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Abstract

The thesis presents the preparation and characterization of smart coatings based
on polymer brushes, polyelectrolyte multilayers (PEMs), aluminium oxide and their
combination as multicompartment systems. The latter are highly relevant, as they
extend the properties of each subsystem. For instance, they carry multiple sensitivity
to external stimuli, hierarchical structures which can be selectively activated,
enhanced robustness and thermal stability. However, the interaction between the
constituent parts might alter their individual responsiveness to the surrounding
environment, therefore nature and strength of such a synergy is a crucial knowledge
to achieve the desired structure and properties of multicompartment coatings. The
combination of optical methods and scanning probe techniques allowed to
characterize structure, morphology and responsiveness of the systems. In addition,
these studies provided information on the interaction and the consequent mutual
effects governing the behavior of the composites.
The first part of the thesis presents the successful assembly of short-chain
polyelectrolytes into multilayers. The development of an appropriate preparation
protocol is fundamental to achieve a systematic layer-by-layer growth from the
balance between the characteristic layer instability, leading to degradation, and
enhanced mass uptake.
In the second part, the interaction between polymer brushes and osmolytes is
analyzed for different co-solute concentration and temperature. In particular, the
synergistic use of experiments and simulations clarify direct and indirect effects on the
conformational behavior of the polymer chain.
In the third part, multicompartment systems are presented, in which homo- and block
copolymer brushes are used as substrates for the deposition of PEMs and aluminium
oxide films. In the first case, strong interactions in the brush/PEM composites is
observed, leading to stable complexes in the inner part of the brush which alter but
not suppress the responsive properties of the system towards humidity and
temperature. The results suggest a crucial role of brush thickness and charge density
on the diffusion and interaction of the polyelectrolytes, which represents a
fundamental tool to tune the properties of the resulting composites.
Finally, a novel procedure allows to coat a polymer brush with aluminum oxide,
where the quality of the coating is determined by the wettability of the polymer
substrate. Significant mutual effects on morphological, mechanical and swelling
properties of the films are found, meaning that brush/alumina composites can
successfully exploit the properties of both organic and inorganic materials.
This thesis analyzes fundamental aspects for the design of complex smart coatings,
where the interaction between the constituent parts govern their structure and
responsive behavior under different conditions.
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Zusammenfassung

In der vorliegenden Dissertation wird die Herstellung und die Charakterisierung
“intelligenter” Beschichtungen, basierend auf Polymerbürsten, Polyelektrolyt-
Multischichten (PEMs) und Aluminiumoxid, sowie deren Kombination in
Multikompartimentssystemen diskutiert. Letztere sind von besonderer Bedeutung, da
sie die Eigenschaften jedes Untersystems erweitern. Dies führt zu hierarchischen
Strukturen, deren unterschiedliche Sensitivität zu externen Stimuli separat aktiviert
werden können, bei zusätzlicher Erhöhung der mechanischen und thermischen
Stabilität. Folgerichtig ist für das Erreichen der gewünschten Strukturen und
Eigenschaften die Kenntnis über die Wechselwirkung der einzelnen Bestandteile in
Bezug auf Stärke und Natur von essentieller Bedeutung, da diese die Antwort des
Gesamtsystems auf dessen Umgebung entscheidend beeinträchtigen können. Es wird
eine Kombination optischer, sowie Raster- Methoden verwendet, welche Aufschluss
über Struktur, Morphologie sowie Reaktionsfähigkeit der betrachteten (Komposit-)
Systeme geben. Zusätzlich erlauben diese Methoden Einblick in die
Wechselwirkungen und damit deren Effekt auf das Gesamtverhalten der Komposite.
Im ersten Teil der Dissertation wird die Anordnung kurzkettiger Polyelektrolyte zu
Multischichten präsentiert. Dies beinhaltet die Entwicklung eines geeigneten
Präparationsprotokolls für das layer-by-layer Wachstum, zur Findung der optimalen
Balance zwischen charakteristischer Schichtstabilität, welche den Zerfall begünstigt,
und erhöhter Stoffaufnahme.
Im nächsten Abschnitt werden die Wechselwirkungen von Polymerbürsten mit
verschiedenen Osmolyten in Abhängigkeit deren Konzentration sowie der
Temperatur charakterisiert. Insbesondere gibt die Synergie experimenteller Methoden
mit Simulationen Aufschluss über indirekte Effekte auf die Konformation der
Polymerketten.
Im dritten Teil geht es um Multikompartimentsysteme, in denen Homo- sowie Block
Copolymerbürsten als Substrate für die Beschichtung mit PEMs und
Aluminiumoxidfilmen dienen. Im Fall von PEM, führen die starken
Wechselwirkungen zu stabiler Komplexierung im Inneren der Bürste, welche das
Gesamtreaktionsvermögen verändert, jedoch nicht unterbinden in Bezug auf
Temperatur und Luftfeuchte. Die Ergebnisse legen eine essentielle Rolle der
Bürstendicke und der Ladungsdichte für die Diffusion und Wechselwirkung der
Polyelektrolyte nahe, welche von besonderer Bedeutung für die finalen
Kompositstrukturen sind. Zuletzt wird eine neue Methode zur Beschichtung der
Polymerbürsten mit Aluminiumoxid entwickelt, dessen Qualität durch das
Benetzungsverhalten bestimmt wird. Die signifikanten Effekte bezüglich
Morphologie, mechanische, sowie Schwellungseigenschaften verleihen diesen
Bürsten/Aluminiumoxid-Kompositen, Eigenschaften sowohl inorganischer als auch
organischer Materialien.
Diese Dissertation dient der Analyse fundamentaler Aspekte für das Design von
“intelligenten” und komplexen Beschichtungen, wobei deren Struktur und Verhalten
unter verschiedensten Bedingungen entscheidend durch die Wechselwirkungen der
verwendeten Bestandteile im Komposit bestimmt wird.
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Chapter 1

Introduction

1.1 Motivation

The design of responsive coatings based on polymers is a fascinating and
challenging field of research. A large variety of systems has been created,
carrying diverse structure (multilayers, brushes, gels) and functionality.
Structure and chemical composition of smart coatings are of crucial
importance for their responsiveness: the structure defines the application field
and the type of response triggered under external stimuli; the chemical
composition determines which external stimulus is required to induce the
system response. However, each polymeric system presents some intrinsic
limitations, for instance low stability, narrow responsiveness or poor
versatility, which might restrict its use and reduce its performance. This aspect
stimulated in recent years the design of more complex structures from the
combination of different polymer coatings, resulting in multicomponent or
multicompartment systems. In particular, the combination of polymer brushes
with other organic or inorganic molecules, for instance microgels, micelles,
polyelectrolytes (PEs) or nanoparticles, allows to create smart coatings with
enhanced mechanical stability, tunable optical properties, high swelling ratio
and additional responsive properties. This broadens their applicability to
optics, drug delivery and release, nanomechanics, and more. A proper design
and manipulation of polymer-based coatings requires a deep understanding of
their formation process, structural features, interaction energy and response to
the surrounding environment. Furthermore, when multicomponent systems
are engineered, the study of mutual interactions among the constituent parts
becomes a fundamental knowledge, as interaction forces have crucial effects
on the final structure and responsive behavior of complex systems.
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2 Chapter 1. Introduction

1.2 Outline of the thesis

Layer stability, responsive properties and mutual effects in organic and
hybrids composite coatings are the focus of this thesis. Before the composite
coatings are addressed, the single compartments, PEMs (Chapter 4) and
polymer brushes (Chapter 5), are described. In particular, the first part is
dedicated to the understanding of the layer-by-layer growth and stability of
polyelectrolyte multilayers (PEMs) prepared from short chain polyelectrolytes
(≈ 30 monomers/chain), also called oligoelectrolytes. Their self-assembly is
studied by monitoring in-situ the layer adsorption by QCM-D in presence of
different salt concentrations, either in the rinsing medium or in the PE
solution. This study extends preliminary experiments on short chain PEMs
which were carried out in combination with numerical studies of the identical
system. To emphasize the effect of chain length on the multilayer properties,
the results are directly compared with the findings for long chains (≈300
monomers/chains) PEMs from analogous experiments (Chapter 4).
In the next part of the thesis, a study on the temperature responsive behavior
of PNIPAM brush in presence of two chaotropic osmolytes, urea and
guanidinium hydrochloride, is presented. In particular, the influence of
co-solute concentration on the brush collapse is investigated by analyzing
characteristic parameters like degree of swelling (ϕsw) and transition
temperature (Ttr). The molecular interpretation of the obtained results is
supported by atomistic molecular dynamics simulations on PNIPAM chains at
high and low molar urea concentrations and temperatures below and above
the volume phase transition (Chapter 5).
The next chapter introduces multicompartment systems prepared from the
combination of polymer brushes and polyelectrolyte multilayers (Chapter 6).
Their swelling behavior in humid air is investigated by monitoring the change
of thickness and refractive index for increasing relative humidity (RH). The
swelling curves are modeled according to the Flory-Huggins sorption
isotherm, which allows to obtain the interaction parameter χ for permeant
(water) and matrix (polymer). Finally, the voids model is applied to extract the
fraction of internal voids, and discuss the structural features arising from the
complexation between grafted chains and adsorbed polyelectrolytes.
Mutual effects in brush/multilayer composites are shown to influence their
temperature responsive behavior in water (Chapter 7). In particular, the
change of collapse mechanism and the decrease of phase transition
temperature is evidenced from scattering studies, which is caused by the
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internal diffusion and complexation of PE chains into the charged region of the
brush substrate.
The last chapter (Chapter 8) presents the preparation of a inorganic/organic
composite system, where temperature responsive brushes were used as a
substrate for the deposition of aluminium oxide coatings. A novel,
environmental friendly sol-gel method was used for this purpose, which was
adapted to the use of organic substrates. The study highlighted the harmless
character of the preparation protocol and the relevance of the wettability of the
polymer substrate to ensure the lateral homogeneity of the inorganic layer.
Moreover, the formation of a water-impermeable layer on the organic
substrate was proved, which indicates the potential use of alumina thin films
as transparent moisture-barrier coatings of polymer substrates.





Chapter 2

Scientific background on polymer

coatings

2.1 Different architectures of polymer coatings

Nowadays, the development of smart coatings is evolving at an enormous
speed. A specific control over the interface properties is of fundamental
importance to engineer a large number of systems, like biomedical implants1,
optical and humidity sensor2, highly selective drug carriers3–5,
superhydrophobic6–8 and low friction surfaces,9–11 and many others. However,
the achievement of a large control over the structure and functionality of the
coating by simple synthetic routes, easily available and highly tunable
materials is challenging also from a fundamental perspective. These
demanding requirements can for instance be adressed by employing
polymer-based smart films12.
As mentioned by Urban et al.13, although polymeric materials have been
engaged in the technological development for over 50 years14–16, their
importance as environmental stimuli-responsive materials has been
recognized only recently. Besides the high control on their structure (linear,
branched, star-like, graft) and chemistry, polymers are characterized by the
capability of reversibly rearranging in different conformations, according to
the applied stimuli.

As a first general differentiation, polymer chains can be either physically

adsorbed (physisorption) or covalently boud (chemisorption) onto solid
substrates (Figure 2.1). In the case of the adsorption, the presence of charges
eases the process and enhances the stability of the chain onto the solid
surface17. The strength of polymer-substrate interaction is mainly of
electrostatic origin and can be controlled accordingly, e.g. via pH for weak
polyelectrolytes18.

5



6 Chapter 2. Scientific background

2.1.1 Polyelectrolyte multilayers

Besides the interesting fundamental aspects of polyelectrolyte adsorption onto
solid surfaces, the properties of charged polymers have raised an enormous
technical interest when Decher and coworkers introduced the layer-by-layer

assembly of polyanion/polycation pairs to form multilayers (PEMs)19,20

(Figure 2.2). This advancement, which dates back to the early nineties,
permitted to engineer a huge amount of polyelectrolyte systems onto surfaces.
It owes its success to the ease of the preparation and the versatility of the
method, which can be easily extended to any kind of charged macromolecules.
By this simple experimental approach, a large variety of synthetic and
biobased21,22 multilayers could be prepared. As reviewed by von Klitzing23,
the structural properties of multilayers are not only related to the chemistry of
the polyelectrolytes, but also on type of counterions24–26, solvent quality25,27,
temperature28,29, ionic strength30,31, charge density30,32,33. All these parameters
have a binary effect, namely on the structure of the chain in solution via the
polymer-solvent interactions34, and on layer growth and stability18,30,35.

During the 25 years passed from their breakthrough, many preparation
protocols have been established to prepare PEMs with the desired properties.
In particular for industrial and large scale production, the required
preparation time is a fundamental aspect, which motivated the development
of faster preparation method and scaling-up to large sample area. Hence the
layer-by-layer dipping approach as introduced by Decher19 was extended to
spraying36 and spin coating37,38. The first studies comparing dipped and

FIGURE 2.1: Physisorption and chemical bonding of a polymer to a solid substrate.



Chapter 2. Scientific background 7

FIGURE 2.2: Layer-by-layer assembly of polyelectrolyte multilayers.

sprayed multilayers claimed for comparable structure with only minor
differences in the growth kinetics of the very first layers. This diversity was
explained by the absence of diffusive processes in the sprayed layers, which
enhanced the coverage homogeneity and led to faster layer growth39. Further
investigations from different research groups40,41 agreed with the formation of
thinner and smoother layers by spraying and confirmed the formation of a
layered structure42. Spin-coated multilayers were reported to have very low
external roughness compared to analogous dipped PEMs, which was
explained by the elongation of polymer chains due to the high shear stress43.
Besides the high sensitivity to assembly conditions, PEMs are excellent
stimuli-responsive coatings, because they can trigger reversible,
post-preparation rearrangements by applying external stimuli44,45. Structural
changes in vapor46–48 and liquid water26, salt solutions49, at different pH50–52

or temperature44,53 have been reported by several authors. The obtained
results also revealed specific features regarding their internal structure48,54,55.
Among the experimental methods, neutron reflectometry (NR) is a powerful
technique to study the film structure with a subnanometer resolution.
Moreover, the sensitivity of neutron to the atomic nucleus allows to focus on
buried interfaces by isotopic labeling56–58. A large number of details on the
internal structure48,54,56 and dynamics59 of PEMs were obtained by NR studies.
In particular, Schmitt et al.56 were the first to identify an ordered layered
structure consisting of two regions perpendicular to the substrate, namely
thinner layers close to the substrate and thicker ones towards the film/water
interface. The interdigitation among adjacent layers was also quantified to be
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around 1 nm, and the external roughness about 3 times higher than the
internal one. This first investigation was extended by Lösche and coworkers54,
who reported the amount of swelling water and discussed the effect of ionic
strength on the layer thickness. All these aspects were reviewed later23 and
confirmed by other techniques.
NR studies revealed the presence of internal voids in PEMs48,60. In particular,
from swelling experiments several authors26,60 reported a mismatching
between the water uptake calculated from the thickness increment, and the
value estimated from the change of scattering length density (SLD). This
discrepancy was explained by the presence of internal voids: when these
cavities are filled by water during swelling lead to a change of SLD, but they
do not contribute to the thickness increment. Therefore the total water fraction
inside swollen PEMs consists of 1) void water (φvoid) soaked by these internal
cavities, and 2) swelling water φswell contributing to the film swelling. This
model was recently adopted to analyze ellipsometry data of PEM swelling
under controlled relative humidity47. By decoupling the contribution of void
and swelling water, two different odd-even effects in the swelling behavior of
(PSS/PDADMAC) multilayers could be described: 1) a surface odd-even effect
on the outermost part of the film, detected in humid air; 2) a bulk odd-even effect
driven by the osmotic pressure between film and liquid medium. In particular,
the stronger swelling observed in highly extrinsically compensated PE layers
was explained as a bulk-effect.

The origin of the driving force for PEM assembly was object of controversy
for long time. In fact, electrostatic attractions17 and hydrogen bonding61–63 are
not sufficient to explain the multilayer formation for three main reasons23: 1)
electrostatic attractions would not explain the charge reversal at the interface
after each layer adsorption64, since it would be energetically more convenient
to interrupt the adsorption at charge neutralization; 2) the adsorption of small
counterions would be electrostatically equivalent or even more favored than
trapping a polymer chain in a multilayer, which has a high energetic cost; 3)
the layer-by-layer growth at high ionic strength49,56 should not be observed,
since the electrostatics is mostly screened. From these considerations, it has
been proposed and demonstrated by calorimetric measurements that the
major driving force for PEM formation is the entropic gain due to counterion
and hydration water release upon PE-PE complexation (intrinsic charge
compensation)65,66 (Figure 2.3).
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FIGURE 2.3: Schematic representation of the adsorption of a polyelectrolyte chain,
associated with counterions and water release.

Polyelectrolyte association is essentially the exchange of ions from
polymer-ions complexes to polymer-polymer complexes, therefore salt ions
have a crucial role in this process67. This aspects was largely investigated by
Schlenoff and coworkers, both from the perspective of growth mechanism68,69,
and for post-formation modifications31. As aforementioned, the release of salt
ions and water molecules ensures the entropic gain promoting layer
formation. Furthermore, it influences structure (thickness and
permeability)23,70 and swelling behavior26,67, due to an equilibrium established
between intrinsic (polymer-polymer) and extrinsic (polymer-ion) ionic
pairs31,71,

Pol+Pol−m + Na+
aqCl−aq <=> Pol+Cl−m + Pol−Na+

m

where m represents the multilayer phase. From this equilibrium it is possible
to define an equilibrium constant K 31,

K =
y2

(1− y)[NaCl]aq
=

y2

[NaCl]2aq
(2.1)

with y being the fraction of extrinsically compensated layers. Two important
consequences derive from the equilibrium above and eq.2.1: 1) the amount of
ions trapped in PEMs mostly depends on the chemical potential of the salt in
the aqueous medium; 2) higher salt concentrations lead to higher salt uptake
in the PEM. This explains the enhanced swelling degree of PEMs in presence
of high salt concentrated solutions71.
The relation expressed by eq. 2.1 suggests that PEMs might become unstable
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above a critical salt concentration. In fact, the fraction of extrinsic site y might
become so high that the remaining polyion-polyion sites would not be
sufficient to hold the multilayer structure, leading to film destruction. It is
worth to mention that the the kinetics of polymer-ion formation also
influences the re-dissolution process and its occurrence within experimental
times72. The hypothesis of layer instability in presence of very high salt
concentration was demonstrated by experiments and discussed in several
works31,73,74.

This aspect is a limitation of these systems, as PEMs suffer of layer
instability under conditions of strong extrinsic charge compensation or
favorable formation of soluble polyelectrolyte complexes(PECs)18. In
particular for this latest aspect, the chain length seems to play an important
role in the degradation process72,75. Entropic gain upon counterion release and
the loss of translational entropy of adsorbed chains are the two counteracting
forces determining the balance between layer formation and degradation.
Therefore the formation of multilayers from very short chains might be limited
by the low entropic gain upon counterions and hydration water release, which
is not sufficient to compensate the loss of their bulk translational entropy. In
addition, the combination of asymmetric chains, i.e. with different inter-charge
distance, might lead to a layer structure with more defects and a higher
counterions content, hence more mobile complexes which strip out from the
surface. Considering the detachment of polyelectrolytes is a pure kinetically
hindered process, it is clear that the detachment of short chain layers can easily
occur within experimental times72.

The instability of short-chain PEMs was focus of one study presented in
this thesis. In particular, the layer-by-layer growth of (PSS/PDADMAC)6 short
chain (30 units/chain) multilayers was studied in detail and compared with
the behavior of the equivalent long chain (300 monomer units/chain) system.
Aware of the important role of counterions on structure and stability of PEMs,
the effect of ionic strength of the rinsing medium and the PE solution was
investigated. The obtained results were explained on the base of the molecular
interaction governing the behavior of PEMs under specific conditions and they
represented a guide to tune the preparation protocol of short chain
(PSS/PDADMAC) multilayers to limit the layer degradation.
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FIGURE 2.4: Schematic representation of the brush regimes for different tethering site
distance D. On the upper part, scaling of brush thickness as a function of grafting
density σ in the different brush regimes. Image reproduced from Reference 101.

2.1.2 Polymer brushes

An alternative approach to functionalize solid substrates and overcome the
limitation of adsorption/desorption equilibria consists in the chemical
attachment, or grafting, of the polymers onto the substrate76,77. End-tethered
chains, known as polymer brushes, are well established for the
functionalization of substrates (e.g. gold78–80, silicon81–86, aluminum87,88,
polymers89,90) with different geometries. Polymer brushes translates an
extremely large variety of end-grafted chain systems, prepared from
neutral91,92 or charged93,94 polymers, with different length95 and
composition96,97, from mixed tethered chains or from different chain
architectures90,98–100. An extremely important parameter which determine the
brush structure is the distance between the grafting sites, D. In particular,
three main cases can be distinguished:

1. for D > 2Rg, with Rg the radius of gyration of the polymer chain, the
segments of adjacent chains do not interact with each other and behave
like single, free chain anchored with one end to the surface. Depending
on the strength of interaction with the substrate, two more conditions can
be described: a) the formation of a random coil raising up away from the
surface, named mushroom, for weak or repulsive interactions; b) a more
flat, pancake-like conformation102 for strong interactions.

2. for D < 2Rg, the segments overlap and steric repulsions arise, since the
chains try to avoid each other to minimize the entropic costs of a
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compact, entangled structure. This tension stretches the polymer chain
away from the surface, but the reduced conformational freedom of the
chain decreases the entropy of the system. In this condition, the chain
behavior is governed by a new equilibrium established between chain
stretching and elastic entropy, which tends to retract the chains in a more
coiled conformation. This condition is known as brush regime102. The
transition to mushroom to brush regime occurs when the size of grafted
chains approaches the distance between grafting points102.

The different regimes for polymer brushes are schematically reported in
Fig 2.4. A typical parameter to describe the brush regime is the reduced
tethered density, Σ, which is defined as

Σ = σπR2
g (2.2)

with Rg the radius of gyration of the tethered chain at given solvent and
temperature, and σ is the grafting density,

σ =
dρNA

Mn

(2.3)

where d is the brush thickness, ρ the brush bulk density, NA the Avogadro’s
number and Mn the number-average molecular weight. The parameter Σ

represents the number of chains that occupy the area that a free,
non-overlapping polymer chain would occupy under the same condition102.
Therefore for Σ < 1 the system is in the mushroom, weakly interacting regime;
a value of Σ ∼1 represents the crossover to a more stretched conformation; for
Σ > 1 the highly stretched regime dominates. However, fluctuations of the
average distance between grafted chains and excluded volume effects might
change the value of Σ at which the brush regime is achieved in different
polymer systems103,104.

The choice of a proper synthetic strategy is the first aspect to consider to
attain the desired brush structure. In earlier works, the preparation of polymer
brushes by physisorption of the chains onto the substrate was reported105,106.
The strategy was based on the use of block copolymers, with one part
designated to interact with the substrate (e.g. charged moieties) and the other
one favorably interacting with the solvent (for instance polystyrene in
toluene)106. However, the potential instability of physisorbed blocks by
temperature or displacement with other adsorbents was a limitation of these
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systems, and it prompted the covalent attachment of polymer chains onto the
substrate. From this, two synthetic grafting methods were established:
grafting to and grafting from approaches (Ref. 97 and references therein).
Grafting to consists in the attachment of a preformed polymer chain carrying
a reactive end-group, which trigger a coupling reaction with the substrate.
Commonly reactive groups are thiols and silanoles, but also the reaction
between epoxy and carboxy, epoxy and amino, carboxy and amino groups are
used107. This strategy offers two important advantages: 1) a precise
characterization of the polymer chains prior to tethering, and 2) the selection
of the desired molecular weight of the anchoring chains. However, densely
packed brushes are difficult to achieve due to excluded volume effects, as each
grafted chain hinders the attachment of a new one at distances smaller than
D 108. This restraint is solved by the use of grafting from method, where the
polymer chain is grown in-situ from a initiator-functionalized substrate77. The
monomer solution feeds the growing chains, which extend simultaneously
away from the substrate. Since the diffusion of a small monomer towards the
active site is the kinetically determining factor for the chain growth, higher
grafting density can be achieved by this approach. Nevertheless, the efficiency
of initiator coverage, its reactivity and the probability of termination reactions
between growing chains are crucial determining factors of chain length
distribution, in contrast to the attachment of preformed and selected polymer
chains102. A third, less common method is the grafting through or
macromonomer method109, which consists of both grafting to and grafting
from steps110. In this case, a reactive monomer is attached on the substrate,
while the polymerization is initiated in bulk. During the propagation,
occasionally a surface-attached monomer is integrated in the growing chain,
with the result of anchoring the long chain to the surface. The polymerization
proceeds producing either chains in solution, which are tethered in a second
moment to the surface, or from the surface-anchored units.
The grafting approaches described above are schematically reported in
Figure 2.5.

Living polymerization techniques are particularly suitable for the
preparation of grafted-from polymer brushes111–114. They offer a high control
on polymerization degree, kinetics, chain composition and architecture98,115.
Furthermore, these methods reduce the probability of chain termination,
leading to lower chain polydispersity. The most popular method is the Atom
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FIGURE 2.5: Schematic representation of the synthetic routes for the preparation of
polymer brushes. From left to right, grafting to, grafting from and grafting through
approach. Image reproduced from Reference 101 and 110.

Transfer Radical Polymerization (ATRP), introduced by Matyjaszewski and
coworkers in 1995116. Its preferred use is reasoned by the high versatility for a
large number of vinyl monomers115 and the fine control of reaction kinetics by
several reaction parameters117. The mechanism of ATRP109, schematically
reported in Figure 2.6, is based on the reversible redox activation of a dormant
alkyl halide-terminated polymer chain (Pn-X) by a halogen (X) transfer to a
transition metal complex (Mta–L). The reaction mechanism can be described as
follows:

(A) The homolytic cleavage of the carbon-halogen bond generates an active
carbon-centered radical species (I• for the polymerization from the
initiator molecule, P•

n for polymerization from the polymer chain).

(B) The radical propagates by reacting with other monomers (M). The
formation of the radical at the chain end occurs by a single electron
transfer from the transition metal complex to the halogen atom, leading
to the oxidation of the complex (Mt(a+1)–L).

(C) The oxidized form of the catalyst triggers a very fast, reversible reaction
which converts the propagating radical chain end in the halogen-capped
dormant species P(n+1)-X, and the catalyst back to the reduced form
(Mt(a)–L).

(D) Although they are very unlikely, termination processes between
neighboring chains might occur by combination of two radicals at the
chain end (Pn–Pn) or by disproportionation. The disproportionation occurs
when a hydrogen atom at one chain end is abstracted to another chain,
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FIGURE 2.6: Reaction steps of the ATRP. (A) Initiation process by formation of a
carbon-centered radical species. (B) Chain propagation. (C) Deactivation of the chain
end by formation of a halogen-capped dormant species. (D) Termination of polymer
growth by combination of two active radical or by disproportionation with formation
of saturated and unsaturated chain ends.

producing a polymer with a terminal saturated group (PH) and a
polymer with a terminal unsaturated group (P=).

The kinetics of ATRP polymerization can be precisely tuned by a variety of
parameters, like type of ligand, ligand to transition metal ratio,
reduced-to-oxidized-form ratio of the metal salt, solvent and initiator, because
they all contribute to the reaction efficiency (Ref. 109 and references therein).
Moreover, the termination processes are prevented by the presence of the
halogen atom at the chain end for most of the reaction time, and this allowed
to reactivate this end group for a second polymerization process. This last
aspect is particularly important for the preparation of block or branched
copolymers112,118–120. Last but not least, another interesting aspect of ATRP is
the possibility of enhancing chain reactivity by halogen exchange between
catalyst and initiator, or between catalyst and the chain end of a polymer121,
which becomes particularly important to polymerize poorly reactive
monomers.

Among the possible conformational regimes discussed before (Figure 2.4),
the true brush regime is the most interesting one102, given the large brush
thickness variation upon changing the solvent quality. The significance of such
a change is decisive when the brushes are applied as stimuli responsive
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systems122. Stimuli-responsive polymer brushes are extremely diffused smart
coatings. A variety of stimuli, such as pH123–125, temperature83,95,126,127,
light128,129 or voltage130 can be applied to induced reversible structural
transitions driven by the change of solvent quality131. The polymer phase
transition has not only direct consequences on the brush thickness132–135, but
also affects properties like surface charge136 and wettability137. Moreover,
highly complex patterns were observed in solvent-selective mixed
brushes138,139 (Figure 2.7).

FIGURE 2.7: Stimuli responsive behavior of polymer brushes. The application of a
proper stimulus (pH, temperature, ionic strength, light) induces a reversible structural
change in the brush, leading to change of thickness, phase separation (in case of
solvent selective mixed or block copolymers) or change of surface wetting.

Among the stimuli, temperature is one of the mostly used140, due to the
ease of applicability and the possibility of very local heating (e.g. by
irradiation141). In addition, a large number of polymers show a temperature
induced phase collapse within a temperature range feasible for potential
applications140,142,143. Among them, poly(N-isopropylacrylamide) is the most
extensively studied, which might be explained by some important aspects:

i) The phase transition of PNIPAM in water occurs around 32◦C. This
temperature is accessible by most of the experimental techniques, and it
is interesting for many applications (e.g. in the medical field).
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ii) the phase transition temperature can be shifted by controlling some
parameters, like solvent or solvent mixture144,145, polymer
composition146,147, addition of salts or additives148,149.

iii) PNIPAM chains can be used as a simplified system to study the
interaction of proteins with cosolutes, because the amide function of its
side group is similar to the protein backbone. Moreover, the
temperature-induced phase transition of PNIPAM is analogous to the
cold denaturation of proteins, therefore the interaction between
macromolecules and surrounding environment can be study overcoming
the complexity of proteins150,151.

Another polymer which has been extensively studied for its responsive
properties is poly(2-(dimethyl amino)ethyl methacrylate), PDMAEMA, a weak
polybase showing both pH124,125,152,153 and temperature responsive
behavior123,154–156. An advantage offered by PDMAEMA is the conversion into
the strong polyelectrolyte poly(2-(trimethylamino)ethyl methacrylate)
(PTMAEMA)124,157–159 or in the zwitterionic form160–162, with a substantial
broadening of its applicability163.
The preparation of responsive polymer brushes is not limited to
homopolymers, but it can be extended to the preparation of copolymers to
enhance the responsive behavior of smart systems. Strandman et al. reviewed
very recently on synthetic strategies based on controlled radical
polymerization to prepare di- and multiblock copolymers of different
thermo-responsive segments, providing multiple thermal transition164.
Moreover, copolymerization strategies can be used to shift the LCST either to
lower or higher temperature, depending on the choice of hydrophobic or
hydrophilic comonomers165–167.

In very recent years, the combination of different geometries in an unique
system has been introduced as an interesting challenge to create
multicompartment systems. Among them, Rühe and coworkers introduced
the use of polymer brushes as substrates for the preparation of polyelectrolyte
multilayers168. In later studies, the same authors reported on the influence of
several preparation parameters (deposition time, polymer concentration, pH,
ionic strength and brush thickness) on the adsorption extent and mechanism
of free PE chains for both strong169 and weak170 PE brushes. Some years later
Laurent et al.157 used PDMAEMA brushes and its quaternized equivalent,
PTMAEMA, to investigate the influence of the brush conformation (pancake
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versus brush regime) on the morphology of the brush/PEM systems upon
adsorption of poly(styrene sulfonate) (PSS)/poly(diallyl dimethyl ammonium
chloride) (PDADMAC) multilayers. Similar studies on the morphology of
these composites were presented by Moya and coworkers171, who capped
poly(sulfo propyl methacrylate) (PSPM) brushes with different combination of
PEMs, namely (PSS/PDADMAC) and (PSS/PAH) systems, demonstrating the
achievement of different surface textures as a consequence of the chain
flexibility of the adsorbed polyelectrolytes, and also for different brush
thicknesses.

2.1.3 Composite coatings

Besides the fundamental information of mass uptake and morphological
changes, the aforementioned works did not report on the mutual effects
arising from the combination of brushes and multilayers with regard to their
stimuli responsive behavior. We focused on this scientific question and studied
the influence of polyelectrolyte chains adsorbed onto temperature responsive
polymer brushes on their responsiveness. In order to combine temperature
responsive character and allow an efficient PEM adsorption, the system was
prepared by growing first PNIPAM brush from initiator modified silicon
substrate, followed by a PDMAEMA block, which acts as a charged substrate
for the polyelectrolyte deposition (Figure 2.8a). At the same time, the simple
block copolymer represents an interesting, multiresponsive system, due to the
combination of two temperature responsive block and pH sensitivity.

Another class of composites is represented by hybrids systems made of
organic and inorganic materials. Hybrid nanocomposites have been
intensively investigated in the recent years154,172–176, with successful results as
optical devices177 and photovoltaic solar cells178,179, electronics180, as well as

FIGURE 2.8: Aluminium oxide thin films deposited onto polymer brushes.
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for mechanical181, magnetic182, or biomedical183 applications. The common
advantage offered by composite materials is the combination of the highly
tailored structure of the polymer matrix hosting an inorganic compound of
outstanding optical, magnetic, or electronic properties184, enlarging
responsiveness and applicability of the single components185. Mostly
nanoparticle-polymer composites have been investigated both
theoretically186,187 and experimentally188–190, prepared either by incorporation
of preformed nanoparticles into a polymer matrix191, or by simultaneous
synthesis of nanoparticle-polymer systems192–195. Only a few studies report the
preparation of inorganic films onto polymer substrates196, mostly based on
atomic layer deposition197 or electrospray deposition198. The need of a mild
method which could by apply to any organic substrate and the lack of a
fundamental knowledge of the mutual effects in inorganic/organic composite
coatings motivated our research in this field. In particular, the preparation of
aluminium oxide thin films onto polymer brushes of different surface
wettability was carried out by a novel sol-gel method (Figure 2.8b). The
suitability of sol-gel approach to deposit inorganic coatings onto polymeric
resins was reviewed very recently199. The influence of surface hydrophilicity
on the quality of the inorganic coating and the swelling/collapse behavior of
these composites were mainly focused in our work, which extends the
knowledge on hybrids nanocomposites with the introduction of inorganic thin
films onto soft and highly tunable polymer substrates.
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2.2 Theoretical background

2.2.1 A thermodynamic description of polymers in solutions:

the Flory-Huggins model

The interaction between polymer and solvent determines the homogeneity of
the solution, the chain conformation and the occurrence of specific processes,
like swelling, phase separation and structural transitions. The study of the
interaction between macromolecules, or a macromolecule and a solvent,
requires a different thermodynamic treatment in comparison to small
molecules, since very different energetic and conformational states govern
their mixing behavior.
The thermodynamic description of the mixing of high molecular weight
species was developed independently by Flory200 and Huggins201 in 1942 and
it is known as the Flory-Huggins theory. The model system consists of a
two-dimensional square lattice (Figure 2.9) with a homogeneous mixture of
two components, A (red dots) and B (blue dots), with Vtot= VA+VB (no volume
change upon mixing). The volume fraction of the two components, φA and φB,
are defined as

φA =
VA

VA + VB

and φB =
VB

VA + VB

= 1− φA

and the number of lattice sites n is

n =
VA + VB

v0

FIGURE 2.9: Flory-Huggins squared lattice
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with v0 the volume of a single lattice site volume, i.e. the smallest unit. From this
relation the number of sites occupied either by A or B can be simply expressed
by

n · φA =
VA

v0
and n · φB =

VB

v0

In order to describe the change of entropy due to the mixing of the two
components, the fundamental definition is entropy is defined

S = kB ln Ω

with kB the Boltzmann constant and Ω the number of possible arrangement of
A and B in the lattice,

ΩA = n · φA ΩB = n · φB ΩAB = n

Therefore the entropy change associated to the process of mixing, ΔSmix can be
obtained considering the single contribution of ΔSA and ΔSB:

ΔSA = kB ln ΩAB − kB ln ΩA = kB ln(n)− kB ln(n · φA) =

= kB ln (1/φA) = −kB ln(φA)

ΔSB = −kB ln(φB)

ΔSmix = nAΔSA + nBΔSB = −nAkB lnφA + nBkB lnφB =

= −kB(nA lnφA + nB lnφB)

Since it is convenient to express the entropy of mixing per lattice site, ΔSmix,
the number of molecules nA (molecules of A) and nB (molecules of B) can be
expressed as

nA =
n · φA

NA

and nB =
n · φB

NB

with NA, NB the polymerization degree of each molecule, and the mixing
entropy per lattice site will be written as

ΔSmix = −k

(
φA

NA

lnφA +
φB

NB

lnφB

)
(2.4)

Eq. 2.4 describes the change of entropy by mixing two polymer chains forming
a polymer blend.
The dissolution of polymers in low molecular weight solvents is easily
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expressed starting from this relation, being NB=1, φA = φ and φB = (1− φ):

ΔSmix = −kB

[
φ

NA

lnφ+ (1− φ) ln(1− φ)

]
(2.5)

This equation highlights an important effect of the mixing of polymers: ΔSmix

drastically decreases with increasing polymer molecular weight (NA).
In the case of ideal mixtures, where no difference in the interaction energy
between components is present, the free energy of mixing ΔFmix is purely
entropic,

ΔFmix = −TΔSmix = kBT

[
φ

NA

ln(φ) + (1− φ) ln(1− φ)

]
(2.6)

where T represents the temperature. Nevertheless, only in very rare cases
polymer-polymer and polymer-solvent interactions cancel out, therefore the
free energy of mixing should count for the contribution of a mixing energy
ΔUmix

ΔFmix = ΔUmix − TΔSmix

which considers also the pairwise interactions between monomers and between
monomer and solvent. These interactions are expressed by

UA = uAA · φ+ uAB · (1− φ) and UB = uBB · (1− φ) + uAB · φ (2.7)

with uAA, uBB and uAB all the pairwise interactions. Considering a regular
lattice with coordination number z is considered, the total interaction energy of
the monomer with its neighbors z will be expressed by

U =

(
UA · z
2

n · φ
)
+

(
UB · z

2
· n(1− φ)

)
(2.8)

where nφ, n(1 − φ) are the number of lattice sites occupied by A and B,
respectively, and (UA,B · z)/2 the average energy per monomer in the cubic
lattice. The combination of eq. 2.7 and eq. 2.8 leads to the total energy for the
mixed state,

U =
z · n
2

[
uAAφ

2 + 2uABφ(1− φ) + uBB(1− φ)2
]
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and to an analogous expression for the energy of the initial (demixed) state,

U =
z · n
2

(uAAφ+ uBB(1− φ))

from which the change of energy due to mixing ΔUmix per site can be
calculated:

ΔUmix =
U − U0

n
=

z

2
φ(1− φ)(2uAB − uAA − uBB) (2.9)

From eq. 2.9 it is possible to extract a parameter which groups the pairwise
interactions, defined as χ and expressed by

χ =
z

2

(2uAB − uAA − uBB)

kBT
(2.10)

which is known as the Flory-Huggins interaction parameter. This last definition
leads to the most common form of the Flory-Huggins equation for polymer
solutions

ΔFmix = ΔUmix − TΔSmix = (2.11)

= kT [χφ(1− φ) +
φ

N
ln(φ) + (1− φ) ln(1− φ)] (2.12)

2.2.2 Flory-Huggins sorption isotherm

The presence of a solute lowers the chemical potential of a solvent from its value
as a pure component. The chemical potential of the solvent in solution μ1 can
be expressed in terms of the change of Gibbs free energy, G

μ1 =
∂G

∂n1

(2.13)

where n1 represents the moles of solvent.
When a solute is dissolved in a solvent, the change of Gibbs free energy
associated to the mixing, ΔGmix, will be expressed by

ΔGmix = Gmix −G0
1 −G0

2 (2.14)

with Gmix the Gibbs free energy of the solution, G0
1 and G0

2 the Gibbs free energy
of the pure solvent and pure solute, respectively. By considering the change of
mixing energy with respect to the change of moles of solvent, the following
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relation holds:

∂ΔGmix

∂n1

=
∂Gmix

∂n1

− ∂G0
1

∂n1

− ∂G0
2

∂n1

= μ1 − μ0
1 (2.15)

with μ0
1 the chemical potential of the pure solvent. Considering the Gibbs free

energy change for the dissolution of a polymeric solute (index “2”) in a low
molecular weight solvent (index “1”),

ΔGmix = RT [n1 lnφ1 + n2 lnφ2 + χn1φ2] (2.16)

from the partial differentiation with respect to n1 at constant T it follows

μ1 − μ0
1 = RT

[
n1

(
∂ lnφ1

∂n1

)
n2

+ n2

(
∂ lnφ2

∂n1

)
n2

+

χφ2 + χn1

(
∂φ2

∂n1

)
n2

]
(2.17)

By rewriting ∂ lnφ1 = ∂φ1/φ1, eq. 2.17 can be converted in the form

μ1 − μ0
1 = RT

[
n1

φ1

(
∂φ1

∂n1

)
n2

+
n2

φ2

(
∂φ2

∂n1

)
n2

+ χφ2 + χn1

(
∂φ2

∂n1

)
n2

]
(2.18)

To solve the partial derivatives in eq. 2.18, it is more convenient to express the
volume fractions φ1 and φ2 in terms of molar volume ratio, x=V2/V1. This
relation is an intrinsic feature of the Flory-Huggins lattice, where monomer
units and solvent molecules occupy the same volume. From the relation

φ1 =
n1

n1 + xn2

(2.19)

φ2 =
n2

n1 + xn2

(2.20)

where in the case of polymer solution x corresponds to the degree of
polymerization, and by solving the following derivations in eq. 2.18,

∂φ1

∂n1

and
∂φ2

∂n1

the final relation will be

μ1 − μ0
1 = RT

[
ln(1− φ2) +

(
1− 1

x

)
φ2 + χφ2

2

]
(2.21)
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Let us consider the adsorption of water molecules from the gas phase to the
polymer matrix. First of all, eq. 2.21 can be more conveniently expressed in
terms of φ1. Moreover, since x is very large, it follows that

(
1− 1

x

) ≈ 1. These
two approximations leads to the following expression:

μ1 − μ0
1 = RT

[
lnφ1 + (1− φ1) + χ(1− φ1)

2
]

(2.22)

Secondly, when the equilibrium between the permeant phase (water) and the
solid (polymer matrix) holds, the activity of the solvent a1 can be approximated
to the vapor pressure p/p0,

ln a1 =
μ1 − μ0

1

RT
= ln(p/p0) (2.23)

which combined with eq. 2.22 leads to the final equation

ln(p/p0) =
[
lnφ1 + (1− φ1) + χ(1− φ1)

2
]

(2.24)

Eq. 2.24 describes Flory-Huggins (FH) sorption isotherm for the adsorption
of a mobile phase (permeant) in a polymer matrix, which is valid when the
interactions among permeant molecules are stronger than between permeant
and matrix (i.e. diffusion prevails on condensation). The FH sorption isotherm
was used in this thesis to describe the swelling behavior of polymer brushes
and multilayers under increasing relative humidity (Chapter6).





Chapter 3

Experimental section

3.1 Materials

Silicon wafers Si (100) from Siltronic AG (Munich, Germany) were used as
substrate for the preparation of polyelectrolyte multilayers and polymer
brushes. For the neutron reflectometry samples (Chapter 7), polished silicon
blocks of (7x3.5x1) cm3 were used; the samples for UV-Vis measurements
(Chapter 8) were prepared on optical grade fused quartz substrates JGS2 from
MicroChemicals (Ulm, Germany). High and low molecular weight (MW)
linear poly(diallyl dimethyl ammonium chloride) (PDADMAC, 72 000 g/mol,
PDI=1.75 and 5 000 g/mol, PDI=1.5) were a kind gift of Prof. Laschewsky and
were synthesized by free radical polymerization202 at the Fraunhofer Institut
für Angewandte Polymerforschung (IAP) (Potsdam-Golm, Germany). High
MW poly(styrene sulfonate sodium salt) (PSS, 70 000 g/mol, PDI=2.5) was
purchased from Sigma Aldrich (Germany) and low MW PSS (6 520 g/mol,
PDI<1.2) from Polymer Standard Service, Germany. Poly(ethylene imine)
(PEI, 750 000 g/mol) from Sigma-Aldrich (Germany) was used as precursor
layer on silicon substrates before the layer-by-layer process. NaCl
(purity>99.9%) from Merck (Germany) was used to vary the ionic strength of
polyelectrolyte solutions. Polyelectrolyte solutions were prepared in Milli Q
water (18 MΩcm−1) from Merck Millipore (Darmstadt, Germany).
N-isopropylacrylamide (NIPAM) (98%, stabilized by methylhydroquinone)
was purchased from TCI Tokyo Chemical Industry (Tokyo, Japan).
Dimethylaminoethyl methacrylate (DMAEMA), 2,2-bipiridyl,
N,N,N’,N”,N”-pentamethyldiethylene triamine (PMDETA), Cu(I)Cl,
Cu(II)Cl2, iodomethane, urea (Reagent grade, 98%), guanidinium
hydrochloride (≥98%), dry toluene and methanol were from Sigma Aldrich
(Munich, Germany). Ethanol (absolute for analysis) was from Merck
(Darmstadt, Germany). For the preparation of aluminium oxide at the
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University of Melbourne, aluminium nitrate (AnalaR 98.5%, BDH Chemicals)
and urea (Univar 99%, Ajax Finechem) were used.
All the reagents were used as received without any further purification.

3.2 Sample preparation

3.2.1 Polyelectrolyte multilayers

Silicon wafers were etched by a 1:1 v/v mixture of H2SO4:H2O2 for 20 minutes
(highly corrosive solution to be handle with care, not be stored in closed containers),
rinsed thoroughly with Milli Q water and dried by N2 stream. Polyelectrolyte
(PE) solutions were prepared by dissolving 0.01 (mono)mol/L in 0.1 M NaCl
or 0.5 M NaCl solution. Multilayers were prepared by the layer-by-layer
dipping method20. The substrate was alternatively dipped into oppositely
charged PE solutions for 5, 10 or 20 minutes. The rinsing after PE deposition
was performed either with Milli Q water or 0.1 M NaCl solution. No drying
was done between depositions, therefore samples with different number of
layers were prepared on separated substrates. After preparation, the samples
were gently blown dry with a stream of N2 and stored in individual Petri
dishes.
For the QCM-D studies presented in Chapter 4, gold-coated quartz crystals
(QSX301, Q-Sense, Sweden) were cleaned by a mixture of NH3:H2O2:H2O
(5:1:1, v/v) for 10 min at 75◦C, then rinsed with large excess of Milli-Q water
and blown dry gently by N2 stream. All the QCM-D preparations were carried
out at (25±0.02)◦C with solution flow rate of 0.1 mL/min.

3.2.2 Polymer brushes

The initiator 2-bromo-2-methyl-N-[3-(triethoxysilyl)-propyl]-propanamide
(BTPAm) was prepared according to the synthesis reported by Laurent et al.157.
Polymer brushes were synthesized by grafting-from using Atom Transfer
Radical Polymerization (ATRP) from BTPAm-modified silicon or fused quartz
substrates. The synthetic route for PNIPAM brushes was adopted from the
procedure of Fujie et al.203. In brief, 2.00 g of NIPAM were dissolved in 50 mL
of methanol/water mixture (1:1 v/v), followed by the addition of 183 μL of
PMDETA and 20 mg CuCl. The polymerization was carried out for 6, 8 or 20
min and terminated by adding a saturated solution of CuCl2 in
water/methanol. For the preparation of the block copolymer



Chapter 3. Experimental section 29

P(NIPAM-b-DMAEMA), the PNIPAM-modified substrates were transferred in
a mixture of 33 mL N,N-dimethylaminoethyl methacrylate (DMAEMA) 11.6 g
H2O, 0.45 g methanol, 2.00 g bipyridyl and 0.40/0.04 g CuCl/CuCl2, according
to the protocol reported by Bain et al.158. The polymerization was run for 2 h,
followed by sonication in methanol, rinsing in Milli-Q water and drying by N2

stream. The conversion of PDMAEMA block into trimethylamino
methacrylate PTMAEMA was carried out by methylation in 1:10 v/v
CH3I/ethanol mixture for 20 h at 60◦C, according to a procedure reported in
literature124. The reaction was ceased by rinsing with ethanol and Milli-Q
water, then gently drying by N2 stream.
Polyelectrolyte multilayers were deposited onto P(NIPAM-b-DMAEMA)
brushes by layer-by-layer dipping method. Polyelectrolyte solutions 0.01
(mono)mol/L were prepared by dissolving the required amount of
polyelectrolyte, PSS or PDADMAC, in 0.1 M NaCl solution. The dipping time
was set to 10 min and the rinsing step was done in Milli-Q water. After
depositing the desired number of layers, the samples were dried in a nitrogen
stream and stored in Petri dishes or in plastic jars.

3.2.3 Aluminium oxide thin films

Aluminium oxide thin films were prepared according to the experimental
procedure reported by Duan et al.204. A reaction mixture containing 1.99 g
aluminium nitrate and 0.475 g urea was prepared in 20 mL Milli Q water and
heated up at 80◦C under stirring. Polymer-coated silica substrates were soaked
in the solution, removed after 1 h and placed in a lab oven at 100◦C for 1 h.
This first preparation step leads to the formation of a precursor Al(OH)3 layer.
To convert it into aluminium oxide, Al2O3, a hydrothermal treatment was
carried out by transferring the samples into a 23mL-Parr reactor in presence of
500 μL of Milli-Q water and heated up at 105◦C (38 atm) in a dry oven for 24 h.
After cooling down, the coated samples were dried at 100◦ C for 1 h prior to
further characterization.

3.3 Methods

The combination of several techniques allowed an extensive structural
characterization of the systems presented in this thesis. Optical methods, like
ellipsometry and reflectometry, were used to measure the characterize the
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sample thickness under dry and swollen condition. For the latter it was
possible to measure the optical parameters in moisture of different relative
humidity and in water at different temperatures. Force measurements (AFM)

were mostly performed in intermittent contact mode to obtain the sample
topography in ambient condition. Some further investigations were carried
out to investigate the mechanical properties of alumina/brush composites.
Furthermore, height scans over a scratched area were used to monitor the
swelling/collapse behavior of alumina/brush composites across the phase
transition, limited in the optic techniques by the microscopic inhomogeneity of
the samples. Quartz crystal microbalance with dissipation (QCM-D) studies
were devoted to monitor in-situ the layer-by-layer growth of long (300
mon/chain) and short (30 mon/chain) chain multilayers and to examine in
detail the direct influence of the ionic strength on assembly and swelling
properties. X-Ray Photoelectron Spectroscopy (XPS) was used to characterize
the surface composition of polymer brushes and their corresponding
alumina/brush composites. High resolution spectra allowed to determine the
nature of the inorganic compound deposited onto the polymer substrate from
the oxidation state of the bound oxygen atoms, and to verify the influence of
the preparation procedure on the brush composition and stability. A suitable
method for the determination of the surface morphology of polymer/alumina
composites was Scanning Electron Spectroscopy (SEM), which overcome the
limitation of surface inhomogeneity encountered in the AFM scans of these
samples. Finally, the transparency of alumina/brush composites was proved
by UV-Vis spectroscopy measurements on quartz-coated substrates.

3.3.1 Ellipsometry

Ellipsometry is a non-destructive, optical technique which is based on the
detection of the change of polarization of light upon reflection from a
substrate. Such a change is described by two parameters, ψ and Δ, which are
related to the amplitude (E) and the phase (δ) of light by the following
relations:

tanψ =
|Er

p |/|Ei
p|

|Er
s |/|Ei

s|
(3.1)

Δ = (δrp − δrs)− (δip − δis) (3.2)
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with p, s indicating parallel and perpendicular components of the light, and i, r

the incoming and reflected beam. The reflectivity properties of a sample can be
expressed by the reflection coefficients, rp and rs,

rp =
|Er

p |
|Ei

p|
ei(δ

r
p−δip) (3.3)

rs =
|Er

s |
|Ei

s|
ei(δ

r
s−δis) (3.4)

The combination of eqs. 3.3, 3.4 with eqs. 3.1, 3.2 provides the fundamental
equation of ellipsometry:

tanψ · eiΔ =
rp
rs
. (3.5)

FIGURE 3.1: Schematic representation of a null-ellipsometer with PCSA configuration
and corresponding polarization state of light on the way from the light source to the
detector. Adapted from Reference 205 and 206.

The measurements presented in this thesis were carried out on a
null-ellipsometer with polarizer-compensator-sample-analyzer (PCSA) setup
to measure the change of polarization state of light traveling from the light
source to the detector. As schematically represented in Figure 3.1,
monochromatic unpolarized light passes through a polarizer, which is rotated
to shift parallel and perpendicular components and convert the wave into
linearly polarized light (δp − δs = 0, π). This travels further through a
compensator (quarter wave plate), which converts the radiation into
elliptically polarized light (δp − δs �= 0,π). The light beam hits the sample with
an angle close to the Brewster angle and is reflected back with linear
polarization, meaning that the two components are again in phase. The
reflected light travels further through an analyzer, which rotates to minimize
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the intensity arriving to the detector (“null” intensity). The rotation of both
polarizer and analyzer is adjusted in order to have this specific combination of
light polarization, and from their position the change of amplitude and phase
of light are elaborated.
The use of a proper layer model which describes the optical properties of the
measured system (substrate-film-medium) is necessary to obtain the sample
thickness d and refractive index n from the experimental Δ and ψ, which
describe the interaction between polarized light and sample207,208.
Ellipsometry measurements were carried out using a Multiscope
null-ellipsometer from Optrel GbR (Sinzing, Germany) equipped with a
He-Ne laser (λ=632.8 nm). Polarizer and analyzer are Glan-Thompson prisms,
with an aperture of 5 and 11.5 mm, respectively. The measurement under
controlled relative humidity (RH) were carried out in a home-built stainless
steel cell, which was constantly flushed either by dry nitrogen stream (1.9(1)%
r.h.), or by a mixture of dry air and water vapor. It was possible to achieve
relative humidity as high as 99%. The RH values were measured by a Testo
6614 sensor and recorded by a Testo 6681 humidity measuring transducer
from Testo Ag (Leinkirch, Germany). The angle of incidence was set to 70◦ and
the sample was left let equilibrate at the desired RH prior to measurement.
For the measurements in liquid, the sample was soaked in a stainless steel cell
filled with water or aqueous solution. The ellipsometer was equipped with
light guides to drive the incident beam directly at the substrate/water
interface and avoid the reflection at the liquid/air interface. The angle of
incidence was set to 60◦ . The sample was equilibrated in liquid environment
for at least 30 min before measurement. The change of film thickness and
refractive index as a function of temperature were monitored by running a
thermal cycle between 10 and 63◦C, which was applied by heating a copper
plate underneath the sample holder and connected to a thermostat. A script
written in Pascal programming language was used to control the temperature
ramp of a connected thermostat, while the true temperature of the sample
environment was directly measured by a PT100 temperature sensor with a
precision of ΔT=±0.01 K.

3.3.2 Atomic Force Microscopy

Atomic force microscopy (AFM) measures the interaction between a specimen
and a solid probe scanning over the surface. From the deflection of the probe
while scanning over the sample, morphological features from atomic to
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FIGURE 3.2: Schematic representation of the dependence of interaction forces as a
function of molecular distance for Lennard-Jones potential. The different scanning
modes of AFM are related to the interactions acting between sample surface and tip.
The parameters ε and σ represent the depth of the potential well and the characteristic
distance at which the inter-particle potential is zero, respectively.

millimeter spacing can be explored. The mapping of the surface topology is a
reconstruction of the interaction forces between sample and probe, being AFM
a pure force sensor. Near-field forces acting between tip and sample
(short-range, van der Waals and electrostatic interaction) can be approximated
to a Lennard-Jones potential combining attractive and repulsive contributions
as a function of the distance between atoms (Figure 3.2). Therefore depending
on the distance at which the tip scans over the specimen surface, the reciprocal
interaction changes between attractive and repulsive regime. The force sensor
is a cantilever carrying a tip which is mounted at its end. The force acting
between tip and sample generates an elastic bend of the cantilever, which is
monitored by following the position of a laser beam reflected from the
cantilever to a 4-quadrant detector. At the initial “zero” position, the reflected
laser centers the cross point between the four quadrants; any little change of
surface-tip interaction, due to the change of their mutual distance according to
the surface profile, induces a bending on the cantilever which is amplified in
the shift of the laser beam from the detector (Figure 3.3). AFM measurements
can be performed either in static or dynamic mode. In the static mode, the
cantilever physically touches the surface and deflects while scanning,
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FIGURE 3.3: Schematic representation of an AFM scan. The surface profile is
reconstructed by the elaborating the movement of a laser spot reflected from the
cantilever and directed to a 4 quadrant detector.

according to surface topography. The feedback loop keeps this deflection and
move the cantilever accordingly to the surface profile. In the dynamic mode,
the cantilever oscillates at a designed frequency and the feedback loops
operates to maintain that amplitude during scanning. Dynamic modes include
both contact and non-contact mode, with the most widely used intermittent

contact mode, in which the tip taps the surface while scanning, therefore
reducing the possible damage (more likely on soft samples). In the
intermittent contact mode, the cantilever oscillates close to the resonance
frequency; any force acting on the cantilever causes a change of the resonance
frequency, which in turn can be converted into a height profile map. Besides
topographical information, the tapping mode provides information also on
chemical and physical properties of a specimen from the change of phase of
the cantilever oscillation. AFM measurements presented in this thesis were
performed by Cypher Scanning Probe microscope and MFP-3D from Asylum
Research (Santa Barbara, CA, USA). For scanning in AC mode in air at the
Cypher microscope, cantilevers AC160TS from Olympus were used. These
cantilevers are made by silicon with a reflective coating of aluminum with
dimensions of (160x50x4.6) μm, spring constant is 42 N/m and resonance
frequency 300 kHz. The tetrahadral silicon tip has a radius of 9 ±2 nm. The
driving amplitude was set to 100 mV for all measurements. The size for the
scan box was ranged from 20 to 1 μm, with scan speeds between 0.5 and 1
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Hz/s. The set point was set between 750 to 800 mV and the integral gain
between 15 and 25.
Force indentation measurements were performed to characterize the elastic
properties of alumina/brush composite (Chapter 8). Data acquisition was
based on force mapping mode, each force map consisting of (10x10) force
curves over a scan size of (20x20) μm2. The elastic modulus was estimated by
the Hertz-Model209, with tip radius and Poisson ratio set to 9 nm and 0.17,
respectively.
For the measurements in water at the Cypher microscope (Chapter 4),
microcantilevers from Olympus TR400PSA for AC Mode in fluid were used,
with dimensions (200 x 30 x 0.4) μm3, spring constant 0.02 N/m and resonant
frequency 10 kHz. A 4-sided silicon nitride tip is mounted on this cantilever,
with radius of (20±5) nm. Measurements in liquid environment at the MFP-3D
(Chapter 8) were carried out over a scratched area at temperature below (20◦C)
and above (65◦C) the phase transition temperature of the polymer brush. The
samples were mounted in a liquid cell and left equilibrating for at least 30 min
prior to measurement. Microcantilevers HQ:NSC18/Cr-Au from Mikro-Masch
(Wetzlar,Germany) were used, with dimensions (225 x 27.5 x 3.0) μm, spring
constant 2.8 N/m and resonance frequency 30 KHz in water. Scan imaging
and data analysis were performed with the program Igor Pro 6.1.2.1 . The
roughness was calculated as root mean square, rms

rms =

√
1

n

n∑
(yi − y)2 (3.6)

All the data were corrected for sample tilting by subtracting a linear fit and
rescaling them in the proper height range to highlight the specific surface
features.

3.3.3 Quartz-Crystal Microbalance with Dissipation

Monitoring

The quartz-crystal microbalance with dissipation monitoring (QCM-D) is a
highly sensitive balance, which measures the amount of mass coupled to a
substrate by detecting changes of the oscillation frequency of a quartz crystal.
The general working principle is based on the piezoelectric properties of some
crystals, which produce a potential when a shear stress is applied across their
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FIGURE 3.4: Working principle of QCM-D based on the inverse piezoelectric effect.
The driving potential excites the crystal oscillation to its resonance frequency and
higher overtones. When the potential is cut off, the damping amplitude of the
oscillation (A) is measured as a function of time. From the amplitude decay, oscillation
frequency and dissipation factor are obtained according to eq. 3.7.

surfaces. The QCM-D uses the inverse piezoelectric effect, which means that a
driving sinusoidal potential is applied to a quartz crystal to excite the crystal
oscillation forward and backward to its resonance frequency and higher
overtones (Figure 3.4). When the potential is cut off, the damped amplitude of
the freely decaying oscillation is recorded, described by the relation

A(t) = A0 · exp(−π/τ) · sin(2πft+ ψ) (3.7)

with A0 the amplitude of oscillation at t=0, τ the decay time constant, ψ the
phase shift and f the resonance frequency210. The dissipation factor D is
calculated according to the relation D = 1/πfτ .

The high sensitivity of the method allows to detect change of frequency of
the order of Hertz, which corresponds to change of sensed mass of few
nanograms per squared centimeter. A more convenient way to quantify the
mass adsorbed or coupled to the resonator is the frequency shift
Δf = (f − f0), with f the measured frequency at time t and f0 the reference
frequency prior to the adsorption process (baseline). The same holds for the
dissipation, which is more conveniently expressed as a change of energy
dissipated by the system during the shear vibration imposed by the substrate,
ΔD = (D − D0), with D the dissipation energy at time t and D0 the value
measured prior to adsorption.
The basic relation which directly links change of frequency to change of mass
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FIGURE 3.5: Maxwell and Voigt model to describe the viscoelastic response of
materials to applied stimuli.

was introduced by Sauerbrey in 1969211:

Δf = − 2f 2
0

A
√
ρqμq

Δm (3.8)

where f0 is the fundamental frequency of quartz (4.95 MHz for AT cut quartz
sensors), A the piezoelectrically active area, ρq the quartz density (2.648 g
cm−3) and μq the quartz shear modulus (2.947 · 10−11 g cm−1 s−2). Although
this relation was modeled for gas adsorbed onto a piezoelectric resonator and
assumed a linear dependence between resonance frequency Δf and the sensed
mass Δm, its validity holds for the adsorption of rigid mass onto the substrate.
This means that the system responds with a pure elastic behavior, i.e. no
energetic loss, and therefore the dissipation factor is equal or very close to
zero. When this is not the case, the adsorbed mass must be considered as a
viscoelastic body and the measured parameter Δf and ΔD can be modeled
accordingly to extract the viscoelastic parameters of the adsorbed film. The
most diffused linear viscoelastic models are the Maxwell and the Voigt

models (Figure 3.5).
Both models contains both a purely elastic (Hookean spring) and a purely

viscous component (Newtonian damper), which participate to the viscoelastic
response of the system. In the Maxwell model the two components are
connected in series, and it implies that the deformation increases linearly with
time under the application of a constant stress, while for constant deformation
the stress decreases linearly with time. This phenomena are expressed by the
following relation:

dγ

dt
=

σd

η
+

1

E

dσs

dt
(3.9)

where γ represents the total deformation, σ the applied stress, E the elastic
modulus of the spring and η the viscosity of the damper. The Maxwell model
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describes well relaxation processes occurring in thermoplastic polymers,
concrete and metals in proximity of the melting point.
The equation describing the viscoelastic response of a Voigt model, where
spring and damper are connected in parallel, is expressed by

σ(t) = E · γs(t) + η
dγd(t)

dt
(3.10)

which denotes a linearly decreasing strain under constant stress until reaching
a steady state (σ/E), and a linearly increasing stress at constant strain. The
Voigt model describes well the creep in viscoelastic solids and predicts the
behavior of organic materials and rubber under moderate stress, which
gradually recover to the undeformed state upon release of the applied stress.
In this thesis the measured parameters Δf and ΔD where modeled on a Voigt
element to determine the viscoelastic parameters shear modulus μf , viscosity
ηf and hydrodynamic thickness df of film from the relations elaborated by
Voinova et al.212 for QCM-D measurements:

Δf ∼ − 1

2πρqhq

{
ηl
δl

+ hfρfω − 2hf

(
ηl
δl

)2
ηfω

2

μ2
f + ω2η2f

}
(3.11)

ΔD ∼ − 1

πfρqhq

{
ηl
δl

+ 2hf

(
ηl
δk

)2
ηfω

μ2
f + ω2η2f

}
(3.12)

with hq thickness of the crystal, ηl and δl viscosity and viscous penetration depth
of the shear wave in the bulk medium, ρf film density, hf film thickness, μf film
shear modulus and ηf film viscosity. The corresponding storage (G’) and loss
(G”) moduli can be calculated according to the relation213

G∗ = μf + i2πfηf = G′ + iG′′ (3.13)

QCM-D measurements presented in this thesis and reported in previous
publications214,215 were carried out on the instrument E1 from Q-Sense
(Sweden). The data elaboration was performed using the software Q-Tools
provided by the instrument supplier. The multilayers were modeled as a
laterally homogeneous film in a purely Newtonian bulk liquid. The film
density was fixed to 1000 and 1020 kg/m3 for HMW and LMW multilayers,
respectively, fluid density 997 kg/m3 and fluid viscosity to 0.9 mPa·s216,217.
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3.3.4 Neutron Reflectometry

Reflectometry is a scattering technique based on the detection of the light
reflected from an interface between two media with different refractive
indexes. Depending on the nature of the incoming beam (light, X-ray photons,
neutrons), different characteristic dimensions or features of systems can be
investigated, according to the interaction between incoming wave and
material. In particular for the structural investigation of thin films, X-Ray and
neutrons are more suitable to access characteristic lengths, due to the
interference of their shorter wavelength, which is comparable to the film
thickness of the probed system (nanometer range). In particular for neutrons,
the sensitivity to different isotopes allows investigating the internal structure
of homogeneous materials by selective labeling or by contrast variation with
the use of specific solvent mixtures, without changing the chemistry of the
sample. In fact, neutron reflectometry (NR) has been developed for the
investigation of buried interface in polymer films. The relation between
scattering properties and contrast are clarified by considering the refractive
index for neutrons traveling through materials of different composition. The
refractive index n for neutrons is expressed by

n = 1− δ − ik (3.14)

with ik representing the adsorption term and δ being related to the scattering
properties as follows:

δ =
λ2

2π
SLD (3.15)

where λ is the neutron wavelength and the SLD the scattering length density.
The SLD is related to the scattering properties of a sample, according to its
chemical composition:

SLD = Σbini (3.16)

where bi is the scattering length and ni the number of nuclei of type i per unit
volume. The scattering length bi is a characteristic parameter which quantifies
the neutron scattering by an atom and is sensitive to the different isotopes.
Differently from the electronic density for X-Ray scattering, bi has no
systematic correlation with the subatomic composition, and can be either
positive or negative. As evidence by eqs. 3.14-3.16, the same holds for the SLD
and δ, with direct consequence on the value of the refractive index and
therefore on the contrast between atoms. One of the most noticeable and used
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FIGURE 3.6: Geometry of specular reflectivity measurements.

isotope pair is hydrogen-deuterium: H has a negative b in contrast to the high,
positive value for D. As a consequence, the combination of hydrogenated and
deuterated materials gives a strong contrast (due to the significant change of
refractive index) inside otherwise homogeneous polymeric systems.

The typical setup for reflectivity measurements is the specular geometry
(Figure 3.6). In specular NR experiments, a neutron beam hits the sample with
an angle θi and wave vector �ki, and is reflected with an angle θr=θi and wave
vector �kf . The reflection process is described by the momentum transfer
�q=�kf -�ki, under the fundamental assumption of elastic scattering, |�ki| = |�kf |.
From the definition of wave vector |�k|=2π/λ, the momentum transfer is given
by

|�q| = qz =
4π

λ
sinΘ (3.17)

with qz the modulus of the momentum transfer in the z direction, and qx,qy=0.
The measured intensity I is proportional to the number of neutrons i) of a
monochromatic beam reaching the detector at different angles θ, or ii) of an
energy spectrum of the incoming beam reaching the detector at a certain time
t. The typical parameter used to describe neutron reflection from a surface is
the normalized intensity, or reflectivity, R expressed by R=I/I0, with I0 the
intensity of the direct beam. A typical reflectivity curve as a function of the
momentum transfer qz is shown in Figure 3.7. The waves reflected from the
interface between two media interfere constructively and destructively,
producing maxima and minima of the reflected intensity (Figure 3.7). At the
same time, the total reflected intensity decrease for increasing incident angle,
due to the enhanced transmission through the material. This decrease of
reflected radiation is known as Fresnel decay, and it has a dependence with
the fourth power of the angle of incidence. The combination of these two
effects, wave interference and intensity decay, leads to the typical reflectivity
profile of reflectometry measurements (Figure 3.7). The maxima and minima
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FIGURE 3.7: Left side: constructive and destructive interference among the waves
reflected from the interface between two media, leading to maxima and minima of
the reflected intensity, and intensity decay at increasing angle of incidence, due to
the increase of transmitted radiation. Right hand side: normalized reflected intensity
(reflectivity, R) as a function of momentum transfer qz resulting from the combination
of the two aforementioned effects.

of this curve are known as “Kiessig fringes”, whose spacing is related to the
distance between the two reflecting interfaces. Below a critical angle Θc, the
incoming beam is totally reflected, assumed that the refractive index of the
film is larger than in the surrounding medium. For the range of angle between
0 nd Σc, the intensity is fully reflected, with R=1. At the critical angle Θc, the
beam starts to be partially transmitted and partially reflected, and the reflected
intensity continuously decreases with increasing angle of incidence. There are
three important features of the reflectivity curve that are worth to be
mentioned. First, the position of Θc depends on the refractive index of the
media at which interface the beam is reflected and it is calculated according to
the Snell’s law. The total external reflection occurs for Θc = arccos(n2/n1)

where the subscript 1 refers to the medium of the incoming wave propagates,
and the 2 to the medium for the diffracted wave. A precondition to observe
total external reflection is that the electromagnetic radiation travels from a
lower to a higher refractive index medium. Second, the damping of the decay
is related to the sample roughness. The higher the roughness, the faster is the
damping, as the diffuse reflection (i.e. out of specular geometry) decreases the
intensity arriving to the detector at a specific angle. Third, the width of the
Kiessig fringes is related to the sample thickness, with thicker samples leading
to narrower oscillations. The length of one oscillation Δq in the reciprocal
space is proportional to the layer thickness in the real space. The relation is
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easily obtained by combining the Bragg’s law,

2d sin(θ) = nλ (3.18)

with eq. 3.17, leading to

d =
2π

Δqz
(3.19)

From the experimental reflectivity profile, the corresponding monomer
distribution profile perpendicular to the substrate can be estimated. Since the
resulting density profiles are not unique, independent knowledge of some
system properties is necessary to ensure the reliability of the result. Specific
mathematical algorithms are used to calculate iteratively the corresponding
reflectivity profiles218–220. The simplest way to model an adsorbed film onto a
solid substrate is the box model, which consists in a stack of layers
characterized by thickness, roughness and scattering length density.
Neutron reflectivity measurements were carried out using the NREX
reflectometer at the Heinz Maier-Leibnitz Zentrum in Garching (Munich,
Germany) with a incoming wavelength of 0.43 nm and varying the incident
angle between 0 and 2 degree. The samples were placed on a
poly(tetrafluoroethylene) trough with stainless steel inlet and outlet tubes
mounted in opposite corners to inject the liquid inside the cell. The silicon
block is placed therein and it is sealed with a Viton O-ring. Detailed
descriptions can be found in previous works26,221. Heavy water, D2O, was
injected into the trough, and the samples were left equilibrate for at least 1 h
prior to measurement.
The Motofit package222 running in the Igor Pro environment (Wavemetrics)
was used to fit the measured reflectivity curves, using a model to gain a
corresponding SLD profiles. The model consisted of a set of two or three layers
characterized by thickness d, scattering length density SLD and Gaussian
roughness σ to mimic realistic interfaces between the individual layers. The
lowest possible number of boxes was used, from which reasonable fits could
be obtained. The SLD profiles were optimized using a Levenberg-Marquardt
algorithm, in which the fitting parameters were varied to minimize χ2

between the measured and calculated reflectivity. The fits of the reflectivity
data were validated by constraining the surface excess γ(z) within 20% of the
dry sample thickness measured by ellipsometry. The surface excess152 was
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FIGURE 3.8: Schematic representation of the photoemission process: direct energy
transfer between an incoming X-ray photon and a core-level electron, leading to its
expulsion from the atom.

calculated by the following equation:

γ(z) =

∫ ∞

0

φ(z)dz (3.20)

where φ(z) is the monomer volume fraction.

3.3.5 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy
for Chemical Analysis (ESCA), is the most widely used technique to determine
the chemical composition of the surface of a specimen. It is based on the
photoemission of electrons from the excited sample (Figure 3.8), whose kinetic
energy distribution is measured to derive chemical composition and electronic
state of the sample surface. A basic XPS measurement consists of irradiating a
specimen with X-Ray photons in a vacuum environment. By total energy
transfer from the photons to the core-level (inner shell) electrons of atomic or
molecular orbitals, these electrons are emitted (photoelectrons) from the
sample surface in the vacuum chamber, where they are separated according to
their energy and counted.
Total energy transfer is a fundamental process for the photoemission. Only
above a critical energy threshold, photoemission is observed and the number
of emitted electrons is proportional to the intensity of the irradiating source.
The characterization of a sample by its atoms is based on the determination of
the binding energy of the emitted electrons, which depends on the shell from
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which these subatomic particles were expelled (Figure 3.8). The emitted
electrons are separated according to their kinetic energy (KE), from which the
binding energy (BE) is derived, given the energy of the incoming radiation.
This statement is based on the Einstein relation223 which holds for any time of
electromagnetic radiation:

hν = KE +BE +W (3.21)

with h the Planck constant (6.62·10−34 j s), ν the frequency of radiation and
W the work function of the solid. Eq. 3.21 can be derived by considering the
ionization process. The interaction between a neutral atom A and a photon
with energy hν leads to ionization:

A + hν → A+ + e−

with A+ the ionized atom ad e− the emitted electron. For the principle of energy
conservation, the energy of the ionized state is equal to the energy of the neutral
state,

E(A) + hν = E(A+) + E(e−)

Since an electron is represented by its kinetic energy (KE), the relation above is
conveniently rearranged in the form

KE= hν - (E(A+) - E(A)) = hν + BE

where BE is the energy difference between ionized and neutral state.
A typical XPS spectrum is a plot of intensity versus binding energy (Figure 3.9).
As photoelectrons are expelled from different shell and subshell, an element can
be characterized by different peaks (e.g. Al2p, Al2s). According to the energetic
description above, the BE is simply the difference between the ionized Ef (n−1)

and neutral Ei(n) energy state of an atom,

BE=Ef (n-1) - Ei(n)

From a purely theoretical perspective, this energy corresponds to the negative
orbital energy, with BE∼ −εK , according to Koopmans’ theorem224.
Nevertheless, this relation does not hold strictly, since chemical environment
and relaxation processes of other atoms during photoemission change the
energetic state of electrons. The effects leading to shift of the theoretical
binding energy are gathered into two main groups:
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FIGURE 3.9: XPS spectrum of a silicon substrate. The position of photoelectric peaks
is reported in the legend with the atomic percentage of the corresponding elements.

Initial-state effects, arising from the effective nuclear charge of the atom in a
molecule and the electronegativity of neighboring elements. The initial
state corresponds to the ground state of the atom prior to emission. If
covalent bonds are formed with other atoms, the initial state of this
element is clearly different, and so the energy of the emitted electron
from the molecular orbitals. This difference of energy between ground
and bound state is called chemical shift, and is the quantity measured by
XPS during the analysis of chemical compounds. The chemical shift has
a significant importance in XPS analysis: it allows to distinguish an equal
type of atom from different chemical environments. For instance, carbon
atoms generate distinctive peaks for C1s of saturated alkyl chains (C-C at
285 eV), unsaturated chains (C=C at <285 eV), ethers (OC-O ∼286 eV) or
carboxylates (OC=O ∼288.5 eV). This is due to the high electronegativity
of oxygen, which increases the effective nuclear charge of C, and
therefore the electron binding energy.

Final-state effects, caused by relaxation processes of outer shell electrons to
the core hole, from the atom containing the core hole (atomic relaxation),
or by energy transfer from the surrounding atoms (extra-atomic
relaxation). Final state effects cause the emitted electrons to have a lower
binding energy than the corresponding photoelectron. Multiplet splitting
and shake-up satellites (π → π∗) also belong to final-state effects225,226.
All the final effects lead to lower binding energies.
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FIGURE 3.10: Representation of the emission of an Auger electron induced by internal
relaxation after the photoemission process.

The emission of Auger electrons is another process behind the photoemission.
As aforementioned and schematically represented in Figure 3.10, when a X-
ray photon strikes an inner-shell electron and is expelled (photoemission), a
core-hole is formed and the atom becomes ionized (excited state). In order to
return to its ground state, the inner vacancy might be refilled with an outer-
shell electron (Relaxation). The energy difference between outer-shell and the
inner shell electron is compensated by the emission either of a X-ray photon
or of an Auger electron. This sort of electrons are measured by Auger electron
spectroscopy227. The energetic picture of the mentioned process is depicted in
Figure 3.10.

All the XPS measurements presented in this thesis were carried out at the
University of Melbourne (SCAN, Faculty of Science) on a VG ESCALAB
220i-XL spectrometer, equipped with monochromatic Al Kα X-ray source
emitting a photon energy of 1486.6 eV at 10kV and 22 mA. The high resolution
scans were measured by 0.05 eV steps and at operating pressure of the order of



Chapter 3. Experimental section 47

FIGURE 3.11: Schematic of a scanning electron microscope. Image reproduced from
the source www.ammrf.org.au/ myscope/ images/sem/sem-ve-lm.png

10−9 mbar. Charging effects on non-conductive samples were compensated by
a low energy electron flood gun. The software Casa XPS was used for the data
treatment. The photoelectric peaks were curve-fitted using a
Gaussian/Lorentzian (30) line shape and subtracted from a Shirley
background228. Photoelectric peaks were calibrated with respect to the C-C
bond of the C 1s peak at the binding energy (BE) of 285.0 eV.

3.3.6 Scanning Electron Microscopy

Scanning electron microscopy is a technique based on the use of electrons
instead of light to produce a largely magnified image. A beam of electrons is
generated on the top of the microscope by an electron gun, and it is guided by
a vertical path through the microscope to reach the specimen surface. By
means of electromagnetic fields and lenses, the beam is highly focused
towards the sample, and it travels within vacuum to avoid collisions with the
gas phase. When the beam strikes the specimen surface, its high energy
electrons interact with the valence electrons of the atoms in the sample, which
are ejected (secondary electrons). A charged metal cage is scanned over the
surface and attracts the electrons reflected off the specimen. Inside this tube
the electrons are accelerated and converted by a cathode ray tube to visible
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light, which finally produces an image on a screen.
Variation of the number of emitted or reflected electrons (intensity) will be
translated in changes of brightness of the corresponding point onto the screen,
leading to the contrast of light and dark areas on a SEM image. This creates a
highly detailed image point by point and line by line by scanning beam and
detector over the entire sample surface.
Unlike the light in a light microscope, the electrons in a scanning electron
microscope never form a real image of the sample, but this is the result of the
beam probe illuminating the sample one point at a time in a rectangular
scanning pattern (raster), with the strength of the signal generated from each
point being a reflection of differences (topographical or compositional) in the
sample. Nevertheless, SEM has considerable advantages over optical
microscopes, since its large depth field provides a characteristic
three-dimensional image with high resolution of the surface structure, and the
shorter much shorter wavelength of electrons compared to light gives higher
resolution (almost 1000 times) to resolve closely spaced features. Due to high
vacuum conditions, samples used for SEM imaging needs to be dried carefully
and, in the case of non-conductive samples, to enhance their conductivity by
depositing a thin layer of a metal coating, in order to ensure enough secondary
electrons to be reflected off the sample surface. This process is carried out by a
“sputter coater”, which uses an electric field to ionize with positive charge the
gas atoms, which in turn are attracted to the gold foil and knock gold atoms
from the surface. The gold atoms fall and settle down onto the specimen
surface, producing a thin gold coating.
SEM scans presented in this thesis were carried out at the University of
Melbourne (School of Botany, Faculty of Science) on a Quanta Scanning
Electron Microscope (ESEM) from FEI, equipped with a Everhart-Thornley
detector. Prior to measurement, the samples were sputter-coated with Au to
enhance conductivity. Short acquisition times were used to avoid sample
damaging from the electron beam.



Chapter 4

Self-assembly, structural and

mechanical properties of short chain

polyelectrolyte multilayers

Results published in “Layer-by-Layer Formation of Oligoelectrolyte

Multilayers: A Combined Experimental and Computational Study”

Samantha Micciulla, Pedro A. Sánchez, Jens Smiatek, Baofu Qiao, Marcello

Sega, André Laschewsky, Christian Holm and Regine von Klitzing, Soft
Materials, 2014, Vol.12:Sup1, S14-S21;

“Short versus long chain polyelectrolyte multilayers: a direct comparison of

self-assembly and structural properties” Samantha Micciulla, Samuel

Dodoo, Chloé Chevigny, André Laschewsky and Regine von Klitzing, Phys.
Chem. Chem. Phys. (2014) 16, 21988-21998

Abstract

The present chapter reports a study on layer-by-layer (LbL) growth and
properties of short chain (≈30 repeat units/chain) poly(sodium styrene
sulfonate)(PSS) / poly(diallyl dimethylammonium chloride) (PDADMAC)
multilayers. The structural parameters are compared with the results from
atomistic molecular dynamic simulations, which model the assembly of the
same four-layer system. Furthermore, a detailed study performed by
Quartz-Crystal Microbalance with Dissipation (QCM-D) is carried out and the
results are compared with analogous experiments on high molecular weight
(HMW) polyelectrolyte multilayers (PEMs).
Simulated and experimental film thickness, roughness and amount of
adsorbed chains of low molecular weight (LMW) chains are in good
agreement, which demonstrates the capability of this synergistic study to
overcome the intrinsic limitation of each method. The QCM-D study

49
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highlights the layer instability of LMW PEMs, leading to a constant decrease
of sensed mass during equilibration after LMW PDADMAC adsorption, and a
strong mass loss by salt-free rinsing after PSS adsorption. The analysis of the
mechanical properties of both HMW and LMW PEMs from the storage (G’)
and loss (G”) modulus indicates a constant layering of short chain PEs in
contrast to the enhanced interdigitation of long chain ones. Specific effects on
layer growth and stability are induced by changing the salt concentration
either in the rinsing medium or in the polyelectrolyte solution. Although the
influence of ionic strength is different for PSS and PDADMAC layers, the
reduced dehydration during rinsing and the enhanced uptake during
adsorption counteract the layer degradation and enhance the growth
efficiency. The work presented in this chapter is a relevant contribution to the
understanding of PE assembly: it extends to very short PE chains, and
elucidates the role of preparation conditions to overcome the limitation of
layer stability.

4.1 Introduction

The alternating adsorption of oppositely charged polyelectrolytes on charged
surfaces - a thin film growth technique known as layer-by-layer (LbL)
deposition20 - is a well established and straightforward route for the
functionalization of solid substrates by polyelectrolyte multilayers (PEMs). An
enormous variety of films can be created by specific combinations of materials
and assembly conditions. Since their introduction in the early nineties19,
intense studies have been devoted to the understanding of the fundamental
rules governing their buildup and properties17,24,68,229. Nevertheless,
difficulties have been encountered to gain a complete understanding of the
assembly mechanisms, because of the experimental limitation to reach the
sub-nanometer scale and the high computational workload required to
simulate the adsorption of macromolecules.
Moreover, some interesting approaches in the synthesis of PEMs have
remained unexplored. Among them, the role of chain length has been rarely
investigated21,54,180,230–235, in particular neglecting the oligomeric range. The
reason lies in the instability of the formed layers, due to the preferential
formation of soluble complexes in bulk characterized by high translational
entropy72,75. A systematic study of this phenomenon was reported by Sui et
al.72 for poly(styrene sulfonate)(PSS)/poly(4-vinylmethylpyridine)(P4VMP)
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multilayers. They observed a reduced thickness increment when high
molecular weight (HMW) chains (105 g/mol) were combined with low
molecular weight (LMW) ones (104 g/mol), and no PEM growth was found for
combination of LMW PEs at any of the investigated salt concentrations (from 0
to 1 M). The formation of soluble polyelectrolyte complexes (PECs) at the
multilayer/liquid interface was reasoned by thermodynamic231 and kinetic72

effects. More specifically, the gain in entropy of released counterions for LMW
PE adsorption is not sufficient to compensate the loss of translational entropy,
and the poor chain entanglement favors the exchange of complexes between
film and solution within experimental times.
We focused on the layer instability and investigated how the assembly
protocol might be adapted to limit layer instability. Although the preparation
of oligomeric PEMs is highly challenging, it is also extremely interesting for
several aspects: i) LMW PEMs represent a new class of materials with different
chain dynamics and layer structure; ii) the study of short chain assembly
might reveal processes which are kinetically hindered for long chain PEs due
to the strong layer interdigitation; iii) the study of oligomeric PEMs would be
feasible by computer simulations, and it might provide a proper
understanding of the microscopic details underlying PEM assembly.

In the first part of this work, the first experimental assembly and the first
atomistic simulations of LMW PEMs is presented. The main goal was to
provide the characterization on a mesoscopic scale of this novel system,
showing the feasibility of experimental and atomistic simulation modeling
approaches. A set of mesoscopic parameters were extracted from the
simulation, namely the film thickness, the surface roughness and the amount
of adsorbed oligoelectrolyte chains per layer, which could also be determined
experimentally.
In the second part, the assembly of LMW PEs was analyzed by Quartz Crystal
Microbalance with Dissipation (QCM-D) for a 12-layer system. The results
revealed the crucial aspects during adsorption and rinsing steps determining
layer instability. Aware of the strong influence of the preparation conditions
on multilayer structure, the effect of salt concentration of rinsing medium and
PE solution on growth and stability of LMW PEMs was investigated. The
direct comparison with the classical HMW (≈300 repeat units/chain)
PSS/PDADMAC system highlights structural differences responsible for the
distinct layer increment, stability and mechanical response to the shear stress.
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The role of chain dynamics is discussed as the key to enhance the
layer-by-layer growth of short chain multilayers.

4.2 Methods

Experimental approach Specification on the techniques are reported in
Chapter 3. Hereafter only a brief overview of the experimental approach for
the determination of the parameters of interest is reported.
Measurements of thickness of short chain PEMs swollen in water were carried
out by ellipsometry. The angle of incidence was set to 60◦ and the incident
light was driven directly onto the substrate/water interface by light guides, to
avoid the reflection liquid/air interface. The samples subjected to thickness
determination were prepared by dipping, dried with nitrogen stream and
re-swollen in Milli-Q water. Prior to measurements the samples were left
equilibrating in water for at least 15 minutes. The ellipsometric angles Δ and
Ψ were fitted with a four-layer model, consisting of i) water (refractive index
n = 1.33), ii) swollen polymer layer, iii) silicon oxide SiO2 (n = 1.46, thickness
d = 1.5 nm) and iv) silicon substrate Si (n = 3.8858). The refractive index for
the swollen polymer layer was obtained either from measurements on thicker
short chain PEMs or calculated from the polymer/water ratio within each
deposited layer extracted from the simulations.
The surface roughness was determined from the height distribution of the
surface normal to the substrate. The height profile was measured by Atomic
Force Microscopy (AFM) in Intermittent Contact Mode on samples swollen in
water after preparation. The root-mean-square (rms) roughness was calculated
from the standard deviation of the z-values obtained from a (1x1)μm2 sample
surface area on four different regions of (2x2)μm2 scans.
The sensed mass Δm was calculated from the frequency shift Δf measured by
Quartz Crystal Microbalance with Dissipation (QCM-D) during the LbL
assembly by means of the Sauerbrey relation236 (eq. 3.8 in Chapter 3). The
contribution of water to the sensed mass was extracted from numerical results
and subtracted to the experimental values to estimate the number of adsorbed
chains per cm2. Either silicon-coated (ellipsometry, AFM) or gold-coated
quartz crystal (QCM-D) were used as substrates for PE adsorption.

Computational approach Atomistic molecular dynamic (MD) simulations
were carried out in the group of Prof. Christian Holm, University of Stuttgart.
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The technical details about the simulated system and the software packages
are reported in Reference 214. The measurements of the layer properties were
carried out in separated production and equilibration runs, intended to mimic
the experimental conditions of the re-swollen films. With this purpose, after
the adsorption and rinsing of every new layer, the empty space left by the
removal of the supernatant dipping solution was refilled with a box of pure
water, previously equilibrated in a separate simulation. Slow kinetic effects,
like instability and desorption of PE-PE complexes from the film surface, were
not attempted in the atomistic simulations due to their still prohibitive
computational cost.

4.3 Results

In the first part of this section, the first study on a 4-layer-PEM from short
chain PEs is presented. Characteristic parameters like thickness, roughness
and number of adsorbed chains were directly compared with the results
obtained from atomistic simulations. The complementary use of the two
different approaches was crucial to support the interpretation of the obtained
results and to gain a more exhaustive description of the system properties,
which would not be accessible by carrying out the two studies independently.
This preliminary work on short chain PEMs was extended with the assembly
of 12-layer-systems and a detailed study on growth, structure and layer
stability. In particular, the influence of salt concentration on the mass uptake
and layer stability was analyzed. The understanding of the effect of chain
length on the properties of multilayers was eased by the direct comparison
with analogous long chain PEMs.

4.3.1 Preparation of short chain PEMs: comparison between

experimental and numerical studies

The layer-by-layer preparation of multilayers from very short polyelectrolyte
chains was an important achievement both from the numerical and for the
experimental perspective. In fact, short chain PEMs represent an experimental
system fully reproducible by atomistic simulations, and they present novel
properties regarding chain dynamics, film structure and layer growth,
compared to analogous long chain systems. A major challenge of the



54 Chapter 4. Short chain polyelectrolyte multilayers

numerical study was to find a proper method to extract mesoscopic
parameters from the simulated data, which could be compared with measured
quantities. The difficulty in the use of the two methods for the characterization
of an equal system was the sampling of very different length and time scales.
Nevertheless, the intrinsic limitations were partially overcome by the
complementary use of the results, as demonstrated from the results reported
and discussed in the following paragraph.

Thickness For the simulated films, the thickness was calculated by
computing the average height of the swollen film surface with respect to the
substrate adsorption plane. In particular, the film surface was defined by
discretizing the plane parallel to the substrate as a rectangular lattice of 50× 50

cells. For each given cell, the maximum height of any enclosed atom belonging
to either PDADMAC or PSS was taken as the film height at the position of the
cell. According to this spatial discretization and to the lateral dimensions of
the film, the calculation of the film surface had a maximum resolution of
approximately 0.26 nm. In addition, the regions with zero height, i.e. where
the substrate was not covered by any polymer atom, were not used for the
averaging.
The experimental determination of the multilayer thickness, d, was obtained
by measuring the ellipsometric angles, Δ and Ψ, using fixed values of the
refractive index n for the polymer layer. This procedure is necessary because
from the reflection from ultrathin films only the change of phase can be
determined. As a consequence, only one parameter (either d or n) can be
obtained from the fit.

In this case, the refractive index was determined separately by two different
approaches:

1. Ellipsometry measurements were carried out on a thicker
(PDADMAC/PSS)20 LMW PEM, prepared with the same protocol. For
this system both n and d could be determined experimentally, and a
refractive index of n = 1.458 was obtained. This value was assumed for
equivalent thinner films and fixed as a known parameter for the
determination of the ellipsometric thickness of all layers (n fixed in
Figure 4.1).

2. From the simulation data, the water/polymer ratio in each layer was
calculated and used to estimate the corresponding refractive index. More
specifically, the water and oligoelectrolyte mass distribution profiles
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FIGURE 4.1: Thickness as a function of the number of layers obtained from simulations
(filled circles) and ellipsometry measurements on samples swollen in water (open
circles and squares). Even data correspond to PDADMAC termination, odd data to
PSS termination. The experimental values were estimated from fixed values of n,
which were determined in separated experiments: for n fixed, a constant value of
n = 1.458 was used (open circles); for n variable, a set of layer dependent values,
from first to fourth n = {1.462, 1.528, 1.473, 1.473} was applied. The refractive
indexes were calculated considering the water mass fraction per layer estimated from
simulations (squares). Adapted from Reference 214 with permission from Taylor & Francis.

along the growth direction were computed in order to estimate the
variation of the water mass fraction as a function of the layer number214.
Interestingly, the result of the numerical calculations showed a
significant drop of the relative water content in the second (PSS) layer,
with higher presence of PSS chains, compared to the other layers. Such a
drop was of approximately 30% with respect to the first (PDADMAC)
layer, and 25% with respect to the third (PSS) and fourth (PDADMAC)
layers. Qualitatively, the drop of water content in the second layer is
supported by the experimental observations of a lower hydration in PSS
layers compared to PDADMAC ones216,217. Unfortunately the statistical
error of such results from the three available simulation runs was rather
large, with fluctuations above 50% for the third and fourth layer.
Therefore it was necessary to use an initial reference value from previous
experimental findings, which report a water content of about 40%26.
Starting from this reference value, the variation of water content found
from the simulation data was applied to the next layers, with the final
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values of about 10% water content for the second layer and about 35%
for the third and fourth layers. The corresponding refractive indices were
n = 1.462, 1.528 and 1.473 from first to fourth layer, respectively. The film
thickness estimated by fixing the values of n reported above is indicated
in Figure 4.1 (n variable).

The increase of film thickness with the number of deposited layers, as
determined from simulations and by the above mentioned experimental
approaches is shown in Figure 4.1. Considering the low values involved in this
measurement, a reasonably good agreement between numerical and
experimental datasets is found. For the case of the experimental thickness
obtained with a single refractive index for the whole film (n fixed in Figure 4.1),
a systematic shift to higher values can be noticed. This indicates an
overestimation of the water content inside the layers, and therefore a higher
water content in thicker PEMs. This statement is in agreement with recent
findings for PSS/PDADMAC multilayers prepared with an analogous
protocol47. In contrast, an excellent agreement between simulation and
ellipsometry results is obtained when the relative water content per layer is
used to calculate the corresponding n (n variable in Figure 4.1). This result
demonstrates how computer simulations can support experimental
measurements to overcome the intrinsic limitation of the techniques.

Roughness The root mean square (rms) roughness of LMW
(PDADMAC/PSS)2 PEMs calculated from simulated and experimental surface
profiles is reported in Figure 4.2 as a function of layer number. For the
simulated data, the same surface profiles were used for the determination of
the film thickness and three independent runs were aggregated to calculate its
rms deviation. The experimental values were determined from AFM
measurements and averaged on four different (1x1)μm2 regions on each
sample.

As shown in Figure 4.2, simulated and measured data showed a good
agreement. The moderate discrepancy can be a consequence of
inhomogeneous surface coverage, which may lead to inaccurate data
treatment of the measured AFM scans, and therefore slightly mistaken
determination of the surface height profiles. The hypothesis of
inhomogeneous coating is supported by the simulation data, where a strong
variation of the substrate coverage within the explored range of deposited
layers, growing from 30% for the first layer to 80% for the fourth one, was
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FIGURE 4.2: Root mean square roughness of PDADMAC/PSS LMW PEMs measured
on simulated (filled circles) and experimental samples (open circles) as a function of
the number of adsorbed layers. Even data correspond to PDADMAC termination,
odd data to PSS termination. Reproduced from Reference 214 with permission from Taylor
& Francis.

found. If a comparable substrate coverage variation is assumed for the
experimental films, a significant impact on the accuracy of the corresponding
AFM measurements can be expected.

Adsorbed mass The adsorption of a polyelectrolyte chain onto a solid
substrate is a complex process consisting of three main steps: 1) the initial
adsorption, characterized by a strong mass uptake driven by electrostatic
attraction and entropic gain upon counterion release; 2) chain rearrangement,
where PE chains adopt a more stable conformation, likely with enhanced
number of complexation sites and interchain entanglements; 3) rinsing, when
a polymer-free solution is flowed onto the layer to remove excess PE chains
and counterions prior to the next adsorption cycle. The mass adsorbed on the
substrate changes during each of these processes, but the value after rinsing is
probably the most significant one, since it describes the layer growth over a
full adsorption-rinsing cycle. This is also the quantity which was reproduced
by the computer simulations. No representative data for adsorption plateau
and rinsing kinetics were achievable, due to the limited time scales and the
simplifications introduced in the simulation protocol. In contrast,
experimental measurements of the polymer uptake at each adsorption step
were easily achievable by monitoring in-situ the adsorbed mass by QCM-D,
reported in Figure 4.3a. From the estimated change of total mass per layer and
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FIGURE 4.3: a): QCM-D measurements of frequency shift (Δf) and dissipation change
(ΔD) for the 7th overtone during the adsorption of short chain (PDADMAC/PSS)2
multilayer onto silicon coated quartz crystal. b): Accumulated number of LMW PE
chains per unit area as a function of layer number from simulated data (filled circles)
and calculated from the experimental adsorbed mass (open circles). The simulated
data correspond to the adsorbed chains after water rinsing, i.e. at the end of a full
adsorption-rinsing cycle. The experimental data were calculated from the sensed mass
measured after the initial adsorption (triangles), chain rearrangement (squares) and
rinsing step (circles). The molecular weight was 6 520 f/mol for PSS and 5 000 for
PDADMAC. Adapted from Reference 214 with permission from Taylor & Francis.

subtracting the contribution of swelling water, the number of polymer chains
per unit area was calculated. The percentage of swelling water inside each
layer was estimated from the simulation data, as described in the previous
paragraph. The values correspond to 40%, 10%, 35% and 35% of water from
first to fourth layer, respectively.
The accumulated number of adsorbed chains per layer for both simulated and

experimental data after rinsing are reported in Figure 4.3b. A good agreement
between simulated and experimental data can be found only for the first
PDADMAC layer and for the increment of the third layer, while for the PSS
layers (second and fourth) the variations of the experimental values are
significantly lower than the ones corresponding to simulations. This result
highlights an important feature of LMW PEMs: the water rinsing after PSS
deposition causes a strong mass removal, leading to very small layer
increment. This is also visible in the strong Δf decrease, corresponding to mass
loss, in Figure 4.3a for the water rinsing after PSS adsorption. Such a strong
mass loss is partially due to layer dehydration during rinsing, as proved by
atomistic simulations and supported by the decrease of energy dissipation
(Figure 4.3a), but it also proves a pronounced layer destabilization during
rinsing promoted by the abrupt change of osmotic pressure from PE solution
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to salt-free water. The possibility of a significant layer degradation within the
experimental time scales is eased by the absence of a strongly entangled
structure, which is unlikely due to the short chain length and to the higher
mobility of the complexes compared to the long chain ones. Unfortunately, the
slow kinetics nature of such a process prevents its observation in the atomistic
simulations, and no net decrease in the amount of adsorbed chains was
handled to be reproduced.
The possibility of preparing short chain multilayers by layer-by-layer
approach and the preliminary results presented in this part of the work
prompted a more detailed study on these systems, which is presented in the
next section.

4.3.2 Short versus long chain PEMs: a direct comparison of

self-assembly and structural properties

In this study, the layer-by-layer growth of LMW PEMs was extended to the
assembly of 12-layer systems, and it was monitored by QCM-D. Self-assembly,
structure and layer stability were analyzed in detail, and directly compared
with HMW PEMs, which eased the understanding of the influence of the chain
length on the system properties.
A typical example of frequency shift (Δf) and dissipation change (ΔD) for the
adsorption/salt-free rinse cycle of PSS/PDADMAC layers is reported in Figure
4.4 for the 5th (PSS) and 6th (PDADMAC) layer. The layers were chosen as
representative of the behavior of PSS/PDADMAC bilayers when the substrate
effect vanishes and polyion-polyion interactions become more relevant. The
complete preparation can be found in Figure 4.15 in Appendix at the end of
this chapter. As aforementioned and according to literature237, three kinetic
processes control the layer growth: i) an initial strong mass adsorption, ii) the
chain rearrangements during layer equilibration, and iii) the mass loss during
rinsing. In case of LMW PEMs, chain reorganization led to desorption and layer
erosion after PDADMAC adsorption, which indicates the favorable formation
of soluble PECs compared to lateral or vertical reorganization typical for HMW
PEMs237. A further mass removal is typical of the rinsing step, the lost material
consisting of loosely bound polymers and counterions. However, the strong
removal measured during rinsing after LMW PSS deposition suggests a deeper
layer instability.
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FIGURE 4.4: Frequency shift and dissipation recorded during the adsorption of HMW
and LMW PSS/PDADMAC layers. Multilayers were prepared from solutions 0.01
mol(mon)/L in 0.1 M NaCl, rinsing with salt-free water. Arrows point to increasing
overtone number (5th, 7th and 9th). Due to sake of clarity, two layers (5th and 6th) are
reported. Reproduced from Ref. 215 with permission from the PCCP Owner Societies.

The changes of Δf during adsorption/rinsing cycles are coupled to changes
of energy dissipation. In particular, ΔD decreased to lower values by rinsing
after PSS deposition for both MWs, but increased by a factor of 3 up to 10 after
PDADMAC adsorption (Figure 4.4). These changes are typical of layer
shrinking and swelling, respectively217, suggesting the formation of a poorly
hydrated and rather stiff layer after PSS deposition, with high intrinsic charge
compensation, and a softer, well hydrated layer after PDADMAC
adsorption180,216. The overtones splitting might be interpreted in terms of a
different multilayer structure perpendicular to the substrate, as well as in
terms of a frequency-dependent system response to the shear stimulus. As
higher overtones have shorter penetration depth, they are more sensitive to
the region close to the substrate; on the contrary, lower overtone numbers
correspond to deeper propagation and reach outer regions of the adsorbed
films238. Therefore the trend ΔD5>ΔD7>ΔD9, where ΔDn is the dissipation
shift for the nth overtone, indicates a higher amount of water coupled at the
polymer/liquid interface, responsible for the higher dissipative losses, in
contrast to a more compressed structure in the vicinity of the substrate. Similar
results were reported for HMW PEMs58,216, and also by Schönhoff et al. in Ref.
239 and references therein.
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Viscoelastic properties of HMW and LMW PEMs

FIGURE 4.5: Viscosity, shear modulus and viscoelastic ratio G′′/G′ for HMW and
LMW PEMs as a function of layer number. Odd layer numbers correspond to PSS,
even ones to PDADMAC. The data correspond to the layer properties after salt-free
rinsing. Adapted from Ref. 215 with permission from the PCCP Owner Societies.

The viscoelastic properties of HMW and LMW PEMs were analyzed by
modeling the measured QCM-D data according to the Kelvin-Voigt model for
viscoelastic systems212. The validity of a viscoelastic modeling from QCM-D
data was verified considering the ratio between adsorbed mass and dissipated
energy. A general approximation states that the response of an adsorbed mass
under the application of a shear stress can be considered mainly elastic for
ΔD/Δf << 0.4(·10−6)240, statement which was applied here to validate the
viscoelastic modeling. The values for ΔD/Δf for HMW and LMW PEMs are
reported in Figure 4.17 in Appendix at the end of this chapter; liquid viscosity,
liquid density and film density were fixed to the values reported in the
experimental section Chapter 3. Aware of the elastic character of
PSS-terminated PEMs, which is demonstrated by the low ΔD/Δf during
water rinsing after PSS adsorption, a good agreement between experimental
and fitting data was found.
Shear modulus μf , film viscosity ηf were obtained from the viscoelastic
modeling, and they were used to calculate storage (G′) and loss (G′′) moduli
according to eq. 3.13 ( Chapter 3). The viscoelastic ratio G”/G’ was estimated
to verify whether the system response to the shear stress is dominated by
elastic ( G′′/G′ <1), viscous (G′′/G′ >1) or viscoelastic (G′′/G′ ≈ 1) behavior240.
The obtained viscoelastic parameters after salt-free rinsing are reported in
Figure 4.5 as a function of layer number and they support a pure qualitative
discussion on buildup and structure of PSS/PDADMAC layers.
Both film viscosity ηf and shear modulus μf showed an odd-even effect with
increasing number of adsorption steps irrespective of the chain length. The
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higher viscosity of PSS-terminated PEMs indicates the presence of dense,
polymer-rich layers in contrast to loose and more hydrated
PDADMAC-terminated ones. Oscillations were also observed for the shear
modulus, which is correlated to the density of complexation sites among
polyions213, and therefore describes the elastic behavior of a polymer network.
The higher shear modulus μf of PSS layers suggests a higher density of chain
entanglements compared to PDADMAC-terminated PEMs. Although the
QCM-D data are only an indirect hint for PEM structure, the proposed models
are supported by analogous findings from determination of the Young
modulus of PDADMAC/PSS PEMs by nanoindentation241.
An important difference between long and short chain multilayers is the
increase of viscosity and shear modulus with layer number for HMW in
contrast to the almost constant values for LMW ones. This may be explained
by a structural change, namely an enhanced network density and
entanglements, of long chain PEMs through subsequent layer deposition, and
the stratification of thin layers with constant mechanical properties for short
chain ones. However, it is worth to mention that for both chain lengths, the
elastic behavior dominates the viscoelastic response to the applied shear
stress, as demonstrated by G′′/G′<1.

Effect of salt concentration of rinsing medium on PEM assembly

To investigate the effect of rinsing solution on layer structure and stability,
long and short chain multilayers were prepared from the same PE solutions as
reported previously, but by rinsing with 0.1 M NaCl instead of with pure
water.
Figure 4.6 shows Δf and ΔD of 5th (PSS) and 6th (PDADMAC) layers as
representative examples of bilayer growth. The complete multilayer
preparation is presented in Figure 4.15 of Appendix at the end of this chapter.
The change of rinsing medium did not reduce the layer degradation during
the adsorption of LMW PDADMAC, which remained very pronounced, but it
decreased the mass removal during rinsing. Although the lower loss has to
account for a reduced water removal from the layer, most of the contribution
can be attributed to the polymer. Furthermore, the splitting of dissipation for
different overtones was observed during rinsing, which might indicate the
structural inhomogeneity between the inner and outer part of the multilayer.
As a matter of fact, the higher dissipation recorded for lower overtones
corresponds to ion-rich and hydrated outermost layers, in contrast to a more
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FIGURE 4.6: Frequency shift and dissipation for the adsorption of HMW and LMW
PSS/PDADMAC. Multilayers were prepared from solutions 0.01 mol(mon)/L in 0.1
M NaCl, rinsing with 0.1 M NaCl. Arrows point to increasing overtone number (5th,
7th and 9th). Due to sake of clarity, two layers (5th and 6th) are reported. The full curve
is shown in Figure 4.15 in Appendix at the end of this chapter. Reproduced from Ref. 215
with permission from the PCCP Owner Societies.

compact structure of the inner part, as previously reported by reflectivity and
diffusion studies242,243.
A viscoelastic modeling was not applied in this case due to the very low
ΔD/Δf ratio for all layers (Figure 4.17 in Appendix at the end of this chapter).

Effect of salt concentration of PE solution on PEM assembly

The effect of ionic strength of polyelectrolyte solution on assembly and
stability of LMW PEMs was studied by monitoring their LbL growth from
solutions containing 0.5 M NaCl and salt-free rinsing. Figure 4.7 shows Δf and
ΔD for the adsorption/rinse cycle of 5th (PSS) and 6th (PDADMAC) short
chain layers; the full multilayer preparation is reported in Figure 4.18 of the
Appendix at the end of the chapter.
As demonstrated by the more negative frequency shift and in agreement with
previous findings on HMW PEMs242,244, higher mass adsorption is achieved
when PEs are deposited from solutions at higher ionic strength. The stronger
mass uptake is explained by the reduced chain repulsion due to higher
extrinsic charge compensation, and to the larger surface available due to the
adsorption of more coiled chains. The layer degradation which starts after the
adsorption of LMW PDADMAC is a smaller fraction of the initially adsorbed
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FIGURE 4.7: Frequency shift and dissipation registered during the adsorption of
HMW and LMW PSS/PDADMAC. Multilayers were prepared from solutions 0.01
mol(mon)/L in 0.5 M NaCl, rinsing with salt-free water. Arrows point to increasing
overtone number (5th, 7th and 9th). Due to sake of clarity, two layers (5th and 6th) are
reported. The full curve is shown in Figure 4.16 in Appendix at the end of this chapter.
Reproduced from Ref. 215 with permission from the PCCP Owner Societies.

mass, if compared to the degradation during PE deposition from 0.1 M NaCl,
reported in Figure 4.4. The reduced detachment of the preformed layer is a
crucial aspect, which can be exploited to enhance the layer growth of short
chain multilayers. Nevertheless, this preparation protocol induces a strong
mass removal by rinsing after PSS deposition, limiting the layer increment
over the full adsorption/rinse cycle.

4.4 Discussion

Effect of salt concentration during layer rinsing The challenge of growing
multilayers from very short polyelectrolyte chains is related to the competition
of opposite phenomena: on one hand, the adsorption at the interface and
diffusion into the PEM; on the other hand, the layer erosion which limits the
system growth. To focus on these processes, the relative change of sensed
mass Δ(Δm) during layer equilibration was calculated by

Δ(Δm)[%] =
Δft3 −Δft2
Δft2 −Δft1

· 100 (4.1)
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where Δftn corresponds to the frequency shift at the specific experimental
times: at t1, when the PE solution is injected, at t2, when the initial fast
adsorption is completed; at t3, when the equilibration process is interrupted.
An example of the mentioned frequency shifts Δftn is shown in Figure 4.4.
Values of Δ(Δm) >0 indicate a mass uptake during the entire equilibration
process, while Δ(Δm) <0 means that the initial uptake is followed by mass
loss.
The same consideration was done for the rinsing process,

Δ(Δm)[%] =
Δft4 −Δft3
Δft2 −Δft1

· 100 (4.2)

where t4 is the time when the rinsing process is completed. Values of ΔΔm≤0
are expected during rinsing, when loosely bound chains are removed from the
outermost surface. Both equations 4.1 and 4.2 are based on the assumption of a
rigid polymer layer coupled to the resonator, for which holds Δm ∝ Δf.

FIGURE 4.8: Relative mass change during a) layer equilibration (eq. 4.1) and b) rinsing
(eq. 4.2) for HMW and LMW multilayers prepared with salt-free water and 0.1 M NaCl
rinsing solutions. Data points at odd layer numbers correspond to PSS termination,
even ones to PDADMAC- termination. Reproduced from Ref. 215 with permission from
the PCCP Owner Societies.

Figure 4.8 shows the relative mass change Δ(Δm) during layer
equilibration and rinsing for HMW and LMW PEMs prepared at low ionic
strength (0.1 M) and by rinsing either with salt-free water or by 0.1 M NaCl.
The change of sensed mass represents a more direct way to monitor the layer
growth during the different steps of the multilayer buildup. Moreover, by
comparing the relative values Δ(Δm), the different amount of water carried by
the two chain lengths is intrinsically included.
From Figure 4.8a it can be seen that there is always a gain of mass during
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equilibration after HMW PSS adsorption, irrespective of the rinsing medium.
Based on the diffusion model reported for PEMs245,246 and on the distribution
of extrinsic charge compensation described by Schlenoff and coworkers for
PDADMAC/PSS multilayers69, this secondary mass adsorption can be
explained by the presence of a reservoir of mobile PDADMAC chains in the
multilayer, which diffuse back to the interface during PSS deposition and
enhance its uptake. In the case of HMW PDADMAC, a small loss is measured
during layer equilibration, which could be due to some water release upon
complexation between the polyions180. The different chain dynamics of the
two polymers, i.e. internal diffusion for PDADMAC and strong complexation
for PSS, might be reasoned by the asymmetric charge spacing, around 0.25 nm
and 0.6 nm for PSS247 and PDADMAC248, respectively, which is for PSS well
far below the Bjerrum length in water (0.71 nm249 at 300 K). This causes a more
flat conformation for PSS upon adsorption and the formation of bigger loops
and extrinsically compensated structure for PDADMAC67,69. The higher
extrinsic charge compensation of the polycation allows the diffusion towards
the inner part of the multilayer, due to a weaker interaction with oppositely
charged polyion, and accordingly the accumulation of an excess positive
charges inside the PEM after PDADMAC deposition. In contrast, the strong
intrinsic charge compensation after PSS adsorption69 prevents the internal
diffusion.
In the case of LMW PEs, neither PSS nor PDADMAC shows a secondary
uptake during layer equilibration. On the contrary, a loss of mass is observed,
in particular during the equilibration which follows PDADMAC adsorption.
This process can be explained as the result of two effects:

1. the number of charged groups per chain is not high enough to give a
stable adsorption on PEM surface. It is likely that the low gain in entropy
upon counterion release is not sufficient to compensate the entropic loss
from bulk to solid phase, therefore chain detachment is easily promoted;

2. the formation of charged PECs by the stripping of previously adsorbed
chains has to be considered. The asymmetric charge distance of the two
polyelectrolytes and the excess of charge from counterions enhance the
feasibility of this process. Moreover, the formation of very thin layers
due to the short chain length and the poor PDADMAC adsorption may
hinder the internal diffusion. As a consequence, the absence of a
polycation reservoir prevents the secondary uptake for LMW PSS during
equilibration.
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On the base of the adsorption mechanism of HMW and LMW PEs
discussed above and according to previous findings, it can be stated that for
polymers with high linear charge density and small intrinsic persistence
length (e.g. PSS), the adsorption at the surface is favored by a strong intrinsic
charge compensation, whereas for polymers with lower linear charge density
and larger intrinsic persistence length (e.g. PDADMAC), either internal
diffusion or chain detachment is promoted.
The use of NaCl rinsing instead of pure water between subsequent PE
adsorption steps has a relevant influence on the chain dynamics
independently of the molecular weight. For HMW PEMs, a small increment of
PSS uptake and a reduction of PDADMAC loss during equilibration is
obtained (Figure 4.8), both effects promoting a higher layer growth. A more
complex effect of NaCl rinsing is observed on LMW PEs: on one hand, it
induces an additional mass uptake after the initial PSS adsorption; on the
other hand, it causes a stronger loss during equilibration after PDADMAC
adsorption. To explain both the secondary PSS uptake and the enhanced
PDADMAC instability, we considered the effect of the rinsing medium on the
internal composition of PEM. It is likely that by rinsing with salt solution
instead of with pure water, a higher counterion content is kept in the
outermost layer. This weakens the interactions between oppositely charged
polyions, and therefore enhances the internal diffusion of adsorbing chains.
This might be responsible for the enhanced secondary PSS uptake. However,
the weaker polyion-polyion interaction eases the detachment of LMW
PDADMAC or the formation of soluble PECs, leading to a stronger
degradation after the initial PDADMAC adsorption. This proves that the
influence of the rinsing medium is not limited to the rinse step; by affecting
structure and ionic content of the adsorbed layer, the rinsing step also
determines the efficiency of the next adsorption process.
If the relative change of mass during rinsing with respect to the initially
adsorbed amount (Figure 4.8b) is considered, a reduce loss from 50% to 30%
for HMW PEs is observed by rinsing with NaCl solution instead of with pure
water. More remarkably, the mass loss is reduced from 90% to 40% of the
initial uptake for the LMW PEM after PSS adsorption. Aware that the lower
mass loss also accounts for a reduced water release, it is very likely that a
higher amount of polymer is kept inside the layer, since the suppression of an
abrupt change of osmotic pressure at the film/liquid interface might reduce
the layer destabilization. A much smaller loss is measured during rinsing after
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FIGURE 4.9: a) Sensed mass for increasing number of deposited layers. Films were
prepared from polyelectrolyte solution 0.01 mol(mon)/L in 0.1 M NaCl. Reported data
refer to the multilayer thickness after rinsing with salt-free water or 0.1 M NaCl. Data
for odd layer numbers represent PSS termination, even ones PDADMAC termination.
b) Linear fit on the experimental data of sensed mass as a function of layer number for
short LMW PEMs. Adapted from Ref. 215 with permission from the PCCP Owner Societies.

PDADMAC deposition (around 20% of the initially adsorbed mass). Yet
considering the amount removed during layer equilibration, the total mass
loss is around 50%, i.e. comparable to the amount washed from HMW layers.

The results discussed above come to the common conclusion that layer
destabilization is the limiting factor for the growth of LMW PEMs. The
degradation of PDADMAC layer occurs during layer equilibration, while in
the case of PSS the salt-free rinsing triggers a strong mass removal. The latter
can be reduced by NaCl rinsing, which prevents an abrupt change of the
osmotic pressure at the PEM interface, and therefore avoids the stripping of
loosely bound chains or complexes.

As the LbL growth of a multilayer is the result of adsorption, equilibration
and rinsing step, the sensed mass Δm per layer after a complete preparation
cycle is the most representative parameter to describe the system growth.
Figure 4.9a shows Δm as a function of layer number for both MWs and rinsing
protocols. Independently of the rinsing medium, the mass increment is
represented by a non-linear increase for HMW multilayers and a linear
increase for LMW ones. For the latter, the linear regime may result from the
stratification of very thin layers, having a lower water content, and from the
strong degradation, which keeps the adsorbed amount very low.
Despite this MW-related difference, the assembly under NaCl rinsing leads to
higher layer increment for both chain lengths. In particular for LMW PEMs
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this is proved by the higher slope of a linear fit on the experimental data for
preparation by NaCl rinsing shown in Figure 4.9b.
As a result of the balance between layer destabilization and growth, in the case
of LMW PEMs the type of rinsing protocol has a strong effect on the mass
increment of each polyelectrolyte: when the short chain PEMs are prepared
with pure water, the strong mass removal during rinsing after PSS adsorption
causes a higher increment for PDADMAC over a full adsorption/rinse cycle.
On the contrary, the preparation with NaCl rinsing induces a stronger
destabilization of PDADMAC layers but enhanced stability of PSS ones, which
results in a higher increment for PSS layers.

FIGURE 4.10: Relative mass change during a) layer equilibration and b) rinsing for
HMW and LMW multilayers prepared at 0.1 and 0.5 M NaCl. Rinsing was performed
by salt-free water. Odd numbers refer to PSS termination, even ones to PDADMAC
termination. Reproduced from Ref. 215 with permission from the PCCP Owner Societies.

Effect of salt concentration during layer assembly The influence of salt
concentration of the PE solution on the growth of LMW PEMs was also
investigated. The relative change of sensed mass Δ(Δm) in presence of low
(0.1 M) and high (0.5 M) NaCl concentration is reported in Figure 4.10 for layer
equilibration and salt-free rinsing. The data for the preparation at low ionic
strength were presented also in Figure 4.9 and are reported here for the sake of
comparison.
During layer equilibration (Figure 4.10a) the PSS uptake is enhanced at high
ionic strength, and the PDADMAC loss is reduced beyond the 4th layer.
Analogous to preparations with NaCl rinse, the secondary PSS adsorption is
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FIGURE 4.11: Sensed mass as a function of number of layers. LMW PEMs were
prepared from PE solutions 0.01 mol(mon)/L in 0.1 M or 0.5 M NaCl. Reported data
refer to the multilayer thickness after rinsing with salt-free water. Odd numbers refer
to PSS termination, even ones to PDADMAC termination. Reproduced from Ref. 215
with permission from the PCCP Owner Societies.

explained by the diffusion of PDADMAC chains first into the multilayer and
then back to the interface, enhancing the PSS uptake. This process is even
more likely at higher ionic strength, when the higher counterion condensation
around the chains weakens the interaction among polyions and increases the
chain mobility. However, in condition of excess of charges the formation of
soluble PECs should be also favored75. To verify that, the absolute change of
mass during equilibration was considered and compared to the adsorption at
low ionic strength (Figure 4.18 in Appendix at the end of this chapter). As a
matter of fact, the mass loss during PDADMAC equilibration is enhanced at
higher ionic strength, when the extrinsic charge compensation is also higher.
This means that the stronger layer growth at high concentration is not
reasoned by reduced layer degradation, but is due to an enhanced initial PE
adsorption.
Regarding the rinsing step analyzed in Figure 4.10b, it has no influence on the
layer stability of the LMW PEMs independently of the ionic strength in the PE
solution. In fact, in both cases there is a significant destabilization of PSS layer
during water rinsing. Nevertheless, this loss is balanced by the enhanced PSS
uptake during equilibration. This effect, together with the higher initial
PDADMAC adsorption, enhances the layer increment, and leads to stronger
PEM growth (Figure 4.11).

The aspects discussed above demonstrate the complex interplay of effects
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FIGURE 4.12: Schematic representation of the effect of salt concentration in the rinsing
medium and in the PE solution on the growth of HMW and LMW PEMs. The symbols
“+” and “-” indicate gain and loss of mass, respectively, according to the results
reported in Figure 4.8 and 4.10. Reproduced from Ref. 215 with permission from the PCCP
Owner Societies.

dominating assembly and stability of polyelectrolyte multilayers. Specifically
in presence of unstable systems, the proper choice of preparation conditions is
fundamental to limit layer degradation and enhance the mass uptake, in order
to achieve an efficient LbL growth. To summarize the influence of salt
concentration of rinsing medium and PE solution on the growth of long and
short chain (PSS/PDADMAC) multilayers, a schematic outline is reported in
Figure 4.12. It may serve as a general guide for the choice of assembly protocol
to obtain high layer growth.

Mechanism of multilayering at low ionic strength: HMW versus LMW PEs

assembly

The change of shear modulus μf and viscosity ηf during multilayer assembly
reveals some fundamental properties of the adsorbed layers, namely the
formation of highly intrinsic compensated PSS layer (high elastic modulus and
high viscosity) in contrast to the swollen and more extrinsic compensated
PDADMAC layers (low shear modulus and low viscosity). These properties
are valid for both HMW and LMW multilayers, which means that scaling
down to shorter chain length does not change the rules governing the buildup
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of PSS/PDADMAC systems.
The viscoelastic modeling suffers of strong approximations, like constant layer
density and the viscoelastic character of PSS layers. However, the difference
between the two systems can be qualitatively discussed. Mostly constant
mechanical properties of short chain PEMs suggest the stratification of
oppositely charged layers with a constant inner structure. In contrast, an
increase of μf and ηf with layer number for the long chain system indicates an
enhancement of layer density and entanglements. This leads to the proposed
structures for HMW and LMW PEMs schematically represented in Figure 4.13:
i) an entangled polymer network for long chain multilayers and ii) a layered
alternation of oppositely charged layers for short chain ones. The structural
model of short chain PEMs agrees with the one proposed by Nestler et al.234

for the assembly of low molecular weight PEs.

FIGURE 4.13: Schematic summary of the main structural features of HMW and
LMW chain PEMs. A highly interdigitated system is deduced for long chain PEMs
and a layered alternation of oppositely charged layers for short chain ones. Stiff
and intrinsically compensated layers are formed after PSS adsorption as the layer
collapses during water rinsing. On the contrary, layer swelling during salt-free rinsing
and the formation of extrinsically compensated layers is obtained for PDADMAC.
In contrast to the stable adsorption of HMW PEs, LMW ones have to account for
polymer desorption. This occurs by the strong mass loss during water rinsing
after PSS adsorption and the formation of soluble PE complexes during PDADMAC
adsorption. The length of the drawn segments does not correlate to the true chain
lengths. Reproduced from Ref. 215 with permission from the PCCP Owner Societies.
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The role of PEC structure on the stability of LMW PEM

The assembly of short chain multilayers was previously reported by Schlenoff
and coworkers72 for the pair poly(methyl vinyl pyridine)(PM4VP)-poly(styrene
sulfonate)(PSS) (≈ 40 repeat units/chain). The multilayering was investigated
over a wide range of salt concentration, but no relevant multilayer growth was
observed. There are two important differences between the aforementioned
work and the present study, which are likely to be responsible for the successful
LbL growth of PSS/PDADMAC LMW PEMs:

1. Polyelectrolyte pair. This is a crucial parameter determining the growth
efficiency. As the polyions PSS and P4VMP have very similar structure
and intra-chain charge distance, their combination leads to the formation
of highly intrinsically compensated pairs, and therefore to very thin and
flat layers. The resulting complexes are also more hydrophobic (i.e.
lower hydration, lower extrinsic charge compensation) than
PDADMAC/PSS ones66. As the results in section (Chapter 7)
demonstrate, the chain diffusion is crucial to enhance the polymer
uptake and to counteract the layer degradation. The higher persistence
length of PDADMAC compared to PSS and the rather high
hydrophilicity of PSS/PDADMAC complexes lead to the formation of
rougher layers compared to PSS/P4VMP, allowing a higher chain
mobility through the structure.

2. The absence of drying between adsorption steps. The drying process after
layer deposition is likely to reduce the porosity and smooth the
outermost part upon dehydration, preventing diffusive processes
through the multilayer. This idea is supported by the findings of
Tedeschi et al.250 on the adsorption of dyes inside a multilayer. They
found that the uptake of a dye was reduced when the adsorption steps
were alternated by drying with argon. This result was explained in terms
of structural changes which reduce layer porosity and therefore the
diffusion of the dye to the inner part of the PEM. In our work, no drying
steps were performed between subsequent depositions, therefore the
chain diffusion inside the multilayers was not hindered.
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4.5 Conclusions

In contrast to previous findings and to common expectations, short chain
polyelectrolytes can be successfully assembled by layer-by-layer dipping
method to prepare multilayers. This achievement was of high importance as it
allowed to prepare a new class of materials beyond layer instability.
Experiments and atomistic MD simulations could be used in a synergistic way
to study mesoscopic properties of the same systems. Significantly good
agreement was found by comparing thickness, roughness and number of
adsorbed chains. Moreover, the combination of numerical and experimental
studies allowed to overcome intrinsic limitations of PEMs with higher
accuracy. In particular, the refractive index of the swollen layer could be
determined by considering the water fraction extracted by the atomistic
simulation. In turn, molecular processes dominated by slower kinetics, like
slow chain rearrangements and destabilization, were not feasible for the
simulations, but they were identified from the change of sensed mass during
the layer growth by QCM-D.
This preliminary knowledge was extended with a detailed QCM-D study on
the assembly of HMW and LMW multilayers. In particular, the influence of
salt concentration of rinsing medium and polyelectrolyte solution on growth
and stability of LMW PEMs was investigated. It was shown that the formation
of unstable layers is a consequence of a low number of complexation sites and
the formation of soluble PECs, which diffuse back to the bulk phase. Layer
degradation was observed during layer equilibration after LMW PDADMAC
adsorption. In contrast, LMW PSS layers showed higher stability during the
equilibration step, but a strong mass loss by rinsing with salt-free water. For
short chains PEs at least one of the two processes, either the reorganization
during equilibration or the rinsing, leads to significant mass losses and
prevents a systematic layer increment during multilayer built-up.
A variety of effects on the chain dynamics were observed when increasing the
salt content either in the rinsing medium, or in the PE solution. In the first
case, the rinse cycle with salt solution instead of with pure water might
enhance the internal diffusion of PDADMAC chains, due to the higher
extrinsic charge compensation. As a consequence, the formation of a bigger
reservoir of polycations increased the PSS uptake during the next adsorption
cycle, leading to higher layer increments than for salt-free rinsing. In the
second case, the higher salt concentration in the PE solution enhanced the
initial mass uptake during adsorption for both PEs, which counteracted the
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strong degradation during layer equilibration and salt-free rinsing, resulting
again in higher layer increments than for PEM assembly at low salt
concentration.
The possibility of preparing multilayers with very short PE chains has huge
implications for the fundamental research and for the applications of these
systems. Besides a number of analogous properties to HMW PEMs, the faster
dynamics of LMW PEMs allows to follow processes which are normally
hidden by the kinetic irreversibility of long chain PEs assembly on
experimental time scale.
Furthermore, the possibility of extending the investigation of multilayers to
the oligomeric level may help to validate theoretical simulations on PE
assembly214,251, whose computational load of large macromolecules is still out
of reach, or to generalize experimental results252 for a broader range of
molecular weights. In terms of applications, using different chain lengths
might be a tool to control the stability of PEM membranes, e.g. for applications
in drug uptake and release.
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4.6 Appendix

FIGURE 4.14: Δf and ΔD recorded for the adsorption and salt-free rinse of LMW
(≈30 repeat units/chain) PDADMAC. The data refer to the adsorption of the VI layer,
which is reported as an example for PDADMAC layers. Colors from darker to lighter
correspond to increasing overtone number (from 5th to 9th overtone). Reproduced from
Ref. 215 with permission from the PCCP Owner Societies.
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FIGURE 4.15: Δf and ΔD recorded during the preparation of HMW (≈300 repeat
units/chain) and LMW (≈30 repeat units/chain) PSS/PDADMAC PEMs. On the left-
hand side, preparation by PE solutions 0.01 mol(mon)/L in 0.1 M NaCl and rinsing by
salt-free water; on the right-hand side, preparation by PE solutions 0.01 mol(mon)/L in
0.1 M NaCl and rinsing by 0.1 M NaCl. Colors from darker to lighter correspond to
increasing overtone number (from 5th to 9th overtone). Reproduced from Ref. 215 with
permission from the PCCP Owner Societies.

FIGURE 4.16: Δf and ΔD recorded during the preparation of LMW PSS/PDADMAC
PEMs, PE solutions 0.01 mol(mon)/L in 0.1 or 0.5 M NaCl and rinsing by salt-free
water. Reproduced from Ref. 215 with permission from the PCCP Owner Societies
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FIGURE 4.17: ΔD/Δf ratio as a function of layer number for HMW and LMW
PSS/PDADMAC PEMs prepared by PE solutions 0.01 mol(mon)/L in 0.1 M NaCl.
Rinsing was done by a) salt-free water or b) NaCl rinsing. Odd layer numbers refer to
PSS termination, even ones to PDADMAC termination. Reproduced from Ref. 215 with
permission from the PCCP Owner Societies.

FIGURE 4.18: Absolute mass change during equilibration as a function of number of
layers for LMW multilayers at low (0.1 M) and high (0.5 M) salt concentration. Odd
numbers refer to PSS layers, even ones to PDADMAC. Reproduced from Ref. 215 with
permission from the PCCP Owner Societies.
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Abstract

The influence of osmolytes on the conformational behavior of grafted
polymers is studied in this work. In particular, the interactions between
poly(N-isopropylacrylamide) (PNIPAM) brushes, a model system for proteins
due to the similar functionality, and two denaturing agents, urea and
guanidinium chloride (GdmCl), are analyzed by monitoring the change of
ellipsometric brush thickness for varying osmolyte concentrations over a
broad temperature range. The interpretation of the experimental data is
supported by atomistic molecular dynamics (MD) simulations of the
PNIPAM-urea system, which provide detailed insights into the local
interactions between the macromolecule and the surrounding environment.
The study highlights the presence of two distinct concentration regimes: a low
concentration regime (cu,g ≤0.5 mol/L), where the osmolyte is preferentially
excluded by the first solvation shell of PNIPAM and accumulates in bulk; a
high concentration regime (2 ≤ cu,g ≤ 7 mol/L), where the osmolyte is
preferentially bound to the polymer. For both concentration regimes, the
phase transition temperature (Ttr) is shifted to lower values for increasing urea
concentration. At cu,g ≤ 0.5 M, this effect is explained by the decrease of the
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chemical potential of the bulk water in the surrounding aqueous phase. At
cu,g ≥ 2 M, the decrease of Ttr is due to the enrichment of the polymer surface
by osmolyte molecules and the favorable replacement of water molecules.
Furthermore, both osmolytes influence the chain conformation. In particular,
at the concentration of cu,g =0.5 M, the polymer chains are more stretched due
to the excluded volume occupied by urea. On the contrary, the direct binding
at high concentration causes a more collapsed state, due to the cross-linking of
PNIPAM chains and consequent brush shrinking. Only for GdmCl at cg =7 M
there is evidence of a further conformational change, due to the strong
osmolyte binding. In this case, the chain stretching is favored even above Ttr,
which proves the predominance of osmolyte-polymer interaction on the
temperature-dependent phase transition.

5.1 Introduction

Osmolytes are low-weight molecules which own an extremely important
biological role in living organisms by contributing to regulate the cellular
osmotic pressure and a constant fluid balance. In addition, osmolytes are also
known to influence the structural conformation of proteins253–256. It was
reported that above a critical concentration of denaturants, like guanidinium
chloride (GdmCl) or urea, protein unfolding occurs257–260, while the
stabilization of protein structures was validated for protectants like
trimethylamine-N-oxide (TMAO) and hydroxyectoine261–264.
The mechanism and the different accumulation properties of protectants and
denaturants around molecular surfaces were object of several studies265–269,
and it was also recently demonstrated by computer simulations that the
binding behavior is the result of a subtle interplay between enthalpic effects,
entropic effects and surface charge270. The binding or the exclusion
mechanism of a co-solute has a crucial influence on the solvation properties of
a macromolecule and on its phase transition. Two distinct osmolyte binding
mechanisms have been proposed, whose predominance is still under debate:
direct interactions, which describe the binding of the osmolyte to the surface
of the macromolecule via hydrogen bonds, salt bridges or dispersion
interactions271–275, and indirect interactions, mostly imposed by the influence
of the osmolyte on the local water shell around the polymer surface276,277.
Nevertheless, the chemical variety and structural complexity of proteins limit

the understanding of the interaction mechanism with osmolytes, therefore
often simplified proteomic homopolymers are studied. Among them,
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FIGURE 5.1: Chemical structure of urea and guanidinium chloride.

poly(N-isopropylacrylamide) (PNIPAM) received a lot of scientific attention,
because its side group contains the amide functionality, which is present in
every protein backbone. Furthermore, its temperature induced phase
transition is closely related to the loss of protein structure by effect of
denaturating agents (cold denaturation of proteins)150. The predominant effect
displayed above the LCST is the low number of hydrating water molecules
bound to the macromolecule278–281, therefore the analysis of hydration
properties, molecular size and transition temperatures can clarify the influence
of added solutes on the temperature-induced conformational changes of
PNIPAM149,282.
In particular for PNIPAM, recent studies found that highly concentrated urea
solutions lead to a significant decrease of the LCST283. This effect was
analyzed in detail by Fourier transformed infrared (FTIR) spectroscopy
experiments, which showed that mainly direct interactions between urea and
the carbonyl group of NIPAM promote the collapse into a globular state by
means of a bivalent hydrogen bond. In addition, more recent numerical
studies also indicated that entropic effects arising from the accumulation of
urea clouds around the PNIPAM molecule might have a crucial influence on
the thermal behavior275,284,285.
Typical studies of PNIPAM-urea interactions are performed in bulk286–289 and
very rarely for osmolyte concentrations below 0.5 mol/L. Nevertheless,
grafted chains are widely applied as smart coatings290–292, therefore their
conformational behavior in presence of osmolytes is also of high interest.

The present study focuses on the influence of urea and guanidinium
chloride on the swelling and collapse behavior of PNIPAM brushes over a
wide range of osmolyte concentrations. Ellipsometry measurements were
carried out to monitor the change of thickness of PNIPAM brushes as a
function of temperature for osmolyte concentrations between 0.1 and 7 mol/L.
From the obtained data, the transition temperature (Ttr) and the swelling
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degree (ϕsw) of PNIPAM below (288 K) and above (328 K) the critical solution
temperature were calculated. For the case of PNIPAM-urea interactions, the
proposed binding mechanism was validated by atomistic molecular dynamics
(MD) simulations, which were carried out in the group of Prof. Christian
Holm (Institute of Computational Physics at the University of Stuttgart) and
analyzed by Dr. Jens Smiatek. The numerical studies were focused in
particular on the change of PNIPAM-water hydrogen bonding in presence of
urea, and on the energetic stability of swollen and collapsed conformation as a
function of urea concentration and temperature. Both experimental and
numerical study demonstrated a concentration-dependent binding behavior of
urea to PNIPAM: at low molar concentration, the osmolyte is preferentially
excluded from the first hydration shell and mostly accumulates in the bulk; at
high osmolyte concentration, the osmolyte is preferentially bound to the
molecular surface and favorable replace water molecules at high temperature.

5.2 Results

The first part of this section presents the experimental study on the swelling
behavior of PNIPAM brushes in presence of different concentration of
osmolyte, either urea or GdmCl, below and above the phase transition
temperature (Ttr). The experimental findings and proposed mechanisms are
supported by the atomistic MD simulations, which were carried out on the
PNIPAM-urea system, and are presented in the second part of this section. The
numerical studies were of crucial importance to understand the molecular
origins of the observed behavior. They allowed to define a rational picture of
PNIPAM-osmolyte concentration dependent interactions, and to explain both
direct and indirect effects of urea and GdmCl on the brush conformation.

5.2.1 Experimental study

In order to compare the ellipsometry thickness change of PNIPAM brushes as
a function of temperature for different co-solute concentrations, the relative
change of thickness with respect to the initial value at 288 K, Δdsw/dsw(288 K),
was calculated according to the equation

dsw(T)− dsw(288 K)

dsw(288 K)
· 100 =

Δdsw

dsw(288 K)
[%] (5.1)
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where dsw(288 K) is the swollen brush thickness measured at 288 K and dsw(T)
the PNIPAM thickness at temperatures T > 288 K. The curves are reported in
Figure 5.2 for both urea and GdmCl.
Two relevant features can be noticed for increasing urea (cu) and GdmCl (cg)
concentration: a shift of the phase transition to lower temperature and a
weaker brush collapse. Both trends are denoted in Figure 5.2 by the black
arrows. The reduced dehydration at increasing concentration is a hint for high
osmolyte content inside the brush. In particular for the highest GdmCl
concentration (cg=7 M), the reduced brush collapse become very relevant. This
indicates that the strong binding of the osmolyte to the polymer chain causes a
conformational change, in agreement with the denaturation induced on
proteins by this osmolyte above 6 mol/L.272,293–295

FIGURE 5.2: Relative thickness change, Δdsw/dsw(288 K), as a function of
temperature measured in a) urea or b) GdmCl solutions at different molar
concentration. The lines represent the fit of a sigmoid on the experimental data and
are traced as a guide for the eye. The arrows indicate the effect of added osmolyte.
Adapted from Ref. 296 with permission from the PCCP Owner Societies.

In order to analyze these two effects in detail, the transition temperature Ttr

and the swelling degree ϕsw were extracted from the measured ellipsometry
data. The transition temperature was taken as the temperature at half of the
brush collapse, the obtained values for both osmolytes are reported in
Figure 5.3. In the case of urea, a systematic shift of Ttr to lower temperatures
for increasing cu was found, with the evidence of two distinct regimes: a low
concentration regime between 0 and 0.5 mol/L, where Ttr decreases linearly as
a function of cu (inset in Figure 5.3a), and a high concentration regime between
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FIGURE 5.3: Transition temperature Ttr of PNIPAM brushes as a function of a) urea or
b) GdmCl concentration. The samples were subjected to a heating cycle from 288 K to
328 K. The values Ttr was taken as the temperature at half of the brush collapse. The
inset in the plot reports the values of Ttr between 0 and 0.5 mol/L, while the straight
lines describe the calculated trends according to eq. 5.5 for the calorimetric enthalpy
ΔHcal(1)=5.5 kJ/mol and ΔHcal(2)=7 kJ/mol, reported in literature for the coil-to-
globule transition of PNIPAM chains in water. Adapted from Ref. 296 with permission
from the PCCP Owner Societies.

2 and 7 mol/L with a weaker, but continuous decrease of Ttr. Analogous
results were reported for the coil-to-globule transition of individual PNIPAM
chains in aqueous solution283, meaning that this effect is not restricted to the
brush geometry.
A similar decrease of Ttr in the low concentration regime was found for
GdmCl (inset in Figure 5.3b), which levels off at higher concentrations. When
the concentration of 7 mol/L is reached, an abrupt decrease of Ttr (ΔTtr ≈-9 K)
was found, which indicates a stronger weakening of the PNIPAM-water
binding. However, this effect might be overamplified by the small decrease of
brush thickness at this concentration (Figure 5.2).
The swelling degree ϕsw of PNIPAM brushes was analyzed below (288 K) and
above (328 K) the phase transition temperature, and it was calculated
according to the relation

ϕsw =
dsw(T)− ddry

ddry

· 100 [%]. (5.2)

with ddry the thickness of the dry brush and dsw(T) the thickness of the swollen
brush at a given temperature T. The dry brush thickness measured by
ellipsometry in a humidity cell at (1.9±0.1)% RH was (40.5±0.9) nm. The
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obtained results are reported in Figure 5.4. A stronger swelling degree

FIGURE 5.4: Swelling degree ϕsw of PNIPAM brushes at 288 K and 328 K for different
a) urea and b) GdmCl concentrations. The parameter ϕsw was calculated according to
eq. 5.1. Adapted from Ref. 296 with permission from the PCCP Owner Societies.

compared to pure water was observed for both osmolytes and both
temperatures at 0.5 M. The increase of ϕsw at 0.5 M might be caused by two
indirect effects: either a stronger accumulation of water around the
macromolecule, or by some steric effects induced by the presence of the
osmolyte in the polymer hydration shell.
When the osmolyte concentration is increased furthermore (cu,g ≥2 M), the ϕsw

at 288 K (e.g. below the phase transition) decreases, which might be explained
by a lower water content in the brush, replaced by osmolyte molecules. The
hypothesis of urea or GdmCl accumulation in the brush at high cu,g is
supported by the higher ϕsw at 328 K compared to pure water (Figure 5.4). In
fact, it is reasonable that the replacement of water molecules by the osmolyte
reduces the dehydration above Ttr, since the osmolyte is kept in the brush
above the phase transition temperature.
In the case of GdmCl at cg= 7 M, the swelling degree increased again, which is
particularly remarkable at high temperature. This enhanced chain stretching is
an effect of the osmolyte binding on the macromolecular conformation, rather
than due to high water content293,294. If it is assumed that also GdmCl forms
cross-links between adjacent chains at high molar concentration, these
interaction forces are possibly overcome, due to the higher stability of the
stretched chain conformation.
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FIGURE 5.5: Percentage of brush collapse as a function of osmolyte concentration
calculated according to eq. 5.3. Adapted from Ref. 296 with permission from the PCCP
Owner Societies.

An analogous representation of the effect of osmolyte on the structural
transition of PNIPAM brushes is given by the percentage of the total brush
collapse (i.e. reached at 328 K) as a function of cu,g, reported Figure 5.5. The
percentage of brush collapse was calculated from the change of swollen
thickness upon brush phase transition. The following equation was applied:

Collapse[%] =
dsw(328 K)− dsw(288 K)

dsw(288 K)
· 100 (5.3)

where dsw(288 K) and dsw(328 K) are the thickness of the swollen brush at 288
K and 328 K, respectively. As it can be observed in Figure 5.5 a reduced brush
collapse was found in presence of osmolyte in comparison to pure water. In
the low concentration regime (cu,g ≤0.5 M), this behavior suggests that the
presence of the osmolyte, either in the bulk or in the vicinity of the
macromolecule surface, favors the brush swelling due to steric effects. This
hypothesis is reasonable as urea well integrates in the water structure and
forms an extended network265,297,298. In the high concentration regime, the
reduced collapse is caused by the lower water content inside the brush, due to
a more favorable binding of the osmolyte to the polymer backbone. In the case
of high GdmCl concentration (cg= 7 M) the osmolyte binding leads to a minor
change of brush thickness above Ttr, likely due to unfavored chain shrinking.
The experimental results reported above demonstrate that the osmolytes exert
a strong influence on the phase transition and conformation of PNIPAM
brushes. However, there is evidence of different kind of polymer-osmolyte
interactions in the low and high concentration regime, whose precise
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mechanisms are hard to prove from the experimental observation. The
understanding of the interactions on a molecular level was the purpose of
numerical studies presented in the next part of this section.

5.2.2 Atomistic MD simulation of PNIPAM-urea binding

Most of the experimental techniques are unable to detect very local features,
like molecular bonding or interactions on an atomistic scale, which are
accessible by computer simulations. As we demonstrated in the study
presented in Chapter 4 and published in Ref. 214, the combination of
experimental and numerical study represents a powerful tool to characterize a
system both on sub-molecular and mesoscopic level.
Atomistic MD simulations of a PNIPAM chain in low and high concentrated
urea solutions below (288 K) and above (328 K) its phase transition
temperature were carried out by Dr. Jens Smiatek in the group of Prof.
Christian Holm at the Institute for Computational Physics, University of
Stuttgart. Details regarding the computer simulations and the data analysis
are reported in the Appendix at the end of this chapter. In brief, a PNIPAM
chain of 24 monomers was simulated in two different conformations, a swollen
state defined by a radius of gyration Rg=1.4 nm and a collapsed state with
Rg=0.8 nm. The study of the hydration behavior was performed by evaluating
the local Kirkwood-Buff (KB) integrals G21 at the cut-off radius rc=1.8 nm,
which describe the distribution of water molecules around PNIPAM chains by
means of their pair correlation function g21, where “2” represents the polymer
and “1” the water molecules. This approach was applied to the different
possible situations: low (l) and high (h) urea concentration, swollen (s) and
collapsed (c) state, below (288 K) and above (328 K) the phase transition
temperature. The cut-off radius was chosen as the distance at which the values
of the radial distribution function converged.

The obtained results are reported in Figure 5.6. The reported parameters are
the KB integrals for the water(1)-PNIPAM(2) system calculated in pure water,
Gw

21, and in urea solutions, Gu
21. The divergence between the two values, ΔG21,

was calculated according to

ΔG21 = Gu
21 −Gw

21 (5.4)

The small value for ΔG21 at 288 K indicates that the water distribution around
PNIPAM chains is mostly unchanged in presence of urea. This is in agreement



88 Chapter 5. Concentration dependent PNIPAM-osmolyte binding

FIGURE 5.6: Values for the Kirkwood-Buff integrals G21 at rc=1.8 nm for water
molecules around the different PNIPAM configurations ((s)wollen and (c)ollapsed)
temperatures (288 K and 328 K) and urea concentration ((l)ow and (h)igh). The blue
bars (Gw

21) represent the values in pure water, the violet bars (Gu
21) the values in

presence of urea. The differences in the Kirkwood-Buff integrals ΔG21 between urea
solution and pure water are denoted by the green bars and were calculated according
to eq. 5.4. Adapted from Ref. 296 with permission from the PCCP Owner Societies.

with previous assumptions in literature254,265, as urea molecules can be well
integrated into the water structure network and therefore they do not
significantly change the chain hydration properties. Larger values of Δ G21 are
observed for all systems at high temperature (328 K), due to the decrease of
Gu

21. This indicates that above the Ttr, the hydration of PNIPAM becomes
weaker in presence of urea than in pure water, or in other terms that the
dehydration process is eased. This means that while low cu only weakly
perturbs the PNIPAM hydration by water, this property is strongly influenced
at high cu.

In order to study the local interaction between PNIPAM and its
surrounding environment (water, urea), the number of hydrogen bonds was
estimated. The results are shown in Figure 5.7 for the number of
PNIPAM-water (HBw) and PNIPAM-urea (HBu) and total (HBtot) H-bonds.
The parameters ΔHBw and ΔHBtot represents the difference of PNIPAM-water
H-bonds and the change of total H-bond, respectively, between urea solution
and pure water. For low molar urea concentrations, the number of
PNIPAM-urea hydrogen bonds is very low (HBu) and there is a minor
difference for the PNIPAM-water bonds formed in urea solution and in pure
water (ΔHBw). This holds for both the investigated temperatures (ls288, lc288,
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FIGURE 5.7: Number of PNIPAM hydrogen bonds in urea solutions with urea (HBu),
water (HBw), total number of hydrogen bonds (HBtot) and the differences to the same
configuration and temperature compared to pure water (ΔHBw) and (ΔHBtot) for all
systems. Reproduced from Ref. 296 with permission from the PCCP Owner Societies.

ls328 and lc328). This result brings to conclude that the first solvation shell
around PNIPAM at low cu is similar to the hydration shell in pure water.
In contrast, at high cu the number PNIPAM-urea (HBu) and PNIPAM-water
(HBw) bonds is similar, and above the phase transition (hs328 and hc328) the
HBw becomes lower than HBu. This confirms a strong accumulation of urea in
the first solvation shell of PNIPAM chains, which replaces the water molecules
at molecular interfaces. Moreover, for all configurations (hs288, hc288, hs328,
hc328) a significant decrease of ΔHBw is found, meaning that the
PNIPAM-water interaction is weakened in presence of urea.
Finally, the accumulation of urea around the polymer chain was quantified by
the local/bulk partition coefficients of urea Ks

p and Kc
p for the swollen and

collapsed state, respectively. A detailed explanation of the approach and the
meaning of the involved parameters can be found in the Appendix at the end
of this chapter. The results reported in Figure 5.8 proved that the local/bulk
partition coefficients for low cu and both temperatures are always smaller than
1. This means that urea is preferentially excluded from the PNIPAM backbone
and it interacts more favorably with water molecules. This statement is in
agreement with the small number of urea-PNIPAM hydrogen bonds reported
in Figure 5.7. In contrast, at high cu the value of Kp deviate to values larger
than 1 at short distances, which indicates a stronger urea accumulation at the
macromolecule surface. This effect is more pronounced at high temperature,
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FIGURE 5.8: Local partition coefficient for swollen (Rg = 1.4 nm) and collapsed
(Rg = 0.8 nm) PNIPAM conformations in presence of high and low molar urea
concentrations at 288 K (left) and at 328 K (right). Reproduced from Ref. 296 with
permission from the PCCP Owner Societies.

ΔΔFKp [kJ/mol]
288 K 328 K

Low cu -0.10 -0.35
High cu -0.10 0.20

TABLE 5.1: Local/bulk partition coefficient free energy difference ΔΔFKp
calculated

according to eq. 5.28 at distance r=0.5 nm.

and it might indicate the replacement of water by urea around PNIPAM chain.
The shift of the chemical equilibrium towards swollen or collapsed PNIPAM
conformations can be rationalized with regard to the local/bulk partition
coefficient free energy difference ΔΔFKp , which is expressed by the relation in
eq. 5.28. This value defines which conformation, either the swollen or
collapsed state, is energetically preferred for defined temperature and
osmolyte concentration. The results are reported in Table 5.1. Only at high cu
and at 328 K a positive value of ΔΔFKp is obtained, meaning the stability of
the collapsed conformation. For all the other temperatures and concentrations,
swollen conformations are energetically preferred.

5.3 Discussion

Shift of transition temperature Ttr The results presented in the previous
section demonstrate that both urea and GdmCl have a significant influence on
the phase transition of PNIPAM brushes. Both at low (cu,g ≤0.5 M) and high
(cu,g ≥2 M) osmolyte concentration, the phase transition temperature Ttr

constantly decreased for increasing osmolyte concentration. However, while
this effect can be reasoned by the direct osmolyte binding283,299 in the high
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concentration regime (Figure 5.7), indirect effects277 on the hydration
properties of PNIPAM brushes might be predominant at low cu,g. To verify
that, it can be assumed that at low concentration the osmolyte behaves as a
non-interacting salt in a dilute regime, and it decreases the chemical potential
of bulk water. From the equilibrium condition at Ttr with identical chemical
potentials for H2O-bulk and H2O-brush, the following relation between the
temperature shift ΔTtr and the dehydration enthalpy ΔHdehy can be derived:

ΔTtr = −R(T0
tr)

2

ΔHdehy

Cu,g (5.5)

where T0
tr is the transition temperature in pure water (cu=0 mol/L) , ΔHdehy

corresponds to the dehydration enthalpy per mole of water and Cu,g denotes
the osmolyte-water mole fraction. The full derivation of this relation is given
in the Appendix of this chapter. A similar expression was also derived in Ref.
300 for the phase equilibrium of PNIPAM in salt solutions.
It is worth to mention that this approach represents a simplified picture of the
system, where the transition enthalpy of the polymer from swollen to
collapsed state is omitted. The validity of such an assumption would confirm
the dilution effect of bulk water from urea.
In order to apply eq. 5.5 to the experimental data, the calorimetric enthalpy
values ΔHcal reported in previous studies for the coil-to-globule transition of
PNIPAM were considered. They mostly correspond to values between 5.5 and
7 kJ/mol for a single (NIPAM) repeating unit301,302. This corresponds to the
release of about one water molecule per monomer during the phase
transition301,303. Assuming that the same process occurs for the dehydration of
PNIPAM brushes in presence of low molar urea concentrations, and that direct
urea-PNIPAM interactions are negligible, it follows that ΔHcal ∼ ΔHdehy and
therefore it is possible to calculate the theoretical trend of ΔTtr as a function of
cu for the reported dehydration enthalpies of ΔHcal(1)=5.5 kJ/mol and
ΔHcal(2)=7 kJ/mol. The corresponding functions are shown as solid lines in
the inset of Figure 5.3.
The agreement between experimental data and theoretical trends corroborates
the assumption that the dehydration mechanism of PNIPAM in low
concentrated osmolyte solutions is similar to the dehydration in pure water,
according to Refs. 301 and 302. Thus, the decrease of the transition
temperature by the presence of the osmolyte in bulk can be explained by the
reduced chemical potential of water in the bulk phase.
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FIGURE 5.9: Schematic representation of the urea bridging effect between adjacent
PNIPAM chains. Urea as a cross-linking agent significantly enhances the stability of
the collapsed state. The image was inspired by Ref. 279,283. Reproduced from Ref. 296
with permission from the PCCP Owner Societies.

At high osmolyte concentration a direct binding of the osmolyte to the
macromolecule becomes very likely, as reported by previous studies283,299.
Indeed, the profile of Ttr for urea shown in Figure 5.2a is very similar to the
results published by Cremer and coworkers283 from Fourier transformed
infrared (FTIR) spectroscopy measurements. Moreover, the FTIR data showed
a strong amide band for PNIPAM in 6 M urea solution, with a major
contribution from C=O(PNIPAM)-H2O hydrogen bonds and a second minor
contribution from C=O(PNIPAM)-NH(urea) bonds, confirming the direct
polymer-osmolyte binding299. An analogous binding behavior might occur
between PNIPAM brush and urea at cu ≥2 M. The PNIPAM-urea binding
causes a decrease of the transition temperature for the brush collapse due to
the replacement of water molecules and the aggregation of adjacent chains via
cross-linking283,304. According to Cremer and co-workers279, a schematic
representation of the bridging mechanism between PNIPAM chains in
presence of urea is shown in Figure 5.9.

The molecular picture described above, with the presence of urea
molecules mostly in the bulk phase at low cu and a strong accumulation on the
polymer surface at high cu, was confirmed by the numerical results from the
computer simulations. At low cu the distribution of water around the polymer
chain was found to be mostly unchanged compared to pure water (Figure 5.6)
and the number of PNIPAM-water hydrogen bonds was mostly unvaried, as
proved by the very small ΔHBw in Figure 5.7. The same analysis of H-bonding
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revealed a very small number of urea-PNIPAM bonds, proving that urea more
preferentially interacts with water molecules. This finding supports the
hypothesis that the decrease of Ttr is the result of the decrease of the water
chemical potential in the bulk phase due to the presence of a solute.
In contrast, in the high concentration regime the number of PNIPAM-urea
bonds (HBu) was much higher, and at 328 K (above Ttr) it exceeded the
number of PNIPAM-water bonds (HBw). This confirms the accumulation of
urea at the macromolecular surface and the replacement of water molecules. It
can be concluded that the accumulation of urea in the bulk phase at low cu and
the preferential binding to the polymer surface at high cu are the two effects
responsible for the decrease of Ttr.
A similar behavior can be deduced for GdmCl, i.e. the exclusion from the
macromolecular surface at low cg and the preferred binding at high cg.
However, as it can be observed in Figure 5.2 a strong influence of GdmCl on
the brush phase transition is observed for cg=7 M. This result can be explained
according to the results published by Mandal et al.305, who studied the
behavior of GdmCl ions in solution as a function of concentration by all-atom
molecular dynamics simulations. They reported that at concentration below 6
M, guanidinium ions have a strong tendency to form ion-pairs (“stacked”
ions), contrary to expectations on the base of their charged nature (Figure 5.1).
The authors claimed that this behavior is due to the counterbalance of
electrostatic repulsion by hydrophobic interactions, leading to the
dimerization of GdmCl ions. With increasing concentration from 2 M to 4 M
and 6 M, an enhanced tendency to form “solvent-separated” pairs was found,
where two ions are separated by solvent molecules305. This behavior
rationalizes the minor effect on PNIPAM collapse at low GdmCl concentration
and the strong influence on its phase transition at 7 M (Figure 5.2), i.e. above
the critical concentration threshold. The absence of ion pairing for urea in this
and higher concentration regimes is confirmed by theoretical and
experimental studies297,298.

Swelling degree Also the conformation of PNIPAM chain is influence by the
osmolyte concentration. As discussed above, indirect effects of the osmolyte in
the low concentration regime are exerted on the polymer chain by changing
the properties of the surrounding medium. The enhanced chain stretching at
cu,g= 0.5 M (Figure 5.4) might be reasoned by steric effects arising from the
presence of urea or GdmCl in the hydration water between adjacent chains. In
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fact, although the numerical results prove that urea is only loosely embedded
to the macromolecule, it is known that it favorably interact with water298.
Therefore it is reasonable that it influences the conformation of PNIPAM by
enhancing the excluded volume around the chain. This effect is not visible at
lower concentration because the amount of osmolyte might be too low to give
a measurable effect.
Accordingly, the local/bulk partition coefficient transfer free energy ΔΔFKp

indicates that more favorable swollen state of PNIPAM chain is established at
low cu and both temperatures. In the high concentration regime (cu,g ≥ 2 M)
the lower degree of swelling can be explained by the binding of the osmolyte
to the polymer surface, which reduces the water content inside the brush and
induces a cross-linking between adjacent chains. However, the H-binding of
water molecules below the phase transition is not prevented, as it is
demonstrated by the PNIPAM-water hydrogen bonding HBw in Figure 5.7 and
by the brush dehydration trigger at high temperature shown in Figure 5.2. The
numerical results for ΔΔFKp validates this molecular picture at high cu, as they
demonstrate the stabilization of a more swollen conformation due to exclusion
of urea from the polymer surface and the excluded volume effects arising frm
its presence in the bulk medium. In contrast, the stabilization of the collapsed
state at 328 K can be deduced. The concentration-dependent effects of urea
binding on the conformation of PNIPAM brushes are summarized in the
schematic representation in Figure 5.10.
The strong attraction of urea to PNIPAM in high concentrated solutions
induces the cross-linking of adjacent chains, as stated also in previous
studies275,279,283,285. The strong swelling observed in presence of GdmCl at cg=7
M can be explained by the stabilization of the stretched conformation
consequent to the strong binding of the osmolyte. In fact, GdmCl is known to
denaturate proteins above 6 M272,293–295. Computer simulations would be
essential to elucidate specific binding mechanism of GdmCl to PNIPAM
surface, as it has been demonstrated for PNIPAM-urea system. Furthermore,
the strong chain stretching observed in presence of GdmCl 7 mol/L might be
observed also in PNIPAM-urea system. Nevertheless, since urea is a weaker
denaturant compared to GdmCl294,306, higher concentrations are necessary to
produce an analogous phase transition.
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FIGURE 5.10: Schematic representation of the concentration dependent binding effects
of urea on the conformation of PNIPAM brushes.

5.4 Conclusion

This chapter presented a study on the effect of urea and guanidinium chloride
(GdmCl) on phase transition and swelling behavior of PNIPAM brushes. The
experimental results were supported by numerical studies of atomistic
molecular dynamics simulations on the PNIPAM-urea interaction at low and
high concentrations, below and above the phase transition temperature. The
theoretical studies were crucial to validate the interpretation of the
experimental data by exploring the molecular interactions.
A concentration-dependent binding behavior between osmolytes and
PNIPAM was found. In the low concentration regime (cu ≤ 0.5 mol/L), the
co-solute was excluded from the first solvation shell around the
macromolecule and accumulated in the bulk phase. In the high concentration
regime (cu ≥2 mol/L), the osmolyte strongly bound to the macromolecule,
replacing water molecules.
Indirect and direct osmolyte-PNIPAM interactions induced a constant
decrease of Ttr, which were rationalized as follows: for cu,g ≤0.5 M the
presence of osmolyte decreases the chemical potential of water in the
bulk-phase, which favors the water extrusion from the brush-phase; for cu ≥2
M, the enrichment of PNIPAM brush by urea weakens the polymer-water
interactions and favored the replacement of water molecules by the osmolyte.
The different polymer-osmolyte interaction in the two concentration regimes
led to different swelling behavior: at low concentration (cu,g ≤0.5 M) a
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stronger chain stretching was observed at increasing concentration, which was
explained by steric effects induced by the water-osmolyte network around the
polymer chain. At high concentration (cu,g ≥2 M) a more collapsed
conformation was induced by the accumulation of the osmolyte on the
macromolecular surface and the crosslinking between adjacent chains.
In the case of GdmCl at 7 mol/L, the strong osmolyte binding triggered a
conformational change, which causes the chain stretching and only a minor
brush collapse. Besides several differences between numerical and
experimental studies exist, for instance, the consideration of a single chain in
contrast to polymer brushes, a reasonable agreement between the results was
found. This qualitative coincidence is of crucial importance, as it demonstrates
that the experimental outcomes are strongly influenced by single chain
properties and not by collective effects of the brush. Specific effects like
cross-linking between the polymer chains which have been reported for high
urea concentrations283,299 were not detected in the simulations. However,
indirect hints were found, like the strong accumulation of urea molecules
around PNIPAM chains by a preferential binding mechanism, providing a
reasonable explanation of the experimental observations.
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5.5 Appendix

5.5.1 Calculation of refractive index for urea solutions

The calculation of the refractive index for aqueous solutions containing
different amounts of osmolyte (either urea or GdmCl) is based on the
following empirical equations:

cu[mol/L] = 117.66(Δn) + 29.753(Δn)2 + 185.56(Δn)3 (5.6)

cg[mol/L] = 57.147(Δn) + 38.68(Δn)2 − 91.60(Δn)3 (5.7)

where Δn is the difference in refractive index between the denaturant solution
and water (or buffer) at the sodium D line. These equations for urea (cu) and
GdmCl (cg) solutions are based on the data of Warren and Gordon307. This
empirical approach is an established method to correlate the concentration of
urea with the measured refractive index308. Table 8.3 reports the values of the
refractive index n calculated for solution with different osmolyte concentration.

TABLE 5.2: Refractive index of aqueous urea and GdmCl solutions containing
different concentration of the solute.

cu,g Refractive index, n
[mol/L] Urea GdmCl

0 1.3325 1.3325
0.1 1.3334 1.3343
0.2 1.3342 1.3360
0.5 1.3368 1.3412
2 1.3495 1.3668
5 1.3745 1.4162
7 1.3910 1.4484

5.5.2 Derivation of the relation between ΔTtr and ΔHdehy of

PNIPAM brushes in presence of urea

The process of dehydration of PNIPAM brushes can be considered as a phase
transition of water from the brush to the bulk phase.
The chemical potential of the water in bulk (μH2O,bulk) and in the brush
(μH2O,brush) are defined as follows:

μH2O,bulk = μ◦
H2O,bulk + RT ln(1− Cu,bulk) (5.8)
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μH2O,brush = μ◦
H2O,brush+RT ln(1−Cpol−Cu,brush) = μ•

H2O,brush+RT ln(1−Cu,brush)

(5.9)
with μ◦

H2O,bulk and μ◦
H2O,brush the standard chemical potential of water in

bulk and in the brush, Cu,bulk and Cu,brush the molar fraction of urea in bulk and
in the brush, respectively. The standard chemical potential μ•

H2O,brush includes
also the polymer molar fraction of Cpol, which is not considered explicitly in
this calculation. Furthermore, there are two important aspects to mention: 1)
in the following dehydration process, only the change of the state of water
from “brush” to “bulk”is considered; 2) assuming a very low amount of urea
inside the brush in the low concentration regime (cu ≤0.5 mol/L), it follows
that ln(1− Cu,brush) ≈ 0.
Since the two phases (H2O-brush and H2O-bulk) are in equilibrium, the
chemical potential of water in each phase is the same, meaning that

μ◦
H2O,bulk + RT ln(1− Cu,bulk) = μ•

H2O,brush (5.10)

This equation can be converted in terms of molar free enthalpy of dehydration,
ΔG

0

dehy,
−RT ln(1− Cu,bulk) = ΔG

0

dehy = μ◦
H2O,bulk − μ•

H2O,brush (5.11)

and conveniently rewritten as

ΔG
0

dehy

T
= −R ln(1− Cu,bulk) (5.12)

Considering the infinitesimal increment with respect to temperature,

∂

(
ΔG

0
dehy

T

)
∂T

= −R∂ ln(1− Cu,bulk)

∂T
(5.13)

and according to the definition of free enthalpy,

ΔGdehy

T
=

ΔHdehy

T
−ΔSdehy (5.14)

it follows that

∂

(
ΔG

0
dehy

T

)
∂T

=

∂

(
ΔH

0
dehy

T

)
∂T

(5.15)
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−ΔH
0

dehy

T2
= −R∂ ln(1− Cu,bulk)

∂T
(5.16)

By integrating each term with respect to temperature, dT, and to osmolyte
concentration, d ln(1− Cu),

∫ Ttr

T 0
tr

ΔH
0

dehy

T2
dT = R

∫ ln(1−Cu)

ln(1−C0)

d ln(1− Cu,bulk) (5.17)

ΔH
0

dehy

(
− 1

Ttr

+
1

T 0
tr

)
= R ln(1− Cu) (5.18)

and considering the following approximation,

Ttr · T 0
tr ≈ (T 0

tr)
2

ln(1− Cu) ≈ −Cu

a final equation which correlates the change of transition temperature ΔTtr with
the enthalpy of the dehydration process ΔHtr is obtained:

ΔTtr = −R(T0
tr)

2

ΔH
0

dehy

Cu (5.19)

5.5.3 Simulation Details

Atomistic molecular dynamics (MD) simulations and data analysis were
carried out by Dr. Jens Smiatek in the working group of Prof. Christian Holm,
University of Stuttgart. The following details are given for
comprehensiveness. Atomistic molecular dynamics (MD) simulations were
performed with the GROMACS 4.6.2 software package309–311. For a PNIPAM
molecule made of 24 units the adopted force field parameters were the same as
in Ref. 281, to guarantee the occurrence of the coil-to-globule transition at
temperatures below 328 K 281,312. Generalized AMBER force fields were used
for urea313,314. Typical swollen and collapsed PNIPAM configurations were
obtained by using the original Metadynamics approach315,316 with radius of
gyration Rg = 1.4 nm and Rg = 0.8 nm, respectively. The position of the
backbone Cα carbon atoms were kept fixed by using position restraints. To
simulate urea solutions, the number of urea molecules and water317

corresponding to low and high urea molar concentration were randomly
inserted. A PNIPAM molecule in pure water was also simulated as a reference
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system. Electrostatic interactions for all systems have been calculated by the
Particle Mesh Ewald method318 and all bonds have been constrained by the
LINCS algorithm319. An energy minimization followed by a 2 ns warm-up run
in a NPT ensemble at 288 K and 328 K with the Berendsen barostat and
thermostat320 was performed, followed by NPT simulations of 20 ns for the
production run with the same parameter sets. The minimum and maximum
values for the length of the cubic simulation box were 〈l〉min = 4.7 nm and
〈l〉max = 6.49 nm in the NPT simulation, depending on system and
temperature. The corresponding effective urea concentrations and the
notations for all the different systems can be found in Table 5.3.
Hydrogen bonds were defined by a maximum distance criterion of 0.35 nm
between acceptor and donor pairs and a maximum angle of 35◦. The usage of
restrained PNIPAM configurations was motivated by an intrinsic limitation of
the technique275,285. In fact, the simulation of PNIPAM coil-to-globule changes
might result in insufficient sampling accuracy of the conformational
transitions, as they represent rare events whose timescale usually exceeds the
simulated time interval. Furthermore, the direct evaluation of free energy
landscapes by free energy methods (e.g. metadynamics) might also lead to
wrong results due to inappropriate reaction coordinates and the presence of
hysteresis effects321. Thus, the use of restrained PNIPAM conformations as
reference states avoids these drawbacks and provides a meaningful
interpretation of the observed effects275,285.

TABLE 5.3: Average effective urea concentrations cu for different restrained PNIPAM
configurations with varying radii of gyration Rg and temperatures T in the NPT
simulations and their corresponding abbreviations (first letter: (l)ow or (h)igh urea
concentration; second letter: (s)wollen or (c)ollapsed PNIPAM conformation in
combination with the simulation temperature).

T [K] Rg [nm] cu [mol/L] urea concentration PNIPAM configuration System

288 0.8 0.5 low collapsed lc288
328 0.8 0.5 low collapsed lc328
288 1.4 0.5 low swollen ls288
328 1.4 0.5 low swollen ls328
288 0.8 6.1 high collapsed hc288
328 0.8 4.8 high collapsed hc328
288 1.4 6.1 high swollen hs288
328 1.4 4.8 high swollen hs328
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Kirkwood-Buff theory and local/bulk partition coefficients

The Kirkwood-Buff theory links the macroscopic (bulk) properties to the
microscopic (molecular) details by means of the statistical mechanics. The
approach is based on the derivation of thermodynamic quantities from the
pair correlation functions between molecules which are present in a solution.
It represents a valuable tool to validate simulations and clarify the mechanism
behind various physical processes on a molecular level. The radial distribution
function (or pair correlation function) gαβ(r) describes the local ordering in a
mixture, considering the distribution of one component α around a second
component β. Under the assumption of a spherical symmetry, gαβ(r) is
expressed by

gαβ =
ραβ(r)

ρbulkαβ

(5.20)

where ρα,β(r) is the density of the component β with respect to α with
interparticle distance r, and ρbulkα,β in the density of β in bulk.
The Kirkwood-Buff integral between the component αβ is given by the spatial
integral over the pair correlation function gαβ

Gαβ = 4π

∫ ∞

0

r2(gNV T
αβ (r)− 1) dr (5.21)

in the limit of infinite distances270,322,323. Since the full integration to infinite
distances is not applicable to the radial distribution functions obtained from
computer simulations, a cut-off radius rc is conveniently introduced324–326.
Furthermore, it has been shown323,326 that the Kirkwood-Buff integrals are
identically evaluated in the NpT or NV T ensemble, leading to the final
expression324,325,327

Gαβ(rc) ≈ 4π

∫ rc

0

r2(gNpT
αβ (r)− 1) dr (5.22)

The cut-off radius in this study was set to rc = 1.8 nm, since the results of the
radial distribution functions showed converged values from this distance
onwards. The Kirkwood-Buff integrals can be interpreted as the excess
volume of a solute β around the central particle α. The notation used herein
defines ‘1’ for the solvent, ‘2’ for the macromolecule and ‘3’ for the co-solute.
The Kirkwood-Buff theory can be used to define, for instance, the preferential

interaction coefficient ναβ . This is a parameter which quantifies the relative
preference of a molecular species to interact with another one present in the
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same environment. For the system consisting of water, macromolecule
(PNIPAM) and osmolyte (urea), the preferential binding coefficient ν23

between PNIPAM and urea is given by

ν23 = ρ3(G23 −G21) (5.23)

where ρ3 denotes the bulk urea number density. The preferential binding
coefficient is connected with the transfer free energy between the two
components ΔF23,

ΔF23 = −RTν23 (5.24)

which describes the amount of free energy necessary to transfer a co-solute
from bulk solution to the surface of the solute, in this case urea from bulk to
PNIPAM surface. This means that more negative values correspond to
favorable binding to the macromolecule. Since for PNIPAM two different
conformational states have been simulated, namely a swollen and a collapsed
state, the preferential binding coefficient between urea and PNIPAM is
considered accordingly, with νs

23 for the swollen state, and νc
23 for the collapsed

state. These two states are defined by the chemical equilibrium constant,
K = πs/πc, where πs and πc denote the fraction of PNIPAM molecules in the
swollen and the collapsed state, respectively. The relation between the
equilibrium conformation and preferential binding coefficients νs,c

23 is
expressed by326 (

∂ lnK

∂ ln a3

)
= Δν23 = νs

23 − νc
23 (5.25)

with a3 the chemical activity of urea. The chemical equilibrium is shifted
towards the conformation with a stronger osmolyte accumulation326, therefore
it is convenient to connect the shift of the chemical equilibrium in presence of
osmolytes with the transfer free energy by combining eq. 5.25 with eq. 5.24,
which yields to the form

ΔΔF23 = −RT

(
∂ lnK

∂ ln a3

)
(5.26)

It has to be noted that the preferential binding coefficients can be only
evaluated in terms of fully converged Kirkwood-Buff integrals. A more robust
and comparable parameter to study the osmolyte accumulation behavior is
given by the local/bulk partition coefficient285,328, which relates the fraction of
urea to water at distance r from the polymer with the ratio of the total urea
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and water molecules,

Kp(r) =
(〈nu(r)〉/〈nw(r)〉)

(ntot
u /ntot

w )
(5.27)

From this parameter, a preferential exclusion of urea from PNIPAM surface
can be observed for Kp(r) < 1, while a preferential accumulation of the
osmolyte for Kp(r) > 1. Considering again the swollen and collapsed
conformation of PNIPAM and the respective local/bulk partition coefficient
Ks

p(r) = exp(−ΔF s
p (r)/RT ) and Kc

p(r) = exp(−ΔF c
p (r)/RT ) according to

eq. 5.24, the local/bulk partition coefficient free energy difference can be
expressed by

ΔΔFKp(r) = −RT log

(
Ks

p(r)

Kc
p(r)

)
(5.28)

This quantity more conveniently express the energetic aspect of urea
accumulation around PNIPAM chain either in the swollen or in the collapsed
state. In particular, a negative value of ΔΔFkp(r) implies a stronger
accumulation of urea molecules around the swollen state, and therefore the
shift of the chemical equilibrium towards chain swelling; vice versa, a positive
value indicates a stronger urea accumulation around the collapsed state and
the enhanced stability of this conformation.
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Swelling behavior of

brush/multilayer composites in

humid air

The experiments were carried out by Oliver Löhmann during the Master

Thesis at the TU Berlin (2014)

Abstract

The swelling behavior of a polyelectrolyte (PE) brush, polyelectrolyte
multilayers (PEMs) and the corresponding brush/multilayer composites in
humid air is presented in this chapter. The study is carried out by monitoring
the change of thickness and refractive index with increasing relative humidity
(RH) by ellipsometry. The results show that brush/multilayer composites
reach lower degree of swelling compared to the bare PE brush, but very
similar to PEMs. Furthermore, the strength of polymer (matrix) and water
(permeant) interactions, deduced from the Flory-Huggins parameters χ,
shows a dependence on the degree of extrinsic charge compensation in the
film. In particular, stronger water-polymer attraction is found for the brush
than for the PEM-coated systems. Finally, the presence of internal voids in the
brush/multilayer composites is similar as for the corresponding PEMs, in
contrast to the absence of cavities in the dry brush. This feature suggests the
formation of chain entanglements from the complexation between grafted
chains and adsorbed polyelectrolytes.
The reported results demonstrate the significant influence of the mutual

105
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interaction between brush and multilayer compartments on the swelling
behavior of their related composites.

6.1 Introduction

Polymers are highly versatile materials for the preparation of responsive
coatings, as they are able to produce pronounced and mostly reversible
structural changes under the application of a variety of stimuli12,329,330. The
knowledge of their swelling behavior in humid air is of relevant importance
for a fundamental understanding of the properties of these systems and the
design of biosensors331 or responsive membranes332. This aspect has been
addressed by many researchers, who investigated the response of both
polyelectrolyte brush160,333 and polyelectrolyte multilayers46–48,334 to increasing
relative humidity of the surrounding environment. In particular, Rühe and
coworkers333 discussed the importance of considering the strong response of
PE brushes to water vapor to avoid overestimation of their dimensions. Other
studies examined the role of ions dynamics on swelling kinetics335 and degree
of swelling47, and a few works also reported on the swelling mechanism and
water distribution perpendicular to the substrate during film swelling in
humid environment160.
Recently, more complex polymer coatings of combined polyelectrolyte brushes
and multilayers have been proposed157,169–171. The enhanced complexity of
these systems obviously requires a detailed investigation of mutual
interactions among the constituent parts, which may have relevant influence
on both structural and responsive properties.
The study presented in this chapter is focused on two fundamental scientific
aspects regarding brush/PEM composites: 1) the understanding of the
influence of each compartment on the swelling behavior of brush/PEM
composites in humid air, and 2) the investigation of internal structure and
strength of polymer-water interaction.
The system investigated for this purpose consisted of
poly([2-methacryloyloxy)ethyl]trimethylammonium chloride) (PMETAC)
brushes capped by poly(styrene sulfonate sodium
salt)/poly(diallyldimethylammonium chloride) (PSS/PDADMAC)nPSS
multilayers with different layers number. Ellipsometry measurements were
carried out to monitor the change of thickness and refractive index at
increasing relative humidity (RH), and the results were compared with the
behavior of the corresponding subsystems, bare PMETAC brush and
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(PSS/PDADMAC)nPSS PEMs. The swelling behavior was analyzed by
monitoring the change of swelling water as a function of RH, while the
fraction of internal voids was estimated by using an experimental approach
reported recently for ellipsometry data47. The results revealed intermediate
swelling properties and structural features of brush/PEM composites between
the two subsystems. Furthermore, the presence of internal voids in the
composites was similar to the corresponding multilayers, which could be
explained as an effect of entanglements upon adsorption of PE chains. The
strength of polymer-water interaction was deduced for the Flory-Huggins
interaction parameter χ, which suggested stronger interactions in presence of
more extrinsically compensated polymer chains.

6.2 Experimental

Flory-Huggins sorption model

The Flory-Huggins (FH) solvation theory, described in detail in Chapter 2,
defines the mixing free energy of polymer blends or polymer solutions by
means of a lattice model, whose equivoluminal sites are occupied either by
monomer units or solvent molecules. This theory can be used to describe the
interaction between polymer and solvent considering the change of water
(permeant) fraction in a polymer (matrix) film as a function of vapor humidity
during swelling experiments. This approach is possible because at the
equilibrium condition between external vapor pressure and swollen film, the
relative humidity (p/p0) can be directly related to the volume change of the
polymer film336, according to the following equation:

ln

(
p

p0

)
= lnφ1 + (1− φ1) + χ(1 + φ1)

2 (6.1)

where φ1 is the volume fraction of the permeant phase, p is the vapor
pressure, p0 is the saturation water pressure and χ is the FH interaction
parameter. The first two terms on the right hand side of eq. 6.1 are related to
the mixing entropy, while the third one describes the enthalpic contribution.
This model holds when the interactions between similar species (water-water
and polymer-polymer forces) are stronger than the mutual interactions
(polymer-water forces). Under this condition, the diffusion of the permeant
inside the matrix prevails on condensation processes, which leads to an
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exponential increase of water fraction φ1 as a function of the vapor pressure.
The parameters obtained from ellipsometric swelling measurements can be
directly related to the parameters of eq. 6.1: the measured relative humidity
RH corresponds to (p/p0)·100, and the change of film thickness from dry (ddry)
to swollen (dsw) state can be converted in terms of water volume fraction φ1,
according to

(dsw − ddry)

dsw

= 1− ddry

dsw

= φ1 (6.2)

It is worth to mention that for this specific data treatment, the dry thickness
ddry was extrapolated from a linear fit of the experimental thickness values
measured between 10 and 30% RH. This procedure was meant to avoid
additional effects occurring at very low humidity (0-10% RH) (e.g. capillarity,
confinement), and indeed led to a good agreement between fitting and
experimental data.
As mentioned above, the meaning of χ is related to nature of interaction
between the components of polymer blends or solutions. In a simple form, χ
relates the lattice constant z with the sum of the internal interaction energies.
This can be expressed by the simple relation

χ =
z

kBT

(
u12 − 1

2
(u11 + u22)

)
(6.3)

with kB the Boltzmann constant, T the temperature, u11 and u22 the
solvent-solvent and polymer-polymer interactions, respectively, and u12 the
solvent-polymer interactions.
According to this relation, for χ < 0 polymer-solvent interactions u12 are
stronger than those among equal species, whereas for χ > 0 solvent-solvent
and polymer-polymer interactions are more favored than polymer-solvent
forces. The case of ideal mixtures, where all the interactions cancel out,
corresponds to χ=0.

Voids model

Previous neutron reflectometry studies of PEM swelling in humid air48

reported the mismatching between the water fraction calculated from the
increase of film thickness upon swelling (thickness model), and from the
change of scattering length density (SLD) (density model). This divergence
was explained by the presence of internal cavities, called voids, formed among
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the interdigitated chains. An analogous approach to this scientific aspect was
elaborated by Zerball et al.47 for swelling studies on PEMs by ellipsometry.
Based on the voids model, the refractive index measured in the dry state ndry

must be lower than the refractive index of the pure polymer film npol, since the
polymer film is “diluted” by air (voids) in the dry state. Therefore it can be
stated that

ndry = b · npol + (1− b) · nair (6.4)

where b is the polymer fraction and (1-b) is the void fraction in the dry state.
This aspect has a further important consequence: the total water fraction of a
swollen film φtot consists of both the water filling the internal voids (φvoid) and
the water leading to the thickness increment (φsw). The fraction of swelling
water can be estimated according to

φsw =
dsw − ddry

dsw

(6.5)

where dsw and ddry are the film thickness in the swollen and dry state,
respectively. The water adsorbed in the internal voids φvoid does not contribute
to the thickness increase, but it only changes the optical properties of the
system at very low RH.
Therefore to estimate φvoid, or the void fraction (1-b), the refractive index of the
swollen film, nsw, must be expressed in terms of swelling and voids water
contributions,

nsw = φsw · nwater + (1− φsw)(b · npol + (1− b) · nwater) (6.6)

The refractive index of the pure polymer npol is conveniently expressed by
merging eq. 6.4 and eq. 6.5 :

nsw = (1− φsw)(ndry − (1− b) · nair + (1− b) · nwater) + φsw · nwater (6.7)

By fitting eq. 6.7 to the experimental values of nsw and φsw, polymer fraction b

and void fraction (1-b) in the dry state can be estimated. This allows to
determine the total amount of water fraction in the film from the relation

φtot = φvoid + φsw = (1− φsw)(1− b) + φsw (6.8)
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6.3 Results

The water adsorption isotherms for PMETAC brush,
PEI(PSS/PDADMAC)nPSS multilayers and PMETAC(PSS/PDADMAC)nPSS
composites as a function of RH are reported in Figure 6.1. The values of φsw

were calculated from the measured thickness, according to eq. 6.5. It is worth
to remind that φsw accounts only for the water contributing to the increase of
film thickness. The values of thickness and refractive index for all the samples
measured in air at 2% and 99% RH are reported in Table 6.2 in the Appendix at
the end of this chapter.
In the case of PMETAC brushes, a strong film swelling (φsw=0.77) is reached at

FIGURE 6.1: Water adsorption isotherm for, from left to right, PMETAC brushes,
PEI(PSS/PDADMAC)nPSS and for the brush/PEM PMETAC(PSS/PDADMAC)nPSS
composite systems. The errorbars represent the error propagation on the standard
deviation of φsw.

99% RH. A lower degree of swelling is obtained for the multilayers, with
φsw=0.32-0.34, and no significant effect of the number of deposited layers is
observed. A similar swelling behavior is observed for
PMETAC(PSS/PDADMAC)nPSS samples, with φsw=0.39-0.44. The reduced
water uptake in the brush/PEM composites compared to the bare PMETAC
brush might be caused by the complexation between the PE brush and
oppositely charged adsorbed chains. As for the multilayers, the swelling of
these composites shows minor dependence on the number of deposited layers.
This type of adsorption isotherm, which is convex to the pressure axis, is
characteristic of vapor dissolution in polymers above their glass transition
temperature. As mentioned is the experimental section, it can be described by
the Flory-Huggins sorption model337 according to eq. 6.1. The validity of the
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FIGURE 6.2: a) Fit of eq. 6.1 (solid line) to the experimental data of relative humidity,
ln(p/p0)=ln(RH/100) and corresponding water volume fraction, φ1 ≈ φsw, for
PMETAC brush. b) Flory-Huggins parameter χ for the different investigated systems
(PMETAC brush; PEI(PSS/PDADMAC)nPSS with n=5, 17, 29, and the corresponding
brush/PEM composites).

model holds when the interactions between equal species are stronger than the
interactions between different ones.
Two different approaches are presented in the following part of this section to
estimate the FH parameter χ. In a first case, χ is obtained as a fitting parameter
from the fit of eq. 6.1 to the experimental data ln(p/p0) and φ1. Note that
p/p0=RH/100 and φ1∼φsw. The notation φ1 is used here according to the
derivation of the Flory-Huggins sorption model reported in Chapter 2.
In a second case, the value of χ is calculated from eq. 6.1 for each combination
of ln(p/p0) and φ1. The application of both approaches offers a more
exhaustive overview of the polymer-water interaction. In fact, the parameter
obtained from the first method describes the overall polymer-water
interactions, as extracted from the entire swelling mechanism. Differently, by
using the second method the change of polymer-water attraction is monitored
stepwise during the swelling experiment. As a representative example of the
first approach, in Figure 6.2a the fit of eq. 6.1 to the experimental data and the
resulting χ for PMETAC brush is reported. The values of χ for each
investigated system are shown in Figure 6.2b.
For all samples, the values of χ > 0 mean that the interactions between equal
species are stronger than the forces between permeant and polymer. All the
samples containing PEMs showed similar values for χ (0.7±0.1), which are in
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FIGURE 6.3: Flory-Huggins parameter χ calculated from eq. 6.1 for different relative
humidity. From left to right, the values for the different systems, from pure brush to
brush/PEM composites, are reported. The solid lines are traced as guides for the eye.
The errorbars represent the propagation of the standard deviation on χ.

good agreement with previous findings for (PSS/PDADMAC) systems48,335.
Noticeably, a significantly lower value was obtained for PMETAC brush,
which indicates a stronger water-polymer interaction compared to the
PEM-coated systems. The difference might be reasoned by the higher charge
density of the PE brush compared to the multilayers and composite systems,
where polymer-polymer complexes are present (intrinsic charge
compensation).
The results obtained for χ by the application of the second analytic approach

are reported in Figure 6.3. For all systems, there is a minor but systematic
increase of χ with the relative humidity (p/p0). This effect indicates stronger
polymer-water interaction at low RH, i.e. when the charged groups bind more
favorably to water molecules, and a reduced interaction strength at high RH,
when the charged polymer units are mostly saturated with water.
Furthermore, also in this case there is no significant evidence of the
dependence of water-polymer interaction on the PEM thickness. Only a slight
deviation to lower χ for the brush/PEM composites compared to the bare
multilayers can be noticed, which is in good agreement with the data reported
in Figure 6.2.

The fraction of internal voids of brush, PEMs and corresponding
brush/PEM composites calculated according to eq. 6.7 is reported in Figure
6.4. For the polyelectrolyte brush, the void fraction is close to zero, meaning
that no internal cavities are present and a very compact structure is formed in
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FIGURE 6.4: Void fraction calculated from eq. 6.7 for brushes, PEMs and
corresponding brush/PEM composites.

the dry state. In contrast, internal voids are present in PEMs, although they
represent a very small fraction of the total film volume. The values increases
from 0.030 to 0.040 and 0.055 with increasing layer number of 5, 17 and 29,
respectively. A similar trend can be noticed for the brush/PEM composites,
with void fraction of about 0.03, 0.035 and 0.04 for 5, 17 and 29 deposited
layers.
The presence of internal voids has a direct influence on swelling behavior and
water uptake of the polymer film. As stated in eq. 6.8, the total water fraction
φtot is given by the sum of swelling water φsw and void water fraction φvoid.
The values of φvoid, φsw and φtot for all investigated systems are summarized in
Table 6.1.
For the PEM-containing samples, although the void water fraction φvoid

slightly increases with the number of deposited layers, the swelling water φsw

is independent of the film thickness.
The importance of decoupling these two contributions to the total water
uptake is related to the fact that they might reveal specific structural aspects,
which have consequences on the system response to external stimuli. For
instance, von Klitzing and coworkers47 explained surface and bulk related
odd-even effects in PSS/PDADMAC multilayers by differentiating between
film swelling and water condensation in the voids.
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Sample φvoid φsw φtot

PMETAC brush 0.0003 0.7720 0.7723
PEI/(PSS/PDADMAC)2PSS 0.014 0.323 0.337
PEI/(PSS/PDADMAC)8PSS 0.018 0.337 0.355
PEI/(PSS/PDADMAC)14PSS 0.025 0.318 0.343
PMETAC(PSS/PDADMAC)2PSS 0.009 0.439 0.448
PMETAC(PSS/PDADMAC)8PSS 0.013 0.403 0.416
PMETAC(PSS/PDADMAC)14PSS 0.015 0.393 0.408

TABLE 6.1: Void (φvoid), swelling (φsw) and total water fraction (φtot) for brush/PEM
composites with different number of layers and their corresponding subsystems, bare
PMETAC brush and PEMs.

6.4 Discussion

The results reported in the previous section demonstrated the reduced
swelling of brush/PEM composites in comparison to the bare PE brush. This
behavior suggests a strong complexation between PMETAC brush and PSS
chains, with the formation of intrinsically compensated pairs. Such a strong
polymer complexation reduces the water uptake from the moisture, and
consequently the brush swelling. Therefore in terms of intrinsic/extrinsic
charge balance, the brush/PEM composites are similar to pure PEMs, with a
reduced number of available groups to bind water molecules compared to the
polyelectrolyte brush.
This hypothesis is supported by the increase of χ from bare brush to
brush/PEM composites, which indicates the enhanced polymer-polymer
interactions compared to polymer-water attraction. In fact, it is reasonable that
the quaternary amine of the brushes compensated by the chloride counterions
can be exchanged more conveniently by the water than the intrinsically
compensated polyelectrolyte pairs of PEMs, or between brush and PEM.
According to this hypothesis, the slight decrease of χ for the brush/PEM
composite with the highest number of deposited layers was unexpected, since
a similar or even higher degree of intrinsic charge compensation should be
present in this system. This behavior could be explained by the formation of
an irregular structure, which induces formation of internal defects where
water and counterions could be more favorably trapped. The stronger
attraction of water leads to lower χ.
Another interesting feature of brush/PEM composites is the presence of
internal voids, similar to the bare multilayers. The formation of voids from the
deposition of polyelectrolyte onto the brush substrate arises from the
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interdigitation between grafted and adsorbed chains, similar to the
complexation during LbL adsorption in PEMs. Furthermore, there is a minor
but constant increase of void fraction with the number of deposited layers,
which indicates the enhanced chain entanglements by subsequent deposition
cycles, with the consequent propagation of such internal defects. The
hypothesis of enhanced entanglements during the LbL process is in good
agreement with previous findings for PSS/PDADMAC multilayers215, where
the analysis of the viscoelastic properties revealed the increase of shear
modulus and film viscosity by repeating deposition cycles. This could be
explained by the formation of a more entangled structure during the LbL
growth.
In contrast, a constant void fraction was reported from the analogous
ellipsometry study on PSS/PDADMAC multilayers47. However, thicker PEMs
were analyzed in that case (layers number>20), which might be reasoned by a
constant internal structure produced by further layer adsorption on thick
multilayer.
An important question is if the adsorption of PEMs onto the brush is confined
at the brush/liquid interface, or if the PE chains migrate inside the brush. In
both cases, the presence of defects leading to internal voids upon interchain
complexation, the enhancement of entanglements during the layer-by-layer
route, and the reduced brush swelling of brush/PEM composites compared to
pure brush could be justified. The ellipsometry studies reported here do not
allow to clarify this aspect, due to the lack of optical contrast between brushes
and multilayers. This task was endorsed to the neutron reflectometry studies
presented in the next chapter, where the combination of a hydrogenated brush
and deuterated PSS chains allowed to localize the distribution of free PE
chains inside the brush.

6.5 Conclusion

The swelling behavior of PMETAC/(PSS/PDADMAC)nPSS composites was
investigated by ellipsometry under increasing relative humidity, and directly
compared with the behavior of the corresponding subsystems, bare brush and
PEMs. The results showed a lower degree of swelling for the composites
compared to the pure brush, and very close to the swelling behavior of the
multilayers. This behavior was explained by the formation of PMETAC/PSS
complexes, similarly to the complexation of oppositely charged PE layers,



116 Chapter 6. Swelling behavior of brush/multilayer composites

which decreased the binding of water molecules.
This hypothesis was supported by the decreased water-polymer interaction in
brush/PEM composites compared to the bare PMETAC brush, which was
deduced from the increase of the Flory-Huggins interaction parameter. Similar
interaction parameters were obtained for the multilayers.
Furthermore, the adsorption of the polyelectrolyte chains onto the brush
substrate caused the formation of internal voids, due to chain interdigitation.
The void fraction showed a minor increase with the number of deposited
layers, according to the increase of chain entanglements by subsequent
deposition cycles. The increasing void fraction with higher layers number did
not produce significant changes in the percentage of swelling water, which
was independent of the film thickness.
We are aware that an accurate value of the dry refractive index is fundamental
for a rigorous determination of internal structure and swelling properties of
these systems by ellipsometry. This aspect becomes particularly important for
the investigation of very thin films, where ellipsometry reaches its limits.
It could be not unequivocally clarified in this study if the PEM adsorption
confined to the outermost part, i.e. at the brush/liquid interface, or if the
adsorbing PE chains diffuse more deeply inside the brush. This important
aspect was elucidated by neutron reflectometry investigations on analogous
brush/PEM systems, exploiting the internal contrast between hydrogenated
brush and deuterated multilayers.
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6.6 Appendix

The thickness and refractive index of PMETAC brush,
PEI(PSS/PDADMAC)nPSS and PMETAC(PSS/PDADMAC)nPSS were
measured by ellipsometry in dry (1.7±0.2% RH) and swollen (99±0.2% RH)
state. The brush substrates used for the deposition of PEMs have the following
thickness: 39 nm for (PSS/PDADMAC)2PSS, 29 nm for (PSS/PDADMAC)8PSS
and 37 nm for (PSS/PDADMAC)14PSS. The thickness increment was 16, 49
and 84 nm for the depostion of 5, 17 and 29 layers, respectively.
The obtained values and the corresponding swelling degree are reported
below in Table 6.2.

1.7±0.2% RH 98.3±0.8% RH
Sample n d [nm] n d [nm] φsw [%]

PMETAC 1.57 24.6 1.408 108.1 77.2
PEI(PSS/PDADMAC)2PSS 1.563 6.4 1.496 9.5 32.3
PEI(PSS/PDADMAC)8PSS 1.563 30.1 1.497 98.7 33.7
PEI(PSS/PDADMAC)14PSS 1.556 61.1 1.499 89.7 31.8
PMETAC(PSS/PDADMAC)2PSS 1.541 55.2 1.454 98.3 43.9
PMETAC(PSS/PDADMAC)8PSS 1.539 78.5 1.465 131.6 40.3
PMETAC(PSS/PDADMAC)14PSS 1.555 121.2 1.493 199.7 39.3

TABLE 6.2: Thickness and refractive index obtained from ellipsometric measurements
in dry(1.7±0.2% RH) and swollen (98.3±0.8% RH) state. All the samples are prepared
on individual silicon substrates.
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Abstract

This chapter focuses on the interaction between polyelectrolyte multilayers
(PEMs) and polymer brushes, and the effect of their interaction on the
temperature responsive behavior of the system. Poly(styrene
sulfonate)/poly(diallyl dimethylammonium chloride) (PSS/ PDADMAC)
multilayer is deposited onto three different brush substrates: a block
copolymer poly(N-isopropylacrylamide-b- dimethyl aminoethyl methacrylate)
P(NIPAM-b-DMAEMA), a weak polyelectrolyte (PDMAEMA) and a strong
polyelectrolyte (trimethyl aminoethyl methacrylate) (PTMAEMA) brush.
Ellipsometry is used to monitor the brush collapse as a function of
temperature, while neutron reflectometry is employed to deduce the internal
structure below, across and above the volume phase transition.
The results show that the adsorption of PEMs has significant effects on the
thermal behavior of the polymer brush, due to the decreased charge density
upon polyelectrolyte complexation. In the case of the block copolymer, this
effect causes a decrease of the phase transition temperature of the PDMAEMA
block; in the case of PTMAEMA, it favors the brush collapse, which is not
observed for the bare PE brush. The diffusion of the free polyelectrolyte chains
inside the charged brush is deduced from the scattering length density profiles
obtained from neutron reflectometry. To enhance the internal contrast of the
polymer matrix, the fully hydrogenated brush is capped by PEM containing

119
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deuterated d-PSS chains.
This study demonstrates the possibility of preparing temperature-responsive
brush/multilayer composites, where the presence of significant
interpolyelectrolyte interactions do not suppress the responsive behavior.

7.1 Introduction

Recent studies on responsive coatings demonstrate the impact of complex
systems produced by embedding surfactants338,339, gels340,341 or
nanoparticles80,175,342–344 into polymer brushes97,345,346 to design multifunctional
and, ideally, multiresponsive coatings.
Among them, there are examples of polyelectrolyte (PE) chains adsorbed onto
charged polymer brushes. Rühe and coworkers169,170 introduced the use of
polymer brushes as an alternative substrate to classical metal or metal oxides
surface (e.g. gold or silicon) for multilayer (PEM) assembly. The adsorption
efficiency of free PE chains onto oppositely charged PE brushes was studied as
a function of chain length, pH and ionic strength for different combination of
strong and weak polyelectrolytes170. Their findings highlighted two important
aspects: the relevant influence of the charge density of the brush on the uptake
of PE chains, and the linear relation between brush thickness and layer
growth170. Later investigations by Laurent et al.157 on the surface morphology
of poly(tri- methylaminoethyl methacrylate) (PTMAEMA) coated by
poly(styrene sulfonate)/poly(diallyl dimethylammonium chloride)
(PSS/PDADMAC) multilayer for different brush grafting density revealed the
formation of patches or homogeneous adsorbed PE layers, depending on the
grafting density regime, respectively. Furthermore, Moya et al.171 discussed the
topography of brush/multilayer systems in relation to the kind of interaction
(electrostatic, hydrogen bonding) governing their assembly and stability. The
inverse geometry, i.e. polyelectrolyte multilayers used as an initiator for the
grafting of responsive polymer brushes, was examined by Laschewsky and
coworkers347. Besides the evidence of the system stability, no specific
information about internal structure o mutual interpenetration were reported.
It is reasonable that the combination of two interacting polymer compartments
might have a significant influence on the responsive behavior of the
constituent parts. Therefore the design of multicompartment responsive
coatings requires a deep investigation of interactions and mutual influence of
the constituent parts.
This work addresses the fundamental question of the influence of interactions
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in brush/PEM composites on the temperature responsive behavior of the
system. For this purpose, the following system was designed: a brush
substrate made by a temperature responsive poly(N-isopropylacrylamide)
(PNIPAM) block, and a charged poly(dimethylaminoethyl methacrylate)
(PDMAEMA) block for the adsorption of poly(styrene sulfonate)/poly(diallyl
dimethylamminium chloride)(PSS/PDADMAC)2 multilayer. The choice of
this block copolymer is motivated by the possibility of separating the
temperature responsive part from the region of PEM adsorption. In fact, the
charged nature of the PDMAEMA in Milli-Q water (pH∼ 5.5; pKa ∼7.5348)
allows the polyelectrolyte adsorption, and the presence of PNIPAM
guarantees the temperature responsiveness even though the strong
complexation between polyelectrolyte brush and free PE chains. Moreover,
PDMAEMA exhibits also temperature123,154,156,349, and pH
responsiveness123,152, which broadens its potential application.
However, to compare the behavior of this block copolymer with similar
homopolymers, analogous studies were performed also on
PDMAEMA(PSS/PDADMAC)2 and on the quaternized PTMAEMA-
(PSS/PDADMAC)2 composites.
Ellipsometry and neutron reflectometry (NR) were used to monitor the
temperature-induced brush collapse over a broad temperature range
(12◦C-63◦C) and the change of polymer and solvent distribution below (15◦C),
across (35◦C) and above (65 ◦C) the phase transition. Taking advantage of the
enhanced contrast between hydrogenated brushes and deuterated PSS chains,
it was possible to deduce the diffusion of free PE chains inside the brush. The
results indicated that the interaction between grafted polyelectrolyte chains
and adsorbed polyelectrolytes changes the mechanism of brush collapse due
to strong polymer complexation. Furthermore, the mixed-zone between the
two compartments has different depth, depending on the density and
distribution of charges inside the brush.

7.2 Results

In the first part of this section, the investigation of growth, morphology and
temperature responsive behavior of P(NIPAM-b-DMAEMA) brush and the
corresponding (PSS/PDADMAC)2-capped system is presented. In the second
part, the structural and responsive properties of PDMAEMA brush,
PTMAEMA brush and the derived brush/PEM composites are described. In
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the next section, the results are discussed with focus on the effect of the
interaction between grafted and adsorbed chains on the collapse mechanism
and monomer density distribution in the films.

7.2.1 Temperature responsive behavior of the block copolymer

brush/PEM composite

The thickness of bare brushes, multilayers and the corresponding composites
measured in air (21◦C, 30% RH) and in water (15◦C) are reported in Table 7.1.
The polymerization time for the brushes was tuned to obtain samples with
similar thickness. The adsorption of (PSS/PDADMAC)2 multilayer onto the
brush leads to significantly higher thickness increment than on silicon wafer,
which proves the strong influence of the substrate properties (charge,
chemistry, geometry) on the adsorbed mass during the deposition process.
The AFM scans of bare brushes and brush/PEM composites were carried out

in air at the same experimental conditions (30% RH, 21◦C) as for ellipsometry
measurements. The images are reported in Figure 7.1 with the corresponding
surface roughness (rms).
PNIPAM and P(NIPAM-b -DMAEMA) brushes presented very similar surface
morphologies. The higher roughness and the evidence of larger “islands” for
the block copolymer might be reasoned by a minor phase separation between
PDMAEMA-rich and PNIPAM-rich regions. A significant increment of surface
roughness is observed for the (PSS/PDADMAC)2 capped system, due to the
high PEM uptake (Table 7.1) on the soft substrate, leading to the observed
pattern of polyelectrolyte chains on the charged PDMAEMA brush.

Air (21◦C, 30% RH) Water (15◦C)

Sample n d [nm] n d [nm] φsw [%]

PNIPAM 1.472(4) 42.4(9) 1.393(5) 98.0(1) 57.0(9)
PDMAEMA 1.472(3) 47.7(4) 1.399(5) 118.7(1) 60.4(3)
P(NIPAM-b-DMAEMA) 1.525(2) 44.4(6) 1.399(5) 111.4(1) 60.0(7)
P(NIPAM-b-DMAEMA)

1.510 (3) 93 (3) 1.415(5) 212.2(2) 56.2(8)
(PSS/PDADMAC)2
PEI(PSS/PDADMAC)2 1.54(4) 8.1(1) 1.4647 12(1) 33(6)

TABLE 7.1: Thickness and refractive index obtained from ellipsometric measurements
in ambient condition (21◦C, 30% RH) and in water (15◦C). In brackets the standard
deviation on the experimental values are reported. All the samples are prepared on
individual silicon substrates. The volume ratio PNIPAM/PDMAEMA in the block
copolymer was 1.65. Reproduced from Ref. 350 with permission from the Royal Society of
Chemistry.



Chapter 7. Temperature responsive brush/multilayer composites 123

FIGURE 7.1: From left to right: surface morphology of PNIPAM brush, P(NIPAM-b-
DMAEMA) brush and P(NIPAM-b-DMAEMA)(PSS/PDADMAC)2 composite. The
AFM scans were performed in air (21◦C, 30% RH) by intermittent AC mode.

The brush collapse at increasing temperature was monitored by the change of
ellipsometric thickness Δd relative to the initial swollen thickness d15◦C

sw

according to the relation

dT
sw − d15◦C

sw

d15◦C
sw

· 100 =
Δd

d15◦C
sw

· 100[%] (7.1)

with dT
sw the swollen thickness at temperature T>15◦C . The results are

reported in Figure 7.2. The solid line represents the sigmoid function fitted to
the experimental data, from which the transition temperature Ttr was extracted
as the inflection point of the curve. In Figure 7.2a, the phase transition of
P(NIPAM-b-DMAEMA) brush is compared with the behavior of the two
subsystems. The collapse of the block copolymer brush is broader than for
each single component, as it includes the entire range of PNIPAM and
PDMAEMA collapse. No clear bimodal collapse is observed in the copolymer,
but rather an unique transition, with critical temperature located between that
of the single components. The total degree of collapse is dominated by the
PDMAEMA block, which reaches lower collapse at (63±1)◦C compared to the
pure PNIPAM brush. This might be due to the partial charging of PDMAEMA
(pKa ∼7.5348) in Milli-Q water (pH∼5.5), whose stronger hydration and the
electrostatic repulsions between adjacent charges reduces the degree of
collapse in comparison to the neutral PNIPAM brush156.
In Figure 7.2b, the same collapse curve of P(NIPAM-b-DMAEMA) brush is
now compared with the corresponding (PSS/PDADMAC)2-capped system. In
contrast to the smooth collapse of P(NIPAM-b-DMAEMA), the composite
P(NIPAM-b-DMAEMA)(PSS/PDADMAC)2 exhibited a steeper thickness
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FIGURE 7.2: Relative thickness change Δd/d15◦C
sw , calculated according to eq. 7.1, as

a function of temperature. a) Comparison of the brush collapse of homopolymers,
PNIPAM and PDMAEMA, and block copolymer P(NIPAM-b-DMAEMA) brushes.
b) Comparison of the collapse of bare P(NIPAM-b-DMAEMA) and P(NIPAM-b-
DMAEMA)(PSS/PDADMAC)2 system. The samples were swollen in Milli-Q water
and the sample thickness was measured by ellipsometry. The solid lines represent the
fit of a sigmoid function to the experimental data points. The transition temperature
Ttr corresponds to the inflection point of the sigmoid. For the full symbols, the error
bars are not visible as they are smaller than the symbols. Reproduced from Ref. 350 with
permission from the Royal Society of Chemistry.

decrease, which occurs in a narrow temperature range between 20 and 35◦C.
Besides this difference, the two systems reached a similar collapse at high
temperature (63±1◦C), with a minor change of the Ttr considering the whole
phase transition (Figure 7.2b). In no cases significant degradation of the
samples occurred. In fact, by comparing the sample thickness in air before and
after the ellipsometry study, the thickness decrease was mostly between 5 and
25% of the initial value. This change might be due to slight structural
rearrangement of the chains in case of small variations, and to degrafting
events or mass loss from the PEM for the high variations.

The internal distribution of monomer and water perpendicular to the
substrate was revealed by neutron reflectometry (NR), which is a more
sensitive technique to the variations of composition in the low-nm length
scale. The reflectivity curves measured below (15◦C), across (35◦C) and above
(65◦C) the phase transition are reported in Figure 7.3(a,b) with the
corresponding SLD profiles(c,d). The fitting parameters are listed in Table 8.4
of the Appendix at the end of this chapter. For P(NIPAM-b-DMAEMA) at 15◦C
(Figure 7.3c), an extended region with constant SLD corresponds to the
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FIGURE 7.3: (a,b): Neutron Reflectivity curves of P(NIPAM-b-DMAEMA) and
corresponding (PSS/PDADMAC)2-capped system measured below and above the
phase transition temperature of the polymer brushes. The samples were swollen in
deuterated water. The solid lines are the fits to the experimental data. The curves at
35◦C and 65◦C are offset by a scaling factor of 10 and 100, respectively, to ensure clarity.
(c,d): Scattering length density (SLD) profiles obtained from the fit of the experimental
data. Reproduced from Ref. 350 with permission from the Royal Society of Chemistry

hydrated inner part of the polymer brush, likely PNIPAM and the initial part
of the PDMAEMA block. The similar SLD and degree of swelling of the two
polymers causes the absence of a contrast inside the brush.
It follows a region with higher SLD, corresponding to the outermost segments
of PDMAEMA containing a larger water content due to the higher degree of
ionization124,152.
At 35◦C the system crosses the phase transition, as shown by the ellipsometry
data in Figure 7.2b. Evidence of dehydration close to the substrate is given by
the drop of the SLD, while a high water content is maintained towards the
brush/liquid interface. This indicates that around the phase transition most of
the water is located in the PDMAEMA block, due to its higher hydrophilicity
compared to the PNIPAM block (Figure 7.2a).
Finally, the dehydration of the entire brush is achieved at 65◦C, where the SLD
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drops furthermore close to the substrate and the brush/D2O interface becomes
more sharp.
Similar SLD profiles for increasing temperature were obtained for the
brush/PEM composite, but there are few important differences to mention. At
15◦C the PEM-capped system reaches lower degree of swelling compared to
the pure brush, as shown in the SLD profiles in Figure 7.3(d). Moreover, the
region of constant SLD close to the solid substrate is thinner (≈ 300Å) than in
the pure brush, and the profile rises rapidly towards increasing SLD. By
heating up to 35◦C, a decrease of SLD both in the vicinity of the substrate and
in the region corresponding to the PDMAEMA/PEM interface is observed,
ascribed to D2O extrusion. Only at 65◦C a complete brush collapse and PEM
dehydration occurs, proved by the further decrease of SLD close to the
substrate and the increased sharpness at the multilayer/D2O. Noteworthy, at
high temperature the region of constant SLD corresponding to the dehydrated
brush is thinner than in the case of the pure block copolymer, and the SLD
profile quickly increases towards the deuterated multilayer. Since at
temperature well above the LCST the hydration water (D2O) has been mostly
expelled from the brush, the high SLD is a hint for the presence of deuterated
PSS in the PDMAEMA block.

7.2.2 Temperature responsive behavior of homopolymer

brush/PEM composites

The temperature responsive behavior of PDMAEMA(PSS/PDADMAC)2 and
PTMAEMA(PSS/PDADMAC)2 composites was investigated with the same
experimental approach reported in the previous section. The layer thickness of
bare brushes and brush/PEM composites measured in air (21◦C, 30% RH) and
in water (15◦C) is reported in Table 7.2. The adsorption of (PSS/PDADMAC)2
multilayer onto PDMAEMA brush resulted in a stronger increment than onto
PTMAEMA brush. This phenomenon was reported in literature and explained
by the formation of more soluble and swollen brush/weak-PE complexes,
compared to more compact brush/strong-PE layers170. According to the
authors170, the formation of intrinsically compensated polyelectrolyte pairs
represents a limiting factor for the mass uptake.

The change of film thickness upon temperature increase was monitored by
ellipsometry and is reported in Figure 7.4 for both PDMAEMA, and
PTMAEMA and corresponding composites. The values of Δd/d15◦C

sw were
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Air (21◦C, 30% RH) Water (15◦C)

Sample n d [nm] n d [nm] φsw [%]

PDMAEMA 1.476(6) 47.7(4) 1.399(1) 118.7(1) 60(1)
PDMAEMA(PSS/PDAD)2 1.465(7) 70.9(4) 1.4065(1) 170.4(1) 58 (1)

PTMAEMA 1.609(5) 39.3(9) 1.3758(1) 123.4(2) 68(2)
PTMAEMA(PSS/PDAD)2 1.505 (5) 49.9 (6) 1.395(1) 128.9 (2) 61 (1)

PEI(PSS/PDAD)2 1.54(4) 8.1(1) 1.4647 12(1) 33(6)

TABLE 7.2: Thickness and refractive index obtained from ellipsometric measurements
in ambient condition (21◦C, 30% RH) and in water (15◦C). In brackets the standard
deviation on the experimental values are reported. All the samples are prepared on
individual silicon substrates.

calculated according to eq. 7.1. In the case of PDMAEMA and corresponding
PEM-capped system, no significant change of the collapse mechanism was
observed.

FIGURE 7.4: Temperature induced phase transition of a) PDMAEMA brush, b)
PTMAEMA brush and their brush/PEM composites. The samples were swollen in
Milli-Q water and the sample thickness was measured by ellipsometry. The solid lines
represent the fit of a sigmoid function to the experimental data points. The transition
temperature Ttr corresponds to the inflection point of the sigmoid. The error bars are
not visible as they are smaller than the symbols.

Unfortunately, the limited temperature range measurable by our setup
made unfeasible the achievement of a constant thickness plateau. This might
lead to some inaccuracy in the determination of Ttr for these systems.
Therefore the values of Ttr should not be rigorously compared.
In the case of PTMAEMA brush, only minor changes of the brush thickness as
a function of temperature were obtained, from which no evidence of brush
collapse could be deduced. In contrast, an obvious brush collapse at increasing
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FIGURE 7.5: (a,b): Neutron Reflectivity curves of PDMAEMA brush and
PDMAEMA(dPSS/PDADMAC)2 composite measured below and above the phase
transition temperature of the polymer brushes. The samples were swollen in
deuterated water. The solid lines are the fits to the experimental data. The curves at
35◦C and 65◦C are offset by a scaling factor of 10 and 100, respectively, to ensure clarity.
(c,d): Scattering length density (SLD) profiles obtained from the fit of the experimental
data.

temperature was observed for PTMAEMA(PSS/PDADMAC)2, and the phase
transition temperature extracted from the fit on the experimental data was
around 37◦C.

The monomer density distribution in the swollen polymer films was
revealed by NR studies. Reflectivity curves and the corresponding SLD
profiles are reported in Figure 7.5 and 7.6 for PDMAEMA and PTMAEMA
systems, respectively. For the bare PDMAEMA brush (Figure 7.5(a,c)), the SLD
profile at 15◦C presents a region with constant D2O content, followed by
Gaussian-like profile raising towards the D2O subphase, frequently observed
in swollen polyelectrolyte brushes123,152. An increase of temperature to 35◦C
causes a decrease of SLD in the brush (D2O extrusion) and the splitting of the
profile into steps, as a result of a gradual dehydration from the substrate to the
liquid phase. At 65◦C the full brush collapse is achieved, with a further
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FIGURE 7.6: (a,b): Neutron Reflectivity curves of PTMAEMA brush and
PTMAEMA(dPSS/PDADMAC)2 composite measured below and above the phase
transition temperature of the polymer brushes. The samples were swollen in
deuterated water. The solid lines are the fits to the experimental data. The curves at
35◦C and 65◦C are offset by a scaling factor of 10 and 100, respectively, to ensure clarity.
(c,d): Scattering length density (SLD) profiles obtained from the fit of the experimental
data.

decrease of SLD close to the substrate and the evidence of a sharp brush/D2O
interface.
Different SLD profiles were obtained for the PDMAEMA(dPSS/PDADMAC)2
composite. Despite the similar SLD value close to the substrate, which
indicates a comparable D2O content for bare brush and its brush/multilayer
composite, this region is thicker for the PDMAEMA(dPSS/PDADMAC)2
sample. It follows a steeper increase to the outermost part containing the
deuterated multilayer. At 35◦C the profile shifts to lower thickness and the
SLD close to the substrate decreases, meaning a partial D2O extrusion and
brush collapse. At 65◦C, a further dehydration causes the decrease of SLD
close to the substrate and the formation of a sharp film/liquid interface.
However, there is evidence of an intermediate region between brush and
d-PEM, which might correspond to a mixture of the two subsystems.
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For the strong polyelectrolyte PTMAEMA (Figure 7.6) identical curves were
obtained at the three different investigated temperatures, suggesting unvaried
structure and water content. This is in good agreement with the mostly
unchanged thickness during the ellipsometry scan (Figure 7.4b). The SLD
profile corresponding to the best fit on these curves well represents the high
water content and homogeneous distribution expected for this PE brush. A
small decrease in the outermost region is observed only at 65◦C, which
indicates a minor D2O extrusion, in agreement with the ellipsometry curve
shown in Figure 7.4. Unfortunately, the absence of characteristic features in the
reflectivity curves limits the possibility of verifying the robustness of the
proposed models.
A different SLD profile is observed for the brush/PEM composite. The
evidence of Kiessig fringes at low Qz indicates a stronger contrast between
polymer matrix and surrounding medium. This could be explained by the
presence of a region with constant SLD, corresponding to the swollen brush,
followed by an increasing profile, where the deuterated PEM would be
distributed (Figure 7.6d). In contrast to the previous systems, there is no clear
evidence of a PEM block at the film/liquid interface, hence the multilayers
might be distributed inside the brush and only a very thin layer confined in
the outermost part.

7.3 Discussion

7.3.1 Collapse mechanism

The reported results demonstrated the possibility of preparing brush/PEM
composites by adsorbing multilayers onto charged brush substrates without
sacrificing their temperature-responsiveness.
An interesting feature of these systems is the much stronger thickness
increment upon PEM adsorption (30-48 nm) compared to the multilayer
growth on silicon substrate (≈ 8 nm) and on PTMAEMA substrate (≈ 10 nm),
as evidence in Table 7.1 and 7.2. Accordingly, the thickness increment from the
adsorption of (PSS/PDADMAC)2PSS onto PMETAC brush was about 16 nm
(Table 6.2 in the Appendix of Chapter 6). Similar increments were reported by
Rühe and coworkers170 for the adsorption of PMAA/MePVP (weak/strong PE
pair) double layers onto PMAA brushes. The same authors demonstrated that
the PE adsorption increases with increasing brush thickness and by using
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weak polyelectrolytes. The stronger layer increment for weak polyelectrolyte
was explained by the formation of more soluble and swollen PE pairs, which
allow to lead to higher mass uptake. Accordingly, lower increments are
measured for the PEM adsorption onto strong polyelectrolyte brushes, as it is
demonstrated for the PTMAEMA(PSS/PDADMAC)2 system reported in
Table 7.2. Interestingly, despite the strong thickness difference in ambient
condition, bare brushes and brush/PEM composites have similar degree of
swelling (Table 7.1 and 7.2). This behavior is a result of the complexation
between PSS chains and the charged units of PDMAEMA or PTMAEMA
block, which reduces the charge density and hydrophilicity of the brush.
The hypothesis of a direct brush-PSS chain complexation is supported by the
change of temperature-responsive behavior of the brush substrates upon PEM
adsorption (Figure 7.2 and 7.4). For the P(NIPAM-b-DMAEMA) brush, it is
worth to mention that in contrast to previous findings on statistic copolymers
of PNIPAM and alkylacrylic acids (aAAs)167, the temperature responsive
behavior of the brush substrate is preserved. In particular, this is the result of
the individual contribution of each polymer block. The significant difference
between P(NIPAM-b-DMAEMA) brushes and the corresponding
(PSS/PDADMAC)2-capped system, namely a smooth collapse for the former
and a steeper transition for the latter (Figure 7.2), can be explained by the
hydrophobization of the PDMAEMA block by the diffusion of some polymer
chains inside the brush, forming stable complexes with PDMAEMA side
groups. The partial charge compensation of PDMAEMA by PSS reduces the
charge density of the weak polyelectrolyte block, resulting in a shift of
PDMAEMA phase transition to lower temperatures. This in turn causes the
overlapping of PDMAEMA collapse with PNIPAM one. Hydrophobization
effects causing the shift of phase transition to lower temperatures have been
reported previously and ascribed to reduced charged density84,351 (e.g. by the
change of pH), the presence of more hydrophobic side groups352, or the
combination with more hydrophobic comonomers353. Steeper collapses for
more hydrophobic poly(methacrylates) have been also discussed by Wanless
and coworkers354, whose findings are in agreement with the narrower collapse
of the brush/PEM composites observed in Figure 7.2b.
The absence of a collapse for the PDMAEMA block in the
P(NIPAM-b-DMAEMA)(PSS/PDADMAC)2 composite might be argued, as an
effect of the steric hindrance exerted by PSS chains. Nevertheless, this
hypothesis can be excluded from two observations: i) the absence of
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PDMAEMA collapse would reduce the total degree of collapse of the system,
differently from our findings in Figure 7.2b, where the two systems reach the
same degree of collapse; ii) the collapse of PDMAEMA(PSS/PDADMAC)2
shown in Figure 7.5 demonstrates that its temperature responsiveness is
preserved, and a comparable brush collapse as for the bare brush substrate
was found.
In the case of PDMAEMA brush, no significant differences for the collapse
mechanism of the bare brush and brush/multilayer composite were found.
This could be explained by the fact that the PSS chains do not penetrate
completely inside the brush, leaving a “free” brush region close to the
substrate. This region likely dominates the temperature responsive behavior
of the system, and therefore the effects of PDMAEMA/PSS complexation in
the outermost part of the brush lead to minor deviations in the collapse
mechanism, which are not observable in the ellipsometry profile. Finally, it is
likely that a diverse structure, i.e. homopolymer or block copolymer, might
lead to diverse collapse mechanism and complexation with the adsorbed
PEMs.
In the case of PTMAEMA brush, no brush collapse was observed. Accordingly,
although the temperature induced phase transition of PDMAEMA and neutral
derivatives is largely investigated84,123,352, a critical solution temperature for
PTMAEMA has not been reported. A chain shrinking at high temperature
might be hindered by the translational entropy of the counterions, which
keeps the brush in the swollen state and counteract its elastic entropy. This
preserves the brush collapse even though the bad solvation condition. In
contrast, the partial neutralization of charged sites by complexation with dPSS
favors the brush collapse in PTMAEMA(PSS/PDADMAC)2.

7.3.2 Monomer density distribution

The previous hypothesis of the diffusion and accumulation of PSS chains
within the charged part of the brush substrates is confirmed by the monomer
density distribution obtained by NR. For P(NIPAM-b-DMAEMA) brushes, the
stepwise decrease of SLD upon D2O extrusion at increasing temperature
(Figure 7.3b) is consistent with the smooth collapse mechanism observed in
Figure 7.2, and also previous neutron reflectometry works123,355. In particular,
for PNIPAM brushes with comparable grafting density and thickness355,356 as
the systems presented in this work, a broad monomer distribution was found
at 20◦C and a compact, steplike profile at 41◦C. In the case of PDMAEMA,
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Titmuss and coworkers123 found evidences of a two-step collapse with a
partial collapse between 30 and 40◦C (dense inner part and a dilute outer
region) and a full brush collapse reached above 40◦C. The temperature
dependent collapse of P(NIPAM-b-DMAEMA) copolymer (Figure 7.3)
presents the same features: a partial dehydration close to the substrate
between 15 to 35◦C, and a full dehydration between 35 and 65◦C, when a
sharp brush/liquid interface is formed. The bimodal mechanism is supported
by the ellipsometry profiles in Figure 7.2, where the contribution of the
individual polymer block is notable.
In the case of P(NIPAM-b-DMAEMA)(PSS/PDADMAC)2 system
(Figure 7.3b), a sharp thickness decrease is obtained between 15 and 35◦C, i.e.
at lower temperature than the bare brush. Moreover, the presence of
deuterated PSS chains inside the hydrogenated brushes is validated by the
increasing SLD values from small distances from the substrate, in the region
corresponding to the PDMAEMA block. The inflection points of the SLD
profiles at 65◦C in Figure 7.3 can be considered the reference positions for the
interface between hydrogenated and deuterated media. Such interfaces are
located at about 600 Å in P(NIPAM-b-DMAEMA) (brush/D2O interface), and
at ≈300 Å and 600 Å in the brush/PEM composite. The interface at 300 Å
correspond to the PNIPAM/PDMAEMA interface, and this proves the
migration of d-PSS inside the charged brush.
Analogous profile and dehydration mechanism for PDMAEMA brushes as
those reported by Titmuss and coworkers123 are observed in our studies for
the the bare PDMAEMA brush (Figure 7.5c), with a partial dehydration at
35◦C and a full collapse at 65◦C.
A bimodal dehydration is characteristic also for the
PDMAEMA(PSS/PDADMAC)2 composite, in good agreement with the
smooth collapse mechanism found by the ellipsometry studies (Figure 7.4). It
is worth to mention that the diffusion of deuterated PSS chains inside the
PDMAEMA brush is limited to half of the total brush thickness, as indicated
by the constant and low SLD value at 65◦C in Figure 7.5c. This phenomenon
can be explained by few aspects: i) the high brush density in the vicinity of the
substrate limits the diffusion of dPSS chains; ii) the higher degree of ionization
in the outermost part of the brush123 favors the accumulation of the adsorbed
chains at higher distances from the substrate.
Finally, in the case of PTMAEMA the absence of a phase transition at
increasing temperature observed in Figure 7.4 is confirmed by the constant
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FIGURE 7.7: Schematic representation of the structure of brush/multilayer
composites. From left to right: P(NIPAM-b-DMAEMA)(PSS/PDAMAC)2,
PDMAEMA(PSS/PDAMAC)2 and PTMAEMA(PSS/PDAMAC)2.

monomer distribution deduced from the SLD profile at 15, 35 and 65◦C.
Differently, evidence of a brush collapse at 65◦C is found for
PTMAEMA(PSS/PDADMAC)2, indicated by the decrease of thickness and
SLD close to the substrate, in good agreement with the ellipsometry data
(Figure 7.4). Interestingly, from the SLD profile at 65◦C is not possible to
distinguish between brush and multilayer compartment. This suggests an
uniform distribution of dPSS chains inside the entire polymer matrix, and
their deeper migration inside the brush. This hypothesis is supported by the
much higher SLD of PTMAEMA(PSS/PDADMAC)2 compared to
PDMAEMA/PEM and P(NIPAM-b-DMAEMA)/PEM.
The proposed structures for the three brush/multilayer composites presented
in this study are sketched in Figure 7.7.

7.4 Conclusion

The results presented in this chapter describe the effects of the interaction
between polymer brushes and physisorbed polyelectrolyte multilayers on the
temperature responsive properties of the composites. Ellipsometry studies
revealed the change of the collapse mechanism for the brush/PEM systems
compared to the bare brushes. In particular, the broad phase transition of
P(NIPAM-b-DMAEMA) brushes, resulting from the individual contribution of
the subsystems PNIPAM and PDMAEMA becomes a steeper collapse for the
multilayer-capped system. In the case of PDMAEMA(PSS/PDADMAC)2, no
relevant change of the collapse mechanism was observed. This was explained
by the major influence of the underneath PDMAEMA substrate on the
temperature responsive behavior of the composite. For
PTMAEMA(PSS/PDADMAC)2, a clear phase transition within the
investigated temperature range was observed, in contrast to the absence of a
temperature responsive behavior for the bare PTMAEMA brush. This
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phenomenon was explained by the balance between entropic elasticity and
counterions dynamics.

The SLD profiles obtained from NR measurements demonstrated the
diffusion of PSS chains inside every brush substrate. The depth of migration of
the polyelectrolyte chains was governed by the charge density inside the
brush.
This work demonstrates the possibility of combining temperature responsive
brush and polyelectrolyte multilayers to create a variety of multicompartment
smart coatings. Several effects arise from brush/PEM interactions and the
influence of external parameters (pH, solvent, chain length, functionality),
which make these composites extremely complex but, at the same time, highly
versatile to create a broad array of multiresponsive systems.



136 Chapter 7. Temperature responsive brush/multilayer composites

7.5 Appendix

Temperature [◦C] Density [g/cm3] SLD (10−6) [Å−2]

15 1.1059 6.36
35 1.1017 6.34
65 1.0878 6.26

TABLE 7.3: Density of D2O as a function of temperature taken from Ref. 357 and
calculated scattering length density (SLD) values from the calculator available in the
Motofit package of Igor. Reproduced from Ref. 350 with permission from the Royal Society
of Chemistry.

P(NIPAM-b-DMAEMA)
Temperature [◦C] No. layer d [Å] SLD (10−6) [Å−2] Roughness [Å]

15 1 1288 4.18 134
2 177 5.81 49
3 470 6.15 53

35 1 571 3.38 126
2 504 5.49 55

65 1 572 2.65 50
2 73 4.17 14
3 478 6.17 19

P(NIPAM-b-DMAEMA)(dPSS/PDADMAC)2
Temperature [◦C] No. layer d [Å] SLD (10−6) [Å−2] Roughness [Å]

15 1 381 3.95 123
2 340 5.24 77
3 336 5.50 62

35 1 385 3.57 44
2 80 4.21 21
3 365 4.59 62

65 1 285 2.25 17
2 81 2.88 47
3 300 4.26 16

TABLE 7.4: Fitting parameters thickness d, scattering length density SLD and
roughness obtained from the fit of the reflectivity curves. Silicon substrate (SLD=
2.07·10−6), silicon dioxide (SLD=3.47·10−6) and D2O (SLD= 6.36/6.34/6.26·10−6) were
kept fixed for all fits. The layer number is counted from the silicon substrate to the D2O
medium. Reproduced from Ref. 350 with permission from the Royal Society of Chemistry.
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PDMAEMA
Temperature [◦C] No. layer d [Å] SLD (10−6) [Å−2] Roughness [Å]

15 1 216 3.83 -
2 168 3.85 50
3 377 3.83 200

35 1 138 2.40 20
2 335 2.87 20
3 236 3.72 60

65 1 19 1.97 -
2 322 2.28 20

PDMAEMA(dPSS/PDADMAC)2
Temperature [◦C] No. layer d [Å] SLD (10−6) [Å−2] Roughness [Å]

15 1 876 3.75 79
2 192 5.03 60
3 345 5.60 33

35 1 434 3.35 34
2 92 3.69 82
3 421 5.72 20

65 1 375 2.08 34
2 104 1.41 84
3 376 4.85 20

TABLE 7.5: Fitting parameters thickness d, scattering length density SLD and
roughness obtained from the fit of the reflectivity curves. Silicon substrate (SLD=
2.07·10−6), silicon dioxide (SLD=3.47·10−6) and D2O (SLD= 6.36/6.34/6.26·10−6) were
kept fixed for all fits. The layer number is counted from the silicon substrate to the D2O
medium.
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PTMAEMA
Temperature [◦C] No. layer d [Å] SLD (10−6) [Å−2] Roughness [Å]

15 1 102 2.61 20
2 23 4.42 10
3 20 4.43 156
4 40 5.19 10
5 280 5.99 100

35 1 94 2.56 20
2 46 4.35 10
3 40 5.32 20
4 280 5.94 100

65 1 83 2.40 20
2 53 4.36 40
3 230 5.78 40
4 210 5.93 128

PTMAEMA(dPSS/PDADMAC)2
Temperature [◦C] No. layer d [Å] SLD (10−6) [Å−2] Roughness [Å]

15 1 300 4.33 42
2 127 4.95 66
3 153 5.89 37

35 1 316 4.37 46
2 123 4.82 71
3 130 5.80 37

65 1 300 4.13 94
2 163 6.0 42
3 94 6.16 39

TABLE 7.6: Fitting parameters thickness d, scattering length density SLD and
roughness obtained from the fit of the reflectivity curves. Silicon substrate (SLD=
2.07·10−6), silicon dioxide (SLD=3.46·10−6) and D2O (SLD= 6.36/6.34/6.26·10−6) were
kept fixed for all fits. The layer number is counted from the silicon substrate to the D2O
medium.
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Abstract

This chapter presents the preparation of transparent Al2O3 coatings of
polymer surfaces by means of a novel, environmental-friendly sol-gel method.
The use of mild conditions, harmless chemicals and simple laboratory
equipments allows its application to organic substrates, without altering their
chemical composition. In particular for this study, a thermoresponsive
polymer brush is chosen as a model polymer surface. X-ray photoelectron
spectroscopy (XPS) is used to characterize the sample surface and verify the
conversion of the precursor Al(OH)3 into oxide. The study evidences that the
lateral homogeneity of alumina thin films is strongly related to the wettability
of the polymer surface by the precursor solution, and that surface morphology
and film elasticity are mainly influenced by the polymer properties. The
investigation of the swelling behavior of the underneath polymer brush
reveals the absence of water uptake, proving the impermeability of the
alumina layer.
The synergistic use of polymer substrates and robust, transparent and thermal
resistant aluminium oxide films is highly promising for the preparation of
inorganic/organic composites with enhanced performance and enlarged
applicability as biomedical implants, environmental protective sheets,
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components for electric devices and optically transparent coatings for lighting
applications.

8.1 Introduction

The emerging interest for the combination of organic and inorganic materials
originates from the enhanced performance and novel features achievable by
merging very different properties in an unique system358–361. Among inorganic
coatings, aluminium oxide (Al2O3) is relevant for a large number of
applications. For instance, its biocompatibility362, high mechanical strength363,
wear and corrosion resistance are fundamental requirements for the design of
biomedical implants, which are often under mechanical stress and in contact
with aggressive body fluids363. The high dielectric constant (εr ∼9)364 allows
the application as a part of electric devices, and the thermal resistance makes it
suitable for environmental protective coatings365. Moreover, alumina ceramics
have been successfully used as parts of lamps366 because of their high optical
transmittance367,368.
Concerning the polymer substrates, grafted-from polymer brushes are widely
established as stimuli-responsive coatings142,369. Their high mechanical
stability, by reason of the covalent binding to the substrate, the tunable chain
density and molecular weight, make them reasonably suited to prepare highly
adaptable smart coatings97,131,370,371.
The combination of aluminium oxide thin films and polymer substrate would
create stimuli-responsive systems with high electrical and thermal strength,
but this possibility is limited by most of the available preparation routes. In
fact, the use of high vacuum, elevated temperatures and the production of
hazardous byproducts in methods like atomic layer deposition372, chemical
vapor deposition373 and pulsed layer deposition374 might be harmful for the
polymer substrates and expose them to degradation or significant structural
modifications.
Such a limitation has prompted the research on new synthetic protocols to
produce alumina under mild conditions, for instance by lower temperature
atomic367 or chemical layer deposition375. The most prominent improvement
in this field was made with the introduction of low-temperature sol-gel
methods204,376 to produce either crystalline or amorphous Al2O3 thin films
from organic or aqueous solutions and harmless chemicals.
In this study the sol-gel method reported by Duan et al.204 for the preparation
of aluminium oxide thin films on silicon wafer was used, with some minor
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changes to adapt it to the use of polymer substrates. The method consists of
two main steps: first, the deposition of Al(OH)3 onto the substrate and drying
at 100◦C, second the hydrothermal treatment (HT) in a Parr reactor at 105◦C
and 38 atm to induce the dehydroxylation, which convert the hydroxide into
oxide. The polymer substrates were a neutral and a charged brush, namely
poly(N-isopropylacrylamide), PNIPAM, and poly(N-isopropylacrylamide-
b-trimethylamino methacrylate), P(NIPAM-b-TMAEMA) brush. Both samples
show temperature responsive behavior from the collapse of the PNIPAM block
in water above its critical solution temperature (∼32◦C)92,377. The different
surface hydrophilicity of these two samples revealed the role of wettability on
the deposition of the alumina thin films onto the substrate.

8.2 Results and discussion

The following section presents an extensive characterization of the properties
of brush/alumina composites, from surface composition to surface
morphology, mechanical properties and swelling behavior. The obtained
results are discussed considering interactions and consequent mutual effects
between alumina thin film and polymer substrate. The following
nomenclature was adopted in the text: PN for PNIPAM and PNTM for
P(NIPAM-b-TMAEMA) brushes, followed by U for the untreated samples, HT

for the hydrothermally treated samples, C for the samples coated with
Al(OH)3 (after the first preparation step) and CHT for the coated samples
subjected to the hydrothermal treatment (after the second preparation step).

8.2.1 Chemical and morphological characterization of

brush/alumina composites

The surface chemical composition of the inorganic coatings deposited onto the
brush substrates was analyzed by X-ray photoelectron spectroscopy (XPS). In
particular, the region spectrum of O1s was the most appropriate to
characterize the nature of the aluminium compound. Figure 8.1 shows the O1s
XPS spectra (526-538 eV) of coated brushes before (PN-C, PNTM-C) and after
HT (PN-CHT, PNTM-CHT). For the former, the measured signal consisted of
the single contribution of OH− from Al(OH)3, while for the latter the peak was
deconvoluted into O2− and OH− components, which indicates the formation
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FIGURE 8.1: Region spectra XPS of O1s for PNIPAM brushes (PN) and P(NIPAM-b-
TMAEMA) brushes (PNTM) after deposition of Al(OH)3 (C) and after hydrothermal
treatment (CHT). Samples PN-C and PNTM-C showed only the contribution of
OH− from Al(OH)3. For the samples PN-CHT and PNTM-CHT, the presence of
both OH− and O2− indicate the formation of Al2O3/AlO(OH) mixture by a partial
dehydroxylation of the hydroxide triggered by the HT. For the sake of clarity, all the
spectra have been scaled to best peak resolution; the intensity has no quantitative
purpose. Reproduced from Ref. 378. Copyright Wiley-VCH Verlag GmbH. Reproduced with
permission.

of a Al2O3/AlO(OH) mixture due to partial conversion of the hydroxide into
oxide. Possible trace residuals of Al(OH)3 in the final mixture would represent
a trivial contribution. Analogous results were reported previously for alumina
coatings of bare silicon substrate prepared with the same method204.
Noteworthy the effect of the drying process at 100◦C after Al(OH)3 deposition
is limited to the removal of the excess water, and after the hydrothermal
treatment the precursor Al(OH)3 is converted into Al2O3. Besides the change
of chemical nature, the inorganic coating assumes a different surface
morphology upon HT. Scanning Electron Microscopy (SEM) investigations of
PN-C and PNTM-C in Figure 8.2(a,e) revealed the presence of fractures on the
surface of Al(OH)3 films, which are formed by drying the sample at 100◦C due
to the high tensile strength and poor adhesion of the material to the
substrate204. In contrast, a crack-free surface is characteristic of the
hydrothermal treated samples, PN-CHT and PNTM-CHT in Figure 8.2(b,f),
respectively.
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FIGURE 8.2: SEM scans of PNIPAM and P(NIPAM-b-TMAEMA) brushes coated
by Al(OH)3 (PN-C(a), PNTM-C(e)) and by Al2O3/AlO(OH) (PN-CHT(b), PNTM-
CHT(f)). In the images (c,d) poorly coated (dewetted) areas of PNIPAM substrate
after Al(OH)3 deposition. Reproduced from Ref. 378. Copyright Wiley-VCH Verlag GmbH.
Reproduced with permission.

As it can be noticed from the SEM scans in Figure 8.2(c,d), some regions on the
PN-C sample presented a different surface, with the presence of holes and the
evidence of the underneath brush profile. Those region were characterized by
dewetting when the PNIPAM substrate was extracted from the reaction
solution at 80◦C (“dewetted” areas), while some other parts of the sample
were covered by the reaction mixture (“wetted” areas). This different wetting
behavior on the PNIPAM surface caused the formation of densely and poorly
coated regions, with about 11 at% and less than 3 at% of Al, respectively
(Figure 8.7 in the Appendix at the end of the chapter). In contrast,
P(NIPAM-b-TMAEMA) brushes always gave full wetting during Al(OH)3
deposition.
To explain the diverse behavior of PNIPAM and P(NIPAM-b-TMAEMA)
substrates, the wetting properties of these systems were considered. Contact
angle (CA) measurements performed at low (20◦C) and high (55◦C)
temperature showed a change of water CA from 20◦ to 70◦ on PNIPAM
brushes, and only from 5◦ to 20◦ for P(NIPAM-b-TMAEMA) brushes. This
indicates that the presence of the charged block (PTMAEMA) at the
solid/liquid interface ensures high surface wettability, even though the
underneath PNIPAM brush is in the collapsed (hydrophobic) state during
Al(OH)3 deposition at 80◦C. As a consequence, a homogeneous liquid film can
be formed on P(NIPAM-b-TMAEMA) surface, but only few droplets of
Al(OH)3/liquid mixture are deposited on the pure PNIPAM substrate.
Another relevant characteristic of these brush/alumina coatings is their
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transparency, which was probed by UV-Vis Spectroscopy. The corresponding
spectra of aluminium oxide thin film (CHT), P(NIPAM-b-TMAEMA) brushes
(PNTM-U) and the composite P(NIPAM-b-TMAEMA)/Al2O3/AlO(OH)
(PNTM-CHT) prepared on quartz substrate are reported in Figure 8.3. All the
samples were transparent in the visible range at any of the investigated
temperatures.

FIGURE 8.3: UV-Vis spectroscopy measurements carried out on Al2O3/AlO(OH)
thin film (CHT), P(NIPAM-b-TMAEMA) brushes (PNTM-U) and P(NIPAM-b-
TMAEMA)/Al2O3/AlO(OH) prepared on glass substrate. Reproduced from Ref. 378.
Copyright Wiley-VCH Verlag GmbH. Reproduced with permission.

8.2.2 Brush/alumina interaction: mutual effects on surface

topology and mechanical properties

The investigation of mutual effects arising from the interaction between
organic and inorganic compartment was performed by atomic force
microscopy studies of surface texture and mechanical properties. For this
purpose, the brush/alumina composite prepared onto P(NIPAM-b-TMAEMA)
substrate was used, as a complete coverage of the surface by alumina thin
films could be obtained, as discussed above.
In Figure 8.4 the height scans of Al2O3/AlO(OH) on silicon substrate (CHT),

PNTM-U and PNTM-CHT measured in air (25◦C, 30% RH) are compared.
Bare alumina thin films consisted of mostly spherical aggregates, while the
bare P(NIPAM-b-TMAEMA) brush showed a typical brush-like morphology,
with the alternation of bright and dark regions from the different sample
height.379–381 For the brush/alumina composite (PNTM-CHT), features
common to both brushes and alumina films can be recognized, with the
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FIGURE 8.4: From left to right: AFM height scan of pure alumina coating (CHT),
pure P(NIPAM-b-TMAEMA) brushes (PNTM-U) and the the brushes coated by
Al2O3/AlO(OH) (PNTM-CHT). Reproduced from Ref. 378. Copyright Wiley-VCH Verlag
GmbH. Reproduced with permission.

underneath profile of the polymer brushes covered by a layer of spheroidal
aggregates from the inorganic coating.
The hardness of the composite was characterized by the Young’s modulus (E)
determined by AFM (measurements carried out by Oliver Löhmann). Force
measurements were performed in air (25◦C, 35% RH), using a hard cantilever
of a single crystal silicon (E= 190±10 GPa)382 as a probe. In Figure 8.5, from left
to right, the height scan, force map and distribution of Young’s modulus are
shown, respectively. A Gaussian fit of the measured data revealed that the
measured moduli accumulate around a value of (9±2) GPa. As expected, this
value is reasonably lower than the elastic modulus of bulk alumina (345-409
GPa)383, and also than other amorphous alumina thin film prepared by
alumina layer deposition (ALD)384 or magneton sputtering385, for which E=
170-220 GPa is reported. Considering that pure polymer brushes typically
have elastic moduli of the order of 1-6 GPa386,387, it can be concluded that the
mechanics of this brush/alumina composite is clearly dominated by the
polymer properties.

8.2.3 Stability of polymer films to alumina preparation

The investigation of surface topology and elastic behavior demonstrated the
significant influence of the polymer substrate on the properties of the resulting
composites. This aspect motivates to examine the stability of the polymer
substrate to HT, in order to gain an approximate estimation of the amount of
polymer which is present in the final composite. In order to study directly the
influence of HT on the organic compound, the bare polymer brushes (without
alumina coating) were subjected to HT under the same conditions as the
Al(OH)3 coated samples.
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FIGURE 8.5: From left to right: height scan of the surface of P(NIPAM-b-
TMAEMA)/Al2O3/AlO(OH) (PNTM-CHT) in ambient condition (25◦C, 35% RH);
force map applied for force measurements, each box corresponding to a sampled area;
probability distribution of Young Modulus of the measured sample. The solid line
corresponds to the Gaussian fit of the experimental data. Measurements were carried
out by Oliver Löhmann. Reproduced from Ref. 378. Copyright Wiley-VCH Verlag GmbH.
Reproduced with permission.

Sample U HT
n d [nm] n d [nm] Δd[%]

PN 1.50(2) 55.7(9) 1.42(2) 14.0(8) -75
PNTM 1.53(1) 97 (2) 1.43(3) 46(3) -52

TABLE 8.1: Ellipsometric thickness and refractive index measured in air (22◦C, 32%
r.h.) for untreated (U) and hydrothermal treated (HT) polymer brushes. The values of
Δd represent the percentage of thickness change as Δd=(dHT-dU)/dU·100. In brackets
the standard deviation on the measured values is reported. Reproduced from Ref. 378
with permission from Wiley-VCH.

Ellipsometry measurements were carried out to verify any change of sample
thickness and refractive index. The obtained data are reported in Table 8.1 for
untreated (PN-U, PNTM-U) and hydrothermal treated brushes (PN-HT,
PNTM-HT), which demonstrate a decrease of refractive index and film
thickness for both PN and PNTM samples. Nevertheless, the ellipsometric
data could not unequivocally explain if the observed changes were due to
brush degradation or to degrafting events at the initiator sites.

This issue was solved by the XPS analysis of both untreated and treated
samples, with focus on the scan region around the C1s band (275-295 eV). The
high carbon content and its variety of chemical bonds in the polymers could
offer a more accurate determination of chemical composition of the sample
compared to other elements (e.g. O1s or N1s).

The C1s spectra of PNIPAM and P(NIPAM-b-TMAEMA) brushes before
(PN-U, PNTM-U) and after HT (PN-HT, PNTM-HT) are reported in Figure 8.6.
The peak deconvolution of the untreated samples revealed the presence of the
functional groups of the respective monomeric units: the NC=O from NIPAM,
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FIGURE 8.6: Region spectra of C1s for polymer brushes, samples PN and PNTM,
before (U) and after (HT) hydrothermal treatment (105◦C, 38 atm, 24h). For the sake
of clarity, all the spectra have been scaled to best peak resolution; the intensity has
no quantitative purpose. Reproduced from Ref. 378. Copyright Wiley-VCH Verlag GmbH.
Reproduced with permission.

the C-O, OC=O from TMAEMA, and the C-C/C-H, C-N from both molecules.
The peak below 285 eV in the spectrum of PN-U might be reasoned by the
presence of alkenes from residual unreacted monomer or
methylhydroquinone (Figure 8.8 in the Appendix at the end of the is chapter),
as monomer stabilizator, while the OC=O might derive from contaminant
carboxylates. For the treated sample PN-HT, despite the strong thickness
decrease measured by ellipsometry (Table 8.1), no significant differences in the
surface chemistry were observed compared to PN-U, except for the absence of
the unsaturated carbon. Analogous results were found for PNTM-U and
PNTM-HT, which presented the same chemical composition and constant
PNIPAM/PTMAEMA ratio. These results brings to conclude that the
observed structural changes might be due to some degradation of the initiator
monolayer attached to the silicon wafer, as the chemistry of the polymer brush
remains unchanged.
It is worth to mention that a different effect of HT on the polymer brushes
could be expected when they are coated by alumina layer, which implies that
HT and CHT might be not directly comparable. Nevertheless, the validation
that the hydrothermal treatment does not alter the chemistry of the polymer
brush (Figure 8.6) is of paramount importance, as it demonstrates the
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suitability of this synthetic approach for the preparation of aluminium oxide
coatings onto organic substrates. Preliminary tests on the pure polymer
substrates may help to tailor the preparation method to specific
macromolecules, whose behavior at a given temperature and pressure might
be influenced by their chemical structure.

8.3 Temperature dependent swelling of

brush/alumina composites

As it was demonstrated above, the polymer substrate has a significant
influence on the properties of brush/alumina composites. One more
important aspect would be to verify if the temperature responsive properties
of the brush is preserved. Experiments on the switching behavior across of the
LCST of the polymer brushes underneath the alumina coating were carried out
by AFM (measurements carried out by Julia Strebe). In particular, the sample
surface of PNTM-U (bare polymer brushes) and PNTM-CHT (alumina-coated
brushes) was scratched by a thin needle and scanned in water at temperature
below (20◦C) and above (65◦C) the brush phase transition temperature. The
measured thicknesses are summarized in Table 8.2 and the height scans are
reported in Figure 8.9 of the Appendix of this chapter. The high sample
roughness (Figure 8.4) made ellipsometry measurements unsuitable for the
determination of the thickness of the brush/alumina composites.
The PNTM-U sample showed 50% of brush collapse at 65◦C, and 64% of the
initial thickness was recovered by cooling back to 20◦C. In the case of
PNTM-CHT, no film swelling in water, and consequently no brush collapse,
was observed. This finding is a clear indication that the alumina coating acts
as a barrier for the water uptake by the polymer, either by hydrophobizing the
sample surface (the water contact angle on alumina was (78±4)◦) or by
reducing the strength of polymer-water interactions. Therefore the absence of
a temperature responsive behavior of the brush underneath the alumina layer
is more properly the lack of brush swelling.
The reduction of the polymer thickness observed from the untreated to the
hydrothermal treated sample (Table 8.2) can be partially explained by the
degradation at the initiator site during HT, as discussed for the HT-polymer
brushes. However, the further decrease to about 30 nm thickness might be
reasoned by the pressure exerted by the alumina layer. There are several
proofs in the results that the brush survives underneath the alumina coating
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AFM scan Thickness [nm]
PNTM-U PNTM-CHT CHT

in air 97±5 29±5 12±5

in water
20◦C 324±11 28±10

-65◦C 161±2 31±13
20◦C 206±4 24±16

TABLE 8.2: Thickness obtained from the height scans measured by scratch-AFM for
P(NIPAM-b-TMAEMA) (PNTM-U) and P(NIPAM-b-TMAEMA)/Al2O3/AlO(OH)
(PNTM-CHT) in ambient condition (25◦C, 50% r.h.) and in water below (20◦C)
and above (65◦C) the phase transition temperature. As a comparison with the
brush/alumina composites, the thickness of Al2O3/AlO(OH) prepared on silicon
substrate (CHT) is also reported. The tip was scanned over the scratched area, the
sample thickness was determined from the height difference between sample and
substrate. Measurements were carried out by Julia Strebe. Reproduced from Ref. 378.
Copyright Wiley-VCH Verlag GmbH. Reproduced with permission.

after HT, for instance the low elastic modulus, the brush-like topology and the
higher thickness of PNTM-CHT samples compared to the alumina thin films
prepared on silicon surface (CHT in Table 8.2).

8.4 Conclusion

This chapter presented a simple and environmental friendly route to prepare
aluminium oxide coatings onto polymer brushes. The presence of a
Al2O3/AlO(OH) mixture was revealed by XPS analysis and the formation of a
homogeneous, fracture-free coating after hydrothermal treatment by SEM. It
was shown that the wetting properties played an important role on the quality
of coating. In fact, the partial wetting observed for PNIPAM brushes above
their LCST caused the formation of highly and poorly coated regions. In
contrast, full wetting of the P(NIPAM-b-TMAEMA) brushes, due to the
presence of permanent charges in the polyelectrolyte block, ensured a
homogeneous coverage of the substrate.
Mutual effects between organic and inorganic coatings were found both in the
surface morphology and in the mechanical properties of these composites, the
latter being dominated by the elastic response of the polymer. Although
ellipsometric measurements on untreated and treated polymer substrates
showed a decrease of film thickness, the XPS analysis proved that the
chemistry of the polymers is preserved upon HT. This important result brings
to conclude that the preparation route is not harming the chemical stability of
the polymer brush. The investigation of the swelling behavior of
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brush/alumina coatings revealed the absence of film swelling in water at any
temperature, which might be reasoned by the hydrophobicity of aluminium
oxide, which acts as a water-impermeable coating and prevents the polymer
from uptaking water. Finally, spectroscopic investigation demonstrated the
transparency of such brush/alumina systems in the visible range, which is a
remarkable advantage for the combination with light sensitive polymers. We
are aware that systematic studies are needed to achieve the optimal properties
of these systems, e.g. enhanced robustness, higher stability to HT with the
choice of a thermally stable initiator, and likely a stimuli-responsive behavior,
as shown for other composites185. A generalization of the behavior of
polymers as a substrate for aluminium oxide coatings might be also of interest,
which would broaden the range of suitable organic substrates, as well as the
achievement of a fine control of alumina properties (e.g. thickness, degree of
crystallinity, hardness) via the preparation route. This knowledge have a huge
impact both for fundamental studies on composite materials and for the
design of more convenient routes to prepare metal oxides on organic
substrates.
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8.5 Appendix

Group Binding Energy [eV]
PN-U PN-HT PNTM-U PNTM-HT

1. C=C 282.6 - - -
2. C-C 285.0 285.0 285.0 285.0
3. C-N 286.0 286.3 285.9 285.9
4. C-O - - 287.0 287.0

5. NC=O 287.3 287.7 288.3 288.5
6. OC=O 288.7 289.0 289.5 289.7

TABLE 8.3: Binding energy position of the functional groups deconvoluted from
the XPS region spectrum C1s of pure P(NIPAM) (PN) and P(NIPAM-b-TMAEMA)
brushes (PNTM). The samples were analyzed before (untreated, U) and after the
hydrothermal treatment (hydrothermally treated, HT). Reproduced from Ref. 378.
Copyright Wiley-VCH Verlag GmbH. Reproduced with permission.

Group Atomic Percentage [%]
PN-U PN-HT PNTM-U PNTM-HT

1. C=C 9.3 - - -
2. C-C 45.2 47.1 38.1 32.4
3. C-N 24.3 33.6 30.2 28.8
4. C-O - - 21.1 25.1

5. NC=O 14.4 11.2 6.1 8.7
6. OC=O 6.8 8.1 4.5 5

TABLE 8.4: Atomic percentage of the functional groups deconvoluted from the
region spectrum C1s of pure P(NIPAM) (PN) and P(NIPAM-b-TMAEMA) (PNTM)
brushes. The samples were analyzed before (untreated, U) and after the hydrothermal
treatment (hydrothermally treated, HT). Reproduced from Ref. 378. Copyright Wiley-
VCH Verlag GmbH. Reproduced with permission.
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FIGURE 8.7: Survey spectra of alumina coated PNIPAM brushes (PN-C) of highly
(wetted) and poorly (dewetted) coated areas on the sample surface. Reproduced from
Ref. 378 with permission from Wiley-VCH.
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FIGURE 8.8: Structure of the monomeric units of PNIPAM and PTMAEMA. The
numbers on the carbon atoms recall the functional groups reported in Table 8.3 and
8.4. Reproduced from Ref. 378 with permission from Wiley-VCH.
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FIGURE 8.9: AFM height scans on scratched P(NIPAM-b-TMAEMA) (PNTM-U) and
P(NIPAM-b-TMAEMA)/Al2O3/AlO(OH) (PNTM-CHT) surface. The samples were
swollen in Milli-Q water and measured at temperatures below (20◦C) and above
(65◦C) the brush phase transition temperature. Reproduced from Ref. 378. Copyright
Wiley-VCH Verlag GmbH. Reproduced with permission.



Chapter 9

Conclusions and future perspectives

This thesis presents the characterization of structure and properties of smart
coatings based on polymer brushes, polyelectrolyte multilayers (PEMs) and
aluminium oxide thin films. Although these systems have been extensively
investigated in the last years, precise knowledge of the mutual effects arising
from their combination in an unique system were missing.
The combination of optical methods (ellipsometry and reflectometry),
scanning probe microscopy (force or electron microscopy), adsorption studies
(quartz crystal microbalance with dissipation) and surface chemical analysis
(X-Ray photoelectron spectroscopy) offered a wide overview of the structural
features of both bare and composite systems, and revealed the mutual effects
on their responsive properties arising from the interaction between the
constituent parts. The results reported in the thesis offered an exhaustive
overview of the effect of polymer interaction on the stability, structure and
responsive properties of the polymer coatings.

At the boundary of layer instability: polyelectrolyte self-assembly in the

short-chain length regime

The first study was dedicated to the analysis of the self-assembly of short
chain polyelectrolyte multilayers. The direct comparison with the classical
long chain systems allowed to highlight chemistry-related and chain
length-related properties. The study demonstrates that the instability of short
chain PEMs, which is due to their strong tendency to form soluble complexes
by stripping from the surface during layer equilibration, can be limited by
using a proper preparation protocol, which counteract the mass loss by
enhanced mass uptake. In particular for this study, this aspect was explored by
changing the ionic strength of polyelectrolyte solutions or rinsing medium.
Finally, the study of the viscoelastic behavior of these systems revealed
different mechanical properties for long and short chain PEMs, with swollen

155
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and softer layers for the HMW PEMs and stiffer, more compact ones for the
LMW ones. This result is of high importance, as it presents the possibility of
achieving different film porosity and layer dynamics despite the similarity of
the polyelectrolyte chemistry.

The role of direct and indirect osmolyte interactions on the phase transition

of responsive brushes

In the next chapter, the behavior of temperature responsive PNIPAM brushes
in presence of different concentrations of two osmolytes, urea and
guanidinium chloride, was investigated. The experimental studies were
supported by atomistic molecular dynamics simulations, which allowed to
validate the proposed mechanism on the base of molecular interactions
between macromolecule, water and co-solute. The obtained results
demonstrated concentration dependent effects on phase transition and
swelling behavior of PNIPAM brushes, with evidence of two distinct regimes:
a low concentration regime (cu ≤ 0.5 mol/L), where the osmolyte is mostly in
the bulk phase and strongly interacts with water molecules, and a high
concentration regime (cu ≥ 2 mol/L), characterized by the strong binding of
the osmolyte to the polymer chains. Either by indirect or direct interactions,
the presence of the osmolytes led to specific effects on the chain conformation
of PNIPAM in water at different temperatures. In particular, the linear
decrease of Ttr for cu,g ≤ 0.5 M was explained by indirect effects of urea or
guanidine on the polymer phase transition. In fact, the reduction of the
chemical potential of bulk water by dilution with urea or GdmCl, the water
extrusion from the brush was favored. Differently, for cu ≥ 2 M the enrichment
of PNIPAM brush by urea decreased the transition temperature due to the
replacement of water molecules by the osmolyte (direct binding).
The different types of polymer-osmolyte interaction in the two concentration
regimes caused also a different swelling behavior, which was explained by the
energetic stabilization of the swollen state at low cu and both temperatures,
and the collapsed state at high cu and high temperature.
Furthermore, the strong accumulation of GdmCl at 7 mol/L at the molecular
surface triggered a conformational change of the polymer chains, with the
stabilization of a highly stretched conformation both below and above Ttr.
This effect was in agreement with the strong denaturating effect of GdmCl.
These effects decrease the phase transition temperature Ttr and led to a minor
brush collapse. The combination of experimental and numerical studies
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allowed to link the macroscopic conformational behavior of a macromolecule
to the local interactions with the surrounding medium.

Multicompartment assembly of brush/multilayer composites: structural

features and mutual interactions

Brush/multilayer composites were investigated in detail with regard to their
structure, swelling and temperature responsive behavior.
A first study was carried out on a polyelectrolyte brush/polyelectrolyte
multilayer system, PMETAC(PSS/PDADMAC)nPSS, with focus on the
swelling behavior at different relative humidity. It was found that the
adsorption of PEMs onto the brush substrate substantially reduced the
swelling degree and the strength of water-polymer interaction, as proved by
the increase of the Flory-Huggins parameter χ compared to the bare brush.
This aspect suggested a strong complexation between grafted and adsorbed
polymer chains, with the formation of intrinsically compensated pairs. As a
matter of fact, the complexation between brushes and PEMs in the
corresponding composites produced the formation of internal voids, in
contrast to the defect-free structure of the dry PMETAC brush. A slight
increase of the void fraction with the number of deposited layers indicated the
increasing chain entanglements in the polymer matrix. However, the increase
of internal voids did not produce significant effects in the swelling behavior of
PEMs and composites, which was independent on the film thickness.
One important aspect of the structure of brush/multilayer composites
remained unsolved from the previous study, namely the location of the
adsorbed polyelectrolyte chains within the brush matrix (internal migration or
outermost confinement). This important aspect was clarified in a next study,
which combined ellipsometry and neutron reflectometry to investigate the
phase transition of temperature responsive brush/multilayer composites. In
fact, the use of deuterated PSS chains with hydrogenated polymer brushes
enhanced the contrast between the two materials, and allowed to prove the
penetration of PE chains in the charged region of the brush substrates. In the
case of P(NIPAM-b-DMAEMA) and PDMAEMA substrate, the diffusion of
free polyelectrolyte chains was limited to about half of the total brush
thickness, while for the strong polyelectrolyte PTMAEMA the PSS chains
diffused deeper into the brush. This difference was motivated by the influence
of monomer density and charge density on the diffusion depth of PE chains.
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In particular, the PSS chains were mostly located in region of lower monomer
density and higher charge density, corresponding to the PDMAEMA block of
the copolymer substrate, the outermost part of PDMAEMA brush in the
homopolymer substrate, and in the entire PTMAEMA brush.
Furthermore, the ellipsometry measurements showed the change of brush
collapse profile and the decrease of Ttr as an effect of hydrophobization upon
adsorption of the free polyelectrolyte. This effect was related to the reduced
charge density of the brush, which weakened the strength of interaction with
water and therefore eased the dehydration process.

Exploiting the concept of “hybrids”: alumina coating of polymer brushes

Polymer brushes were demonstrated to be suitable substrates also for
inorganic thin films. The study in the last chapter of the thesis presented a
simple and environmental friendly route to prepare aluminium oxide coatings
onto polymer brushes. The surface composition analyzed by XPS revealed the
formation of Al2O3/AlO(OH) mixture, forming either homogeneous or partial
coatings depending on the wettability of the substrate by the reaction mixture.
The mechanical properties of brush/alumina composites were dominated by
the elastic response of the polymer, while the swelling behavior in water was
hindered by the hydrophobicity of the aluminium oxide film, which formed a
water-impermeable coating and prevented the polymer from uptaking water.
These composites extend the concept of hybrid materials with the combination
of responsive substrates and robust inorganic thin films.

Future perspectives

The novel concept of brush/PEM composites can be translated in an extremely
large variety of systems, which could combine different brush substrates,
carrying specific geometry and responsiveness, with a likewise large variety of
multilayers. Besides the systematic investigations of the effect of structural
features or different surrounding environments, it would be highly interesting
to characterize the dynamics of brush/PEM composites and the diffusion of
molecules through the compartments. Fluorescent methods (photobleaching,
confocal microscopy) could be suitable for these studies, as they are very
sensitive to change of emitted intensity with high spatial and temporal
resolution.
In the case of brush/alumina composites, the use of diffraction methods might
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reveal the degree of crystallinity of the inorganic film, which has a strong
impact on the thermal and mechanical properties of the oxide. An enhanced
control on thickness and layer homogeneity would offer higher versatility in
the design of the desired coating. Finally, the use of other kind of polymer
substrates (gels, spin-coated films) and the possibility of achieving a switching
behavior of the underneath substrate at given conditions would contribute to
extend their use as a new class of hybrid responsive coatings.
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[206] Matković, A.; Gajić, R. SPIE Newsroom 2013, 2–5.

[207] Theeten, J. B.; Aspnes, D. E. Annu. Rev. Mater. Sci. 1981, 11, 97–122.

[208] Tompkins, H. G., Irene, E. A., Eds. Handbook of Ellipsometry; William
Andrew Publishing: Norwich, NY, 2005; Vol. 30; pp 92–94.



BIBLIOGRAPHY 173

[209] Hertz, H. J. für die reine und Angew. Math. 1882, 1882, 156–171.

[210] Rodahl, M.; Kasemo, B. Rev. Sci. Instrum. 1996, 67, 3238.

[211] Sauerbrey, G. Zeitschrift für Phys. 1959, 155, 206–222.

[212] Voinova, M. V.; Rodahl, M.; Jonson, M.; Kasemo, B. Phys. Scr. 1999, 59,
391–396.

[213] Lundin, M.; Solaqa, F.; Thormann, E.; Macakova, L.; Blomberg, E.
Langmuir 2011, 27, 7537–7548.

[214] Micciulla, S.; Sánchez, P. a.; Smiatek, J.; Qiao, B.; Sega, M.; Laschewsky, A.;
Holm, C.; von Klitzing, R. Soft Mater. 2014, 12, S14–S21.

[215] Micciulla, S.; Dodoo, S.; Chevigny, C.; Laschewsky, A.; von Klitzing, R.
Phys. Chem. Chem. Phys. 2014, 16, 21988–21998.

[216] Iturri Ramos, J. J.; Stahl, S.; Richter, R. P.; Moya, S. E. Macromolecules 2010,
43, 9063–9070.

[217] Feldötö, Z.; Varga, I.; Blomberg, E. Langmuir 2010, 26, 17048–17057.

[218] Parratt, L. Phys. Rev. 1954, 95, 359–369.
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