�2 M in monomer units.
2.2. Buildup of polyelectrolyte multilayers

The PLL/HA and PDADMAC/PSS films, aimed to be imaged by
means of confocal laser scanning microscopy (CLSM), were depos-
ited with a dipping robot (Riegler & Kirstein GmbH, Potsdam, Ger-
many) on glass slides (glass coverslips from Menzel GmbH & Co,
Braunschweig, Germany). Before polyelectrolyte adsorption, the
glass slides were cleaned with 0.1 M sodium dodecyl sulfate
(15 min), 0.1 M HCl (15 min), and pure water. Then, the glass slides
were dipped in a polycation solution for 8 min. A rinsing step was
performed by dipping the substrates for 10 min in the NaCl con-
taining buffer (pH 7.4). The polyanion was then deposited in the
same manner. The buildup process was pursued by alternated
depositions of the polycation and the polyanion. The film obtained
after deposition of n layer pairs is denoted (polycation/polyanion)n.
All the buildup experiments were performed at (25 ± 2)�C.
2.3. Confocal laser scanning microscopy (CLSM)

Confocal laser scanning microscopy investigations were per-
formed on films in contact with a NaCl solution. These observa-
tions were carried out with a Zeiss LSM-510 microscope using a
40�/1.4 oil immersion objective and a 0.43-lm z-section interval.
For all CLSM observations unless otherwise stated, the adsorption
of PLLFITC (respectively PSSRho) was performed by dipping the mul-
tilayer films for 15 min in a PLLFITC (respectively PSSRho) solution
and rinsing with 1 mM Hepes or 10 mM-tris buffer at pH 7.4 before
its observation. FITC fluorescence was detected upon excitation at
488 nm, through a cut-off dichroic mirror and an emission band-
pass filter of 505–530 nm (green). Rhodamine fluorescence was de-
tected upon excitation at 543 nm and an emission long-pass filter
above 585 nm (red emission). Virtual vertical sections can be visu-
alized, allowing the film thickness to be determined. PSS was la-
beled with rhodamine according to the literature [78].
2.4. Quartz cristal microbalance with dissipation monitoring (QCM-D)

The construction of PEM films was monitored in situ by quartz
crystal microbalance with dissipation monitoring QCM-D-E4 (Q-
Sense, Götenborg, Sweden). The device was fitted with a 4-sensor
chamber meaning that 4 buildup experiments could be performed
simultaneously. The QCM-D technique consists in measuring the
resonance frequency changes (Df) of a quartz crystal induced by
polyelectrolyte adsorption on this crystal, when compared to the
same crystal in contact with the buffer solution. The quartz crystal
is excited at its fundamental frequency (about 5 MHz), and the
measurements are performed at the first, third, fifth and seventh
overtones (denoted by m = 1, 3, 5 and 7, respectively) corresponding
to about 5, 15, 25, and 35 MHz, respectively. Changes in the reso-
nance frequencies, Dfm, and in the relaxation time of the vibration
once the excitation is switched off are measured at these four fre-
quencies. The relaxation time gives access to the dissipation factor,
D. The used quartz crystal is coated with a �50 nm SiO2 film. The
four sensors are fixed in removable flow modules with inlet and
outlet tubings through which the polyelectrolyte and buffer solu-
tions are injected. In each experiment, 600 lL of NaCl solution
was injected into the measurement cell. After stabilization of the
signals (shift in reduced frequency, Dfm /m, typically lower than
0.5 Hz/min), 600 lL of the polycation solution dissolved in a NaCl
containing buffer was injected. This solution was left in the cell
for 5 min, rinsed with the NaCl containing buffer solution and left
again for 5 min. During the whole process, the frequency shifts
were continuously recorded as a function of time. The same proce-
dure was used for the deposition of the polyanion. The construc-
tion was pursued by alternate depositions of polycation and
polyanion. A positive shift in the opposite of the reduced frequency
shift, �Dfm/m, can be associated, in first approximation, with an in-
crease of the mass adsorbed on the crystal [79]. For all the investi-
gated polycation–polyanion combinations, the adsorption kinetics
reached a steady state in less than 5 min, the reduced frequency
shift being smaller than 0.5 Hz/min.

2.5. Ellipsometry

Some of the PEM films were characterized by means of ellips-
ometry in the dry state (Horiba Jobin Yvon model PZ2000, Longju-
meau, France). The measurements were performed at constant
angle of incidence (70�) and at constant wavelength (632.8 nm)
to determine the thickness of the silicon oxide atop the silicon chip
as well as the thickness of the polyelectrolyte adlayer. The refrac-
tive index of the silicon oxide as well as that of the PEM film was
fixed at 1.465 for all polyelectrolyte combinations. The thickness
of the silicon oxide layer was subtracted from the whole deposit
thickness to yield the thickness of the PEM film. Ellipsometry
was used in a qualitative way to confirm the PEM thickness evolu-
tion with the ionic strength.

2.6. Turbidity as a function of mixing ratio (r) of polyelectrolytes and
as a function of ionic strength

Mixtures of different couples of polycation/polyanion were pre-
pared at different mixing ratios and at different ionic strengths in
NaCl (the buffer always containing 1 mM Hepes or 10 mM tris at
pH 7.4 depending on the polyelectrolyte combination). During
the complex preparation, a given volume of the polycation solution
was injected in a given volume of buffer containing the polyanion.
The mixture was vigorously stirred to ensure fast homogenization.
It has to be noted that we decided, purposely, to mix the polycation
and polyanion in this order. Nevertheless, we performed some
control experiments in which the polyanion solution was injected
in the polycation solution. For some polycation–polyanion
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Fig. 1. Turbidity diagram, representing the turbidity (quantified as the absorbance
at 500 nm) of the PLL/HA combination of polyelectrolytes as a function of the
mixing ratio r and the ionic strength (adjusted with NaCl). The ionic strength values
are indicated in the inset.
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combinations (PAH/PSS for instance) the turbidity values were
dependent on the mixing order, but in all cases the turbidity
change as a function of the ionic strength followed the same qual-
itative evolution. Hence, we will focus on experiments in which the
polycation solution was injected in the polyanion solution. This
way of preparing polycation–polyanion mixtures may not lead to
equilibrium configurations but it mimics the procedure used to
prepare the PEM films in which a polyelectrolyte solution is put
in contact with a film already ending with an oppositely charged
polyelectrolyte. To prepare polyelectrolyte complexes at equilib-
rium, it may be better to mix them in non-interacting conditions,
for instance at very high ionic strength and to subsequently dialy-
sis them against the desired buffer in order to produce conditions
favorable for polyelectrolyte–polyelectrolyte interactions. This
method of complex preparation is extremely time consuming
and does not mimic the preparation of PEM films, therefore we
did not use it.

In a typical experiment, performed at (25 ± 2)�C, a given volume
of an aliquot of the polycation solution was added to an aliquot of
the polyanion solution to establish different molar ratios between
polycation and polyanion at different ionic strength of NaCl buf-
fered solution in a polystyrene cuvette. The total volume of the
polycation–polyanion mixture was always of 1 mL. A different cuv-
ette was used for each value of the mixing ratio r which was varied
between 0 (no polycation) and 10 corresponding to a large excess
of polycation monomers. r is defined as the ratio between the num-
ber of moles of cationic units and the number of moles of anionic
units. In the case of PSS (respectively PDADMAC) each monomer
carries one elementary negative (respectively positive) charge.
We make the assumption that a weak polyelectrolyte is highly pro-
tonated (case of the polyamines) or highly deprotonated (case of
the polyacids). This assumption is realistic at pH 7.4 which is well
below the average pKa of the polyamines (around 10 for PLL and
8.8–9 for PAH [80]) and far above the pKa of the used polyacids
(4.5 for PGA). The validity of this assumption is also better at high-
er ionic strength where the intramolecular electrostatic repulsions
between like charges are screened.

In order to have absorbance values lower than 2 (corresponding
to the appearance of nonlinear absorbance–concentration relation-
ship), 3 mL of buffer solution were added immediately to the pol-
yanion–polycation mixture (1 mL of total volume), unless
otherwise stated. The obtained solution was then aged for
10 min at room temperature before absorbance measurement.

The occurrence of complexation was quantified as the apparent
absorbance at 500 nm, which corresponds to light scattering be-
cause none of the used polyelectrolytes absorbs light at this wave-
length. This phenomenon is called turbidity. Spectrophotometric
measurements were performed using a UV mc2 spectrophotometer
(Safas, Monaco).
3. Results and discussion

We will first investigate two polycation–polyanion combina-
tions that are known to display different behaviors at 25 �C, an io-
nic strength of 0.15 M and at pH 7.4: the thickness of (PLL/HA)n

films grows exponentially [46,47], whereas the (PAH/PSS)n films
display a linear growth regime [44]. However, it has to be noted
that the PAH/PSS combination can also lead to a supralinear
growth regime at temperatures higher than 55 �C [81] or at high
(>1 M) ionic strength [82]. Fig. 1 shows the turbidity diagram for
the PLL/HA combination where the absorbance at 500 nm of the
mixture is plotted as a function of r at different ionic strengths of
NaCl. The reported absorbances were measured 10 min after mix-
ture of the polycation and polyanion solutions. After longer times
we observed either sedimentation or a progressive decrease in
absorbance depending on the polycation/polyanion combination
as well as on the ionic strength. Typically, the reduction in absor-
bance, due either to sedimentation (hence macroscopic phase sep-
aration) or to another process, was the most pronounced at r � 1,
i.e. at charge equivalence between the polycation and the polyan-
ion. This phenomenon is well known in the literature [83]. Because
of the absence of a steady state in turbidity as a function of time for
polycation/polyanion mixtures satisfying to r � 1, the notion of
turbidity diagram is used in a qualitative manner only.

It is not the aim of this work to investigate whether the PE com-
plexes sediment or undergo another evolution with time. This will
be the subject of a forthcoming work. In the particular case of the
PLL/HA combination the turbidity of the solution at r � 1 decreased
progressively as a function of time without apparent sedimenta-
tion (Fig. 1 of the Supporting information). In the recent literature,
it appears that PE complexes made from polyelectrolyte–neutral
block copolymers can rearrange slowly, with characteristic times
of hours [84]. We hypothesize that the PLL/HA complexes also fol-
low this trend.

In opposition to the PLL/HA system, the PAH/PSS complexes dis-
play a clear sedimentation at mixing ratios close to 1 after only a
few minutes in the ionic strength range between 0.1 and 5 M in
NaCl. Whatever the final evolution of the polyelectrolyte com-
plexes (phase separation or slow decrease in turbidity), for all
the ‘‘turbidity diagrams” investigated in this work, the maximal
turbidity is obtained close to r = 1 at all ionic strengths. This means
that in this region either the number of PE complexes is maximal
or their size is maximal, or a combination of both effects. We did
not focus on the size distribution of the complexes: they are poly-
disperse and there are aggregates in the solution that can be bigger
than a few lm particularly for the PAH/PSS and PAH/PGA combina-
tions. Therefore, we will focus on the turbidity at r � 1 as a func-
tion of the ionic strength for all the investigated polycation/
polyanion combinations. The turbidity for the PLL/HA and PAH/
PSS combinations are plotted in Fig. 2 as a function of the ionic
strength at r � 1. Note that a mixing ratio of 1 is representative
for PEM films whose electroneutrality is ensured by means of
intrinsic compensation, i.e. without need for small electrolyte
incorporation. This is not necessarily the case, but anyway even
in the case of extrinsic compensation, the ratio of the number of
positive charges to the number of negative charges in the PEMs
is never so far away from 1 [5]. Hence we assume that a mixing ra-
tio of 1 in solution is representative, in a qualitative manner, of the
polycation–polyanion mixture present in the PEM film.



Fig. 2. Turbidity, quantified as the absorbance at 500 nm, of PLL/HA and PAH/PSS mixtures at r � 1 as a function of the ionic strength in NaCl. The arrow indicates the
approximate position of the maximal turbidity in the case of the PLL/HA mixtures. The turbidity curve for the PLL/HA corresponds to the intersection of the diagram in Fig. 1
with the plane defined by r = 1 and parallel to the ionic strength and absorbance axes. The lines are aimed to guide the eye. Note that the two first points in part a were
obtained at ionic strengths of 10 and 150 mM.
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It appears that the two systems behave rather differently: the
extent of PLL/HA complexation seems to reach a maximum at
around 0.15 M in NaCl whereas at 0.48 M in NaCl, the solution is
fully transparent. Examination of the PLL/HA mixture at r � 1 in
these conditions of high ionic strength by means of dynamic light
scattering reveals the absence of complexes: the average hydrody-
namic radius is close to that of HA and PLL in their individual solu-
tions (data not shown), namely a few nanometers. This means that
PLL and HA are not interacting strongly enough to form complexes
in these conditions owing to strong screening of the electrostatic
forces.

On the other hand, the turbidity evolution for the PAH/PSS com-
bination does not display a maximum as a function of the ionic
strength between 0.1 and 5 M. This means that an increase in ionic
Ionic strength / M
0.0 0.1 0.2 0.3 0.4 0.5

-Δ
f 3

/3
  (

H
z)

0

100

200

300

400

500

600

a : PLL/HA

Fig. 3. QCM-D monitoring of PEM film deposition after six polycation/polyanion deposit
aimed to guide the eye and the error bars (when indicated) correspond to the standard d
strength where the PLL/HA film buildup is maximal. Note that the two first points in pa
strength is not able to ‘‘soften” the PAH/PSS complexes sufficiently
to dissociate them. In the present case, the extent of PAH/PSS com-
plexation, as estimated by turbidity, is strong up to 5 M in ionic
strength.

Let us now turn to the buildup of the PEM films using the same
combinations of polyelectrolytes. Fig. 3 shows that the thickness
reached after the deposition of six layer pairs (n = 6) is maximal
at around 0.15–0.30 M in NaCl for the PLL/HA combination,
whereas the film thickness increases monotonously for the PAH/
PSS combination up to 5 M in NaCl. The same trend, namely the
occurrence of the maximal thickness at an intermediate ionic
strength, is observed for much thicker (PLL/HA)n films (n = 50 in-
stead of n = 6) as investigated by means of CLSM (Fig. 2 of the Sup-
porting information). In the case of PAH/PSS films, a monotonous
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increase in thickness is also found when the PEM films are charac-
terized by ellipsometry in the dry state (Fig. 3 of the Supporting
information).

Clearly the PEM film thickness (Fig. 3) follows the trend of the
turbidity versus ionic strength (Fig. 2) with one exception: in the
case of the PLL/HA combination, an important turbidity already ap-
pears at small ionic strength (10 mM) but almost no PEM deposi-
tion. Indeed, in this particular condition, the deposition of HA on
Fig. 5. Comparison between: (a) the turbidity (at 500 nm) versus ionic strength and (
systems. The reduced frequency changes (at m = 3) obtained by QCM-D are quoted in th
a PLL covered substrate is followed by its nearly quantitative
desorption upon contact with a PLL solution (Fig. 4). Note also that
the position of the maximum in turbidity does not exactly match
with the position of the mid of the broad maximum in the fre-
quency change versus ionic strength in the case of the PLL/HA sys-
tem. Hence the turbidity curve has to be used cautiously when
aimed to predict the buildup behavior of the PEM film made from
the same combination of polyelectrolytes.

Besides the region of low ionic strength, the trend for the PLL/
HA and PAH/PSS combinations confirms the findings by Sukishvilli
et al. [56], namely that the absence of high turbidity and hence of
important PE complexation in solution seems to be related to the
impossibility to buildup PEM films in the same physicochemical
conditions.

We will now check if these findings can be generalized to other
combinations of polycations and polyanions. Indeed there are al-
ready a few findings similar to the one we just reported for the
PLL/HA and PAH/PSS combinations of polyelectrolyte [41,56], but
to our knowledge there is no research report that investigates
simultaneously several polycation/polyanion combinations.

Let us first consider the polycation/polyanion combinations in
which the polyanion is a polycarboxylate. For the PLL/PGA as well
as for the PAH/PGA system the turbidity versus NaCl concentration
as well as the reduced frequency change monitored by QCM-D
(hence in a first approximation, the amount of deposited film) ver-
sus NaCl concentration displays the same shape as for the PLL/HA
system (Fig. 5).

More specifically, the NaCl concentration at which maximal tur-
bidity is obtained at r � 1 matches closely the salt concentration at
which the film thickness reaches a maximum value. In addition it
b) reduced frequency change versus ionic strength for the PLL/PGA and PAH/PGA
e case of six layer pairs. The arrows identify the positions of the maxima.
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follows from Fig. 5 that the buildup of PEM films made from PGA as
the polyanion is possible up to 3 M in NaCl in presence of PAH,
whereas the film growth is not possible anymore above 2 M when
PLL is used as the polycation. The trend found by QCM-D in the hy-
drated state is also confirmed for (PLL/PGA)10 films whose thick-
ness has been measured by ellipsometry in the dry state (Fig. 4
of the Supporting information). The difference in the maximal ionic
strength at which (PLL/PGA)n and (PAH/PGA)n films can be depos-
ited does presumably originate from structural differences be-
tween PLL and PAH. When compared to the PLL/HA combination,
where the optimal ionic strength lies around 0.2–0.3 M, one ob-
serves that the buildup of the (PLL/PGA)n films is possible up to
higher ionic strengths. This finding reflects the lower charge den-
sity of HA (one charged carboxylate every disaccharide) compared
to that of PGA (one charged carboxylate every amino acid at pH 7.5
and in the presence of high ionic strength).

To go further in this direction, let us now consider the polyelec-
trolyte complexes as well as the PEM films made from the same
polycations, namely PLL and PAH but the polyanion being PSS in-
stead of PGA. The data for the PAH/PSS combination are given in
Figs. 2 and 3: in the 0.01–5 M NaCl concentration range, both the
solution turbidity (measured at r � 1) and the film thickness in-
crease monotonously. Almost the same trend is found for the
PLL/PSS combination, as shown in Fig. 6. In contrast with the
PAH/PSS combination, however, the turbidity curve for the PLL/
PSS combination displays a plateau extending up to 5 M in ionic
strength and not a continuous increase.

This finding means for the two polycations, PLL and PAH, carry-
ing primary ammonium groups, that the change in the polyanionic
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partner determines the complexation in solution and the buildup of
the PEM films: in the presence of the carboxylate-carrying PGA, the
complexation and film buildup display a maximum at intermediate
ionic strengths, whereas no maximum appears up to 5 M in NaCl in
the presence of the sulfonate-carrying PSS. Now consider the situa-
tion of a constant polyanion, PSS, put in the presence of either a
polycation carrying primary amines (PLL and PAH) or quaternary
ammonium groups (PDADMAC). It appears that when complexes
are formed between PDADMAC and PSS, the turbidity versus NaCl
concentration curve displays a marked maximum (at around 2 M)
which corresponds closely to the ionic strength at which the PEM
film thickness reaches its maximum (Fig. 7). The occurrence of a
maximum in film thickness around 2 M in ionic strength was also
found for (PDADMAC-PSSRho)30 films investigated by means of
CLSM (Fig. 5 of the Supporting information).

Hence the change from PLL or PAH to PDADMAC deeply modi-
fies the behavior of the PE complexes as well as that of the PEM
film deposition: qualitatively the PDADMAC/PSS combination be-
haves as the PLL/HA (Figs. 2 and 3), as the PLL/PGA and as the
PAH/PGA combinations (Fig. 5). Taken together these data confirm
the trend extracted from the experiments performed by the group
of Sukhishvili [56], namely that complexes made from polycations
carrying primary amines and from polyanions carrying sulfate (not
investigated herein) or sulfonate groups are particularly stable in a
broad range of salt concentrations. Our investigation shows on the
basis of six polycation/polyanion combinations, that it is possible
to predict qualitatively the possibility to deposit multilayer films
at a given pH and ionic strength by just mixing a polycation and
a polyanion solution to reach a mixing ratio of 1: if the solution
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Scheme 1. Relationship between turbidity of polycation–polyanion mixtures (at r � 1) in solution and the buildup of PEM films.
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turns immediately to turbid, it is a strong indication that the build-
up of PEM films is possible under these conditions. When the solu-
tion remains transparent, particularly at high ionic strength, it
means that the formation of soluble interpolyelectrolyte com-
plexes and the absence of complexation are thermodynamically fa-
vored, which plays against the buildup of PEM films.

However, the analysis of turbidity in solution does not allow
explaining all the behavior of PEM deposition. As seen from the
PLL/HA (Fig. 2) as well as from the PAH/PGA (Fig. 5), PLL/PSS
(Fig. 6) and PDADMAC/PSS (Fig. 7) combinations, the absence of
film buildup or the slow film buildup at small ionic strength seems
not related to the occurrence of PE complexation. The analysis of
the film buildup for the PLL/HA combination at 0.01 M in NaCl
provides an explanation: the film does not deposit because the
introduction of the polycation in solution removes the polyanion
that is already adsorbed, meaning that the formation of complexes
is favorable but that they do not adhere strongly to the substrate
(Fig. 4). Note however that the turbidity - film deposition correla-
tion is perfect for the PAH/PSS combination (Figs. 2 and 3). Hence,
taking all the investigated systems into account, the criterion of
important turbidity in solution to predict the occurrence of film
deposition is not necessarily valid at low ionic strength. However,
at an ionic strength higher than a critical value, depending on the
investigated system, there is a clear correlation between turbidity
and PEM film buildup.

Based, on our findings with the six polycation–polyanion mix-
tures, we propose a general scheme to summarize our findings
(scheme 1).

Such a qualitative scheme should help researcher in the field of
PEM films to optimize the design of film architectures when using
new polycation–polyanion combinations: in the absence of turbid-
ity there should be no film deposition (this may originate from
either too strong a screening at high ionic strength or from a too
low a charge density of the polyelectrolytes [85]). But even if the
solution displays high turbidity, the PEM film deposition may not
occur owing to adsorption–desorption phenomena, particularly
in the low ionic strength range.
4. Conclusions

In this report we have described additional evidence that there
is a strong correlation between polyelectrolyte complexation in
solution and PEM buildup in accordance with previous examples
that have been provided in the literature [41,56]. Herein we rely
on experiments performed on six polycation–polyanion combina-
tions widely used in the investigation of PEM film properties,
namely PLL/HA, PLL/PGA, PAH/PGA, PLL/PSS, PAH/PSS and PDAD-
MAC/PSS. The different polycation/polyanion distinguish from
one another by two markedly different behaviors: depending on
the polyelectrolyte couple the turbidity versus NaCl concentration
as well as the film deposition versus NaCl concentration have a
maximum or not (with sometimes a plateau as for the PLL/PSS sys-
tem). The combinations containing a polycarboxylic acid seem to
give rise to curves displaying a maximum whereas the combina-
tions containing the strong polyelectrolyte PSS show a monoto-
nous behavior in turbidity as well as in film thickness with
respect to the supporting salt (NaCl) concentration. The turbidity
diagram of the PLL/PSS combination displays a plateau versus the
ionic strength but not a defined maximum. However, when PSS
is associated to a polycation containing quaternary ammonium
groups, PDADMAC, the turbidity as well as film deposition versus
NaCl concentration display again a defined maximum. These two
kinds of behaviors are directly related to the interaction strength
between the polycation and the polyanion. This interaction
strength depends on the structure of the polyelectrolytes as well
as on the physicochemical conditions in the solution (pH, ionic
strength, temperature).

Anyway, the investigation of polyelectrolyte complexation in
solution, particularly around charge equivalence (r � 1), is a power-
ful diagnostic tool to predict the fate of PEM deposition on surfaces.
However, as exemplified for the PLL/HA and for the PDADMAC/PSS
combinations, great care should be taken when trying to use turbid-
ity diagrams at very low ionic strength where strong turbidity can be
found whereas the film buildup is hindered by adsorption–desorp-
tion phenomena. Our qualitative tool to predict the occurrence of
PEM deposition should hence be used only in the intermediate to
high ionic strength domain. Clearly more research has to be devoted
to the relationship between polyelectrolyte complexation in solu-
tion and deposition of PEM films on surfaces.
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