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a  b  s  t  r  a  c  t

X-ray  reflectivity  and  adsorption  kinetics  of  two  different  polyelectrolyte  multilayers  have  been  stud-
ied for  polyelectrolyte  multilayers  (PEMs)  composed  of poly(diallyldimethyl  ammonium  chloride)
(PDADMAC)  and  poly(sodium  4-styrenesulfonate)  (PSS)  polyelectrolyte  pair  and  of  poly(allylamine
hydrochloride)  (PAH)  and  PSS.  The  two  characteristic  times  that describe  the  adsorption  kinetics  were
found to  be  related  to  the  X-ray  reflectivity  results,  and  their  dependence  on  the  number  of  adsorbed
layers  depends  on  the  growth  mechanisms  (linear  or superlinear)  of  the  films.  Therefore,  it has been
concluded  that  there  is  a  correlation  between  the  adsorption  kinetics  and  the  internal  structure  of  the
films. The  time  allowed  for the  adsorption  of  each  polyelectrolyte  controls  the  extension  of  the inter-
diffusion  within  the  multilayer,  and  therefore  whether  the film  is  formed  by  stratified  layers  or it has  a
uniform structure  except  for the  first and  last  layers.  While  the  roughness  of  the  (PDADMAC  +  PSS)n films
strongly  depends  on  the  adsorption  time,  it  is  almost  independent  of  it for the  (PAH  +  PSS)n multilayer.
This  behavior  correlates  with  that  of  the  longest  characteristic  time  of the adsorption  kinetics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanostructured materials are nowadays a fundamental field of
research with impact on many applications. Since the pioneer-
ing work of Decher et al. [1–3], polymer multilayers built using
the layer-by-layer (LbL) technique [4] are one of the most versa-
tile and promising systems among this type of materials. It is a
cost-effective technique that consists in adding sequentially poly-
electrolytes of opposite charges, where each layer is attached to the
previous one by electrostatic interactions. A further advantage over
classical techniques, such as the Langmuir–Blodgett technique [5],
is the possibility of coating substrates of different nature and shape,
such as colloidal particles [6,7], fluid interfaces [8,9], and liposomes
[10], not being limited to flat solid substrates as the other more
classical methods.

The knowledge of the variables that affect the building process
of the polyelectrolyte multilayers is essential for the fabrication
of biocompatible coatings with controlled structures and physico-
chemical properties. Among these variables are: the charge density
of the polymer [11,12],  polymer concentration [13], ionic strength
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[14–16],  solvent quality for the polyelectrolytes [15], pH [17], and
temperature [18].

In the last years, many of the characteristics of the growing
process, and the properties of these systems have been presented
in the literature [1,3,19]. However some important facts related
to the building process have received less attention. One impor-
tant unsolved problem is the relation between the type of growing
regime of the films (linear or superlinear), the kinetics of the
adsorption of the layers, and the structure of the multilayers.
Multilayers are non-equilibrium systems and their characteristics
depend on the history of the system; for instance changes in the
assembling protocol lead to the formation of films with different
structural characteristics [20–22].  It has been shown experimen-
tally that the existence of two  different types of growth, linear and
superlinear, is related to the internal reorganization of the whole
structure of the multilayer [23–25].  However, there is no system-
atic study on how the adsorption may  affect the different types
of growth [16,26–28].  A related topic is to explore the possibility
of freezing the multilayer structure by the arrest of the adsorp-
tion kinetics at intermediate states, as suggested by the molecular
dynamics simulation results obtained by Panchagnula et al. [29].

Previous experimental studies for different multilayers have
shown that the adsorption kinetics is a bimodal process
[8,12,16,26,30] that can be modelled in terms of an Avrami’s like
model [30]. In a previous paper we studied (PDADMAC + PSS)n mul-
tilayers using Neutron Reflectivity (NR) and X-Ray Photoelectron
Spectroscopy (XPS), and we found that, if the adsorption of the
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Fig. 1. Example of the analysis of the adsorption kinetics for a layer of PDADMAC adsorbed from a dipping solution with an ionic strength of 100 mM (5th layer). (a) Adsorption
dynamics for the layer of polymer. The solid line shows the best fit to Eq. (1).  The two exponential components are shown: - - - fast step and · · · slow step. (b) Plot of logarithm
of  (� ∞ − � ) vs. time, where � ∞ represents the surface concentration at the steady-state of the adsorption process, after long adsorption times where the fastest exponential
becomes negligible, it can be fitted to a straight line (solid line). (c) Short time behavior of the adsorption kinetics, a plot of ln(� ∞ − � − A2e−t/�2 ) vs. time gives a straight line
(solid  line).

layers is allowed to proceed until arriving to the steady-state of
the kinetic process, the multilayer does not show a sharp lay-
ered structure [16]. These results are contrary to those of Schmitt
et al. [27], and of Lösche et al. [28] for multilayers of (PAH + PSS)n.
A main difference between our studies [16] and previous stud-
ies in the literature [27,28,31] is the adsorption protocol: in our
case the steady-state of the adsorption process was reached for
each layer (usually more than 1 h of adsorption) [16], whereas a
fixed and shorter time of 15–20 min  for each layer was used in
the multilayers built by other groups [27,28]. In relation to the
effect of the adsorption time on the structure of polyelectrolyte
multilayers Kharlampieva et al. [32] have recently shown that the
multilayers are highly stratified when they were assembled using
techniques that need low contact time between the solution and the
surface (e.g. spraying or spin-coating: 30–180 s). However the mul-
tilayers lack their stratified structure when a dipping method that
allows longer contact times between the solution and the surface
(15–20 min) was used; these results are similar to those obtained
by Félix et al. [33].

In this work we explore the possibility of finding a correlation
between the internal reorganization of the films during the building
process and the multilayer structure with the adsorption kinetics,
and in particular with the longest characteristic adsorption time.
This would allow one to control the growth mechanism and, as a
consequence, the multilayer structure by changing the adsorption
time. For this purpose, we  compare the building process of multi-
layers of (PAH + PSS)n and (PDADMAC + PSS)n adsorbed under sim-
ilar conditions. It is noticeable that although the polycations used
are of different chemical nature (the PAH is a weak polyelectrolyte,
whereas PDADMAC is a strong one), this does not seem to be the
cause of the different growth mechanisms of the multilayers [26].

2. Experimental

2.1. Chemicals

The polyanion used was sodium salt of poly(4-styrene sulfonate)
(PSS). The PSS molecular weight was  70 kDa. The polycations
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Fig. 2. Kinetic times obtained from the analysis of the adsorption processes using Eq. (1) for multilayer of (PDADMAC + PSS)n and (PAH + PSS)n assembled from solutions
with  cNaCl = 100 mM.  (a) �1 vs. N for the polycation layers in different multilayers. (©) PDADMAC; (�) PAH. (b) �2 vs. N for the polycation layers in different multilayers. (©)
PDADMAC; (�) PAH. (c) �1 vs. N for the PSS layers in different multilayers. (�) In multilayer (PDADMAC + PSS)n . (�) In multilayer (PAH + PSS)n . (d) �2 vs. N for the PSS layers
in  different multilayers. (�)  In multilayer (PDADMAC + PSS)n . (�) In multilayer (PAH + PSS)n .

used were poly(diallyldimethylammonium) chloride (PDADMAC)
with a molecular weight of this polymer being in the range of
200–350 kDa, and poly(allylamine) (PAH) with a molecular weight
of 17 kDa. All the polymers were purchased from Sigma–Aldrich
(Germany) and used without further purification.

The ionic strength of the solutions was controlled by adding
NaCl (Sigma–Aldrich, purity > 99.9%). The water was of Milli-Q
quality (Millipore RG model). All the experiments were done at
(298.1 ± 1) K.

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(conc)/30% H2O2(aq))
over a period of 30 min  and then thoroughly rinsed with pure water.
The characteristic frequency in vacuum was f0 = 5 MHz. In order to
charge the gold electrode of the quartz crystal, a self-assembled
monolayer of the sodium salt of 3-mercapto propanosulfonic acid
was self-assembled onto the gold electrode [8,12,16]. D-QCM pro-
vided 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  have used the model of
Johannsmann et al. [34] in order to relate the changes of the quartz
sensor impedance spectra with the acoustical thickness, hac, and
the shear modulus of the adsorbed film [8,12,16]. The dead-time of
the D-QCM measurements is approximately 7 s.

For the ellipsometric experiments, 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 used as
the substrates [16]. The ellipsometric angles � and � describe the

changes in the state of polarization when the light is reflected at a
surface [35]. The uncertainty of � and � were ±0.1◦ and ±0.05◦,
respectively. In order to obtain the ellipsometric thickness, hop, a
four layer model has been used, as in a previous work [16,36].  The
dead-time of the ellipsometry measurements is around 18 s.

The X-ray experiment was made in a convencional diffractome-
ter X’Pert Pro MRD  from Panalytical (Netherlands) using silicon as
substrate. The reflectivity was  measured in the momentum trans-
fer range of 0.035 < qz < 0.12 Å. The analysis of the data was  made
using the software Package Parrat 32 from HMI  (Berlin, Germany).

Measurements of the contact angle, �,  of a water drop on
the surface of the multilayer were made using a commercial
device from GBX (Model Digidrop, France). The precision of the
measurements was  obtained statistically from the results of the
measurements in different zones of the sample. The mean error of
the � values was  ±2◦.

2.3. Layer-by-layer assembly

The multilayers were built from polyelectrolyte solutions of con-
centration c ≈ 1 mg  mL−1 with different ionic strengths obtained
using NaCl. The adsorption of the layers was  studied till the steady-
state was  reached in the case of the kinetic studies, whereas for
the studies of the effect of the adsorption time in the multilayer
structure, different adsorption times of the layers were considered.
Between the adsorption of successive layers, the multilayers were
rinsed with the solvent used for preparing the polyelectrolyte solu-
tions. The rinsing process removed the polymer chains that were
not strongly adsorbed. All the experiments were performed under
static conditions, without any stirring in the adsorption cell. The
filling process of the measurement chamber took a few seconds,
and sometimes leads to an abrupt shift of the signal both in the
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Fig. 3. Reflectivity profiles for multilayers with N = 24 build from solution of ionic
strength cNaCl = 100 mM,  where the layers were adsorbed using different times.
(a)  (PDADMAC + PSS)n . The inserted figure show the results for cNaCl = 500 mM.  (b)
(PAH + PSS)n .

D-QCM and in the ellipsometry techniques; these sharp changes
were not taken into account in the analysis of the adsorption pro-
cess [8].

3. Results and discussion

The growth process of (PDADMAC + PSS)n and (PAH + PSS)n mul-
tilayers has been extensively studied (see Fig. S.1)  [16,37–41].
Independently of the ionic strength conditions, the growth of
(PAH + PSS)n has been found to be linear [38,42]. However, for
(PDADMAC + PSS)n multilayers the growth mechanism depends on
the ionic strength [37,43,44].  In spite of this change in growth
mechanism, it has been previously shown that in these multilayers,
the interdiffusion takes place independently of the ionic strength
conditions thus leading to uniform composition through the mul-
tilayer [16], although the differences in the growth mechanism
have been related frequently attributed to the existence or not of
interdiffusion of the chains through the whole structure of the mul-
tilayers [25,32,33].  This implies that, for non-linear growth regime,
the polymer chains still maintain some mobility [45] that is con-
trolled by the process of association and dissociation of ionic pairs
[29]. Chain reorganization within the multilayers strongly affect the
kinetics of adsorption as already discussed theoretically by Cohen-
Stuart [46]. In a recent paper Lane et al. [47] studied the adsorption
kinetics in multilayers of PSS and poly[1-[4-[3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl] sodium
salt using dual-beam polarization interferometry and D-QCM. They
explained their adsorption kinetic results in terms of three different
processes; such a description is qualitatively similar to the descrip-

Fig. 4. Roughness of multilayers (PDADMAC + PSS)n and (PAH + PSS)n with N = 24
where the layers were adsorbed using different times, obtained for the analysis of
the reflectivity data. The inserted figure corresponds to the water contact angle, �,
on  the surface of the multilayer (PDADMAC + PSS)n with N = 24. The lines are only
guided for the eyes.

tion of neutral polymer adsorption kinetics given by Linse and
Källrot using Brownian dynamics simulations [48]. However, Lane
et al. [47] found that the shortest characteristic adsorption time
was  well below the dead time of their experimental techniques.
We have shown in previous works that, within the accessible time
window of our experimental techniques, the adsorption kinetics
may  be analyzed using a bimodal model [8,12,16,49,50] derived
from the one previously proposed by Raposo et al. [30]:

� = �∞ − A1e−t/�1 − A2e−t/�2 , (1)

where A1 and A2 are the amplitudes and �1 and �2 are the char-
acteristic times for the two kinetic processes, � is the adsorbed
mass a time t, and � ∞ is the adsorbed mass at the steady-state
of the adsorption process (t = ∞).  For all the multilayers stud-
ied in this work Eq. (1) described the experimental data within
the experimental precision, independently of the polyelectrolyte
type and of the layer number, an example of the kinetic analy-
sis is shown in Fig. 1, further details about the analysis of the
kinetic processes are given in our previous publications [8,16].
The characteristic time �1 represents a first fast adsorption step
that is related to the transport of chains to the surface and fast
mass deposition (it is not a true diffusive process because the
amount of adsorbed material does not show a t1/2 dependence).
This is in qualitative agreement with the mean-field calculations of
Cohen-Stuart for the adsorption of polyelectrolyte onto solid sur-
faces [46]. The characteristic time �2 represents a second slower
process that may  be related to the internal reorganization of the
polymer chains adsorbed onto the last layer and/or the diffusion
of the chains through the multilayer. Fig. 2 shows the character-
istic adsorption times for both processes in the two multilayers
studied; in all the cases �2 is almost one order of magnitude larger
than �1. The characteristic times for both kinetic processes show
different dependences on the number of layers for the two different
systems studied.



Author's personal copy

278 E. Guzmán et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 384 (2011) 274– 281

Fig. 5. Kinetic times obtained from the analysis of the reorganizative adsorption processes using Eq. (1) for multilayer of (PDADMAC + PSS)n and (PAH + PSS)n assembled
from  solutions with different ionic strengths. (a) �2 vs. N for the PDADMAC layers in (PDADMAC + PSS)n multilayers. (�) cNaCl = 100 mM;  (©) cNaCl = 500 mM.  (b) �2 vs. N for
the  PSS layers in (PDADMAC + PSS)n multilayers. (�) cNaCl = 100 mM;  (©)  cNaCl = 500 mM.  (c) �2 vs. N for the PAH layers in (PAH + PSS)n multilayers. (�) cNaCl = 100 mM;  (©)
cNaCl = 500 mM.  (d) �2 vs. N for the PSS layers in (PAH + PSS)n multilayers. (�) cNaCl = 100 mM;  (©) cNaCl = 500 mM.

The characteristic time �1, which is well above the dead-time
of our experimental techniques, is independent of N (in the first
layers the results are slightly different because of the influence of
the interactions with the substrate) in the two multilayers stud-
ied. This may  be due to the pseudo-diffusive origin of this process,
thus �1 only depends on the structure of the adsorbed polymer,
and on the assembling conditions (ionic strength of the solutions).
This is further confirmed by the fact that in multilayers of (PDAD-
MAC + PSS)n and (PAH + PSS)n, the layers of PSS show similar values
of �1, despite that the counter polyelectrolyte is different.

In the case of multilayers of (PAH + PSS)n, �2 does not depend
on N, whereas for (PDADMAC + PSS)n multilayers, �2 increases
with N both for PDADMAC and for PSS layers. In the case of
typical linear growth systems, as (PAH + PSS)n, the reorganiza-
tion process may  be interpreted as a process that takes place
only in the layer that is adsorbing, with a small propagation
in the three-dimensional structure of the multilayer. However
for (PDADMAC + PSS)n, the reorganization process takes place by
interdiffusion of the chains through the whole structure of the mul-
tilayers [25,32,33].  Therefore an increase of �2 is expected as the
thickness of multilayer increases due to the larger volume through
which they can diffuse. According to all the above, �2 would in fact
be an effective characteristic time for (PDADMAC + PSS)n because
two processes would take place: one would be the reorganiza-
tion of the adsorbing chains in the plane of the multilayers as
in (PAH + PSS)n, and the other one would be associated to chain
diffusion within the multilayer. This is in agreement with the
three stage model proposed for Lane et al. [47] for the adsorption
process of multilayers formed by PSS and poly[1-[4[(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl sodium
salt], even though, as already said, the characteristic times of the

last two  processes cannot be determined independently by the
experimental techniques used in the present work.

Additionally, for (PDADMAC + PSS)n it was possible to obtain
some insight about the strength of the electrostatic interaction
between the surface net charge of the film and the different poly-
electrolytes during the adsorption. In the case of the PSS layers �2
is higher than the corresponding time for the adsorption of PDAD-
MAC  layers. The adsorption of PDADMAC layers takes place on a
low charge density surface, whereas the PDADMAC chains present
a high charge density, thus leading to a faster reorganization than
in the case of the adsorption of PSS where the opposite scenario
is present (polymer with low charge density and highly charged
surface).

If, as stated above, the relaxation times are somehow related
to the two different growing mechanisms, it seems reasonable to
assume that the final structure of the multilayers may  depend
on the time allowed for the polyelectrolytes to adsorb. This was
already suggested by Lavalle et al. [24] in the study of multi-
layers formed by poly(l-glutamic acid) and poly(l-lysine), even
though they did not made any experimental test of this sugges-
tion. If the total adsorption time used for the assembling of the
layers is much smaller than �2, the effect of interdiffusion upon
the structure of the multilayer might not be observed [29]. Fur-
thermore, this would lead to rather different film roughness in the
two  multilayers, as it is indeed observed in Fig. 3. Fig. 4 shows
that for (PDADMAC + PSS)n roughness increases with the adsorp-
tion time, while for (PAH + PSS)n it is constant. The increase in
roughness is due to two contributions: the increase of film thick-
ness and the reorganization of the chains within the multilayers. It
is well known that interdiffusion of chains within the multilay-
ers leads to higher thickness and roughness, and to superlinear
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Fig. 6. Mechanical properties of the multilayers. (a) G′ vs. hac . (b) G′′ vs. hac . Where hac corresponds to the thicknesses obtained using D-QCM. In both graphs: cNaCl = 100 mM
is  represented by squares and cNaCl = 500 mM is represented by circles. Open symbols correspond to (PAH + PSS)n and solid symbols correspond to (PDADMAC + PSS)n . The
lines  are only guided for the eyes.

growth; therefore, it is possible to conclude that longer adsorp-
tion times are associated to a transition from linear to superlinear
growth for (PDADMAC + PSS)n. As it can be observed, the behavior
of (PAH + PSS)n is completely different, with values that are inde-
pendent of the adsorption time which would be in agreement with
the layered structure described by Lavalle et al. [38]. The impor-
tance of the adsorption time found in this work is in agreement
with the recent structural studies of Kharlampieva et al. [32].

It is worth to discuss why the growing regime of (PDAD-
MAC  + PSS)n changes from linear to non-linear as the ionic strength
is increased. For low NaCl concentration the screening of the poly-
electrolyte charges is smaller, thus the Coulombic repulsion might
constitute an electrostatic barrier for the further adsorption of
material. The adsorbed polymer reorganizes in the whole struc-
ture of the multilayer leading to a smaller roughness that in the
case of high ionic strengths. This fact may  be due to the existence
of a limited interdiffusion for low ionic strengths as consequence
of the low degree of extrinsic compensation that exists on the mul-
tilayer [16], thus the Donnan potential is not very important [51].
However, when the ionic strength increases, the Donnan potential
[51] plays a relevant role due to the strong extrinsic compensation
[16]. As a consequence a larger number of molecules can diffuse
through the multilayer thus increasing the roughness and leads to
superlinear growth [23]. However, in multilayers of (PAH + PSS)n,
no effect is observed in the structural pattern as the adsorption time
is increased. This is a typical behavior of multilayers that grow lin-
early where the existence of internal reorganization is negligible
in accordance with the existence of intrinsic compensation on the
multilayer [52], and therefore the global structure of the layers is
not modified.

Fig. 5 shows that the ionic strength affects the characteris-
tic time of the reorganization process. In the case of multilayers
(PDADMAC + PSS)n, increasing the ionic strength increases the time
necessary to reach to the steady-state for the adsorption of PDAD-
MAC  layers, whereas in the case of PSS layers the reorganizative
time is independent on the ionic strength. In the case of (PAH + PSS)n

multilayers the layers of both polymers are unaffected by the
changes in the ionic strength. These different times for the reor-

ganization process are in agreement with the results commented
above.

For low adsorption times, tadsorption ∼ 120 s, it may be assumed
that the reorganization process does not take place in agreement
with the adsorption kinetics results for multilayers of (PDAD-
MAC  + PSS)n (see Fig. 3, �1 is ∼118 ± 20 s for PDADMAC layers,
∼72±40 s for PSS layers and ∼27±7 s for PAH layers). In this case
only the adsorption of material from the solution would take place
onto the preformed layer. However, increasing the adsorption time
allows the reorganization process to become important.

The interdiffusion on the multilayers must be also related to
their internal structure, and this is strongly related to the mechan-
ical properties of the multilayers [53,54].  The D-QCM technique
allows one to obtain the complex shear modulus according to
Johannsmann formalism [16,27,28,34]. Fig. 6 shows the results for
G′ and G′′ of the different multilayers as function of the thick-
ness obtained using D-QCM (acoustical thickness, hac). In the case
of (PAH + PSS)n multilayers the mechanical behavior may  be con-
sidered typical of rigid films (with G′′ ≈ 0) in all the assembling
conditions. However in the case of (PDADMAC + PSS)n, the vis-
cous part of the mechanical behavior becomes more relevant as
the ionic strength increases leading to a mechanical viscoelastic
behavior typical of a rubber-like material [8,16] [it must be taken
into account that the D-QCM measurements are carried out at
high frequencies (5–55 MHz)!]. The existence of a softer behav-
ior in multilayers of (PDADMAC + PSS)n makes the interdiffusion
within the whole structure of the films easier. The elastic behavior
of (PAH + PSS)n multilayers is in agreement with an impeded inter-
diffusion process within the films. Similar mechanical behavior of
several linear and non-linear growing multilayers was previously
reported by Picart et al. [55] and by Hubsch et al. [56].

4. Conclusions

The experimental results presented in this work allow us to
conclude that structure of polyelectrolyte multilayers may  depend
on the adsorption time, (PDADMAC + PSS)n being a good example.
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The results also point out that the elastic (G′′ ≈ 0), or viscoelastic
(G′ ∼ G′′) character of the multilayer, and the ionic strength may
control the interdiffusion process within the multilayer. This phe-
nomenon is important for having multilayers with a well-defined
layered or an almost homogeneous structure.
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