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POLYELECTROLYTE MULTILAYERS
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Institute of Polymer Research e.V., Dresden, Germany

An overview is given of our recent IR spectroscopic, optical, electrokinetic, and
microscopic studies on polyelectrolyte multilayers (PEMs), built up using the
consecutive layer-by-layer technique, their interactions, and application possibi-
lities. The influence of pH on the deposition of PEMs consisting of commercial
polyelectrolytes (PELs) like poly(ethyleneimine) and poly(acrylic acid) and the
adopted surface morphology of isotropic PEMs consisting of flexible PELs are
reported. PEMs of azo dye=PEL are included. Those are compared with anisotropic
PEMs containing stiff PELs like charged a-helical polypeptides. Furhermore,
examples concerning the swelling behavior of PEMs in the presence of solutions
of different low molecular salt types and the hydration of dried PEMs by the rela-
tive humidity, respectively, are given. As potent application fields, their interaction
with proteins regarding both prevention of bioadhesion and protein immobi-
lization by electrostatic interaction forces are illustrated. Those studies led to
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principles for membrane surface modification in order to prevent biofouling and
optimize their flux and separation performance.

Keywords: Anisotropy; In-situ ATR-FTIR spectroscopy; Membranes; Protein adsorp-
tion; Polyelectrolyte multilayers; Surface modification; Swelling.

INTRODUCTION

Wet chemical surface modification by polyelectrolytes (PELs) is a
classical processing step used in applications such as colloid stabiliza-
tion and flocculation for water treatment and paper making [1, 2].
Currently, studies of PEL layers are underway to address novel
application fields in nano- and bioscience, especially in sensor and bio-
material development. By applying thin to ultrathin layers, the
already convenient performance of a material can be further
improved. Besides chemical grafting [3, 4], PELs can be deposited from
aqueous solutions on a variety of materials by simple adsorption tech-
niques due to electrostatic interaction. For that, surface groups, which
are already present or which can be introduced by several premodifica-
tion techniques like plasma or chemical modification, can be used as
anchors. Mainly three PEL-based modification concepts are applied
by us, which are schemed in Figure. 1. Besides the single component
adsorption (Figure 1a), e.g., polycations at negatively charged
surfaces, mixed systems of polycations (PCs) and polyanions (PAs)
are progressively used in these applications (Figure 1b, and 1c). About
ten years ago the concept of polyelectrolyte multilayers (PEMs;
Figure 1b), making use of the consecutive adsorption of oppositely
charged polyelectrolytes was introduced by Decher [5]. Using this
concept of electrostatic self-assembly (ESA), coatings of defined and
controlled thickness as well as morphological and chemical surface
homogeneity can be generated on various kinds of surfaces, which

FIGURE 1 Concepts for the surface modification using polyelectrolytes
(PELs): (a) single PEL component adsorption, (b) consecutive PEM adsorption,
and (c) PEL complex (PEC) adsorption (See Color Plate I).
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was comprehensively reviewed therein [6, 7]. Besides this concept,
which shall be predominantly reported on here, the adsorption of pre-
formed nonstoichometric nanoscopic PEL complexes (PECs; Figure
1c), prepared by mixing PC and PA in solution, can be applied
[8�10]. This method is used to create defined nanoscopic surface struc-
tures like ordered arrangements of hemispheres, disks or wormlike
particles [12]. Fundamental studies on PEL layer deposition at ideal
and analytically well-accessible silicon surfaces are, on the one hand,
used to relate the found phenomena to more applied yet complicated
interfacial systems like dispersed particles, fibres, or membranes.
On the other hand, since silicon is the substrate of choice in the semi-
conductor industry, PEL layers might become relevant for microelec-
tronic chip processing. In particular, their capabilities for vertical
and horizontal structuring, for binding (sensing, recognition), and
for repelling (bio-inertness) are promising in that framework.

Here we report in an overview of our recent results on parameters
and conditions for stable PEL layer systems and some results con-
cerning their interaction with compounds of aqueous fluids close to
application such as proteins. These studies serve the development of
functional membranes [13, 14], carriers, sensors, and biomaterials
[15�17].

EXPERIMENTAL

Polyelectrolytes

For the deposition of PEMs a limited number of PELs was used. As
PCs branched, poly(ethyleneimine) (PEI; Mw ¼ 750.000 g=mol), poly
(allylamine) (PAA; Mw ¼ 70.000 g=mol), poly(diallyldimethylammo-
nium chloride) (PDADMAC; Mw ¼ 250.000 g=mol), and poly(L-lysine)
(PLL; Mw ¼ 20.000, 200.000, and 300.000 g=mol) were used (all from
Sigma-Aldrich, Steinheim, Germany). They were combined with the
PAs poly(acrylic acid) (PAC; Mw ¼ 90.000 g=mol, From Sigma Aldrich),
poly(maleic acid-co-olefine-X) (PMA-X; X ¼ P (propylene), MS
(a-methylstyrene), Mw ¼ 23.000�50.000 g=mol, from Institute for
Polymer Research Dresden, e.V., IPF, Dresden, Germany), poly(vinyl-
sulfate) (PVS; Mw ¼ 160.000 g=mol, from Polyscience Washington,
PA, USA), poly(styrene sulfonate) (PSS; Mw ¼ 70.000 and
1.000.000 g=mol, Polyscience) and poly(L-glutamic acid) (PLG;
Mw ¼ 70.000 g=mol, SigmaAldrich). Furthermore, anionic dyes like
Direct Red 80 (DR 80) were combined with a weakly branched poly-
cation containing 95% of N,N-dimethyl-2-hydroxypropyleneammonium
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chloride units in the main chain (Mw < 100.000 g=mol, from S. Dragan,
Institute of Macromolecular Chemistry, Iasi, Romania).

PEM Preparation

PEMs were prepared on different planar supports like silicon crystals,
glass slides, or gold layers by consecutively injecting or cycling polyca-
tion and polyanion solutions in various in situ cells (1�5ml) or by dip-
ping, coating, and rinsing membrane materials. pH values of the PEL
solutions were adjusted by carefully titrating with HCl or NaOH. The
exposure time was between 10 and 20min, followed by careful rinsing
with water or salt solution used as the solvent for the previous adsorp-
tion step. Especially for the attenuated total reflection fourier trans-
form infrared (ATR-FTIR) measurements, an automatic dosage
system with valve control (IPF) was used for the deposition of PEMs
in the in situ cell (IPF) at Si substrates. Occasionally, PEM films were
dried below a gentle N2 flow.

Methods

A broad spectrum of optical, spectroscopic, and microscopic surface
analytical as well as wetting and electrokinetic methods can be app-
lied to characterize PEMs. Especially, atomic force microscopy (AFM),
ellipsometry, surface plasmon resonance (SPR), and in situ ATR-FTIR
spectroscopy deliver information concerning surface morphology, film
thickness, molecular composition, conformation, and orientation of
layer compounds.

Ellipsometric measurements were performed by in situ spectro-
scopic ellipsometry in a spectral range from 428�763nm using a
variable angle multiwavelength ellipsometer M-44 (J. A. Woollam
Co., Lincolna, NE, USA).

SPR data were recorded by a homebuilt apparatus (J. Nagel, IPF
Dresden) consisting of a He-Ne laser (632.8 nm, Uniphase, IDS Uni-
phase, San Jose, CA, USA), a semicylinder made of SF10 glass
(coupled to SF10 gold coated glass slide), a liquid flow cell with the vol-
ume of 2.5ml, and a photodiode detector with an integral preamplifier
(Linos GmbH, Göttingen, Germany). The data were fitted according to
Fresnel’s equations for a four-layer model (glass=metal=dielectric=
surrounding medium)[18].

The AFM experiments were carried out with a Dimension TM 3100
system (Digital Instruments, Woodbury, NY, USA) in the noncontact
mode. The tip used for the experiments was a silicon probe from
Nanosensors (Darmstadt, Germany).
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For the ATR-FTIR measurements a special mirror setup operated
by the single beam sample reference (SBSR) regime (OPTISPEC,
Prof. U.P. Fringeli, Zürich, Switzerland) [19] and an in situ ATR-FTIR
double channel flow cell (M. M., IPF Dresden) was used within a
commercial FTIR spectrometer (IFS 55 Equinox, BRUKER-Saxonia,
Leipzig). This allowed for flat baseline and proper compensation of
background signals (absorptions from water vapor, bulk water, and
crystal material) in the recorded ATR-FTIR spectra.

RESULTS AND DISCUSSION

The internal structure of PEMs is actually under intense discussion. It
is commonly accepted that PEMs exhibit a defined excess surface
charge depending on the last adsorbed layer and that PEMs do not
show stratified layer structures as was scoped in an early phase of
the PEM concept [5]. Moreover, the internal structure of ordinary
PEMs like those of the flexible PELs poly(allylamine) and poly(styrene
sulfonate) or poly(acrylic acid) are claimed to be in a fuzzy disordered
state [20�22], so that high overlapping of the individual layers and
high entanglement prevails. Nevertheless, the stratification of the
individual layers is an interesting task and can be achieved by several
approaches. The PEMs studied within that review may be classified in
the following way: PEMs consisting of the flexible PELs PEI, PAC,
PVS, PMA-X, dyes, and also proteins are denoted as isotropic PEMs.
PEMs of stiff PELs, such as charged a-helical polypeptides [23], but
also layered silicates [24] or ionenes [25], do form anisotropic PEMs.

Isotropic PEMs

pH Dependence
PEMs consisting of the two pH-dependent—i.e., weak—PELs, PEI

and PAC, have become a standard system in our research. In
Figure 2a typical in situ ATR-FTIR spectra monitoring consecutive
PEI=PAC deposition are shown [26]. With increasing number of
adsorption steps x (PEM-x) the intensity of the ATR-FTIR spectra
grows. Up to thicknesses, d, of about 300nm the ATR measured
absorbance of PEL marker bands, proportional to the adsorbed
amount, is approximately linear with the adsorption step, x. For
higher d values the signal increase takes an asymptotic course due
to an exponentially damped function of A versus x [26].

In Figure 2b the course of the integrated absorbance of the m(OH)
band (Am(OH)) is shown for various pH combinations (pH ¼ 9=4, 4=4,
and 9=9 for PEI=PAC) of the PEI and PAC solution. The decrease of
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the Am(OH) reflects the replacement of water at the support surface
with the deposited PEM and is a measure of the adsorbed PEM
amount. Significantly, the combination of pH ¼ 9=4 revealed the
highest adsorbed amount, since both PEI and PAC possess only a
few charged groups due to deprotonation. This causes the PEL to
adopt a coiled conformation, leading to thick films of loopy internal

FIGURE 2 (a) In situ ATR-FTIR spectra on the consecutive PEI=PAC depo-
sition (c ¼ 0.01M, pH ¼ 9 (PEI) 4 (PAC)) from solution onto Si-ATR crystals
(from Müller [26], with kind permission of Wiley-VCH). (b) Adsorbed amounts
of the PEM-PEI=PAC at Si-supports as a function of the adsorption step x for
the pH combinations 9=4 (.), 4=4 (&), and 9=9 (�), and of the PEM of PEI=PVS
at pH ¼ 9=4 (~). (c) Dissociation degree aIR of PEM-PEI=PAC at Si-supports
as a function of x for the pH combinations 9=4 (.), 4=4 (&), and 9=9 (�).
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structure. For the combination pH ¼ 4=4 a smaller, and for pH ¼ 9=9
the smallest, adsorbed amount was found, since in those cases at least
one PEL component is fully charged and should form an extended
structure of the PEL chain due to electrostatic repulsion of the
charged monomer segments.

For further studies on the deposition mechanism of PEMs the
dissociation degree, aIR, of the weak polyacid PAC is useful [26, 27].
Access to aIR of PAC can be obtained by the absorbance of the
m(C=O) and the m(COO-) band due to carboxyl and carboxylate groups,
respectively, via Equation (1) [26]:

aIR ¼
AmðCOO�Þ

AmðCOO�Þ þ1:74 � AmðC¼OÞ
: ð1Þ

A modulated course between aIR ¼ 1 for the PEI steps and a lower
value of the following PAC steps, which are subsequently increasing,
is obtained for the setting pH ¼ 9=4 by plotting aIR versus the adsorp-
tion step, x, in Figure 2c. This reflects the layer-by-layer overcharging
of the PEM in every step, where in all PEI steps all underlying COOH
groups are deprotonated, and in all PAC steps new COOH groups for
the next PEI binding are exposed. The aIR of PAC approaches 1, since
with increasing step numbers the last layer contributes subsequently
to a minor extent to the aIR of the total PEM. From that a 1:1 charge
compensation between PC and PA as well as the absence of counter-
ions in the PEM interior can be concluded. For pH ¼ 4=4 in the PEI
steps all COOH groups are reacted (aIR ¼ 1) in spite of the acid pH,
and in the PAC steps slightly more unreacted COOH groups remained
in comparison with 9=4. For pH ¼ 9=9 in both PEI and PAC steps
aIR ¼ 1 means that PAC was fully dissociated, which caused the
thinner layers.

Influence of the Polyanion
In comparison with the PEM of PEI=PAC, those of PEI=PVS led to

smaller adsorbed amounts for the pH combination 9=4 (Figure 2b).
This was caused by the higher charge density of the PVS compared
with PAC, leading to a more extended conformation of PVS and, there-
fore, to thinner adsorbed layers.

Influence of the Molecular Weight
Another important parameter influencing PEM deposition is the

molecular weight (Mw) of one or both PEL components. Solutions of
two poly(styrene sulfonate) (PSS) samples with high (PSS(h),
1,000,000 g=mol) and low (PSS(l), 70,000 g=mol) molecular weight
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were consecutively adsorbed with PEI. SPR, which is based on the
change of the resonance angle as a function of the thickness and the
refractive index of the sample layer deposited onto gold-covered glass
supports, was used. This is principally shown for PEM of PEI=PSS(l)
in Figure 3a, where a diagnostic shift of the resonance angle from
57��75� can be observed as a function of the number of double layers
(n(dl) ¼ 2x). In Figure 3b the fitted thicknesses of the series
PEI=PSS(l) and PEI=PSS(h) are presented as a function of the number
of double layers. The thickness was obtained from the best fit of a four-
layer model to the data using a refractive index of n ¼ 1.5 [18], which
is approximately supported by scanning angle reflectometry (SAR)
measurements resulting in n ¼ 1.48�1.49 [21, 28].

The thickness of the PEM-10 was approximately 150nm for
PEI=PSS(h) and 25nm for PEI=PSS(l). This can be explained by the
larger coil radius of PSS(h) compared with PSS(l) in solution, resulting
in higher adsorbed amounts and thickness when consecutively
adsorbed at the surface.

Isotropic PEM Surface Morphology
Up to now information from the literature on lateral structures of

isotropic PEMs does not form a clear picture. According to Schlenoff,
planar PEMs of PDADMAC=PSS exhibit unexpectedly rough and
inhomogeneous surfaces but can be smoothed by the addition of
salt [29]. Taking reference on that finding PEMs consisting of poly
(allylamine) (PAA)=poly(4-styrenesulfonate) (PSS) were deposited on
Si wafers and were studied by ellipsometry and scanning force
microscopy (SFM). Figure 4a shows the SFM micrograph of the PEM
PAA=PSS-11, and Figure 4b shows the absolute thickness and
roughness (RMS) values as a function of the adsorption step x (x ¼
7, 9, 11, 15).

Significantly, the PEM-11 shows granular structures on the
surface, the morphology, of which is quite similar to that of adsorbed
preformed polyelectrolyte complexes [11]. Presumably, they can form
in the following manner: onto isolated and inhomogeneously adsorbed
polycations of the first step, both laterally and vertically polyanions
and oppositely charged PEL are adsorbed consecutively. Thereby indi-
vidual piles are formed on the surface, which are laterally fusing with
increasing adsorption steps (growing into one another). Presumably,
from PEM-9 forward, complete layers are formed, which can be shown
by the decrease of the RMS roughness from PEM-7 (6.4 nm) to PEM-9
(4.1 nm) and a similar value at PEM 11 (4.2 nm) shown in Figure 4b.
Further consecutive layer deposition from PEM-11 to PEM-15
(7.3 nm) results in a roughness increase, presumably caused by the
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FIGURE 3 (a) SPR curves measured after the adsorption of PEI=PSS(l)
double layers in water. Shift of the SPR minimum to higher angles from 0
to 20 double layers in water (from Schwarz et al. [18] with kind permission
of Wiley-VCH). (b) Courses of the layer thickness as a function of the number
of double layers (n(dl)) for PEI=PSS(l) and PEI=PSS(h). The thickness was
based on a four-layer fit (from Schwarz et al. [18], with kind permission of
Wiley-VCH).
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formation of new piles. Also, in the increment between PEM-11
(121 nm) and PEM-15 (143nm) the approximate linear increase of
the ellipsometric thicknesses, d, from PEM-7 (52 nm), and PEM-9
(94nm) to PEM-11, seems to stop, which might be also a hint for an
inhomogeneous film growth now more in the vertical than in the
horizontal direction. This is under further investigation.

Polyelectrolyte=azo Dye Multilayers
Using the layer-by-layer approach charged dyes could also be incor-

porated in self-assembled nanoarchitectures, as was already shown in
[30�32]. Although the building up of the polyelectrolyte-dye multi-
layers seems very simple to achieve, the influence of the polyion and
of the dye structure on the molecular and supramolecular organization
is still not understood. Recently, PEMs consisting of a polycation

FIGURE 4 (a) SFM micrograph of PEM-11 consisting of PAA=PSS on the Si
wafer (See Color Plate II). (b) Dependence of the ellipsometric layer thickness,
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containing 95% N,N-dimethyl-2-hydroxy-propyleneammonium chlor-
ide repeat units (PCA5) and various multicharged azo dyes were
reported [33, 34]. Among them Direct Red 80 (DR 80), which carries
six sulfonate groups (pK < 1), was consecutively deposited with
PCA5 from saltless aqueous solutions on glass substrates. This was
followed by UV absorbance as a function of the double layer number,
n(dl), and by f-potential measurements introduced for PEMs on
planar substrates in [35].

Figure 5a shows the increase of the absorbance at 558nm as a
function of n(dl), where the position of the maximum remained the
same irrespective of n(dl) suggesting a regular uptake of the dye into
the PEM. Additionally, f-potential measurements were performed in
order to probe the surface charge properties of those PEMs. In the
Figure 5b the f-potential is plotted against pH for PEMs of
PCA5=DR80 with different layer numbers (PEM-4, PEM-5, PEM-10,
and PEM-11) adsorbed in the presence of 1M NaCl on glass slides.
Generally, the pH value at which the f-potential is zero gives the
isoelectric point (IEP) of the surface, and the f-potential value is a
measure of the surface charge. Firstly, PEM-4 and PEM-10 resulted
in IEP ¼ 4.3, whereas PEM-5 and PEM-11 resulted in a shift to
IEP ¼ 5.5. This qualitatively reflects the anionic surface charge for
the DR80-terminated PEMs and the significant shift to less anionic
surface charge for the PCA5-terminated PEM, which is caused by
ion pairing between the sulfonate and ammonium groups of DR80
and PCA5, respectively. The fact that the IEP of the DR80-terminated
PEMs are higher and of the PCA5-terminated PEMs are lower com-
pared with the IEP of those components in solution is caused by
segments of the respective underlying component penetrating into
the outermost one.

Secondly, both the IEP and the f-potential amplitudes were about
independent on the layer number. First, this reflects the stability of
the PEM under the streaming potential measurement conditions.
Second, it shows that the outermost layer exclusively determines the
sign and the amplitude of the surface charge and thus the ability to
bind a new polycation or dye layer in a reproducible manner indepen-
dently of the absolute layer number.

Anisotropic PEMs

In the previous section, PEMs were introduced showing more or less
isotropic internal structure, which is, in our opinion, the rule using
flexible polycations and polyanions. Recently, in contrast to that, it
could be shown that PEMs consisting of stiff PELs such as charged
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FIGURE 5 (a) UV=VIS spectra on the consecutive deposition of PCA5 and DR
80 as a function of n(dl). Spectra recorded for n(dl) ¼ 1�6 from bottom to top
are shown (from Dragan et al. [33], with kind permission of Elsevier).
(b) f-potential=pH profiles for the glass support, PEM-4=5 and PEM-10=11 of
PCA5 and DR 80 (from Dragan et al. [33], with kind permission of Elsevier).
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a-helical polypeptides showed anisotropic properties [23, 36]. This
couldbeprovenbydichroicATR-FTIRspectroscopy onPEMscontaining
PLL or PLG in their a-helical state, respectively.

PEMs consisting of charged homopolypeptides are currently finding
high interest since distinct stable internal secondary structures can be
generated as was shown by the Strassbourg PEM group [37�39]. Our
approach has been to bring the cationic polypeptide PLL as well as the
anionic PLG in to the a-helical conformation by certain salt and pH
settings and to deposit them consecutively with strong oppositely
charged polyelectrolytes. To orient those PEMs texturized substrates
exhibiting parallel grooves of 50�70nm width and 5�8nm depth were
used [23, 36]. In the Figure 6a p- and s-polarisation ATR-FTIR spectra
of the PEM of a-PLL=PVS and in Figure 6b of a-PLG=PDADMAC are
shown. The principle of dichroic ATR-FTIR spectroscopy and the
application on oriented multilayers is given in Müller et al. [36]. IR
dichroism is based on the different absorption of linearly polarized
light by oriented chromophors. Principally, parallel (p) and vertical
(s) polarized IR light cause different absorbances, Ap and As, of charac-
teristic IR bands, where the dichroic ratio R ¼ Ap=As is a direct
measure of the orientation state of the given band. Knowing the posi-
tion (angle H) of this band relative to a molecular axis, it is possible to
determine the molecular orientation.

In both cases (Figure 6a and 6b) dichroic ratios of RATR < 1 for the
amide I and RATR>>1 for the amide II band, which is diagnostic for
in-plane unidirectional alignment, were obtained (RATR values
obtained by ATR mode were transformed into R values accessible by
transmission mode as described in Müller [23]). Knowing the angle h
between the transition dipole moment of the amide vibrations (Amide
I: 38�, Amide II: 73� [40]) and the molecular axis, an order parameter,
S, in the sense of unidirectional alignment, could be quantitatively
determined using Equation (2) [36]. Thereby, S ¼ 0 means no, S ¼ 1
means high parallel, and S ¼ � 1=2 means high vertical uniaxial
orientation with respect to the groove (orientation) direction. This
orientation analysis is based on the model of a cone, which is formed
by the molecular axes of oriented molecules [41], in our case the a-helical
polypeptides. The cone opening angle, c0, is directly related to S by
Equation (3), where c0 ¼ 0 (S ¼ 1) holds for perfect parallel alignment,
c0 ¼ 54.5� (S ¼ 0) holds for no such alignment, and c0 ¼ 90� (S ¼ � 1=2)
holds for perfect vertical alignment with respect to the groove (orien-
tation) direction:

S ¼ ð1� RÞ
ð2Rþ 1Þ �

2

ð3 cos2 h� 1Þ ;
ð2Þ
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FIGURE 6 (a) p- and s-polarised ATR-FTIR spectra of a PEM-5 of a-PLL=PVS
on texturized Si crystals (PLL Mw: 200.000 g=mol). (b) p- and s- ATR-FTIR
polarisation spectra of PEM-4 of a-PLG=PDADMAC on texturized Si crystals
(PLGMw: 70.000 g=mol) (fromMüller et al. [36], with kind permission of Amer-
ican Chemical Society).
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c0 ¼ arccos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3
Sþ 1

3

r !
: ð3Þ

In Table 1 the experimental dichroic ratios, R, the order parameters, S,
and the cone opening angles, c0, are given for the PEMs of a-PLL=PVS
and a-PLG=PDADMAC deposited at the untexturized and texturized
substrate. Significantly, for the texturized case (S ¼ 0.79, 0.51) an aniso-
tropic arrangement of the a-helical PLL (Mw ¼ 200.000g=mol) or PLG
(Mw ¼ 70.000g=mol) rods could be concluded, whereas for the untextur-
ized case a minor orientation could be obtained (S ¼ 0.27, 0.24) that also
yet showed a small degree of preorientation on the Si support. From the
values of Table 1 for the texturised case a PEM model can be derived in
which the a-helical polypeptide rods are more or less assembled parallel
within and out of the substrate grooves and the oppositely charged coiled
PELs are acting as glue between the rods. This is further supported by
Figure 7, where it can be shown that S becomes larger if the molecular
weight of the PLL is increased from 20,000 to 300,000g=mol [36]. This is
caused by the elongation of the PLL macromolecule, since the contour
length of the a-helix was increased from L ¼ 15�222nm. Therefore,
the growing aspect ratio forces the assembled a-helical polypeptide rods
to a higher unidirectional alignment within the grooves of widths
around 50�70nm. As will be shown below, the surface of such PEMs
offers interesting properties concerning the interaction with a-helical
proteins.

Anisotropic PEM Surface Morphology
In Figure 8 the AFM micrograph of PEM-5 of PLL=PVS deposited

onto texturized Si substrates is shown, where PLL was in the a-helical
conformation, as shown above. Significantly, wormlike nanoscopic

TABLE 1 Experimental Values of R and Calculated Values of S and c0,
Determined by Equations (2) and (3), on the Oriented and Unoriented PEMs of
a-PLL=PVS (PEM-5) and a-PLG=PDADMAC (PEM-4)

a-PLL=PVS (Amide I) a-PLG=PDADMAC (Amide I)

Texturised Untexturised Texturised Untexturised

R 0.39 0.72 0.54 0.75
S 0.79� 0.10 0.27� 0.10 0.51� 0.10 0.24� 0.10
c0=[

�] 22� 5 44� 5 35� 5 45� 5

Partly from Müller et al. [36], with kind permission of American Chemical Society.
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FIGURE 7 Order parameter S of a-helical PLL assembled in PEM-PLL=PVS
as a function of the Mw. PLL, PVS solutions in the presence of 1M NaClO4

were used (S was based on R of the amide II band) (fromMüller et al. [36], with
kind permission of American Chemical Society).

FIGURE 8 AFM micrograph of oriented PEM-5 of a-PLL (246.000 g=mol)=
PVS on (vertically to that line) texturized Si supports.
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structures are visible on the surface, which are originated by the stiff
a-helical PLL rods and that are further complexed with oppositely
charged PVS. Furthermore, a preferential orientation of these nano-
scopic wormlike structures with respect to the groove direction from
bottom to top can be observed. Obviously, PEMs of stiff PELs may
form anisotropic surface morphology in contrast to PEMs of flexible
ones shown in Figure 4a.

Application Fields

Swellability
PEMs can be seen as electrostatically crosslinked hydrogel systems,

which are highly sensitive to changes of the pH or the ionic strength of
the aqueous environment [7]. In Figure 9a the swelling behavior of
PEMs of PEI=PAC in contact with salt solutions having concentrations
of cS ¼ 0.1, 0.5, 1, and 2M is shown. Significantly, with growing salt
concentration a diminuation of the m(C=O)- and the m(COO � ) band
absorbance can be seen, which generally correlates with the diminua-
tion of the polymer segment density or swelling. This trend was
obtained for all three salt types NaCl, NaBr, and NaClO4. Among
them the strongest swelling was obtained in the case of the NaClO4

solutions, since the perchlorate anion is known to bind tightly to am-
monium cations. Consequently, fewer carboxylate groups of PAC are
ion paired with the PEI ammonium groups, which leads to the
observed swelling. Bromide and chloride anions are less expected
to compete with the carboxylate groups, resulting in weaker swelling
effects.

In Figure 9b the water uptake of PEMs of PEI and an alternating
copolymer of maleic acid and a-methylstyrene (PMA-MS) from humid
air (90% relative humidity) is illustrated. The m(OH) band integral due
to sorbed water normalized by the m(COO�) band integral due to the
PEM adsorbed amount is plotted against the adsorption step. Interest-
ingly, the PC-terminated PEMs (odd) showed the higher relative
water sorption compared with the PA-terminated PEMs (even). Fur-
thermore, this correlated with sessile drop measurements, where the
PC-terminated PEM revealed the lower contact angle and thus
the better wetting (advancing) compared with the PA-terminated
PEM [26]. Both examples show the potential of PEMs as sensoric
layers for mineral salt ions or for moisture.

Interactions with Proteins
PEMs are versatile platforms that are able to generate defined spe-

cific interaction to biochemical or biological compounds such as drugs,
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FIGURE 9 (a) Swelling of PEM-20 of PEI=PAC on Si supports monitored by
the absorbance of the m(C=O) and m(COO�) as a function of the concentration of
the NaCl (&), NaBr (&), and NaClO4 (�) contacting solution. (b)Water uptake
of the PEM of PEI=PMA-MS from 90% relative humidity as a function of the
adsorption step x. The m(OH) band integral was normalized by that of the
m(COO�) band (Partly from Müller [26], with kind permission of American
Scientific Publishers).
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peptides, proteins, genes, and cells via the outermost layer, and thus
they are interesting for biomedical and pharmaceutical applications,
as has been shown by several authors [15, 16, 42�47]. This can be
achieved on the one hand by choice of the PC or the PA (charge sign),
which effect electrostatic attraction or repulsion to, e.g., ampholytic
proteins. Additionally, using such biomimetic PEMs it is possible to
mimick secondary structural elements such as the a-helix and b-sheet
of target proteins by exposing polypeptides in the respective confor-
mation in the outermost layer.

Electrostatic interactions. For studying electrostatic interactions
between proteins and PEMs experiments on the adsorption of proteins
at PEM-4 (-6) and PEM-5 of PEI=PAC on silicon supports have been
performed using ATR-FTIR spectroscopy, which is highly sensitive
due to the strong absorbing amide bands of proteins. Typical in situ
ATR-FTIR spectra (amide band region) are shown in Figure 10 as
a function of the adsorption time. Significantly, PEM-4 (PAC
terminated, bottom) revealed only a minor adsorbed amount
(AAMIDE I ¼ 0.05 cm�1) of human serum albumin (HSA), whereas the

FIGURE 10 ATR-FTIR spectra on the adsorption of HSA (1mg=ml, pH ¼ 7.3,
PBS buffer) at Si-ATR crystals modified by PEM-4 and PEM-5 of PEI=PAC
(after 5, 15, 25, and 55min from bottom to top, respectively).
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PEM-5 (PEI terminated) showed a strong HSA adsorption
(AAMIDE I ¼ 1.01cm�1) at the PEM-5. Since a value of AAMIDE I ¼ 0.7cm�1

corresponds to a monolayer surface coverage (HSA, CMONO �
0.20 mg=cm2), less than 1=10 of CMONO was adsorbed at the PEM-4.
The protein resistance in the case of the PEM-4 was predominantly
caused by electrostatic repulsion (a) between the outermost PAC layer
and the acidic HSA due to an isoelectric point IEP ¼ 4.8 at pH ¼ 7.3.
For other proteins the adsorbed amounts at the oppositely charged
PEM surface was shown to scale with the deviation between their
IEP and the pH [17].

Nonelectrostatic interactions. For bioactive materials or diagnos-
tics, biosensors surfaces that bind certain proteins and peptides selec-
tively are useful. For example, Huber et al. [48] developed biosensor
systems by which the specific binding between cell wall glycoproteins
and fibrinogen and their potent inhibition can be measured as a func-
tion of time. There the recognition of defined peptide sequences
(Arg-Gly-Asp) was found. On the other hand, alternative concepts
are interesting for creating bioninert surfaces besides the known ones
of, e.g., hydrogel layers (PEG [49], PHEMA [50]), diamond-like car-
bons [51], phospholipid-containing polymers [52], or charge repulsion
(previous section) and others. A new aspect could be the use of nonna-
tural biopolymers. In that framework we were interested whether
there is a difference in the interaction of natural proteins with homo-
polypeptides composed of amino acids in the L-form compared with
those containing amino acids in the D-form. For that model, adhesion
experiments of the a-helical rich myoglobin (MYO) were performed at
the PEM-5 consisting of a-helical PLL (a-PLL) and PVS (i) and at the
analogous PEM-5 of a-PDL=PVS (ii). In both PEM-5 (i) and PEM-5 (ii),
PLL and PDL were exposed in the outermost layer at pH ¼ 7.3, where
MYO should be approximately uncharged (IEP � 7). The result is
shown in Figure 11, where the PEM-5 terminated by a-PLL and that
terminated by a-PDL revealed approximately the same adsorbed
amount of MYO after 150min of adsorption time. Obviously, in that
case no specific recognition of MYO by the immobilized polypeptide
layer on the configurational (chirality) level took place.

Membrane Applications

Prevention of Fouling
Membranes, as they are applied in the water, beverage, and phar-

maceutical industry, can still be improved with respect to flux, separ-
ation, and nonfouling properties. In that framework the PEM concept
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can be used to control the surface energy and charge of microporous
membranes in a defined manner. Especially the membrane fouling,
for which hydrophobic as well as electrostatic interactions play a
major role, can be influenced by PEM deposition within the mem-
brane. Recent articles on that topic [53�58] describe the interaction
of PEMs, which are consecutively adsorbed at hydrophobic polymer
membranes (e.g., polypropylene), with model protein solutions and
natural organic matter (NOM). In a grafting reaction of acrylate
monomers a first PAC layer can be deposited, onto which PEMs
of PC=PAA can be further anchored. Microporous polypropylene
membranes (Celgard 2400, Hoechst AG, Germany; pore size
120� 40nm2, porosity 28�40%) were used as support for the PEMs.
The modification was carried out in three distinctive steps: (1) acti-
vation of the polypropylene PP surface by CO2-plasma treatment
resulting in the formation of peroxide species; (2) grafting of charged
monomers, e.g., acrylic acid, onto the Polypropylene PP surface from
aqueous monomer solution by thermal decomposition of the peroxides;
and (3) adsorption of additional PEL using the dip coating process de-
scribed by Decher et al. [5]. As is shown in Figure 12, this caused a
decreased adsorption of HSA in comparison with the unmodified and
the plasma-modified membrane samples (first and second bars in

FIGURE 11 Adsorption kinetics of MYO (1mg=ml, pD ¼ 7.3, PBS buffer) at
the PEM-5 of PLL=PVS (~) and that of PDL=PVS (�) exposing the poly-
peptide in the a-helical conformation.
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Figure 12). The bars 3�7 show the significant decrease of adsorbed
HSA amount using two more consecutive layers of PC and PA, which
caused electrostatic repulsion between protein and surface, as was
explained with the PEM deposited on planar Si substrates above.
The irreversibly adsorbed amount of HSA on graft-modified mem-
branes without PEM is slightly higher than that of PEM modified
membranes. However, the permeate flux is only half that of PEM-
modified membranes [59]. An additional diminution is seen with an
increasing degree of grafting (0.1�4.8 wt%) of the PAC base layer
due to increasing hydrophilic surface coverage of the base layer. Fur-
thermore, by the PEM concept elevation of the membrane flux ([36],
data not shown) was achieved, caused by the enhanced hydrophilicity
of the membrane surface and conformational changes of the first
grafted layer due to complex formation. In further studies it has been
shown that a certain graft yield for the first PEL layer, depending on
the pore size of the substrate, is necessary, to achieve an antifouling
effect, accompanied with an enhanced rejection during protein fil-
tration [60], and the membranes can be easily cleaned by rinsing with
pure water. The protein molecules stick to the unmodified ‘‘inner sur-
face’’ of the membrane while passing through the membrane with the
permeate stream. In other words, fouling by protein adsorption takes
place not only at the ‘‘outer surface’’ but also at the ‘‘inner surface.’’

FIGURE 12 Influence of the PEM modification and the grafting degree on
the irreversible fouling, i.e., HSA adsorption, at polypropylene membranes
(pH ¼ 6.5) (from Meier-Haack et al. [55], with kind permission of Springer).
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Upon grafting, the pore size is reduced so that the protein molecules
are hindered in entering the membrane.

Dense Membranes
The first membranes that were prepared using the layer-by-layer

technique have been described in the literature by Stroeve et al. [61]
and Leväsalmi, McCarthy [62]. The membranes were used in gas-
separation applications. However, the selectivities based on single
gas permeabilities were less than those observed for conventional gas
separation membranes. A second approach to utilize dense membranes
prepared by PEM systems for pervaporation was achieved by van
Ackern et al. and other authors [13, 63�65]. These membranes were
used for the separation of aqueous organic mixtures to overcome the
azeotropic point, e.g., dewatering of alcohols by pervaporation, as
ion-selective nanofiltration membranes [66�68] as well as in chiral
separations [69]. The separation capabiltily is strongly affected by
the polyelectrolytes used for the PEM buildup [56, 64], the layer
number, and the preparation conditions (salt content, pH, tempera-
ture, etc.). As a result, dense PEM membranes from PELs with a high
‘‘charge density’’ (in terms of the number of C-atoms=ion pair in the
repeating unit) e.g., poly(acrylic acid)=poly(ethylene imine), showed

FIGURE 13 Effect of PEL pairs on membrane properties used in separation
of water=2-propanol (30=70 wt=wt @ 50�C). Six double layers were deposited on
a polyamide-6 support. arel ¼ aPEL=a0�100%, and Jred ¼ JPEL=J0

�100%. (from
Berwald and Meier-Haack [56], with kind permission of American Scientific
Publishers).
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highest separation and lowest permeate flux, while those prepared
from PEL with low ‘‘charge density’’ had a high permeate flux and
low separation properties (Figure 13). Contrary to the preparation pro-
cedure described in early works of PEM membranes [63, 64], the pH of
the PEL solutions was not adjusted. The pH of the PAC solution was
approximately 3.5 and that of the PEI solution was around 9.0. Hence,
according to the pKA and pKB, values of the respective PELs there are
dissociated and nondissociated functional groups present in the
polymer chain. The improved separation properties of these mem-
branes can be attributed to the fact that the partially charged PELs
are adsorbed in a more disordered state than the highly charged
PELs, but the layers themselves are thicker, as in the latter case,
and a complete coverage of the support surface is achieved at a smaller
number of deposited layers.

A high impact of preparation conditions on the membrane properties
was observed when the deposition temperature was raised from 25�C to
80�C [65]. The selectivity of membranes prepared at 80�C was ca. 500
times higher than for that prepared at 25�C. However, this strong
increase in selectivity was accompanied by a decreasing permeate flux.

As outlined in Table 2, dense PEM membranes are not only suitable
to separate water�alcohol mixtures but also other aqueous�organic
mixtures.

The layer-by-layer technique was also used to modify Nafion1-117
membranes, which are widely used in fuel cell applications. One dis-
advantage of the Nafion membranes is the high methanol crossover
when used in direct methanol fuel cells (DMFC), which leads to
undesired side reaction at the cathode. The modification of Nafion1

TABLE 2 Separation Properties of PEM Membranes Based on Six Layer
Pairs Consisting of PEI=PAC

Test mixture
Composition of the
feed mixture (wt%)

Separation
factor, a

Permeate flux, J
(kg=m2h)

Water=2-Propanol 30=70 3330 0.67
Water=2-Propanol 75=25 2000 0.74
Water=Ethanol 22=78 2340 0.21
Water=Ethanol 10=90 1400 0.02
Water=Methanol 13=87 75 0.04
Water=Methanol 89=11 17 1.20
Water=Tetrahydrofuran 13=87 61000 0.62
Water=Dimethylacetamide 30=70 860 0.51

Pervaporation temperature, 50�C.
From Meier-Haack et al. [13], with kind permission of Elsevier.
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membranes with PELs, especially at higher temperatures, resulted in
a dramatic enhancement of water selectivity (Table 3). Such mem-
branes showed high stability and high methanol retention when tested
in direct methanol fuel cells. However, the electrical properties were
poorer than those of unmodified Nafion1 membranes. Nontheless,
PEM assemblies seemed to be promising materials for proton conduc-
tive membranes in fuel cell applications.

CONCLUSION

An overview of our recent results concerning the PEM surface modifi-
cation concept was given. Exemplary results on the characterization of
various PEM systems by a variety of surface analytical tools were
given. PEMs were shown to be built up and to be controlled in a
defined way by macromolecular structural parameters such as mol-
ecular weight and chain flexibility, as well as by parameters of the
aqueous medium like ionic strength and pH. Furthermore, PEMs were
shown to function as versatile platforms to achieve distinct active
(binding), release, inert, hydrophilization, and separation properties
in several applications.
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[62] Leväsalmi, J. and McCarthy, T. J., Macromolecules 30, 1752�1757 (1997).
[63] van Ackern, F., Krasemann, L., and Tieke, B., Thin Solid Films 327�329, 762

(1998).
[64] Krasemann, L. and Tieke, B., Mater. Sci. Eng. C8�9, 513�518 (1999).
[65] Lenk, W. and Meier-Haack, J., Desalination 148, 11�16 (2002).
[66] Jin, W., Toutianoush, A., and Tieke, B., Langmuir 19, 2550�2553 (2003).
[67] Bruening, M. L., Stanton, B., Liu, X., and Harris, J. J., Polymeric Mater. Sci. Eng.

89, 169 (2003).
[68] Balachandra, A. M., Dai, J. H., and Bruening, M. L., Macromolecules 35,

3171�3178 (2002).
[69] Rmaille, H. H. and Schlenoff, J. B., J. Am. Chem. Soc. 125, 6602�6603 (2003).

Polyelectrolyte Multilayer Interactions 547

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
0
2
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1


