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Abstract

Polyelectrolyte Multilayers (PEM) are organic films built up via subsequent adsorption
of oppositely charged polyanions. Because of their sensitivity to external stimuli they
are interesting candidates for applications in the field of sensing and biosensing, drug
delivery, food industries, catalysis, energy storage and energy conversion.

For all these applications the swelling behavior is from crucial importance. The
response of PEMs to changes in relative humidity (RH) can be exploited especially
for sensor devices. In the past, three main contributions to the swelling behavior were
identified: The uniformity of the swelling, the dependence to the chemical nature of
the outermost layer (odd-even effect) and the existence of void water inside the PEM.
Even if these three contributions were investigated separately, the interaction between
each contribution is still unknown.

In order to better understand the interaction between void water, odd-even effect
and water distribution several experiments were carried out. First, the amount of
void water was investigated in dependence of the number of deposited layers and
the chemical nature of the outermost layer. In order to allow measuring samples
over a larger thickness regime the investigation of a larger amount of samples was
required. Therefore, the concept of separating void water from swelling water using
neutron reflectometry was transferred to ellipsometry. The amount of void water is
independent of the terminated layer and the thickness of PEMs. Further, the voids are
completely filled if the relative humidity is higher than 30% RH. Therefore, the RH
region between 1% and 30% was investigated more in detail. In this context measuring
the amount of void water in dependence of the RH can be considered as an adsorption
isotherm. The qualitative analysis of this adsorption isotherm indicates that, if the
voids are considered as holes or pores, the void size should be about 0.3-0.9 nm.

In the second part of the thesis the water distribution inside PEMs was investigated
in dependence of the outermost layer. In order to get insight into the internal structure,
PEMs with a deuterated inner block close to the substrate and a non-deuterated
outer block were prepared and investigated by neutron reflectometry (NR). The PEMs
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were measured in dried state, at 30% RH (D2O vapor), 70% RH (D2O vapor) and in
liquid D2O. PEMs swollen in humid air show a homogenous water distribution. Inside
PEMs swollen in liquid water the water distribution is non-uniform; the most water
is located in the middle of the PEM. Further, also the odd-even effect only appears in
liquid water. The odd-even effect and the non-uniform water distribution inside PEMs
swollen in liquid water are related to the amount and distribution of extrinsic binding
sites inside the PEM. The extrinsic binding sites cause in liquid water an osmotic
pressure which forces the PEM to uptake more water. This does not happen in humid
air.

In the last part of the thesis the influence of thermal treatment on the swelling
behavior of PEMs was investigated. The analysis of the temperature treated PEMs
showed that polyelectrolytes of the inner part of the PEM are mainly intrinsically
bound, while polyelectrolytes inside the outermost part are mainly extrinsically bound.
The temperature treatment causes a densification of the inner part and a degeneration
of the outermost part. The densification can be explained by reorganization to a more
dense conformation. The degeneration only appears where the polyelectrolytes inside
the PEM are mainly extrinsically bound, because the PEM is less stable, in this region.

In summary, the water distribution and the odd-even effect are strongly connected
and related to the amount and distribution of extrinsic binding sites inside the PEM.
The amount of void water is independent of water distribution and chemical nature
of the outermost layer. In addition was shown, that the swelling of PEMs completely
differs in humid air and in liquid water.
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k absorption constant
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Chapter 1

Introduction

The layer-by-layer technique introduced by Decher [1] enables the preparation of thin
polymer films, so-called polyelectrolyte multilayers (PEM). The high tunability of film
thickness, ranging from a few angstroms up to several micrometers, and the ability
to control the chemical and physical properties of these PEMs to create hierarchical
systems is of greatest interest for fundamental science and applied use. [2,3,4] Thus,
PEMs are suitable candidates for applications in sensing and biosensing [5,6], drug
delivery [7,8], food industries [9,10], catalysis [11,12,13], energy storage and conversion [14,15,16].

The properties of PEMs are influenced either by the preparation conditions, such
as preparation time [17,18], number of layers, temperature [19,20], type [21,22,23] and con-
centration [24,25] of salt added to the polyelectrolyte solution and the chemical nature
of the polyelectrolyte itself or can be affected by external stress such as changes in
temperature [26,27,28], humidity in air [29,30] or ion concentration [31] and pH [32] in liquid.

At the first glance, the preparation conditions of PEMs and the resulting properties
are most important for the construction of PEM containing devices. However, during
operation of a device, the influence of the environment is most important, especially,
how variations in temperature and relative humidity affect the PEM’s physicochemical
properties, both reversibly and irreversibly. The thickness, roughness, permeability,
etc. change due to the uptake of water from the environment. This can constrain the
functionality of a device. However, the swelling properties can also be exploited for
applicable uses, e.g. for humidity sensors. Further, swelling and deswelling can be
coupled with the ability to uptake and release small molecules, which is of importance
for micro-containers, and drug delivery systems. [7,8] These applications need the ability
to control the swelling behavior, and such control is not possible without understanding
the fundamental process.
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Previous work about the swelling behavior of PEMs revealed that three main con-
tributions influence PEM swelling. The swelling behavior depends on the chemical
nature of the outermost layer [29,33,34,35], the existence of void water (φvoid) inside the
PEM [22] and the water distribution inside the PEM. [36,37] The water distribution inside
a PEM is mainly affected by the preparation conditions, the effect of the substrate
and the balance between intrinsic and extrinsic charge compensation. [38] The existence
of voids is connected with the density of the PEM. [22] Denser PEMs show usually a
higher amount of voids. The odd-even effect is connected with the amount of ex-
trinsic binding sites inside the PEMs. [35] In the past, these three contributions were
investigated individually, but how water distribution, odd-even effect and the amount
of void water are connected was not known before.

In this thesis, the mutual effects between odd-even effect, water distribution and
amount of void water are investigated. First, the amount of void water and swelling
water (φswell) over a larger thickness regime is studied. To be capable to investigate
a high number of samples, the concept of separating void water from swelling wa-
ter using neutron reflectometry (NR) is transferred to ellipsometry. Then the water
distribution is investigated. In order to probe the internal properties of PEMs, NR
is used. PEMs with a deuterated inner block and a non-deuterated outer block are
measured in dry state, in air with relative humidity (RH) of 30% and 70% and in
liquid D2O. Further, the absorption of void water inside PEMs with increasing RH
and the resulting adsorbtion isotherm is investigated. Finally, to probe how swelling
behavior in general and odd-even effect, water distribution and amount of void water
in particular are influenced by external stress, PEMs are temperature treated.
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Chapter 2

Scientific Background

2.1 Polyelectrolyte Multilayer

Figure 2.1: Scheme of the layer-by-layer preparation process. The substrate is im-
mersed into an aqueous solution containing the polycation. After rinsing with water,
the substrate covered with one polyelectrolyte layer is immersed into the second aque-
ous solution, which contains the polyanion. After the second rinsing step, the first
preparation cycle is accomplished and can be repeated until the desired number of
layers is reached. [39]

A polyelectrolyte multilayer is a thin polymer film, consisting of at least two dif-

ferent alternatively adsorbed polyelectrolytes (PEs). PEs are macromolecules with

charged functional groups. [40] PEMs are prepared by the layer-by-layer technique. [1,39]

During the preparation of a PEM a charged substrate is consecutively coated by

two oppositely charged polyelectrolytes. Figure 2.1 shows a scheme of the PEM pre-
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paration. [39] In the first step, the substrate is immersed into a solution of oppositely

charged polyelectrolytes. As substrate various materials [41] (e.g. different modifica-

tions of silica [42], gold [43], latex [44] etc.) and various shapes (fibers [45], particle [46],

membranes [47]) of the material [48,49] can be used. After the first adsorption step, the

substrate is rinsed with water. The rinsing removes not completely adsorbed polyelec-

trolyte. Thus, the contamination of the following dipping solution is avoided. [50] The

adsorption of the first layer of polyelectrolyte reverses the surface charge, which has

been proved by zeta potential measurements of coated particles. [33] Thus, the second

oppositely charged polyelectrolyte can be adsorbed. After the adsorption of the second

polyelectrolyte the PEM is rinsed again. This presents a dipping cycle. This proce-

dure can be repeated until the desired number of layers is reached. It is also possible

to prepare PEMs with more complex structure by adding additional polyelectrolyte

solutions into the adsorption sequence. [39] The adsorption of the polyelectrolytes on

the substrate can be achieved also by various other methods [4] like spray-coating [51,52],

or spin-coating [53,54,55]. The combination of different polyelectrolytes on various ma-

terials and the possibility to incorporate further nano-materials (e.g. nanoparticles)

enables the creation of complex nanostructures. [2,3,4] Furthermore, due to the repetitive

character of the layer-by-layer process it can be easily automated. [56,57,58]

2.1.1 Formation of PEMs

The formation of a PEMs is driven by a complex interplay of different interactions,

e.g. the interaction between both polyelectrolytes, the interaction between polyions

and small counter ions, the interaction between polyelectrolytes and the solvent and

the interaction between polyelectrolytes and the substrate. In general, the formation

of PEMs can be considered as the controlled complexation of polyelectrolytes on a

substrate. Therefore, the stability of the corresponding polyelectrolyte complex serves

as a good indicator for the stability of a PEM system. [59] The probability to form a

complex between two oppositely charged polyelectrolytes depends on the free energy

of the complexation process. The free energy consists of the enthalpic and the entropic

contribution. Changes in enthalpy are driven mainly by Coulomb interactions between

the charged functional groups of the polyelectrolytes, while changes in entropy are

driven by the release of counter ions and the accompanied generation of a hydration

shell around the ion. [60]

For a long time Coulomb interactions were considered as the main driving force

for PEM formation. [17] However, several studies published the last decade, showed
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that the gain of entropy due to the release of small counter ions is much more im-

portant for the formation of PEMs, while electrostatic interactions have only a minor

effect. [38,59,60,61,62] There are at least three reasons for entropy as main driving force for

PEM formation: 1) PEMs are formed also at high ionic strength where electrostatic

forces are screened. [63,64] 2) A charge reversion needs a lot of energy and a process

only driven by electrostatic forces should stop at zero charge. 3) From an electrostatic

point of view there should be no difference between a polyelectrolyte compensated by

small counter ions or another polyelectrolyte. [38,61]

Although, the gain of entropy is identified as the main driving force the enthalpic

contribution (Coulomb interaction) of the complexation reaction can influence the

properties of the PEM. Laugel et al. [59] investigated the complexation energy of differ-

ent PE combinations suitable for PEM fabrication. They showed, if the complexation

reaction of a certain PEM system is strongly exothermic, then the resulting PEMs

are more thin and compact. A strong exothermic reaction indicates a strong negative

enthalpy during the complexation. If the complexation reaction of a polyelectrolyte is

endothermic than the resulting PEM is thicker and more fluffy. An endothermic reac-

tion indicates that the enthalpy is positive, i.e. the Coulomb interaction counteract a

complexation but the gain in entropy is still stronger.

Figure 2.2: Scheme of charge compensation inside PEMs. 1) Example for extrinsic
charge compensation. The functional groups of the PEM are compensated by small
counterions (salt ions). 2) Example for intrinsic charge compensation the functional
groups of the oppositely charged polyelectrolyte compensate each other.

The compactness and stability of the PEM depends on how the charges inside the

PEM are compensated. In generally, the type of charge compensation is distinguished

between intrinsic and extrinsic charge compensation. [65] Intrinsic charge compensation

describes that the functional groups of polyanion and polycation are compensated by

direct interaction between both PEs. Extrinsic charge compensation occurs if the

charge compensation due to a small counter ion is more favored as the intrinsic charge
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compensation. Figure 2.2 shows schematically the difference between extrinsic and

intrinsic charge compensation. Mainly intrinsically compensated PEMs are usually

tightly packed and therefore thin and smooth. For PEMs with a high number of

extrinsic binding sites the opposite is true. In addition a high amount of extrinsically

compensated binding sites increases the amount of ions inside PEMs, which increases

the capability of the PEM to uptake water due to an osmotic pressure inside the

PEM. [35]

In summary, PEMs with an exothermic complexation process form thin, compact

and stable PEMs which are mainly intrinsically compensated, while PEMs with an

endothermic reaction enthalpy form fluffy and less stable PEMs with a high amount

of extrinsic charge compensation.

2.1.2 Type of Growth

The mechanism of PEM growth is still not completely understood. The evolution

of thickness with increasing number of layers of PEMs can be distinguish between

linear and non-linear. [61,66,67,68,69] During linear growing the thickness increment stays

constant with increasing number of layers, while during non-linear growing the thick-

ness increment increases with increasing number of layers. Usually a PEM system

first grows non-linearly and switches to a linear growth after a certain number of

layers. [20,68]

The most common model to describe the non-linear growth is the diffusion model. [68]

The diffusion model assumes that as long as one of the PEs are capable to diffuse in

and out of the PEM during the adsorption process the PEM grows non-linearly. If no

diffusion is possible the PE grows linearly.

PEs diffused into the PEM remains inside the PEM until the next preparation step.

During the adsorption of the oppositely charged PE the remained PE diffuses back to

the surface, where it forms complexes with the oppositely charged PE. The additional

complexes lead to an increase of the thickness increment per layer. The amount of PE

that is capable to diffuse into the PEM is dependent on the PEM thickness. Therefore,

with increasing thickness the thickness increment per layer increases.

So far, non-linear growth can be explained by the diffusion model. Anyway, the

often observed transition from non-linear to linear is still not completely understood.

Indeed, one explanation to explain the transition from non-linear to linear growth

might be the diffusion depth. The diffusion depth is dependent on the time of the

polyelectrolyte in the dipping solution and the diffusion constant of the respective
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polyelectrolyte. The diffusion constant depends on the molecular weight. Thus, how

depth a polyelectrolyte can diffuse in and out of the PEM should depend on dipping

time and molecular weight. However, the opposite was found. The transition point is

independent of dipping and molecular weight. [68,70] Thus, diffusion cannot be the only

explanation for the linear to non-linear transition.

An extension of the diffusion model is the ”3-zone model”. The 3-zone model

subdivides the PEM into the outer diffusion zone and the inner restructured zone.

Additionally, it considers a small substrate zone which is dominated by the properties

of the used substrate. Only the diffusion zone is penetrable for polyelectrolytes. As

long as the diffusion zone grows the PEM grows non-linearly. After a certain thick-

ness the inner part of the PEM begins to restructure and form the restructured zone,

which is not penetrable for polyelectrolytes. When the restructuring begins the dif-

fusion zone does not grow anymore, the PEM switches to a linear growing behavior.

The restructuring is based on the fact that the PEM matrix is kinetically, not ther-

modynamically, stabilized. With every additional preparation cycle the deeper buried

polyelectrolytes are able to change their conformation into a thermodynamically more

favorable conformation. [68,70]

Volodkin et al. [38] suggested a correlation between the charge compensation and

the type of growth. They assumed that the restructured zone close to the substrate

is mainly intrinsically compensated, while the outermost part, where polyelectrolytes

are able to diffuse into are mainly extrinsically compensated. As described in section

2.1.1 intrinsic charge compensated PEMs are more compact as mainly extrinsically

compensated PEMs. Therefore, the polyelectroyltes are only able to diffuse through

the mainly extrinsically compensated diffusion zone. Such a correlation is in accor-

dance to the findings of calorimetry measurements of PECs. If the corresponding PEC

of a PEM system shows an exothermic complexation reaction the PEM grows linearly.

An exothermic complexation reaction indicates a high enthalpic contribution which

is typical for mainly intrinsically compensated PEM, i.e. linear growing PEMs are

mainly intrinsic charge compensated. On the other hand, the corresponding PECs of

non-linear growing PEMs shows endothermic reaction which indicates a high amount

of extrinsic charge compensation. Fig. 2.3 illustrates the described 3-zone model un-

der the assumption that the differences between diffusion and restructured zone are

caused by extrinsic and intrinsic charge compensation.

Next to the 3-zone model there are other discussed models like the roughness

model [71] and the dendrimeric model [72]. The roughness model assumes the formation

of islands during the adsorption of the initial layers, i.e. the substrate is not com-
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Figure 2.3: Theoretical evolution of thickness for PEM systems who initially grows
non-linearly and switch to a linear growing behavior after a certain number of layers.
The sketch shows the PEM structure during the respective growing phase. 1) The
diffusion zone is as thick as the entire PEM. The PEM is less compact and polyelec-
trolytes can diffuse through the entire PEM. The diffusion zone shows a high number
of extrinsic binding sites. 2) With increasing number of layers the PEM and the dif-
fusion zone increases. The diffusion zone is still as large as the PEM, the PEM still
grows non-linearly. 3) The grow changes to a linear one. The diffusion zone does not
grow anymore. The restructured zone is forming from the deep buried polyelectrolytes,
whose are mainly intrinsically compensated. 4) The diffusion zone stays constant while
the restructured zone grows due to further restructuring of polyelectrolytes. The PEM
grows linearly as fast as the restructured zone grows. The scheme is based on ref. 38.

pletely covered by a complete polyelectrolyte layer but by a high number of small

PEM islands. These islands grow with increasing layer number until the islands begin

to conglomerate. [71] The dendritic model assumes the adsorption of PE chains at the

substrate and the formation of branch-like structures in following adsorption steps,

which increases the number of possible binding sites with every additional adsorption

step. The maximum number of binding sites is limited by the covered area. If the

maximum is reached the PEM begins to grow linearly. [72] The reasons for the transition

from non-linear to linear growth regime are extensively discussed in ref. 38.
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2.2 Tuning the Properties of PEMs

The properties of PEMs can be affected by a large number of parameters during the

preparation or afterwards. The most parameters influence the balance between en-

thalpic and entropic contribution, which in turn affects the stability, density and type

of growth of the PEM. The parameters with the strongest impact are the type of

polyelectrolyte (especially their charge density [30,73,74]), the temperature during prepa-

ration [19,20], the amount of salt added to the PE solution [24,25] as well as the type of

salt [21,22,23] and the preparation time [17,18].

2.2.1 Type of Polyelectrolyte

The type of polyelectrolyte is defined by their functional group, which mainly de-

fines the chemical properties of the PEM; i.e. the ability for crosslinking [75,76,77] af-

ter preparation or the possibility to interact with specific molecules or particles [78].

Important for the preparation is primarily the charge density, i.e. the amount and

available charged binding sites, which is primarily determined by the acid dissocia-

tion constant (pKa) of the respective PE. Like all electrolytes also polyelectrolytes are

distinguished between strong and weak electrolytes. Strong PEs completely dissoci-

ate in water and provide a high number of binding sites. Usually they form rather

stable PEMs. The charge density of strong polyelectrolytes can be varied by introduc-

ing a non-charged co-polymer. [30,73] A well investigated example is the PEM system

PSS/PDADMAC1−xNMVAx (whereby x is NMVA/PDADMAC ratio). This system

does not build up PEMs if the charge density of PDADMAC-NMVA is less than

70%. Beyond this critical charge density the thickness and roughness of the PEMs

decreases with increasing charge density. Apparently, higher charge densities favor

intrinsic charge compensation, leading to a transition from a coiled conformation at

lower charge densities to a flat chain conformation at high charge densities.

Weak polyelectrolytes show a rather high acidity constant and consequently disso-

ciate only partially in water. The rate of dissociation defines the amount of binding

sites, which in turn affects the charge density, i.e. the charge density of PEM systems

consisting of weak polyelectrolytes can be varied due to the pH of the solution. [74] This

makes these PEM systems very flexible. Anyway, PEM systems consistent of weak

polyelectrolytes are usually only stable at intermediate pH. [61] The pH at which the

polycation is strongly charged, usually causes high protonation at the polyanion and

vice versa. Therefore, if the pH of the polyion in the dipping solution is high, it is low

in the oppositely charged solution. For this reason PEM systems consisting of weak
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polyelectrolytes only build up stable PEM within a concrete pH range, in which both

PEs are proper charged.

Next to the functional group, the rigidity of the polymer backbone is important

for the properties of the PEMs. The rigidity of the backbone reduces the flexibility of

the polyelectrolytes and constrict the formation of complexes. [79]

PEMs can consist of numerous different polyelectrolytes. Anyway, some PEM

systems have been established as standard systems for fundamental research. The

most investigated PEM systems are the systems PSS/PAH, PSS/PDADMAC and

PLL/HA. PSS/PAH is the typical representative for a linear growing PEM system,

as only for high temperatures and high salt concentration a pronounced non-linear

growing phase is detectable. [20,80]

PSS/PDADMAC PEMs consists of two strong polyelectrolytes. This system shows

linear grow at low salt concentrations and non-linear grow at high salt concentra-

tions. [25] PSS/PAH and PSS/PDADMAC are the typical representatives for synthetic

PEM systems. For medical applications like drug delivery systems, biological sys-

tems are more reasonable. PLL/HA is the most investigated biological PEM systems.

PLL/HA consists of two weak polyelectrolytes. In addition to these standard systems

there were published dozens of variation especially for application related use. The

combination of different polyelectrolytes enables chemical cross linking [81,82] after the

preparation, affinity to certain molecules [83,84] and hierarchically structures. [85,86]

2.2.2 Type and Concentration of Salt

Adding salt to the dipping solution provides the possibility to fine tune thickness and

roughness of PEMs. [25,87] On the one hand, the salt ions screen the charges of the

functional groups of the polyelectrolyte. On the other hand, the presence of salt ions

decreases the gain in entropy, as due to the release of counterions depends on the

ionic strength of the surrounding solution. Therefore, the amount of extrinsic binding

sites increases, i.e. the polyelectrolyte complexes become less stable. PEMs with a

high number of extrinsic binding sites show more coiled and consequently less dense,

rougher and thicker structure. The effect of the ionic strength of the solution on the

resulting PEM thickness is specific for the respective PEM system but mainly depends

on the charge density of the system.

Added salt also changes the non-linear to linear transition point. [25,87] The added

salt increases the amount of extrinsic binding sites [35], i.e. the number of connec-

tions between polyelectrolyte chains decreases, the mesh size of the polymer matrix
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increases. Therefore, the mobility of polyelectrolytes increases [79] and with it the prob-

ability of polyelectrolytes to diffuse in and out of the PEM during the preparation.

Not only the amount of added salt but also the type of salt added to the dipping

solution influences the thickness and roughness of PEMs. [21,23] Small, less polarizable

ions (cosmotropic ions) which form a big well-ordered hydration shell form thinner and

smother PEMs than large well polarizable ions (chaotropic ions). [88] Because of the

weak hydration shell chaotropic ions can easier interact with the oppositely charged

polyelectrolyte. The stronger interaction results in a higher screening potential for

chaotropic ions, causing thicker and rougher PEMs. The effect of the type of ion agrees

with the Hoffmeister series. [89] Thus, thickness and roughness of PEMs increases in

the order F−<Cl−<Br− for anions and Li+<Na+<K+ for cations. [21,23]

2.2.3 Effect of Preparation Time

The adsorption kinetics depends on the used polyelectrolyte, the molecular mass, ionic

strength and temperature. However, it was found, that at a concentration of 10−2

monomol/L the most material is adsorbed after 10 minutes, complete saturation is

reached after 20 minutes. Obviously, the adsorption process is a two-step process.

First, the polyelectroylte chains are anchored at the surface, which increases the ad-

sorbed mass fastly. Afterwards, the polyelectrolyte chains relax to a more compact

structure. [17]

2.2.4 Effect of Temperature

In general, an increase in temperature during PEM preparation increases the thick-

ness increment per PE layer and extends the non-linear growing phase of non-linearly

growing PEMs. [20,80] The increase in temperature changes the balance between polyion-

polyion and polyion-counterion interaction. Thus, the amount of extrinsic binding

sites increases. The PEM become less compact and thicker. In addition, linear grow-

ing PEM systems can be forced to a non-linear growth. The probability of polymer

transport to the surface is increased because of the less compact structure of the PEM.

In summary, thickness roughness and density of a PEM can be fine-tuned mainly by

the ionic strength, the type of ions and the temperature. The effect of these different

parameters on the thickness results from a change in the balance between polyion-

polyion and polyion-counterion interaction. As more preferred a strong polyion-

counterion interaction is, as more extrinsic binding sites are present and as more coiled

the PEM structure becomes. Figure 2.4 summarizes the most important parameters
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Figure 2.4: Properties of mainly extrinsically compensated PEMs (left) versus mainly
intrinsically compensated PEM (right). The upper part shows preparation conditions
which promote extrinsic charge compensation in opposite to intrinsic charge compen-
sation. The middle part shows schematically the structure of extrinsic charge com-
pensated PEM and intrinsic charge compensated PEM. The bottom part shows the
resulting properties of the PEMs.

and how they affect the amount of extrinsic binding sites of a PEM and consequently

the resulting thickness and roughness.

2.3 Interaction of PEMs with the Environment

With the preparation conditions the physical and chemical properties of the PEM

is controlled. The physical and chemical properties define how the PEM interact

with the environment. The interaction with the environment is from greatest interest

for application, like sensing and biosenssing [6], drug delivery [90], tissue engineering [91],

catalysis [13] or energy storage and conversation [92]. Many applications are based on the

incorporation of materials into the PEM; as for biosensors. [6] Thereby the PEM serves

as the detector element and transforms a signal into a measurable and quantifiable

physical value. Thus, it is possible to incorporate a redox enzyme into a PEM with an

electroactive polyelectrolyte. The reaction of the enzyme with a specific molecule in-

duces an electrochemical reaction of the polymer which can be detected as an electrical

signal.

For the incorporation of molecules into the PEM the swelling behavior is from

greatest interest. Either if the material is incorporated after the preparation the
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structural changes of the PEM during swelling influences amount and distribution of

the material incorporated into the film or if the material is incorporated during the

film preparation, the swelling of the PEM can change the amount and the distribution

of the material afterwards.

Therefore it is important to understand the swelling behavior of PEMs. During

swelling the PEM takes up water and responds with an increase in thickness and

density, the least also influences optical constants (scattering length density (SLD),

refractive index (n)) due to the diluting of the polymer matrix with water. [93] Further-

more, the topology of the surface and the elasticity of the PEM can change. [94]

The swelling behavior of PEMs differs significantly from the swelling behavior of

pure polymer films. Three main effects were identified, which causes these differences

in the swelling behavior: 1) the distribution of water inside the PEMs [36,37], 2) the

chemical nature of the outermost layer (odd-even effect) and 3) the existence of voids

inside the PEM [93].

2.3.1 Water Distribution

Little is known about the water distribution inside PEMs. PEMs consisting of two

weak polyelectrolytes show non uniform water distribution as detected by Tanchak et

al. [36]. De Vos et al. [37] found differences in the water distributions inside PSS/PAH

PEM under confining pressure. Further, Ghostine et al. [35] found hints for non-uniform

contributions of extrinsic binding sites inside PSS/PDADMAC PEMs. The amount

of extrinsic binding sites strongly influences the amount of absorbed water. Extrinsic

binding sites induce an osmotic pressure which forces the PEM to take up additional

amounts of water.

According to the three zone model (see section 2.1.2) PEMs have a non-uniform

structure. Consequently, a non-uniform water distribution is very likely. PEMs con-

sist of an inner mainly intrinsically compensated restructured zone and an outermost

diffusion zone characterized by a high amount of extrinsic binding sites. The restruc-

tured zone is denser, which could influence the swelling behavior. Additionally, the

influence of the substrate itself on the PEM is obvious but not understood yet and

could influence the swelling behavior.

2.3.2 Probing Internal Properties

The water distribution inside a PEM is difficult to probe. Therefore, little is known

about the water distribution inside PEMs. The amount of water inside a PEM is usu-
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ally determined by the change in thickness or optical properties, which is for the most

methods an average variation of the entire PEM. While investigations of the average

structure of PEMs are well established with a high variety of methods (ellipsometry,

quartz crystal microbalance (QCM), x-ray reflectometry (XRR), etc.), the access to

internal properties is rather challenging.

For micrometer thick PEMs the labeling of polymer chains with dyes and afterwards

investigating the labeled polymers with optical methods such as confocal microscopy is

suitable. [68,70] However, for nanometer thick PEMs optical methods still show a too low

resolution to distinguish between different areas inside the PEM. Indeed, smaller wave

lengths increase the resolution of spectroscopic methods. Thus, x-ray photoelectron

spectroscopy is a suitable method of probing internal properties. Hence, it is possible

to measure depth depending atomic distribution. [95] Unfortunately, the method is not

suitable for measurements in aqueous environment because of the strong scattering of

x-rays in waters. In water swollen PEMs were also investigated by nuclear magnetic

resonance spectroscopy (NMR). [33,96] NMR is capable to distinguish between water in

different chemical environment, i.e. if water is tightly bound to the PEM (immobile

water) or is water capable to move through the PEM (mobile water). Hence, it is

known that different kinds of water inside PEMs exist, but a localization of this water

is not possible with NMR.

A powerful technique to probe internal properties of swollen nanometer thin PEMs

is Neutron Reflectometry. [36,97] NR determines the scattering length density profile

across the PEM. In order to get information about the internal structure of the film,

one can change the contrast by controlled deuteration of specific regions. In general

there are two approaches to use deuteration. First, the creation of a super structure

due to selective substitution of non-deuterated polyelectrolyte by deuterated polyelec-

trolyte. [37,97] If the distance between particular deuterated layers is constant an bragg

peak is detectable. Position and width of the peak give information about the unifor-

mity of the PEM. The second method is the deuteration of an entire PEM block. [98,99]

Especially, the properties of the interface between deuterated and non-deuterated block

is of interest, but also changes in block sizes during swelling.

2.3.3 Odd-Even Effect

The odd-even effect describes the phenomenon that the amount of absorbed water

depends on the chemical nature of outermost layer of the PEM. The differences in

water uptake are usually detected by the change in thickness. However, also other

14



properties are influenced by the odd-even effect as the optical properties, the roughness

of the PEM and the elasticity.

The occurrence of the odd-even effect strongly depends on the investigated PEM

system. For example for the system PSS/PAH, PSS-terminated PEMs take up more

water than PAH-terminated PEMs. This is detectable at high RH [29] and in liquid

water [33]. Furthermore, the odd-even effect is strongly pronounced for small layer num-

bers and decreases with increasing number of layers and is not detectable anymore at

layer number higher than 28 single layers. NMR [33] and NR measurements [100] show

higher water content in PSS-terminated PEMs. Apparently, the decay of the odd-even

effect is related to the chemical properties of PSS. PSS-terminated PEMs have a lower

contact angle than PAH-terminated PEMs, i.e. the PSS surface is more hydrophilic.

Of course the chemical structure of PSS indicates the opposite, the backbone with

the benzene ring should be hydrophobic. However, the higher charge density of PSS

(strong PE) in opposite to PAH (weak PE) provides a more hydrophilic surface. There-

fore, the PEM take up more water. With increasing number of layers the effect of PSS

decreases because the effect of an additional layer becomes smaller in comparison to

the PEM size. Another explanation considers the PSS-layer as a barrier between the

water and the rest of the PEM. The surface potential of the PSS-layer influences the

counter ion concentration inside the film, which increases the amount of absorbed

water. A potential from the PEM surface towards the substrate was measured for

PSS-terminated PEMs but not for PAH-terminated PEMs. [101] Both theories could

not be verified yet.

The odd-even effect of PSS/PDADMAC PEMs is completely different. PDADMAC-

terminated PEMs take up more water than PSS-terminated PEMs. [34,35] Furthermore,

the odd-even effect is increasing with increasing number of layers. Therefore, the

explanations concerning PSS/PAH PEM are not valid for PSS/PDADMAC PEMs.

Instead, the odd-even effect in PSS/PDADMAC is related to the high amount of ex-

trinsic binding sites. Ghostine et al. [35] detected a much higher amount of extrinsic

binding sites inside PDADMAC-terminated PEMs. More extrinsic binding sites in-

dicate a higher amount of counter ions inside PDADMAC-terminated PEMs. The

counter ions induce an osmotic pressure in water, which is compensated by an in-

creased water uptake. The finding of extrinsic binding sites inside PSS/PDADMAC

terminated PEMs arises again the question about water distribution inside the PEMs.

Figure 2.5 illustrates the odd-even effect of PSS/PDADMAC PEMs.

The odd-even effect describes only the dependence between amount of swelling

water and the composition of the outermost layer. It has to be strictly distinguish
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Figure 2.5: The odd-even effect of PSS/PDADMAC PEMs. The dried PEMs do
not differ. In swollen state, the PSS-terminated PEM take up less water than the
PDADMAC-terminated PEM. The reason is a higher amount of extrinsic binding
sites inside PDADMAC-terminated PEMs.

from the ”zig-zag” growing shape of some unstable PEM systems. [23,102]

2.3.4 Void Water

To compare the swelling behavior of PEMs it is important to calculate the amount of

swelling water correctly. [22,93] In general there are two methods to calculate the amount

of absorbed water. Firstly, under the assumption that the incorporated water leads to

a change in thickness, the amount of absorbed water can be calculated by

φswell =
dswollen − ddry

dswollen

(2.1)

where φswell is the amount of absorbed water, ddry is the dry PEM thickness and

dswollen the thickness in swollen state. With this method the amount of absorbed water

is accessible due to the PEM thickness. Thus, the absorbed water can be obtained by

a lot of lab methods like ellipsometry and atomic force microscopy (AFM).

NR provides an additional way to calculate the amount of absorbed water, as water

incorporation changes the scattering length density of the PEM. Thus, the amount of

absorbed water can be calculated by:

φ′

swell =
SLDswollen − SLDdry

SLDwater − SLDdry

(2.2)
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Figure 2.6: 1. For a PEM in dry state the SLD is a combination of the Polymer SLD
diluted by air. 2. For a PEM in swollen state the polymer is now diluted by water
and the air inside the voids are substituted by water.

where φ′

swell is the the amount of absorbed water, SLDdry is the SLD of the dry

PEM, SLDswollen is the SLD of the swollen PEM. SLDwater is the SLD of either D2O

or H2O.

The comparison between water content calculated by SLD (eq. 2.2) and from

the thickness (eq. 2.1) shows a discrepancy between both values. The reason is the

existence of voids inside the PEM. [22,93] Due to the voids, an additional volume fraction

inside the PEM have to be considered. Figure 2.6 shows the considerations which are

necessary to separate the total amount of absorbed water into swelling water and void

water. The amount of swelling water is already defined by equation 2.1. The SLD of

the PEM in dried state can be described as:

SLDDry = SLDPolymer + (1− x)SLDAir(SLDAir = 0SLDDry = xSLDPolymer (2.3)

where x is the polymer fraction and SLDPolymer the SLD of the PEM without

voids. In water the PEM swells and the voids were filled. This state can be described

as followed:

SLDswollen = φswellSLDwater + (1− φswell)[xSLDPolymer + (1− x)SLDwater] (2.4)

The polymer fraction is unknown but can be calculated by inserting eq. 2.3 into

eq. 2.4.

x =
SLDdry

SLDD2O

−
SLDswollen − φswellSLDD2O

(1− φswell)(SLDD2O)
+ 1 (2.5)
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The amount of void water is calculated by:

φvoid = (1− φswell)(1− x) (2.6)

The role of void water inside PEMs was recently reviewed. [93] Furthermore, a

method to calculate the amount of void water from ellipsometry data is shows in

this thesis.

2.3.5 Influence of Salt

Salt can also influence PEMs after the preparation. Immersing a PEM in solutions

with low ionic strength (< 1mol/L; depends on PEM system) leads to an annealing [103],

i.e. the PEM becomes smoother and denser. Due to the salt the PEM chains become

more mobile and can move into a better conformation. High salt concentrations lead to

dissolving of the PEM. [104] A more specific way to change the properties of PEMs due

to a salt treatment was recently investigated by Ghoussoub et al. [105]. They showed a

way to balance out all extrinsic binding sites inside a PSS/PDADMAC PEM due to

a cyclic salt treatment, where the PEM is alternatively immersed into salt solutions

with and without PSS.

2.3.6 Temperature Treatment

The effect of temperature on PEMs was intensively investigated for

microcapsules. [26,27,28] During the heating of PSS/PDADMAC microcapsules to tem-

peratures over 65◦C PSS-terminated capsules shrink, while PDADMAC-terminated

capsules swell until they rupture. The different behavior of PSS-terminated and

PDADMAC-terminated capsules was attributed to the different ratio of positive and

negative charges inside the PEM capsules. The PDADMAC-terminated PEM capsules

take up more water during heating to increase the distance between charges, while the

more charge balanced PSS-terminated PEM capsules minimize the polymer water sur-

face. Unfortunately, the behavior of PEM microcapsules cannot be transferred easily

to PEMs attached to a solid substrate. Due to the fixation on the substrate, the PEMs

are less flexible, provide a smaller surface and are sterically hindered. Microcapsules

can respond with changes in wall thickness and changes in capsule diameter, while

a PEM attached on a solid substrate can only react by changes in thickness. Fur-

ther, the influence of the substrate itself on the PEM is obvious but not understood

yet. Moreover, QCM-D measurements show an increasing swelling of PEMs with in-
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creasing temperature, but a rupturing was not reported. [106] For non-linear growing

PSS/PDADMAC PEMs (prepared at ionic strength >0.1 mol/L) a glass transition

temperature at about 50◦C was determined. Linear growing PSS/PDADMAC PEMs

(prepared without salt) did not show any transition up to 110◦C. [106] Neutron reflec-

tometry measurements after a thermal treatment revealed annealing effects related to

a loss in swelling, which was detectable by a decrease in roughness and SLD. [107]
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Chapter 3

Experimental Section

3.1 Chemicals

Figure 3.1: Chemical structure of a) Poly(ethyleneimine) (PEI), b) Poly(diallyl-
dimethylammonium chloride) (PDADMAC), c) Poly(sodium 4-styrenesulfonate)
(PSS) and d) completely deuterated Poly(sodium 4-styrenesulfonate) (d-PSS).

Poly(ethyleneimine) (PEI, Mn ≈ 60 kDa determined by GPC Mw ≈ 750 kDa

determined by LS) and Poly(sodium 4-styrenesulfonate) (PSS, Mw = 70 kDa), were

purchased from Sigma-Aldrich (Steinheim, Germany) and were used without further

purification. Fully deuterated PSS (dPSS Mw = 78.3 kDa ÐM < 1.2 by GPC)

was purchased from Polymer Standard Service GmbH (Mainz, Germany). Poly-

(diallyldimethylammonium chloride) (PDADMAC, Mw = 135 kDa ÐM = 1.8 de-

termined by GPC and H1-NMR) was synthesized by free radical polymerization of

diallyl-dimethyl-ammonium chloride in aqueous solution, as described in a previous
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work. [108]. The chemical structure of all used polymers is summarized in figure 3.1

The silicon wafers were a gift from Wacker Chemie AG (München, Germany). The

silicon blocks were purchased by Silizium Bearbeitung A. Holm (Tann, Germany).

3.2 Layer-by-Layer Deposition

For the ellipsometry, AFM and XRR measurements, the multilayers were built on

silicon wafers via the layer-by-layer method introduced by Decher. [39] All preparation

steps were done by an automatic dipping device (Riegler & Kirstein, Berlin, Germany).

The silicon wafers were cleaned for 30 min in a 1:1 mixture of 98% H2SO4/ 35%

H2O2 and then rinsed with Milli-Q water. Also after etching a thin SiOx layer is

preserved. The thickness of the SiOx layer does not influence the PEM preparation

but is important for the determination of PEM thickness. The average thickness

and roughness of the SiOx layer was determined by measuring five individual silicon

wafers with ellipsometry and x-ray reflectometry after the etching. Afterwards, the

wafers were covered by a precursor layer of PEI. PEI was deposited to the surface by

immersing the wafers for 30 min into an aqueous solution containing 10−2 monomol/L

(concentration based on monomer unit) PEI. The branched PEI precursor provides a

lot of binding sites for consecutive layers, which results in more homogenous and less

rough PEMs. [109] Then the wafer is alternately immersed into aqueous (Milli-Q water)

polyelectrolyte solutions containing 10−2 monomol/L of the respective polyelectrolyte

and 0.1 mol/L NaCl. Every polyelectrolyte layer was adsorbed for 20 min. After every

adsorbed layer, the samples were rinsed three times for 1 min in Milli-Q water. After

completion of the multilayer assembly the wafers were dried in air. The preparation

started with a PSS layer followed by a PDADMAC layer.

For neutron reflectivity measurements the samples were prepared on a silicon block

(80 x 50 x 15 mm3). Further, for some samples the PSS of the first 6 bilayers were

substituted by dPSS. Otherwise the preparation was the same as for samples intended

for ellipsometry, AFM or XRR. In the following the neutron reflectivity samples are

named by the number of deuterated bilayer (Dx) and protonated bilayer (Hy), while

half numbers indicate an additional layer of PSS on top. For example the sample PEI/

(dPSS/PDADMAC)6/ (PSS/PDADMAC)4/ PSS is named as D6H4.5.

The layer numbers for deuterated PEMs were chosen in consideration of the limits

of internal structure and of the NR measurements. The lower limit for the prepara-

tion of PEMs with a block structure is the creation of a complete block structure.

Polyelectrolytes within PEMs strongly interdigitate. Too thin deuterated blocks are
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completely mixed with non-deuterated material. Soltwedel et al. [99] showed that the

inner block should have at least 5 double layers and the outermost block at least 3

double layers. To be sure to prepare a block structure PEMs with at least 6 deuterated

bilayer and 4 non-deuterated bilayers were prepared. The upper limit for the prepa-

ration of PEMs is the specifications of the neutron reflectometer. The V6 can resolve

depth profiles of about 200 nm depth. Therefore, the thickest samples were prepared

10-20% thinner than 200 nm.

3.3 Ellipsometry

3.3.1 Theoretical Background

Ellipsometry is an optical method that allows precise and accurate determination of

PEMs thickness and refractive index. Ellipsometry measures the change of polarization

state after the reflection of a laser beam at a surface. [110] The change in state of

polarization can be transferred in the PEMs thickness and refractive index. The state

of polarization of an electromagnetic wave, describes the oscillation of the electric

field vector perpendicular to the propagation of the wave. In general, the state of

polarization is categorized into three kind of polarization; linearly polarized light,

circularly polarized light and elliptically polarized light. For linearly polarization light

the field vector oscillates up and down in an x-y plane perpendicular to the propagation

of the electromagnetic wave. The more general case of polarization is elliptically

polarized light, than the maximum of the electric field vector rotates in an elliptically

way around the center of the x-y plane perpendicular to the propagation of the electric

wave. The third state of polarization, the circularly polarization, is a special case of

elliptically polarized light. The maximum of the electric field vector oscillates around

the center of the x-y plane but perfect circular.

All states of polarization can be described as a superposition of two orthogonal

linearly polarized waves. [111] These waves are defined as parallel (p-polarized) and

perpendicular (s-polarized) to the plane of incident. The different states of polarization

result from different ratios in amplitude (E) and phase shift (δ) between p- and s-

polarized wave. Linearly polarized light is not shifted in phase; the ratio of amplitude

defines the direction of the oscillation. Circularly polarized light occurs if the phase is

shifted by π/2 and the amplitudes are equal. Elliptically polarized light results from

all other cases. During the reflection at an interface the electromagnetic wave interacts

with the sample. Therefore, the s-polarized (rs) and p-polarized (rp) component of
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the wave reflects differently giving a complex reflectance ratio (ρ) :

ρ =
rp
rs

= tanΨ× eiΔ (3.1)

where Δ and Ψ are the so called ellipsometric angles. Δ describes the change of

phase shift due to the reflection

Δ = (δrp − δrs)− (δip − δis) (3.2)

where the indices r and i denote the reflected and the incidental beam, respectively.

Ψ describes the change in amplitude ratio:

tanΨ =
|Er

p |/|E
i
p|

|Er
s |/|E

i
s|

(3.3)

Figure 3.2: Schematic of an ellipsometer with PCSA setup. First, the laser beam
passes a linear polarizer (P) followed by a quarter wave plate called compensator (C).
After the reflection at the sample (S) it passes a second polarizer the so called analyzer
(A) and incidents the detector.

The typical setup for ellipsometry is the PCSA setup consisting of a light source an

linear polarizer (P), a compensator(C), the sample (S), a second linear polarizer (A)

(also called analyzer) and the detector. A schematic of the setup is shown in figure

3.2. Usually, the components before the samples provide a known state of polarization,

while the components after the sample measure the new state of polarization. A more

accurate but slower way to determine the change of polarization is null ellipsometry.

In order to obtain information about the change of polarization, the polarizer and

analyzer are varied until the reflected light is extinguished (”nulling”). [110] For the

PCSA setup, and if a quarter wave plate is used as compensator set in an angle of 45◦,

there exist only two positions of polarizer and analyzer where the wave is extinguished:

A1, P1 and A3, P3 which are related by P1 = ±P3, A1 = −A3. These positions are

related to the measured ellipsometric angles Ψ and Δ:
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Ψ = A1,Δ = 2P1 + π/2 (3.4)

For a detailed mathematically examination of ellipsometry and especially null

ellipsometry the reader is referred to the handbook of ellipsometry. [110]

The complex reflection ratio depends on the optical structure of the sample, i.e.

it contains optical parameters of the sample, including thickness refractive index and

adsorption constant (at the measured wavelength λ) of every single layer. [112] To solve

the complex reflection ratio an analytical layer model is used. Because two parameters

are obtained by the measurements (Δ and Ψ) the layer model has to contain the correct

values for all but two parameters. Usually the thickness and refractive index of the

sample is chosen as free parameter.

3.3.2 Experimental Setup

Setup for Ambient Conditions The measurements were performed with a PCSA

(polarizer- compensator- sample- analyzer) ellipsometer (Optrel GbR, Sinzing, Ger-

many). The laser is a NeHe-Laser with a fixed wavelength of λ = 632.8 nm. The linear

polarizers (polarizer and analyzer) are Glan-Thompson-Prisms inserted into a rotary

state. A Glan-Thompson-Prism polarizes the incoming beam due to total reflection of

the perpendicular to the prisma polarized component of the beam. The compensator

consists of a quartz retardation plate cut to a λ/4 retardation, leading to a phase shift

of π/2. The detector is a four quadrant photo diode, able to locate the position of

the laser beam at the detector, to simplify sample alignment. The experiments were

carried out at a constant wavelength of 632.8 nm and a fixed angle of incidence of 70◦

(close to the Brewster angle of the Si/air interface). The samples were measured at

least at five different positions on the sample.

Setup for measurements in liquid water Ellipsometric measurements in water

are complicated by refraction at the air water interface. At an angle of incident different

from 90◦ a laser beam is refracted at the air water interface. The refraction results in a

different angle of incident onto the sample. To avoid that problem, the ellipsometer is

equipped with two light guides. [113] The light guides are cylindrically metal tubes with

a thin glass slide at the end. The light guides are attached to the ellipsometer. The

laser beam incidents the glass slide at 90◦ (no refraction) and afterwards the water

interface at 90◦. To be sure that the sample was fully equilibrated in water, Δ and Ψ

were observed at one position of the sample until a constant value of the ellipsometric
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angles was reached. Then the samples were measured at five different positions. The

angle of incidence was fixed at 60◦.

Setup for Measurements in Controlled Relative Humidity For measurements

with controlled relative humidity a special measurement cell was constructed. The

humidity cell was made of stainless steel. To ensure hermetic sealing, light guides are

attached to the cell sealed by a rubber gasket. The light guides are connected with

the detector and laser arm. This setup allows a movement of laser and detector arm

about 10◦. Sensors for temperature and humidity can be inserted from the top of the

cell and can be placed right above the sample. The sensors are connected with the

computer and are read out by the ellipsometer control software. The front of the cell

is closed by a Plexiglas window. At the rear of the cell, the in- and outtake for gas

with controlled humidity are located. The humidity can be adjusted between 1% RH

and 95% RH by the mixing of two streams of nitrogen. The first stream is dried (1%

RH) the second stream is saturated by water vapor, due to injection of nitrogen into

water. Inside the cell a round sample table is attached which height can be adjusted.

To measure PEMs in controlled humidity, the samples were equilibrated for 20 min

at the respective relative humidity. The relative humidity was measured and recorded

by a Testo 6681 Humidity measuring transducer with testo 6614 sensor (Testo Ag,

Lenzkirch, Germany).

Temperature Treatment In chapter 7 the effect of temperature treatment on the

structure of PEMs is investigated. For the temperature treatment, the following proce-

dure was carried out. Initially, the sample was measured in dry N2 (1% RH) followed

by a measurement in water. Then the sample was kept for 2 h at 65◦C in water.

During the temperature treatment Δ and Ψ were monitored. After the temperature

treatment the PEM was first measured in water and then in dry N2 (1% RH). During

the temperature treatment, the ellipsometric angles were monitored over time at one

spot.

Data treatment The software "Ellipsometry: simulation and data evaluation" (Op-

trel, v. 3.1) was used for calculating the thickness and refractive index. A one-box

model for the PEM was assumed. Table 3.1 shows the used model. The continuum

media were air (n = 1.000) and silicon (n = 3.885; k = -0.180). [114] The thin SiOx

layer at the surface of the Si wafer was fixed with n = 1.459 [114] and d = 1.5 nm. As

fitting parameters the thickness and the refractive index of the PEMs were chosen.
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Layer d [nm] n k
Air infinite 1.000 0.000
PEM fit fit 0.000
SiOx 1.5 1.4598 0.000
Si infinite 3.885 -0.018

Table 3.1: The layer model for ellipsometry; Air and silicon are the surrounding media
(infinite thickness). Thickness (d) and refractive index (n) of the PEM are the fitting
parameters. Thickness of the SiOx layer is determined by XRR. Optical constant of
air, SiOx and Si are from literature. [114]

The average thickness d = 1.5 nm of the SiOx layer was determined by measuring

five individual Si wafers with ellipsometry and x-ray reflectometry after the etching

in H2O2/H2SO4. For samples measured in water the above described model was used

but with water (n = 1.332) instead of air as continuum.

The change of the ellipsometric angle Ψ in dependence of the refractive index of the

sample depends on the thickness of the sample. For a thickness d < 20 nm the change

of the ellipsometric angles Ψ are small. Thus, the refractive index and the thickness

cannot be simultaneously determined with sufficient accuracy. Therefore, thickness

and refractive index were simultaneously determined only for PEMs with thickness

d > 20 nm. For PEMs with thickness d < 20 nm the average refractive index of the

PEMs with thickness d > 20 nm and the same terminating layer were taken under the

assumption that the refractive index is independent of the PEM thickness.

3.4 Atomic Force Microscopy

3.4.1 Theoretical Background

The Atomic Force Microscopy (also called scanning force microscopy) was invented

in the late 1980s by Binning et al. [115] as an enhancement of the scanning tunneling

microscopy (STM). STM is only able to measure the topography of conducting materi-

als, while AFM can also obtain topographic images of insulating materials like PEMs.

An AFM ”senses” the surface of the sample, by measuring the interaction between the

probed surface and the tip of the scanning AFM-probe. Although the basic principle

is very simple, the technical implementation is rather complex, at least if surfaces with

features of nano meter scale are measured.

The central part of the AFM is the AFM probe, which scans over the surface.

The probe measures several micrometers in length and a few nanometers in diameter
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at the tip. The lateral resolution of an AFM is limited by the diameter of the tip;

it is not possible to detect objects that are smaller than the diameter of the tip. In

principle, lateral resolutions of atomic scale can be obtained by using fictionalized

tips for scanning samples at temperatures close to 0 K. [116] More typical are lateral

resolutions of 2-10 nm. The vertical resolution is about 0.1 nm and only depends

on thermal noise. [117] The probe itself is mounted on a cantilever, on one hand the

cantilever serves as the attachment point for the probe. Thus, the cantilever defines

the force which applies on the surface. Cantilever with a high spring constant are

suitable to measure hard surfaces while for soft surface it is necessary to use a weak

spring constant otherwise the samples can be damaged. Further, the cantilever is an

important part of the detection system which measures the forces between probe and

sample. The cantilever moves in dependence on the force between surface and probe.

The movement of the cantilever is detected by a laser beam reflected on the backside

of the cantilever. Due to the relatively long optical path of the laser beam before

it reaches the detector, a small change in angle results in a strong change of laser

spot position at the detector. Thus, it is possible to detect even smallest changes of

cantilever deflection. The cantilever itself is fixed to a silicon chip of a few mm in

dimensions, thus allowing the use of tweezers to handle it. The whole ensemble of tip,

cantilever and chip is fixed to a system of piezoelectric crystals, which use the piezo-

mechanical effect to enables movement with nanometer precision. Figure 3.3 shows

the typical setup for imaging AFM.

The movement of cantilevers and with it the tip of the AFM is controlled by a feed-

back system which excites the cantilever in different ways according to the operation

mode. These modes are typically the contact, non-contact and intermediate contact

mode. All modes have their advantages and disadvantages. For contact mode the tip

is in direct contact with the sample. The force of the tip applied at the surface is de-

fined by the bend of the cantilever. Since the feedback systems regulates the distance

between probe and surface to a fixed value, the applied force does not change during

the measurement. The advantage of this method is its high resolution, the downside

is the high risk of both; damaging the sample as well as the probe. Therefore, it is

only suitable for samples with high mechanical resistance, e.g. metallic surfaces.

On the other side of the spectrum is the non-contact mode. Here, the cantilever

oscillates at a defined distance away from the surface. This oscillation is interfered by

attracting and repelling forces between surface and probe. This mode is completely

non-destructive, but the lateral resolution is much worse than in contact mode.

For the investigation of PEMs, which are pretty soft in comparison to metallic
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Figure 3.3: Scheme of a typical AFM setup. The tip scans over the sample. A change
of the samples topography results in a change of the interaction with the tip. The
cantilever bends. The reflection angle of the laser reflected at the cantilever back side
changes and the laser spot incidents the detector in another position. The feedback
system reacts with either an increase or decrease of the cantilevers height.

surfaces, the intermediate contact mode is the most convenient mode. In intermedi-

ate contact mode, the cantilever oscillates close to the surface and taps with every

oscillation on the surface. This allows lateral resolutions similar to contact mode, but

with less danger for the sample. The tapping avoids friction of the tip on the sample.

Further the short contact times avoid deformation of the surface (especially for rather

soft samples). [117]

3.4.2 Experimental Setup

The AFM images were performed on a commercial instrument, Cypher AFM (Asylum

Research, Santa Barbara, USA). All measurements were done with a scanning rate of

1 Hz. The investigation of PEMs in air was done in intermittent contact mode, with

silicon cantilevers (Olympus, Tokyo, Japan). The used cantilever of rectangular shape

had an Al coating, it was 160 μm in length with a resonance frequency of 320 kHz and

a force constant of 42 N/m. For measurements in water, the images were recorded in

intermittent contact mode with silicon nitride cantilevers (Olympus, Tokyo Japan).

The used cantilever of triangular shape had a Cr/Au coating, it was 100 μm in length

with a resonance frequency of 8 kHz and a force constant of 0.02 N/m. The roughness

was calculated by the imaging software of the Cypher instrument (based on Igor Pro

(WaveMetrics, Inc.)), which performs the calculation of the roughness.
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All AFM images had a size of 2 μm × 2 μm and were corrected for tilt using

a line fit. The errors reported here were calculated from the standard deviation for

all the measurements, which included at least three areas on the samples. For the

comparison with the x-ray reflectometry measurements, the roughness was calculated

as the average of the roughness of four 1 μm × 1 μm boxes inside of the 2 μm × 2 μm

images. The choice is motivated by the coherence length of x-rays of about 1 μm. [118]

3.5 Reflectometry

3.5.1 Theoretical Background

Reflectometry techniques measure the specular reflection of x-ray or neutron radiation.

They are non-destructive methods to determine thickness roughness and composition

of thin films. In surface science x-ray reflectometry is a complementary method to

ellipsometry. Both measure the thickness and the optical constant, namely the refrac-

tive index and the scattering length density, of the system. While the refractive index

usually correlates with the density of the system [119], the scattering length density ob-

tained by XRR correlates with the electron density of the sample. [120] One advantage

of XRR is that the thickness of a film can be determined without knowledge about

the properties of the surrounding media. Neutron NR is equal to XRR but uses a

beam of neutrons as source of radiation. X-rays interact with the electron shell of an

atom, while neutrons interact with the nucleus. Therefore, x-rays are only sensitive to

quite big differences in atomic order. Thus, it is not possible to distinguish between

material consistent of light elements like carbon and hydrogen. The interaction be-

tween neutrons and the nucleus depends on the strong interaction, which depends on

number of protons and neutrons and their symmetry inside the nucleus. [121] The strong

interaction varies strongly between different nuclides. Additional to the higher con-

trast between light elements, the sensitivity to different isotopes is a great advantage

compared to XRR. Especially the high sensitivity to hydrogenated and deuterated

materials allows deep insight into internal properties of PEMs.

For the specular reflection of x-rays and neutrons on a surface the same consider-

ations apply as for visible light, i.e. the refractive index of the material is the most

important parameter. The refractive index for x-rays and neutrons can be described

as:

n = 1− δ − iβ (3.5)
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where δ is the scattering length density and β is the adsorption constant. For

x-rays δ and β are defined as:

δ =
λ2

2π
ρere (3.6)

where re is the radius of the free electron (2.82×10
−5 Å) and ρe is the electron den-

sity. Because δ depends on the electron density the scattering length density increases

with the atomic number. For neutrons the formula for δ is similar

δ =
λ2

2πe

Nb (3.7)

where N is the number density and b is the coherent neutron scattering length.

Figure 3.4: Elastic scattering on a planar surface.

When a particle (photon or neutron) is specular reflected on a surface the momen-

tum of the particle changes. The momentum transfer can be described as the sum of

the wave vectors of the incident beam (ki )and the reflected beam (kf ) (see figure 3.4):

�Q = �kf − �ki (3.8)

For a given wavelength the momentum transfer in z-direction is described as:

Qz =
4π

λ
sin(αi) (3.9)

Similar to optics, for an ideal reflecting flat surface the reflectivity depends on the

complex reflection coefficient (r):

r =
kz − k′

z

kz + k′

z

(3.10)

kz and k′

z are the vertical component of the respective wave vector. r describes the

reflection on one interface. For multilayer systems all interface have to be considered

for the reflection coefficient:
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rj,j+1 =
kz,j − kz,j+1

kz,j + kz,j+1

(3.11)

Additionally, the investigated interface is not perfectly flat. The roughness can be

described as:

rrough = rideale
−2kzk

′

zσ
2

(3.12)

Furthermore, a part of the incident beam is transmitted instead of reflected. Par-

ratt developed a recursion formalism, which relates the reflected Rj and transmitted

amplitude Tj to the reflection coefficient of the interface j. [122] Furthermore, the rough-

ness of the interface can be included:

Xj =
Rj

Tj

= e−2kz,jkz,j+1+σ2
j,j+1

rj,j+1 +Xj+1e
2ikz,jzj

1 + rj,j+1Xj+1e2ikz,jzj
(3.13)

For multilayer systems this formula can become pretty complex and is usually solved

by a iterative fitting routine.

3.5.2 Experimental Setup for X-Ray and Neutron Reflectom-

etry

Figure 3.5: Schematic setup of an x-ray reflectometer. X-rays with a wavelength of
λ = 1.545 Å passes an absorber and a slit and are reflected at the samples surface.
After the reflection, the x-rays pass again a slit and incident the detector. Usually,
the angle of the detector and x-ray source are changed during the measurement while
the sample is fixed. The Setup for a neutron reflectometer is similar; the neutrons are
generated by a nuclear reactor and guided to the neutron reflectometer. Because of
the immobility of the neutron source during the measurement angle of detector and
sample are changed.

The standard setup for reflectometry is shown in figure 3.5. For the x-ray reflec-

tometry measurements a commercial reflectometer, D8 Discoverer (Bruker, Billerica
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USA), with a Cu-Kα radiation (λ = 1.545 Å) was used. Neutron Reflectometry mea-

surements were carried out at the V6 at Helmholtz institute (chapter 6 and 7) and the

NREX at FRM II (chapter 5). At the V6 a neutron wavelength of 4.66 Å is selected

by a graphite monochromator (PG(002)), with a wavelength variance of Δλ/λ = 0.02.

The monochromatisation results from bragg reflection at the graphite grid. The reso-

lution is dependent on the slit position. At small Qz ≤ 0.05 Å the reflected intensity

is rather high and the slits can be set to 0.5 mm, which correlates with a resolution of

δQ = 0.001. For Qz ≥ 0.05 the slits are set to 1 mm which correlates with a resolution

for δQ = 0.002. The neutron intensity was monitored by 3He detector tubes. 3He de-

tectors use the reaction of neutrons with 3He. The generated energy can be monitored

as ionization process.

At NREX a beryllium monochromator selects neutrons with a wavelength of

λ = 4.28 Å and a variance of Δλ/λ = 0.02. At small Qz ≤ 0.02 Å the reflected

intensity is rather high and the slits can be set to 0.5 mm, which correlates with a

resolution of δQ = 0.0005. For Qz ≥ 0.02 the slits are set to 1 mm which correlates

with a resolution for δQ = 0.001. The intensity is monitored by a 2D position sensitive
3He wire chamber with an active area of 200 x 200 mm2.

Controlled Humidity Measurements under controlled humidity were performed in

a self-made humidity cell. The cell is hermetic isolated and can only be opened at the

top. The top is sealed by a Plexiglas window. At the window, the gas in and outtake for

humid nitrogen and the humidity and temperature sensor (Hygropalm- HP22-A with

HC2-P05 Sensor, Rotronic AG, Bassersdorf, Switzerland) is attached. The sensor is

placed right above the center of the sample. X-rays can pass the cell through windows

covered by Capton foil. Capton foil has the lowest possible adsorption coefficient for

x-rays. For neutron reflectometry the capton foil is exchanged by aluminum. The

humidity can be controlled either by a stream of gas or due to saturated salt solutions.

Salt changes the chemical potential of an aqueous solution. Thus, the difference of

chemical potential between water vapor and the solution decreases. Therefore, the

necessary amount of vaporized water to reach a state of equilibrium decreases. Thus,

the air above the salt solution is in equilibrium at lower water vapor concentrations

than above pure water. To achieve 1% RH the air was dried by silica gel and the

humidity monitored by a humidity sensor (Hygropalm-HP22-A with HC2-P05 Sensor,

Rotronic AG, Bassersdorf, Switzerland). The samples were equilibrated for 1 h.
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Figure 3.6: NR setup in water. The sample is positioned the up-site down. The
Neutron beam passes the silicon block and is reflected at the PEM/water surface.

Neutron Reflectometry in Water Measurements in water are not possible with

XRR due to the strong scattering of x-rays in water. For NR a special liquid cell

was constructed. The central part of the cell is the teflon trough (72 x 42 x 3 mm3)

with stainless steel tubes for water inlet and outlets. The teflon trough is fixed at the

silicon block by two aluminum blocks, which are mounted on both sides of the silicon

block and screwed together. The aluminum blocks have in- and outlets to install a

thermostat.

For measurements at the liquid PEM interface the liquid cell is installed the up-

side down (fig. 3.6). Because neutrons strongly scatter in water and D2O the neutron

beam incidents the PEM/liquid interface by passing first the silicon block, which is

much better penetrable for neutrons.

Data Treatment The data treatment for XRR and NR data is similar. First the

raw data is normalized to the maximum intensity. Then a footprint correcting is

necessary. At low angles the footprint of the beam is much bigger than the sample.

Therefore, only a part of the beam is reflected. With increasing angle the ratio between

sample size and footprint decreases, the reflected intensity increases linearly until the

footprint becomes smaller than the sample. This linear increase is corrected. Further,

for NR the background radiation is subtracted from the curve. This is not necessary

for XRR because of the much higher intensity of the x-ray beam.

From the measured reflectivity curves the SLD profile across the PEM can be

extracted by using a least mean-squares fitting routine. The data were fitted using the

Motofit Package for Igor Pro. [123] The algorithm splits the measured PEM into boxes

of constant SLD and thickness with a Gaussian roughness between each box. For XRR
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Layer d [nm] SLD [10−6 Å−2] iSLD [10−6 Å−2]
Air infinite 0 0.000
PEM fit fit 0.065
SiOx 1.5 18.91 0.245
Si infinite 20.15 0.459

Table 3.2: Layer model for XRR. Air and silicon are the surrounding media (infinite
thickness). Thickness (d) and the scattering length density (SLD) of the PEM and
are the fitting parameters. Thickness of the SiOx layer after etching was determined
by XRR.

data, an one-box model for the PEM was assumed (table 3.2), the continuum media

were silicon (SLD = 20.1 Å−6) and air (SLD = 0.0 Å−6), the parameter of the silicon

oxide layer were fixed at SLD = 18.9 Å−6, d = 1.5 nm ± 0.2 nm; σ = 0.3 nm ± 0.1 nm.

The average thickness and roughness of the SiOx layer was determined by measuring

five individual Si wafers with ellipsometry and x-ray reflectometry after etching in

H2O2/H2SO4. As fitting parameter the thickness, roughness and the SLD of the PEMs

were chosen.

For NR data of PEMs with a deuterated inner block and a non-deuterated outer

block a n-box model was chosen. To prevent artifacts in the SLD profile it is impor-

tant that the roughness of one box does not exceed 1/3 of the box thickness. This

is not an issue for the interface between the outermost non-deuterated block and

the environment but for the interface between deuterated block and non-deuterated

block. Therefore, the deuterated part and the transition region between deuterated

and non-deuterated block were split into a varied number of boxes with a fixed thick-

ness of 2 nm and a roughness of zero between the boxes. As additional constraint, the

SLD decreases monotonically towards the outer interface of the PEM. The continuum

media were silicon (SLD = 2.07 × 10−6Å−2) and air (SLD = 0.0 × 10−6Å−2) or D2O

(SLD = 6.36 × 10−6Å−2); the silicon oxide layer was fixed at SLD = 3.47 × 10−6Å−2 ,

d = 1.5 nm ± 0.2 nm; σ = 0.3 nm ± 0.1 nm. From the SLD profiles the overall thick-

ness was extracted by summarizing the thickness of all boxes. The average SLD was

calculated by the area under the SLD profiles divided through the overall thickness.
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Chapter 4

The Relation Between Surface and
Bulk Characteristics and Void Water *

Abstract In the present chapter, the influence of the outermost layer and the num-
ber of layers on the amount of void water and swelling water inside polyelectrolyte
multilayers was investigated. For that purpose PSS/PDADMAC polyelectrolyte mul-
tilayers were studied in air with 1% RH, 30% RH , 95% RH and in liquid water by
ellipsometry, atomic force microscopy and x-ray reflectometry. The total amount of
water uptake in swollen PEMs is divided into two fractions, the void water and the
swelling water. Therefore, it is necessary to separate both fractions correctly. In or-
der to allow measuring samples over a larger thickness regime the investigation of a
larger amount of samples is required. Therefore, the concept of separating void water
from swelling water using neutron reflectometry was for the first time transferred to
ellipsometry. The subsequent analysis of swelling water, void water and roughness
revealed the existence of two types of odd-even effects: an odd-even effect which ad-
dresses only the surface of the PEM (surface-odd-even effect) and an odd-even effect
which addresses also the bulk of the PEM (bulk-odd-even effect). The appearance of
both effects is dependent on the environment; the surface-odd-even effect is only de-
tectable in humid air while the bulk-odd-even effect is only detectable in liquid water.
The bulk-odd-even effect is related to the osmotic pressure between the PEM and the
surrounding water. A correlation between the amount of void water and both odd-
even effects is not found. The amount of void water is independent of the terminated
layer and the thickness of PEMs.

*Similar content was published in Zerball, M.; Laschewsky, A.; von Klitzing, R. Swelling of Poly-
electrolyte Multilayers: The Relation Between Surface and Bulk Characteristics. J. Phys. Chem. B,
2015, 119(35), 11879-11886
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4.1 Introduction

In this chapter, the swelling behavior of PEMs is investigated over a large thick-
ness regime. Three effects are known to influence the swelling behavior of PEMs,
irrespective of the choice of the polyanions and polycations. First, PEMs swell in-
homogeneously due to substrate effects. [29,37,124] Therefore, the swelling behavior de-
pends on the number of layers and the absolute thickness of the PEM. Second, the
swelling behavior depends on the outermost layer (odd-even effect). [29,33,35,80,96] Third,
the high interdigitation during preparation favors the formation of voids inside the
PEM, which influences the swelling behavior. [22,30,93] Filling of the voids with water
during the swelling process would only affect the optical properties. These three phe-
nomena, the local gradient in swelling [29,37,124], the odd-even effect [29,35,80] and amount
of void water [22,30,93], have been investigated separately in previous studies. However,
investigations about their mutual influence are missing.

The chapter addresses the mutual effect of odd-even effect at PEM surface and of
the PEM bulk. The local swelling gradient and the void properties are assumed to be
strongly related to the odd-even effect. Since, the existence of voids is assumed as a
result of the preparation process, i.e. the interdigitation of the PEs, it is important
to know how the void volume changes at different number of deposited layers. This
demands a high number of samples to be investigated. Usually, neutron reflectivity is
the appropriate method to investigate the amount of void water. Unfortunately, the
capability for using neutron reflectometry is limited. Therefore, the technique to sep-
arate void water from swelling water implemented by means of neutron reflectometry
is transferred for the first time to ellipsometry data. Similar to the scattering length
density in neutron reflectometry the refractive index of ellipsometric measurements is
used to investigate the water amount within the swollen PEM in comparison to the
increase in thickness. Although ellipsometry is less precise than neutron reflectome-
try, it will be shown in the present study that ellipsometry can be used as a versatile
and fast method to study the swelling of polymer coatings, at least for the purpose
to separate void water and swelling water. The better understanding of the origin of
voids will help to understand also the odd-even effect and the effect of PEM thick-
ness. Therefore, the calculated void water of PEMs in dependence of the number of
layers will be discussed concerning correlations to type of growth and odd-even effect
of PEMs.
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4.2 Results

Figure 4.1: (a) Thickness and (b) refractive index of PSS/PDADMAC PEMs in de-
pendence of the number of layers measured by ellipsometry in air at 1% RH, 30% RH,
95% RH and in water. Open symbols represent PDADMAC-terminated PEMs, filled
symbols represent PSS-terminated PEMs.

4.2.1 Thickness of PSS/PDADMAC PEMs at Different RH

and in Water

Figure 4.1 shows the thickness and refractive index of PSS/PDADMAC PEMs mea-
sured by ellipsometry in dependence of the number of deposited layers (N). The mea-
surements were carried out in air with 1% RH, 30% RH, 95% RH and in liquid water.
Every data point represents a unique sample, since an intermediate drying in order
to measure the sample would influence the adsorbed amount of following adsorption
steps. [125] The refractive index is only shown for PEMs > 20 nm (ca. 15 layers) for
thinner PEMs it is not possible to calculate thickness and refractive index indepen-
dently.

At 1% RH no specific effect of the outermost layer (PSS or PDADMAC) on the
PEM thickness can be detected. Up to 22 layers the thickness increment increases. The
PEMs grow non-linearly. After 22 layers, the thickness increment becomes constant,
accompanied with a transition from non-linear to linear growth. This growth behavior
was often described in literature. [68,126] Because of the low ionic strength (0.1 M NaCl)
during preparation the non-linear growing regime is small in terms of thickness. The
thickness increment grows from 1.0 nm to 4.0 nm at the end of the non-linear growing
regime. The refractive index at 1% RH is constant with increasing layer number with
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a value of n = 1.56. After increasing the RH from 1% to 30% the thickness increases
independent of the terminated layer. The refractive index increases for N < 26 and
reaches a constant value of 1.56 for N ≥ 26, similar to the refractive index at 1% RH
Increasing the RH to 95% RH causes a further increase in thickness independent of
the terminated layer. In addition, the refractive index decreases to a constant value of
1.50. The strongest increase in thickness is detectable in water. In addition, an odd-
even effect occurs in thickness and refractive index between PSS- and PDADMAC-
terminated PEMs. The thickness of PDADMAC-terminated PEMs increases stronger
than the thickness of PSS-terminated PEMs. This result agrees with the finding for
the refractive index, which shows a zig-zag pattern with an average value of 1.48
for PSS-terminated PEMs and 1.46 for PDADMC-terminated PEMs. The individual
values for PSS- and PDADMAC-terminated PEMs are independent of the number of
layers.

4.2.2 Roughness of PSS/PDADMAC PEMs in Air at Different

RH and in Water

Figure 4.2: The roughness of PSS/PDADMAC PEMs in dependence of the number of
layers measured with (a) XRR in air at 1% RH, 30% RH and with (b) AFM in air at
30% RH and in water. Open symbols represent PDADMAC-terminated PEMs, filled
symbols represent PSS-terminated PEMs.

In order to get reliable values for the roughness both AFM and x-ray data were
analyzed. The drawback of the analysis of x-ray data is that the roughness is only a
model roughness, which depends on the chosen model for data analysis, while AFM
measures the roughness directly. However, the direct interaction can influence the
samples surface. Although the AFM measurements were done at the highest possible
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set point and integral gain, it can not be excluded that the tapping of the AFM tip on
the PEM surface influenced the PEM topography during the measurement. Beyond 30
layers the PEM becomes too thick for XRR analysis, while roughness determination
by AFM is independent of PEM thickness.

Figure 4.2a shows the roughness calculated from XRR data, measured at 1% and
30% RH as a function of the number of deposited layers. The reflectivity curves
and the corresponding fit are shown in appendix (figures A.2 and A.3). At 1% RH
the roughness increases until the 14th layer is reached, beyond 14 layers no odd-even
effect is detectable. At 30% RH an odd-even effect beyond 14 layers is detected. The
PSS-terminated PEMs increases in roughness while PDADMAC-terminated PEMs
remains at the value for 1% RH. Figure 4.2b shows the roughness determined from
AFM images at 30% RH and in water. In air with 30% RH the roughness increases
until the 14th layer and remains then constant until the 26th layer. Beyond 26 layers
only the roughness of PSS-terminated PEMs increases, the odd-even effect starts, i.e.
at much higher number of deposited layers in comparison to XRR. Presumably, the
tapping of the AFM tip on the PEM surface is responsible for this difference between
XRR and AFM. With increasing number of layers the PSS-terminated PEMs become
rougher while the roughness of PDADMAC-terminated PEMs is constant. In water
the odd-even effect turn around, the PDADMAC-terminated PEMs are rougher than
the PSS-terminated PEMs.

4.2.3 Calculation of Swelling Water and Void Water

The main focus of this study is the swelling behavior of PEMs. To discuss the swelling
behavior of PEMs it is important to calculate their water content correctly. The typical
approach to do that is to assume that the incorporated water induces a constant change
in thickness. With this assumption the water content of the water swollen PEMs can
be described in the following way:

φswell =
dswollen − ddry

dswollen

(4.1)

where φswell is the water content dswollen, the thickness in water and ddry the thick-
ness of the dried PEM. The water content can also be calculated by the change of
optical properties of the PEM. If a material is diluted by another material, the refrac-
tive index of the composition is in between the refractive indices of both materials.
Garnet showed this by investigating metallic melts and formulated the Garnet equa-
tion. [127] In ref. 29 the Garnet equation was transferred to PEM against water:
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nswollen = nwater

√√√√1 +
3(1− φswell)(

n2
dry+2n2

water

n2
dry−n2

water

)
− (1− φswell)

(4.2)

where nswollen is the resulting refractive index in water, ndry the refractive index
of the dried PEM and nwater the refractive index of water. The garnet describes the
swelling of PEMs exactly. Nevertheless, for the system of a PEM diluted by water
the correlation between refractive index and water content can be assumed as linear,
because of the small differences of refractive index between water and polymer (see
appendix A.1). In this case the calculation of water content can be simplified in the
following manner:

φ′
swell =

nswollen − ndry

nwater − ndry

(4.3)

The comparison between water content calculated by refractive index (eq. 4.3)
and from the thickness (eq. 4.1) shows a discrepancy between both values. A similar
behavior was found in neutron reflectometry measurements and was explained by the
existence of voids inside the PEM. [22,93] Because of the presence of voids inside the PEM
the former assumptions becomes obsolete. In dry state the PEM is already diluted by
air, which reduces the refractive index of the dry PEM. During the swelling process air
is substituted by water, simultaneously polymer is diluted by water. The problem can
be solved in analogy to the considerations in neutron reflectometry measurements. [22]

To calculate the water content and also the void water correctly the SLD is replaced
by refractive index. This equation describes the dried state and how the void volume
affects the refractive index:

ndry = xnPolymer + (1− x)nair (4.4)

where x is the polymer fraction. In swollen state the PEM can be treated as sum
of a water fraction and a polymer fraction. The polymer fraction can be described in
the same manner as in dried state with the exception that the voids are filled with
water. The next equation describes the swollen states and how the filling of voids and
the water uptake influences the refractive index:

nswollen = φswellnwater + (1− φswell)[xnPolymer + (1− x)nwater] (4.5)

by inserting equation 4.4 into equation 4.5 the unknown polymer fraction x can be
calculated:
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= φswellnwater + (1− φswell)[ndry − (1− x)nair + (1− x)nwater] (4.6)

x =
ndry

nwater − nair

− nswollen − φswellnwater

(1− φswell)(nwater − nair)
+ 1 (4.7)

If x is known the different types of containing water can be calculated by:

φtotal = φvoid + φswell (4.8)

φtotal = (1− φswell)(1− x) + φswell (4.9)

Figure 4.3 shows the different contributions to the water content calculated from the
measurements carried out against air with 95% RH and in liquid water. The analysis
of error propagation for the void water can be found in the supporting information.
The accuracy of the calculated data increases with increasing layer number because of
increasing accuracy of the measured refractive indices and thicknesses. The average
absolute error for the void water is ± 0.03 between 20 and 30 layers and decreases
to < ± 0.01 for PEMs exceeding layer numbers of 40. The error of the amount of
void water is mainly influenced by the error of the amount of swelling water, which
depends on the error in thickness. As lower the difference between ddry and dswollen as
higher the error of the swelling water. Therefore, the void water is not calculated for
PEMs swollen in 30% RH, the error is too high. In summary, this method to calculate
the amount of void water should be used for samples with a thickness < 80 nm (the
thickness of a 35 layers thick dried PEM) for smaller samples neutron reflectivity is
still more accurate.

The data show that the water content is constant irrespective of the PEM thickness.
Therefore, it is more convenient to discuss the average values. Table 4.1 and 4.2 shows
the average φtotal, φswell and φvoid for PSS- and PDADMAC-terminated PEMs, which
were either swollen in air with 95% RH or in water. There is no difference in the
amount of void water between the measurement in liquid water and against air with
95% RH. Further, the void water is not affected by the terminated layer and shows an
average value of 0.04. Dodoo et al. [22] measured with neutron reflectometry a value of
0.06 for a PEM with 12 layers prepared at the same conditions. Against air with 95%
RH the swelling water is independent of the terminated layer with an average value
of 0.3 while in liquid water, the swelling water depends on the terminating layer and
shows a value of 0.39 for PSS-terminated PEMs and of 0.46 for PDADMAC-terminated
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PEMs.

terminated layer average φtotal average φswell average φvoid

PSS 0.349 0.306 0.047
PDADMAC 0.351 0.314 0.036

Table 4.1: Average values of φtotal, φswell and φvoid for PSS- and PDADMAC-terminated
PEMs calculated from PEMs swollen in air with 95% RH.

terminated layer average φtotal average φswell average φvoid

PSS 0.430 0.391 0.039
PDADMAC 0.503 0.462 0.041

Table 4.2: Average values of φtotal, φswell and φvoid for PSS- and PDADMAC-terminated
PEMs calculated from PEMs swollen in liquid water.

Figure 4.3: φtotal, φswell and φvoid in dependence of the number of layers of PEMs
swollen in a) air with 95% RH and b) in water. Open symbols represent PDADMAC-
terminated PEMs, filled symbols represent PSS-terminated PEMs.

4.2.4 The Swelling Behavior in 0.1 M NaCl

So far, the measurements against liquid were carried out against pure water. In order
to study the effect of electrolytes on the swelling including the odd-even effect, 0.1 M
NaCl was added to the water.

Table 4.3 shows the swelling water, void water and roughness of selected samples
measured in liquid water and 0.1 M aqueous NaCl solution. While in liquid water
the swelling water and the roughness is higher for PDADMAC-terminated PEMs in
0.1 M NaCl the differences between PSS- and PDADMAC-terminated PEMs are less
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pronounced, the odd-even effect vanishes nearly completely. The void volume is not
affected by the presence of NaCl.

number
of layer

terminated
layer

φswell in
water

φswell

in 0.1
M
NaCl

φvoids

in
water

φvoids

in 0.1
M
NaCl

σAFM

in wa-
ter
[nm]

σAFM

in 0.1
M
NaCl
[nm]

35 PSS 0.39 0.37 0.04 0.04 2.43 1.91
36 PDADMAC 0.47 0.41 0.05 0.06 6.50 2.78
49 PSS 0.40 0.37 0.05 0.02 5.82 3.67
50 PDADMAC 0.50 0.36 0.04 0.04 11.00 4.55

Table 4.3: φswell, φvoid and σAFM (roughness measured by AFM) of selected samples
in water and in 0.1 M NaCl.

4.3 Discussion

4.3.1 The Type of Growth of PSS/PDADMAC PEMs

PSS/PDADMAC PEMs show a non-linear growth with a transition to a linear growth
at 22 layers, i.e. the thickness increment per added layer increases up to 22 layers
and is constant after that. In literature two models are discussed to describe the ex-
ponential growth. [38,72] The common approach is the diffusion model. [68] It assumes
that one of the polyelectrolytes is able to diffuse into the PEM during the prepara-
tion and remains there. The remaining PE diffuses back to the surface during the
adsorption of the oppositely charged PE. At the surface, the PEs form complexes
which give an additional contribution to the thickness increment. The transition from
non-linear to linear growth takes place when no longer all PDADMAC diffuses back
to the PEM/liquid interface.

An alternative model is the roughness model. [71,72] The roughness model assumes
the formation of islands during the adsorption of the initial layers, i.e. the substrate
is not completely covered by the PEM but by a high number of small PEM islands.
These islands grow with increasing layer number until the islands begin to conglomer-
ate. [38,67,72] The reasons for the transition from non-linear to linear growth regime are
extensively discussed in ref. 38.

The recent work of Ghostine et al. [35] evidenced the diffusion model for
PSS/PDADMAC PEMs by measuring the amount of extrinsic binding sites provided
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by excess PDADMAC inside PDADMAC-terminated PEMs. The present work con-
firms the diffusion model, too. The mentioned island model would suggest an increas-
ing roughness up to the transition point. Indeed, the roughness increases for the first
layers. Nevertheless, the roughness becomes constant after 14 layers, while the transi-
tion to linear growth regime is at 22 layers. Further, the distinctive odd-even effect in
water is the result of the extrinsic binding sites provided by the excess PDADMAC.

4.3.2 Swelling of PEMs in Air with 95% RH and in Water

At 1% RH PSS-terminated and PDADMAC-terminated PEMs show neither differ-
ences in thickness increment and refractive index nor in roughness. In air with 95%
RH when the PEMs are strongly swollen, there is still no odd-even effect detectable
in thickness and refractive index. PEMs swollen in liquid water show an odd-even ef-
fect. PDADMAC-terminated PEMs take up more water than PSS-terminated PEMs.
Therefore, the thickness and roughness of PDADMAC- terminated PEMs increases
stronger while the refractive index decreases stronger in comparison to PSS-terminated
PEMs. The higher water uptake is caused by the higher amount of extrinsic binding
sites inside PDADMAC-terminated PEMs. [35] The counter ions of the extrinsic binding
sites induce an osmotic pressure which forces the PEM to uptake water.

That an odd-even effect in thickness is detectable in liquid water but not in air
with 95% RH is astonishing. Because of the same chemical potential of air with
100% RH and water it is expected that the swelling behavior is the same. Indeed,
the measurements were carried out against air with 95% RH. Consequently, also the
chemical potential is slightly lower than the chemical potential of water. Therefore,
a weaker odd-even effect is expected. The missing of the odd-even effect indicates a
fundamental difference in swelling behavior between swelling in humid air and in liquid
water. Apparently, the contribution of the extrinsic binding sites to the water uptake
comes not into account if the surrounding medium is not liquid water.

That the extrinsic binding sites are responsible for the odd-even effect in water is
also confirmed by the measurements in salt solution. In 0.1 M NaCl aqueous solution
the water content and roughness of PDADMAC-terminated PEMs decreases compared
to the values measured in water. The osmotic pressure vanishes, due to the similar
ion concentration inside the PEM and the environmental liquid.
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4.3.3 The Different Types of Odd-Even Effects

The investigated PSS/PDADMAC PEMs show different swelling behavior in humid
air and in liquid water. Therefore, it is more convenient to differ between two types
of odd-even effects; a surface-odd-even effect and a bulk-odd-even effect.

The surface-odd-even effect only influences the roughness, i.e. the surface of the
PEM and is detectable only during swelling in humid air. PSS-terminated PEMs are
stiffer than PDADMAC-terminated PEMs [94] since the PE chains are mainly intrin-
sically bonded. If a stiff and an elastic PEM take up the same amount of water and
consequently also the change in thickness is similar, the surface of the stiffer PEM
wrinkles more due to swelling.

The bulk-odd-even effect only occurs if PSS/PDADMAC PEMs are swollen in
liquid water. Then PDADMAC-terminated PEMs take up more water than PSS-
terminated PEMs. Therefore, the thickness and roughness of PDADMAC-terminated
PEMs increases stronger as of PSS-terminated PEMs while the refractive index de-
creases stronger. The reason is the high amount of extrinsic binding sites inside
PDADMAC-terminated PEMs.

It is assumed that the bulk-odd-even effect is driven by extrinsic charges. PEM
systems prepared from weak PE are an excellent object to examine that. Because
of the used weak polyelectrolytes, extrinsic charges are found in both the negatively-
terminated PEM and the positively-terminated PEM. Tanchak et al. [128] investigated
the swelling behavior and the contribution of ions of the weak PEM system PAA/PAH.
the PAH-terminated PEMs showed higher concentration of counter ions at the
PEM/liquid interface, which indicates a higher amount of charges on the surface and
outermost part. However, the higher amount of charges close to the PEM/liquid
interface has only a minor effect on the swelling. A bulk-odd-even effect with high dif-
ferences in swelling water between PAH-terminated and PAA-terminated PEMs was
not found. Apparently, the merely existence of extrinsic charges does not induce a
strong bulk-odd-even effect, the amount of extrinsic binding sites have to differ signif-
icantly. In summary, extrinsic binding sites in PEMs are the necessary condition for
a bulk-odd-even effect. In addition as the sufficient condition the amount of extrinsic
binding sites have to be higher for one termination.

The odd-even effect of the more rigid and linear growing PEM system PSS/PAH [29]

shares some characteristics of the surface- and bulk-odd-even effect but also shows some
unique features. It is characterized due to a higher water uptake of PSS-terminated
PEMs. Involved in the odd-even effect is a constant outermost part, neither only the
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surface nor the entire bulk of the PEM. Because only a constant outermost part is
affected the relative strength of the odd-even effect decreases with increasing number
of deposited layers. Further, the odd-even effect of PSS/PAH is detectable in humid
air [29] and in liquid water [33]. The reason for the odd-even effect of PSS/PAH PEMs is a
higher hydrophilicity of PSS-terminated PEMs. Table 4.4 compares the characteristics
of surface- and bulk-odd-even effects with the characteristics of the odd-even effect of
PSS/PAH PEMs.

surface-odd-even
effect

bulk-odd-even effect odd-even effect
(PSS/PAH)

environment humid air liquid water humid air and
liquid water

region surface bulk outermost region
thickness none increases constant
refractive
index

none constant decreases

roughness constant increases not investigated
void water none none not investigated

Table 4.4: Comparison of the characteristics of the different types of odd-even effects.

4.3.4 Void Water in PEMs

The separation between swelling water and void water showed that only the swelling
water depends on the terminated layer, the amount of void water is constant at 4%
irrespective of PEM thickness or terminated layer. Further, the amount of void water
is similar in air with 95% RH and in liquid water. The voids are a result of the
preparation process; the interdigitation of the PEM during the adsorption generates
the voids inside the PEM. Dodoo et al. [22] show that the type and concentration of
salt which is added to the preparation solution influences the amount of void water
inside a PEM. The amount of void water decreases with increasing ionic strength and
ionic radius. The density of a PEM is affected in the same way by the ionic strength
and radius, which suggests that the amount of void water decreases with the density
of PEMs.

The measurements in 0.1 M NaCl show that the amount of void water is unaffected
by the ionic strength of the surrounding liquid, while the bulk-odd-even effect is weak-
ened by increasing the ionic strength of the surrounding liquid. This indicates that
there is no relation between the bulk-odd-even effect and the amount of void water.
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While in air at 1% RH and in water the refractive index is independent of the
number of layers at 30% RH, the refractive index increases up to 26 layers and is
constant after that. The data only give information about the total volume of void
water. In water is assumed that the voids are completely filled. Therefore, the amount
of void water equals the void volume. It is not known if at 30% RH the voids are empty,
filled or partly filled. The increase of refractive index with increasing number of layers
at 30% RH indicates a change in void filling with increasing relative humidity.

4.4 Conclusion

To investigate the relation between the odd-even effects and the amount of void water,
the concept of separating void water and swelling water was transferred from neutron
reflectometry to ellipsometry. Thereby, ellipsometry became a versatile and fast tool
to investigate the void water and swelling water of polyelectrolyte multilayers in water
and water vapor. Through the possibility to use ellipsometry to calculate amount of
void water it was possible to investigate a high number of samples. Hence, it was
possible to investigate the correlation between number of deposited layers and the
amount of void water. The amount of void water is independent of the terminated
layer and the thickness of PEMs.

The amount of swelling water in PSS/PDADMAC PEMs depends on the out-
ermost layer. This behavior is known as odd-even effect. The odd-even effect of
PSS/PDADMAC PEMs can be divided into two types of odd-even effect named after
their area of influence: the surface-odd-even effect and the bulk-odd-even effect. The
bulk-odd-even effect is induced by an excess of charges inside PDADMAC-terminated
PEMs and leads to an odd-even effect in thickness. The stronger swelling induces a
decrease in refractive index and an increase in roughness. The bulk-odd-even effect
only occurs in liquid water not in humid air. The surface-odd-even effect addresses
only the roughness of the PEM and is only detectable in humid air.

The more rigid PEM system PSS/PAH with a linear growth behavior shows a
rather different odd-even effect, which acts at the outer region of the PEM, while
for PSS/PDADMAC the bulk-odd-even effect acts across the entire PEM and the
surface-odd-even effect influences the PEM only at the surface.
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Chapter 5

The Amount of Void Water at Low
Relative Humidity

Abstract The change of void water and swelling water was studied more in detail.
While the amount of swelling water increases continuously in dependence of the RH,
the amount of void water does not change above 30% RH. Therefore, the RH region
between 1% and 30% was investigated. The PEMs were measured at 1% RH, 6%
RH, 12% RH and 23% RH, adjusted with respective salt solutions. In addition, the
PEMs were measured in liquid D2O to measure the maximum amount of void water
and swelling water. The results showed that void water and swelling water increases
paralelly. At 6% RH the voids were 60% filled. At 23% RH the amount of void
water was nearly the same as in liquid D2O. In this context measuring the amount
of void water in dependence of the RH can be considered as an adsorption isotherm.
The qualitative analysis of this adsorption isotherm indicates that, if the voids are
considered as holes or pores, the void size should be about 0.3-0.9 nm.

5.1 Introduction

In the previous chapter the difference between swelling water and void water was
investigated. The amount of swelling water inside PEMs increases continuously, while
the amount of void water increases only between 1% RH and 30% RH. The region
between 1% RH and 30% RH is investigated more in detail in this chapter.

For a long time only the swelling water, i.e. the water fraction which causes a
change in PEM thickness, was considered in PEM swelling studies. The reason for this
is that the most lab methods are only capable to determine changes in PEM thickness
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caused by swelling. [93] NR measurements in liquid water allowed identifying a fraction
of water which does not changes the thickness of PEMs. [22] With NR the change in
thickness and SLD can be determined simultaneously. The SLD changes because the
PEM is diluted by the surrounding water during the swelling process. Therefore, a
mixed SLD is measured, which can be converted into water content. Usually, the
amount of water determined by the SLD is higher as the amount calculated by the
thickness. [93] This discrepancy is caused by the void water. For example, PSS/PAH
PEMs build up in 0.1 M NaCl show about 12% void water, PSS/PDADMAC PEMs
build up in 0.1 M NaCl about 5%. [22] The amount of void water depends on the density
of the PEM, denser PEMs have more void water.

The concept of voids is rather theoretical; it is simply not known what voids really
are. However, in the first instance it is reasonable to consider voids as pores. Then,
PEMs can be treated as porous materials. In porous materials, usually the pore size
is measured by recording the adsorption isotherm of a gas. In this context measuring
the amount of void water in dependence of the RH can be considered as an adsorption
isotherm. Löhman et al. [129] showed that the amount of void water increases only
between 1% RH and 30% RH. Therefore, this region is most important to complete
an adsorption isotherm for the amount of void water. For such low RH adjusting of
RH by mixing streams of dry and humid nitrogen is not suitable anymore, because
of the error margin about 2%-5% RH. Therefore, the RH is adjusted by the usage of
saturated salt solutions; this method is less flexible but more accurate. The solved
salt increases the chemical potential of the solution, i.e. it decreases the difference
in chemical potential between water vapor and the solution. Therefore, equilibrium
between water vapor and solution is achieved at lower water vapor pressure, i.e. a RH
lower than 100% RH.

To measure the amount of void water at low RH, one PSS-terminated and one
PDADMAC-terminated PEM are investigated by NR at 1% RH, 6% RH, 12% RH
and 23% RH and in liquid D2O. The RH is adjusted by saturated aqueous (D2O)
solutions of LiCl (6% RH), KCl (12% RH) and potassium acetate (23% RH).
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Figure 5.1: Neutron data (left) and SLD profile (right) of the samples H14 (left) and
H14.5 (right) measured in 1% RH, 6% RH, 12% RH, 23% RH and in D2O. The circles
represent the measured data while the solid lines correspond to the data fit. For sake
of clarity the reflectivity data were shifted by a value of -2 (log(0.01)), -4, -6 and -8.

5.2 Results

The PDADMAC-terminated PEM with 14 non-deuterated bilayers (H14)* and the
PSS-terminated PEM with H14.5 were investigated by neutron reflectometry. To take
density variations close to the substrate into account, an n-box model was chosen for
the modeling of the data of the samples H14 and H14.5. Figure 5.1 shows the neutron
reflectivity data and the corresponding fit of the data from the samples measured
in humid air with 1% RH 6% RH 12% RH 23% RH and in liquid D2O. The data
fit is in good agreement with the measured data. Figure 5.1 shows the SLD profile

*In the following chapters partially deuterated PEMs are investigated. Therefore, the neutron
reflectivity samples are named by the number of deuterated bilayers (Dx) and protonated bilayers
(Hy), while half numbers indicate an additional layer of PSS on top (see chapter 3.2). For sake of
uniformity the samples in this chapter are named by the same nomenclature.
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corresponding to the fitted data. With increasing RH the thickness of the PEMs
increases. The increase in thickness is rather small because of the small increase of
RH. The SLD increases stronger between 1% RH and 6% RH, than between 6% RH
and 12% RH and between 12% RH and 23% RH. The stronger increase in SLD between
1% RH and 6% RH indicates that the amount of void water increases stronger.

The calculation of swelling water and void water from neutron data is described in
chapter 2.3.4 and briefly summarized in the following: The swelling water is calculated
by:

φswell =
dswollen − ddry

dswollen

(5.1)

where dswollen is the thickness at the respective RH (6% RH, 12% RH or 23% RH)
or in D2O and ddry the thickness of the dried PEM (1% RH). For the amount of void
water the polymer fraction x of the dried PEM have to be calculated according to:

x =
SLDdry

SLDD2O

− SLDswollen − φswellSLDD2O

(1− φswell)(SLDD2O)
+ 1 (5.2)

where SLDdry is the SLD of the dried PEM (1% RH), SLDswollen is the SLD of
the swollen PEM at 6% RH, 12% RH, 23% RH or in D2O and SLDD2O the SLD of
D2O (6.36×10−6 Å−2). By knowing the polymer fraction x the void water is calculated
according to:

φvoid = (1− φswell)(1− x) (5.3)

The calculated amounts of void water and swelling water are summarized in fig-
ure 5.2. The amount of swelling water increases with increasing RH accordingly to
the PEM swelling. Usually, the increase of swelling water in dependence of the RH
can be divided into three regimes. Up to 40% RH the amount of swelling water in-
creases strongly; between 40% RH and 60% RH the increase in swelling water flattens;
above 60% RH the swelling water increases again strongly. The samples in this study
were swollen up to 23% RH, therefore only the first regime with a strong swelling is
detectable. A dependency between swelling water and the nature of the outermost
layer is not detectable in humid air, but it is present in liquid D2O. In liquid D2O the
PDADMAC-terminated PEM takes up 43% water, while the PSS-terminated PEM
takes up 34% water. The amount of void water increases with the RH. It increases
strongly between 1% RH and 6% RH. The increase in void water becomes weaker
between 6% RH and 12% RH and 12% RH and 23% RH. At 23% RH the amount of
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Figure 5.2: Squares represent the amount of swelling water (φswell) and circles the
amount void water (φvoids) in dependence of the RH and in liquid D2O. Closed sym-
bols represent the sample H14 (PDADMAC-terminated) Open symbols represent the
sample H14.5 (PSS-terminated).

void water is nearly the same as in liquid D2O.

5.3 Discussion

The void model was introduced to describe the discrepancy between the amount of
water which causes an increase of PEM volume (swelling water) and the part of the ab-
sorbed water which does not causes a change in PEM thickness (void water). Anyway,
in the first instance a comparison between PEMs with voids and porous materials is
reasonable. Porous materials absorb water until the surface of the pores is completely
covered with water molecules. At that point the pores are not completely filled with
water. If the RH increased more, multilayers of water molecules are formed. An ad-
sorption behavior like this can be described by either a BET or a Freundlich isotherm.
Typical for such an isotherm is a fast increase in the beginning of the adsorption curve.
The amount of absorbed water increases until a plateau is reached; this is the point
when a monolayer is created. After that point the amount of absorbed water increases
again. This transition can happen continuously (BET) or in a discontinuously way
(Freundlich).

The adsorption of void water does not show such a behavior. The voids are filled
quickly and a second increase after a plateau is not detected. This is typical for a simple
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Langmuir-like isotherm, which not consider the possibility of forming a multilayer, i.e.
inside the voids only a monolayer of water exists. Thus, the void size should not
be bigger than the size of 1-3 water molecules. A pore covered with a monolayer of
water is at least two water molecules thick, one water molecule on every side of the
pore. Additionally, there is possible not with water filled ”free space”, which must be
smaller than one water molecule. A pore size of 1-3 water molecules would be around
0.3-0.9 nm (rH2O ≈ 0.15 nm) in diameter. [130] This size agrees with other studies. Jin
et al. found pore sizes of 0.82 nm for PEM membranes consistent of PSS/PDADMAC
and a pore size of 0.67 nm for membranes consistent of PSS/PAH. Vaca Chávez and
Schönhoff determined with NMR a pore size of 1 nm for PSS/PAH PEMs. [131]

5.4 Conclusion

The amount of void water and swelling water at low RH was investigated. For this
purpose a PSS-terminated PEM and a PDADMAC-terminated PEM was investigated
at 1% RH 6% RH, 12% RH, 23% RH and in liquid D2O with neutron reflectometry.
The amount of void water and swelling water increases parallel with increasing RH.
The amount of void water at 6% RH was already 60% of the maximum amount of void
water. At 23% RH, the voids inside the PEM are nearly completely filled. The filling
of the voids with increasing RH can be considered as an adsorption isotherm. From
the adsorption isotherm a void size of around 0.3-0.9 nm is assumed. This small size
indicates a distribution of void water over the entire PEM.
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Chapter 6

Water Distribution inside
Polyelectrolyte Multilayers

Abstract The uniformity of PEM swelling was investigated. For this purpose it was
necessary to probe the internal structure of PEMs. In order to get insight into the
internal structure, PEMs with a deuterated inner block close to the substrate and a
non-deuterated outer block were prepared and investigated by neutron reflectometry
(NR). The PEMs were measured in dried state, at 30% RH (D2O vapor), 70% RH
(D2O vapor) and in liquid D2O. Thus, it was possible to monitor the swelling behavior
of the entire PEM, as well as the swelling behavior of the inner and outermost region.
The analysis of the entire PEMs confirms the results of the measurements from chapter
4. An odd-even effect occurs. The PDADMAC-terminated PEM take up more water
than the PSS-terminated PEM but only in liquid water. In humid air the odd-even
effect is not detectable. Further, the amount of void water is constant above 30% RH
and in liquid D2O. From the scattering length density profiles a water distribution was
calculated. The water distribution shows that in humid air the PEM swells uniformly,
while in liquid D2O the PEMs are most hydrated in the middle of the PEM. The effect
is more pronounced for PDADMAC-terminated PEMs. Apparently, the non-uniform
swelling in liquid water is related to the odd-even effect. The odd-even effect is caused
by different amount of extrinsic binding sites inside PSS-terminated and PDADMAC-
terminated PEMs. Therefore, it is possible that the non-uniform water distribution
inside PEMs swollen in liquid water is related to the distributions of extrinsic binding
sites inside the PEM. The extrinsic binding sites cause in liquid water an osmotic
pressure which forces the PEM to uptake more water. This does not happen in humid
air. Reasons for these differences in humid air and in liquid water are discussed.
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6.1 Introduction

In the previous chapters the importance of the swelling behavior of PEMs was dis-
cussed. It was mentioned that three phenomena affect the swelling behavior: the
uniformity of the swelling, the odd-even effect and the voids. The last chapter exam-
ined the role of voids inside PEMs and how they related to the odd-even effect. In this
chapter the uniformity of the swelling is investigated. Especially, how the distribution
of swelling water inside the PEM influences the odd-even effect and the amount of
void water

The water distribution inside PSS/PDADMAC PEMs is unknown. In the past the
majority of swelling studies addressed the average amount of water without any spatial
resolution. However, some studies found hints for non-uniform swelling behavior. For
example, PAH/PAA PEMs show a non-uniform water distribution. [36] De Vos et al. [37]

found differences in the water distributions inside PSS/PAH PEMs under confining
pressure. Furthermore, in PSS/PDADMAC PEMs hints for non-uniform contributions
of extrinsic binding sites were found. [35] The amount of extrinsic binding sites strongly
influences the amount of absorbed water. They induce an osmotic pressure which is
balanced out by the PEM due to absorption of more water. There are also theoretical
indications for a non-uniform swelling behavior. According to the three zone model [68]

(see section 2.1.2) PEMs have a non-uniform structure. Consequently, a non-uniform
water distribution is very likely. Additionally, the influence of the substrate on the
PEM is obvious but not understood yet and could influence the swelling behavior.

Probing the water distribution inside PEMs is not trivial. While the investigations
of the average structural changes of PEMs are possible with a high variety of methods
(ellipsometry, QCM-D, x-ray reflectometry, etc.), the access to internal properties is
rather difficult. The most powerful technique to probe internal properties of nanome-
ter thick PEMs is Neutron Reflectometry. [36,73,97,99,132] NR determines the scattering
length density profile across the PEM. In order to get information about the internal
structure of the film, one can change the contrast by controlled deuteration of specific
regions. In general there are two approaches to use deuteration. First, the fabrica-
tion of a super lattice structure due to periodic substitution of non-deuterated layers
by deuterated layers. [37,97] If the distance between particular deuterated layers is con-
stant, a bragg peak is detectable. Position and width of the peak give information
about the uniformity of the PEM. The second method is the deuteration of an entire
PEM block. [98,99] Especially, the properties of the interface between deuterated and
non-deuterated block is of interest, but also changes in block sizes during swelling.
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In this chapter the uniformity of PEM swelling behavior is investigated. For this
purpose, two-block PEMs with an inner deuterated and an outermost non-deuterated
part were investigated by neutron reflectometry. The deuterated and non-deuterated
part is differently affected by swelling in 1% RH 30% RH 70% RH and in liquid
D2O. Additionally, the influence of the outermost layer is investigated, by using PEMs
with different termination (either PSS- or PDADMAC-terminated PEMs). Thus, it is
possible to investigate differences in swelling uniformity due to the odd-even effect.

6.2 Results

Figure 6.1: Reflectivity data (left) and SLD profile (right) of the PDADMAC-
terminated PEM D6H8 (top) and the PSS-terminated PEM D6H8.5 (bottom) mea-
sured in 1% RH, 30% RH, 70% RH and in liquid D2O. For sake of clarity the reflectivity
data were shifted by a value of -2 (log(0.01)), -4 and -6.

The PDADMAC-terminated PEM with 6 deuterated bilayers and 8 non-deuterated
bilayers (D6H8) and the PSS-terminated PEM with 6 deuterated bilayers and 8 non-
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conditions D6H8
dNR[nm] SLD [10−6 Å−2] φswell φvoid

1% 63.8 ± 1 1.19 ± 0.03
30% 73.5 ± 3 2.06 ± 0.1 0.13 ± 0.02 0.03 ± 0.01
70% 83.7 ± 1 2.70 ± 0.02 0.24 ± 0.03 0.04 ± 0.01
D2O 121.0 ± 2 4.13 ± 0.1 0.47 ± 0.05 0.08 ± 0.02

conditions D6H8.5
dNR[nm] SLD [10−6 Å−2] φswell φvoid

1% 68.3 ± 1 1.42 ± 0.03
30% 80.1 ± 3 2.32 ± 0.1 0.15 ± 0.02 0.03 ± 0.01
70% 85.6 ± 1 2.75 ± 0.02 0.20 ± 0.03 0.05 ± 0.01
D2O 105.1 ± 2 3.42 ± 0.1 0.30 ± 0.05 0.04 ± 0.01

Table 6.1: Thickness (dNR) and scattering length density (SLD), amount of swelling
water (φswell) and void water (φvoid) of the samples D6H8 and D6H8.5 measured by
neutron reflectometry. The samples were measured in nitrogen with 1% RH, 30% RH,
70% RH and in liquid D2O.

deuterated bilayers (D6H8.5) were investigated by neutron reflectometry. The left
hand site of figure 6.1 shows the neutron reflectivity data and the corresponding fit of
the data for the samples D6H8 and D6H8.5 measured in humid air with 1% RH 30%
RH 70% RH and in liquid D2O. The different RH are produced by mixing dry nitrogen,
with nitrogen which is bubbled through D2O. The data fit is in good agreement with the
measured data. The right hand site of figure 6.1 shows the SLD profile corresponding
to the fitted data. In addition table 6.1 shows the thickness and average SLD of the
entire PEM extracted from the SLD profiles. The thickness is calculated by adding
the thickness of all boxes. The average SLD is determined by calculating the area
under the SLD curve divided by the PEM thickness. From the extracted values for
thickness and average SLD the amount of swelling water and void water according to
eq. 2.5 and 2.6 (see chapter 5.2 or chapter 2.3.4) is calculated and also summarized in
table 6.1.

The average structure of the PEMs The PSS-terminated sample D6H8.5 is in
dry state (1% RH) slightly thicker than the PDADMAC-terminated samples D6H8
because of the additional layer. The average SLD of the PSS-terminated sample is
slightly higher than the average SLD of the PDADMAC-terminated sample; this is
because of a slightly higher PSS/PDADMAC ratio of the PSS-terminated sample
and the fact that the SLD of PSS (SLD ≈ 2×10−6 Å−2) is higher than the SLD of
PDADMAC (SLD ≈ 0.5×10−6 Å−2).
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With increasing RH the thickness and the SLD of the PEMs increases. The reason
is the incorporation of D2O into the PEM due to the swelling process. For measure-
ments carried out in humid air (30% RH and 70% RH) the increase of SLD and thick-
ness does not differ significantly between the PSS-terminated and the PDADMAC-
terminated sample. Furthermore, the amount of swelling water is the same within the
error margin inside PSS- and PDADMAC-terminated PEMs, i.e. no odd-even effect
is observable in humid air.

In liquid D2O the thickness and SLD of the PDADMAC-terminated PEM increase
stronger than the thickness and SLD of the PSS-terminated PEM. In addition, the
amount of swelling water is higher inside the PDADMAC-terminated PEM. In opposite
to the measurements in humid air, an odd-even effect is detectable in liquid D2O.

The amount of void water is constant inside the error margin for all conditions and
both samples, which is consistent with the results form chapter 4 and 5.

The shape of SLD profiles and the water distribution The measurements
carried out in humid air (1% RH 30% RH and 70% RH) show SLD profiles with
similar shape. The SLD decreases for 20-50 nm until the SLD reaches a constant
value. With increasing RH, the absolute SLD increases but the shape of the profile
does not change. In liquid D2O the SLD profile changes. The inner block and outer
block are well pronounced with an Gaussian-like roughness profile between both blocks.
The inner block of the sample D6H8 is about 50 nm thick while the inner block of
the sample D6H8.5 is about 30 nm thick. From the SLD profiles a roughly water
distribution can be calculated. For this purpose the SLD profiles are normalized to
the total thickness. Afterwards, the water profile is calculated by subtracting the
normalized SLD profile of the dried PEM (1% RH) from the normalized SLD of the
in 30% RH, 70% RH or D2O swollen PEM. The left hand side of figure 6.2 shows
the normalized SLD profiles of the samples D6H8 and D6H8.5. The right hand side
of figure 6.2 presents the relative water profiles of the PEMs. The water profiles of
PEMs swollen in humid air show a constant amount of water over the entire thickness
of the PEM. The water is equally distributed.

The water profiles of PEMs swollen in D2O show a non-uniform distribution. Close
to the substrate the amount of water is low. The amount of water inside the PEM
increases with increasing distance away from the substrate until a maximum value
is reached. This maximum appears at about 30% of the normalized PEM thickness,
for both the PSS- and the PDADMAC-terminated PEM. After the maximum, the
amount of water decreases until a constant value is reached. This happens at 50% of
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Figure 6.2: SLD profiles normalized to the total thickness d (left) and water profile
calculated by subtracting the normalized SLD profile of the dried PEM (1% RH) from
the SLD of the in 30% RH, 70%RH or D2O swollen PEM of the samples D6H8 (top)
and D6H8.5(bottom)

the PEM thickness for the PSS-terminated PEM and at 60% of the PEM thickness
for the PDADMAC-terminated PEM. The shape of the water distribution is equally
for the PSS- and the PDADMAC-terminated PEM but the relative amount of water
inside the PDADMAC-terminated PEM is higher.

6.3 Discussion

The values of the average SLD and the PEM thickness are in agreement with the
results of chapter 4. PSS/PDADMAC PEMs show an odd-even effect in liquid water
but not in humid air. The results show that the PDADMAC-terminated PEM takes
up more water than the PSS-terminated PEM in liquid water. For 30% RH and 70%
RH no odd-even effect is detectable. The odd-even effect appears because of an excess
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of PDADMAC inside PDADMAC-terminated PEM. [35] Due to the excess PDADMAC
there is an additional amount of extrinsic binding sites. The extrinsic binding sites
dissociate in water and induce an osmotic pressure, which is balanced out by a higher
amount of absorbed water.

The maximum value of φvoid is reached at 30% RH at higher RH the amount of
void water does not increase anymore. Further, φvoid is independent of the chemical
nature of the outermost layer. This was also shown by Löhmann et al. [129]. They
showed in ellipsometry measurements that the voids are completely filled at relative
humidities higher than 30%.

The most prominent result of the NR measurements is the different shape in SLD
profiles between PEMs measured in humid air and in liquid D2O and the resulting
differences in water distribution inside the PEMs. In humid air the PEM swells uni-
formly. The distribution of water inside the PEM is equally at 30% RH and at 70%
RH.

The water distribution changes in liquid D2O. The most water was present in the
middle of the PEM. Close to the substrate the fewest amount of water was located. In
the outer part of the PEM an intermediate amount of water was found. The differences
in water distribution could be related to the density profile of the PEM. The region
close to the substrate is assumed to be denser than the rest of the PEM. The reason
is a restructuring of the polyelectrolyte chains during the preparation process. [68] A
non-uniform water distribution could result from differences in PEM density. Anyway,
this hypothesis is not valid in this case. A higher density close to the substrate should
also affect the swelling behavior in humid air, which is not the case. However, the
restructuring of the polyelectrolyte chains could have another consequence. Volodkin
et al. [38] suggested that the PE-chains in the restructured zone are mainly intrinsically
connected, while the outer diffusion zone has a high amount of extrinsic binding sites.
As mentioned in the discussion about the odd-even effect (chapter 4.3) the presence
of extrinsic binding sites increases the amount of absorbed water, but only in liquid
water, not in humid air. Probably, just as the higher amount of extrinsic binding
sites inside PDADMAC-terminated PEMs increases the amount of absorbed water in
PDADMAC-terminated PEMs, the distribution of extrinsic binding sites inside the
PEM could cause the non-uniform swelling observed in liquid D2O. Thus, a lower
amount of extrinsic binding sites inside the inner part of the PEM would cause the
detected lower amount of water in this region. Further, the maximum amount of
extrinsic binding sites must be located in the middle of the PEM, because in the
middle of the PEM the amount of water is the highest. In the outer region of the
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PEM must be less extrinsic binding sites than in the middle part but more than close
to the substrate.

The question which arises is why the extrinsic binding sites have no influence in
humid air. Extrinsic binding sites are compensated by small counter ions. The counter
ions induce an osmotic pressure, which sucks in more water with increasing amount
of extrinsic binding sites inside the PEM. Somehow, the osmotic pressure is only
present when the PEM is immersed in water. The osmotic pressure correlates with
the chemical potential, which is the same for liquid water and 100 % RH, i.e. there
is no physical reason for the difference between PEM in 100% RH or immersed into
liquid water. Thus, the chemical mechanism must be different. Apparently, in liquid
water the PEM act like a separating membrane, the counter ions of extrinsic binding
sites dissociate and can move at least partially through the PEM, but cannot leave
the PEM, which induces the osmotic pressure. Probably, the dissociation of counter
ions happens only if the PEM is immersed in liquid water, i.e. the properties of the
water incorporated into the PEM somehow differ in humid air and in liquid water. A
reason could be that the water absorbed in humid air is tightly bound and immobile
like in hydrates. Thus, ions cannot dissolve in this tightly bound immobile water. If
the PEM is immersed in liquid water there occur reservoirs of not bounded mobile
water, counter ions close to these reservoirs can dissociate and are hydrated by the
mobile water. The counter ions induce the mentioned osmotic pressure which causes
the odd-even effect and the non-uniform water distribution.

Though, is the existence of chemically different types of water realistic? The chemi-
cal environment of both types of water should be different; the immobile water must be
bound to the polymer while the mobile water is surrounded by other water molecules.
Therefore, NMR measurements can distinguish between immobile water and mobile
water in PEMs. Schwarz et al. [33] showed that the amount of immobile water inside
PSS/PDADMAC PEMs is independent of the outermost layer. McCormic et al. [96]

showed that the amount of mobile water inside PDADMAC-terminated PEMs is much
higher than in PSS-terminated PEMs. Thus, PSS/PDADMAC PEMs swollen in liquid
water show both, mobile and immobile water, but only the mobile water fraction is
related to the odd-even effect in PSS/PDADMAC PEM, i.e. the osmotic pressure due
to extrinsic binding sites is only induced if mobile water is present.

The assumption, that mobile and immobile water inside PEMs have an influence
on the odd-even effect is supported by the findings of PSS/PAH PEM. The odd-
even effect in PSS/PAH PEMs is visible both in humid air [29] and in liquid water [37].
Further, PSS/PAH PEMs are mainly intrinsically charge compensated. Thus, the
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odd-even effect of PSS/PAH PEMs is not caused by extrinsic binding sites. NMR
shows that the amount of immobile water differs strongly between PSS-terminated
and PAH-terminated PEM. [33] Apparently, the odd-even effect of PSS/PAH PEMs is
induced by immobile water. Therefore it is also detectable in humid air.

Differences in mobile water cause an odd-even effect only in liquid water, while
differences in immobile water cause also an odd-even effect in humid air. The fi-
nal question is, why show PSS/PAH PEMs differences in immobile water, while
PSS/PDADMAC PEMs does not. One reason could be the differences in surface hy-
drophilicity. The differences in contact angle in dependence of the outermost layer are
much higher in PSS/PAH PEMs than in PSS/PDADMAC PEMs. The contact angle of
PSS/PDADMAC PEMs oscillate between 20◦ (PSS-terminated) and 30◦ (PDADMAC-
terminated), while the contact angle of PSS/PAH PEMs oscillates between 20◦ (PSS-
terminated) and 50◦ (PDADMAC-terminated). [74]

6.4 Conclusion

The effect of swelling on the internal and average structure of PEMs was investigated.
Thereby, the result of the entire structure confirmed the results of the ellipsometry
measurements from chapter 4. An odd-even effect occurs: the PDADMAC-terminated
PEM take up more water than the PSS-terminated PEM but only in liquid water, the
odd-even effect is not observable in humid air. In addition, the results of Löhman et
al. could be confirmed. The amount of void water does not increase anymore after
30% RH.

The analysis of the internal structure reveals that in humid air the PEM swells
uniformly. In liquid D2O the water distribution changes completely. The most water
is in the middle of the PEM. Close to the substrate less water is located. In the
outermost zone an intermediate amount of water is located. The differences between
swelling in humid air and in liquid water are assumed to be related to the mobility of
the water. In humid air the absorbed water is strongly bound and immobile, while in
liquid water additionally to the immobile water a fraction of mobile water is absorbed.
Apparently, the amount of absorbed mobile water strongly correlates with the amount
of extrinsic binding sites.

With regard of practical application it is important to know that swelling behavior
significant differs between PEMs swollen in humid air and in liquid water. Because of
the same chemical potential of liquid water and with water saturated air it is usually
assumed that the swelling behavior should be the same. This is obviously not the case
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Chapter 7

The Effect of Temperature Treatment
on the Swelling Behavior of
Polyelectrolyte Multilayers *

Abstract This chapter addresses the effect of thermal treatment on the internal
structure of polyelectrolyte multilayers. Especially, on the swelling behavior in general
and the water distribution, odd-even effect and void water in particular. In order
to get insight into the internal structure of PEMs neutron reflectometry was used.
PEMs with a deuterated inner block towards the substrate and a non-deuterated outer
block were prepared and measured in 1% RH and in D2O before and after a thermal
treatment. Complementarily, PEMs with the same number of layers but completely
non-deuterated were investigated by ellipsometry. The analysis of the overall thickness,
the average scattering length density and the refractive index indicate a degradation
of the PEM. The loss in material is independent of the number of layers, i.e. only
a constant part of the PEM is affected by degradation. The analysis of the internal
structure revealed a more complex influence of thermal treatment on PEM structure.
Only the outermost part of the PEM degenerates, while the inner part becomes denser
during the thermal treatment. Also the swelling behavior of PEMs is influenced by
the thermal treatment. The untreated PEM shows a well pronounced odd-even effect,
i.e. PDADMAC-terminated PEMs take up more water than PSS-terminated PEMs.
After the thermal treatment the odd-even effect becomes much weaker.

*Similar content was published in Zerball, M.; Laschewsky, A.; Köhler R.; von Klitzing, R. The
Effect of Temperature Treatment on the Structure of Polyelectrolyte Multilayers. Polymers 2016,
8(4), 120

67



7.1 Introduction

The previous chapters showed how water distribution, odd-even effect and void water
affect the swelling behavior of PEMs and each other. In this chapter the effect of a
thermal treatment on the swelling behavior is investigated. The properties of PEMs
can be affected by temperature treatment during [19,20,64,80,133] or after [26,27,106,107] the
PEM preparation. In general, an increased temperature during PEM preparation in-
creases the thickness increment per PE layer and extends the non-linear growing phase
of non-linearly growing PEMs. [20,80] In addition, linearly growing PEM systems can be
forced to a non-linear growth. The increase in temperature changes the balance be-
tween polyion-polyion and polyion-counterion interaction and increases the probability
of polymer transport to the surface. The effect of thermal treatment after preparation
is interesting for possible PEM containing devices, e.g., for devices designed for high
operation temperatures. Furthermore, the understanding of the reaction of PEMs on
thermal stress helps to better understand their nature.

The effect of temperature on PEMs was intensively investigated for microcap-
sules. [26,27,28] During the heating of PSS/PDADMAC microcapsules to temperatures
over 65◦C PSS-terminated capsules shrink, while PDADMAC-terminated capsules
swell until they rupture. The different behavior of PSS-terminated and PDADMAC-
terminated capsules was attributed to the different ratio of positive and negative
charges inside the PEM capsules. The PDADMAC-terminated PEM capsules take up
more water during heating to increase the distance between charges, while the more
charge balanced PSS-terminated PEM capsules minimize the polymer water surface.
Unfortunately, the behavior of PEM microcapsules can not be transferred readily to
PEMs attached on a solid substrate. Due to the fixation on the substrate, the PEMs are
less flexible, provide a smaller surface and are sterically hindered. Microcapsules can
respond with changes in wall thickness and changes in capsule diameter, while a PEM
attached on a solid substrate can only react by changes in thickness. Furthermore, the
influence of the substrate itself on the PEM is obvious but not understood yet. QCM-D
measurements show an increasing swelling of PEMs with increasing temperature, but
a rupturing was not reported. [106] For non-linearly growing PSS/PDADMAC PEMs
(prepared at ionic strength >0.1 mol/L) a glass transition temperature at about 50◦C
was determined. Linearly growing PSS/PDADMAC PEMs (prepared without salt)
did not show any transition up to 110◦C. [106] Neutron reflectometry measurements
after a thermal treatment revealed annealing effects related to a loss in swelling, which
was detectable by a decrease in roughness and scattering length density. [107]
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Temperature studies indicate a restructuring of the PEM. [26,27,28,107,134,135,136] The
question arises whether the structure across the PEM perpendicular to the PEM sur-
face changes during thermal treatment. While investigation of the average structure of
PEMs is well established with a high variety of methods (ellipsometry, QCM-D, X-ray
reflectometry, etc.), the access to internal properties is rather difficult. One powerful
technique to probe internal properties is Neutron Reflectometry. [36,97] NR determines
the scattering length density profile across the PEM. In order to get information about
the internal structure of the film, one can change the contrast by controlled deutera-
tion of the specific region, i.e., a specific block. [37,39,99,132,133] Hence, different contrasts
inside PEMs can be achieved without changing their chemical behavior. Thus, the
effect of a thermal treatment on the internal structure can be traced by measuring the
changes in thickness, SLD and roughness of the deuterated and non-deuterated block.

Complementary to neutron reflectometry, ellipsometry was used to investigate ef-
fects on thickness and refractive index before, after and during the temperature treat-
ment. Non-linearly growing PSS/PDADMAC PEMs of two different thicknesses are
studied. In this context, thin refers to PEMs with 20 and 21 single layers while thick
refers to PEMs with 36 and 37 single layers. In addition, the effect of thermal treat-
ment is studied in dependence of polyion type (PSS or PDADMAC) of the outermost
layer.

7.2 Results

7.2.1 The Effect of Thermal Treatment on the Average Struc-

ture of PEMs

Table 7.1 shows the results of ellipsometric and neutron reflectometric measurements.
The PEMs were measured in dried nitrogen (1% RH) and in water (H2O for ellipsome-
try and D2O for NR), before (b.t.) and after (a.t.) the thermal treatment. The neutron
reflectivity curves are discussed in detail in the next section. Although ellipsometry
and neutron reflectometry were carried out with different samples, the measured thick-
nesses are in good agreement within the expected error. At 1% RH, the thick PEMs
(36/37 layers) are thicker than the thin PEMs (20/21 layers). Furthermore, the PSS-
terminated samples are slightly thicker than the PDADMAC-terminated ones because
of the additional layer. The refractive index of all samples is the same, which indicates
a similar density of all samples. The average SLD of the PSS-terminated samples
is slightly higher than the average SLD of the PDADMAC-terminated samples; this
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conditions 20 layers
delli [nm] nelli dNR[nm] SLDNR [10−6 Å2]

1 % b.t. 31 ± 1 1.54 ± 0.01 32.8 ± 0.7 1.55 ± 0.03
water b.t. 55 ± 3 1.468 ± 0.005 56.6 ± 0.9 3.6 ± 0.1
1 % a.t. 29 ± 1 1.52 ± 0.01 24.9 ± 0.5 1.13 ± 0.02

water a.t. 53 ± 2 1.462 ± 0.004 54.1 ± 0.8 3.9 ± 0.1
conditions 21 layers

delli [nm] nelli dNR[nm] SLDNR [10−6 Å2]
1 % b.t. 37 ± 1 1.55 ± 0.01 40.0 ± 0.8 1.71 ± 0.04

water b.t. 60 ± 3 1.488 ± 0.004 59.8 ± 0.9 3.3 ± 0.1
1 % a.t. 34 ± 1 1.52 ± 0.01 31.2 ± 0.6 1.12 ± 0.02

water a.t. 59 ± 3 1.472 ± 0.003 60.6 ± 0.9 3.7 ± 0.1
conditions 36 layers

delli [nm] nelli dNR[nm] SLDNR [10−6 Å2]
1 % b.t. 92 ± 4 1.553 ± 0.003 90 ± 2 1.11 ± 0.02

water b.t. 164 ± 6 1.470 ± 0.002 174 ± 4 4.02 ± 0.07
1 % a.t. 89 ± 4 1.544 ± 0.003 79 ± 2 0.97 ± 0.02

water a.t. 142 ± 5 1.486 ± 0.002 136 ± 3 3.47 ± 0.08
conditions 37 layers

delli [nm] nelli dNR[nm] SLDNR [10−6 Å2]
1 % b.t. 94 ± 3 1.559 ± 0.002 105 ± 3 1.21 ± 0.02

water b.t. 154 ± 4 1.483 ± 0.001 165 ± 5 3.3 ± 0.1
1 % a.t. 91 ± 3 1.553 ± 0.001 94 ± 2 1.06 ± 0.02

water a.t. 147 ± 4 1.488 ± 0.001 162 ± 5 3.2 ± 0.1

Table 7.1: Thickness (d), refractive index (n) and scattering length density (SLD) of
the samples measured by ellipsometry and neutron reflectometry. The samples were
measured in dried nitrogen (1% RH) and in water (H2O for ellipsometry and D2O for
NR) before (b.t.) and after (a.t.) the temperature treatment.

is because of a slightly higher PSS/PDADMAC ratio of the PSS-terminated samples
and the fact that the SLD of PSS (SLD ≈ 2×10−6 Å−2) is higher than the SLD of
PDADMAC (SLD ≈ 0.5×10−6 Å−2). The average SLD of the thin PEMs is higher
than the one of the thick PEMs because of the relative larger amount of deuterated
layers.

After the thermal treatment, thickness, refractive index and SLD of all samples
decrease in 1% RH. A decrease in SLD and refractive index is typical for a decreased
density. If accompanied with a decreased thickness, a decreased density indicates a loss
of material. The absolute decrease in thickness caused by the thermal treatment is the
same for all samples, i.e., irrespective of the type of outermost layer and the number of
layers. According to the NR data, the absolute loss in thickness is about 9 nm for all
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samples. The ellipsometric data also show constant though lower decreased thickness
of about 3 nm after the thermal treatment. Obviously, the thermal treatment affects
only a constant outermost part of the PEM.

Complementary to the measurements at 1% RH, the PEMs were investigated in
water (H2O for ellipsometry and D2O for NR) before and after the thermal treat-
ment. Before the thermal treatment, the PEMs swell as shown in the last chap-
ters. The thickness of the PDADMAC-terminated PEMs increases more as the thick-
ness of the PSS-terminated PEMs, the refractive index behaves oppositely, i.e., the
PDADMAC-terminated PEMs takes up more water than the PSS-terminated PEMs.
This phenomenon is called odd-even effect, and it is intensively discussed in litera-
ture. [29,33,35,96,137] The values for thickness and refractive index in dried and swollen
state are in good agreement with the results from chapter 4.

The discussion about the swollen PEMs after the thermal treatment has to be
distinguished between thin (20/21 layers) and thick (36/37 layers) PEMs. The swollen
thin PEMs show after the thermal treatment a slightly lower thickness than before
the thermal treatment. The average SLD of the thin samples measured in D2O is
higher after the thermal treatment than before, while the refractive index behaves the
opposite. Both indicate a higher water uptake and consequently lower density of the
PEM. The lower density together with the slightly lower thickness indicate a loss of
material, which is in agreement with the results from the measurement in 1% RH.

The swollen thick PEMs exhibit a lower thickness after thermal treatment. In
opposition to the thin samples, the average SLD of the swollen thick PEMs decreases
after the thermal treatment, while the refractive index increases. The decreased thick-
ness together with the decrease of the average SLD, and the increase of the refractive
index indicate an increased density. The change in average SLD and refractive index
is much more pronounced for the thick PDADMAC-terminated sample. In contrast,
dried PEMs behave oppositely, the change in thickness, SLD and refractive index
indicate decreases in density during the thermal treatment.

For a better understanding of the swelling process, a more detailed examination of
the swelling behavior before and after the thermal treatment is necessary. The total
amount of water, which is absorbed by a PEM during the swelling process is separated
into swelling water and void water. Swelling water increases the thickness of the PEM,
void water does not influence the thickness but the SLD of the PEM. The neutron data
are used to calculate the swelling water and void water of the PEMs in the following
manner:

The swelling water is calculated by:
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conditions 20 layers 21 layers
φswell φvoid φswell φvoid

D2O b.t. 0.42 ± 0.04 0.02 ± 0.01 0.33 ± 0.04 0.03 ± 0.01
D2O a.t. 0.54 ± 0.05 0.00 ± 0.01 0.48 ± 0.04 0.01 ± 0.01

conditions 36 layers 37 layers
φswell φvoid φswell φvoid

D2O b.t. 0.48 ± 0.04 0.06 ± 0.01 0.38 ± 0.04 0.03 ± 0.01
D2O a.t. 0.42 ± 0.05 0.03 ± 0.01 0.42 ± 0.04 0.00 ± 0.01

Table 7.2: The swelling water (φswell) and void water (φswell) before (b.t.) and after
(a.t.) thermal treatment, calculated from dNR and SLD.

φswell =
dswollen − ddry

dswollen

(7.1)

where dswollen is the thickness in D2O and ddry the thickness of the dried PEM.
According to previous publications [22,93,137,138], the amount of void water depends on
the polymer fraction x of the dried PEM, which is calculated in the following manner:

x =
SLDdry

SLDD2O

− SLDswollen − φswellSLDD2O

(1− φswell)(SLDD2O)
+ 1 (7.2)

where SLDdry is the SLD of the dried PEM, SLDswollen is the SLD of the swollen
PEM and SLDD2O the SLD of D2O (6.36×10−6 Å−2). The model assumes that the
dry PEM has a volume ratio of voids (1 − x ) which is filled with vacuum. Due to
the fact that the PEM swells by φswell, the volume ratio of the voids φvoid decreases
by factor (1 − φswell). Hence, the amount of void water inside the swollen PEM is
calculated by:

φvoid = (1− φswell)(1− x) (7.3)

The role of void water inside PEMs was recently reviewed. [93] Furthermore, a
method to calculate the amount of void water from ellipsometry data was recently
reported. [137] Because of the low number of individual samples and the lower accuracy
of void water calculated from ellipsometry data, void water and swelling water are
only calculated from NR data in this study.

Table 7.2 shows the swelling water and void water of the investigated PEMs cal-
culated from NR data. As already mentioned, the water content in PDADMAC-
terminated PEMs is higher as in PSS-terminated PEMs. The amount of void water
before the thermal treatment agrees with previous studies. [22,137] After the thermal
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treatment the water content of the thin samples increases strongly in comparison
to the water content before the thermal treatment. Furthermore, the amount of
void water decreases, but the difference is within the error margin. The strong in-
crease in absorbed water indicates a lower density of the PEMs. Furthermore, the
difference in swelling water between the thin PDADMAC-terminated PEM and the
PSS-terminated PEM decreases from 9% before the thermal treatment to 5% after
the thermal treatment, which indicates a weaker odd-even effect between the thin
PDADMAC-terminated and PSS-terminated PEMs. The effect of the thermal treat-
ment on the amount of swelling water inside the thick PEMs is less pronounced than
for the thin PEMs. The water content of the thick PSS-terminated PEM is constant
within the error margin, while the water content of the thick PDADMAC-terminated
PEM decreases after the thermal treatment. The amount of void water decreases
for both the PSS-terminated and the PDADMAC-terminated PEM. In addition, the
differences in swelling water between the thick PDADMAC-terminated PEM and the
PSS-terminated PEM decreases to zero, which indicates a vanishing of the odd-even ef-
fect between the thick PDADMAC-terminated and PSS-terminated PEMs. The effect
of the thermal treatment on the odd-even effect is discussed later in detail.

Figure 7.1: Change of thickness and refractive index over time during the temperature
treatment measured by ellipsometrie of samples with a) 36 layers and b) 37 layers.
The measurement began at 25◦C then the temperature was increased to 65◦C where
it persists for 2h. Then the temperature was decreased back to 25◦C

Due to the speed of a single ellipsometry measurement, it is possible to carry out
kinetic measurements of PEMs during the temperature treatment. Figure 7.1 shows
exemplary the change of thickness and refractive index over time during the temper-
ature treatment of the two thick samples swollen in water. The measurements are
divided into five phases: (I) starting phase at 25◦C; (II) heating phase with increasing
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temperature up to 65◦C; (III) constant temperature phase for 2 h at 65◦C; (IV) cooling
phase with decreasing temperature down to 25◦C; (V) final phase with constant 25◦C.

For each constant temperature regime (phase I, III, V), a plateau value for both
thickness and refractive index is reached. From 25◦C to 65◦C, the refractive index
increases and the thickness decreases. After cooling down to 25◦C, the thickness fur-
ther decreases and the refractive index increases. The described changes in thickness
and refractive index due to thermal treatment are independent of the outermost layer.
Nevertheless, the change is more pronounced for the PDADMAC-terminated PEM.
Therefore, the difference in swelling water between PSS-terminated and PDADMAC-
terminated PEMs is after the temperature treatment less than before. The changes
in thickness and refractive index are monotonous during cooling, while they are non-
monotonous during heating. The over/undershoot of thickness and refractive index
indicate a short term swelling of the PEM after starting to heat, which is more pro-
nounced for the 37 layers thick PEM.

In summary, the measurements of the average structure of the PEMs show that
both thickness and refractive index of dried samples is decreased after thermal treat-
ment, what indicates degradation. Obviously, the degradation affects only a constant
outermost part of the PEM. Therefore, the thin PEMs are more strongly affected
from the relative loss of thickness by the thermal treatment, which is detectable by
a stronger relative decrease in thickness, refractive index and SLD. Furthermore, the
amount of swelling water strongly increases the thermal treatment. The thick samples
are relatively less affected by the degradation. Furthermore, the thick samples show
hints of a PEM densification. In the swollen state, the refractive index increases and
SLD decreases. An additional hint for densification of the samples is given by the
decreased amount of void water after the thermal treatment. Obviously, both loss in
material and densification takes place during thermal treatment, and the whole pro-
cess of thermal treatment is more complex as previously studies described. [26,107] It is
assumed that densification and degradation take place in different regions of the PEM.

7.2.2 The Effect of Thermal Treatment on the Internal Struc-

ture of PEMs

Figure 7.2 shows the NR data fitted by an n-box model (between 20 and 40 boxes)
of the thin samples D6H4, D6H4.5 and of the thick samples D6H12 and D6H12.5
measured at 1% RH and in D2O before and after thermal treatment. Figure 7.3 shows
the resulting SLD profiles of the measured samples. For better comparability to the
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Figure 7.2: Neutron data of a) D6H4, b) D6H4.5 c) D6H12 and d) D6H12.5. The
circles represent the measured data while the solid lines correspond to data fit. For
sake of clarity the data were shifted by a value of -2 (log(0.01)), -4 and -6.

ellipsometric data, the SiOx/PEM interface is defined as z = 0. The measurements
carried out in 1% RH show the expected SLD profile, with a higher SLD of the inner
block and a lower SLD of the outermost block. Furthermore, the PEMs show nearly the
same roughness in dried nitrogen, i.e., there is no roughness odd-even effect as recently
observed. [137] After the thermal treatment, the samples D6H12 and D6H12.5 show in
1% RH nearly the same roughness as before the treatment. In contrast, the samples
D6H4 and D6H4.5 show after the thermal treatment a higher roughness than before
the thermal treatment. The samples D6H4 and D6H4.5 are also the more degraded
samples. Apparently, the strong degradation increases the roughness of dried PEMs.
The measurements in D2O show that before the thermal treatment, the roughness of
the PEMs increases due to the swelling. More water is absorbed by the PDADMAC-
terminated PEMs than by the PSS-terminated PEMs. Consequently, the roughness of
PDADMAC-terminated PEMs also increases more strongly during swelling. After the
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Figure 7.3: SLD profiles of a) D6H4, b) D6H4.5 c) D6H12 and d) D6H12.5 according
to the fitted reflectivity data shown in figure 7.2.

thermal treatment, the roughness measured in D2O decreases for all samples i.e., the
thermal treatment causes a smoothening of the surface. A smoothening of the surface
is an indication for a densification of the PEMs.

For easier comparison of the different blocks, the distance z from substrate was
normalized to the total thickness of the respective PEM d (Figure 7.4), which corre-
sponds to the total PEM thickness shown in Table 7.1. After the thermal treatment of
all PEMs, the block structure is still observable in 1% RH, although less pronounced
than before the thermal treatment. The effect is more pronounced for the thin PEMs
D6H4 and D6H4.5 than for the thick PEMs D6H12 and D6H12.5. Apparently, the
deuterated part of the PEM mixes with the non-deuterated part of the PEM at least
partially. Furthermore, the average SLD decreases, which suggests a loss of material.

The discussion of the effect of thermal treatment on swollen PEMs has to distin-
guish between thin and thick PEMs. Surprisingly, the block structure of thin PEMs
is not observable after the thermal treatment. In comparison to the measurement
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Figure 7.4: SLD profiles normalized to the total thickness d of a) D6H4, b) D6H4.5
c) D6H12 and d) D6H12.5

in D2O before the thermal treatment, the average SLD of the inner block decreases
slightly while the SLD of the outer block increases. In respect to the dried PEMs, the
increase in SLD due to swelling increases of the outermost block but decreases of the
innermost block after the thermal treatment, i.e., the inner block swells less than the
outermost block. Consequently, it is assumed that the temperature affects the inner
and outermost part differently, whereas the term ”part” is used in a general case and
does not necessarily match our block size. The treatment increases the density of the
inner part, while the density of outer part decreases due to degradation.

The swollen thick PEMs preserve the block structure after the thermal treatment
but much less pronounced than before the thermal treatment. The outermost block
of the PSS-terminated PEM shows after the thermal treatment a slightly higher SLD
than before the thermal treatment, while the SLD of the inner block decreases after the
thermal treatment. The outermost block of the PDADMAC-terminated PEM shows,
after the thermal treatment, a slightly lower SLD than before the thermal treatment,
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Figure 7.5: Water profile calculated by subtracting the normalized SLD profile of the
dried PEM (1%RH) from the SLD of in D2O swollen PEMs of the samples a) D6H4,
b) D6H45, c) D6H12, d) D6H12.5

while the SLD of the innermost block decreases strongly due to the thermal treatment.
In both cases, the SLD difference between the inner and outer block decreases in
comparison to the measurement in D2O of the non-treated PEMs. This is also because
of densification of the inner part and degradation of the outermost part of the PEMs.

Figure 7.5 shows the water profile of the samples calculated by subtracting the
normalized SLD profile of the dried PEMs from the normalized SLD profile of in
D2O swollen PEMs, for the measurements before the thermal treatment and after the
thermal treatment. Before the thermal treatment, the thin samples show less water
close to the substrate. The amount of water increases until a constant value is reached.
In opposite to the thicker samples discussed in chapter 6 (D6H8 and D6H8.5) the
samples D6H4 and D6H4.5 does not show the most water in the middle of the PEM.
After the thermal treatment the amount of water inside the thin samples increases.
This indicates a less compact PEM structure due to the degradation of the PEM.
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The thick samples D6H12 and D6H12.5 show before the thermal treatment the
most water in the middle of the PEM, and the least water close to the substrate.
This is similar to the samples D6H8 and D6H8.5 from chapter 6. After the thermal
treatment both samples show a more equal water distribution. There is still less water
close to the substrate but in the middle of the PEM is no additional water. The reason
for the change in water distribution could be a change in the amount and distribution
of extrinsic binding sites inside the PEM.

7.3 Discussion

7.3.1 Destruction and Densification of the PEMs

The analysis of the average PEM structure indicates that two processes affect the
PEMs during temperature treatment, degradation and densification. The analysis of
the internal PEM structure indicates a partial degradation of the outermost part of
the PEM and densification of the inner part.

The degradation of the PEM is indicated by the fact that the average SLD, re-
fractive index and thickness of the PEMs measured in dried state decrease after the
thermal treatment. Furthermore, it was concluded that the degradation affects only
the outermost part of the PEM, which is detectable by two observations. First, the
absolute loss in thickness is about 9 nm for all samples independent of the number
of layers and the type of the outermost layer. Furthermore, the refractive index de-
creases at the same time, which is a clear hint for material loss. Kinetic ellipsometry
measurements show that the thickness and refractive index of the PEMs reach a con-
stant value during the constant temperature regime of 65◦C, i.e., the equilibrium is
reached. Second, the neutron data show that mainly the outermost block of the par-
tially deuterated PEMs is affected by degradation. The analysis of the SLD shows
that thermal treatment causes a stronger swelling of the outer block than of the inner
block. To summarize, these results indicate a degradation of the outer zone of all
PEM.

The densification is indicated by a decrease of SLD and an increase of refractive
index of the thick swollen PEMs after the thermal treatment, which indicates a lower
amount of absorbed water and consequently a higher density. It is concluded for all
samples that the densification affects mainly the inner part of the PEMs, which is
detectable by a stronger swelling of the outer block in comparison to the inner block
after the thermal treatment. In addition, the partial mixing of the deuterated and
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non-deuterated block provides an indirect indication for densification. Densification
presupposes an increased mobility of PE chains so that the PE chains can arrange into
a more compact conformation. In addition, earlier studies reported densification of
PEMs. [107] Steitz et al. heated PSS/PDADMAC PEMs up to 40◦C. The PEMs showed
lower SLD in D2O and a decreased roughness but no degradation of the PEM took
place. Apparently, degradation of the PEM only appears above a critical temperature,
while densification always takes place. In the present study, the PEMs were heated
up to 65◦C, which is obviously high enough to cause degradation. An effect of the
temperature on the amount of absorbed water was also detected for PLL/case in
PEMs. [139]

The degradation of a constant outermost part suggests a correlation with the type
of growth. Most of the PEMs initially grow non-linear until a transition point is
reached where the growth changes to a linear one. In addition, the investigated PEMs
show an initial non-linear growth. The non-linear to linear growth transition is at
about 20 layers. [35,137] Consequently, the thin samples are close to the transition point
while the thick samples are clearly in the linear growing regime. The currently most
favored approach to describe the non-linear to linear growth transition is to assume
that the PEM as divided into an outermost less compact diffusion zone and a denser
buried restructured zone. [68] The diffusion zone initially grows non-linearly until a
critical thickness is reached, where the diffusion zone does not grow anymore. If the
diffusion zone reaches its maximal thickness, the deepest buried layers begin to form
the restructured zone, which grows linear. Apparently, the thermal treatment affects
mainly the diffusion zone. The outer part of the diffusion zone is degenerated by
the thermal treatment, while the inner part restructures and increases the size of the
restructured zone. In a recent review, Volodkin et al. [38] suggest that the charges
in the diffusion zone are mainly extrinsically compensated, while the charges in the
restricted zone are intrinsically compensated. In the restructured zone, the polyelec-
trolyte chains are maximal crosslinked because of direct polyion-polyion interaction.
In the diffusion zone, the amount of polyions-polyion bindings is lower. Instead, the
charges are extrinsically compensated due to polyion-counterion interaction. There-
fore, in this region, the PEM is softer, and less stable. An increase in temperature
changes the balance between polyion-polyion interaction and polyion-counterion inter-
action towards the polyion-counterion interaction. Therefore, in the diffusion zone the
number of polyion-polyion connections decreases and a dissolving of polyelectrolytes
become more likely. Ghostine et al. [35] showed that PSS/PDADMAC PEMs contain
extrinsic binding sites . The amount of negative binding sites is constant and indepen-
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dent of the outermost layer after 16 single layers (for PEMs prepared with 0.1 mol/L
NaCl), while the amount of positive extrinsic binding sites depends on the layer num-
ber and the chemical nature of the outermost layer. The amount of positive extrinsic
binding sites increases in a zig-zag shape, PDADMAC-terminated PEMs contain more
positive extrinsic binding sites, than PSS-terminated PEMs. The latter shows only
positive extrinsic binding sites after about 20 layers. Because the degradation appears
in a constant part of the PEM, it is obvious that, for the degradation process, only
the existence of extrinsic charge compensation is essential, and the amount of extrinsic
binding sites has no effect on the total amount of lost material.

The block structure of the PEMs after the thermal treatment is less pronounced
than before the thermal treatment but still present, i.e. either only a part of the
material inside the PEM is capable to freely move through the polymer matrix, or
the restructuring process is not finished after 2 h (in opposite to the degradation
process). The kinetic ellipsometry measurements show that the densification process
is finished within the time of the temperature treatment. The refractive index and
thickness show a constant value at the end of the constant temperature regime at
65◦C. Therefore, the assumption of a higher mobility of only a part of the PEM seems
more appropriate. Furthermore, this assumption is in agreement with the theory that
the restructured zone grows due to the thermal treatment. The incorporation of non-
deuterated material into the deuterated block would decrease the average SLD even if
the material becomes denser. In summary, the restructured zone grows due to thermal
treatment, while the diffusion zone degenerates.

7.3.2 The Weakened Odd-Even Effect

PSS/PDADMAC PEMs show an odd-even effect. PDADMAC-terminated PEMs take
up more water than PSS-terminated PEMs. The odd-even effect is caused by the higher
amount of positive extrinsic binding sites inside PDADMAC-terminated PEMs. [35]

Surprisingly, the odd-even effect appears only if the PEM is immersed into liquid
water, but not at high RH. [137] The reason for this difference could be that, only in
water, the ions in the polyion-counterion binding dissociate, thus inducing an osmotic
pressure. The osmotic pressure is compensated by a higher water uptake.

The odd-even effect can also be created during the PEM build-up, especially if
at least one of the polyelectrolytes is a weak one, [61,102,140] for short chain polyelec-
trolytes, [141] at high salt concentration or if large ions are added. [23] In these studies, it
could be shown that the complexation between the adsorbing polyelectrolyte and the
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formerly adsorbed polyelectrolyte is stronger than their adsorption to the PEM sur-
face. In the present study, both polyanions and polycations are strong, and the PEMs
are prepared at intermediate salt concentrations (0.1 mol/L NaCl). This system does
not show any degradation in presence of one of the polyelectrolyte solutions. [141] The
odd-even effect can not be explained by long-range interactions with the substrate due
to two reasons: (1) Branched PEI was used as the first layer, which overcompensates
for the charge immediately and levels off all substrate effects as potential and rough-
ness etc.; (2) Even in the case that the surface potential of the substrate would be
partially present, the interaction is strongly screened due to the low dielectric per-
mittivity (εr about 20–30) of the PEM [142,143] and the presence of counter ions. The
Debye length is quite short (in the range of nanometers). Here, the odd-even effect is
a water swelling effect.

The results indicate a weakening of the odd-even effect due to the thermal treat-
ment. For the thick samples, the weakening of the odd-even effect is obvious. The
amount of absorbed water of the PDADMAC-terminated PEM decreases strongly af-
ter the thermal treatment, while the amount of absorbed water of the PSS-terminated
PEM does not change. Before the thermal treatment, the PDADMAC-terminated
PEM absorbs 10% more water than the PSS-terminated PEM. After the thermal
treatment, the difference is close to zero. For the thin PEMs, the weakening of the
odd-even effect is less obvious because the amount of swelling water increases for both
PEMs. Nevertheless, the difference decreases. Before the thermal treatment the dif-
ference in water uptake between the PDADMAC-terminated and the PSS-terminated
PEM is 9%, after the thermal treatment the difference is only 5%, i.e., the odd-even
effect becomes weaker. Furthermore, the relative degradation of the 20 layers thick
PEM is stronger than the relative degradation of the 21 layers thick sample (25% for
20 layers 21% for 21 layers). Because the degradation also causes a lower density of
the PEM, a more degraded PEM also absorbs more water, i.e., the reduced water
uptake caused by a weakened odd-even effect is partly counteracted by a stronger wa-
ter uptake caused by a stronger relative degradation of the PDADMAC-terminated
PEM in comparison to the PSS-terminated PEM. Furthermore, the change of water
distribution inside the PEMs indicate a decrease of extrinsic binding sites inside the
PEM due to the thermal treatment.

The question which arises is why is the odd-even effect weakened. The most obvi-
ous answer would be that the amount of positive extrinsic binding sites decreases. The
excess of positive binding sites is due to an excess of PDADMAC inside PDADMAC-
terminated PEMs. Therefore, a probable explanation for the weakened odd-even effect
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could be simply the release of excess PDADMAC. When the amount of excess PDAD-
MAC is lowered, the odd-even effect should become weaker. However, a higher release
of material in comparison to the PSS-terminated sample during the thermal treatment
should amplify the decrease of SLD and refractive index, which was not observed.
The decrease in SLD and refractive index is the same for all samples. The only way to
assume a weakening of the odd-even effect due to exposure of excess PDADMAC is to
assume that the excess of PDADMAC is mainly located on the surface of the PEM. If
the excess PDADMAC were located on the surface of the PEM, the average SLD and
refractive index of the PEM would not be influenced by a release of the PDADMAC.

7.4 Conclusion

The thermally induced structural changes of polyelectrolyte multilayer in dependence
of the outermost layer were investigated by neutron reflectivity and ellipsometry.
Thereby, the inner and outer parts were observed independently due to partial deuter-
ation of the PEM. The inner block of the PEMs was deuterated while the outermost
block was non-deuterated. The thermal treatment causes a partial intermixing of the
block structure. Furthermore, the PEMs are affected by two processes simultaneously;
a densification and a degradation of the PEM.

The absolute decrease in thickness due to the thermal treatment is similar for all
investigated PEMs, which indicates that only a constant outermost part degenerates.
It is assumed that the degradation process only influences the diffusion zone of the
PEM. The inner part of the PEM densifies due to thermal treatment. The densification
mainly affects the restructured zone of the PEM.

In addition, the thermal treatment also influences the swelling behavior of the
PEMs. While before the thermal treatment the PDADMAC-terminated PEMs con-
tain much more swelling water than the PSS-terminated PEMs, after the thermal
treatment, the differences in swelling water between PSS-terminated and PDADMAC-
terminated PEMs decrease slightly for the thin PEMs and vanishes completely for the
thick PEMs. Apparently, the odd-even effect becomes weaker due to the thermal
treatment. The odd-even effect is caused by excess PDADMAC which can be found
in PDADMAC-terminated PEMs. The reason might be that the excess PDADMAC
is expelled due to the thermal treatment.
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Chapter 8

Summary and Outlook

8.1 Summary and Conclusion

The response of PEMs on external stimuli is from greatest interest for fundamental
research and applicable use. In this thesis different aspects of the swelling behavior of
PSS/PDADMAC PEMs were investigated: the distribution of water inside the PEM,
the amount of void water inside the PEM and the odd-even effect, i.e. the dependence
between swelling behavior and chemical nature of the outermost layer.

The first part of the thesis (chapter 4 and 5) was focused on the interaction be-
tween swelling water and void water. First the influence of the outermost layer and
the number of layers on the amount of void water and swelling water inside polyelec-
trolyte multilayers was investigated. For that purpose PSS/PDADMAC PEMs were
studied in air with 1% RH, 30% RH , 95% RH and in liquid water by ellipsometry,
atomic force microscopy and x-ray reflectometry. The total amount of absorbed water
in swollen PEMs is divided into two fractions, the void water and the swelling wa-
ter. Therefore, it is necessary to separate both fractions correctly. In order to allow
measuring samples over a larger thickness regime the investigation of a larger amount
of samples is required. Therefore, the concept of separating void water from swelling
water using neutron reflectometry was transferred to ellipsometry. The subsequent
analysis of swelling water and void water revealed that the amount of void water is in-
dependent of the number of deposited layers and the chemical nature of the outermost
layer. On the other hand, the swelling water depends on the chemical nature of the
outermost layer; an odd-even effect is detectable. PDADMAC-terminated PEMs take
up more water than PSS-terminated PEMs. Further, the odd-even effect is dependent
on the surrounding medium. It only appears in liquid water not in humid air (95%
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RH). The odd-even effect is related to the osmotic pressure between the PEM and the
surrounding water.

Then the change of void water and swelling water at low relative humidity was
studied more in detail. While the amount of swelling water in dependence of the RH
increases continuously up to 100% RH, the amount of void water does not change above
30% RH. Therefore, the RH region between 1% and 30% was investigated. The PEMs
were measured at 1% RH, 6% RH, 12% RH and 23% RH, adjusted with respective
salt solutions. In addition, the PEMs were measured in liquid D2O to measure the
maximum amount of void water and swelling water. The amount of void water and
swelling water increases parallel with increasing RH. The amount of void water at 6%
RH was already 60% of the maximum amount of void water. At 23% RH, the voids
inside the PEM are nearly completely filled. The filling of the voids with increasing
RH can be considered as an adsorption isotherm. From the adsorption isotherm a void
size of around 0.3-0.9 nanometer is assumed. Which is in accordance with the pore
size found in previous studies, which is about 0.8 nm for PSS/PDADMAC PEMs and
0.7-1.0 nm for PSS/PAH PEMs. This small size indicates a distribution of void water
over the entire PEM.

The second part of the thesis (chapter 6) focused on the contribution of water
inside PEMs. For this purpose it is necessary to probe the internal structure of PEMs.
In order to get insight into the internal structure, PEMs with a deuterated inner block
close to the substrate and a non-deuterated outer block were prepared and investigated
by neutron reflectometry (NR). The PEMs were measured in dried state, at 30% RH,
70% RH and in liquid D2O. Thus, it was possible to monitor the swelling behavior of
the entire PEM, as well as the swelling behavior of the inner and outermost region.
The analysis of the entire PEM structure confirms the results from the first part of the
theses. An odd-even effect occurs but only in liquid water. In humid air an odd-even
effect is not detectable. Further, the amount of void water is constant above 30% RH
and in liquid D2O. The most prominent result is the different shape in SLD profiles
between PEMs measured in humid air and in liquid D2O and the resulting differences
in water distribution inside the PEMs. In humid air the PEMs swells uniformly. In
liquid D2O the most water was found in the middle of the PEM, while the least water
was located close to the substrate. The effect is more pronounced for PDADMAC-
terminated PEMs. Apparently, the non-uniform swelling in liquid water is related to
the odd-even effect. The odd-even effect is caused by different amount of extrinsic
binding sites inside PSS-terminated and PDADMAC-terminated PEMs. Therefore,
it is possible that the non-uniform water distribution inside PEMs swollen in liquid
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water is related to the distributions of extrinsic binding sites inside the PEM. That
the contribution of the extrinsic binding sites to the amount of absorbed water is only
detectable in liquid water is assumed to be related to the mobility of the water. In
humid air, the absorbed water is strongly bound and immobile, while in liquid water
additionally to the immobile water a fraction of mobile water is absorbed. Apparently,
the amount of adsorbed mobile water strongly correlates with the amount of extrinsic
binding sites. In this context the difference between the odd-even effect of PSS/PAH
PEMs and the odd-even effect in PSS/PDADMAC PEMs is more comprehensible.
NMR measurements show in PSS/PDADMAC PEMs differences in mobile water but
no differences in immobile water between PSS- and PDADMAC-terminated PEMs.
For PSS/PAH PEMs differences in immobile water between PSS-terminated and PAH-
terminated PEMs were found. Therefore, it can be concluded that the odd-even effect
in PSS/PDADMAC PEMs (which only appears in liquid water) is driven by mobile
water, while the odd-even effect in PSS/PAH PEMs is driven by immobile water.

The last chapter addresses the effect of thermal treatment on the internal structure
of polyelectrolyte multilayers. Especially, on the swelling behavior in general and the
water distribution, odd-even effect and void water in particular. In order to get access
to the internal properties of the PEMs the same approach as in chapter 6 were used.
PEMs with a deuterated inner block towards the substrate and a non-deuterated
outer block were investigated by neutron reflectivity. The PEMs were measured in
1% RH and in D2O before and after a thermal treatment. Complementarily, PEMs
with the same number of layers but completely non-deuterated were investigated by
ellipsometry. The analysis for the overall thickness, the average scattering length
density and the refractive index indicate a degradation of the PEM. The loss in material
is independent of the number of layers, i.e. only a constant part of the PEM is
affected by degradation. The analysis of the internal structure revealed a more complex
influence of thermal treatment on PEM structure. Only the outermost part of the PEM
degenerates, while the inner part becomes denser during the thermal treatment. Also
the swelling behavior of PEMs is influenced by the thermal treatment. The untreated
PEM shows a well pronounced odd-even effect, i.e. PDADMAC-terminated PEMs
take up more water than PSS-terminated PEMs. After the thermal treatment the
odd-even effect becomes much weaker.

The most important contributions to the swelling behavior, the odd-even effect,
the void water and the water distribution affect each other in different ways. On one
hand, the amount of void water and the filling of voids are independent of the water
distribution inside the PEM further it is not influenced by the chemical nature of

87



the outermost layer. On the other hand, the odd-even effect and the distribution of
water inside the PEM are strongly connected. Both are affected by the amount and
distribution of extrinsic binding sites inside the PEM. However the most prominent
result of the thesis is the difference between PEMs swollen in humid air and in liquid
water. Only in liquid water the odd-even effect appears and only in liquid water a
non-uniform water distribution was detected. With regard of practical application it
is important to know that swelling behavior significant differs between PEMs swollen
in humid air and in liquid water. Because of the same chemical potential of liquid
water and with water saturated air it is usually assumed that the swelling behavior
should be the same. This is obviously not the case.

8.2 Outlook

The present thesis showed the importance of internal properties for the understanding
of water distribution, odd-even effect and amount of void water inside PEMs. However,
an interesting approach to get more information about the water distribution is the
investigation of partially deuterated PEMs in zero-water, i.e. a mixture of H2O and
D2O (92:8) with an SLD of zero. The SLD profile of a PEM swollen in zero-water shows
all structural changes of the PEM. Subtracting the SLD profiles of a PEM measured
in D2O from a PEM measured in zero-water equates to the water distribution inside
the PEM.

Also the distribution of extrinsic binding sites inside PEMs could be probed by NR.
Extrinsic binding sites are compensated by small counter ions. The small counter ions
can be exchanged by ions which strongly interact with neutrons, e.g. small deuterated
organic ions, like deuterated acetate. The ions would increase the SLD in the region
where the PEM shows a high number of extrinsic binding sites.

Further, the temperature treated PEMs could be investigated more in detail. The
structural changes during temperature treatment are composed from three different
effects, the densification of the inner part, the degeneration of the outer part, and the
partial intermixing of the deuterated and non-deuterated block. It was not possible
to determine the exact quantity of every contribution. Especially the intermixing was
problematic; this process could not be separated from the densification and degener-
ation. Nestler et al. [144] showed a way to limit diffusion inside a PEM by a layer of
branched PEI in the middle of the PEM. Temperature treated PEMs with a deuter-
ated and non-deuterated block should only show densification and degeneration but
no intermixing.
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PEMs are interesting candidates for several applications. Therefore, the response
of PEMs to external stimuli is important to know. Thus, a device with a PEM as
central part has also to work in different environments. This thesis shows, how PEM
parameters, like thickness, roughness and optical properties changes reversibly and
irreversibly due to changes of the environmental humidity and temperature. These
variations have to be considered for the construction of PEM containing devices.
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Appendix A

Supporting Information

Comparison between Garnet-Equation and Linear Cor-

relation

Figure A.1: Change of dielectric constant (ε) (a) and refractive index (b) in dependence
on the water content calculated by the garnet equation and from the linear correlation.
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Voids Error Propagation

To calculate the error propagation the formula has to be partially derivated for all
measured values. For the error of the swelling water φswell have to be considered ddry

and dswollen:

φswell =
dswollen − ddry

dswollen

(A.1)

Δφswell =

∣∣∣∣
∂φswell

∂ddry

∣∣∣∣Δddry +

∣∣∣∣
∂φswell

∂dswollen

∣∣∣∣Δdswollen (A.2)

Δφswell =

∣∣∣∣
−1

dswell

∣∣∣∣Δddry +

∣∣∣∣
ddry

dswell
2

∣∣∣∣Δdswell (A.3)

For calculating the error of polymer fraction Δx the swelling water φswollen, the
refractive index in dried state ndry and the refractive index in swollen state nswollen

have to be considered:

x =
ndry

nwater − nair

− nswollen − φswellnwater

(1− φswell)(nwater − nair)
+ 1 (A.4)

Δx =

∣∣∣∣
∂x

∂nswollen

∣∣∣∣Δnswollen +

∣∣∣∣
∂x

∂ndry

∣∣∣∣Δndry +

∣∣∣∣
∂x

∂φswell

∣∣∣∣Δφswell (A.5)

Δx =

∣∣∣∣
−1

(1− φswell)(nwater − nair)

∣∣∣∣Δnswollen +

∣∣∣∣
1

nwater − nair

∣∣∣∣Δndry

+

∣∣∣∣
−nwaterφswell − nwater(1− φswell) + nswollen

(nwater − nair)(1− φswell)2

∣∣∣∣Δφswell

(A.6)

To find the error for the amount of void water Δφvoid the polymer fraction x and
the swelling water φswell comes into account:

φvoid = (1− φswell)(1− x) (A.7)

Δφvoid =

∣∣∣∣
∂φvoid

∂φswell

∣∣∣∣Δφswell +

∣∣∣∣
∂φvoid

∂x

∣∣∣∣Δx (A.8)

Δφvoid = |1− x|Δφswell + |1− φswell|Δx (A.9)
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X-Ray Reflectometry Data

Figure A.2: XRR data and fit of PEMs with 5-31 deposited layers measured at 1%
RH. For better visualization only every 5th data point of measured data is shown in
the diagram.
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Figure A.3: XRR data and fit of PEMs with 5-31 deposited layers measured at 30%
RH. For better visualization only every 5th data point of measured data is shown in
the diagram.
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