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Counteranion-Controlled Properties of Polyelectrolyte Multilayers
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ABSTRACT: Polyelectrolyte multilayers consisting of poly(diallyldimethylammonium chloride) (PDADMA)
and poly(sodium 4-styrenesulfonate) (PSS) were studied on a quartz crystal microbalance (QCM) utilizing
a novel method to determine the elastic properties of the films. Since the multilayer was found to consist
of a hard core and soft outer layer, as can be realized on the basis of the multilayer zone model, the
multilayer films were made thick enough to reveal the elastic properties of the bulk material of the film.
Several hundreds of layers were deposited using a fully automated multilayer deposition machine. We
found out that, in addition to the increase in the bilayer mass, a remarkable increase of stiffness of the
polyelectrolyte multilayer was observed while changing the counteranion used in the deposition process.
The increase of stiffness was found to be comparable to the glass transition of common polymers. The
increase is attributed to the counteranions that take part in polyelectrolyte charge compensation. The
correlation of storage shear modulus and mass density to the hydration entropy of the anion could be

clearly observed.

Introduction

Thin polyelectrolyte films can be deposited onto a
surface of a substrate by exposing it to the solutions of
oppositely charged polyelectrolytes in a sequential
order.! This layer-by-layer (LbL) technique has proven
its usefulness in a variety of materials including syn-
thetic polyelectrolytes, biopolymers,? nanoparticles,? etc.
The main advantage of the method is the nanometer
scale control over the whole deposition process, provid-
ing a possibility to construct precise multilayer archi-
tectures. The individually deposited layers in the mul-
tilayer system are highly interpenetrated, and therefore
the single-layer deposition of flexible polyelectrolyte can
be assumed to increase the mass and thickness of the
film but not to develop a discrete layer.}# The thickness
of the deposited polyelectrolyte layer depends on the
ionic strength of the polyelectrolyte solution* due to the
increased polyelectrolyte charge screening by the coun-
terions. Also, the salt type is an important,® but often
neglected, factor affecting the growth process.® The
extent of charge screening has been found to vary
according to the counterion, following the trend of the
Hofmeister series.” However, the multilayer thickness
is not the only parameter affected by the increased
charge screening. In this study we focus on the effect of
counteranion on the elastic properties of the multilayer
film.

The elastic properties of the polyelectrolyte multi-
layers are an interesting area of research. The investi-
gation of elastic properties provides important informa-
tion about the material, and the ability to control the
elasticity might be needed in the possible applications.
In general, it is advantageous to understand how the
multilayer behaves when deforming stress is applied.
Because of the small amount of material, the conven-
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tional methods of determining the properties are un-
feasible. The elasticity of the multilayer films is esti-
mated only in a few reports. The studies of elastic
properties are divided into two basic approaches: com-
press and shear stress methods. The elastic properties
of multilayer microcapsules are determined from a
collapse of the microcapsules in an increased osmotic
pressure®? or by applying a load onto a microcapsule
with an AFM related device.l%!! The elasticity of the
multilayer film on a substrate has also been studied by
applying AFM force on the surface of the film'2 and
utilizing reflection interference contrast microscopy.!?
As an example of shear methods, the viscoelastic
properties of thin polymer and protein films on a solid
surface have been estimated by using a quartz crystal
microbalance (QCM) in a mode that records not only
the frequency shift but also the energy losses of the
crystal oscillation.!*~18 A new method of estimating the
elastic properties of the polyelectrolyte multilayers
using QCM was presented in our earlier article.?

Polyelectrolyte multilayers are usually studied in
contact with aqueous solutions. This adds a couple of
very important factors that have to be taken into
account in estimating the elastic properties of the
substrate-bound material. The material on the film/
solution and presumably on the substrate/film interface
is evidently different from the bulk material. A recent
report on the film properties proposes that the film in
liquid constitutes of three rather different zones.2? Zone
I contains a couple of first layers on the surface of the
substrate. Layers in the zone I are most probably thin
precursor layers, which act as an adhesion material
between the substrate and the bulk material. Zone II
forms a bulk of the film, where the polyelectrolyte
charge compensation is achieved by means of polyelec-
trolyte complexes via intrinsic charge compensation.
Zone III is in direct contact with the solution, and the
charge compensation is achieved mainly by the coun-
terions. As a result, zone III could be strongly swollen
in pure water. Zone III can additionally extend far away
to the solution by tails or loops of polyelectrolyte chain.
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The interfaces between the zones are rather diffuse.?0
When the first few layers are deposited, the zones I and
IIT are formed. If the number of layers is small, from a
couple to approximately 10 layers, the softness of zone
IIT apparently determines the viscoelastic properties of
the wet multilayer, as our previous results showed.!6 If
the number of layers is increased, the growth in multi-
layer takes place in the zone II. The growth also
eventually sets the zones I and III completely apart.
This also reduces the effect of the zone III on the
viscoelastic properties of the film.1?

The number of layers needed to investigate the
properties of the bulk multilayer seems to be greater
than in the majority of films described in the literature.
In this study we extend the polyelectrolyte thickness
scale from nanometers to micrometers by depositing
several hundreds of layers on the surface of the quartz
crystal. To accomplish our goal, we employ a fully
automated LbL machine to build up multilayers with a
sufficient number of layers to determine the viscoelastic
properties of the bulk material.

Experimental Section

Materials. Poly(sodium 4-styrenesulfonate) (PSS, 70 kDa,
from Aldrich), 2-mercaptoethanesulfonic acid, sodium salt
(MESA, from Aldrich), and (3-aminopropyl)triethoxysilane
(Fluka) were used as received. Poly(diallyldimethylammonium
chloride) (PDADMA, 100—200 kDa, from Aldrich) was dialyzed
against electrolyte solutions, in a membrane with a nominal
M, cutoff of 3500 (“SnakeSkin” dialysis tubing, Pierce Bio-
technology, Inc.) to exchange the counteranions. The 2%
(w/w) water solution of PDADMA (150 mL) was dialyzed twice
against 5 L of 0.1 M electrolyte solution containing sodium
salt of NOs~, Br~, ClOs~, BrOs—, HCOO™, or F~. Dialysis was
carried out in a continuous-flow system for 48 h. After that
the polymer was dialyzed against water to remove the excess
of electrolyte. The chloride form of PDADMA was purified by
dialyzing against water. Polymer content was determined by
evaporating a known portion of solution and drying to constant
weight by first evaporating the excess of water in a rotary
evaporator and then heating to 110 °C for 24 h, which was
enough to reach a plateau in mass decrease.

Multilayer Preparation for Quartz Crystal Analysis.
The polished quartz crystals with gold plating (10 MHz,
International Crystal Manufacturer, Oklahoma, or Lap-Tech,
Inc., South Bowmanville, Ontario) were rinsed with water and
dried. The crystals were cleaned in oxygen and hydrogen
plasma before use.?! The MESA primer layer was deposited
at the gold surface of the crystal in order to obtain a negative
ionic charge on the surface (a droplet of 1 mM water solution
of MESA for 1 h on the gold surface of the crystal). After that
the crystal was placed in a flow cell.

The multilayer films were made by using an automated
multilayer deposition system consisting of a flow cell and a
computer-controlled peristaltic pump with a multiposition
valve for switching between the coating and the rinsing
solutions. The general deposition sequence was following:
Sequentially a 1.5 mL portion of 10 mM (referring to monomer
concentrations) solution of PDADMA or PSS (in 0.1 M aqueous
solution of NaNOs, NaBr, NaF, NaCl, NaBrOsz, NaClOs, or
HCOONa) was injected in to the cell and allowed to adsorb
for 15 min. The crystal was then rinsed for 5 min with 20 mL
of corresponding 0.1 M electrolyte solution and allowed to
stabilize for 15 min before the measurement. The ionic
strength of solution inside the cell was kept constant during
the whole deposition and measuring process to ensure that
there were no swelling and deswelling processes during the
measurement. The solutions were deaerated before use by
bubbling helium for 30 min.

The crystal parameters were measured as described in
detail in our previous publication!” using a prototype crystal
analyzer with impedance detection.?? The flow cell was placed
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in a container in thermostat bath with a steady air flow in
order to achieve the accurate thermal stability needed in the
quartz crystal measurements. The cell temperature was kept
constant during the measurement (25 + 0.03 °C). The whole
deposition and measurement system was controlled by a
computer program written with the National Instrument’s
LabVIEW general instrumentation utility.

XPS Measurements. Two 60-layer PDADMA/PSS multi-
layers, with PSS as a terminating layer, were deposited on
the top of the quartz crystals by an abovementioned method,
using NaBr and NaBrOs as base electrolytes. After deposition
the films were thoroughly rinsed with running water for 15
min and blown dry with air.

The X-ray photoelectron spectra were recorded on a Perkin-
Elmer PHI 5400 spectrometer. All XPS data were acquired
using unmonochromatized Mg Ko radiation (1253.6 e€V). The
power of the X-ray source was 200 W. The photoelectrons were
collected at 45° takeoff angle with a hemispherical analyzer
having the constant pass energy of 89.45 eV. Survey spectra
of both samples were recorded, and atomic concentrations
based on the spectral intensities were calculated. Argon ion
etching (3 kV beam voltage and 25 mA emission current) was
used to obtain information on the composition as a function
of depth.

Results and Discussion

Evaluation of the Multilayer Parameters. To
examine the properties of the bulk multilayer by means
of QCM, the number of layers must be increased to a
couple hundred, at least at these concentrations.!® The
maximum number of layers is limited by the quartz
crystal measurement signal, which gets noisy during the
film growth due to the energy loss of the crystal
oscillation induced by surface loading. In the case of a
rapidly growing multilayer, such as the one deposited
in NaBr, the limiting number of the layers is a little
over 300. Nevertheless, with NaF deposition, we could
easily build a multilayer with up to 500 layers or more,
since the mass growth seemed to be only a small fraction
of the multilayer deposited in NaBr.

The characterization of the multilayers was carried
out by means of local acoustic impedance (LAI),2 a
complex valued parameter calculated from the electrical
impedance of the quartz crystal oscillator.!* The elastic
parameters of the film were obtained by using the
matrix fitting method described in our earlier article.1®
In this method each slice of five layers is described by
a matrix that is a representation of Mobius transforma-
tion derived from a solution of Riccati equation.?® The
obtainable parameters from the method are bulk acous-
tic shear impedance (Z), bilayer mass density (m), and
dynamic shear modulus (G) derived from the bulk
acoustic impedance and assumed density. The assump-
tion that all the bilayers in the film are identical is
included in this method. This assumption includes a
generalization that bulk multilayer (zone II) determines
the film properties, and the zones I and III do not give
a notable contribution to the parameters. For that
reason the zone II must be entirely formed, and the
growth has to be linear before the multilayer can be
analyzed with this method. The data qualified for fitting
started usually from the 25th layer, ending to the layer
numbers between 200 and 400 depending on the depos-
iting electrolyte. The calculated data are presented in
Table 1.

Theoretically, the LAI graph should adopt the form
of a spiral converging toward the value of bulk acoustic
impedance. The spiral form arises from the acoustic
resonance of waves propagating in the film. However,
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Table 1. Properties of PSS/PDADMA Multilayers Deposited in 0.1 M Sodium Salt of Varying Anions

bulk acoustic
impedance, Z

phase angle of
bulk acoustic

bilayer mass

storage shear

modulus, G’ loss modulus, G" loss angle, 0

anion (krayl)® impedance (deg) density (ug cm™2) (MPa)® (MPa)® (deg)
F- 989+ 04 21.3 £+ 0.3 0.54 + 0.07 6.00 + 0.05 5.52 + 0.05 42.6 +£ 0.6
HCOO~ 80 + 2 82+0.3 0.532 + 0.003 51+0.2 1.51 £ 0.05 16.5+ 0.6
BrO3~ 76.6 + 0.9 22.5+0.8 0.9+0.2 3.5+0.2 3.5 +0.2 45 + 2
Cl~ 150 + 20 30 £ 10 0.98 + 0.02 8+5 15+5 60 + 20
ClO3~ 325 + 8 4.0+ 0.6 2.6 +0.2 87+4 12.2 +£ 0.6 8+ 2
NO3~ 410 £ 6 10.8 £ 0.2 4.34 + 0.08 130 £ 4 51+ 2 21.5+04
Br~ 410 £ 2 13.44+0.2 52404 124.9 £ 0.9 63.3 +£ 0.5 26.9 + 0.3
2 Rayl = kg m~2 s71. ® Based on the density 1200 kg m3.
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Figure 1. Complex plane representation of local acoustic
impedance. Developing multilayers are deposited in 0.1 M
sodium salt of corresponding anions. The multilayers have
approximately 300—400 layers, except the one deposited in
NaCl that has only 130 layers. Curves are obtained by fitting
the experimental data.

the end point of the spiral is very far in these measure-
ments because approximately 1000 layers in this con-
centration scale are needed for one full turn of the
spiral.’® To calculate the parameters of the film, there
should at least exist a clear curvature of the spiral in
the experimental LAI graph. The LAI graphs (Figure
1) show that the deposited multilayers divide into two
separate groups according to their growth rate. The
multilayers deposited in NaF, HCOONa, NaBrOgs, and
NaCl show a smooth initial growth of complex LAI with
a clear curvature in the graph. The multilayers depos-
ited in NaClO3, NaNOs, and NaBr exhibit a much
higher growth rate and cannot be represented in the
same graph. These multilayers have a clear curvature
in the complex LAI graph as well. The imaginary part
of LAI, which has a direct relation to the mass of the

-160 -140 -120 -100 -80 -60
Hydration entropy (JK 'mol™)
Figure 2. Bilayer mass density of multilayers vs hydration

entropy of the counteranion used in the PSS/PDADMA multi-
layer deposition. The line is added as a guide for the eye.

film,23 increases with a constant rate during the buildup
process. For that reason the growth is most likely linear
after the precursor layers are formed in all of the
deposited multilayers.

The calculation of the bilayer mass density gave, in
addition to the real mass value, also an imaginary part
of mass due to the complex nature of the fitting
equation.!® The mass is unquestionably a real valued
parameter. The obtained imaginary mass was usually
as small as, or somewhat larger than, the experimental
error calculated for the real part of mass, varying from
0.5 to 15% of the resulting mass. Therefore, the imagi-
nary mass is considered here as either an experimental
error or a slight systematic deviation of the model. The
bilayer mass densities obtained from the fitting results
are expected to have a correlation with the hydration
entropy?* of the counteranion as was already found in
our previous article dealing with dry and much thinner
multilayers.” The functional form of the correlation in
the graph (Figure 2) was found to be seemingly expo-
nential with even a wider variation between the coun-
teranions than with the thinner films.” Two distinct
groups of behavior can be distinguished in connection
with the bilayer mass density. The multilayers depos-
ited in NaF, HCOONa, NaBrOs, and NaCl have bilayer
mass values increasing steadily in this order. After
chloride there is a sharp transition in the graph. The
multilayers deposited in NaClO3, NaNOs, and NaBr
seem to rapidly reach bilayer mass values that are even
10 times higher than in the earlier mentioned multi-
layers.

Another very important parameter obtained from the
measurements is bulk acoustic shear impedance, a
complex parameter, which can be used in describing the
elastic properties of the material. The complex shear
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Figure 3. Storage shear modulus of bulk multilayer vs
hydration entropy of the counteranion used in the PSS/
PDADMA multilayer deposition. The range of shear modulus
of the glassy and rubbery state of some common polymers is
shown on the graph.?® The comparison between the static shear
modulus and the dynamic storage shear modulus can be done
if the Voigt viscoelastic model is assumed.

modulus can be derived from the acoustic impedance
by assuming the density (p) of the material (Z% = pG).
At this concept the density of the material is assumed
to be near 1200 kg m~3.25:26 The complex shear modulus
consists of real part G' (storage modulus) and imaginary
part G" (loss modulus). Loss angle is the phase of the
complex shear modulus. Its tangent describes the ratio
of the energy lost in oscillation (i.e., transformed into
heat) between the energy remained in the oscillation.
The inverse of shear modulus is shear compliance,
denoted by /. The real part of JJ, often called elastic
compliance, can be estimated quite accurately even from
thin films.16:23.27 However, the determination of loss
modulus requires a much thicker film. There is a great
variation in the values of loss modulus, even in a film
of approximately 5 um thick, depending on the method
used in the calculation.!® This uncertainty is reflected
in the loss angle values. It is rather difficult to find an
analogous trend between the counteranion and the loss
angle as with the mass and storage modulus. However,
with one exception (HCOO™) the loss angle of thin films
is higher than the loss angle of thicker films, indicating
a more viscous nature of thin films.

The values of storage shear modulus have the same
trend as the bilayer mass values (Figure 3.). The
breakpoint in the graph is located near the hydration
entropy of chloride. The remarkable stiffening of the
films follows the increasing hydration entropy of the
counteranions. An interesting feature in the graph is
that the multilayers deposited in NaF, HCOONa,
NaBrOs, and NaCl have the storage shear modulus just
above the modulus of common polymers in the rubbery
state. On the other hand, the shear modulus of the
multilayers deposited in NaClOs, NaNOs, and NaBr are
much closer to the values of bulk plastics, i.e., the
polymers in their glassy state. The magnitude of the
change in stiffness is comparable to the glass transition
of a bulk polymer.2®8 The dramatic increase in the
multilayer stiffness is connected to the increased charge
screening of the polycation by the counteranions. Such
a great increase in stiffness would presumably indicate
structural differences between the multilayers deposited
in the presence of different electrolytes.
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The Function of Counterions. A kind of breakpoint
of material properties seems to be located near the
hydration entropy value of chloride. It cannot be just a
coincidence that it divides the anions into the same
groups as in some traditional ion classifications. The
existence of two different anion groups can be discussed
by using the terms describing the ion—water and ion—
macromolecule interactions. The viscosity B coefficient
of the Jones—Dole?° empirical expression divides the
anions into two main groups. Chaotropic anions (water
structure breaking: Br~, NO3~, and ClO3™) have nega-
tive B coefficients and cosmotropic anions (water struc-
ture making: BrOs~, HCOO~, and F~) have positive B
coefficients, while the value of chloride is close to zero
in water at 25 °C.30 The special status of chloride ion is
noticed even in the classical Hofmeister series?! of
anions, where chloride is treated as a median dividing
the anions into salting-in and salting-out species. It
seems that the chaotropic anions have a special ability
to screen the free charges of PDADMA in a very effective
manner. As a result, the polyelectrolyte adopts a more
dense form and more polyelectrolyte is needed in the
surface charge compensation. The counteranions with
a higher hydration entropy produce thicker films.”
Nevertheless, there is a limit in that correlation because
the counteranions having a higher hydration entropy
than —70 J K~ mol~! (the value of bromide) precipitate
PDADMA from the solution completely in the used
concentration scale.” To this group of ions belong for
example ClO4~, SCN-, and I". The breakpoint of the
PSS/PDADMA multilayer properties was found to be
near the hydration entropy of chloride. Despite this,
chloride cannot be treated as some universal divider for
the multilayer properties. The breakpoint will most
likely be dependent on the polyelectrolyte type, ionic
strength of counterion, and temperature.

In the deposition process, the charge compensation
of strong polyelectrolytes can be achieved via intrinsic
and extrinsic charge compensation.?? The charge com-
pensation can be treated as ion-pair formation with
pertinent Bjerrum association constants. The ionic
association equilibria for extrinsic and intrinsic com-
pensation together with the corresponding association
constants K, and K; are presented in eqs 1 and 2 in
terms of monomer units. The PSS~Na™ pair is not taken
into consideration because in the present study the
countercation was always sodium at a constant concen-
tration. The oppositely charged strong polyelectrolytes
favor the intrinsic compensation.3? Therefore, as an
assumption, the K; for strong polyelectrolytes is appar-
ently much higher than the K, leading to 1:1 polyelec-
trolyte complexes. The charge screening ability of an ion
can be predicted by the hydration entropy of the
corresponding ion.” On this basis the polyelectrolyte
charge compensation can be adjusted, in addition to
ionic strength, by using different counterions. If the
counterion has higher hydration entropy, the K, will be
higher inducing a drop in the polymer charge density.

K
PDADMA" + A~ = PDADMA"A~ (1)

K
PDADMA "+ PSS =PDADMA'PSS™ (2)

The similarities can be found in weak polyelectrolytes,
where the pH-controlled charge density adjusting is a
well-known phenomenon.3? Dramatic changes in multi-
layer thickness have been observed when the charge
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Table 2. XPS Measured Atomic Concentrations at the
Surface of the 60-Layer PDADAMA/PSS Multilayer
Deposited in 0.1 M Electrolyte

atomic concentrations (%)

depositing electrolyte C (0] S N Na Br
NaBrOs 7526 1625 434 415 0 O
NaBr 7713 1337 295 562 0 194

density of a polyelectrolyte is lowered modestly.3* By
changing the counterion, we have been able to increase
the layer thickness in a comparable manner. This
provokes a question about the validity of the assumption
of 1:1 polyelectrolyte complexes inside the polyelectro-
lyte multilayer. The presence of counterions has been
discussed controversially. Small counterions are claimed
to be removed during the washing, leading into locally
neutral complex.3%36 Despite that it has been shown that
the multilayer involves both polyions and small ions,3”
up to 30% of the charge sites on polyions could be bound
by oppositely charged fluorescent probes.38

X-ray photoelectron spectroscopy is a useful tool for
analyzing atom composition near the surface of the
substrate. The atomic information can be revealed from
the penetration depth of about 2.5 nm. The absence
of counterions has been detected with XPS in a poly-
viologen—PSS system.?? For the XPS measurement we
have selected two counteranions containing bromine for
the benefit of similarity in the detection. Two 60-layer
PDADMA/PSS multilayers were deposited using NaBr
and NaBrOg; as base electrolyte. The counterions rep-
resent different classes of ions: BrOs~ is located before
the breakpoint in the Figure 3, and Br~ is located after
the breakpoint in the ion series. Thoroughly water-
rinsed films revealed different surface compositions in
the XPS spectra. As can be seen in the Table 2, no
sodium was detected in either sample. The film depos-
ited in NaBrOs demonstrates highly interpenetrated
polyelectrolyte multilayer structure with a S/N ratio of
ca. 1:1, and no bromine was detected. However, the film
deposited in NaBr reveals the presence of counter-
anions. The charge neutrality was detected on the
surface since the amount of positively charged groups
was equal to the amount of negatively charged groups,
giving a (Br + S)/N ratio of ca. 1:1. About one-third of
ammonium groups are considered to be compensated
with bromide.

The sequential ion sputtering and XPS provides depth
profiling for inorganic samples. Sputtering of organic
polymer samples, however, may end up to compositional
changes on the surface of the polymer film.*0 The
sputtering of polyelectrolyte multilayer samples brought
about changes in atomic composition, namely the dis-
appearance of oxygen which was attributed to the
fragmentation of sulfonate group. After the sputtering,
the carbon and sulfur become overpopulated at the
surface. Therefore, the S/N ratio was considered to be
useless in the depth analysis of the polyelectrolyte
multilayer. Despite that, the Br/N ratio would provide
some information; at least the data are comparable
between the multilayers studied. The depth analysis
reveals that there are small amounts of bromine just
below the surface of the multilayer deposited in NaBrOg
as can be seen in the Figure 4. The amount of bromine
decreases sharply upon sputtering. The absence of
bromine in the surface would indicate the easily ex-
changeable or removable nature of bromate ion. The
depth analysis of the multilayer deposited in NaBr
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Figure 4. Sequential sputtering and XPS analysis of the
PDADAMA/PSS multilayer. Multilayers are deposited in
NaBrOs; (circles) and NaBr (squares). Vertical line represents
the raise of signal of gold, indicating that the film is sputtered
thin enough for XPS to detect gold substrate. The sputtering
times needed for the breakthrough are 40 and 240 min for the
multilayer films deposited in NaBrO; and NaBr, respectively.

shows the presence of bromine both on the surface and
in the bulk of film, with the Br/N ratio ranging from
1:3 to 1:2.

On the basis of the XPS measurements, the break-
point in the Figure 3 can be attributed to a change in
the charge compensation type. By using ClOs~, NOs™,
or Br™ as the counteranion, the polymer charge density
will be large enough to maintain the polymer solubility,
but the deposited multilayer will most probably contain
partly extrinsically compensated polymer. This polymer
material would be stable because the ionic strength is
kept constant during the measurement. For that reason,
the PDADMA layers, formed in the presence of the
above-mentioned counteranions and containing extrin-
sically compensated hydrophobic material, are not only
deposited in considerably higher amounts but are
relatively stiffer and develop plastic-like material to-
gether with rather hydrophobic PSS.

The stiffness of bulk multilayer is considerably higher
than the stiffness of very thin water-swollen multi-
layers,! in which the elastic properties are comparable
to soft protein films.!> For that reason the elastic
parameters obtained for very thin multilayers should
not be regarded as representing the bulk material, as
proven by the thick film measurements. The same
observable fact can be also understood on the basis of
the multilayer zone model. On the basis of our experi-
ence the hard core of the polyelectrolyte multilayer in
the PDADMA—-PSS system is present when approxi-
mately 20 layers of polyelectrolytes are deposited in the
used concentration scale.

The comparison between the values of shear modulus
measured by using QCM and the literature data must
be done with caution. If we assume that the material
follows the simple Voigt viscoelastic model with a single
relaxation time as proposed by Hook et al.,’> we might
compare the dynamic storage shear modulus with the
static shear modulus and static elasticity modulus
(Young’s modulus). The dependence between Young’s
modulus (E) and shear modulus (G) for an elastomer is
roughly the following: G = E/3. The shear modulus
obtained from the polyelectrolyte microcapsules pre-
pared from PDADMA and PSS is reported to be 140
MPa.? The value is very close to the storage shear
modulus obtained in our method if NaClOs, NaNOs, or
NaBr is used in the deposition process. However, we
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could not deposit a multilayer as stiff as that by using
NaCl. The difference might be explained by the ionic
strength effect, since the microcapsules were prepared
in 0.5 M NaCl.? The increasing ionic strength induces
charge screening of a polyelectrolyte and would presum-
ably lead into stiffening of the film. On the other hand,
that is just a hypothesis, and it is not experimentally
proven in this study. The high shear modulus value of
the multilayer deposited in NaClOs, NaNOs, or NaBr
could be realized as an offshoot when a polyelectrolyte
multilayer was deposited inside the walls of outlet
tubing of the measurement cell. Once dried, the free-
standing very thin polyelectrolyte tubing could be
detached and pulled out in one piece, hence showing a
considerable tensile strength.

Because of the common use of sodium chloride in the
studies of polyelectrolytes, special attention was paid
to the multilayer deposition using NaCl. After five
attempts we could not deposit more than 130 layers.
Usually the complex LAI graph did not follow a smooth
curve but had a random bend before 50 layers were
completed. It would qualitatively indicate that the
properties of the film change unexpectedly during the
deposition process. We could think of no other explana-
tion to this phenomenon than the breakpoint of material
properties, which is located near the value of hydration
entropy of chloride. The greater experimental error in
the film parameters is explained by the smaller number
of layers. It is unfortunate that chloride has been
generally chosen as the most commonly used anion in
the polyelectrolyte studies.

Conclusions

We have studied the deposition of PSS/PDADMA
multilayers, containing a large number of layers, in the
presence of different counteranions. The counteranion
was found to affect not only by altering the mass but
also the stiffness of the multilayer in a very significant
manner. The storage shear modulus values varied
between 6 and 130 MPa and bilayer mass density from
0.5 to 5 ug ecm™2. The increase of stiffness from fluoride
to bromide is actually so great that it is comparable to
the glass transition of common polymers. A correlation
was found between the multilayer stiffness and the
hydration entropy of corresponding counteranion, and
a sharp breakpoint of material properties was found to
be located near the hydration entropy value of chloride.
The magnitude of increase at the breakpoint is actually
so large that it would most probably involve structural
changes in the multilayer. The increase in stiffness is
probably due to the increased polyelectrolyte charge
screening, and it is eventually, by using ClOs~, NOs™,
or Br~ as a counteranion, leading to a situation where
the polyelectrolyte charges are compensated partly by
counterions in the polyelectrolyte multilayer. The devia-
tion from the 1:1 polyelectrolyte complexes by the
presence of small counteranions was also detected with
XPS.
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