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1.1
The Whole is More than the Sum of its Parts

The properties of a material arise from the structural arrangement of its constituents
and their dynamics.

In nature, a hierarchical organization assures that a required property of a material is
realized with a minimum of constituents and a minimum of complexity through
processes of evolutionary selection. In the living world functional entities exist on any
length scale ranging from atoms to whole organisms, complex properties of “biological
materials” such as cellular life emerging at the upper end of the nanoscale (Figure 1.1).

Chemistry, Physics and Materials Science are increasingly approaching maturity
on the molecular and macroscopic length scales, shifting importance toward new
nanoscale materials and nanoorganized systems. New materials properties, a pre-
requisite for responding to the emerging problems of the world population, will
require materials design at the nanoscale, forcing the development of new multi-
material nanocomposites.

In complex systems, new properties appear that are not observed for each
individual component. While it is trivial that electrons and nuclei form atoms
(sub-Angstrom scale), that atoms form molecules (Angstrom scale) or that monomers
can be transformed into polymers (early nanometer scale), we are just beginning to
explore the potential of supramolecular assemblies of multifunctional objects.
Figure 1.1 summarizes how complex materials properties evolve hierarchically over
a length scale of several orders of magnitude.

1.2
From Self-Assembly to Directed Assembly

Imagine a self-assembly experiment involving several different chemical species and
obtaining equilibrium. Chances are that the result of this experiment will
have produced a material with less-than-optimal properties. The generally adopted
strategy for improvements is then to re-engineer the chemical structure of the
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Figure 1.1 Complexity as a function of The photosystem is just one example
length scale. Materials Science is not yet of the precise spatial assembly of a
as far advanced as the evolutionary functional molecular machine. The drawing
developments present everywhere in nature. is adapted from [1].

molecules (objects) involved, to test different assembly conditions and to hope for a
better outcome in the next experiment. This is a tedious approach as several
optimization cycles are frequently required. This approach will necessarily become
utterly hopeless when larger numbers of components are being involved and when
hierarchically organized materials are targeted.

Another strategy to prepare a desired hierarchically organized composite material
is to use an assembly procedure that bypasses equilibrium by trapping every
compound kinetically in a predetermined spatial arrangement. At present there are
only very few approaches in this direction, likely because as in nature, multiple
assembly steps are required to arrive at the desired target structure. Most of the work
has been carried out for rather simple cases, for example by assembling different
materials with one-dimensional order in a multilayer film. For about 65 years the
molecularly controlled fabrication of nanostructured multilayers has been dominat-
ed by the conceptually elegant Langmuir-Blodgett (LB) technique, in which mono-
layers are formed on a water surface [2] and subsequently transferred onto a solid
support [3, 4]. The pioneering work on synthetic nanoscale multicomposites of
organic molecules was carried out by H. Kuhn and colleagues in the late 1960s using
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the LB technique [5]. His experiments with donor and acceptor dyes in different
layers of LB-films provided direct proof of distance-dependent Forster energy transfer
on the nanoscale. These were also the first true nanomanipulations as they allowed
mechanical handling of individual molecular layers such as separation and contact
formation with Angstrom precision [6]. Despite being conceptually very elegant, the
LB-technique is rather limited with respect to the set of molecular components
suitable for LB-deposition, and because molecules are often not firmly trapped and
frequently rearrange after or even during deposition.

The so-called layer-by-layer (LbL) deposition technique [1, 7-16] (Figure 1.2) is a
more recent approach toward nanoscale multimaterial films that allows one to choose
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Figure 1.2 (a) Simplified molecular conception  washing steps. The four steps are the basic build-

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 surface
charge reversal with each adsorption stepwhichiis
the base of the electrostatically driven multilayer
build-up depicted here. Counterions are omitted
for clarity. (b) 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

up sequence for the simplest film architecture
(A/B),,where nisthe numberofdeposition cycles.
The construction of more complex film
architectures is trivial and just requires additional
beakers and an extended deposition sequence
(see Figure 1.3). (c) Instead of bringing the
surface into contact with the liquid that contains
the adsorbing species by immersion, the liquid is
sprayed against the receiving surface onto which
the polyelectrolyte multilayer is deposited.
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from an unprecedented variety of different components as constituents of the
multilayer films and falls into the category of template assisted assembly.

The fabrication of multicomposite films by the LbL procedure means literally the
nanoscopic assembly of hundreds of different materials in a single device using
environmentally friendly, ultra-low-cost techniques. The materials can be small
organic molecules or inorganic compounds, macromolecules including biomacro-
molecules, such as proteins or DNA or even colloids (metallic or oxidic colloids or
latex particles). The choice of different components for LbL-assembly has become so
large that the hundreds of different published articles describing that work cannot be
meaningfully cited. The positive side of this aspect points to a key strength of LbL-
assembly, the preparation of multicomponent nanomaterials. At present most
publications in the field describe films composed of only two to five different
components, however, the door is wide open for assembling more complex systems.
Looking at the complexity of “materials” found in biological systems it seems clear
that future LbL-devices will certainly contain more components in better controlled
spatial arrangement (barriers, compartments, . ..) with precise response to stimuli
(degradation, opening/closing of pores, renewable surfaces, ...).

The LbL-technique can be applied to solvent accessible surfaces of almost any kind
and any shape, the more exotic ones being colloids, fruit, textiles, paper or, even
biological cells.

One of the key advantages of LbL-assembly is that LbL-films often display close to
identical properties after deposition of the first few layers, even if films are deposited
on very different surfaces. This means that it is frequently possible to prepare films
for analytical purposes on (e.g., silicon) wafers while the films are put to work on
surfaces that prevent thorough physico-chemical characterization (e.g., paper, tex-
tiles). Another interesting consequence is that different materials can be equipped
with close to identical surface functionalities (e.g., anti-coagulation coatings on
different surfaces in contact with blood).

13
History and Development of the Layer-by-Layer Assembly Method

It is now a little over 20 years since layer-by-layer assembly was introduced as yet
another method to functionalize surfaces and to fabricate thin films. Starting with
simple bola-shaped amphiphiles [7] it was quickly extended to simple polyelectro-
lytes [8] and functional macromolecules including proteins [17, 18] or DNA [19, 20].
Eventually, in 1994, biological nanoparticles [21] and inorganic nanoparticles [22, 23],
including magnetic [24] and gold [25] nanoparticles, were added to the list of possible
multilayer film constituents. The field took off in the late 1990s, after it became clear
that stratified multilayer architectures could be prepared [12, 26, 27] and that
multilayer films can also be assembled on non-planar surfaces, namely on micro-
particles, as first demonstrated by T. Mallouk in 1995 [28] and then brought to a sheer
explosion by H. Mohwald and his team a few years later [29, 30]. Polyelectrolyte
multilayers were even deposited on nanoparticles [31, 32] a process that was further
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enhanced [33, 34] and which led to very interesting and very small multifunctional
objects [35, 36]. Today, multilayer films are even prepared on surfaces such as textiles,
paper, or on the skin of fruits. Due to its simplicity and the unprecedented choice of
different components for polyelectrolyte multilayers and related systems, the method
is today well established in materials science and making its way into the life sciences
as well. Both developments have led to a solid and continuous growth of this field with
no sign of reaching a peak or a plateau yet. In 2010, there were about 1000 articles
published in the field.

Looking back at the historic development of this method over the last 20 years is
quite interesting. When we started to work on this topic in 1989 (the first graduate
student Jong-Dal Hong-now professor in Korea—finished his thesis in 1991) we
were not aware of any other previous work on multilayer fabrication using
electrostatic interactions. It was only much later that we learned about the work
of R. K. Iler of Du Pont de Nemours & Co., on “Multilayers of colloidal particles”
that was published in J. Colloid and Interface Science already back in 1966 [37]. In the
early 1990s, the inversion of the zeta potential of charged colloids after adsorption
of an oppositely charged polyelectrolyte had already been experimentally observed,
for example, from work in the field of flocculation [38]. However, we were initially
not aware of work by C. Gélander et al. [39] on “heparin layer formation” through
sequential adsorption of a heparin complex and heparin which also demonstrated
charge reversal, nor of a proposal of P. Fromherz [40] outlining similar ideas, or
work of R. Aksberg et al. on the adsorption of a polyanion on cellulosic fibers with
pre-adsorbed polycations [41]. We also did not know about a somewhat similar
SILAR method (Successive Ionic Layer Adsorption and Reaction) for preparing
polycrystalline inorganic films first reported by Nicolau in 1985 [42]. Neither
seemed any of these research teams to know about each other.

Nowadays there is even “unintentional” use of LbL-assembly principles. Since
about 1991 one increasingly finds protocols in biology in which “two-component
coatings” are used or recommended for certain experiments (e.g., poly-L-lysine or
poly-p-lysine and laminin for controlling cell attachment), nobody being aware that
they are using layer-by-layer principles for their experiments. Imagine how much
such experiments could benefit from knowing what is happening at the molecular
scale and how the field of for example cell biology could gain advantage from
engineering more suitable coatings for certain experiments. Today, the impetus for
improvements in this field is coming from colleagues in the materials sciences (see
many chapters in this book) who are addressing cell biology issues by introducing
LbL-assembly to the life science community.

By 1988, when I started to work on layer-by-layer assembled films (unfortunately
the first attempts during my time as a postdoctoral fellow using 4,4'-terphenyl
disulfonic acid failed), the field of thin organic multilayer films was dominated by the
so-called Langmuir-Blodgett technique (see above). Already in the early 80s, the field
of LB-films had grown so large that the community started a meeting series
“International Conference on Langmuir-Blodgett Films” the first of which being
held in Durham, England in 1982, followed by meetings in Scenectady (1985) and
Gottingen (1987). The meeting in Durham was of particular interest also with respect
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to layer-by-layer assembled films. At this meeting G.L. Gaines contributed two
important papers “On the history of Langmuir-Blodgett films” [43] and “Deposition
of colloidal particles in monolayers and multilayers” [44]. The abstract of his latter
contribution reads as follows:

“Preliminary observations are reported on the deposition of alumina, silica,
zinc sulfide and gold colloidal particles on solid surfaces. The alumina, which
is positively charged, can induce subsequent deposition of the other colloids
(which are negative) onto glass, as pointed out by Iler in 1966. However, more
uniform, reproducible and rapid deposition occurs on two monolayers of
docosylamine sulfate applied to the glass by the Langmuir-Blodgett technique.
The zinc sulfide sol, which is not stable to flocculation, deposits as three-
dimensional aggregates. The deposition of colloidal gold was followed by
optical absorption measurements, and layers containing a substantial fraction
of the close-packed limit were obtained.”

So Iler’s early experiments were in fact known to the thin film community in the
early 1980s, they were even taken up and presented by one of the leading researchers
of the field. With this in mind, one can only conclude that Langmuir-Blodgett films
seemed so overwhelmingly promising at that time that the electrostatically driven
assembly of inorganic particles must have looked like a scientific dead-end street. In
the meantime this has changed, in the recent meetings of this conference series layer-
by-layer assembled films have taken an ever growing fraction of the scientific
program, due to the growing number of developments and applications.

1.4
LbL-Assembly is the Synthesis of Fuzzy Supramolecular Objects

For most cases a LbL film has a unique layer sequence that is strictly defined by
the deposition sequence (Figure 1.3). This indicates that LbL deposition should
be considered as an analog to a chemical reaction sequence. While a chemical
reaction takes part between different synthons and typically yields a unique
molecule after each step of a given synthesis, layer-by-layer deposition involves
the adsorption of a single species or mixture in each adsorption step and yields a
multilayer film with a defined layer sequence at the end of the film assembly.
While molecules are synthesized in several consecutive reaction steps, a multi-
composite film is fabricated in several subsequent adsorption steps.

The reagents in classic synthesis are typically molecules, in layer-by-layer depo-
sition they can be chosen from a wide range of materials. While today most of
the multilayer films have been fabricated 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 successfully been used for multilayer deposition
including: donor/acceptor interactions, hydrogen bridging, adsorption/drying
cycles, covalent bonds, stereocomplex formation or specific recognition.
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Figure 1.3  An artists rendition of layer-by-layer ~ multicomponent film with a defined layer
assembly has recently appeared on the cover of  sequence conveniently depends on the
areview published by K. Ariga et al. [45]. It nicely ~ sequence of immersions in different beakers
depicts that the architecture of a containing the different species.

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 both
solutions are mixed and flocculation occurs it is a good sign that multilayer
fabrication will be possible. However this is only a very crude test for the
“complementarity” of different compounds, multilayer formation may also be
possible in the absence of flocculation.

It is possible to coat almost any solvent-accessible surface starting with nanopar-
ticles or nanochannels up to the inside of tubings, or even objects with a surface of
several square meters. Like a chemical reaction, the precise structure of each layer and
the properties of the whole film depend on a set of control parameters, such as
concentration, adsorption times, ionic strength, pH or temperature, but in general the
processing window is rather broad.

1.5
Reproducibility and Choice of Deposition Conditions

The question of reproducibility arises immediately when we draw the analogy
between a chemical reaction and layer-by-layer adsorption. On first sight one may

7
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say that molecules are unique species and multilayer films are “only” fuzzy
supramolecular objects. This is essentially the same argument that has downgraded
for years macromolecular chemistry in comparison to organic chemistry. Today it is
generally accepted that “ill-defined” macromolecules are also unique species that can
indeed be well described by distributions and average properties like polydispersity or
degree of polymerization. The situation is similar for multilayer films as they are
characterized by a sequence of layers in which each layer has its individual structure
and properties (Figure 1.3). While the sequence of layers is as strict as the arrange-
ment of atoms in a molecule, the properties of each layer can only be described as an
average over a certain area or over a certain distance along the layer normal. The most
obvious property of an individual layer is its thickness, which is dependent on the
nature of the underlying surface and on the deposition conditions. Parameters
presumed to be important with respect to the underlying surface are, for example,
nature and density of charged groups, their local mobility (in the case of a polymeric
surface), and the surface roughness. Other important parameters are: solvent,
concentration of adsorbing species, adsorption time, temperature, nature and
concentration of added salt, rinsing time, humidity of the surrounding air, drying,
agitation during adsorption or rinsing, dipping speed, and so forth. Typically,
polymer and salt concentrations and deposition times are well described in the
literature, however, some teams have already seen reproducibility issues when trying
in colder weather to repeat results obtained during a hot summer.

How do we choose the right deposition conditions? This is not an easy question,
because experimental constraints are very different for different investigations or
applications. Film parameters, such as target thickness, target roughness, target
functionalities, must be decided and are the result of an optimized deposition procedure.
However, there are some guiding principles for polyelectrolyte multilayer deposition:

1) Longer adsorption times lead to more reproducible results. Everybody is aware
that the plateau of adsorption is reached as a function of the concentration of the
adsorbing component and of the adsorption time. While concentrations are easy
to reproduce with little error, it is much more difficult to reproduce adsorption
times in the range of seconds, especially if far from the plateau of adsorption or if
adsorbing onto large or irregular shaped objects. Even a small difference in the
adsorption times may lead to a large difference in the adsorbed mass in the initial
phase of adsorption, whereas even a much larger difference in the adsorption time
will lead only to a small difference in the adsorbed mass close to the plateau of
adsorption. Adsorption kinetics are conveniently followed in situ for example, by
quartz crystal microbalance (Figure 1.6).

2) The rinsing volume is important for avoiding cross-contamination of deposi-
tion solutions. While many multilayer films grow well even without rinsing, one
should carefully calculate the required rinsing volumes to avoid cross-contam-
inations in the case of LbL-assembly by “dipping”. Of course this is only relevant
when the rinsing solution is in a beaker into which the substrate is immersed
(e.g., “dipping robot”). When the substrate is withdrawn from a deposition
solution a thin film of the deposition solution will adhere to its surface, the
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volume of the adhering liquid can be estimated from the surface area of the
immersed object, assuming a thickness of the adhering liquid film of a few
microns. The dilution factor of the first rinsing bath is calculated by dividing the
volume of the first rinsing bath by the estimated volume of the adhering liquid.
Each further rinsing bath will increase the dilution factor correspondingly. The
number and volume of the rinsing baths should be chosen such that the overall
dilution factor is at least 1:10°, otherwise the liquid adhering on the surface of
the substrate will contaminate the following deposition solution. Cross-contam-
ination and the depletion of the concentration of the adsorbing molecules are
frequently underestimated, especially with large surface areas and with a large
number of deposited layers.

3) The surface coverage of functional groups is a key parameter for reproducibility.
While most LbL-films show linear growth, which is likely associated with densities
of functional groups that are independent of the layer number, this is not always the
case. Superlinear growth may result from increasing surface coverage (or densities)
of functional groups (or from the reservoir effect brought about by molecules
diffusing into the whole film) and sub-linear growth results from decreasing
densities of functional groups which will finally lead to stagnation of layer growth.
In general, stagnation of layer growth is more likely with molecules or objects that
possess only few functional groups, especially when the adsorbed geometries
permit orientation of all functional groups toward the surface. For molecules with a
large number of functional groups (i.e., high degree of polymerization) such
unfavorable orientations for layer growth are much less likely. However, reproduc-
ible layer-by-layer assembly can be performed even with molecules containing only
two functional groups (e.g., [7, 46]).

While the LbL-technique works generally very well due to the fact that the
processing window is rather large, it is highly recommended to keep the deposition
conditions as constant as possible in order to get highly reproducible results. If this is
done rigorously, one obtains films composed of tens of layers whose thickness for
example, differs by about 1%.

When comparing data, one should not overlook that one must not only maintain
exactly the deposition conditions, but also the conditions under which the measure-
ments were taken. Figure 1.4 shows an example of how the film thickness of a (PSS/
PAH)g multilayer film, for which both polyions were deposited from solutions
containing 2 M sodium chloride, depends on the temperature and on the relative
humidity at the time of the measurement [47].

Often it is said that polyelectrolyte multilayer films are independent of the
underlying substrate. This is an oversimplified statement, of course there is a
dependence on the underlying surface, as stated above. However, since polyanion
and polycation adsorption is often repeated consecutively, each polyanion adsorbs
onto a polycation covered surface and vice versa. This means that, after a few layers,
the structure and properties of each layer are often governed by the choice of the
respective polyanion/polycation pair and by the deposition conditions, and that the
influence of the substrate is typically lost after a few deposition cycles.

9
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Figure 1.4 (a) Film thickness of the same temperature, when the water is driven out of the
multilayer specimen as a function of film. (b) The same data as in (a), but
temperature and of relative humidity (r.h.). represented normalized with respect to the
The differences in thickness at identical initial film thickness. It becomes obvious that
temperatures are entirely due to a difference in  even small differences in temperature or
water content within the film and not to a humidity can easily account for changes in film
negative thermal expansion coefficient. This thickness of the order of 5-10% depending on

difference becomes less pronounced atelevated  the swellability of the film.

1.6
Monitoring Multilayer Build-up

The easiest way to follow multilayer build-up is probably by UV/Vis spectroscopy
which works for all colored materials. Figure 1.5 is an example for poly(styrene
sulfonate)/poly(allyl amine) (PSS/PAH), films [8] which constitute probably the best
characterized system as of today.

Equivalent to measuring the optical absorbance, one can also determine the film
thickness by ellipsometry or X-ray reflectometry. These characterization methods are
straightforward and widely available, but they require interruption of the deposition
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Figure 1.5 (a) UV/Vis spectra taken after versus the number of layers deposited. The

different numbers of adsorption cycles (k) during
the preparation of a PSS/PAH multilayer. The
bands at 195 nm and 226 nm originate from the
aromatic chromophore of the styrene
monomer unit of PSS. The absorbance increases
regularly with the number of PSS layers. (b) Plot

numerical fit to the data (solid line) shows that
the increase of absorbance per layer is constant.
The absorbance per layer is less than in (a)

because the salt concentration in the deposition
solutions was different. The slight deviation from
a straight increase after 26 layers is due to the

of the absorbance of the PSS band at 225 nm interruption of the deposition overnight.

process for taking the measurement. Not only are the measurements an interruption,
they also have to be taken in the dry which may not be desirable in some cases.
In-situ methods are available for samples that cannot be dried. Depending on their
time resolution, such methods also allow one to follow the kinetics of adsorption
(Figure 1.6) and/or multilayer reorganization. Besides measurements of the zeta
potential (Figure 1.7) and results obtained by quartz crystal microbalance (Figure 1.6),
typical in-situ methods include surface plasmon spectroscopy, OWLS (optical wave-
guide lightmode spectroscopy), optical reflectometry in stagnation point flow cells,
scanning angle reflectometry (SAR), in-situ ellipsometry, in-situ AFM, attenuated
total reflection Fourier transform infrared spectroscopy (ATR-FTIR), surface forces
measurements, X-ray and neutron reflectometry or second harmonic generation
(SHG). Quartz crystal microbalance is ideally suited for screening the adsorption
kinetics for new components and for optimizing the adsorption conditions.

PSS (layer #4)  PAH (layer #5) PSS (layer #6) PAH (layer #7)
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Figure 1.6 Continuous QCM-trace of the third harmonic at 15 MHz (raw data) during the
deposition of PSS (large displacements) and PAH (small displacements) during 4 arbitrary
adsorption steps (layer numbers 4, 5, 6 and 7) of a longer deposition sequence.
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Figure 1.7 Streaming potential measurement showing the surface charge reversal during
multilayer buildup in situ. The first layer was poly(ethylene imine) (PEI) followed by 5 deposition
cycles PSS and PAH [48).

A prerequisite, however, is that the multilayer being deposited should be rather rigid
in order to evaluate frequency displacements as adsorbed mass using the Sauerbrey
equation. If the multilayer has to be treated as a viscous film, a more sophisticated
QCM instrument and data evaluation is needed. The data in Figure 1.6 on
the consecutive deposition of poly(styrene sulfonate) (PSS) and poly(allyl amine)
(PAH) were taken with a so-called QCM-D instrument, that also registers viscoelastic
components of adsorbed films (data not shown). It is seen nicely that adsorption
kinetics are rather fast (about 1-2 minutes 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 respective polyion and twice
with the buffer in which the polyions were dissolved. Please also note that there is a
fastand a slow component in data like that shown in Figure 1.6 and that the structure
and properties of a multilayer assembly may depend on processes occurring after the
rapid adsorption step. Figure 1.6 arbitrarily shows the adsorption of layer numbers 4,
5, 6 and 7 out of a longer deposition sequence. The diagram shows that the film
build-up is very regular.

In the early days of layer-by-layer assembly, there was just the idea of layer build-up
driven by electrostatics, the surface potential of polyelectrolyte covered surfaces was
only discussed to some extent, mostly in colloid science. In the meantime several Zeta
potential measurements have been published, the diagram shown in Figure 1.7
results from a measurement using a quartz capillary that was carried out in
collaboration with the groups of P. Schaaf and J. C. Voegel [48]. 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 schematically
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drawn in illustrations such as Figure 1.2. However, newer data suggest that the
alternation of the zeta potential may not be a strict prerequisite for layer-by-layer
assembly (see further down).

The theoretical description of polyelectrolyte complex formation including poly-
electrolyte multilayers has considerably progressed recently [49]. However, measure-
ments such as shown in Figure 1.7 are not a proof that multilayer build-up is entirely
driven by electrostatic attraction (incoming layer) and electrostatic repulsion (auto-
limitation to a single layer). Such measurements only show that there is a contribution
of electrostatics in the case of multilayer build-up using positively and negatively
charged components. Note that the release of the counterions also plays an important
role as a driving force of layer-by-layer assembly. Depending on the chemical
nature of the polyions and/or colloids employed for deposition, the importance of
the electrostatic contribution should vary and other interactions, such as van der
Waals, hydrogen bonding or charge transfer may more or less be involved as well.

A rather curious case turned up recently, when we studied the deposition of poly
(sodium phosphate) (PSP) with a much longer polycation, poly(allylamine hydro-
chloride) (PAH) [50]. Despite the fact that both components form a polyelectrolyte
complex in bulk, it is very difficult to prepare polyelectrolyte multilayers from these
constituents. We finally succeeded by using spray assembly, but it turned out that
multilayer growth depends strongly on the polymer concentrations, on the pH and on
the ionic strength, even the growth regime can change as a function of these
parameters. Most interestingly, in the case of linear growth at 10~* M concentrations
of PAH and PSP at pH 6.7 and in 0.15 M NaCl the zeta potential does not alternate
between positive and negative when changing from polycation to polyanion. While
the zeta potential starts out at +60mV, it decreases to 0 mV during the deposition of
the first 75 “layers” then becoming negative, finally stabilizing at —20 mV for layer
numbers of 150 and above. The decline is not smooth, consecutively adsorbed
layers lead to a difference in the surface potential of about 10mV, but a classic
alternation is not observed [50]. At present this behavior is not understood.

1.7
Spray- and Spin-Assisted Multilayer Assembly

In a variation to the deposition by adsorption from solution, the application of layers
by spraying was introduced by L. Winterton [51] and J. Schlenoff [52] and the use of
spin-coaters was demonstrated by J.-D. Hong [53, 54] and also by H.-L. Wang [55, 56].
Both spraying and spin coating have the advantage that only small amounts of liquids
are needed to coat large surface areas. More importantly, both techniques can lead to
an enormous gain in deposition speed. We have recently shown that this reduction in
deposition speed by spray-assisted assembly [15] does lead to well ordered LbL-films
[16] and does not lead to a degradation of the nanostratification of such spray-
assembled films (Figure 1.8).

Again, this underlines that the deposition conditions play an important role with
respect to the final film characteristics. Spraying and spin coating extend the
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Figure 1.8 Neutron reflectometry data of the scattering length densities displayed
spray-assembled LbL-films of Si/SiO,/PEl/ in the inset [16]. As previously reported,
[(PSSh;/PAH)4/(PSSd;/PAH)1]s/ (PSSh,/ spray-assembled films were found
PAH),. The data points are raw data, to be thinner than films assembled
the solid line is the expected trace for by dipping.

parameter space of LbL-deposition even further. It is to be expected, however, that
both methods will contribute to the general acceptance of the LbL-technology.

1.8
Recent Developments

1.8.1
Self-patterning LbL-Films

While the patterning of LbL-films has already been described using classic micro- and
nanostructuration techniques, polyelectrolyte multilayers are typically fairly smooth
structures. In some cases, especially after changing the pH or the ionic strength,
some surface corrugations were observed (sometimes in the context of changing the
porosity of the film), but the controlled preparation of nanoscale surface patterns of
polyelectrolyte multilayer films is hard to achieve.
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Figure 1.9  Photographic image of a (PSP/ dimensions of each image being 2 x 2 microns.
PAH),, “film” with n=75 on a silicon wafer (a)  Quantitative evaluation shows that the surface
and AFM topographic images with n=3 (b), roughness of the “films” scales linearly with
n=10 (c), n=30 (d) and n=55 (e), the the “film” thickness [50].

It turns out that the poly(sodium phosphate)/poly(allylamine hydrochloride)
system mentioned above allows one to precisely control the feature size of nanoscale
surface patterns in LbL-assembled deposits (Figure 1.9) [50].

1.8.2
Deposition of LbL-Films on Very Small Particles

While LbL-assembly is easy to envision on macroscopic objects, it is much more
difficult to imagine how very small objects that cannot be handled individually can be
coated. In the case of very small objects it is required to bring the objects in question
in contact with an oppositely charged macromolecule in the same solution, a
situation that is well know as a classic condition for bridging flocculation. Such

15
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(a) (b)

100 nm_
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Figure 1.10 (a,b) Schematic showing bridging  with 13 layers that demonstrates that the
flocculation of two nanoparticles connectedbya  majority of particles are individually

single chain of a long polymer (a) and two dispersed [33]. This is very important for
nanoparticles wrapped individually with short  therapeutic applications (e.g., [36]) where
polymers that are in stoichiometric excess precise particle diameters are required for

(b) [34]. (c,d) Electron microscopic images of a  passive tissue targeting which is proposed for
(PAH/PSS),, film stepwise assembled around ~ tumor therapy by extravasation of nanoparticles
gold nanoparticles with a diameter of 13nm (c).  through increased permeability of the tumor
The scale bar is 10nm. (d) is an electron vasculature and ineffective lymphatic
micrograph of a suspension of particles coated  drainage (EPR effect) [57].

investigations were started in 1995 by T. Mallouk, who LbL-assembled redox-active
components in an onion-like fashion around Cab-O-Sil SiO, particles [28]. In 1998
the team around H. Mchwald prepared the first micron-sized hollow spheres,
a procedure that was termed “colloidal templating” [29, 30] and that rapidly then
developed a dynamic of its own (several chapters in this book). A little bit later the
team of F. Caruso coated gold nanoparticles with LbL-films [31, 32]. Avoiding
bridging flocculation in coating nanoparticles with oppositely charged polyelectro-
lytes turned out to be a very difficult task when assembling larger numbers of layers
on nanoscale particles [33, 34]. Figure 1.10 shows the deposition of a total of 20
polyelectrolyte layers on gold nanoparticles with a size of 13nm and that these
particles remain predominantly individually dispersed. These experiments led later
to the proof of a well ordered layer structure even around small particles through
distance dependent quenching of fluorescence [35], and to the potential application of
such particles as multifunctional therapeutic agents [36]. We were in fact able to
prepare for the first time nanoparticles equipped with dual functionality: capable of
releasing a cytotoxic drug and stealthy toward THP-1 cells.
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Figure 1.11 Top view scanning electron diffraction patterns were obtained by
micrographs of films composed of CaF, (a—d) at  transmission electron microscopy from
various stages of film growth. The numbers of ~ CaF, crystals after one spraying cycle (e, f)
spray cycles for each sample are as follows: 3 (a), and three spraying cycles (g, h). The scale bars
10 (b), 50 (c) and 200 (d). The scale bar represent 100 nm for image e and 200 nm for
represents 10 um. Electron micrographs and image g) [58].

18.3

Purely Inorganic LbL-“Films”

Very recently we opened the field toward another important class of LbL-assembled
films. Based on the alternate spraying of complementary inorganic salt solutions
against a receiving surface we described the formation of purely inorganic films
(“precipitation coating”) [58]. The method applies whenever the solubility of the
deposited material is smaller than that of the salts in the solutions of the reactants.
The film thickness is controlled from nanometers to hundreds of micrometers
simply by varying the number of spraying steps; 200 spray cycles, corresponding to
less than 15min deposition time, yield films with thicknesses exceeding one
micrometer and reaching tens of micrometers in some cases.

CaF, films constitute a case in which the individual crystals are monocrys-
talline and form a film in which they grow together with an increasing number of
spraying cycles, finally forming a quite dense film with few pores (Figure 1.11).
Other inorganic materials yield different structures and morphologies. The
approach is also compatible with conventional layer-by-layer assembly and
permits the fabrication of multimaterial sandwich-like coatings. This solution-
based spray-assembly process is similar to the so-called SILAR method for
preparing polycrystalline inorganic films which was first reported by Nicolau
in 1985 [42]. The obvious advantage of a spray process over immersion is that it
can easily be adapted to different surfaces without needing large baths for large
objects. Evidently then, the spray-assembly of complementary species also
reduces the risk for cross-contamination as baths are not being used.

17
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1.9
Final Remarks

It has been a pleasure to see Layer-by-Layer assembly grow to the state it has reached
today. The chapters that follow in the new edition of this book are a very clear
indication that LbL-assembly has reached a certain maturity (despite quite a few
remaining open questions) and that a new area has begun in which polyelectrolyte
multilayers are more and more being used as materials or in devices that can
frequently not be prepared otherwise. In comparison with the first edition, the book
has grown in volume since many new fields of application have been “popping up”.
Instead of giving a detailed overview of the field, as was my intention in my chapter in
the first edition of this book, I wanted to focus on presenting the guiding principles of
layer-by-layer assembly and also on its historical context (as far as [ am aware of it) and
on the development of the technique.

Last year we had the occasion to organize at our institute the international
LbL-Symposium 2011: “20 Years Layer-by-Layer Assembly: New Frontiers for
Fundamental Science and for Applications”. While over 160 participants attended
the meeting (see Figure 1.12), the tight agendas of today caused some invitations
for presentations to be declined as was unfortunately also the case with some
invitations for chapters in the second edition of this book. Nevertheless,
during this meeting a phrase was coined by Helmut Ringsdorf who expressed
his amazement about the exceptional development of the field. In the context

Figure1.12 Conference photograph taken on occasion of the international LbL-Symposium 2011:
“20 Years Layer-by-Layer Assembly: New Frontiers for Fundamental Science and for Applications”,
that was held March 10-12, 2011 in our institute in Strasbourg, France.
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of delivering his presentation with the title: “Art is I — Science is We” he
remarked that Layer-by-Layer assembly benefitted strongly in its development from
a unique community that distinguishes itself from others through “Competitive

Collaboration”.
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