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layer-by-layer (LbL) adsorption

mists and of scientists in the biomedical field, because it is extremely powerful
yet simple to use and because it challenges theory at the level of polyelectrolyte
adsorption.

1.3.1
LbL Deposition is the Synthesis of Polydisperse Supramolecular Objects

For most cases an LbL film has a unique layer sequence that depends strictly on the
deposition sequence. This points to the fact that LbL deposition should be consider-
ed as an analogue to a chemical reaction sequence (Fig. 1.3). While a chemical reac-
tion takes place between different synthons and typically yields a unique molecule
after each synthetic step, layer-by-layer deposition involves the adsorption of a single
species in each adsorption step and yields a multilayer film with a defined layer
sequence. While molecules are synthesized in several consecutive reaction steps,
a multicomposite film is fabricated in several adsorption steps.

The reagents in classic synthesis are typically molecules, in layer-by-layer deposi-
tion they can be chosen from a wide range of materials. This is represented sche-
matically in Fig. 1.4. While today most of the multilayer films have been fabri-
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Fig. 1.2 Top: Simplified molecular concept of
the first two adsorption steps depicting film
deposition starting with a positively charged
substrate. The polyion conformation and layer
interpenetration are an idealization of the sur-
face charge reversal with each adsorption
step which is the basis of the electrostatically
driven multilayer buildup depicted here. Coun-
terions are omitted for clarity. Bottom:
Schematic of the film deposition process

using glass slides and beakers. Steps 1 and 3
represent the adsorption of a polyanion and
polycation respectively, and steps 2 and 4 are
washing steps. The four steps are the basic
buildup sequence for the simplest film archi-
tecture (A/B)n where n is the number of de-
position cycles. The construction of more
complex film architectures requires additional
beakers and an extended deposition se-
quence.



layer-by-layer (LbL) adsorption

cated using mainly electrostatic attraction as the driving force for multilayer build-
up, this is by no means a prerequisite. There are many other interactions that
have been used successfully for multilayer deposition including: donor/acceptor
interactions [216-218], hydrogen bonding [173, 219–224], adsorption/drying cycles
[225, 226], covalent bonds [11, 14, 45, 227–238], stereocomplex formation [239–
241] or specific recognition [6, 17, 126, 128, 132, 139, 242–246].

In general one needs just any interaction (this may be one or several different
interactions) between two species “reagents” in order to incorporate them into a
multilayer film. The interaction can easily be tested in solution prior to carrying
out the deposition if both film constituents are soluble in the same solvent. When
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Fig. 1.3 Analogy of chemical multistep synthesis and multilayer
deposition, both leading to a unique molecular and supramole-
cular species (multilayer film).

Fig. 1.4 Reagents for layer-by-layer deposition. Some details on composition and structur-
al properties are shown for polymers and colloids. To keep the schematic simple, this level
of detail is not carried through for the last three types of reagents. One should also note
that small molecules and complex ions are sometimes more difficult to incorporate into
multilayer films in a regular way than, for example, charged macromolecules.
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driving force for LbL

In this chapter, a more “chemical” perspective is taken in dealing with salt ions,
where they are to be found, and how they modify polymer–polymer interactions.
In spite of the imposing precision and complexity of electrostatic theory, it does
not take into account the polarizibility of functional groups, their degree of hydra-
tion and, more specifically, differential hydration. Here, precise values of interac-
tions, obtained from electrostatic first principles, are forgone in favor of a combi-
nation of equilibrium constants that must be experimentally obtained, but can be
rationalized and categorized post hoc by intuitive arguments based on entropy, hy-
drophobicities, polarizabilities, polymer excluded volume and other fundamental
physical-chemical constructs.

The complexation of polyelectrolytes is known to be virtually athermal [23, 24].
The overall free energy change of complexation is derived mainly from the release
of counterions (“escaping tendency” i.e. increase in entropy [23]). Small free en-
ergy changes per segment are additive, to a point [40], due to the cooperative na-
ture of polyelectrolyte complexation, yielding strong association on a per-molecule
basis. Since ions are well hydrated, the release of waters of hydration, specifically
the differential levels of solvation between free, solvated polymer and associated
complex, should also be considered in the net energy equation. The term “hydro-
phobicity” is used here to denote the relative numbers of waters of hydration re-
leased. As shown for calorimetric studies of small ions, hydration also has an en-
thalpic component, especially for hydrophobic species [41].

The equilibria considered here are variations of place-exchange or ion-exchange
reactions. In its most generic form, the interaction between charged polymer seg-
ments is represented by Fig. 4.1. Upon complexation, polyelectrolyte segments
form ion pairs and relinquish their counterions. Electrostatic neutrality is main-
tained and no chemical bonds are formed in the reshuffling of charged species.
The term “ion pairing” is used to describe an energetically favorable pairing of
polymer segments, driven by the loss of water and counterions.

From the perspective of a single polyelectrolyte segment, an oppositely-charged
segment and a counterion compete to balance the charge. There are two arenas
where this competition for charge takes place. The first is in the initial formation
of the PEMU (or PEC). Individual solution phase macromolecules come together,
expelling their counterions as they complex. There may be some conceptual fuzzi-
ness, with a long history [20], as to exactly where the counterions are and how
closely they are associated with the polymer chain, but for simplicity we assume
they are predominantly “condensed” [42] on the polymer chain. For a polyelectro-
lyte adsorbing to an oppositely-charged surface, the surface counterions are dis-
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Fig. 4.1 Complexation between positive
polyelectrolyte segment and negative
polyelectrolyte segment releasing coun-
terions.

4.2.2
Intrinsic vs. Extrinsic Charge Compensation

4.2.2.1 Key Equilibria
Initially, in constructing a multilayer, there seem to be a host of experimental op-
tions, each with potential impact on formation [45]. Variables include exposure
time, temperature, polymer type, polymer molecular weight, polymer concentra-
tion, salt concentration, salt identity, pH, and solvent composition. Fortunately,
since almost all work is performed with high molecular weight material at room
temperature in aqueous NaCl solutions the only significant variables are polymer
type, and salt concentration, and also pH if one of more of the polymers is a
weak acid/base [28, 49]. Even then, the process is extraordinarily robust (forgiv-
ing) and some form of multilayering is easily obtained (as long as the substrate is
properly cleaned!).

We begin with a multilayer that has been formed, for example, with a pair of
oppositely charged polymers selected from those shown in Fig. 4.2. Following se-
quential adsorption of polyelectrolytes to the desired film thickness, the PEMU is
typically rinsed in pure water to remove excess polymer and salt.

One can envisage two scenarios, shown in Fig. 4.3, of how net charge neutrality
is maintained, by a combination of polymer repeat units and salt ions, within the
as-made film. In one case, termed intrinsic compensation, polymer positive charge
is balanced by a negative charge, also on a polymer [50]. Alternatively, polymer
charge is balanced by salt counterions derived from the bathing solution used to
construct the multilayers (extrinsic charge compensation) [50]. A continuum of in-
trinsic!extrinsic composition is available, with the proviso that fully extrinsic
multilayers are not realistic since, in the absence of other interaction mecha-
nisms, the PEMU would decompose back into isolated molecules.

The presence of salt ions would have a substantial impact on the performance
of PEMUs in certain applications. For electronic devices, mobile counterions
would control the dielectric constant and the conductivity of thin film PEMU in-
sulators, and would degrade electrical contacts. Intrinsic compensation controls
transport of charged species through PEMUs when they are employed as mem-
branes, as discussed below.

An interesting physiological question arises when considering intrinsic compen-
sation: how can the polymers undergo the contortions required to match each
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Fig. 4.3 Comparison of intrinsic and
extrinsic charge compensation in poly-
electrolyte multilayers.

tion. Fig. 4.6 demonstrates this effect for a PAA/PDADMA system [53]. The multi-
layer is stable to salt concentrations up to about 0.4 M, after which point the sys-
tem decomposes. The deconstruction of PEMUs may actually yield very loosely as-
sociated complexes, i.e. not a true solution of individual polyelectrolyte molecules.

The concept of minimum charge density along the backbone needed to form a
stable multilayer has been addressed previously [3, 68]. We add here the proviso
that this minimum charge density depends on the salt concentration and salt
type, and also very strongly on the chemical identity of the charged units being re-
lied on to form the thin film. We have used the preferential decomposition of
“weak” multilayers, inserted between more salt-resilient ones, to prepare onion-
skin PEMUs that, on exposure to salt or pH changes, delaminate to yield free ul-
trathin membranes [35].

4.3
Excess Charge

4.3.1
Surface vs. Bulk Polymer Charge

Fig. 4.7 depicts a typical growth vs. layer number for a strongly dissociated pair of
polyelectrolytes (in this case, PSS and PM2VP) [50]. These particular polymers
have been radiolabeled [43, 62, 69, 70], making it a simple task to accurately track
their surface concentration. A strong dependence of the amount deposited on the
solution salt concentration is observed. Other typical multilayer growth features
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Fig. 4.6 Thickness of 20-layer PAA/PDADMA film, prepared
with 84 500 MW PAA, as a function of salt concentration. The
deposition, soaking and rinsing solutions were maintained at
pH 11.



polyelectrolytes for LbL

placed by adsorbing polymer segments, a process that can be directly tracked by
radiochemical labeling techniques [43].

In the second arena, the chemical potential of salt in solution can cause swel-
ling or infiltration of ions into a bulk polyelectrolyte complex after it has been
formed. For assembled multilayers there is a clear phase change on going from
complexed polymer to solution. Waters of hydration can be added into the equa-
tion, but these are more difficult to follow and will be only implied during discus-
sions of “hydrophobicity.”

On consideration of the equilibria above it is clear that electroneutralization is
the dominant mechanism [44], but an analysis of the overall driving force must
include consideration of all charged species. The situation cannot be described
simply by vacuum electrostatics between naked, isolated charges, which would
yield enormous free energy changes. The driving force is ion pairing between
polyelectrolyte segments, driven by release of counterions and water. Additional
salt ions modify the overall free energy of interaction by competing for polymer
charge. Given this, the mechanism is better defined as competitive ion pairing
[45].

Systems without added salt are at the theoretical maximum strength of interac-
tion, but are also poorly defined, since the ionic strength is that of the polyelectro-
lyte and its attendant counterions. Multilayers have been created using small com-
ponents of low charge, but, in the absence of specific interactions, must be as-
sembled at low ionic strength [46–48].
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Fig. 4.2 Structures of representative polyelectrolytes.



temperature & humidity

tration is not the only parameter that allows one to control the thickness of indi-
vidual layers. Rubner has shown that, for the case of weak polyelectrolytes, layer
thickness can be precisely controlled by pH [247].

While the two methods above are simple but sufficient to get some preliminary
ideas on the deposition behaviour, there are numerous additional characterization
methods described in the other chapters of this book. Very recently, nuclear mag-
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Fig. 1.6 Top: Film thickness of the same
multilayer specimen as a function of tempera-
ture and of relative humidity (r.h.). The differ-
ences in thickness at identical temperatures
are entirely due to a difference in water con-
tent within the film and not due to a negative
thermal expansion coefficient. This difference
becomes less pronounced at elevated tem-
perature, when the water is driven out of the

film. Bottom: The same data as above, but
normalised with respect to the initial film
thickness. It becomes obvious that even small
differences in temperature or humidity can
easily account for changes in film thickness of
the order of 5–10% depending on the swell-
ability of the film. (G. Sukhorukov, J. Schmitt
and G. Decher, unpublished results.)



UV/Vis characterization

netic resonance (NMR) was added to the “toolbox” of multilayer research [249,
250], and this deserves special attention as it gives access to important new data.

1.3.3.2 In-situ Characterisation
The characterisation methods described above are straightforward and widely
available, but they require one to interrupt the deposition process to take the mea-
surement. Not only are the measurements an interruption, they also have to be
taken in the dry, which may not be desirable in some cases. An obvious conse-
quence of different deposition regimes is, for example, that the film thicknesses
are different for identical numbers of layers. Of course it is to be expected, and it
is observed, that films deposited from identical solutions with identical adsorption
times for identical temperature show a different film thickness for the same num-
ber of layers depending on whether they have intermittently been dryed and char-
acterized or not. Depending on the dose of X-rays we have even observed an effect
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Fig. 1.7 Upper: UV/Vis spectra
taken after different adsorption
cycles (k) during the prepara-
tion of a PSS/PAH multilayer.
The bands at 195 nm and
226 nm originate from the aro-
matic chromophore of the sty-
rene monomer unit of PSS. The
absorbance increases regularly
with the number of PSS layers.
Lower: Plot of the absorbance
of the PSS band at 225 nm ver-
sus the number of layers de-
posited. The numerical fit to
the data (solid line) shows that
the increase of absorbance per
layer is constant. The absor-
bance per layer is less than in
the case on the left because the
salt concentration in the de-
position solutions was differ-
ent. The slight deviation from a
straight increase after 26 layers
is due to the interruption of the
deposition overnight. A change
in the deposition protocol such
as standing overnight is quanti-
tatively described in Fig. 1.17.
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X-ray reflectometry of 
multilayer film

of the irradiation on film growth (J. Schmitt and G. Decher, unpublished data).
In-situ methods are thus necessary in order to compare results for samples that
cannot be dried. Depending on their time resolution, such methods also allow
one to follow the kinetics of adsorption and/or multilayer reorganisation. Besides
measurements of the zeta potential and results obtained by quartz crystal micro-
balance (both of which are shown below), typical in-situ methods include surface
plasmon spectroscopy [113, 251, 252], optical waveguide lightmode spectroscopy
(OWLS) [149, 253, 254], optical reflectometry in stagnation point flow cells [109],
scanning angle reflectometry (SAR) [23, 143, 255], ellipsometry [78, 256–258], in-
situ atomic force microscopy (AFM) [254, 259], attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR) [148, 260], surface forces measure-
ments [261, 262], X-ray and neutron reflectometry [263–265] or second harmonic
generation (SHG) [266], but the latter are not widely available. The quartz crystal
microbalance is ideally suited for screening the adsorption kinetics for new com-
ponents and for optimizing the adsorption conditions (see, for example, [43, 46,
120, 149, 267–269]). A prerequisite, however, is that the multilayer being depos-
ited should be rather rigid in order to evaluate frequency displacements as ad-
sorbed mass using the Sauerbrey equation. If the multilayer has to be treated as a
viscous film, a more sophisticated QCM instrument and data evaluation are
needed. The data in Fig. 1.9 on the consecutive deposition of poly(styrene sulfo-
nate) and poly(allyl amine) were taken with a so-called QCM-D instrument, that
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Fig. 1.8 X-ray reflectometry of multilayer
films of the architecture (PSS/PAH)n, n rang-
ing from 6 to 25. Left: raw data obtained from
a single specimen at different n in the dry

state. Right: plot of film thickness versus
number of layers for three sets of curves as
the one on the left.



also registers viscoelastic components of adsorbed films (data not shown). It is
seen nicely that adsorption kinetics are rather fast (about one minute per layer),
that the thickness of each monolayer is autolimited (plateau) and that there is no
visible desorption after rinsing (plateau). In this plateau region the QCM cell was
rinsed three times for each adsorption step, once with the solution containing the
polyion and twice with the buffer in which the polyions were dissolved. The small
frequency displacements at about 30, 60, 95, 130 and 170 min correspond to the
adsorption of PAH, the large frequency shifts correspond to the adsorption of
PSS. The diagram shows that the film buildup is very regular.

When we started layer-by-layer deposition around 1990, there was just the idea
of layer buildup driven by electrostatics, the surface potential of polyelectrolyte
covered surfaces was only discussed to some extent, mostly in colloid science.
Since then, several Zeta potential measurements have been published (for exam-
ple [109, 122, 270–274]). The diagram shown in Fig. 1.10 results from a measure-
ment using a quartz capillary that was carried out in collaboration with the
groups of Schaaf and Voegel [255]. It demonstrates nicely that the adsorption of
each polyelectrolyte layer leads to an overcompensation of the previous surface
charge, just as we had assumed earlier on and drawn schematically in illustra-
tions such as Fig. 1.2.

Today the theoretical description of the charge overcompensation process has
progressed considerably [275–279], Chapter 3 by Joanny is devoted to theoretical
approaches concerning this problem. However, measurements such as shown in
Fig. 1.8 are not proof that multilayer buildup is entirely driven by electrostatic
attraction (incoming layer) and electrostatic repulsion (autolimitation to a single
layer). Such measurements only show that there is a contribution of electrostatics
in the case of multilayer buildup using positively and negatively charged compo-
nents. Depending on the chemical nature of the polyions and/or colloids em-
ployed for deposition, the importance of the electrostatic contribution should vary
and other interactions such as van der Waals, hydrogen bonding or charge trans-
fer may more or less be involved as well.
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Fig. 1. 9 Continuous QCM-trace of the third
harmonic at 15 MHz (raw data) during the
deposition of PSS (large displacements) and

PAH (small displacements) during 11 adsorp-
tion steps.

QCM characterization



Zeta potential measurement

1.3.4
Multilayers by Solution Dipping, Spraying or Spin Coating

In a variation of the deposition by adsorption from solution, the application of
layers by spraying was introduced by Schlenoff [280] and the use of spin-coaters
was demonstrated by Hong [281, 282] and also by Wang [283]. Both spraying and
spin coating have the advantage that only small amounts of liquids are needed to
coat large surface areas. Fig. 1.11 shows the comparison of these new methods
with solution dipping.

As is also evident from Fig. 1.11, the deposition conditions play an important
role with respect to the final film characteristics. Spraying and spin coating ex-
tend the parameter space of LbL deposition even further. However, it is to be ex-
pected that both methods will contribute to the general acceptance of the technol-
ogy.

1.3.5
Post-preparation Treatment of Multilayer Films

1.3.5.1 Annealing
As already seen in Fig. 1.6, there is a strong influence of environmental condi-
tions on the film properties. A dedicated post-preparation treatment can in fact be
used to modify the film properties in a controlled way. For the case of multilayer
films composed of polyelectrolytes, one could expect to open and close salt
bridges between positively and negatively charged ions located on the correspond-
ing polyanion and polycation chains by immersing a multilayer sample in solu-
tions containing salt and in pure water respectively. A similar influence of salt on
polyion complexes in bulk is already known. In Fig. 1.12 we show the consecutive
swelling of a multilayer film in salt solution and the deswelling in pure water
over a total of three treatment cycles [284]. The film thicknesses after each treat-
ment were obtained by X-ray reflectometry in the dry state. Fig. 1.12 also shows
the influence of the salt concentration on the swelling effect. Interestingly, the ef-
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Fig. 1.10 Streaming potential measure-
ment showing the surface charge reversal
during multilayer buildup in situ. The first
layer was poly(ethylene imine) (PEI) fol-
lowed by 5 deposition cycles PSS and PAH
[255].



zone model for LbL multilayers

when Zones I and III have reached their final composition and thickness. When
more layers are added to the film, Zones I and III are expected to keep their re-
spective thicknesses and character and Zone II will increase in thickness. This
should proceed in the following way: A new layer is adsorbed to the surface of
Zone III, but this will not increase the number of layers in this zone as the layer
closest to the (diffuse!) interface between Zones II and III will now be so far away
from the surface that it will no longer be influenced by it and must be counted as
belonging now to Zone II rather than Zone III. Thus new layers added to Zone
III make the interface between Zones II and III move up rather than increase the
thickness of Zone III itself (Fig. 1.16). A more detailed model for multilayer
growth was recently proposed by Schlenoff [279].

It is also interesting to speculate on differences in the physicochemical behavior
of Zones I, II and III. While details are hard to predict due to insufficient data on
the exact structure and composition of the three zones, one can use the assump-
tions outlined above to predict certain effects. Let us assume charge neutrality
(1 : 1 complex of polyanions and polycations) in Zone II and small gradients of ex-
cess charge (neutralized by small counterions) in Zones I and III. The gradient of
increasing excess charge in Zone III will begin at the interface of Zones II and
III, which represents the last plane coplanar with the surface and substrate in
which charge neutrality exists, and will end at the plane of maximum charge ex-
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Fig. 1.16 The zone model for polyelectrolyte
multilayers. The part of the schematic above
the arrow shows the development of zones
during film deposition. The first layer pair is
shown on the left and a film consisting of
several layers is shown on the right. Note that
once all three zones are established only
Zone II grows with increasing numbers of

layers [298]. On the very right is depicted how
the three zones can be correlated with a mod-
el consisting of individual but strongly over-
lapping layers. In this model layers of equal
charge overlap at 50% relative chain segment
concentration, a prerequisite for the forma-
tion of neutral (1 : 1) polyion complexes [208,
213].

charge neutrality
in Zone II
essentially charge 
compensated

small gradients of 
excess charge



multimaterials films

tact and will be oriented toward the solution. Thus C60 acts as a “connecting
agent” for covalent multilayer deposition as seen in Fig. 1.19 [209]. The formation
of C60 monolayers by covalent attachment of C60 to amino functionalized surfaces
was first described by Mirkin [308].

C60 is not only useful due to its nature as a “connecting agent”, but also be-
cause it is a molecule containing only carbon atoms. This makes fullerenes inter-
esting as markers for X-ray or neutron reflectivity measurements. The absence of
other elements in the fullerene layers creates contrast gradients for the C60 layers
that are easily detected by either technique. However, as in the case of perdeuter-
ated polymers, a film with (A/B)n architecture shows too much layer interpenetra-
tion for such an experiment. If the fullerene layers are put at a larger distance
with respect to each other, the reflectivity signals arising from the high concentra-
tion of a carbon rich species in a layered arrangement are easily detected.
Fig. 1.20 shows unpublished data for electron and scattering length densities ob-
tained from the same fullerene containing film with the architecture sub-
strate(SiO2)/PEI/((PSPMA/PEI)3/C60/PEI)6. PSPMA is an alternating copolymer of
styrene and maleic anhydride that easily reacts with PEI by forming amide bonds.

Fig. 1.20 shows the layer profiles of a multilayer sample containing 6 fullerene
layers as obtained by neutron and X-ray reflectivity. With the exception of the full-
erene layer at the surface of the film both traces agree very well, layer positions
and spread appear identical in both techniques. The reason for the absence of the
last fullerene layer in X-ray reflectivity is due to the combination of two factors, a
slightly higher roughness of the film/air interface as determined by X-ray reflectiv-
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Fig. 1.18 Schematic depicting the situation in
which a polymer equipped with two different
functional groups (positive charges and func-
tional groups –F) is deposited onto a nega-
tively charged substrate. Thus the surface of a
multilayer film can easily be functionalized de-
pending on the chemical nature of –F. There

is another advantage of bifunctional materi-
als: in the next layer one can either adsorb a
polyanion or a polymer capable of binding to
–F. Depending on the nature of –F, one can
switch from electrostatic multilayer buildup to
another interaction.

ity and only a small difference in the electron densities of the fullerene layer and
the crosslinked PSPMA/PEI layers.

Since C60 is a monodisperse sphere with a diameter of about 1.0 nm, the
spread of the fullerene layer, about 3 nm as estimated from the FWHM of the
layer profile, is entirely due to the displacement of the fullerene molecules from
the plane representing the maximum fullerene concentration. Interestingly, the
spread of a fullerene layer is about 2.5–3.0 times bigger than the layer thickness
(= fullerene diameter), only slightly larger than the value obtained for deuterated
poly(styrene sulfonate) layers.

1.6
Toward Compartmentalized Films: Barrier Layers and Nanoreactors

In the context of this chapter compartmentalization is referred to as a temporary
concentration difference between two environments which is imposed by a de-
signed barrier. Of course there is enormous potential for compartmented systems
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Fig. 1.19 Schematic showing a multilayer film
composed of C60 and poly(ethylene imine)
(PEI) [209]. The PEI can be replaced by other
polynucleophiles as the reaction between C60

and nucleophilic groups is quite general. The
drawing is drastically simplified for reasons of
clarity, only some of the amino groups of the
PEI are drawn and the covalent bonds be-

tween the amino groups and the C60 are
omitted. A film architecture like the one
drawn here would not show layer signals in
X-ray or neutron reflectivity. However, if the
fullerene layers are spaced over a larger dis-
tance by depositing more polymer layers be-
tween them, signals corresponding to the
C60-layers appear.



pH control using weak 
polyelectrolytes

Fig. 5.2 shows how the average incremental layer thickness (measured in the
dry state after the deposition of each layer) of an adsorbed PAA and PAH layer
can vary when solution pH is varied [6]. In this case, both the PAA and PAH dip-
ping solutions were at the same indicated pH values. At neutral pH, these poly-
mers assemble into a highly ionically crosslinked multilayer comprised of molecu-
larly thin, well-interpenetrated layers in which the polymer chains adopt flattened
conformations. As expected for polymer chains adopting a flat conformation, the
thickness of an adsorbed layer in this case, about 3–5 Å, is independent of poly-
mer molecular weight over a range of at least 3000–106 g mol–1 [6]. If the pH of
the dipping solutions used to fabricate a multilayer film is either increased or de-
creased, dramatic increases in the layer thickness of both PAA and PAH are ob-
served. For example, with both dipping solutions set at pH 5.0, the thickness con-
tributed by a PAH and PAA layer is 80 and 45 Å respectively. To achieve such
thicknesses, the polymer chains must adopt a conformation dominated by loops
and tails. Consistent with the formation of a more “loopy” conformation is the
fact that the thickness of an adsorbed layer now is found to depend on molecular
weight and scales approximately as T!M0.3 [6]. The dramatic increase in thick-
ness that is observed over a very narrow pH range when the pH is increased or
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Fig. 5.1 Repeat unit structures of PAA and PAH.

Fig. 5.2 Average incremental
thickness contributed by a PAA
and PAH adsorbed layer as a
function of solution pH. Both the
PAA and PAH dipping solutions
were at the same indicated pH.
The solid line represents the PAA
layer thickness and the dashed
line is the PAH thickness. Repro-
duced from [6] by permission of
the American Chemical Society.
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particle incorporation in films

[11]. This is in contrast to the direct assembly approach involving the manipula-
tion of preformed nanoparticles into multilayers using the layer-by-layer proces-
sing scheme [38–43]. The two approaches are complementary and offer different
advantages in the design of nanocomposite thin films. The PAA/PAH multilayers
most useful for use in in situ nanoparticle synthesis schemes are those assembled
at low pH (e.g., less than pH 4.0). Such multilayers, exemplified by the 2.5/2.5
PAA/PAH system shown in Fig. 5.3, contain a high fraction of free carboxylic acid
groups that are available for metal cation binding.

Fig. 5.5 shows a multilayer heterostructure comprised of the following bilayers:
[(PAH/PAA)10(PAH/SPS)30(PAH/PAA)1(PAH/SPS)30(PAH/PAA)10.5]. In this case,
all of the polyelectrolyte layers were assembled at pH 3.5 onto a polystyrene sub-
strate. The organization of the SPS/PAH bilayers of this heterostructure is similar
to the schematic of the 6.5/6.5 PAA/PAH multilayers shown in Fig. 5.3. Since
PAH and SPS are fully-charged during adsorption, they completely pair up with
each other in the multilayer leaving no functional groups available for binding
metal cations. The 3.5/3.5 PAA/PAH bilayers, on the other hand, contain a signif-
icant fraction of free acid groups, similar to the 2.5/2.5 PAA/PAH multilayers illu-
strated in Fig. 5.3. When immersed into a silver acetate aqueous solution, silver
cations will only bind to the free carboxylic acid groups of PAA. Subsequent re-
duction by hydrogen, forms zero-valent silver nanoparticles within the PAA/PAH
bilayers, while the SPS/PAH bilayers remain free of nanoparticles. The nanoparti-
cles formed selectively within the PAA/PAH layers are typically small, !2 nm in
diameter, and are homogeneously distributed throughout the PAH/PAA bilayer
because of extensive interpenetration of the individual layers. Note that even with
only a single layer of PAA sandwiched between SPS/PAH bilayers, it is possible
to grow a clearly discernible “row” of silver nanoparticles. The spatial confinement
of silver nanoparticles within a single PAA layer suggests the possibility of creat-
ing nanocomposites with well-defined layered architectures. In addition, once the
nanoparticles are formed, the acid groups are available for additional reloading of
metal ions to create more complex nanocomposites. A variety of such useful na-
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Fig. 5.5 Cross-section TEM image of a Ag nanoparticle loaded multilayer het-
erostructure comprised of the following bilayers: [(PAH/PAA)10(PAH/
SPS)30(PAH/PAA)1(PAH/SPS)30(PAH/PAA)10.5]. In this case, all of the polyelec-
trolyte layers were assembled at pH 3.5 onto a polystyrene substrate.



surface functionalization

copolymer adsorption are very stable to exhaustive washing with both pure THF
and water, indicating that the hydrogen bonded PAA block is well anchored to the
surface. Fig. 5.7 shows the dramatic change in hydrophobicity that occurs when a
PS–PAA block copolymer is adsorbed onto a 3.5/7.5 multilayer film with PAH as
the outermost layer. The advancing contact angle of this multilayer film increases
by about 40 ! as a result of this treatment. The thickness of the adsorbed block co-
polymer in this case is only in the range of 30–80 Å.

In contrast to PAA/PAH multilayer films assembled to produce surfaces that
are rich in PAH segments, the 2.5/2.5 PAA/PAH multilayer system with PAA as
the top layer completely resists the adsorption of the PS-PAA block copolymer.
After immersion in the PS–PAA block copolymer solution, both the advancing
and receding contact angles remain characteristic of a highly wettable surface
(!adv = 15 ± 5 ! and !rec < 10 !). Thus, when a patterned surface comprised of re-
gions rich in PAA segments and regions rich in PAH segments is immersed in
the block copolymer solution, the block copolymer will selectively adsorb to the
PAH rich regions. This can be accomplished by simply half-coating a PAA outer-
most layer multilayer film with an additional layer of PAH or by micro-contact
printing techniques as described next.

5.7
Patterning of Weak Polyelectrolyte Multilayers

The ability to create patterned polyelectrolyte multilayers is clearly desirable for
many of the applications envisioned for these materials. Although, in principle,
standard photolithographic-type approaches can be used, there is a growing inter-
est in identifying techniques that are fast, inexpensive and complementary to the
very simple fabrication possibilities provided by layer-by-layer, water based proces-
sing. Currently, we have explored three different approaches to creating patterned
polyelectrolyte multilayers ranging in resolution capability from very low (cm
scale) to very high (micron scale). These include partial last layer dip coating, ink-
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Fig. 5.7 Images of water droplets on 3.5/7.5 (PAA/PAH)7.5 multi-
layer films: (a) as-prepared and (b) after immersing the multilayer
film into a PS–PAA block copolymer solution. Numbers represent
advancing contact angles, PAH is the outermost layer prior to
block copolymer adsorption.

Images of water droplets on 3.5/7.5 (PAA/PAH)7.5 multi- layer films: (a) as-
prepared and (b) after immersing the multilayer film into a PS–PAA block 
copolymer solution.



chemistry within films

coupling reaction. Then, in the phase separated IPEC, subsequent rearrangements
required for defects “healing” proceed very slowly, especially in the absence of an
external salt. Slow relaxation of the nonequilibrium IPEC structure formed upon
neutralization of strong polyacids by strong polybases was observed in [14, 102]. If
the cause of formation of nonequilibrated IPEC structure is eliminated, e.g. by using
polymerization of ionic monomers on oppositely charged polyelectrolyte templates to
prepare IPECs, the resulting products may be rather highly ordered [103–106].

In general, however, one should keep in mind that the major factor determining
the defectiveness of IPECs is the absence of steric conformity between the polyelec-
trolyte counterparts. Most known IPECs are the products of coupling of sterically
irregular polymer chains. Such IPECs are amorphous by X-ray diffraction. They con-
tain at least 20–30% of pairs of separate units as has been shown by ion-exchange
equilibria studies [107]. In particular, even the product of complete reaction between
linear PEI and atactic PAA, whose macromolecules are characterized by quite a good
steric fit to each other, is amorphous by X-ray. About 20% of carboxyl and imine
groups are not ion-paired in this IPEC obtained at Z= 1, i.e. located in structural de-
fects as shown by IR spectroscopy [108]. On the other hand, the ion-paired domains
in PEI–PA IPEC are fairly close. This is indicated by the fact that interpolyelectrolyte
salt bonds quantitatively transform to amide bonds upon heating the dry IPEC film
to form a ladder structure as shown in Scheme XIV. Carboxyl and amine groups lo-
cated in defects do not participate in this reaction [108–110].

The aforesaid does not mean that all IPECs obtained by the direct mixing of op-
positely charged polyelectrolyte components cannot be crystallized. The IPECs
formed from the ionene (Structure 6) and isotactic Na PA [106] or Na PP [111,
112] have been described as highly crystalline materials. In any event, one may as-
sume that stereoregularity and a certain steric conformity of the polyelectrolyte
counterparts are the necessary conditions for IPEC crystallization.

Important data on single chain conformations in the bulk of IPECs consisting
of high molecular mass PMA and chitosan (Mw = 1.9!105) at Z = 1 were obtained
by small angle neutron scattering (SANS) measurements [113]. A mixture of ordi-
nary PMA (PMA (H), Mw = 3!105) with 2% of deuterated PMA (PMA(D),
Mw = 1.1!105, Mw/Mn = 1.25) was used as a polyanionic component. The IPEC

2.4 Structural and Mechanical Properties of Interpolyelectrolyte Complexes in the Bulk 77

Scheme XIV

Structure 6



patterning of films

layers. In addition, FTIR measurements confirm the formation of hydrogen
bonds between the acid groups of PAA and amide groups of PAAm [57].

As expected, the PAA/PAAm multilayers dissolved quickly in pH 4.5 or higher
aqueous solutions. In particular, the multilayers were found to dissolve within a
few seconds in a pH 7.0 phosphate buffer solution. However, if the multilayer
film is thermally treated at 90 !C for 8 h (or shorter times at higher temperatures),
it becomes insoluble in these higher pH solutions. The insolubility appears to be
the result of thermally induced crosslinking reactions that produce both anhy-
dride and imide linkages (confirmed by FTIR). Thus, with a simple thermal treat-
ment, water soluble PAA/PAAm multilayers can be rendered insoluble. This
makes them very useful for patterning applications.
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Fig. 5.11 Schematic of the patterning of PAA/PAAm hydrogen-bonded
multilayers by the subtractive ink-jet printing process.
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Fig. 5.11 shows a schematic of how PAA/PAAm multilayers in conjunction with
ink-jet printing can be used to create simple micro-patterns. In this process, a sub-
strate is first coated with PAA/PAAm multilayers by assembly at low pH. A pH 7.0
aqueous buffer solution is then ink-jet printed onto the film to create the desired
pattern. The PAA chains in the regions printed by the buffer solution become io-
nized and dissolution of the multilayer begins. The printed film is then dried and
thermally crosslinked to render the non-printed regions insoluble in water. The
printed regions remain water soluble due to the disruption of the hydrogen-bonded
multilayer that occurs when the PAA acid groups become ionized. A final water rinse
removes the soluble material from the printed regions to produce a patterned film.

Fig. 5.12 shows a patterned PAA/PAAm multilayer film and a patterned light
emitting device fabricated with this process. In the former case, the multilayer
film was deposited onto a glass slide. This shows that the ink-jet printed region of
the multilayer film has been cleanly removed from the substrate revealing the
bare glass surface. The width of this line is 300 !m. In the second example, this
new process has been used to fabricate a patterned light-emitting device with pat-
terned elements as small as about 100 !m [59]. The PAA/PAAm multilayer film
was deposited onto an ITO coated glass slide and selectively removed by the ink-
jet process. A red-orange light emitting tris-bipyridyl Ru(II) complex [60] was then
spin coated onto the substrate followed by evaporation of an aluminum top elec-
trode. Light is only emitted from the regions removed by ink-jet printing where a
direct conduction path exists between the two conductive electrodes. The remain-
ing PAA/PAAm film acts as an excellent insulator thereby preventing the flow of
current and hence light emission.

Finally, we note that standard photolithographic techniques can also be used to
create patterned films of PAA/PAAm. In this case, we utilized a photoinitiator-la-
beled PAA copolymer to generate free radicals that are capable of crosslinking the
PAA/PAAm multilayer film [57]. Fig. 5.13 shows the structure of this copolymer
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Fig. 5.12 Ink-jet printed PAA/PAAm multilayer films showing
(a) a 300 !m width line of material removed from a glass sub-
strate and (b) a light emitting device patterned by the subtrac-
tive ink-jet process.

LED



patterning of films

as well as a simple pattern created by UV exposure of a PAA/PAAm film through
a microscope grid with 35 !m “holes” followed by a brief washing in water. The ir-
radiated regions of the film become insoluble whereas the non-irradiated regions
are washed away with the water rinse. The photoinitiator-labeled PAA was simply
adsorbed onto the multilayer film as the last deposited layer. Apparently, the radi-
cals generated by the UV irradiation of this copolymer are capable of rendering
the film insoluble. We are currently working on understanding the mechanism of
this crosslinking reaction.

5.8
Conclusions and Future Prospects

The pH-controlled layer-by-layer assembly of weak polyelectrolytes can be used to
create multilayer thin films with a wide range of useful properties. The future for
this type of assembly looks extremely promising as we continue to find novel ap-
plications for these materials based on their precisely tunable optical, electrical
and physical properties. New developments to be disclosed shortly include the fab-
rication of metallo-dielectric stacks exhibiting the properties of a one-dimensional
photonic band-gap, tunable anti-reflection coatings and “bio-inert” thin film coat-
ings that can be used to resist the adhesion and spreading of mammalian cells.

Acknowledgements

This work was supported by the following organizations: the MIT MRSEC Program
of the National Science Foundation, the National Science Foundation, the Office of
Naval Research, the MURI Program of the Office of Naval Research and CibaVision.

5 pH-Controlled Fabrication of Polyelectrolyte Multilayers: Assembly and Applications152

Fig. 5.13 (a) Chemical structure of a new photo-initiator labeled
PAA copolymer. (b) Optical microscope image of the pattern cre-
ated by UV-crosslinking a PAA/PAAm multilayer film through a TEM
microscope grid. Dark regions are 100 nm thick hexagons of the
PAA/PAAm multilayer film that were rendered insoluble by photo-
crosslinking.



LbL of metal alkoxides

We have reported a preparative technique for ultrathin metal oxide films based
on the stepwise adsorption of metal alkoxides, where solid substrates with hydro-
xyl (or carboxyl) groups are immersed in the alkoxide solution, rinsed with ade-
quate organic solvent, and the chemisorbed alkoxides are hydrolyzed. Ultrathin
metal oxide gel films with molecular thickness are formed on the substrate sur-
face. At this stage, hydroxy groups are regenerated on the film surface, which can
be employed for further chemisorption of metal alkoxides. This process, which we
named the surface sol–gel process, is applicable to various alkoxides of titanium,
zirconium, aluminum, silica, indium, tin, and vanadium metals [11]. Fig. 6.1a il-
lustrates sequential chemisorption of metal alkoxides in the surface sol–gel pro-
cess. The increase in thickness in one adsorption cycle is adjusted to a precision
of less than 1 nm. Generation of the surface hydroxy group is achieved by hydroly-
sis of chemisorbed alkoxides as well as by chemisorption of polyhydroxyl com-
pounds (Fig. 6.1b) [12]. For example, by repeating chemisorption of titanium but-
oxide (Ti(OnBu)4) and poly(acrylic acid) (PAA), alternating layers of 1 nm thick
TiO2-gel and PAA are formed on the substrate. Similar multilayer assemblies are
obtainable from various combinations of metal alkoxides and polyhydroxy com-
pounds. We have used this methodology to incorporate organic dyes, protected
amino acids, and sugar compounds into metal oxide gel films to conduct molecu-
lar imprinting as described later [13].
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Fig. 6.1 Schematic illustrations of three types
of layer-by-layer adsorption based on the sur-
face sol–gel process. Stepwise adsorption of
metal alkoxides (a), alternate adsorption of

metal alkoxides and polyhydroxyl compounds
(b), and alternate adsorption of metal alkox-
ide and cationic compounds (c).



LbL of metal alkoxides

fur atoms is significant. The polynuclear complex is composed of 10 cadmium
atoms and 16 sulfur atoms. However, the ratio estimated by XPS is
Cd : S= 1.0 : 0.35. This inconsistency probably arises from partial decomposition of
the cadmium complex. A part of the mercaptoethanol molecule that is coordi-
nated to cadmium ions may be removed in the composite film. Such a structure
is shown in Fig. 6.3, in which a cluster structure composed of ten cadmium
atoms and four sulfur atoms is drawn in the TiO2-gel matrix, consistent with the
XPS results.

The surface sol–gel process is, of course, a convenient way to form ultrathin
mixed metal oxide films from more than one kind of metal alkoxide. Incorpora-
tion of polynuclear complexes provides an additional means to introduce inorgan-
ic components that are not available as metal alkoxides. Ultrathin metal oxide gels
possess negative charges even at neutral pH, and adsorb cationic polynuclear com-
plexes. Therefore, negatively charged polynuclear complexes such as [V10O28]6–

cannot adsorb on the gel surface at all. On the other hand, metal alkoxide is read-
ily adsorbed on the surface of the polynuclear complex ([Cd10(SCH2CH2OH)16]4+).

Cationic polymers are similarly adsorbed on the metal oxide gel layer. Alternat-
ing adsorption of metal alkoxides and cationic polymers, such as poly(allylamine)
(PAH), poly(ethyleneimine) (PEI), poly(dimethyldiallylammonium bromide)
(PDDA), and poly(butanylviologen) (PBV), has been investigated in our laboratory.
The chemical structures of these polymers are shown in Fig. 6.4.

6 Recent Progress in the Surface Sol–Gel Process and Protein Multilayers158

Fig. 6.2 QCM frequency shifts due to alternate
adsorption of Ti(OnBu)4 and cadmium polynu-
clear complex ([Cd10(SCH2CH2OH)16]4+ · 4ClO4).
Ti(OnBu)4 was adsorbed twice for every adsorp-
tion of the polynuclear complex. The left shows
the inner structure of the polynuclear complex,
where carbon and hydrogen atoms are omitted.
The whole size is ca. 15 Å in diameter.
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LbL of metal alkoxides
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The estimated density is 1.67 g cm–3, and is considerably larger than that of PDDA
(1.3 g cm–3) and is almost equal to the density of bulk TiO2-gel (1.6 g cm–3) prepared
by the conventional sol–gel process. Both components, PDDA and TiO2-gel, appear
to be densely mixed with each other. In the QCM experiment, the average frequency
change is 107± 40 Hz for Ti(OnBu)4 adsorption, and is 43 ± 21 Hz for PDDA. The
thickness increase per cycle is calculated to be 2.5 nm from the density
(1.67 g cm–3) and the frequency change (150 Hz) using Eq. (1). Individual thick-
nesses of the polymer and metal oxide layers in the PDDA/TiO2-gel composite film
are estimated to be 1.0 and 1.5 nm, respectively.

The elemental composition of the PDDA/TiO2-gel film estimated by XPS mea-
surements is Ti : C : N : Cl = 1.0 : 5.5 : 0.45 : 0.09. PDDA has one nitrogen atom and
one chlorine atom in the monomer unit. The smaller chlorine ratio in the compo-
site film (N :Cl = 0.45 : 0.09) indicates that the positive charge of PDDA is mainly
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Fig. 6.4 Structures of cationic poly-
mers used for the surface sol–gel
process and a schematic illustration
of a PDDA/TiO2-gel multilayer.
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neutralized by the negative charge of the TiO2-gel. From the XPS data, 80% of the
monomer units of PDDA should bind to the TiO2-gel layer by ion-pair formation.
The film has at least two titanium atoms per monomer unit of PDDA from the
ratio of titanium to nitrogen (Ti : N = 1.0 : 0.45).

Details of the alternating adsorption of metal alkoxides and various polymers
are summarized in Tab. 6.1. It is obvious that the surface sol–gel process can be
widely used for the preparation of ultrathin polymer/metal oxide composite films.
In the combination of Ti(OnBu)4 and cationic polymers, the frequency change for
Ti(OnBu)4 adsorption is in the range 43–71 Hz, and those of the polymers are in
the range 69–116 Hz. It is worthy of note that the Cl(or Br)/N ratio estimated by
XPS measurements is in the range 0.13–0.35 for all cases. This indicates that
most of the positive charges of the polymers are neutralized by the TiO2-gel layer.
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Fig. 6.5 A scanning electron micro-
scopy image of the cross-sectional
view of a PDDA/TiO2-gel composite
film.

Tab. 6.1 Alternate adsorption of metal alkoxides and polymer

Metal Polymer b) Frequency decrease/HZ XPS measurement
alkoxide a)

Metal alkoxide Polymer N/metal atom CI (or Br)/N

Ti(OnBU)4 PDDA (pH 4.0) 71± 20 69± 23 0.32 0.23
PDDA (pH 7.0) 43± 21 107± 40 0.45 0.21
PDDA (pH 10.0) 69± 54 101± 23 0.67 0.15
PBV (pH 7.0) 55± 32 116± 40 0.51 0.23
PAH (pH 7.0) 55± 42 109± 44 0.55 0.18

In(OEtOME)3 PDDA 84± 16 49± 15 0.26 0.19
In(OEtOMe)3 PBV 72± 23 55± 11 0.32 0.21
Si(OMe)4 PDDA 81± 23 107± 20 0.43 0.13
Zr(OnBu)4 PDDA 68± 39 103± 34 0.40 0.23
Al(OnBu)3 PDDA 161± 108 100± 23 0.03 0.10
Nb(OnBu)5 PDDA 510± 82 194± 26 0.27 0.35

a) Concentrations are 100 mM for Ti(OnBu)4, In(OEtOMe)3, and Zr(OnBu)4, 10 mM for Al(OnBu)3

and Nb(OnBu)5, and 500 mM for Si(OMe)4. Proper solvent and adsorption conditions were chosen
for each metal alkoxide.

b) Concentration of polymers is 1 mg/mL.



Multilayer Assembly of Metal 
Oxides and Proteins

clear that the electrostatic factor is dominant in these assembly processes. We
have reported that linear polymers with carboxyl groups, such as poly(acrylic acid)
(PAA), adsorb strongly on metal oxide gel surfaces. In an analogous fashion, the
carboxyl group of the Cyt.c molecule may also provide additional binding sites for
the ZrO2-gel layer.

Fig. 6.8c (s. page 166) shows scanning electron micrographs of Cyt.c/ZrO2-gel
composite films. All the samples are coated with 2 nm thick platinum to prevent
charge buildup by the electron beam. Numerous granular structures of diameter
20 nm are observed on the surface of the film formed from the pH 4 Cyt.c solu-
tion, as shown in Fig. 6.8 a. These structures are probably caused by aggregation
of the protein. In sharp contrast, the film formed from the Cyt.c solution of
pH 10 has a very smooth surface over a wide area (Fig. 6.8c). While some spherical
aggregates are observed, the film is mostly smooth for the case of pH 7 (Fig. 6.8b).
Fig. 6.8d shows a cross-sectional view of the film (pH 7). The composite film located
on a gold electrode has a thickness of 120± 15 nm. Since the film was obtained by
repeating the adsorption of Cyt.c and Zr(OnPr)4 for 50 times, the thickness increase
per cycle can be estimated to be 2.4 nm. This value agrees with the molecular size of
Cyt.c (2–3 nm in diameter). However, UV measurements revealed that the amount
of Cyt.c in the composite film is 1.4 times larger than expected for monolayer ad-
sorption. This increment must arise from the formation of globular aggregates on
the film surface. The amount of the protein incorporated in the film reaches about
80 wt.% of the total film weight, as estimated by QCM measurements. Adsorption
modes of Cyt.c on the ZrO2-gel layer are schematically illustrated in Fig. 6.9. Cyt.c
adsorption at pH 10 is rather small in comparison with the case of pH 7. The pro-
tein coverage is 63%, as estimated by UV adsorption. The film has an extremely
smooth surface. On the other hand, the low charge density of a ZrO2-gel layer at
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Fig. 6.7 QCM frequency changes due to alternate adsorption of Cyt.c and Zr(OnPr)4.



Multilayer Assembly of Metal 
Oxides and Proteins
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Fig. 6.8 SEM images of Cyt.c/ZrO2-gel multi-
layer films assembled by using Cyt.c solutions
of pH 4.0 (a), pH 7.0 (b), and pH 10.0

(c) and a cross-sectional view of the compo-
site film of pH 7 (d).

Fig. 6.9 Schematic representations of Cyt.c/ZrO2-gel multilayer films assembled
by using Cyt.c solutions of pH 4.0, pH 7.0, and pH 10.0.
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Tab. 6.2 Protein/polyelectrolyte alternate multilayer assembly

Protein Molecular
weight

Isoelect.
point

pH
used

Counter-
polymer

Protein
mass
coverage
(mg/m2)

Thickness of
protein +
polymer
bilayer
(nm)

Protein
size (nm)

Cytochrome c 12400 10.1 4.5 PSS– 3.6 2.4+ 1.6 2.5!2.5!3.7
Lysozyme 14000 11 4 PSS– 3.5 2.3+ 1.9 3.0!3.0!4.5
Histone f3 15300 11 7 PSS– 3.3 2.2+ 2.0 3.4 (diameter)
Myoglobin 17800 7.0 4.5 DNA,

PSS–
6 4.0+ 2.0 2.5!3.5!4.5

Bacterio-
rhodopsin

26000 6 9.4 PDDA+ 7.5 5.0+ 1.0 5.0 (diameter)

Carbonic
anhydrase

29000 5.5 8.3 PEI+ 2.8 2.2 (bilayer) 1.5!2.2!2.5

Pepsin 35000 1 6 PDDA+ 4.5 3.0+ 0.6 3.0 (diameter)
Peroxidase 42000 8.0 4.2 PSS– 5.3 3.5 (bilayer) 3.5 (diameter)
Hemoglobin 64000 6.8 4.5

9.2
PSS–

PEI+
26
27

17.5+ 3.0
18.2 (bilayer)

5.0!5.5!6.5

Albumin 68000 4.9 8 PDDA+ 23 16.0+ 1.0 11.6!2.7!2.7
Glucoamylase 95000 4.2 6.8 PDDA,

PEI+
4 2.6+ 0.5 6.3 (diameter)

Photosynt. RC 100000 5.5 8 PDDA+ 13 9.0+ 1.0 13!7.5!4.0
Concanavalin 104000 5 7 PEI+ 8.6 5.7+ 0.8 3.9!4.0!4.2
Alcohol
dehydrogenase

141000 5.4 8.5 PDDA+ 12.2 8.5+ 1.0 9.0!4.0!4.0

IgG 150000 6.8 7.5 PSS– 15 10.0 (bilayer) 14!10!5
Glucose
oxidase

186000 4.1 6.8 PDDA+ 12 8.0 (bilayer) 8 (diameter)

Catalase 240000 5.5 9.2 PEI+ 9.6 6.4+ 0.8 9.0 (diameter)
Diaphorase 600000 5 8 PEI+ 31 21.0 (bilayer) 11.5 (diameter)

Fig. 6.10 A schematic illustration of a protein/poly-
mer multilayer assembly.



Bioreactors

6.2.3
Bioreactors

Most of the sophisticated functions in biological systems are derived from the co-
operative mechanism of spatially organized proteins. Typical examples are found
in the light-harvesting system of photosynthesis and in sequential reactions in
multi-enzyme systems [21]. Layer-by-layer adsorption of proteins has advantages
for fabrication of two-dimensional assemblies of water-soluble proteins with a
view to designing artificial biochemical systems.

Glucose oxidase (GOD) and poly(ethyleneimine) (PEI) were alternately adsorbed
on a glass substrate, and followed by alternate adsorption of peroxidase (POD)
and poly(styrenesulfonic acid) (PSS). When the substrate was immersed into an
aqueous solution of DA67 dye and glucose, the solution turned blue because of
oxidation of the DA67 dye. GOD can catalyze oxidization of glucose to gluconolac-
tone to generate hydrogen peroxide as a product. The hydrogen peroxide is de-
composed by POD, and simultaneously DA67 is oxidized to the blue colored oxi-
dant. That is to say, sequential redox reactions of glucose, H2O2, and DA67 are
achieved by the combination of GOD and POD. Activities of these enzymes are
not lost in the multilayer assembly.
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Fig. 6.13 Sequential enzymatic process based
on glucoamylase (GA) and glucose oxidase
(GOD) and its experimental setup.
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Glucose oxidase films

11.2.2.2 Alternating Assemblies of Glucose Oxidase and Polycationic
Electron Transfer

The redox active centers of GOD, i.e., flavin adenine dinucleotide (FAD)/hydroge-
nated flavin adenine dinucleotide (FADH2) are situated at the inner core of the
glycoprotein, and covered by a non-conducting oligosaccharide shell. This makes
direct electron transfer between GOD and the electrode surface on which it was
immobilized difficult. An efficient method to solve this problem is to establish an
easy electrical communication between GOD and the electrode surface by using
an electron mediator. Its role can be described as follows:

Glucose ! GOD"FAD# $ Gluconic acid ! GOD"FADH2#

GOD"FADH2# ! 2Mox $ GOD"FAD# ! 2Mred ! 2H!

2Mred $ 2Mox ! 2e%

Here GOD(FAD) and GOD(FADH2) represent oxidized and reduced forms of
GOD, Mox and Mred the oxidized and reduced forms of the mediators. The inti-
mate contact between the GOD redox centers and the electroactive species facili-
tates the flow of electrons from the enzyme to the electrode surface.

Combining the enzyme assembly with the concept of electron transfer, we have
realized alternating assemblies of GOD and quarternized poly(4-vinylpyridine) par-
tially complexed with [Os(bpy)Cl]+/2+ (PVP-Os) on the surface of a gold electrode
[38, 39]. The ideal structure of PVP-Os/GOD multilayer assemblies on the surface
of a gold electrode is shown in Fig. 11.10. As indicated in this figure, the ad-
sorbed PVP-Os on the underlayer GOD could fold along the enzymes and pene-
trate into them, thus mediating electron transfer from the FADH2 center of the
enzyme to the electrodes. Fig. 11.11 shows the response of a 3-bilayer PVP-Os/
GOD modified gold electrode in the presence of 40 mM glucose. In the absence
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Fig. 11.10 The ideal structure of PVP-Os/GOD multilayer assemblies on the surface
of a gold electrode.

of glucose, a pair of cathodic/anodic peaks of almost equal magnitude could be
observed over the range 0.1 to 0.6 V (vs. Ag/AgCl), which corresponds to the re-
versible redox reaction of PVP-Os. Upon addition of glucose, an obvious increase
in the oxidative current and concomitant decrease in the reductive current were
found, indicating that GOD was reduced by glucose diffusing into the assembled
films, then electrons were transferred through the polymer bearing osmium com-
plex films to the electrode surface. From the dependence of the glucose catalytic
oxidation current on the electrode potential, the optimized potential for the detec-
tion of glucose could be selected as 0.35 V (vs. SCE), which is much lower than
without electron transfer. At this low potential, the influence of some interfering
materials, such as ascorbic acid and uric acid can be largely eliminated.

11.2.3
The Incorporation of Conductive Species to Improve the Performance
of the Modified Electrodes

It thus has been proven that the ionic self-assembly technique is a very easy and
efficient way to fabricate a composite film modified electrode, in which more than
one kind of electroactive material can be incorporated in the normal direction of
the electrode surface. The properties of the electroactive material in the multi-
layer-modified electrode will depend much on the way it is assembled. It is mean-
ingful to investigate the structure-related function in multilayer-modified electro-
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Fig. 11.11 Cyclic voltammograms of the three bilayers of a PVP-
Os/GOD modified electrode (a) without glucose and (b) in the
presence of 40 mmol l–1 of glucose. Conditions: 0.1 mol l–1 phos-
phate buffer, pH 6.4: scan rate 5 mV s–1.

(a) without glucose 
(b) in the presence of glucose



cross-linking of films

11.3
Ionic Self-assembly of Photoactive Materials and the Fabrication
of “Robust” Multilayer

The neighboring layers of an ionically self-assembled multilayer are held together
by electrostatic interaction or ionic bonds. The stability of this kind of multilayer
assembly can be affected by the environmental conditions, e.g., the type of sol-
vent, ionic strength, pH of the solvent, etc. In some cases, the stability of the
films is particularly important. Films having the ability to resist the etching of
some special solvents and to work under more severe conditions are required.
Since the covalent bond is, in general, stronger than the electrostatic interaction,
it is reasonable to use covalent bonds instead of electrostatic interaction to form
stable multilayer assemblies. The traditional method using stepwise chemical re-
action to fabricate covalently attached multilayer films is one of the choices, but
suitable chemical reactions are limited and tiresome work is involved. We have
considered whether or not we can make use of the simplicity of the ionic self-as-
sembly technique in operation and the subsequently induced reaction within mul-
tilayers to get covalently attached multilayer assemblies. The possibility of achiev-
ing this hinges on the discovery of charged pair groups which can undergo reac-
tion to form covalent bonds. It is well known that diazonium groups can undergo
photoreaction with a variety of polyions containing sulfonate or acrylic acid
groups under UV irradiation or by heating. By deliberately choosing a photoreac-
tive diazo-resin (DAR) as the polycation and combining its post photoreaction
with sulfonate groups induced by UV irradiation, we successfully achieved this, as
shown in Fig. 11.15 [41]. The stability of the thus-fabricated multilayer assemblies
improved remarkably, as expected. Till now, we have fabricated stable multilayer
assemblies from polyanions containing sulfonate and carboxylic acid groups,
e.g. (PSS), PAPSAH, oligo-charged organic molecules, inorganic colloids and
poly(acrylic acid) (PAA) [42–46]. Along the same line of research, Bruening et al.
used poly(allylamine hydrochloride) (PAH) and PAA to construct multilayer films,
and the following heat treatment induced the formation of amide bonds, through
which the films were crosslinked thus improving their stability greatly [47]. A vari-
ety of other crosslinked multilayer films which employed the photo-induced addi-
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Fig. 11.15 Schematic representation for structure changes of multilayer assemblies from ioni-
cally to covalently attached upon UV irradiation.

film is applicable for multilayers whose individual layer thickness can be tuned in
a wide range.

By using a heat treatment after ionic self-assembly, Bruening et al. developed a
way of fabricating a kind of passivating, nylon-like coating through crosslinking
ultrathin polyelectrolyte film [47]. First, multilayer assemblies of poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) were fabricated by the ionic
self-assembly technique, then the film was heated at 130 !C or 215 !C for some
time under N2 atmosphere. In this way, crosslinking between the ammonium
groups of PAH and the carboxylate groups of PAA occurs through formation of
an amide bond, as confirmed by FTIR spectroscopy. The change in the structure
of the PAH/PAA film after heat treatment is shown in Fig. 11.20. Both cyclic vol-
tammetry and impedance spectroscopy show that the film permeability decreases
dramatically upon cross-linking and depends on the heating conditions. Crosslink-
ing of a PAH/PAA multilayer film stabilizes the film over a wide pH range.
These nylon-like, crosslinked films could find potential applications as ultrathin
membranes or corrosion-resistant coatings.
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Fig. 11.19 X-ray diffraction of 10-
bilayer DAR/PSS film deposited
on quartz slides. (a) DAR
1.5 mg ml–1 dissolved in 0.5 M
NaCl; (b) DAR 1.5 mg ml–1; (c)
DAR 0.3 mg ml–1.

Fig. 11.20 The chemical reaction in PAH/PAA multilayer assemblies after heat treatment.

!



cross-linking of films

tion [27]. Amidation of PAH/PAA films allows construction of ultrathin (<50 nm
thick) nylon-like films on a surface.

The reflectance FTIR spectra of PAH/PAA films shown in Fig. 17.3 demon-
strate that the amidation reaction is temperature-dependent and proceeds in high
yield at 215 !C. The spectrum of an unheated PAH/PAA film is dominated by
asymmetric and symmetric carboxylate stretches (1570 and 1400 cm–1, respec-
tively) and a carbonyl peak (1710 cm–1) due to residual –COOH groups. Because
we performed film deposition at a pH of 4.5, not all carboxylate groups in the
film are deprotonated, and some –COOH groups are present. After heating the
film at 215 !C for 2 h, amide peaks (1670 and 1540 cm–1) appeared in the spec-
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Fig. 17.2 Schematic diagram of heat-induced
cross-linking of PAH/PAA films via amidation.

The intertwining of neighboring layers is not
shown for figure clarity.

Fig. 17.3 Reflectance FTIR spectra of nine-bilayer PAH/PAA
films before heating (A) and after heating for 2 h at 130 !C (B)
or 215 !C (C). Reproduced from ref. [26] by permission of the
American Chemical Society.
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cross-linking of films

gate the possibility of using this method to fabricate DAR/PAA covalently at-
tached multilayers [45]. It was well demonstrated that DAR could alternately as-
semble with PAA in aqueous solution to form multilayer assemblies. Within the
PAA chain, there are two kinds of groups, acrylic acid and acrylate. The ratio of
these two groups is dependent on the pH of the solution. Therefore the driving
force for the assembly is based on a combination of electrostatic interaction be-
tween diazonium and acrylate groups and hydrogen bonds between secondary
amine and acylic acid groups. Upon UV irradiation, a partially covalently attached
multilayer of DAR/PAA can be formed, which improves the stability of the result-
ing film greatly compared with that without UV irradiation. The reaction in the
DAR/PAA film is shown in Fig. 11.22 (A). Since PAA is a weak polyelectrolyte, the
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Fig. 11.22 Photoreaction of (A) DAR and PAA, (B) DAR and PR in
the multialyer assemblies.



cross-linking of films

Organic–inorganic hybrid materials, with fascinating properties stemming from
their synergic effect, have been paid increasing attention [49–52]. More recently, a
robust gold nanoparticles/polymer hybrid multilayer was fabricated by alternately
assembling DAR and MPS covered gold nanoparticles followed by UV irradiation
[53]. The ideal structure of this covalently attached gold nanoparticles/polymer hy-
brid multilayer is shown schematically in Fig. 11.24. The properties of gold nano-
particles were kept in the covalently attached multilayer assemblies, meanwhile,
the stability of the resulted film increased greatly. It is believed that the same con-
cept may be applied to other particles containing sulfonate or carboxylic acid
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Fig. 11.23 CVs of (a) a monolayer of MPS modified gold elec-
trode, (b) 3 bilayers of DAR/PAPSAH modified gold electrode
in 0.5 M KCl solution containing 1 mM Fe(CN)6

3– and (c) 6
bilayers of DAR/PAPSAH modified gold electrode in 0.5 M KCl
solution. Scan rates: 50 mV s–1.

Fig. 11.24 The ideal structure of a gold nanoparticles/DAR hybrid multilayer and its change
upon UV irradiation.



Coated Colloids

12.2.1
Layer-by-Layer Adsorption

The LbL-CT method allows the deposition of multiple layers on colloids in a con-
trolled fashion [34–39]. In this strategy, depicted in Fig. 12.1, the first added spe-
cies usually has an opposite charge to that on the colloids, thereby adsorbing
through electrostatic interactions. An overcompensation of charge often results
with adsorption of each layer, and at this stage the charge on the surface of the
particles is reversed. This facilitates the alternate deposition of subsequent layers
of a wide range of charged components. As is the case on planar supports [27],
generally a polyelectrolyte is used to separate layers of the same or different mate-
rials. These polyelectrolyte interlayers not only act as molecular “glue”, but they
can also impart enhanced colloidal stability to the coated particles via electrostatic
as well as steric contributions.

Although there are various experimental parameters that need to be optimized
in order to LbL coat particles uniformly (e.g., particle concentration and size, poly-
mer type, length, and concentration, and total salt concentration in the adsorbing
solution; see later), the chief issue in transferring the LbL technology from macro-
scopic (planar) supports to colloid particles is the effective separation of the re-
maining free (unadsorbed) charged species from the colloidal dispersion prior to
the next deposition cycle. Here we consider the case of polyelectrolyte adsorption,
although many charged species can be treated in the same way as described in
the following. The LbL assembly of polyelectrolytes onto colloid particles can be
performed in two main ways. Either the concentration of polyelectrolyte added at
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Fig. 12.1 Schematic illustration of LbL-CT
constructed colloids. The coatings can be
polyelectrolytes (A), or nanocolloids such as
inorganic nanoparticles or proteins (B). Dyes
or lipids can also be used as layer compo-
nents (see text for details). The templates can
be of synthetic (latexes, metal, crystallized low
molecular weight compounds etc.) or

biological origin (proteins, cells), with diame-
ters in the nanometer to micrometer regime.
The process typically involves the consecutive
deposition of oppositely charged species onto
the colloid particles, with repeated centrifuga-
tion or filtration and intermittent water wash-
ings between deposition of each layer.



Coated Colloids

the aqueous solution. The total surface area of the particles at the same volume
fraction increases with r–1 while the polyelectrolyte concentration has a practical
limit due to solubility and the viscosity of the solution.

The first wall materials used were polyelectrolytes poly(styrene sulfonate) (PSS)
and poly(allylamine hydrochloride) (PAH). Since then a variety of polymers have
been used and there is virtually no restriction if the polymer contains multiple
charges. Depending on some specific requirement chitosane, chitosanesulfate and
a variety of other modified polysaccharides have been used as biocompatible and

13 Smart Capsules366

Fig. 13.1 Confocal microscopy scans of a
polyelectrolyte shell consisting of 11 layers of
PSS/PAH templated on an echinocyte. The
outer layer is FITC labelled PAH. The width of
the images is 7 !m. The scans (left-right, top-

bottom) were made in two planes separated
by a distance of 1 !m. Scan runs through the
upper part of the shell. The SEM image on
the bottom shows the initial echinocyte cells.
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hollow capsules

therefore we do not include mathematical details. Instead we will discuss first spe-
cial features observed at elevated temperatures and then conclude on stability be-
fore considering mechanical studies.

13.2.2.1 Temperature Dependent Structures
Fig. 13.7 shows capsules of PSS/PAH before and after heating to 70 !C [20]. Ob-
viously heating caused a shrinking of the surface area, in this case by 20%. In
scanning force microscopy measurements (with dried samples) we observe that
this is accompanied by a wall thickness increase by about 20%. Hence the three-
dimensional arrangement is temperature independent, the initially stratified poly-
electrolytes become more coiled. This increases the film thickness and hence re-
duces the area. The alternative might be that the film is no longer planar and con-
sists of blobs. These can also be observed at higher resolution with characteristic
lateral dimensions around 100 nm. However the blobs are connected, and we do
not encounter increased permeability.
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Fig. 13.7 CLSM images (a), (b), and SFM
(contact mode) topview images (c), (d) of 10-
layer (PSS/PAH)5 polyelectrolyte capsules pre-

pared on melamine formaldehyde resin latex
(! =8. !m) solution, (a), (c) before and (b),
(d) after annealing at 70 !C for 2 h.

PAH and PSS were alternately assembled on melamine–formaldehyde microparti-
cles (5 !m) for four cycles, and the core particle was decomposed at pH 1. The ob-
tained capsule is non-permeable against large molecules dissolved in water, but
becomes permeable in a water/ethanol mixture. We examined loading of proteins
into the hollow capsule by using urease that was labeled with fluorescent dye,
fluorescein-4-isothiocyanate (FITC) [24]. The confocal fluorescence image in
Fig. 6.15 (left) shows that FITC-labeled urease is excluded from the core by the
polyelectrolyte shell. The interior of the capsule remains dark and the background
containing FITC-urease is fluorescent outside the capsule. The center image
shows the capsule after addition of ethanol to give a 1:1 water ethanol mixture. In
this case, the fluorescence coming from the interior of the capsule is the same as
the outside background fluorescence, indicating penetration of the protein into
the capsule. The transition between the open and closed states of the polyelectro-
lyte multilayer capsule due to ethanol addition is reversible. When the capsule is
transferred into water, the polyion shell becomes closed to urease molecules.

The mechanism of the reversible permeability change is not yet fully under-
stood. It may be related to segregation and/or expansion of the polyion network
in water/ethanol media. Such changes can lead to defects in the shell, and pores
big enough to pass 5 nm urease molecules. These results can be applied to fabri-
cation of enzymatic micro- and nanoreacters. In addition, if loaded enzymes are
released out of the capsules under certain conditions (pH or salt concentration),
the capsule could find some applications in drug delivery and sustained release.
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Fig. 6.15 Permeation and encapsulation of urease-FITC into polyion multilayer cap-
sules in water (left) and in water/ethanol 1 :1 mixture (middle) and encapsulated
urease (right).
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