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ABSTRACT: The buildup of polyelectrolyte multilayers (PEMs), fabricated by the layer-by-layer (LBL)
assembly, was followed in situ by the combination of a quartz crystal microbalance with dissipation
monitoring (QCM-D) and spectroscopic ellipsometry in a single device. PEMs composed of poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS) polyelectrolyte pairs and of poly-
(diallyldimethyl ammonium chloride) (PDADMAC) and PSS were built up to 17 layers. The combination
of ellipsometry and QCM-D allowed simultaneous determination of the acoustic mass, which comprises both
the mass of the polymer and solvent, and the optical mass which corresponds to the polymer mass alone.
From these parameters, the hydration of the PEM was calculated layer by layer. The linearly growing PAH/
PSS PEMs showed a constant absolute content of water throughout the assembly, while the relative
contribution of water to the PEM mass content approached zero, when grown in 0.5 M NaCl. Rinses with
water between polyelectrolyte deposition steps resulted in a hydration of approximately 40%. The
supralinearly growing PDADMAC/PSS PEMs exhibited a remarkable dependence of the hydration on
the polyelectrolyte that was deposited last. Implications for the mechanism of assembly of the PEMs are
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discussed.

Introduction

Since their introduction in the 90s, polyelectrolyte multilayers
(PEMs) based on the alternate assembly of oppositely charged
polyelectrolytes by means of the so-called layer-by-layer (LBL)
technique have gained the attention of the scientific community
as an inexpensive, simple and robust route for surface modifica-
tion and as a tool for device fabrication.' ™'

Despite ample research on these systems, there are basic
questions related to their assembly that still remain unknown.
It has been shown that for certain combinations of polyelec-
trolytes the growth of the multilayers scales linearly with the
number of assembled layers.'*'* This is the case, for example, for
multilayers composed of poly(allylamine hydrochloride) (PAH)
and poly(sodium 4-styrenesulfonate) (PSS). For other polyelec-
trolyte pairs, such as poly(diallyldimethylammonium chloride)
(PDADMAC) combined with PSS, the growth of the multilayer
has been found to follow an exponential trend when assembly
takes place in the presence of certain concentrations of NaClin an
aqueous medium. Such exponential behavior has been demon-
strated to occur as a result of the diffusion of at least one of the poly-
electrolytes in and out of the previously assembled layers:'> " since
the whole film is acting as an active volume and is capable absorb-
ing the depositing polymer, the mass that binds per deposition cycle
increases as a function of the total film mass.

The quartz crystal microbalance with dissipation monitoring
(QCM-D) has proven to be a powerful technique to follow the
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growth of PEMs and to characterize the mechanism of their
assembly.”'~>* The QCM-D responses, i.c., the resonance fre-
quency f and the energy dissipation D of the shear oscillatory
motion of a piezoelectric quartz crystal sensor, change upon
adsorption or desorption of material on the surface of that
sensor. The measured parameters are highly sensitive to the mass
and the mechanical properties of the surface-bound layer. Mass
resolution for example is on the order of a few ng/cm”. Owing to
its acousto-mechanical transducer principle, the QCM-D techni-
que is sensitive not only to the adsorbed molecules but also to the
solvent that is retained within or hydrodynamically coupled to
the surface-bound film. It is hence often difficult to extract the
adsorbed molecular mass from the QCM frequency response
alone, i.e., to separate the contribution of the adsorbate from
the contribution of the solvent that is coupled to it.

Polyelectrolytes are charged molecules with hydrated mono-
mers. Furthermore, water can be trapped in cavities within a
polyelectrolyte multilayer, either between polyelectrolyte mole-
cules formin% a given layer or between subsequent layers during
assembly.”** Besides, it is not known how much the deposition
of a layer on a PEM will affect the content of water of the
previously assembled layers. Hence, to reach a more comprehen-
sive knowledge of the mechanism of polyelectrolyte assembly,
additional and complementary experimental techniques are
required.

Spectroscopic ellipsometry is also a frequently used tech-
nique for characterizing the assembly of thin films at inter-
faces.”®*” Ellipsometry is an optical technique, where the change
in the polarization state of an incident light wave upon reflection

Published on Web 10/07/2010 pubs.acs.org/Macromolecules



9064  Macromolecules, Vol. 43, No. 21, 2010

at an interface is measured. The polarization change is measured
in terms of the ellipsometric angles 1 and A as a function of the
wavelength A, which can be detected with high accuracy. The
simultaneous in situ determination of 9 and A can provide, by
proper data treatment, quantitative information on the refractive
index, thickness and mass of thin films at planar interfaces.®
As ellipsometry is sensitive to differences in the optical density
between adsorbate and bulk solution, it essentially senses the
adsorbate mass. Therefore, by comparison of the values for the
masses obtained by both QCM-D and ellipsometry, the water
content of a PEM can be calculated.

The work by Halthur and Elofsson™ illustrates how the
growth of a multilayer composed of biocompatible polymers
could be followed layer by layer by applying both techniques in
separate experiments. The growth of m, and mgceym of PEMs
was studied on different samples because both methods could not
be easily applied simultaneously for technical reasons.

Here, we present the combination of spectroscopic ellipsome-
try and QCM-D in a single device to study how the content in
water, or aqueous solvent, and the amount of deposited poly-
electrolyte vary along the layer-by-layer formation of a PEM.
First, the growth of multilayers composed of the PAH/PSS
polyelectrolyte pair was studied and their aqueous solvent con-
tent quantified. Here we found that the change in the ionic
strength during washing had a distinct influence on the incor-
poration of water in the PEM. Our characterization approach
was then extended to multilayers composed of PDADMAC as
polycation and PSS as polyanion. For these systems, we observe
an unexpectedly complex dependence of the aqueous solvent
content on multilayer growth.

PAH/PSS and PDADMAC/PSS are among the most studied
polyelectrolyte systems in PEMs. PAH is a weak polyelectrolyte
with primary amines as pending groups while PDADMAC is a
strong polyelectrolyte whose charge originates from quaternary
amines. Their respective multilayered films display very different
properties®'** with regard to stability, pH response, elasticity,
and conductivity. The combination of ellipsometry and QCM-D
in a single device brings the advantage that the responses of
both techniques are measured in parallel and in real time from
the same sample under identical experimental conditions. This
allows, in particular, for the time-resolved quantification of
variations in the aqueous solvent content during the buildup of
PEMs. Based on these results, basic aspects regarding multilayer
buildup will be addressed for both PDADMAC/PSS and PAH/
PSS multilayers.

Materials and Methods

Materials. Poly(diallyldimethylammoniumchloride) [PDAD-
MAC 20% in water, M,, ~ (2—3.5) x 10° kDa], poly(sodium
4-styrenesulfonate) [PSS, M,, ~ 70 kDa], and poly(allylamine
hydrochloride) [PAH, M, ~ 15 kDa] were purchased from
Aldrich. Sodium chloride was purchased from Fluka. All re-
agents were used without further purification.

In Situ Combination of QCM-D and Ellipsometry. The for-
mation of polyelectrolyte multilayers was monitored simulta-
neously, by QCM-D and ellipsometry, on the same surface and
in liquid environment. Measurements were performed using a
purpose designed flow cell (Q-Sense AB, Vastra Frolunda,
Sweden) with a total volume of ~300 uL. The flow cell was
attached to a Q-Sense El setup, providing access to QCM-D
data and mounted on a spectroscopic rotating compensator
ellipsometer (M2000 V, Woollam, NE, U.S.A.), providing access
to ellipsometric data. QCM-D data, Af'and AD, were acquired at
six overtones, i=3, 5, ..., 13, corresponding to resonance frequen-
cies of f; ~ 15, 25, ..., 65 MHz) simultaneously, with subsecond
time resolution. Ellipsometric data, A and v, were acquired over a
wavelength range from 4 = 380 to 1000 nm, simultaneously, at 65°
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as angle of incidence, and with a time resolution of ~5 s. The
working temperature was 23 °C.

Layer-by-Layer Assembly. PEMs were assembled on QCM-D
sensors (QSX335, Q-Sense AB) with a fundamental resonance
frequency of about 4.95 MHz. The sensor coating was purpose
designed for ellipsometric measurements and consisted of an
opaque bottom layer of titanium, a thin (~1 nm) titania inter-
layer, and a top layer of about 80 nm silica. The sensors were
pretreated with UV/ozone (BioForce Nanosciences, Ames, [A,
U.S.A.) for 30 min.

The LBL assembly was performed by alternately passing
1 mg/mL in 0.5 M NaCl polyelectrolyte solutions and washing
in Milli-Q water or 0.5 M NaCl solutions with a peristaltic pump
(ISM935C, Ismatec, Ziirich, Switzerland) through the flow cell.
Two different assembly protocols were followed. In the first
protocol, a 0.5 M NaCl solution was used for washing steps
between the deposition of each individual polyelectrolyte and
the sample was washed with pure water only at the end of the
assembly. In the second protocol, the sample was rinsed with
pure water after the deposition of each layer.

Quantitative Evaluation of QCM-D Data. The Sauerbrey
equation® links frequency shifts and adsorbed masses per unit
area in a very simple way:

mgem = —C % (1)
with the mass sensitivity constant, C = 18.06 + 0.15 ng-
cm 2-Hz ! for sensors with a resonance frequency of 4.95 +
0.02 MHz, and the overtone number i. The normalized fre-
quency shifts, Af=Af;/i, for the third overtone were employed to
determine mgcem. This acoustic mass comprises the mass of the
adsorbed polymer and the mass of the solvent that is trapped
inside or hydrodynamically coupled to the polymer film. The
applicability of eq 1 is limited to rigid films. For soft and
dissipative films, more complex models would be required that
account for the viscoelastic properties of the film.>*** For the
PEMs investigated here, we found the ratio of dissipation and
normalized frequency shifts, AD/—Af, to be smaller than 0.2 x
107%/Hz, indicating that eq 1 is a good approximation. The
application of the viscoelastic models to selected data sets
(details of the modeling procedure are given in ref 36) corrobo-
rated that the Sauerbrey equation is indeed a good approxima-
tion for our films, with an error below 5%. The experimental
noise was typically below 2 ng/cm?>.

The film thickness was further determined by

docv = maem/ Preu (2)

with ppepv=1.0 g/cm? being the density of the solvated polymer
film. In their pure form, the employed polymers exhibit densities
between 1.0 and 1.2 g cm?, while the density of water or salt
solutions is 1.0 g/cm”. Equation 2 hence overestimates the
thickness by at most 20%.

Quantitative Evaluation of Ellipsometric Data. Bound masses
were determined by numerical fitting of the ellipsometric data to
a multilayer model. Data were fitted over the accessible wave-
length spectrum, using the software CompleteEASE (Woollam).
The model relates the measured ellipsometric responses, A and
as a function of A, to the optical properties of the sensor surface,
the adsorbed film, and the surrounding solution. The glass
windows in the fluid cell were verified not to perturb the polariza-
tion of the probing light beam, and the optical properties of the
sensor coating were calibrated prior to each measurement, as
described elsewhere.”’

To extract the properties of the adsorbed polymer film from
the ellipsometric response, a five-layer model was used. The
layers represented the bulk solution, the polymer film, and the
three coating layers (silica, titania, and titanium) on the sensor
that interact with the light beam. The PEM was treated as a
single layer, which we assumed to be transparent and homo-
geneous (Cauchy medium), with a given thickness, dop, a
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wavelength-dependent refractive index, npgm(4d) = Appm +
Bpewm/(A/um)?, and a negligible extinction coefficient (kppy =
0). dopt> Apem, and Bpgy were fitted simultaneously. The semi-
infinite bulk solution was also treated as a transparent Cauchy
medium, with a refractive index of 71451(A) = Ago1 + Bsot/(A/um)*.
For water, Aqol 1.323 and By, = 0.00322 were estimated from
the literature.® For 0.5 M NaCl solutions, A= 1.328 and By, =
0.00322 were employed.* The optical properties and thick-
nesses of the sensor’s coating layers were fixed to the values
established during calibration.

The adsorbed mass per unit area was determined from de
Fejter’s equation:*°

dopt (NPEM — g0l

dn/dc

m()pt =

3)

To calculate m,p, we employed the refractive indices at 4 =
632.5 nm and used a refractive index increment of dn/dc¢ = 0.150
cm’/g.3" We note that the errors associated with dope and npgy —
Nsolvent Can be rather high for films that exhibit only a few nano-
meters in thickness. We observed also that the absolute values
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Figure 1. Assembly of 17 layers of PAH and PSS followed in situ by the
combined QCM-D/ellipsometry device. (a) QCM-D response, i.e., Af
and AD vs time for a selected overtone (i = 3). (b) Ellipsometric
response, i.e., 3 and A vs time for a selected wavelength (A = 632.5 nm).
The starting time of each deposition step and rinses are indicated by
solid and dashed arrows, respectively, together with the step number.
0Odd and even numbers correspond to the incubation of PAH and PSS,
respectively.

a)
554
504
404
404

-—

£ 3%

£ %

!s

_Em-

:E1ﬂl

=1 = PAH
& ¢ PSS
"1 —B- Nere
-llllllllllllm

012348670 9101121341816 17
Number of Layers

Macromolecules, Vol. 43, No. 21, 2010 9065

for dope and npenm — Rgolvent are quite sensitive to minor varia-
tions in the optical properties of the solid support. When
discussing our results in terms of thickness, we will therefore
consider docwm rather than a’opt The errors in dyp and npgp-
Nsolvent are though covariant; i.e., the product dop, X (anM -
Nsolvent) and Mopy Can be determmed with good accuracy The
experimental noise was typically below 1 ng/cm?.

Quantification of the Aqueous Solvent Content. The masses
determined by QCM-D and ellipsometry, respectively, can be
employed to calculate the solvent content of the film. To this
end, we define the hydration as the percentage of solvent
contributing to the total film mass:

mqQcm — Mopt

hydration (%) =
mqQcm

x 100 = —— x 100.

mQCM

(4)

Results

Assembly of PEMs Made of PAH and PSS. Figure 1
illustrates the in situ combined QCM-D/ellipsometry mea-
surements for the assembly of 17 layers of PAH and PSS in
0.5M NacCl. Figure 1a shows the variations in frequency and
dissipation recorded by the QCM-D device. The dissipation
shift remained low throughout the entire assembly process,
indicating the formation of a rather rigid film. For such a
film, the Sauerbrey equation is clearly applicable to calculate
the increase in total film mass (including solvent), or mgcewm,
after each deposition step. The polymer mass, or mgp, Was
obtained from the fitting of the real-time variation of 1 and
A measured along the multilayer deposition (Figure 1b).

The calculated values for the acoustic thickness (docm)
and both m,, and mgcenm are shown in Figure 2 as a function
of the number of assembled layers. PAH/PSS PEMs have
previously been reported to exhibit linear growth,*" and our
results confirm this tendency.

The thickness of the PAH/PSS multilayer (Figure 2a)
increased linearly, at a rate of 6.4 nm per PAH/PSS incuba-
tion cycle. Interesting features arise from the analysis of
plots, regarding in situ variations of mg, and mqgem as
shown in Figure 2b. Across the first three incubation steps,
the polymer mass (1) increased more slowly than the total
film mass (mqcwm), while the increase rate was comparable
for all subsequent incubation steps. It is noticeable that the
increase in mqp, of the first layer is very small, 0 021 ug/cm?
while the mgcewm for this layer is 0.213 ug/em?. This means
that around the 90% of the total mass corresponds to water
or aqueous solution (Figure 3). The sensed mass of water
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Figure 2. Evolution of the total film thickness (a) and the adsorbed masses (b) as a function of the number of deposited layers of PAH and PSS. Both
Mg (squares), which reflects the pure polymer mass, and mqcwm (circles), which includes solvent in the film, are displayed. Open and filled symbols

indicate adsorption of the polycation or the polyanion, respectively.
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may either represent water molecules bound to polymer
chains or water that is entrapped between chains or layers.
It has previously been reported that the first layers of PAH/
PSS do not form a homogeneous film and assemble into
islands that cover the surface heterogeneously.*>** A part of
the solvent that is situated in the mtersuces between these
islands will also contribute to mQCM 3 After the third layer
both m,, and mqgewm increased by around O 2 ug/em? for
every PAH layer added, and around 0.4 ug/cm? for every PSS
layer. Concomitantly, the hydration of the multilayer
(Figure 3) continuously decreased along with the number
of layers assembled, reaching a value of only 12% after the
final 17th layer. An overall densification of the multilayer
with increasing number of layers can be inferred.*

It is quite remarkable that, for more than three layers, the
absolute amount of water in the PEM did not depend on the
number of deposited layer pairs. The global structure of
sufficiently thick PEMs has previously been conceptualized
by a three-zone model: two interfacial zones, which are
affected by the presence of the solid support and the bulk
solution, respectively, and maintain a constant thickness;
and an interior zone, placed between the two interfacial ones,
that grows in thickness as additional layers are deposited.'?
Our observation that the absolute amount of water in the
PEM is constant indicates that the interior zone is essentially
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Figure 3. Aqueous solvent content as a function of the number of
deposited layers of PAH (open circles) and PSS (filled circles).
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water free and that water is primarily entrapped in the
interfacial zones. The change in the water content when
passing from even to odd layers suggests that at least some
of that water must be situated in the interfacial zone adjacent
to the bulk solution. Then, the small differences in water
content between PEMs with PAH as last layer and PEMs
with PSS as last layer, are due to the particular hydration of
the last layer. Clearly, the presence of NaCl retains PAH and
PSS in a strongly collapsed state inside the PEM. We can
associate the presence of water to the uncompensated
charges present in the last layers of the PEM.

For comparison, PAH/PSS multilayers were also as-
sembled following a protocol that included the washing with
water between the layer deposition steps. The variations in
Mgy (Figure 4a) were identical to the values obtained with
NaCl washings (Figure 2b). The values for mgcm, in con-
trast, diverged significantly from those previously observed.
Starting with the third layer, mgewm increased more strongly
than m,,.. The divergence between mgewm and mgp, provides
evidence that the modified deposition procedure leads to the
entrapment of water in the PEM. Figure 4b illustrates that
the hydration approaches a final value of 43%; i.e., almost
half of the PEM mass is water. Assuming equimolar poly-
anion and polycation content, this corresponds to a ratio of
seven water molecules per polyelectrolyte monomer. It is
interesting that the PAH/PSS PEM soaks more water with
increasing layer number when rinsing with water, although
the amounts of PAH and PSS that bind per incubation step
remain constant. Two scenarios appear plausible to explain
this effect. One could assume that while charges are compen-
sated in the interior of the multilayer, the last layer behaves
as a polyion and hence soaks water upon reduction of
the ionic strength. In this case, the hydration would be
coming only from the last layer of the PEM, and the
capacity of this last layer to soak water increases with layer
number; i.e., the arrangement of the chains as the film
grows becomes more favorable for the swelling of the last
layer. Alternatively, it may be the interior of the PEM and
not only the last layer that swells during the rinsing with
pure water. The weak dependence of the water content on
the number of exposure cycles for sufficiently large number
of layers and the linear growth make the latter scenario
more likely.

Assembly of PEMs Made of PDADMAC and PSS. The in
situ combination of QCM-D with ellipsometry was then
applied to study the growth of PEMs of a total of 17 layers
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Figure 4. (a) mqcmp (circles) and m,p, (squares) values for PAH/PSS assembly with washes in pure water between deposition steps. (b) Hydration plot
of the PAH/PSS PEM as a function of the layer number. Open and filled symbols indicate the adsorption of the polycation and the polyanion,

respectively.
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composed of PDADMAC as polycation and PSS as poly-
anion, with washes in 0.5 M NaCl between the incuba-
tion steps. Figure 5 shows the responses in the acoustic
parameters, Af and AD, and optical parameters, 1 and A,
measured for this system.

Compared to the frequency shifts, which reached values of
—750 Hz, the dissipation shifts remained small, 4.5 x 10~°,
indicating the formation of an overall rather rigid film. It is
notable that the incubation with polyelectrolyte solution
induced a rather strong increase in AD that was partly
reversed after rinsing in salt solution. Furthermore, the
dissipation after incubation of the PEM with PDADMAC
was always larger, and the film hence softer, than after
exposure to PSS. We note also that the time needed to reach
equilibrium in AD upon rinsing were rather long, while
the optical responses and Af equilibrated quickly. These
observations suggest a rather strong reorganization of the
PEM. Thickness, mqp and mqem were calculated from
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Figure 5. Assembly of 17 layers of PDADMAC and PSS in 0.5 M NaCl
followed in situ by the combined QCM-D/ellipsometry device. (a)
QCM-D response, i.e., Af and AD vs time for a selected overtone
(i = 3). (b) Ellipsometric response, i.e., i and A vs time for a selected
wavelength (4 = 632.5 nm). The starting time of each deposition step
and rinses are indicated by solid and dashed arrows, respectively,
together with the step number. Odd and even numbers correspond to
the incubation of PDADMAC and PSS, respectively.

160- o
10.
1] /0"
£™] 2*
0 €04
g . O‘.
_g /
K J
Eo. 0
2. . Pl -0~ PDADMAC
o-® - ® PSS
o-ll—O-" H None
2

1 11T 17T 17 rrnrrrnrnrrororonra
012346678 910HRBUBET
Number of layers

Macromolecules, Vol. 43, No. 21, 2010 9067

the raw data for the assembly of the PDADMAC/PSS
multilayer (Figure 6).

After 17 layers, the film reached a thickness of 157 nm
(Figure 6a). From the 11th layer onward the odd layer
numbers, which correspond to PDADMAC, resulted always
in more significant increases in the thickness values than the
increases observed for even layers, corresponding to PSS.
Both mgem and migp, clearly exhibit supralinear growth
(Figure 6b). A semilogarithmic plot of these quantities
(Figure 6, inset), however, does not show a clear linear
dependence of log(m) on layer number. The PEM growth
is hence not strictly exponential. A total mass of 14.1 ug/cm?
and a polymer mass of 8.5 ug/cm?® (Figure 6b) were calcu-
lated from acoustic and optical data, respectively.

An interesting feature of the mass curves in Figure 6b is
their diverging growth behavior, which becomes particularly
apparent at large layer numbers. Upon deposition of
PDADMAC, the increase in mqgcwm is large and the increase
is Mgy is rather small. The opposite situation is observed
upon deposition of PSS. This translates into a hydration
curve (Figure 7a) that oscillates, starting at the ninth assem-
bly step, between values of a maximum of 40—45% and a
minimum of 30—35%.

The hydration plot also reveals that, when considering odd
and even layer numbers separately, the water content de-
creased throughout the buildup of the PEM. For thick
PEMs, the hydration approached plateaus of about 30 and
40% for final incubations with PSS and PDADMAC,
respectively. This implies that the amount of assembled
polyelectrolyte increased proportionally to the amount
of water entrapped. Assuming that the film contains an
equimolar amount of cationic and anionic groups, the ratio
of water molecules per polyelectrolyte monomer for thick
PEMs can be calculated to oscillate between 5:1 and 7:1 for
PEMs with PSS and PDADMAC as last layers, respectively.
These values might have an over- or underestimation, of at
most +£13%, if PDADMAC or PSS, respectively, were the
last assembled layer.

We also calculated the increment in both net polymer and
total film mass for each incubation step (Figure 7b,c).
Clearly, the increments in total mass upon assembly of
PDADMAC increase strongly with layer number, while
the increments in net polymer mass seem to have attained
a plateau. For PSS, in contrast, the increments in net

rJ1J17JlJ5rJtriJrrrrrroo0r.r
12 3 46678 9101121314 15616 17
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Figure 6. PEM composed of PDADMAC and PSS with a total of 17 layers built in 0.5 M NaCl. (a) Thickness variation per layer assembled.
(b) Comparison between mp, (squares) and mqgcwm (circles) as a function of layer number. The inset shows the same date in a semilogarithmic plot.
Open and filled symbols indicate adsorption of the polycation or the polyanion, respectively.



9068 Macromolecules, Vol. 43, No. 21, 2010

a)

=2
=

0. —C— PDADMIAC
& PSS

g, . b 8

@00 N,
L2}

e
he e o)
"N’ \./o\./o\./O

Hydration (%)
8
B

Mass Increment (ug/cm?)
& S

1 1 1 1 1 1 L 1 1 L} L) L) L) 1) 1 ) L
123466789101 12014161617
Number of layers

Iturri Ramos et al.

g
~—

B 8. 8

Mass Increment (ug/cm?)
5 @

g8 &

Figure 7. (a) Aqueous solvent content in the film vs number of deposited layers of PDADMAC (open circles) and PSS (filled circles) plot. Increments in
Moy (solid bars) and mgem (hatched bars) upon deposition of PDADMAC (b) and PSS (c) for a PDADMAC/PSS multilayer grown with 0.5 M NaCl

washing steps.

polymer mass increase monotonously, while the increments
in total mass decrease after reaching a maximum at layer
number 8.

As a comparison with the PAH/PSS PEM, we also
assembled PDADMAC and PSS by using pure water instead
of NaCl solution for the washing between each layer deposi-
tion (Figure 8). From the inspection of the dissipation shifts,
drastic changes in the mechanical properties of the multi-
layer as a function of the salt concentration in solution can be
deduced. In NaCl solutions, the dissipation shifts remained
small, at levels that are comparable to those in Figure 5.
Exchange of the bulk solution to pure water, however,
induced drastic increases in AD, indicating a softening of
the film. The changes in dissipation were particularly sig-
nificant for PEMs with PDADMAC as the last layer. Here,
the changes in dissipation when changing the solvent in-
creased strongly as the buildup of the multilayer proceeded,
reaching values of 100 x 10~° and more. The strong dissipa-
tion shifts were accompanied by strong frequency shifts,
indicating that hydration/swelling is responsible for the
softening of the film.

Figure 9 shows the variations of docm, Mopi, and moem
along the multilayer buildup. With the protocol including
water rinsing, the PDADMAC/PSS multilayers showed an
initial exponential growth of mgcwm until the ninth layer,
which was followed by strong oscillations in the mass. After
17 incubation steps, a film thickness of 370 nm was reached,
which is twice the value observed in NaCl solution. The total
film mass also doubled. In contrast, the polymer mass was
only marginally affected by the change in the rinsing method
throughout the entire PEM buildup. The oscillatory behav-
ior that we found for mqcwm is also apparent for the thickness
of the multilayer (Figure 9a), illustrating the cycles of
swelling and shrinkage that ensue upon deposition of
PDADMAC and PSS, respectively. An oscillatory behavior
is also evident for the polymer mass, albeit to a lesser degree.
Notably, the oscillation of mqcwm is out of phase with the
oscillation of myp, 1.€., a maximum in mqeym coincides with a
minimum in 72,

The comparison of Figure 10a with Figure 7a demon-
strates that the hydration was dramatically affected by the
change in the protocol of assembly. Except for the first layer,
the hydration after rinsing with water remained approxi-
mately constant, at about 50%, up to the seventh layer.
Then, the hydration started to oscillate, between about 30%
and 70%, upon assembly of PSS and PDADMAC, respec-
tively. Assuming again equimolar presence of cations and
anions in the film, the ratio of water molecules per poly-
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Figure 8. Assembly of 17 PDADMAC/PSS layers with washes in pure
water followed in situ by the combined QCM-D/ellipsometry device.
(a) QCM-D response, i.e., Af (blue line) and AD (red line) vs time
for a selected overtone (i = 3). (b) Ellipsometric response, i.e., { (green
line) and A (gray line) vs time for a selected wavelength (1 = 632.5 nm).
The starting time of each deposition step and rinses are indicated
by solid and dashed arrows, respectively, together with the step number.
0Odd and even numbers correspond to the assembly of PDADMAC
and PSS, respectively. The strong but transient peaks in the ellipso-
metric response are artifacts that originate from strong scattering of
light upon exchange of pure water against polymer-containing NaCl
solutions.

electrolyte monomer reached 29:1 for the swollen PEMs
after assembly of PDADMAC and diminished to 4:1 for
the compact films after PSS assembly.

As for the PEM with washing steps of 0.5 M NaCl be-
tween layers, we have also determined the mass increments
corresponding to each assembled layer for both m,, and
mqcm (Figure 10b,¢). For PDADMAC, constant increments
in mep, 0f 0.2—0.3 ug/em? were observed until the ninth layer.
For the following layers, very small or even negative incre-
ments were found. This net loss of polymer mass most likely
indicates removal of PSS from the PEM upon exposure of
PDADMAC. At the same time, the increments in mgcm
became progressively bigger, with typically more than 2-fold
increases from one assembly step to the next. The mass
increments for PSS followed a very different trend. The
increments in mgem were initially constant, at 0.5—0.7
ug/em?®, became zero at layer 10, and then decreased
strongly. In contrast, m,y increased progressively.
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Figure 10. (a) Aqueous solvent content in the film vs number of deposited layers of PDADMAC (open circles) and PSS (filled circles). Increments in
Moy (solid bars) and mqem (hatched bars) upon deposition of PDADMAC (b) and PSS (c) for a PDADMAC/PSS multilayer grown with pure water

washing steps.

Undoubtedly, the hydration of the PDADMAC/PSS
PEMs is strongly affected by the ionic strength of the
washing solution. It is known that the ionic strength has a
direct impact on the conformation of the assembled layers.
We find that the PDADMAC/PSS multilayer behaves as a
swollen polymer matrix that looses water as the ionic
strength increases. The extent of water loss from the film
makes us think that it is acting like a salt-sensitive hydrogel
that responds osmotically to the ionic strength, soaking
water up to 70% of the total multilayer mass in conditions
of low ionic strength.

To observe this effect directly, we exposed the PDAD-
MAC/PSS multilayer built in NaCl to a water rinse (data not
shown). While the 17 layer PEM had a thickness of around
160 nm and a water content of 37% in 0.5 M NaCl, a
thorough water rinse made the multilayer change to a
thickness of 360 nm and to a water content of 77%. These
values are very similar to those observed for the multilayer
built with water washes (Figures 9 and 10). Both Afand AD
recovered their original value after returning to 0.5 M NaCl,
providing evidence that the salt-dependent swelling is a
reversible process. However, repeating the same exposure
to water for the PAH/PSS multilayer built in NaCl did not
show any dramatic effect on the system.*®

The addition of PSS had a dramatic effect on the water
content in the PDADMAC/PSS PEMs. The hydration de-
creased to values that were comparable to those observed for
PEMs build with rinses with salt solution, indicating that the
sensitivity to salt is drastically reduced. The cycling between
a salt-responsive hydrogel after exposure to PDADMAC
and a salt-insensitive film after exposure to PSS must be the
result of a particular arrangement of polyelectrolytes in
the PEM. The responsiveness to salt after addition of
PDADMAC indicates (i) that a large amount of charges
has become available in the PEM and (ii) that the internal
structure of the PEM readily allows for molecular rearrange-
ments. At least one of these two properties appears to be
temporarily lost upon addition of PSS; i.e., PSS must act
either by neutralizing charges or by locking the special
arrangement of polyelectrolyte monomers, or both.

One might wonder if the reversible change from a salt-
responsive to a salt-insensitive structure occurs within the
entire PEM, or at least a substantial part of it, or if it occurs
exclusively within the interfacial zone between the PEM and
the bulk solution. Diffusion of one or both polyelectrolytes
into the interior of the PEM has Previously been observed
and related to exponential growth. 5 In our films, we observe
supralinear, albeit not strictly exponential, growth. An
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alternative scenario would be that the interfacial zone
increases in thickness with the increasing number of assem-
bly steps. At present, we cannot exclude either of these two
possibilities. Besides the diffusion proposed to explain the
exponential growth, it has to be taken into account that there
is an interdigitation of the polyelectrolyte layers and it has
been proposed that an assembled layer extents up to 4—5
layers below. Therefore, even if the phenomena that have
been described take place at the interfacial zone they could be
involving several layers below.*’

Conclusions

We have been able to follow simultaneously, by spectroscopic
ellipsometry and QCM-D in a single combined device, the growth
of PDADMAC/PSS and PAH/PSS multilayers. The combina-
tion of ellipsometry and QCM-D allows studying how the
hydration of the PEMs varies throughout the assembly process.
Our data illustrate that the buildup and the evolution of the water
content in PEMs are tightly connected. The combination of both
techniques in a single device is hence extremely useful to study the
mechanism of assembly of such systems.

We observe drastic differences in the hydration behavior of
PAH/PSS and PDADMAC/PSS PEMs, which must originate
from the differences in the interaction between the two polyca-
tions and PSS, and in the structure of the films formed. The
linearly growing PAH/PSS PEMs produced a film that contained
almost no water in its interior when assembled with rinses in salt
solution, while assembly with rinses in pure water produced a film
that contained more than 40% water. PDADMAC/PSS PEMs
showed supralinear growth. They exhibited strong (up to 2-fold)
and fully reversible swelling as a function of the salt concentration
with water contents reaching values of 70% and more, if the last
incubation step was with PDADMAC.
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