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Multilayers formed by the sodium salt of poly(4-styrenesulfonate), PSS, and triblock copolymers of the form PDMAEMA-PCL-
PDMAEMA (PDMAEMA corresponding to poly[2-(N,N-dimethylamino)ethyl methacrylate), and PCL to poly(ε-caprolactone) have been
built by layer-by-layer self-assembly from the aqueous polyelectrolyte solutions. Two types of block copolymers have been used which differ

on the type of the amino groups, either hydrochloride or quaternized. This
leads to changes in the charge density of the chains for the same content of
amino groups. The growth of the multilayers has been followed using
dissipative quartz crystal microbalance and ellipsometry techniques. The results
show that, independently of the conditions used in the assembling, the film
thickness grows linearly with the number of layers. The comparison of the
thickness values obtained from D-QCM and ellipsometry has allowed us to
calculate the water content of the polymer film. The analysis of the D-QCM
data also provides the shear modulus, whose values are typical of a rubber-like
polymer system. The analysis of the mass adsorbed calculated by the
ellipsometric measurements indicated that the nature of the charge
compensation mechanism is extrinsic for all the studied systems, although the
degree of extrinsic compensation is strongly dependent on the copolymer used
and the concentration in solution. Finally, it was found that the adsorption
kinetic of the layers is bimodal for all the films built. Even though the
characteristic adsorption times depend on the specific copolymer used, no
dependence on the number of layers has been found for a given multilayer.

1. Introduction

Nanostructured materials are nowadays a fundamental field of
research with implications on many applications.1,2 Self-assembled
multilayers are one of the most versatile and promising systems
among this typeofmaterials. Inorder to construct thesemultilayers,
the layer-by-layer (LbL) technique has been frequently used. In this
method charged materials, usually polyelectrolytes, are added
sequentially to build up themultilayers by electrostatic interactions.
Since the pioneering work of Decher et al.,1,3,4 the list of possible
components has increased enormously: biopolymers5-7 (such as
peptides, proteins, nucleic acid, etc.), colloidal particles,8,9 carbon
nanotubes,10 and microgels.11 Furthermore, the method is not
limited to materials with charged groups like strong polyelectro-
lytes, being possible to build multilayers based on other type of

interactions such as acid-base reactions of weak polyelectrolytes12

or hydrogen bonds.13 One of the advantages of the LbL method in
comparison with other techniques, like Langmuir-Blodgett,14 is
that the LbL multilayers can be built up on substrates other than
flat ones,4 e.g., colloidal particles15-17 or fluid interfaces (floating
multilayers),18,19 including liposomes.20 The LbL method has been
successfully used in many applications and in the design of func-
tional materials as contact lenses,1 conductive layers,21 permselec-
tive membranes,22 sensors,23 light-emitting thin films,24 electro-
chromic films,25 nonlinear optical devices,26 nanocapsules,27 and
self-healing coatings.28
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Several variables have a strong influence in polyelectrolyte
multilayers building process: charge density of the polymer,29,30

polymer concentration,31 ionic strength,32-34 solvent quality for
the polyelectrolytes,33 pH,35 and temperature36 are the most
relevant. A quantitative understanding of their effect on the
structure of the multilayers is crucial, in part because multilayers
are nonequilibrium systems, and therefore their structures also
depend strongly on the conditions and procedures used for their
growth.

Multilayers incorporating copolymers of different charge degree
have been studied previously in the literature.29,30,37-39 Although in
most cases random instead of block copolymers have been used,
there are several papers that have described the incorporation of
diblock copolymers on the multilayer structure.40-44 It is worth to
stress that in almost all the studies the copolymers were adsorbed
from solutions of a concentration above the critical micellar one
(cmc).40-42 Even though in the present study all the copolymer
solutions will have a concentration well below the cmc,45 it is well-
known that in the case of normal surfactants aggregates can be
formed at the surface below the cmc.46 Recently, Tan et al.47 have
studied multilayers containing triblock copolymers and used
changes of pH to modify the charge density of the copolymer. In
the present paper wewill modify the charge density by changing the
ratio of the neutral to polyelectrolyte blocks. In this work, multi-
layers of a polyanion, PSS, and a triblock copolymer with two
charged blocks and a central uncharged one will be presented. The
effects of the copolymers charge ratio, defined as the relative
number of chargeablemonomers in the chain, andof the copolymer
concentration are explored. Symmetric triblock copolymers of
2-(N,N-dimethylamino)ethylmethacrylate and ε-caprolactonehave
been used as polycations. Two families of copolymers have been
prepared. The first family, called PDMAEMACl(x), are hydro-
chloride copolymers, with x=90, 80, or 70% of weight content of
the charged monomer 2-(N,N-dimethylamino)ethyl methacrylate.
The second family, called PDMAEMAQ(x), are quaternized with
x= 80 or 70% of weight content of the charged monomer.45 The
chemical structures of the copolymers are shown in Figure 1. The
interest in the introduction of this kind of copolymers as building
blocks in polyelectrolyte multilayers is a consequence of their
thermoresponsive behavior and their biodegradability, which open
the way for the application of multilayers of this copolymers in

several fieldsof thebionanotechnology.45,48Moreover, the existence
of a hydrophobic central block makes reasonable to expect some
aggregation of the PCL blocks after adsorption. Since these blocks
are biodegradable, this would open the way to construct highly
porous membranes after degradation.

A total of five different copolymers have been studied. This set of
copolymers have allowed us to study the effect of the content of
amino groups in the polymer chains on the construction of multi-
layers. The differences in molecular structure between the hydro-
chloride and the quaternized copolymers have allowedus to analyze
the effect of thedifferent degrees of substitutionof the aminogroups
of the chains. This has been possible because the amino groups
are tertiary in the case of hydrochloride copolymers, while
quarternary ammonium salts in the case of the quaternized co-
polymers. Results of the dependence of the thickness on the
number of layers, formultilayers of the type (PDMAEMACl(x)þ
PSS)n and (PDMAEMAQ(x) þ PSS)n built up from different
conditions, will be presented. The mechanism of multilayer
growth, the water content of the films, their mechanical proper-
ties, and the kinetics of adsorption of the layers will be also
presented.

2. Experimental Section

2.1. Chemicals. The polyanion used was poly(sodium 4-
styrenesulfonate) (PSS), with a molecular weight of 70 kDa, from
Sigma-Aldrich (Germany). The polycations used were triblock
copolymers made of 2-(N,N-dimethylamino)ethyl methacrylate and
ε-caprolactone, both in the hydrochloride form (PDMAEMACl(x))
with three different charge densities (x=90, 80, and 70%) and in the
quaternized one (PDMAEMAQ(x)) with two different charge den-
sities (x=80 and 70%) (for details about the used copolymers see
Table 1). The triblock copolymers were prepared by ATRP (atom
transfer radicalpolymerization) usingadifunctionalmacromerbased
onpolycaprolactone andvarying thedegreeof polymerization. Selec-
tive quaternization of PDMAEMA blocks was carried out by reac-
tionwithHCl andCH3I to give rise towater-soluble PDMAEMACl-
(x) and PDMAEMAQ(x), respectively; details of the synthesis are
given in ref 45. The water was of Milli-Q quality (Millipore RG
model) with a resistivity higher than 18.2 MΩ and total organic
content (TOC) lower than 10 ppb. All the experiments were done at
298.1 ( 0.1 K. The solutions were prepared by weight using an
analytical balance with a precision of(0.01 mg.

The pKa of the hydrochloride copolymers in solution has been
reported to be ∼7.5.49 The pH of the experiments performed in
this work was in the range (pH∼ 6-7). It has been reported that

Figure 1. Polymers used in the building of the multilayers: (a)
PDMAEMA(x); (b) PSS.
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the pKa of weak polyelectrolytes and surfactants may change on
adsorption.50,51 Choi and Rubner have described in detail this
process as an effect of the decrease of the dielectric constant when
the more hydrophobic moieties of the weak polyelectrolytes tend
to aggregate.50However, the systems studied byChoi andRubner
are significantly different from the ones presented in this paper
because in their case all the monomers hold an ionizable group,
and the different hydrophobicity arises from the different chemi-
cal structure of the monomers. In the present case, there is a
nonionizable central block, PCL, which might present some
tendency to aggregate inside the multilayer, thus presenting
regions of relatively low dielectric constant. However, there is
no reason to expect that the ionizablemonomers will be soluble in
that hydrophobic regions. In fact, for the copolymers studied in
this work, the changes in the degree of ionization of the charged
group, asmeasured by ζ-potential of SiO2 particles with a layer of
adsorbed copolymers, are in qualitative accordance with the
charge ratio. Within one copolymer family, the reduction of the
polyelectrolyte/PCL ratio leads to a reduction of the charge.
However, the increase of the size of the hydrophobic domains
leads to a higher reduction of the charge degree that the one
expected taking into account only the polyelectrolyte/PCL ratio.
For the same charge ratio the charge density of quaternized
copolymers has been found higher than for hydrochloride ones.

2.2. Techniques. A dissipative quartz-crystal microbalance
(D-QCM) from KSV (model QCM Z-500, Finland) was used.
The quartz crystals, AT-cut, were cleaned with piranha solution
(70% H2SO4/30% H2O2) over a period of 30 min and then
thoroughly rinsed with pure water. The characteristic frequency
in vacuumwas f0= 5MHz. In order to charge the gold electrode
of the quartz crystal, a self-assembled monolayer of the sodium
salt of 3-mercaptopropanesulfonic acid was initially built.34

D-QCM provided the impedance spectra of the crystal for the
fundamental mode and for odd overtones of the fundamental
resonance up to the 11th (central frequency f11 = 55 MHz).

We adopted the model of Johannsmann et al.52 to relate the
change of the quartz sensor impedance spectra with the adsorbed
mass, m*, and the shear modulus of the adsorbed film, Ĵ,

m� ¼ m0 1þ Ĵðf ÞFqð2πf Þ
2hac

2

3

" #
ð1Þ

where m0 is the sensed mass obtained by the classical Sauerbrey
equation.53

m0 ¼ -
CΔf

ν
ð2Þ

andΔf is the frequency change of the maximum of the impedance
spectrum after the sensor is in contact with the polymer solution
(Δf = f0 - f ), ν is the overtone order (3, 5, 7, 9, and 11 in this
work), and C is a constant characteristic of the quartz crystal

properties54 (C = 17.9 ng Hz-1 cm-2 in this work). In eq 1, the
real part of m* is the true sensed mass after correcting m0 for the
viscoelastic character of the adsorbed layer. Ĵ( f ) is the complex
shear compliance, Fq is the density of quartz (Fq = 19.3 g cm-3),
and hac is the film thickness obtained using the D-QCM. Since
different variables have to be extracted from the impedance
spectrum (m0 and Ĵ = J0 þ iJ00), it is necessary tomeasure spectra
for several overtones and to assume a constant film density. A
typical density value used for polyelectrolyte multilayers is 1.2 (
0.1 g cm-3.33 For the solutions we have taken Fl = 1 g cm-3and
ηl = 1 � 10-3 Pa s-1, as for pure water, because dilute polymer
solutions were used. All the experimental spectra were fitted using
the Voigt function.55

The D-QCMallows one to obtain the relationship between the
dissipated and stored energies (during the quartz sensor
oscillation) as the dissipation factor,D.D is analogous to the loss
tangent on classical rheology experiments.

D ¼ Edissipated

2πEstored
ð3Þ

where Estored is the energy stored in the oscillating system, and
Edissipated is the energy dissipated during one period of oscillation.

We have used an imaging null ellipsometer from Nanofilm
(model EP3,Germany), and all the experiments have been carried
out on a solid-liquid cell at a fixed angle of 60�. Silicon wafers
(Siltronix,France) were usedas the substrates.34The ellipsometric
angles Δ and Ψ describe the changes in the state of polarization
when the light is reflected at a surface.56These angles are related to
the ratio of the Fresnel reflection coefficients for the parallel, rp,
and perpendicular, rs, light-wave components with respect to the
plane of incidence56 by

rp

rs
¼ tanΨeiΔ ¼ tanΨðcos Δþ i sin ΔÞ ð4Þ

The uncertainty ofΔ andΨwere(0.1� and(0.05�, respectively.
In order to calculate the adsorbed polymer mass, the refractive
index increment was measured with a Brookhaven differential
refractometer (model BI-DNDC).57 The precision in (dn/dc)T
was (0.001 mL/g. For the calculation of the adsorbed mass, we
used De Feijter’s equation58

Γ ¼ ðnf - nlÞhop
ðdn=dcÞT

ð5Þ

where nf and nl are the refractive index of the film and solvent,
respectively, and hop the film thickness using ellipsometry. The
values of (dn/dc)T for the different polymer used in this work are
collected in the Supporting Information (Table S.I).

In order to evaluate the different effective charge density of the
copolymers, we have measured the ζ-potential (Zeta Nanosizer
(Malvern Instruments)) of silica particles (1 μm diameter, Sigma-
Aldrich (Germany)) coated with layers of the different studied
copolymers; for the assembling of the coating we have used the
methodproposedbySukhorukov et al.19 In thatway, it is possible
to evaluate the different degree of charge overcompensation that
produces the different copolymers. The results of ζ-potential
of coated particles (1 μm SiO2 particles with ζ=-43 mV) are
summarized in the Supporting Information (Table S.II). These
values have allowed us to order the copolymers as a function of
the effective chargedensity of the chains according to thedegreeof

Table 1. Details of the Different Copolymers Used in This Studya

sample % weight of charge block Mw/Da Mn/Mw

PDMAEMA(90) 90 12 800 1.22
PDMAEMA(80) 80 12 600 1.27
PDMAEMA(70) 70 10 800 1.23

aThe data are for PDMAEMACl(x); for the case of PDMAEMAQ(x)
may be used the same parameters.
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overcompensation that show the coated microparticles, this
parameter being important in order to explain the increase of
thickness of the multilayers.50,59 The charge density increases as

PDMAEMAQð80Þ > PDMAEMAClð90Þ
> PDMAEMAQð70Þ∼PDMAEMAClð80Þ
> PDMAEMAClð70Þ

3. Results

3.1. Multilayer Growth Process. Themultilayers were built
using a constant PSS concentration of c ∼ 0.5 mg mL-1, while
different copolymer concentrations were used to build the differ-
ent multilayers. In this way we have studied the influence of
concentration of PDMAEMACl(x) and PDMAEMAQ(x) on the
multilayer assembling process. The ionic strength was adjusted in
all experiments by addition of NaCl (cNaCl ∼ 50 mM). The
adsorption kinetics were followed, until equilibrium, by monitor-
ing the changes in frequency shifts,Δf, and dissipation factor,ΔD,
as well as the ellipsometric angles, Δ and Ψ. Between the
adsorption of successive layers, the multilayers were washed with
an aqueous NaCl solution of the same ionic strength as the one
used during the adsorption process. In this rinsing process, the
polymer chains that are not strongly adsorbed to the multilayer
were removed.

Figure 2 shows the central frequency, f, of the different over-
tones (Figure 2a) and the dissipation factor for the third overtone
(Figure 2b) for the LbL buildup for the first 10 layers of the
multilayer (PDMAEMACl(70) þ PSS)n. The PDMAEMACl(70)
layers shownwere adsorbed from an aqueous copolymer solution
with a concentration of 0.25 mg mL-1. Similar qualitative results
were found for different concentrations and for the different
copolymers. Adsorption kinetics experiments were performed
under static conditions, thus without stirring. The filling process
of the measurement chamber took a few seconds and sometimes
leads to an abrupt shift of the signal both in the D-QCM and in
the ellipsometry techniques; these fast variations were not used in
the analysis of the adsorption kinetics.60

In addition to the expected decrease of f as the polymer adsorb
onto the quartz sensor, thewashout process leads to a small f shift.
This shift may be related to the reorganization of polymer chains
within the film, either as a consequence of the loss of someweakly
bound polymer or due to swelling/deswelling processes of the
adsorbed layers. In any case it must be stressed that for all the
layers studied in this work the frequency change during the
washout process was much smaller than the one found during
adsorption. This observation is in agreementwith the general view
that the electrostatic self-assembly method leads to essentially
irreversible adsorption of the oppositely charged polyelectrolyte
layers.61

The overtone dependence of the frequency shift is related to the
mechanical properties of the film.52For purely elastic films (where
Sauerbrey equation apply), Δf/ν for all the overtones should
collapse onto a single master curve. However, as it can be
observed in Figure 2a, the results obtained is this work show a
overtone dependence of Δf/ν, indicating the viscoelasticity of the
multilayer and far from the Sauerbrey’s limit (eq 2). This
observation is further confirmed in Figure 2b by the behavior
of the dissipation factor, D, that increases strongly during the

building process. Under these conditions a fit of the full experi-
mental impedance spectra to the theoretical predictions has to be
carried out.52 The spectra corresponding to ν=3, 5, 7, and 9 have
beenmeasured (ν=11wasnotmeasured because the signal/noise
ratio was small), thusmaking it possible to calculate the adsorbed
mass and the real and imaginary components of the complex
shear modulus, Ĝ = 1/Ĵ, of the polymer layer (Ĝ was assumed
frequency independent in the 15-55 MHz range).

The evolution of the ellipsometric angles, Δ and Ψ, obtained
during the growth process leads to similar qualitative conclusions
that the D-QCM experiments (an example of the evolution of
ellipsometric angles is given in the Supporting Information,
Figure S.1).
3.2. Optical, hop, and Acoustic, hac, Thicknesses. During

the multilayer growth process it was found that the frequency
shifts (see Figures S.2 and S.3) follow a linear trend as a function
of the number of layers, for all the copolymers, independently of
the solution concentration or charge ratio, for hydrochloride and
quaternized copolymers. The frequency shift for a given layer
strongly increases with the copolymer concentration. At low
copolymer concentration the data corresponding to different

Figure 2. Dissipative quartz crystal microbalance results for the
kinetics of adsorption and washing-out process for the first 10
layers of a multilayer (PDMAEMACl(70) þ PSS)n where the
PDMAEMACl(x) layers were assembled from solution with c ∼
0.25 mg mL-1. (a) Time dependence of the normalized frequency
shifts for different overtones of the quartz sensor, Δf/ν, overtones
ν=3 (;),ν=5 (---),ν=7 ( 3 3 3 ), and ν=9 (- 3 -) are shown. (b)
Time dependence of the shift in the dissipation factor of the third
overtone, ΔD. In both graphs, the vertical continuous lines (;)
mark the polyelectrolyte injection and the dashed lines (---) mark
the washing with solvent. The number at the bottom of the graph
shows the number of the layer that it is adsorbing; odd layers are
PDMAEMACl(70) layers, and even layers are PSS layers.

(59) Park, S. Y.; Rubner, M. F.; Mayes, A. M. Langmuir 2002, 18, 9600–9604.
(60) Viitala, T.; Hautala, J. T.; Vuorinen, J.; Wiedmer, S. K. Langmuir 2007, 23,

609–618.
(61) Holmberg, K.; J€onsson, B.; Kronberg, B.; Lindman, B. Surfactants and

Polymers in Aqueous Solution; John Wiley & Sons: Chichester, 2002.
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overtones collapse onto a master curve -Δf/ν vs N, which
indicates that the film is quite rigid (Sauerbrey’s limit). In the
case of PDMAEMAQ(x) the same qualitative behavior was
observed even for higher concentrations (see Figure S.2 in the
Supporting Information),52 although this is not the case for
PDMAEMACl(x) (Figure S.3). This is in agreement with the high
dissipation factor values found at high copolymer concentration
which suggests that the multilayers are viscoelastic.

The ellipsometry results are in qualitative agreement with the
D-QCM results. In order to obtain the ellipsometric thickness,
hop, a four-layermodel has been used, as in a our previouswork.34

The analysis of the D-QCM data in terms of eq 1, and of the
ellipsometry data in terms of the four-layer model, led to the
acoustical, hac, and to the optical, hop, thickness, respectively,
plotted inFigure 3 for themultilayer (PDMAEMACl(70)þ PSS)n
(other multilayers show similar behavior, see Supporting Infor-
mation, Figures S.4 and S.5) as a function of the number of
adsorbed layers. In all the cases hac > hop due to the fact that
D-QCM detects both the polymer and water adsorbed and
ellipsometry only the refractive index changes between the multi-
layer and the solution. The growth process is linear independently
of the multilayer studied, and this allows calculating a mean
bilayer thickness for the different studied systems.

Figure 4 shows themean thickness obtainedusingD-QCMas a
function of concentration for the different multilayers of hydro-
chloride copolymers; the results of both techniques are in good
qualitative agreement for all the copolymers studied (for the
results of ellipsometry see Figure S.6). It is interesting to compare
our results with those in which there is adsorption of micelles on
themultilayer. In those systems it has been reported an increase in
thickness of 20-30 nm for each layer of micelles, corresponding
to the typical micellar diameter.61 For our system the micellar
diameter is between 20 and 30 nm,45 while the layer thickness is
lower than 10 nm, for all the multilayers, which allows us to rule
out micellar adsorption.

As expected,61 the increase in the concentration of the copolymer
solution increases the amount of polymer adsorbed. Figure 4 shows
that reducing of the charge ratio of the chains for copolymers of the
same family, in this case the results forhydrochloride copolymers are
shown (qualitatively similar behavior was found for the quater-
nized copolymers), leads to an increase of the thickness of the layers,
in accordance with the results of Voigt et al.37,39 for multilayers
of PSS and P(DADMAC-stat-NMVA) in the same range of charge
ratio of the polymers However, there was found no clear correla-
tion between the thickness of the bilayers obtained using D-QCM

and ellipsometry when multilayers of PDMAEMACl(x) and
PDMAEMAQ(x) are compared (see Supporting Information
Figure S.7). Apparently, different behaviors were obtained
from D-QCM and ellipsometry, which might be due to
differences on the water content of the multilayers. Consider-
ing that the real thickness is close to the optical value, one may
conclude that building of multilayers using quaternized copoly-
mers leads to films thicker than those using hydrochloride copoly-
mers. This is in agreement with the results shown by Choi and
Rubner (see Figure 7 of ref 50).
3.3. Adsorption Kinetics. In this section, the results corre-

sponding to the kinetics of adsorption for the different layers of
copolymers are shown. The adsorption kinetics of the layers for
all studied copolymers has been found to be a bimodal process, in
accordance with the behavior previously observed for other
multilayers.18,34,62-64 For the case of the assembling of the PSS

Figure 3. Thickness obtainedusingD-QCMand ellipsometry formultilayers (PDMAEMACl(70)þPSS)n built using dipping solutionswith
different copolymer concentration. (a) D-QCM results and (b) ellipsometric results.

Figure 4. Mean thickness of the bilayers obtained using D-QCM
for multilayers (PDMAEMACl(x) þ PSS)n built using copolymer
with different charge ratio and varying the concentration of dip-
ping solutionofPDMAEMACl(x), being thePSS concentration fix
in all themultilayers c∼ 0.5mgmL-1. Legend: (0) x=90; (O)x=
80; (4) x= 70.

(62) Chiang, C.-Y.; Starov, V. M.; Hall, M. S.; Lloyd, D. R. Colloid J. 1997, 59,
236–247.

(63) Chiang, C.-Y.; Starov, V. M.; Hall, M. S.; Lloyd, D. R. Colloid J. 1997, 59,
236–247.

(64) Raposo, M.; Pontes, R. S.; Mattoso, L. H. C.; Oliveira, O. N. Macro-
molecules 1997, 30, 6095–6101.
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layers, we did not make the analysis of the kinetic processes
because the experimental results showed the existence of complex
processes that may be related to the lost of water during the
complexation of adjacent layers. This type of behavior was
difficult to take account in the kinetic modeling. During the
adsorption process, we found a fast adsorption step probably
related to the transport of chains to the surface accompanied by a
fast mass deposition. This process is not diffusion controlled
as revealed by the fact that the mass adsorbed does not show a
t1/2 dependence. The second, slower process may be related to
the internal reorganization of the polymer chains in the multi-
layer.64,65 In order to describe the adsorption kinetics, we have
used the model proposed by Raposo et al.64

Γ ¼ A1ð1- e- t=τ1ÞþA2ð1- e- t=τ2Þm ð6Þ
where A1 and A2 are the amplitudes and τ1 and τ2 the character-
istic times of the fast and slow adsorption steps, respectively. The
second term accounted for any reorganization process of the
polymer chain after its adsorption at the interface, and it was
modeled according to Avrami’s model for polymer crystalliza-
tion. As in a previous work,39 all the data obtained in this work
are compatible with m = 1. This allows one to rewrite eq 6 in
terms of the maximum surface concentration, Γ¥, as

Γ¥ ¼ A1þA2 ð7Þ

Γ ¼ Γ¥ -A1e
- t=τ1 -A2e

- t=τ2 ð8Þ
We have found that for all our adsorption kinetics studied in this
work eq 8 describes the experimental data within experimental
precision, independently of the polyelectrolyte type and the layer
number (an example of the kinetics modeling is shown in the
Supporting Information, Figure S.8). This behaviorwas observed
previously for multilayers of (PDADMACþPSS)n.18,34

Figure 5 shows the characteristic times of adsorption for both
processes in the different multilayers studied. In all the case τ2 is

almost an order of magnitude larger than τ1. The characteristic
times for both kinetic processes do not depend on the number of
layer for any of the studied systems. This behavior can be
understood considering that for the multilayers that grow line-
arly, like the ones presented in this work, there is not internal
reorganization involving the whole structure of the multilayers.
Therefore, the adsorption process depends only on the copolymer
studied, and hence the kinetics of all the layers in each multilayer
are similar. This behavior differs from the one observed for
multilayers of (PDADMAC þ PSS)n that present a nonlinear
growth for high ionic strengths, where the adsorption time for the
reorganization step shows dependence with the layer number.18

4. Discussion

The results presented above clearly show that the growth and
properties of themultilayers studied are strongly influenced by the
concentration of the copolymer solution, the content of amino
groups on the chains, and the degree of charge of the chains. Table
2 summarizes the effect of the different parameters on the multi-
layer properties.
4.1. Multilayer Growth. As already mentioned, all the

multilayers show a linear growth with the number of layer. The
thickness of the layer increases with the copolymer concentration,
and it is lower for the hydrochloride copolymers than for the
quaternized ones. Furthermore, for a given family of copolymers,
the thickness decreases as the charge ratio increases. Besides the
thickness of the multilayer, the charge compensation mechanism,
the water content, and the mechanical properties of the films are
important issues.

The existence of intrinsic compensation implies a stoichio-
metric 1:1 ratio (polyanionmonomer:polycationmonomer) in the
multilayer, whereas for extrinsic compensation other stoichiome-
tries can be found.

A reasonably way to study the charge-compensation mecha-
nism is to measure the number of PSS monomers adsorbed per
charged monomer of the copolymer chain adsorbed in the next
layer. For this one can define the compensation ratio, Rc, as

Rc ¼ FPSS
FPDMAEMA

ð9Þ

Figure 5. Times for the adsorption of the layer of copolymers with different degree of charge. (a) τ1 for multilayers (PDMAEMACl(x) þ
PSS)n. (b) τ1 for multilayers (PDMAEMAQ(x) þ PSS)n. (c) τ2 for multilayers (PDMAEMACl(x) þ PSS)n. (d) τ2 for multilayers
(PDMAEMAQ(x)þ PSS)n. Legend: (0) x=90; (O) x=80; (4) x=70. Notice that for multilayers (PDMAEMAQ(x)þ PSS)n the charge
ratio x= 90 is not studied.

(65) Lane, T. J.; Fletcher, W. R.; Gormally, M. V.; Johal, M. S. Langmuir 2008,
24, 10633–10636.
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where FPSS and FPDMAEMA are themonomer surface density of PSS
and charge monomer of PDMAEMACl(x) or PDMAEMAQ(x),
respectively, for each adsorption cycle. The monomer surface
density can be obtained as18,34

Fmonomer ¼
NAvΓ

Mw
ð10Þ

where Γ is the adsorbed mass obtained using eq 5, Mw is the
molecular weight of the monomer, andNAv is Avogadro’s number.
Notice that Rc = 1 implies intrinsic compensation and Rc 6¼ 1
implies extrinsic compensation.

The experimental results (see Figure 6) show that for all the
multilayers studied the number of PSSmonomers is greater than the
number of charged monomer of the copolymers; this may be
reasonable considering that the conformation of the PSS is typically
considered as a random coil, and the effective degree of charge is
relatively low (it is necessary to take account that the effective charge
on the PSS chains is only 37%of the nominal one).34 TheRc values
confirm an extrinsic mechanism in all the studied multilayers. Rc

increases with the copolymer concentration for all the systems
studied for all the content of amino monomers on the chains.

Polymer chains and counterions adsorb in a hydrated form;
thus, the total mass measured by the D-QCM technique includes

the solvent.66The amount ofwater associatedwith themultilayers
can be obtained by comparing the mass obtained byD-QCMand
ellipsometry.34,67 In a previous work it has been shown that this
method gives results in good agreement with those provided by
neutron reflectivity.34 The water weight fraction, Xw, in the
multilayer can be calculated as67

Xw ¼ hac - hop

hac
ð11Þ

The dependence of the water content, Xw, with the number of
layer is similar to the reported in the literature by us for multi-
layers of (PDADMAC þ PSS)n

18,34 and by Wong et al. for
multilayers of (PAHþ PSS)n.

68 Figure 7 shows thatXw decreases
from values close to 1 for low number of layers until a quasi-
plateau value (N ∼ 10); this qualitative behavior is independent
of the system studied in the present work, which suggests that
the polymer chains adsorb rather inhomogeneously in the first
layers forming isolated adsorbed pancake.69-71 These results are
in accordance with the model previously reported by us for
multilayers of (PDADMAC þ PSS)n

34 and with the structural
results obtained by AFM of multilayers by Kujawa et al.72 The
very high content found for the first adsorbed layer is also in
qualitative agreement with the results of Vaccaro et al.69

Figure 8 shows Xw for multilayers with 20 layers for all the
multilayers studied in this work. It is observed that the water
content depends on the copolymers and on the concentration of
copolymer. For all the copolymers studied, the water content
increases with the polymer concentration. However, the water
content shows differences between the hydrochloride and the
quaternized copolymers. In the case of PDMAEMACl(x), Xw

depends on the amino content of the chains only for low concen-
trations of polymer, which may be explained by the low coverage

Figure 6. Compensation relations for the different studied multi-
layers: (a) (PDMAEMACl(x)þPSS)nand (b) (PDMAEMAQ(x)þ
PSS)n . In both graphs: (0) x= 90; (O) x= 80; (4) x= 70.

Figure 7. Water contents for different studied multilayers
(PDMAEMACl(x) þ PSS)n adsorbed from a copolymer concen-
tration of 0.5 mg mL-1. The points are the calculated data, and
the lines are only guides for the eyes. Legend: (0) x=90; (O) x=
80; (4) x= 70.

Table 2. Resume of the Effect of the Different Parameters Analyzed

on the Properties of the Multilayers

properties hydrochoride quaternized

Fixed concentration. Effect of increase of amino groups

on the chains in

thickness reduction reduction

Rc increase increase

Xw reduction (for low concentration) increasing

constant (for high concentration)

Fixed content of amino groups on the chains. Effect of increase

of copolymer concentration in

thickness increase increase

Rc increase increase

Xw increase (for high content) constant (for high content)

constant (for low content) increase (for low content)

(66) V€or€os, J. Biophys. J. 2004, 87, 553–561.

(67) Halthur, T. J.; Elofsson, U. M. Langmuir 2004, 20, 1739–1745.
(68) Wong, J. E.; Rehfeldt, F.; Hanni, P.; Tanaka, M.; von Klitzing, R.

Macromolecules 2004, 37, 7285–7289.
(69) Vaccaro, A.; Hierrezuelo, J.; Skarba, M.; Galletto, P.; Kleimann, J. R.;

Borkovec, M. Langmuir 2009, 25, 4864–4867.
(70) Tsukruk, V. V.; Bliznyuk, V. N.; Visser, D.; Campbell, A. L.; Bunning,

T. J.; Adams, W. W. Macromolecules 1997, 30, 6615–6625.
(71) Olanya, G.; Iruthayaraj, J.; Poptoshev, E.; Makuska, R.; Vareikis, A.;

Claesson, P. M. Langmuir 2008, 24, 5341–5349.
(72) Kujawa, P.; Moraille, P.; Sanchez, J.; Badia, A.; Winnik, F. J. Am. Chem.

Soc. 2005, 127, 9224–9234.
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that present the layers. The opposite behavior of PDMAEMAQ(x)
might be explained by considering that the higher effective charge
density may increase the repulsion between the adsorbed chains,
leading to more inhomogeneous adsorption layers with high water
content. No charge ratio dependence of Xw has been observed at
high copolymer concentrations for PDMAEMACl(x).

The small odd-even effect that is observed in Figure 7 may be
related to themechanismof complexation. For the PSS layers,Xw

decreases in accordance to the adsorption mechanism observed
for PSS layers usingD-QCM(see Figure 2), whereas for the layers
of copolymers the Xw increases. The oscillatory behavior of Xw

has been reported by several authors.34,68,73

Finally, the increase of thedegreeof chargeof the chains (compar-
ing hydrochloride and quaternized with the same content of
amino groups) leads to a reduction in the water content of the
multilayers. This may be due to the stronger interaction between
the layers that leads to the formation ofmore compact layers, with
higher amount of adsorbed material, in the case of quaternized
copolymers.

The behavior of G0 and G00, obtained from the analysis of the
D-QCM experiments (see eq 1), was analogous for all the multi-
layers studied. In all the cases studied, the values ofG0 andG00 are
in the MPa range, which corresponds to the rubbery region of
typical polymers (data are shown in Supporting Information in
Figures S.7 and S.8); the values obtained are in all the case in the
range ofG0 ∼ 7( 2MPa andG00 ∼ 3( 2MPa, giving a tanδ∼ 0.5
in accordancewith the previous results reported formultilayers by
Jaber et al.74 This is reasonable considering that the multilayers
are highly plasticized by water,75 and it is in agreement with the
results published for other wet multilayers.18,34

The multilayers behave as elastic bodies for low concentration
of copolymer. However, increasing the concentration reduces the
importance relative of the elastic component,G0, and increases the
importance relative of the viscous component, G0 0.

4.2. Adsorption Kinetics. The characteristic time of the fast
process, τ1, does not depend on the polymer charge ratio and
decreases with increasing concentration as shown in Figure 5.

The characteristic time of the slow process (Figure 5), τ2,
decreases with increasing the copolymer concentration. It also
decrease as the charge ratio on the chains decreases in the case of
hydrochloride copolymers, while the opposite was observed for
the dependence of the content in amino groups in the quaternized
ones. The effect of the degree of charge of the chains on τ2 depends
of the content in amino groups on the chain. For a content of
amino groups x=70, no dependence was observed; however, for
content of amino groups x= 80, τ2 decreases in the quaternized
with respect of the value obtained in the hydrochloride.

The different effects observed in the reorganizative processmay
indicate an increase on the number of loops and tails protruding
into the solution. This makes easiest and faster the reorganization
process.

5. Conclusion

The electrostatic self-assembling of PSS and the family of
copolymers PDMAEMA(x) (hydrochloride and quaternized)
with different charge ratio has been studied by D-QCM and
ellipsometry. The effects of the copolymer concentration in the
dipping solution, the content of amino groups on the copolymer,
and the degree of charge of the chains on the growth of the
multilayer have been discussed. Both techniques indicated that
the adsorption process was essentially irreversible. This charac-
teristic may be due mainly to the entropy increase associated with
the release of counterions during the adsorption process.

The growth mechanism is linear independiently of the con-
ditions used in the assembling of the copolymers used. For all
the studied systems the compensation mechanism is extrinsic
with participation of the counterions, showing this compensa-
tion mechanism dependence with the assembling conditions
and with the used copolymer, increasing the degree of extrinsic
compensation with the increasing of copolymer concentration
in the dipping solution, with the decreasing of the content of
amino groups on the chains and with the degree of charge of the
chains.

The comparisonof the thickness values obtained fromD-QCM
and from ellipsometry has allowed us to estimate the water
content of the multilayer. In general, the overall water content
decreases as the number of layers increases, being quite large for
films with low number of layers. For films with a large number
of layers (N> 10), the water content remains almost indepen-
dent of N. For films with a large number of layers (N>10), the
water content remains almost constant with N and shows a
dependence on the copolymer concentration in the dipping
solution, the content of amino groups on the chains, and the
degree of charge of the copolymer chains. The dissipative QCM
has allowed us to calculate the complex shear modulus of the film
thickness.G0 andG0 0 showvalues in the range of a fewMPa,which
are characteristic of polymer gels. The importance of the viscous
component increases with respect to the elastic component with
the increasingof copolymer concentration in the dipping solution;
however, the content of amino groups on the chains and the
degree of charge do not show effect in the mechanical properties
of the multilayers.

In all the studied cases, it was found that the copolymer
adsorption followed a bimodal kinetics with a fast process
associated with the polymer diffusion to the surface and a slow
process associated with the reorganization of the adsorbed poly-
mer chains.We did not found dependence on the adsorption time

Figure 8. (a)Water content formultilayerof (PDMAEMACl(x)þ
PSS)n and (PDMAEMAQ(x) þ PSS)n with 20 layers. Legend: (0)
x=90, (O) x=80, and (4) x=70 for hydrochloride copolymers;
(b) x= 80 and (2) x= 70 for quaternized copolymers.

(73) McCormick, M.; Smith, R. N.; Graf, R.; Barrett, C. J.; Reven, L.; Spiess,
H. W. Macromolecules 2003, 36, 3616–3625.
(74) Jaber, J.; Schlenoff, J. B. Chem. Mater. 2006, 18, 5768–5773.
(75) Larsson, R. G. The Structure and Rheology of Complex Fluids; Oxford

University Press: Oxford, 1999.
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on the number of layers for the different adsorbed layers, in
accordance with a linear growth mechanism. The adsorption
times for the fast process show dependence only with the
concentration of copolymer in solution; however, the adsorption
times for the slow reorganizative process show a dependence on
copolymer concentration, content of amino groups on the chains,
and degree of charge of the copolymers.

The comparative analysis of the results obtained for the
hydrochloride and quaternized copolymers allows to conclude
that it is not only the charge ratio of the copolymers with amino
groups of different nature the parameter that control the adsorp-
tion process, existing an important effect of the secondary
interaction that can take place in the multilayer building.
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