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Abstract

Silica surfaces were consecutively treated with copolymers of cationic and anionic polyacrylamides (C-PAM and A-PAM, respectively
and the layer-by-layer build-up was continuously monitored with the aid of stagnation point adsorption reflectometry (SPAR). Four
charge densities of the cationic polymer and one charge density of the anionic polymer were studied. The solid substrate used in
gation was an oxidized Si wafer, the charge of which was varied by performing the measurements at different pH. Adsorption measurem
were performed both in deionized water and with a background electrolyte concentration of 0.01 M NaCl. The results show that th
tion of C-PAM at pH 6 was dominated by electrostatic interactions. However, a significant nonionic contribution to the adsorption o
on SiO2 was detected-when the results of adsorption measurements conducted in deionized water and in 0.01 M NaCl were com
pH 9, the adsorption of C-PAM onto SiO2 was found to be geometrically restricted since the adsorption stoichiometry between the p
charges and the charges on the surface was less than 1 irrespective of the charge of the C-PAM. Adsorption of the A-PAM onto t
covered surface increases as a function of the adsorbed charges in the first layer. Experiments showed that it was possible to form
of polyelectrolytes on the SiO2 surface provided the charge of the C-PAM was high enough. The critical charge of the polyelectrolyte for
the formation of multilayers was also dependent on the charge of the substrate; that is, the lower the surface charge the higher
charge of the C-PAM. The substrate affected the amount of polyelectrolyte adsorbed up to the fifth layer. For further layers there wa
stoichiometric relationship between the charges of the polyelectrolytes in consecutive layers. Results from studies of the formed m
with a quartz crystal microbalance (QCM-D) indicated that there was a close correlation between energy dissipation into the multil
a decrease in the adsorption as detected with SPAR. This in turn indicates that a decrease in the reflectometer signal does not neces
indicate a decrease in adsorption.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Polyelectrolytes are used in many industrial applicatio
as dispersing agents and as flocculants, as wet and
strength agents in the paper industry, and also in waste w
treatment, paint, and cosmetics. In most of these applica
it is essential that the polyelectrolytes are adsorbed onto
solid substrates to be flocculated, dispersed, or strength
Great effort has been devoted over the years to theo
cally describing the adsorption of polyelectrolytes due
large part, to this industrial relevance [1–5]. Furthermo
the influence of the polyelectrolytes on the stability of d
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ferent types of colloidal dispersions has been extensi
studied [6,7].

The interest in polyelectrolyte adsorption has recently in-
creased due to the development of the concept of multil
adsorption of polyelectrolytes onto solid substrates [8–
A basis for the preparation of multilayer thin films on so
substrates is the overcompensation and charge revers
the substrate due to adsorption of an oppositely cha
polymer. In self-consistent field (SCF) lattice theories
described in [1,13,14], recharging of the surfaces can
occur if there is also a nonionic interaction between
polymer segments and the surface. The recharging o
surfaces, as found in many investigations of polyelectro
adsorption at the solid–liquid interface, is hence often
ferred to as a nonequilibrium effect [15,16] for the ca
where nonionic interactions are absent. According to
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cent theories of polyelectrolyte adsorption on opposi
charged surfaces [3–5], recharging of the surface can
achieved only under certain conditions. A theoretical ext
sion to polyelectrolyte multilayer formation has also be
made [3,4]. Recently a new approach based on site-spe
adsorption of polyelectrolytes was also developed to d
scribe both monolayer and multilayer adsorption of poly-
electrolytes [17]. However, despite these developments,
must still be concluded that a full theoretical description
polyelectrolyte multilayer (PEM) formation and its depe
dence on surface properties of the substrate, concentr
of low-molecular-mass electrolytes, and solution proper
of the polyelectrolytes is still not available. Furthermore,
currently available theories describing PEM formation c
only be used to describe multilayers having linear grow
whereas multilayers with exponential growth, i.e., typical
most of the multilayers described in this report, cannot
described with current theories. The molecular mechanism
behind the difference between linear and exponential gro
of PEM has been recently reported [18].

In practice the formation of PEM is achieved by satur
ing a surface with an oppositely charged polymer, rins
with the solvent, and subsequent treatment with a polyme
charge opposite to that of the first polymer. This proced
is then repeated for the formation of an increasing num
ber of layers, and as previously demonstrated [19,20],
treated surfaces are recharged by exposure to the diff
polyelectrolytes. The formation of the PEM is influenced
the substrate for the first few layers, and following this th
is a stoichiometric compensation of the charges between
polyelectrolytes for the main part of the PEM. Only the ou
layers of the PEM carry the net charge of the multilayer [2
Nonequilibrium effects will also influence the formation
the PEM. It has been demonstrated both theoretically
experimentally that the adsorption of a polyelectrolyte o
an oppositely charged surface would likely form a bar
against further adsorption even before surface charge c
pensation. This is due mainly to the slow reconformation
the polyelectrolyte on the surface of the substrate [15,
This was also shown for the adsorption of an anionic po
acrylamide onto cellulose fibers that had been treated wi
a cationic copolymer of polyacrylamide [22]. By meas
ing the adsorption at different delay times after adsorp
of the cationic polyacrylamide, it was found that the sub
quent adsorption decreased withincreasing delay time. Thi
was taken as indirect evidence of the existence of a tem
rary recharged surface.

With this as a background, the purpose of the pres
work was to clarify how the adsorption of anionic a
cationic copolymers of acrylamide in bilayers and mu
layers was affected by the charge of the surface (SiO2), the
degree of substitution of a cationic copolymer, and the c
centration of electrolyte in the solution. From these resul
should be possible to determine critical limits for the bui
up of multilayers and to clarify if the build-up of bilaye
t

-

follows the trends predicted by the different adsorption t
ories.

2. Experimental

2.1. Methods

In order to monitor the adsorption of polyelectrolytes
stagnation point adsorption reflectometer (SPAR) from th
Agricultural University of Wageningen, The Netherland
was used according to methods described in [23,25]. In
method laser light is reflected off a smooth surface and
change in intensity of the parallel,Ip , and perpendicular,Is ,
components of the incoming laser light is measured. The
tio S = (Is − Ip)/(Is + Ip) is then calculated. The chang
in this ratio with adsorption of, for example, surfacta
and polymers was shown to be proportional to the amo
adsorbed [24]. Data from the SPAR is presented as the
tio �S/S0, where�S is the change in theS-value upon
adsorption andS0 is the initial S value before adsorption
The �S value was then converted to the adsorbed amo
(or surface excess) according to a procedure previously
scribed [24,25] using a simplified evaluation procedure
cording to the equation

(1)Γ = �S

S0

1

0.129(dn/dc)
,

where dn/dc is the refractive index increment for th
polymer system used in the adsorption measurements an
0.129(dn/dc) is a simplified expression for theAs (sensi-
tivity factor) defined in [23].

As remarked in connection with the adsorption res
later in this paper, this simplified procedure correlates v
well with the four-layer optical evaluation procedure f
the results from SPAR measurements [23]. In all adsorp
tion measurements silicon wafers from MEMC Electro
Materials, SpA, Italy (150 mm/CZ/1–0–0/Arsenic/N+
Type/Resis 0.001–150.000), were used. The Si wafers
oxidized by heating them at 1000◦C for 30 min in dry air in
order to produce a SiO2 layer with a defined thickness on th
surface. Great care was taken to oxidize and use the sur
with exactly the same storage time between the oxida
and adsorption measurements and the surfaces were s
under dust-free conditions in a desiccator between oxidatio
and adsorption measurements.

In the SPAR, a stagnation point flow setup was used
this way a well-defined hydrodynamic situation is crea
where diffusion of polymers to the surface is the only tra
port mechanism.

For the adsorption measurements, the oxidized sili
wafer was mounted in the SPAR equipment and the
vent flow started. A stable baseline was established be
the solvent flow was replaced with a polymer solution
known concentration. The flow of polymer was continu
until a stable reading of theS signal was achieved, i.e., un
til there was a plateau in the adsorbed amount. Follow
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this the surface was again exposed to the solvent in o
to rinse the cell and to remove any nonadsorbed poly
A solution with a polymer of charge opposite to the pre
ously added polymer was introduced into the cell. A n
rinse with the solvent was then used before a solution o
first polymer was reintroduced into the cell. This proced
was then repeated several times in order to investigate
was possible to build multilayers with cationic copolym
with different charge densities and an anionic copolym
The measurements were conducted both at pH 6 and at
in deionized water and in 0.01 M NaCl. The repeatabi
and reproducibility of the SPAR measurements were exc
lent and the coefficient of variation of the adsorption val
was less than 8%. The build-up of the polyelectrolyte m
tilayers was also studied with the aid of a quartz cry
microbalance with dissipation (QCM-D equipped with
axial flow chamber from Q-Sense AB, Göteborg, Swed
QCM-D allows the simultaneous measurements of both
quency changes and energy dissipation changes durin
build-up of the multilayers. The sensor crystals used in
measurements were 5-MHz AT-cut crystals coated with SiO2
(Q-Sense AB). All measurements were recorded at four
ferent frequencies (5, 15, 26, 36 MHz), but the third ov
tone (15 MHz) has primarily been used in the evalua
of the data due to its stability. In the experiments with
QCM-D equipment, the same procedure as used in the S
equipment was used for construction of the polyelectro
bilayers and multilayers. The QCM-D liquid chamber w
temperature-stabilized to+20± 0.1 ◦C during the measure
ments and experiments were conducted only with on
the cationic polyacrylamides, the polymer with a DS= 0.14
(mol%) and at pH 9 and witha NaCl concentration o
0.01 M.

Polyelectrolyte titration [26] was used to characterize
charge of the polyelectrolytes used. An automatic titra
unit similar to the equipment described in [27] was use
determine the end point in the titration curves.

2.2. Materials

The cationic copolymers used in this investigation w
copolymers of acrylamide and amino-propyl-trimethyl-a
moniumchloride (APTAC). Four different cationic copol
mers were investigated and the properties of these poly
are summarized in Table 1. The anionic polymer wa
copolymer of acrylamide and acrylic acid and the molar
gree of substitution of anionic groups was 16% (accord
to the manufacturer), which resulted in a calculated ch
of 1.86 meq/g. The charge of the cationic copolymers,
determined by polyelectrolyte titration, is given in Table
Included in Table 1 are the degree of substitution (DS
cationic groups as calculated from these charge mea
ments and also thedn/dc values of the polymers needed
convert the�S/S0 values to an adsorbed amount in mg/m2

according to an earlier described procedure [25].
r

e

s

-

Table 1
Summary of the characteristics of the polyelectrolyte used in this inves
tion

Material Charge DS Mw dn/dc Intr. visc.
(meq/g) (%) ×10−6 (ml/g)a (dl/g)b

C-PAM 1 0.58 4.5 0.1732 9.1
C-PAM 2 1.02 8.5 0.1710 9.7
C-PAM 3 1.54 14 10c 0.1665 10.4
C-PAM 4 2.57 28 0.1625 6.5
A-PAM 1.86 16 5d 0.1720 14.0

a These values were taken from [28] for the C-PAM and from [29]
the A-PAM.

b Measured in 1 M solution of NaCl (77%) and NaH2PO4 (21%).
c As determined from static light scattering in 1 M NaCl.
d According to the manufacturer.

The C-PAM polyelectrolytes had similar intrinsic vi
cosities at 1 M NaCl and therefore only one polymer w
subjected to static light scattering to determine the mole
lar weight. All polymers were specially prepared and kindl
supplied by Ciba Specialty Chemicals (Allied Colloid
Bradford, UK). Since the manufacturer carefully washe
the polymers with repeatedprecipitation in acetone from
water, they were used without further purification. The po
mers were dissolved in deionised water under gentle stir
for 16 h with the aid of a magnetic stirrer prior to use a
the desired pH and salt concentrations of the polymer s
tions were adjusted subsequent to dissolution. Fresh pol
solutions were prepared every day. NaCl used in the in
tigation was of analytical grade and supplied by Kebo AB
Stockholm, Sweden and the water used was Milli-Q wa
where all electrolytes and organic contaminants had be
removed.

3. Results and discussion

3.1. Adsorption of C-PAM and bilayers of C-PAM
and A-PAM onto SiO2

In the initial experiments C-PAM with different charg
densities were adsorbed onto SiO2 surfaces at different sa
concentrations and at different pH. The results from m
surements at pH 9 and at a salt concentration of 0.0
NaCl are summarized in Figs. 1a and 1b. The�S/S0 re-
sults, collected from the reflectometer measurements, we
then converted to adsorbed amounts, in mg/m2, according to
an earlier published procedure [25]. This is a simplified p
cedure compared to the procedure described in [23] but
chosen due to the lack of exact knowledge of the oxide la
thickness on the wafers. However, recent results where th
procedure was compared with a more rigorous measure
of the adsorption by ellipsometry [30] for one of the us
polymers, C-PAM 3, showed an excellent agreement
tween the methods and therefore this way of data treatm
was justified. The adsorbed amount measured as mg/m2 and
µeq/m2 is shown in Figs. 1a and 1b. The polyelectrol
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Fig. 1. Adsorption in (a) mg/m2 and (b) µeq/m2 of C-PAM and A-PAM
to SiO2 surfaces at 0.01 M NaCl, and pH 9. C-PAM 1 to C-PAM 4 cor
spond to the different charges of the C-PAM co-polymer. A summary of
characteristics of the polymers is given in Table 1.

charge was used to recalculate the adsorbed amount in g
to µeq.

Figs. 1a and 1b show that the adsorption in mg/m2 in-
creases with decreasing charge density, whereas the adsor
tion in µeq/m2 decrease with increasing charge density. Ac
cording to the SCF theory [1], for pure electrosorption
amounts of adsorbed charges should be the same for th
ferent polymers. As is shown in Fig. 1b, this is obviou
not the case, and there might naturally be several rea
for this. In order to investigate the controlling mechanis
behind the adsorption of the C-PAM on the silicon ox
surface, the adsorption was determined for two different pH
conditions and at two different salt concentrations. The
sults from these adsorption measurements are summariz
in Fig. 2 as saturation adsorption as a function of polye
trolyte charge.

As can be seen in this figure, the adsorption meas
as mg/m2 increases as the salt concentration and the pH
increase. The increase in adsorption with increasing salt con
centration indicates that there is a nonelectrostatic inte
tion between the silica surface and the C-PAM contribut
to the adsorption free energy for the C-PAM on the sil
surface. There is a deviation for the polymer with the lo
est charge density at pH 6; this will be discussed further l
in this report. The increase in adsorption at higher pH is
s

-

s

Fig. 2. Saturation adsorption for the C-PAM polyelectrolytes on the SiO2
surfaces at different pHs and salt concentrations.

to an increase in charge of the silica surface. Furthermo
can also be seen that the absolute increase in adsorpt
pH 9, at increased salt concentrations, is greater than that o
pH 6. This is probably caused by a larger influence of the
pulsion between the C-PAM due to the higher concentra
of C-PAM on the surface at pH 9.

However, in order to evaluate the relative influence of
interactions due to the charges on the polyelectrolyte
the charges on the surface, it was necessary to estima
ratio between the charges of the surface and of the p
electrolyte. The charges on the polyelectrolytes are give
Table 1 and the amount of adsorbed polymer charges
calculated from the adsorbed amount. In order to comp
these results with the charges of the surface, the amou
adsorbed charge was divided by the charge of the SiO2 sur-
face, as calculated according to the relationship introdu
by Schindler [31], to give an overall adsorption stoichiom
try between the polyelectrolyte and the surface,

(2)log(OH−) = 5.2 log(pH) − 4.78,

where (OH−) is the number of charges per nm2.
The results from these calculations are shown in Fig

where the charge ratio betweenthe polyelectrolyte and th
surface is presented as a function of the polyelectro
charge.

As can be seen in Fig. 3, it is possible to overcompen
the surface charges significantly at pH 6, whereas it is
possible to overcompensate the surface charges at pH
gardless of the salt concentration. If the adsorption at p
is first analyzed, together with the results shown in Fig
these results also clearly show that there is a nonionic in
action between the polyelectrolyte and the surface, since
adsorption is increased upon salt addition [1]. This is a
in accordance with earlier results [32] where it was shown
that charge ratios of around 5 could be found for adsorp
of cationic C-PAM onto silica surfaces. The increases in
sorption and adsorption stoichiometry can also be caused
the increase in surface charge following the salt addition
according to the data presented in [32], this large chang
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Fig. 3. Adsorption stoichiometry, i.e., the ratio between adsorbed poly
charges at saturation adsorption surface charge of the SiO2 surface calcu-
lated according to [31], as a function of the polyelectrolyte charge. The
concentration was 0.01 M NaCl for the experiments where salt was ad

adsorption detected upon salt addition cannot be expla
by a change in surface charge.

There is one experimental point deviating from this d
cussion regarding the increase in adsorption and charge
with increased salt concentration at pH 6, and this is for
polyelectrolyte with the lowest charge density. For this po
electrolyte there is a decrease in adsorption and charge rat
upon salt addition. The exact reason for this is not known
it must be mentioned that it is in accordance with the s
ing theory for polyelectrolyte adsorption, as shown in [
This could indicate that the adsorption and surface rech
ing are controlled by factors other than the balance betwe
electrosorption and nonionic interactions between the p
electrolyte and the surface, as outlined in [1]. In this resp
the present results stimulate more research regarding
sorption of low-charged polyelectrolytes on counterchar
surfaces, similarly to the experiments shown here. It shou
also be mentioned that a decrease in adsorption at h
polyelectrolyte charge densities is expected, since “p
electrosorption will be dominant for this type of polym
This in turn leads to a decrease in overcharging of the
faces, according to the SCF theory [1].

At pH 9 a totally different situation is detected. First
all, the effect of the salt addition on the charge ratio is sm
and there is only a small, but significant, increase in cha
ratio when the charge of the polyelectrolyte is increas
Second, the charge ratio is less than 1 indicating that
not possible to neutralize all the charges on the surfac
this pH. However, the results in Figs. 1a and 1b clearly s
that it is possible to adsorb A-PAM onto a presaturated la
of C-PAM at pH 9. As pointed out by Netz and Joanny [
the adsorption can be controlled either by charge com
sation or by a geometrical saturation of the adsorbed la
For the situation with geometrical saturation the polym
totally covers the surface and gives an extended adso
layer that will create a barrier against further adsorption,
spite the fact that all charges on the surface have not
saturated. To test this hypothesis the adsorbed amoun
-

r

t

d

s

recalculated as a surface coverage in m2/m2 by assuming
that the polyelectrolyte maintains its solution conformat
when adsorbed onto the surface. To do this, theRg (radius of
gyration) was calculated from the composition of the po
electrolyte and the results presented earlier by Audebert an
co-workers [33] concerning the relationship betweenMw

andRg for these types of polyelectrolytes. The adsorpt
values in Fig. 1a were used for this calculation and for
PAM 1 adsorbed at pH 9. In 0.01 M NaCl, the surfa
coverage of the polyelectrolyte will be around 12 m2/m2.
For C-PAM 3, the corresponding value is 8.5 m2/m2. This
is a clear indication that the surface will be totally cove
with polyelectrolytes at pH 9 and that the surfaces can
recharged, provided that the thickness of the adsorbed
is greater than the unperturbed thickness of the electr
tic double layer of the surface. In 0.01 M NaCl the dou
layer will have an extension of around 30 Å and theRg

for C-PAM 1 and C-PAM 3 is around 2000 and 1770
respectively. Naturally the extension of the C-PAM lay
from the surface at equilibrium will be lower than theRg-
value, but from these simple estimates it can be sugge
that the surfaces are totallysaturated at pH 9 in the ear
stages of adsorption. Furthermore, this calculation sugg
that unneutralized positive charges from the polyelectro
will dangle from the surface into the solution even though
the charges on the surface may not have been neutraliz

As an initial approximation it might seem reasonable
assume that the amount of A-PAM in the second layer sh
be a function of the charge ratio in the first adsorbed laye
order to test this hypothesis, the adsorbed charges of A-P
in the second layer were plotted as a function of the ch
ratio, i.e., stoichiometry, in the first adsorbed layer and th
results are shown in Fig. 4.

As can be seen in Fig. 4, there is a relationship betw
the charge ratio and the number of adsorbed A-PAM cha
for the adsorption at pH 9 and at pH 6, at least for the
sults collected in the presence of 0.01 M NaCl, even tho
there is a leveling off for higher charge ratios for the
sorption at pH 6. The reasons for this effect may be sev
and are discussed later in the section on the formatio

Fig. 4. Amount of adsorbed A-PAM charges as a function of the ch
ratio, i.e., stoichiometry, in the first C-PAM layer.
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PEM of C-PAM and A-PAM. This result indicates that the
is a correlation between the recharging of the SiO2 surface
and the adsorbed amount. At pH 6 this correlation is ra
weak, especially when there is no added electrolyte, but
pH 9 there is a clear correlation, indicating that the hig
adsorbed amounts at this pH will result in a thicker adsor
layer that will hence give a stronger interaction between
cationic and anionic polyelectrolytes. This, in turn, indica
that the surface properties influence the adsorption, at
in the second adsorbed layer, as has previously been
served for several other systems, as described in [12].

Fig. 4 also reveals that there is a much larger influe
of the salt addition on the A-PAM adsorption at pH 6 th
at pH 9. This is most likely due to the significantly differe
structure of the adsorbed layer for different salt concen
tions. This, in turn, will have a large effect on the adso
tion of the A-PAM. As assumed in the theoretical mod
presented by Rubinstein and co-workers [3], the adso
layer might be divided into two different regimes, one inn
region close to the surface with a rather constant con
tration/density profile and one outer region with a parab
density profile. The structure of these regions changes a
salt concentration is changed. It is possible that the acc
bility of the A-PAM to the C-PAM charges changes sign
cantly due to the increased screening by the added salt
situation at higher pH is different since the adsorption in
case is geometrically restricted.

3.2. Formation of PEM from C-PAM and A-PAM on SiO2

A natural extension of the work concerning the form
tion of bilayers of C-PAM and A-PAM on the SiO2 was to
investigate the possibility of forming multilayers with the
polyelectrolytes on the SiO2 surfaces. Results from measur
ments at pH 9 and 0.01 M NaCl are shown in Figs. 5a and

Fig. 5 shows that it is possible to form multilayers w
these polyelectrolytes, but it is also obvious that the
mation of the multilayers, i.e., the interaction between
polyelectrolytes, is largely dependant on the charge of
C-PAM. From the results in Fig. 5b it can be concluded t
C-PAM 2–4 give similar results, in µeq/m2, for the build-up
of PEM, whereas the build-up of PEM with C-PAM 1 show
an anomalous pattern. Obviously a certain charge den
of the C-PAM is necessary in order to give a stable bu
up of the PEM, and the charge density of C-PAM 1, i
0.58 meq/g, is too low. However, despite the leveling o
in adsorption for C-PAM 1/A-PAM (compared to C-PAM2
4) as the number of layers increases, it is striking to notic
that there is a change in adsorption upon addition of C-PAM
and A-PAM, respectively, in each consecutive layer. The
son for this behavior during the formation of the multilaye
is not clear, even though it is tempting to suggest a c
bined adsorption/desorption process as the polyelectro
are added to an earlier formed adsorbed layer. This pro
has been suggested in earlier investigations [34] where a
ance between adsorbed and freepolyelectrolyte complexe
t
-

-

s
-

(a)

(b)

Fig. 5. Formation of multilayers of C-PAM and A-PAM on SiO2 surfaces at
pH 9 and at 0.01 M NaCl. (a) Adsorbed amount in mg/m2 determined from
the �S/S0 values as described earlier. (b) Adsorbed amount of charg
µeq/m2, calculated from the adsorbed amount in each layer and the ch
of the polyelectrolyte according to Table 1.

was introduced to explain the initial increase in adsorpt
followed by a slow decrease in the adsorbed amount.
other explanation could be a rearrangement of the polye
trolytes in the adsorbed layer, resulting in a change in
reflectometer signal. This will be discussed further in c
nection with the results presented in Fig. 6 and these re
indicate that it is more a rearrangement than a desorp
process that is being observed for the C-PAM 1/A-PA
polymer system.

Despite the difference in the general slopes of the cu
corresponding to C-PAM 2–4 and C-PAM 1, it can nevert
less be seen in Figs. 5a and 5b that the general behav
an initial increase followed by a decrease in the adsor
amount can be seen for all curves from the formation
the third polyelectrolyte layer and upward. It must also
kept in mind that the adsorbed amount is calculated from
change in the optical signal, expressed as�S/S0. A change
in the optical properties of the adsorbed layer can also
plain the observed decrease in the signal.

To investigate whether desorption occurs upon the in
duction of the polyelectrolytes in each layer, the adsorptio
of C-PAM 3 and A-PAM at pH 9 and 0.01 M NaCl wa
investigated by using the QCM-D. The results from th
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(a)

(b)

Fig. 6. Determination of the build-up of multilayers from C-PAM 3 a
A-PAM on SiO2 surfaces at pH 9 and at 0.01 M NaCl with the aid of
QCM-D equipment. (a) Change in frequency upon adsorption and rinsing
(b) change in dissipation upon adsorption and rinsing. Only data from
third overtone have been included in these results.

measurements are shown in Fig. 6. Fig. 6a shows the ch
in frequency as a function of adsorption. The�F values are
proportional to adsorbed mass according to the Sauer
equation [35]. However, no attempt was made to conver
measured decrease in frequency to a surface excess d
the unknown contribution of trapped water within the m
tilayer, which is registered as a mass uptake [36]. Fig
shows the energy dissipated through the multilayer as me
sured by QCM-D. Suspending the voltage supplied to
quartz crystal and measuring the decay of the amplitud
the crystal as a function of the time determines the d
pation. Upon adsorption of a rigidly attached species,
change in dissipation is small. The change in dissipatio
high for an adsorbed layer with significant viscoelastic pr
erties. The same procedure as for the measurements wi
the SPAR equipment was used during these experim
This means that the adsorption was followed by rinsing w
0.01 M NaCl before the formation of the next polyelectrol
layer, and so forth. It has to be pointed out that the hyd
dynamic situation is not the same in the SPAR and in
QCM-D, but it is not believed that this would not invalida
the comparison between the two methods.
e

to

.

As shown by the results in Fig. 6a, a steady decreas
frequency is observed, i.e., an increase in adsorption, a
surface is consecutively treated with cationic and anio
polyelectrolytes, respectively.There is no sign of desorptio
which would have been seen as an increase in the frequ
Naturally the frequency signal contains both the adsor
amount of polyelectrolyte and the amount of immobilized
water, but it is considered highly unlikely that a desorpt
of polyelectrolyte and an increase in amount of immobilize
water upon desorption would result in a constant-freque
signal. The most likely interpretation of the data is that th
is no desorption and that the decrease in the�S/S0 signal in
the SPAR equipment after the initial increase in adsorp
is the result of an optical artefact due to the rearrangem
of the polyelectrolyte in the adsorbed layer following t
initial adsorption. This hypothesis is also supported by
data shown in Fig. 6b, which displays the change in diss
tion as polyelectrolyte is adsorbed. According to Fig. 6b,
general trends as observed from the SPAR data can be r
nized also in the dissipation data. This is especially valid
the adsorption of the cationic polyelectrolyte from the th
layer upward. As can be seen in Fig. 6b, an initial rise in
dissipation as the C-PAM is introduced is followed by a
crease in the dissipation, indicating a rearrangement o
polyelectrolytes within the adsorbed layer. As the anio
polyelectrolyte is introduced, there is an initial decreas
the dissipation, followed by a slow increase. This indica
that as the A-PAM is introduced into the preformed lay
there is a decrease in the mobility within the adsorbed la
but as the adsorption continues this mobility (i.e., the
cous losses) increases again. This also indicates that the in
tial increase, followed by a decrease detected in the S
upon exposure to fresh polyelectrolyte solution, at leas
C-PAM 2–4, is a result of a combination of an increase
the adsorbed amount and a change in the internal stru
of the formed layer. These combined results from SPAR
QCM-D give new insights into the processes occurring
the adsorbed layer but, needless to say, more experim
are needed to investigate these suggested processes f
Other recent investigations have also shown the large po
tial of using combinations of QCM and ellipsometric da
and this has been demonstrated earlier [36]. It should als
added that the large deviation of the C-PAM 1 data from
C-PAM 2–4 suggests that some desorption might occu
this type of polymer.

Having established that the desorption is not necess
the dominant mechanism for the detected decrease in the a
sorption data from the SPAR, it can safely be assumed
the initial increase in theS-value upon polymer adsorptio
is due to binding of the polyelectrolyte to the surface. T
�S-value, as schematically defined in Fig. 7, was then u
to calculate the number of adsorbed charges in each
secutive layer. It should be stressed that this way of trea
the data is based on the assumption that the decrease
�S value after the maximum is due to a restructuring
the adsorbed layer and not to desorption of polyelectro



L. Wågberg et al. / Journal of Colloid and Interface Science 274 (2004) 480–488 487

-

-
R

.01 M

d
er is
een
ely
ratio
ed
ated

for
t a
. 8,
ec-
ve
tion
me-
t
ure-
lier
rge

toi-
for

ave
e

at
y
ion.

-

here

the
De-
rst

3
or-
t the
t that
ate
out
at

C-
ed
at a
d
ble
m-
e
tes
f a
c-
wn

lay-
ide
nd
the
the
ly-
pH
H 6
on-
lso
to-
Fig. 7. Schematic description of how the�S value for each layer was de
termined from the reflectometry data.

Fig. 8. Charge ratio between the numbers of polyelectrolyte charges ad
sorbed in adjacent layers on the SiO2 surface, as estimated from the SPA
measurements. The experiments were conducted at pH 9 and at 0
NaCl.

This assumption is based onthe QCM measurements an
suggests that the refractive index of the adsorbed lay
changed in a nonlinear way due to the interaction betw
the two types of polyelectrolytes. This hypothesis definit
needs to be tested in future investigations. However, the
of adsorbed charges in two adjacent layers, calculated bas
on the assumptions shown in Fig. 7, could then be calcul
from the charge of the respective polyelectrolyte.

The results from these calculations are shown in Fig. 8
the adsorption of C-PAM 1–4 and A-PAM at pH 9 and a
salt concentration of 0.01 M NaCl. As can be seen in Fig
the surface will influence the adsorption of the polyel
trolytes up to about five layers from the surface. After fi
layers, the adsorption is totally dominated by the interac
between the polyelectrolyte; i.e., there is a 1:1 stoichio
try between the charges on thepolyelectrolytes in adjacen
layers. This result is also in accordance with earlier meas
ments for other types of polyelectrolytes [12,19]. As ear
discussed, the C-PAM with the lowest charge shows a la
deviation from this general behavior and no clear 1:1 s
chiometry between charges in adjacent layers is found
this polyelectrolyte combination.

The results regarding the build-up of the PEM so far h
been limited to pH 9 and 0.01 MNaCl and it was therefor
considered important to investigate the build-up of PEM
pH 6 and 0.01 M NaCl in order to clarify if there is an
large influence of the surface charge on the PEM format
Fig. 9. Formation of multilayers of C-PAM and A-PAM on SiO2 surfaces
at pH 6 and 0.01 M NaCl. The adsorbed amount in mg/m2 has been deter
mined from theS/S0 values as described in Section 2.

Results from these measurements are shown in Fig. 9, w
the adsorption in mg/m2 is shown.

It is clear from these results that the general trends are
same as those detected in Fig. 5 for adsorption at pH 9.
spite the fairly large difference in the adsorption in the fi
layers, as shown in Figs. 1–3, the adsorption for C-PAM
and C-PAM 4 is almost the same for layers of higher
der at pH 6 and at pH 9. This again demonstrates tha
surface has the greatest influence on the first layers bu
the interaction between the polyelectrolytes will domin
the adsorption for layers of higher order and hence even
the initial difference in adsorption. It is also obvious th
there is a deviation not only for C-PAM 1 but also for
PAM 2 from the trend of a linear build-up of the adsorb
amount with increasing layer number. This indicates th
certain critical interaction energy between the surface an
the polyelectrolyte is needed in order to construct sta
PEMs. Furthermore the strong deviation from 1:1 stoichio
etry between the polyelectrolytes in adjacent layers for th
C-PAM with the lowest charge density also demonstra
that this polyelectrolyte combination is close to the limit o
critical interaction energy for multilayer formation. The fa
tors controlling this critical interaction energy are not kno
and further development of thetheories for PEM formation
is needed to identify these contributing factors.

4. Conclusions

The results in the present report have shown that bi
ers and multilayers of cationic and anionic polyacrylam
are formed on SiO2 surfaces both in deionized water a
in 0.01 M NaCl. It was also shown that the charge of
cationic polyacrylamide has a significant influence on
build-up of these layers. The adsorption of cationic po
acrylamide in the first layer is highly dependent on the
at which the adsorption experiments are performed. At p
the adsorption is controlled both by electrostatic and n
ionic interactions, whereas the adsorption at pH 9 is a
controlled by geometrical restrictions; i.e., the surface is
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tally covered by C-PAM molecules before all the char
have been neutralized. This means that the SiO2 surface can
be recharged by the C-PAM both at pH 6 and at pH 9,
the controlling factors for this recharging are different.

The adsorption of A-PAM in the second layer is direc
related to the adsorption stoichiometry between the p
electrolyte and the surface in the first layer when the adsorp
tion is performed at pH 9 in deionized water and in 0.01
NaCl. At pH 6 this relationship is not as clear for the a
sorption from deionized water. The addition of NaCl ha
significant effect on the amount of A-PAM that can be
sorbed in the second layer at pH 6. This is most likely
to the change in adsorbed layer structure as a function o
creased added electrolyte.

The formation of multilayers of C-PAM with differen
charge densities and A-PAM is very similar, except for
C-PAM with the lowest charge density. It is also found t
the charge ratio between polyelectrolytes in adjacent laye
reaches a value of 1 when more than five layers are adso
onto the surface for all polymers, except for the C-PAM w
the lowest charge density.

The data from the reflectometer show an initial incre
followed by a significant decrease as every layer is form
for layers of higher order, i.e., larger than 5. Compari
between reflectometer data and data from QCM-D meas
ments strongly indicated that this behavior was not an e
of an actual decrease in surface excess, but more an
of a change in the ordering of polyelectrolytes in the lay
during the adsorption process.

Furthermore, the results also showed that the critica
charge of the polyelectrolyte for the formation of mu
layers was also dependent on the charge of the subs
i.e., the lower the surface charge the higher the crit
charge of the C-PAM necessary for the formation of a m
tilayer.Finally, the combination of QCM and reflectom
ter/ellipsometer data also shows great potential for fu
investigations regarding the structure and amount of p
electrolyte in adsorbed layers.
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