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Symbols
a

Kuhn length

am

monomer length

α

excluded volume expansion factor

Ai

area of the i-th mode in the power spectral density

b

cantilever width

βi

dampling coefficient in the oscillator model

d

dimension of the space

D

surface- resp. probe-sample-separation

∆

minimum obtainable surface separation

e

elementary charge ( = 1.609 10-19 C)

ε

dielectric constant of the medium

ε0

vacuum dielectric constant

E

Young’s modulus

E (r )

electric field at the position r

η

viscosity

ηfl

viscosity of the fluid around the cantilever

f

fraction of charged monomers per polyelectrolyte chain

F(D) distance dependent surface force
F(x, t) external applied force per unit length acting on the cantilever
F+

attractive force per monomer

Fosm

osmotic force (caused by osmotic counterion pressure)

Fstretch elastic force
Fv

excluded volume repulsive force

G

free energy

γ −1

decay length of an exponential decaying function

Γ

surface coverage (i.e. coverage area per unit area)

Γ(ω)

hydrodynamic function, Γ(ω) = Γr(ω) + i Γi(ω)

h

cantilever thickness

I

bulk salt concentration in medium (i.e. ρ ∞ measured in moles per litre)

I

moment of inertial

k

cantilever spring constant
i

kB

Boltzmann’s constant

κ −1

Debye length

Ki

i-th modified Bessel function of second kind

l

length of the cantilever

lB

Bjerrum length

L

brush thickness

LC

contour length

Lel

electrostatic blob contour length

Lp

persistence length (including all contributions)

Lp,0

intrinsic persistence length

Lp,el

electrostatic contribution to the persistence length

λ

deflection length

mi*

effective cantilever mass in the oscillator model

µ

cantilever mass per unit length

nx/y

pixel count of the AFM image in x- respectively y-direction

υ

excluded volume of a monomer

N

degree of polymerization

Ω(ω) hydrodynamic correction function
p(D)

force per unit area / disjoining pressure

ϕi

phase shift in the oscillator model

φ (r )

volume fraction of monomers in a solution

ψ (x)

electrostatic potential

qi(t)

time-dependent part of the i-th cantilever mode

Qi

quality factor of the i-th cantilever mode

r

radial distance

R

(perturbed) average end-to-end distance

R

colloidal probe radius

Rg

radius of gyration

R0

average end-to-end distance

Rg,0

radius of gyration of an ideal chain

Re

Reynolds number

ρ

cantilever density

ρfl

density of the fluid around the cantilever

ii

ρi ( r )

(number) density of the i-th species at the position r

ρ i,∞

bulk (number) density of the i-th species

ρm (r ) (number) density of monomers at the position r

s

distance between grafting points resp. pseudo-tails

S

entropy

σ

surface charge density

σBase standard deviation of a certain force profile
σΕ

Euler’s constant ( = 0.57721)

σRMS rms-roughness
t

time

T

temperature

τ

line charge density (= f / am)

v

scaling factor

vi

charge valency of the i-th species

U

inner energy

w(D) interaction energy per unit area
W

interaction potential

Wi

potential energy of the i-th cantilever mode

ωi,fl

resonance frequency of the i-th cantilever mode, immersed in a medium

ωi,force resonance frequency of the i-th cantilever mode under load
ωi,res

frequency of maximum amplitude in the oscillator model

ωi,vac

resonance frequency of the i-th cantilever mode without any losses (vacuum)

z

distance perpendicular to a surface

z(x, t) cantilever deflection
z(x, y) height map in AFM imaging
z*(x, t) cantilever inclination, z*(x, t) = dz/dx
zDefl

deflection of the cantilever ( = z(L, t))

Zi(ω) amplitude answer function of the deflection of the i-th mode
zPZT

extension of the z- piezo element

χi

inclination correction factor of the i-th cantilever mode

iii

Abbreviations
AdG

theory of Alexander and de Gennes

AFM

atomic force microscopy

CC

constant charge boundary condition

CP

constant potential boundary condition

CP

colloidal probe

CPT

colloidal probe technique

CR

charge regulation boundary condition

DH

Debey-Hückel (theory or equation, respectively)

DL

(electrostatic) double layer

FJC

freely jointed chain

InvOLS

inverse optical lever sensitivity

MWC

theory of Milner, Witen, Cates

NB

neutral brush

NM

neutral mushroom

PAH

poly(allylamine)hydrochloride

PB

Poisson-Boltzmann (theory or equation, respectively)

PLL

poly-l-lysine

PSS

poly(styrene sulfonate)

SFA

surface forces apparatus

SPM

scanning probe microscope

STM

scanning tunneling microscope

vdW

van der Waals

WLC

worm like chain
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Chapter 1. Introduction
Adsorbed polyelectrolytes (PEs) are used in a multitude of traditional applications (e.g. as wet
and dry strength additives), but also in basic research in connection with material and the life
sciences [Yoo2006, Hiller2002]. In these fields one often takes advantage of the fact that
polyelectrolytes bear ionisable groups (incorporated within the monomeric units) which can
be charged in aqueous solutions and which lead to a strong affinity towards oppositely
charged surfaces.
Additionally, by sequential adsorption of oppositely charged polyelectrolytes onto surfaces
[Decher1992a, Decher1997, Caruso1998, Dubois2006] it is also possible to build
polyelectrolyte multilayers (PEMs) onto solid substrates. The thickness of such PEMs can be
influenced e.g. by the number of adsorption steps, the polyelectrolytes used and the internal
properties of the adsorption solution (e.g. ionic strength, temperature and pH-value). Hence, a
control of the layer thickness with nm-precision is possible [Decher1992b], if the dependence
of the PEM growth on the preparation conditions is known.
In order to understand and optimize the properties of adsorbed polyelectrolyte layers for the
desired application, many theoretical [Netz2003, Holm2004, Podgornik2006, Dobrynin2008]
and experimental [Brezesinksi2003, deMeijere1997, Günther2009] efforts have been done in
the past years. For example, it is theoretically well established that the adsorption of
polyelectrolytes can be understood in terms of entropy: In aqueous solution most surfaces are
charged, which can be often related to the high dielectric constant of water (cf. Section 3.2).
However, electro-neutrality requires that the overall charge of the system has to vanish, which
means that the surface charges have to be neutralized by the oppositely charged counterions.
Obviously, the surfaces can be either neutralized by N counterions (per unit area) or by a
single polyelectrolyte molecule with N charges. The latter is entropically favourable and
promotes the polyelectrolyte adsorption [Fleer1993].
Interestingly, one usually observes that this process is accompanied by a charge reversal, i.e.
often more polyelectrolyte chains as necessary for a neutralization of the surface charges are
physisorbed (charge overcompensation). Due to these surfaces charges, one would expect
that the distance dependent forces acting between two polyelectrolyte covered surfaces should
be dominated by an electrostatic repulsion (cf. double layer repulsion, Section 3.2) and that
information about the conformation of the physisorbed polyelectrolytes might be apparent by
additional, non-electrostatic contributions to the surface forces.
In this context, the direct measurement of those surface forces have proved to be a very
1

powerful technique for the investigation of physisorbed polyelectrolytes [Claesson2005,
Butt2005, Borkovec2008]. For example, by employing such techniques it is experimentally
established that the surface forces between polyelectrolyte layers physisorbed from salt-free
solution are indeed often dominated by a double layer repulsion which indicates that the
polyelectrolytes adsorb in a rather compact conformation [Claesson1994, Claesson2005,
Berndt1992, Pericet-Camara2006a]. (Please note, that a requirement for this conclusion is
given by the charge reversal and thus, additional contributions (e.g. patch charge attraction)
may be observed for polyelectrolyte layers physisorbed below its saturation surface coverage
[Popa2010a].) Additionally, measurements indicate that usually most of the physisorbed
polyelectrolyte is confined in a thin layer with a thickness on the order of a few nanometers
[Lowack1998, Pericet-Camara2006a, Günther2009] which is completely in agreement with
theoretical considerations and attributed to the strong electrostatic attraction acting between
the monomers and the surface charges [Borukhov1998, Netz1999, Netz2003].
On the other hand, it is well known that the addition of salt to the adsorption solution is
accompanied by an increase in electrostatic screening (cf. Section 3.2), which generally
reduces the range and magnitude of all electrostatic forces present in the system. Obviously,
as the electrostatic attraction between the polyelectrolyte and the oppositely charged surface is
also decreased by this process, a pronounced influence on the polyelectrolyte adsorption is
expected. More precisely, using semi-analytical models it can be shown that the adsorption of
a polyelectrolyte chain into a compact layer is only possible, if the increase in free energy
(which is due to the strong confinement of the chains into the compact layer) is at least
balanced by a gain in electrostatic energy upon adsorption (cf. Section 3.3.3). However, for
very strong electrostatic screening this gain will be too small and hence, this balance cannot
be fulfilled anymore. Therefore, theories which include only electrostatic forces as attractive
interaction between the polyelectrolytes and the substrate (or the PEM, respectively) show a
pronounced adsorption-desorption transition if the salt concentration in the adsorption
solution exceeds a critical value [Netz1999, Netz2003].
However, this theoretical behaviour is in contrast to almost all experimental data published,
which usually show an increase in polyelectrolyte surface coverage Γ if the salt concentration
is increased. Interestingly, one often observes that the surface coverage increases with
Γ ~ I Ads

[Schmitt1996,

Cosgrove1986,

Ahrens2001,

Gopinadhan2007,

Yim2000,

Steitz2000, Cornelsen2010, Böhmer1990, Hesselink1977], whereby this scaling is
independent on the polyelectrolyte used and thus seems to be an example for an universal
scaling behaviour ([deGennes1979, Cardy1996]). Up to now, it is completely unknown how
2

the structure of single physisorbed layer rearranges in order to achieve this increase in surface
coverage upon addition of salt to the deposition solution (or, casually speaking, how and
where the additional monomers are incorporated into the polyelectrolyte layer).
Interestingly, direct force measurements might give an opportunity to investigate this
interesting condensed matter problem. For example, in their pioneering work Luckham and
Klein were able to show that the addition of 0.1 M KNO3 to the salt solution changes the force
profiles between poly-L-lysine covered mica surfaces from pure electrostatics to long
ranged steric forces, which indicates that (at least) some polyelectrolyte chains adsorb in a
non-flat conformation onto the surface [Luckham1984]. Yet, on first approach, an
irreversible compression of the layers occurred, which rendered the quantification of these
experiments difficult. This property is perhaps the main reason, why up to now no systematic
measurements have been performed on such-like physisorbed polyelectrolytes, although their
deposition conditions are technically very important. Additionally, due to the lack of
experimental data no real quantification of this class of surface forces has been performed and
thus, little is known about the physics in such systems.
Obviously, to avoid the irreversible compression of the layer (which hinders a systematic
analysis) it is necessary to reduce the applied force. This is achieved in this thesis by usage of
the colloidal probe technique (CPT), whereby cantilevers with extremely soft springs are
employed. The force resolution is further increased by a home-written software, which allows
to average over several 100 single force curves. Both approaches lead to an ultimate
resolution limit of 1 pN in the measured force profiles, a value which is usually inaccessible
in ordinary CPT measurements.
The aim of the thesis is to apply this high-resolution technique to surfaces covered by
polyelectrolytes and to investigate, how the structure of the physisorbed layers (e.g. their
surface coverage and conformation) is affected by the addition of salt to the deposition
solution. In this way, it might be possible to gain more insight into the forces ruling the
adsorption of polyelectrolytes onto oppositely charged surfaces, which could give evidence to
improve current theories concerning polyelectrolyte adsorption. Furthermore, the systematic
variation of polyelectrolyte properties (e.g. their repetition unit, their degree of
polymerization N etc.) might allow to (i) discover parameters showing universal behaviour
and (ii) to revise the physical picture developed for the physisorbed layers.

3

The outline of this thesis is as follows:
- Chapter 2 and 3 will shortly introduce the most important aspects of polymer theory, which
are necessary to understand the direct force measurements. In detail, Chapter 2 will restrict
itself on the conformation of polymers in solution, whereas Chapter 3 briefly reviews the
fundamentals of forces which arise if charged ions, neutral polymers or charged
polyelectrolytes (polyions) are confined between two surfaces. This also includes a
discussion of the different classes of chain conformation, which are observed after
adsorption or grafting of the polymer to a surface.
- Chapter 4 will introduce the reader the experimental techniques, which are related to atomic
force microscopy (AFM) and colloidal probe technique (CPT). Here, the common
approaches are described as well as those techniques, which were developed in the course of
this work (i.e. criteria for a suitable averaging, the averaging algorithm employed and
colloidal probe tapping mode, CPTM).
- In Chapter 5, the data from direct force measurements, their interpretation and discussion
will be given. As all polyelectrolytes are physisorbed to silica surfaces, it is very important
to determine their surface properties (e.g. surface charge density), which will be done in
Section 5.1 (measurement of the surface forces between bare silica surfaces). In Section 5.2,
the silica is covered by linear polyelectrolytes, which are physisorbed from a salt-free
deposition solution. Here, it is expected that an ordinary double layer repulsion dominates
the force profiles (cf. Section 3.2), which is indeed observed. In the following sections, the
structure of the polyelectrolyte layers physisorbed in presence of salt will be investigated in
detail, whereby in each section a different parameter is systematically varied:
(a) Section 5.3: variation of the monomer, e.g. styrene sulfonate, allyamine etc.
(b) Section 5.4: comparison of symmetric and asymmetric surfaces setup and variation of
the length scale of the probe (in CPT and CPTM)
(c) Section 5.5: variation of the degree of polymerization N
(d) Section 5.6: variation of the salt concentration IAds in the deposition solution
Each of these systematic variations will lead to different force profiles acting between the
surfaces, which allows to test current polymer theories (cf. Section 3.3) and hence, which will
provide valuable information about the structure of the physisorbed layers.

4

Chapter 2. Conformation of Linear Polymers in Solution
A linear polymer is a macromolecule composed of a linear chain of repeating structural units
which are called monomers. The number of monomers per macromolecule is denoted as
degree of polymerization N. The monomers may bear an electrolyte group which is able to
dissociate in aqueous solutions giving a charge to the monomer. Therefore one can distinguish
neutral from charged polymers (polyelectrolytes). The degree of dissociation and hence the
charge may depend on the pH of the aqueous solution. Thus one can divide polyelectrolytes
into strong (charge independent on pH) and weak polyelectrolytes (charge depends on pH).

2.1 Conformation of linear neutral polymers: the freely jointed chain
The easiest model to describe the conformation of a neutral polymer is the freely jointed chain
(FJC, cf. Fig. 2.1, left) [Fleer1993], which treats the polymer as a sequence of N steps of fixed
length a, which is often called Kuhn length. Please note, that the Kuhn length is not
necessarily equal to the distance b between two monomers and usually one observes that the
Kuhn length a is a multiple of b.
Interestingly, in absence of any net force acting on the monomers, the conformation of the
FJC is given by a simple random flight of N steps [deGennes1979]. Using basic statistics one
can calculate that in this case the average end-to-end distance R0 is simply given by

R02 =< R 2 >= a 2 N ,

(2.1)

which is connected to the radius of gyration Rg,0 (which is the root-mean-square distance of
the monomers from the centre of gravity of the polymer) by

Rg,0 = R0 / 6 .

(2.2)

Interestingly, these results do neither depend on the dimension of the space (the polymer is
located in) nor on the microscopic properties of the chosen polymer and are examples for a
universal (scaling) behaviour of polymers [deGennes1979]. Additionally, one can show that
the universal and constant scaling exponent of 0.5 for R0 and Rg,0, respectively, is a direct
result of the disregard of any monomer interaction, which is physically equivalent to a
polymer chain that is able to interpenetrate itself (as no steric repulsive interaction is included
in the considerations).
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Fig. 2.1: The freely jointed chain model (left) treats the polymer as a sequence of N steps
of fixed length a. Obviously, the angular correlation between the monomers is lost after
travelling the Kuhn length a, which initiated the development of the wormlike chain
(right). In this model, the distinct steps are replaced by a continuous chain, whose angular
correlation range is given by the persistence length Lp.

Although this picture seems to be quite unphysical, Flory was able to show that polymers
indeed adopt this conformation (and hence this scaling behaviour) under certain conditions
[Flory1969]. In this case, the chain is denoted to behave as an ideal chain (ideal behaviour)
and the solution is called theta solvent. Obviously, a theta solvent can be found if the net
interaction on each monomer vanishes, i.e. if all monomer-monomer-, monomer-solvent- and
solvent-solvent-interactions are identical. However, any net force acting on the monomers
will affect the chain conformation and hence the polymer properties (cf. Section 2.3). In the
following, these “perturbed” properties will be distinguished from the properties of ideal
chains by a 0 in the subscript of the property (cf. Eq. 2.1 and 2.2).

2.2 Conformation of linear neutral polymers: the wormlike chain
Obviously, in FJC model the angular correlation between the monomers is lost after travelling
the Kuhn length a, which is quite unphysical. Therefor Kratky and Porod developed the more
realistic model, the wormlike chain (WLC, cf. Fig. 2.1, right) [Porod1949, Kratky1949]. Here
the random flight is replaced by a continuous chain which has the same chain length LC = a N,

6

but the average angular correlation depends only on the distance of the monomers (with
respect to the contour length) and decays exponentially with this distance, i.e.
< et (r1 ) ⋅ et (r2 ) >= e

−|r1 − r2 |/ Lp

(2.3)

In this model, the decay length Lp is denoted as persistence length and gives the length scale
over which the angular correlations between the monomers is lost. It can be shown that the
average end-to-end distance R for a WLC is given by

L
−L / L 
R 2 = 2 L2p  C − 1 + e C p 
L

 p


(2.4)

Furthermore, Benoit and Doty calculated the radius of gyration:
Rg2 =

Lp
2
C

3L

(L

3
C

(

− 3L2C Lp + 6 LC L2p − 6 L3p 1 − e

− LC / Lp

)) .

(2.5)

Obviously, there are two limiting cases: Lp << LC and Lp ≈ LC. In the first case, Eqs. 2.4 and
2.5 reduce to

R 2 = 2 LC Lp

and

Rg2 =

1
LC Lp
3

(2.6)

which shows that for Lp << LC the FJC and WLC give the same results, if the Kuhn length is
set to twice the persistence length, i.e. a = 2 Lp [Kuhn1934]. For large Lp the WLC behaves
like a stiff rod leading to
R = LC

and

Rg = LC / 12 .

(2.7)

2.3 Excluded volume and swelling effects
In Section 2.1 it is shown that in the ideal case (no net interaction on the monomers) R0 and
Rg,0 scale with N1/2. Additionally, it is discussed that the presence of monomer-monomer- and
monomer-solvent-interactions has an influence on the chain conformation, which leads to
swelling or collapse of the chain and hence to a different scaling law. This behaviour will be
briefly reviewed in this section.
7

First of all, monomers exhibit a certain volume (called the “excluded volume”) which is not
available for other monomers and thus which might be regarded as repulsive monomermonomer-interaction. Examples for attractive monomer-monomer-interactions are dispersive
(van der Waals) or hydrophobic forces.
In order to obtain a relation between those interactions and the chain conformation, Flory
developed a mean field theory which is able to describe swelling and shrinking of polymer
chains [Flory1969]. In this theory any potential acting on the monomers is replaced by an
effective potential and hence monomer fluctuations and correlations are lost in this picture (as
criticised by de Gennes [deGennes1979]).
Using this theory, Flory calculated the average end-to-end distance by minimizing the free
energy of a the chain and showed that for repulsive monomer-monomer-interaction the
monomers try avoid each other. Therefore, the chain tries to stretch (in order to maximise the
distance between the monomers), but this stretching is accompanied by a loss in entropy (due
to the decreased conformational freedom). Hence, the static conformation of the chain will be
realized if the elastic force of the chain (due to the loss in entropy on stretching) is balanced
by an osmotic force (due to excluded volume effects and monomer-monomer-repulsion). This
leads to an scaling for the perturbed average end-to-end distance R
R~Nv

(2.8)

which depends on the dimension d of the space the chain is allowed to extent within as given
by [deGennes1979, Cardy1996]
v = 3 / (d+2).

(2.9)

This result is very close to experimental and “computational” studies, which have the same
value for d = 1 and differ less than one percent for d = 2, 3. Obviously, the addition of an
repulsive monomer-monomer-interaction leads to a scaling exponent, which is larger than 0.5
(observed for ideal chains in theta solvent). Hence, compared to theta conditions the chain
appears to be more extended in solution and thus to be swollen.
However, without monomer-monomer-repulsion only the excluded volume will prevent the
collapse of the chain, leading to [Netz2003]
R ~ N 1/3.
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In literature, there are two ways described to incorporate swelling or collapsing of polymer
chains. One way is to introduce these effects in an expansion factor α, which is defined by
R = α R0,

(2.10)

and which has to be derived by theoretical considerations. For example, this approach will be
used at the end of Section 2.4 to calculate the extend of polyelectrolytes in dependence of the
solution properties.
Furthermore, it is also possible to include swelling effects by an increase in the persistence
length Lp: Here, Lp is often understood as a superposition of an intrinsic (Lp,0) and a “swollen”
term (Lp,sw), i.e. Lp = Lp,0 + Lp,sw.

2.4 Polyelectrolytes
The excluded volume expansion factor α is very important for polyelectrolytes. Here, the
monomers bear a similar charge and due to the Coloumb repulsion there is a much stronger
monomer-monomer-repulsion compared to neutral polymers. In a salt-free solution the
electrostatic interaction between two point charges of valency z1 resp. z2 is given by
W(r) = z1 z2 lB / r,
whereas lB is the Bjerrum length, defined as [Netz2003]
lB = e2/(4πεε0kBT).

(2.11)

This length scale gives the distance at which the Coloumbic interaction between two unit
charges equals the thermal energy kBT and is for aqueous solutions at room temperature lB ≈
0.71 nm.
However, in most practical systems salt is present in the aqueous solution and this salt will
dissociate in solution leading to the presence of mobile ions. Dissimilar ions (called counterions) will by attracted by the charged monomers leading to a screening of Coloumbic
interaction (cf. Chapter 3.2):
W (r ) =

z1 z 2lB −κr
e .
r

(2.12)
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The length scale κ−1 introduced by Eq. 2.12 is called Debye length and is given by

κ 2 = 8π v 2 ⋅ lB ⋅ ρ ∞

(2.13)

whereas ρ ∞ denotes the bulk salt concentration of a v : v salt (cf. Section 3.2). Obviously,
the monomer-monomer-repulsion can be effectively screened by addition of salt to the
solution. To decide, if the Coloumbic interaction is strong or weak, a comparison to the
thermal energy is reasonable.
Consider only a part of the polyelectrolyte chain with chain length Lel < LC. For a weak

Coloumbic interaction the monomers will not be able to align against the Brownian motions.
Hence they show a behaviour similar to an ideal chain and the volume occupied by the chain
can be estimated using the radius of gyration. Using this volume, one can calculate the chain
length Lel where the electrostatic energy (stored within this volume) is on the order of the
thermal energy and one arrives at [Netz2003]

(

Lel ≈ Lp,0 lB Lp,0τ 2

)

−2 / 3

.

(2.14)

where Lp,0 denotes the intrinsic persistence length (i.e. the persistence length of the bare,
uncharged polymer backbone) and τ the line charge density (i.e. charge normalized to the
distance between two charges of the polyelectrolyte).
Hence, for Lel > Lp,0 the Coloumbic interaction between adjacent monomers is weak and this
part of the polyelectrolyte will exhibit a coiled conformation (the length-scale Lel might be
used to estimate the size of these “electrostatic blobs”).
However for Lel < Lp,0 there is a strong monomer-monomer-repulsion leading to a stretched
chain. Odjk and Houwaart [Odijk1978] and Fixman and Skolnick [Fixman1978] realized
independently that this stretching can be modelled by a electrostatic contribution Lp,el to the
(intrinsic) persistence length Lp,0 leading to an (effective) persistence length of
Lp = Lp,0 + Lp,el

(2.15)

whereas the electrostatic contribution can be well approximated by
Lp, el ≈

l Bτ 2
4κ 2

.

(2.16)
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Rel ~ (Lp,0 Lel)v

Lel > Lp,0

Lel < Lp,0

Fig. 2.2: In case of low electrostatic repulsion (Lel > Lp,0, for definitions see text) between
adjacent monomers (left), the monomers are not able to align against the thermal movement
(symbolized by the curved line) and hence, blobs are created (dashed circle). However, as
each blob stores an electrostatic energy on the order of kBT, they are aligned (circles). Hence,
although the monomers are not aligned on the length scale of a blob, the chain itself may
appear stretched. However, if the electrostatic repulsion is further increased, less and less
monomers are required to store kBT of energy in one blob. Hence, exceeding a certain value
(right) the adjacent monomers will strongly repel each other, leading to a stretched
conformation (cf. the line) between adjacent monomers and a large persistence length Lp.

Furthermore both groups used the Yamakawa-Tanaka equation to calculate the excluded
volume expansion coefficient to [Sun2004]

α = 0.541 + 0.459 ⋅ (1 + 6.04 ⋅ Z el ) 0.46
Z el =

33 / 2 π 1 / 2
16κ

  4π 
1  L1C/ 2


ln
σ
+
−
 

E

2  L3p/ 2
  lBκ 

with

.

(2.17)

Here σE denotes the Euler’s constant, which is given by σE = 0.57721.

2.5 Change in free energy and entropy on confinement
A “stable” conformation of the polymer chain is reached if its free energy F exhbits a
minimum. At constant temperature T and for constant inner energy U (Orr theory, [Orr1947])
this is mostly accompanied by a maximum in entropy S (as F = U – T S). Therefore, a
confinement of a chain, which generally causes a decrease in conformational freedom and
hence in entropy, is associated with an increase in free energy.
Consider a polymer chain confined within a tube of diameter D. For a tube large compared to
the persistence length, i.e. D >> Lp (cf. Fig. 2.3, left), the chain is able to form blobs. Inside
these blobs the chain “feels” no confinement and the monomers behave as if there is no
confining tube.
11

Thus the size of the blobs will be on the same order as D and using scaling arguments one can
calculate the increase in free energy [deGennes1979, vanderMaarel2008]
1/ v

L 
∆F
≈ N  p 
k BT
D

(2.18)

where v denotes the scaling exponent and Lp the (effective) persistence length of Section 2.4.
For a thin tube, i.e. D << Lp (cf. Fig. 2.3, right), the chain is unable to form blobs and there is
a strong confinement. Odijk introduced for this case a new length scale, the deflection length
λ given by

λ ≈ D 2 / 3 Lp1/ 3 < Lp ,

(2.18)

and showed that within the tube the (effective) persistence length is to be replaced by the
deflection length. Due to the confinement he calculated the increase in free energy
[Odijk1983]
∆F LC Lp
≈
ln .
k BT
λ
λ

(2.19)

blobs

D > Lp

D < Lp
λ
D

D

Fig. 2.3: If the polymer is confined in a tube with a large diameter D (with respect to the
persistence length Lp, left), the chain is able to create blobs inside the tube. Thus, the
polymer conformation can be understood as a sequence of neighbouring blobs, so that the
increase in free energy per chain can be simply derived using scaling arguments
[deGennes1979]. However, if D is much smaller than Lp (right), the polymer behaves
surprisingly like a WLC with an apparent persistence length given by the deflection length
λ ≈ D 2 / 3 Lp1/ 3 , which is always smaller than Lp [Odijk1983]. This shows that under

confinement even very stiff chains might exhibit a small apparent persistence length.
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Chapter 3. Surface Forces Mediated by (Poly-)Ions or Neutral Polymers
This chapter will briefly review the fundamentals of forces which arise if charged ions,
neutral polymers or charged polyelectrolytes (polyions) are confined between two surfaces.
Here, we will focus on forces which are electrostatic or steric in origin and hence neglect e.g.
dispersion (van der Waals), bridging or stretching forces (see [Butt2005, Butt2010,
Israelachvili1991, Borkovec2008] for a comprehensive review of surface forces).

3.1 Derjaguin approximation [Israelachvili1991]
The force arising between two surfaces will obviously depend in most cases on the geometry
of the involved surfaces. For example, it is reasonable to expect that the force acting between
planar surfaces doubles if the interaction area is doubled. Furthermore, the calculation of
surface forces can be significantly simplified if surface geometries with certain symmetries
have been chosen. For example, within this chapter most calculations will be performed for
the interaction of two infinitely extended, planar surfaces. Although this geometry often gives
the simplest calculations, it cannot be realized experimentally as (i) it is impossible to built
infinitely extended surfaces and (ii) it is virtually impossible to achieve a parallel alignment of
two planar surfaces.
However, Derjaguin compared the interaction between surfaces in dependence on their
geometry and fortunately, he was able to show that the force F(D) acting between a spherical
probe with radius R and a planar sample is proportional to the interaction energy per unit area
w(D) acting between the same but planar surfaces (cf. Fig. 3.1.1) [Derjaguin1934]:
F ( D ) = 2 π R ⋅ w( D ) .

(3.1)

This approximation is valid if
(i) the force per unit area, p ( D) = −

d
⋅ w( D) , between the planar surfaces belongs to a twodD

body force,
(ii) the probe curvature radius R is large compared to the probe-sample-separation D and the
range of the force,
(iii) the configuration of the system (between the surfaces) is the same for planar and
spherical surfaces.
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F(D)
p(D)
R

Derjaguins
approximation
D

D

Fig. 3.1.1: Derjaguins approximation shows that (under the conditions discussed in the text)
the force F(D) acting between a spherical probe with radius R and a planar sample is
proportional to the interaction energy per unit area w(D) acting between the same but
planar surfaces, i.e. F ( D) = 2 π R ⋅ w( D) [Derjaguin1934]. This is a very useful relation,
because the situation on the left is usually realized in direct force measurements, whereas the
geometry on the right side is often much easier to treat theoretically.

The first requirement shows that the specific nature of the interaction is of minor importance
as long as it belongs to a two-body force (e.g. gravitational or electrostatic forces), which
makes Dejaguin’s approximation to a very powerful tool in colloid physics. Interestingly, this
equation might be also useful for many-body forces (e.g. van der Waals forces), although one
has to keep in mind, that the result of Eq. 3.1 is only an approximation for those forces.
The second requirement is necessary for the derivation of Eq. 3.1 and makes sure that the
spherical surface appears planar on the length scale of the interaction.
The third requirement is necessary as a change in the geometry of a system might also change
the conformation of the system. For example, it was shown in Chapter 1 that the polymer
conformation depends strongly on monomer-monomer-interactions and spatial confinement
of the polymer. Hence, if polymers are grafted at one end to a surface (with high grafting
density), the conformation of the grafted chains will strongly depend on the geometry of the
surface: for planar surfaces the available area will be independent on the distance z
perpendicular to the surface, whereas it will increase with z 2 for spherical surfaces (cf. Fig.
3.1.2). Thus the grafted polymers will be less confined on spherical surfaces (compared to
planar ones), which leads to different chain conformations and hence to different surface
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forces on compression. This shows that the applicability of Dejaguin’s approximation has to
be reconsidered if the configuration of the system depends on the geometry of the surfaces.
Obviously, Derjaguin’s approximation is a very useful relation as it allows an easy
quantification of the measured surface forces: First, the force per unit area p(D) acting
between the planar surfaces is calculated. Afterwards w(D) is obtained by integration of p(D)
D

w( D) = ∫ p( D' )dD'
∞

and Derjaguin’s approximation can be applied to relate the measured force profile F(D) with
the theoretical predictions of w(D). This approach has the advantage that planar surfaces are
often more easy to model whereas force measurements are easily performed between curved
surfaces. Furthermore, Eq. 3.1 shows that the surface force F(D) between a spherical probe
and a planar sample becomes independent on the curvature radius R, if F ( D) / R is considered,
which allows a comparison of surface forces measured with different spherical probes.
This feature is the motivation for direct force measurement techniques like the Surface Forces
Apparatus (SFA, [Tabor1969, Israelachvili1973]) or the colloidal probe technique (CPT,
[Ducker1992, Meagher1995]). In both techniques, one of the surfaces is mounted onto a
spring and the distance dependent force between both surfaces is measured by application of
Hooke’s law to the deflection of the spring.
In SFA measurements the curvature radius is on the order of several cm, leading to rather
large forces and hence to the usage of real macroscopic springs (with spring constants k in the
range of 100 – 105 N/m). In contrast to this, the CPT uses small beads (e.g. made of silica or
polysterene) with a curvature radius of approx. some µm, which are glued to the end of a
tipless AFM cantilever (microscopic spring). Due to the small curvature radii employed in
CPT experiments, one usually uses rather soft cantilevers with spring constants k in the range
of 0.01 – 10 N/m.
The rest of this chapter will discuss the nature and properties of electrostatic, steric and drag
forces. Technical details on the CPT can be found in Chapter 4 (preparation of colloidal
probes and characterization of the cantilever properties), whereas in Chapter 5 it will be
shown, how CPT measurements are performed and quantified.

15

L
R

Fig. 3.1.2: For the application of Derjaguins approximation, it is necessary that the
conformation of the system is not affected by the curvature of the probe. Consider for
example an end-grafted polymer brush, whose brush thickness L is comparable to the
curvature radius R. The conformation of this system is strongly influenced by the repulsion
acting between adjacent chains. However, while in the planar geometry (left) the chain
distance is independent on the distance to the surface, it shows a noticeable dependence on
the curved surface (right). Hence, it is likely that the chains adopt different conformations
(depending on the surface geometry) and thus, that Derjaguins approximation will lead to
wrong conclusions.

3.2 Forces between charged planar surfaces immersed in an electrolyte solution
[Israelachvili1991, Butt2010]
3.2.1 Charging of surfaces in solution and the electric double layer

If surfaces are immersed into a solution of high (static) dielectric constant (e.g. water with
ε H 2O ≈ 80 ) it is energetically quite cheap (with respect to the thermal energy) to charge the

surface. Hence, often a charging of the surface is observed after immersion in aqueous
solutions.
The origin of these surface charges is often the dissociation of ionizable groups or the
adsorption of charged species, although there are still many systems for which the charging
mechanisms are not fully understood. Obviously the sign of the charge depends on the
chemical nature of the surface group: For example, silicon and silica carry at their surfaces
hydroxyl groups (forming silanol compounds) that dissociate in water according to
−
+
R − SiOH →
← R − SiO + H ,

leading to negatively surface charges of silicon and silica after immersion in water
[Papirer2000]. A similar charging mechanism can be found for amino-terminated surfaces
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(i.e. amino-dendrimers or surfaces modified with amino-silanes), where the amino-group can
be easily protonated according to [Butt2006, Pericet-Camara2006b]
+
R − NH 2 + H + →
← R − NH 3 .

However, these charging mechanisms usually lead to (immobilized) surface charges (density
σ 0 ) and counterions, that are oppositely charged and mobile within the solution. Furthermore,

the density of mobile charges can be further increased by solving salts into the solution.
Obviously, these charges can be divided into two species depending on the property, if they
are attracted (counter ions) or repelled (co-ions) by the surface. Due to the attractive forces
the counterions will be attracted by the oppositely charged surface, leading to an increased
counter ion density, whereas the co-ions form (due to the repulsion) a depletion layer with
decreased co-ion density (cf. Fig. 3.2.1).
The charging of most surfaces leads to rather small potentials, which are usually on the order
of the thermal energy kBT , so that often only a small fraction of the counterions are bound to
the surface (Stern or Helmholtz layer). Furthermore, the competition of Coulomb attraction
and (Brownian) diffusion leads to a diffuse layer (or Gouy-Chapman layer) of unbound
counterions in the vicinity of the surface (cf. Fig. 3.2.1).
counterion

Stern layer

density of mobile charges
counterions

co-ion

diffuse layer

co-ions
z = distance to the charged surface
Fig. 3.2.1: Distribution of co- (blue) and counterions (red) in the vicinity of a charged surface.
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3.2.2 Poisson-Boltzmann theory and their linearization

For a quantitative description of the spatial distribution of the charge densities, please
consider a charged planar surface (charge density σ 0 ), which is located at z = 0 and extends in
the x-y-plane as depicted in Fig. 3.2.1. For the ionic species i we will denote its (number)
density of charges at the position z by ρi ( z ) . The whole system will be in thermodynamic
equilibrium, if the chemical potential µi is constant for all ionic species, i.e. if
µi = Wi ( z ) + k BT ⋅ ln ρi ( z ) → ρi ( z ) = ρi ( z0 ) ⋅ e

−

W i ( z ) −W i ( z 0 )
k BT

(3.2)

is fulfilled (with Wi(z) being the potential energy of the i-th species at z). Here, it is
convenient to choose the reference point z0 to be at infinite distance to the surface ( z0 = ∞ ), as
Wi can be set to zero for every species and ρi ( z = ∞) = ρ i, ∞ gives the bulk concentration ρ i,∞
of the i-th species (which is usually known from the preparation of the solution). Hence, Eq.
3.2 simplifies to
ρi ( z ) = ρi, ∞ ⋅ e

−

Wi ( z )
k BT

,

(3.3)

which allows a quantitative calculation of spatial charge distribution, if Wi(z) is known. To
simplify these calculations, the (many-body) ion-ion-interactions are often replaced by the
interaction of an ion with an effective potential, which is created by the remaining ions. This
(mean field theoretical) approach has the advantage, that the potential Wi(z) is then simply
given by the product of charge and an electrostatic potential ψ (z ) ,
Wi ( z ) = vi ⋅ e ⋅ψ ( z ) ,

whereby the electrostatic potential ψ (z ) itself has to obey Poisson’s equation:

∑
i

vi ⋅ e ⋅ ρ i ( r )
= div E (r ) →
ε0 ⋅ε

∑
i

vi ⋅ e ⋅ ρ i ( z ) ∂
∂2
= E( z) = − 2 ψ ( z)
∂z
ε0 ⋅ε
∂z

(3.4)

(with vi denoting the valence of the charge, div the divergence of an vector field, E the
electric field and ε 0 and ε being the dielectric constants of vacuum or the solution,
respectively).
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Inserting Eq. 3.3 into 3.4 leads directly to
∂2
ψ ( z) = −
∂z 2

∑
i

vi ⋅ e
⋅ ρ i ( z) = −
ε0 ⋅ε

∑
i

−
vi ⋅ e
⋅ ρ i,∞ ⋅ e
ε0 ⋅ε

vi ⋅e⋅ψ ( z )
k BT

(3.5)

which is a complicated differential equation of the electrostatic potential ψ (z ) and known as
Poisson-Boltzmann equation. As differential equation of second order one obviously needs

two boundary conditions for the solving of Eq. 3.5. The first condition is found in the need of
electro-neutrality of the overall system (charged surface + electrolyte solution) and relates the
(immobile) surface charge density σ 0 with the electrostatic potential ψ 0 = ψ ( z = 0) at the
surface (the so-called surface potential ψ 0 ):
∞

∞

σ 0 = ∫ ∑ v i ⋅ e ⋅ ρ i ( z ) ⋅ dz = − ∫ ε 0 ⋅ ε ⋅
0

i

0

∂2
∂
ψ ( z ) ⋅ dz = ε 0 ⋅ ε ⋅ ψ ( z = 0)
2
∂z
∂z

(here the second transformation follows directly after inserting Eq. 3.5). Furthermore, the
Poisson-Boltzmann equation can be applied after taking the derivation of Eq. 3.3
ρ i ( z ) = ρ i,∞ ⋅ e
→

∑
i

−

vi ⋅e⋅ψ ( z )
kBT


d
ρ i ( z ) = −

dz


−
d
ρ i ( z ) = ρ i,∞ ⋅ e
→
dz

∑
i

−
vi ⋅ e
⋅ρ i,∞ ⋅ e
k BT

vi ⋅e⋅ψ ( z )
kBT

vi ⋅e⋅ψ ( z )
kBT

 v ⋅e  d

⋅  − i  ⋅  ψ ( z ) 
d
k
T
z

B  


2
 d
 ⋅  ψ ( z )  = ε 0 ⋅ ε ⋅  d ψ ( z )  ⋅  d ψ ( z ) 
2
  dz
  dz
 k BT  dz




which leads to the interesting identity
→

∑
i

2

d
ε ⋅ε d  d

ρi ( z ) = 0
⋅  ψ ( z)  .
dz
2 ⋅ k BT dz  dz


These equations can be used to relate σ 0 with the sum of the ρ i ( z = 0) at the surface

∑ ρ ( z) − ρ
i

z

i, ∞

=

i

→

∑∫
i

=

∫

ε0 ⋅ε  d


⋅  ψ ( z) 
2 ⋅ k BT  dz


∑ ρi ( z = 0) − ρi,∞ =
i

z

d
ε0 ⋅ε d  d

ρ i ( z ) ⋅ dz =
⋅  ψ ( z) 
dz
2 ⋅ k BT dz  dz

∞
∞

ε0 ⋅ε

2

2

2

σ 02
d

⋅  ψ ( z = 0)  =
2 ⋅ k BT  dz
2 ⋅ k BT ⋅ ε 0 ⋅ ε


which is also known as the Grahame equation
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σ 02

∑ ρ i ( z = 0) =

2 ⋅ k BT ⋅ ε 0 ⋅ ε

i

+

∑ρ
i

i,∞


⇔ σ 02 = 2 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ 


∑ ρ ( z = 0) − ρ
i

i,∞

i


.



(3.6)

For small surface potentials ( zi ⋅ e ⋅ψ 0 << k BT ) the Poisson-Boltzmann-equation is easily
expanded into a Taylor series
∂2
ψ ( z) = −
∂z 2

∑
i


 v ⋅ e ⋅ψ ( z )
vi ⋅ e
⋅ ρ i,∞ ⋅ 1 − i
+ ... = −
ε0 ⋅ε
k BT



∑
i

vi ⋅ e ⋅ ρ i,∞

ε0 ⋅ε

+

∑
i

(vi ⋅ e )2 ⋅ ρ i,∞
ε 0 ⋅ ε ⋅ k BT

⋅ψ ( z )

which leads to a linearized version of Eq. 3.5 (Debye-Hückel theory, notated by the subscript
DH in the following)
∂2
ψ DH ( z ) = κ 2 ⋅ψ DH ( z )
2
∂z

if the abbreviation κ −1 =

(3.7)
ε 0 ⋅ ε ⋅ k BT
and the identity
2
⋅ ρ i,∞
i

∑ (v ⋅ e)
i

∑

vi ⋅ e ⋅ ρ i,∞

i

ε0 ⋅ε

= 0 are used. (The

latter follows from stoichiometry: Consider the dissolution of a arbitrary salt according to
An Bm → n ⋅ A+ m + m ⋅ B − n . Hence, the valences are given by vA = m and vB = −n and for the bulk

concentrations follows ρ A,∞ / ρ B,∞ =| vB / vA |= n / m , so that the sum

∑v ⋅ ρ
i

= m ⋅ ρ A,∞ − n ⋅ ρ B,∞ = n ⋅ ρ B,∞ − n ⋅ ρ B,∞ = 0

i,∞

i

vanishes. However, the same calculation can be done for every added salt, which proves the
identity

∑
i

vi ⋅ e ⋅ ρ i,∞

ε0 ⋅ε

= 0 .)

Eq. 3.7 is easily solved by the exponential ansatz
ψ DH ( z ) = ψ DH,0 ⋅ e −κ ⋅ z

(3.8)

which shows that in the Debye-Hückel limit the electrostatic potential ψ DH ( z ) simply decays
exponentially, whereby the decay length is given by the so-called Debye length
κ −1 =

ε 0 ⋅ ε ⋅ kBT
.
2
⋅ ρi, ∞
i

∑ (z ⋅ e )
i

(3.9)

Interestingly, more sophisticated calculations based on the non-linearized theory show that the
solution of Eq. 3.5 also decays exponentially with the Debye-length κ −1 when ψ (z ) is
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inspected far enough from the charged surface, i.e. for z >> κ −1 . For example, consider the
case that only a n:n salt is dissolved in solution ( An Bn → A+ n + B − n ), leading to an electrolyte
solution with valence vi = ± n and bulk concentration ρi, ∞ = ρ ∞ . In this case, the Debye length
simplifies to
κ −1 =

2 ⋅ ε 0 ⋅ ε ⋅ k BT 0.304 nm
=
(n ⋅ e )2 ⋅ ρ ∞
n⋅ I

(3.10)

(with I being the bulk concentration ρi, ∞ = ρ ∞ (measured in moles per litre) of an n:n salt
dissolved in water at 25 °C) and Eq. 3.5 can be rewritten to

∂2
ψ ( z) = −
∂z 2

∑
i

−
vi ⋅ e
⋅ ρ i,∞ ⋅ e
ε0 ⋅ε

vi ⋅e⋅ψ ( z )
kBT

n ⋅ e ⋅ ρ∞
=
ε0 ⋅ε

n⋅e⋅ψ ( z )
 n⋅e⋅ψ ( z )
 2⋅n⋅e⋅ ρ
−
 n ⋅ e ⋅ψ ( z ) 
kBT

∞

⋅ e
− e kBT  =
⋅ sinh 


k BT 
ε0 ⋅ε




which is solved by [Messina2009]
ψ ( z) =

2 ⋅ k BT 1 + γ ⋅ e −κ ⋅ z 
ln 
−κ ⋅ z 
n⋅e
1 − γ ⋅ e


with

 n ⋅ e ⋅ψ 0 
 .
 4 ⋅ k BT 

γ = tanh

(3.11)

For z >> κ −1 , Eq. 3.11 can be expanded into
ψ ( z) =

4 ⋅ k BT
⋅ γ ⋅ e −κ ⋅ z
n⋅e

for

z >> κ −1 ,

(3.12)

which can be identified with ψ DH ( z ) and shows, that Eq. 3.8 gives a good approximation for
the electrostatic potential ψ (z ) , if zi ⋅ e ⋅ψ 0 << k BT or z >> κ −1 is fulfilled.
From Eq. 3.8 or 3.12 one can further infer, that the electrostatic potential ψ (z ) of a surface
(which is immersed into a solution with Debye length κ −1 ) will drop by 63% if one increases
the distance to the surface by κ −1 (i.e. from z = z0 to z = z0 + κ −1 ) and hence that the
localization of counterions in the vicinity of the surface leads to a strong screening of the
electrostatic potential. Additionally, it shows that the Debye length κ −1 gives the fundamental
length scale of the electrostatic double layer.

21

Furthermore, for a n:n salt the Grahame equation (Eq. 3.6) reduces to
σ 0 = 2 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ∑
2

i

n⋅e⋅ψ 0


 n⋅e⋅ψ 0
 − vi ⋅e⋅ψ 0
−
kBT
kBT



ρ i,∞ e
+ e kBT − 2 
− 1 = 2 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞ ⋅ e









n⋅e⋅ψ 0
 n⋅e⋅ψ 0
−
= 2 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞ ⋅  e 2⋅kBT − e 2⋅kBT



2

2

 = 2 ⋅ k T ⋅ ε ⋅ ε ⋅ ρ ⋅  2 sinh  n ⋅ e ⋅ψ 0   →
B
0
∞ 
 2 ⋅ k T 

B






 n ⋅ e ⋅ψ 0 
σ0
2 ⋅ k BT
 ⇔ ψ 0 =
asinh 
 8⋅ k T ⋅ε ⋅ε ⋅ ρ
n⋅e
 2 ⋅ k BT 
B
0
∞


σ 0 2 = 8 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞ ⋅ sinh 2 






(3.13)

which gives an analytical relation between the surface charge σ 0 and the surface potential ψ 0
and which simplifies in the Debye-Hückel limit to
2

σ DH,0

2

σ DH,0
 n ⋅ e ⋅ψ DH,0 
2 ⋅ k BT
 ⇔ ψ DH,0 =
= 8 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞ ⋅ 
⋅
n⋅e
8 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞
 2 ⋅ k BT 

(3.14)

Obviously, this mean field approach includes only Coulombic (i.e. electrostatic) interactions,
which is a valid approximation for most monovalent salts. However, for multivalent salts nonCoulombic effects (e.g. correlation effects or hydration forces) often gain in importance and
hence such effects cannot be described in this framework. Furthermore, the usage of an
effective potential is equivalent to ignoring the finite size of the ions and solvent molecules
and leads to continuous and homogeneous distribution of their properties. Hence, problems
might arise at high salt concentrations when the Debye length is of the order of the diameter
of a single solvent molecule or when the calculated counter ion density in the vicinity of the
surface exceeds the maximum (physically possible) value.
3.2.3 Forces between planar charged surfaces

Consider now the case of two identical planar charged surfaces (each with charge density σ 0 ),
which are located at z = - D/2 or z = + D/2, respectively (cf. Fig. 3.2.2). Obviously, the
counterion clouds (created in the vicinity of the surfaces) will overlap in this situation, but in
general their direct superposition will not fulfil the Poisson-Boltzmann-equation. Hence, (with
respect to the solution for an isolated plate) the charges have to rearrange to fulfil Eq. 3.5,
which is reflected in an distance dependent force pPB(D) per unit area acting on both surfaces.
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z=–D/2

z=+D/2

z=0
distance to the charged surface

Fig. 3.2.2: If two (originally isolated) surfaces are bought to the surface separation D, the
counterion clouds (created in the vicinity of the surfaces) will overlap and have to rearrange to
fulfil the Poisson-Boltzmann-equation. This rearrangement reflects itself in an increased
osmotic pressure acting on both surfaces. Interestingly, it can be shown that this osmotic
pressure is indeed simply the excess in ionic concentration at the midplane (z = 0) with respect
to its value at infinite surface separation ( D = ∞ ).

Interestingly, if ρi, m ( D) = ρi ( z = 0, D) denotes the (number) density of the i-th species in the
middle of both surfaces (with a separation of D), using thermodynamic considerations one can
show that pPB(D) is given by

pPB ( D) = k BT ⋅ 


∑ρ
i

i, m ( D ) −











ρi, m ( D = ∞)  = kBT ⋅  ∑ ρi, m ( D) − ρ i, ∞  ,
i



(3.15)

which is simply the excess in ionic concentration at the midplane with respect to its value at
infinite surface separation ( D = ∞ ) and known as contact value theorem. This can be
understood if one regards that the electric field at the midplane has to vanish (due to the
symmetry of the system) and hence that the only contribution to the pressure acting on both
surfaces is given by the mixing entropy of the counterion clouds [Pincus1991].
After inserting Eq. 3.3, Eq. 3.15 can be written as

pPB ( D) = k BT ⋅ 


∑
i


ρ i,m ( D) − ρ i,∞  =


∑
i


 − vi ⋅e⋅ψ m ( D )
k BT ⋅ρ i,∞ ⋅  e kBT − 1





(3.16)

(with ψ m ( D) denoting the electrostatic potential in the middle of both surfaces (z = 0) at a
surface separation D), which simplifies for a n:n salt to
2
n ⋅ e ⋅ψ m ( D )
 − n ⋅e⋅ψ m ( D )


 n ⋅ e ⋅ψ m ( D)  
k BT
k BT






−1+ e
− 1 = k BT ⋅ ρ ∞ ⋅  2 sinh 
pPB ( D) = k BT ⋅ ρ ∞ ⋅ e
  . (3.17)


 2 ⋅ k BT  
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Again, for small surface potentials ( vi ⋅ e ⋅ψ 0 << k BT ) or large surface separations ( D >> κ −1 )
Eq. 3.17 can be expanded into
2

 n ⋅ e ⋅ψ m ( D) 
 .
pDH ( D) ≈ k BT ⋅ ρ ∞ ⋅ 
k BT



Furthermore, the mid-plane electrostatic potential ψ m ( D) can be approximated by Eq. 3.12
 n ⋅ e ⋅ψ 0  −
4 ⋅ k BT
 ⋅ e
ψ m ( D) ≈ 2 ⋅ψ ( D / 2) = 2 ⋅
⋅ tanh 
n⋅e
 4 ⋅ k BT 

κ ⋅D
2

(in this equation the additional factor of 2 accounts for the fact that both surfaces create an
electrostatic potential and that ψ m ( D) can be approximated as simple superposition of the
single surface electrostatic potentials ψ (D / 2) for zi ⋅ e ⋅ψ 0 << k BT or z >> κ −1 , respectively).
This leads to an excess osmotic pressure (corresponding to a force per unit area) of
2

κ ⋅D

 n ⋅ e ⋅ψ 0  − 2 
 n ⋅ e ⋅ψ 0  −κ ⋅ D
 ⋅ e
 ⋅ e
pDH ( D) ≈ k BT ⋅ ρ ∞ ⋅  8 ⋅ tanh 
= 64 ⋅ k BT ⋅ ρ ∞ ⋅ tanh 2 


 4 ⋅ k BT 
 4 ⋅ k BT 



(3.18)

or an interaction energy per unit area wDH(D) acting between two charged planar surfaces
wDH ( D) =

 n ⋅ e ⋅ψ 0  −κ ⋅ D
FDH ( D)
k T ⋅ ρ∞
 ⋅ e
.
= 64 ⋅ B
⋅ tanh 2 
κ
2π ⋅ R
 4 ⋅ k BT 

(3.19)

Up to now, only one boundary condition (electro-neutrality) was used to solve the problem.
However, a second boundary condition has to be introduced in order to unambiguously
describe the interaction between two charged surfaces. This boundary condition is found in
the dependence of the surface charge density σ 0 with respect to the surface separation D:
1. The surfaces exhibit constant potential (CP) boundary condition, if the surface potential
ψ 0 is constant and hence independent on D. In this case Eq. 3.19 can be directly applied to

calculate wDH(D).
2. The surfaces exhibit constant charge (CC) boundary condition, if the surface charge
density σ 0 is constant. In this case, the Grahame equation has to be solved to obtain the
distant dependent relation between ψ 0 and σ 0 . For example, in the Debye-Hückel limit this
relation is given by
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ψ 0 ( D) =

σ0
2 ⋅ k BT
κ ⋅D 
⋅
⋅ tanh −1 
,
n⋅e
8 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞
 2 

(3.20)

which can be applied to calculate
wDH ( D ) =

 n⋅e

FDH ( D)
k T ⋅ ρ∞
⋅ψ 0 ( D )  ⋅ e −κ ⋅ D
= 64 ⋅ B
⋅ tanh 2 
2π ⋅ R
κ
 4 ⋅ k BT


3. In general, the surfaces may exhibit a complex charging behaviour, which will depend on
the charge densities and on D. This case is often denoted as charge regulation (CR)
boundary condition, where special charging models of the surfaces have to be incorporated
before a calculation of the osmotic pressure p(D) is possible [Behrens1999a, Behrens1999b,
Behrens1999c, Pericet-Camara2004, Popa2010b].
3.2.4 Remarks

1. Fig. 3.2.3 gives the numerical results of Eq. 3.15 with CP and CC boundary conditions and
shows that both solutions coincide at surface separations D much larger than the Debye
length κ −1 . Obviously, the surfaces appear isolated at D >> κ −1 , which means that surface
charge and potential become independent on D. This is also reflected in the distance
dependent Grahame equation (e.g. Eq. 3.20) which reduces to the Grahame equation of an
isolated charged surface (e.g. Eq. 3.13 and 3.14) in the limit of D >> κ −1 . Hence, the
electrostatic interaction between two charged surfaces can be described without any further
assumptions on the charging mechanism if the surface separation D is large compared to
the Debye length κ −1 .
2. Interestingly, Eq. 3.18 and 3.19 even hold for two surfaces with different surface potentials
ψ 0,1 and ψ 0,2 as long as (i) both surfaces charges have the same sign and (ii) both surface

potentials are small compared to the thermal energy ( zi ⋅ e ⋅ψ 0,1 / 2 ( z ) << k BT ). Here, the
disjoining pressure pDH(D) and the interaction energy per unit area wDH(D) are given by
[Israelachvili1992]
 n ⋅ e ⋅ψ 0,2  −κ ⋅D
 n ⋅ e ⋅ψ 0,1 
 ⋅ e
 ⋅ tanh 
pDH ( D ) = 64 ⋅ k BT ⋅ ρ ∞ ⋅ tanh
 4 ⋅ k BT 
 4 ⋅ k BT 
wDH ( D ) =

and

 n ⋅ e ⋅ψ 0,1 
 n ⋅ e ⋅ψ 0,2  −κ ⋅ D
FDH ( D)
k T ⋅ ρ∞
 ⋅ tanh
 ⋅ e
= 64 ⋅ B
⋅ tanh 
.
2π ⋅ R
κ
 4 ⋅ k BT 
 4 ⋅ k BT 

25

(3.21)
(3.22)

constant charge (CC)

constant potential (CP)

Fig. 3.2.3: The numerical results of Eq. 3.15 with CP and CC boundary conditions, given for
typical values of bulk salt concentration (I = 1 mM) and a surface potential (ψ 0 = −30 mV ).
~
Both forces are plotted over the normalized surface separation D = D ⋅ κ , which means that
~
D = 1 corresponds to a surface separation equal to one Debye length. The plot shows that both
solutions coincide at surface separations D much larger than the Debye length κ −1 . Thus, the
surfaces appear isolated at D >> κ −1 .

3. The theoretical considerations show that the origin of the pressure pDH(D) is not given by a
direct electrostatic repulsion of the charged surfaces but by an excess osmotic pressure
acting between them. Here, the Coulombic interaction between the mobile ions is
“transformed” into an entropic force (an excess osmotic pressure arising from the mixing
entropy of the ions) by the mechanism of Debye screening. A similar mechanism can be
found for polyelectrolyte brushes (cf. Paragraph 3.3.6), where the electrostatic interaction
between the charged monomers is replaced (in first approximation) by an effective
excluded monomer volume and hence by a steric monomer-monomer interaction.
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3.3 Forces between surfaces covered by polymers
In Chapter 1 it was shown that the conformation of polymers is ruled by a delicate balance of
intermolecular interactions acting on the monomers. Obviously, forces will arise if this
equilibrium conformation is disturbed (e.g. by stretching the polymer chain). Here, many
fascinating effects can be observed using direct force measurement (e.g. oscillatory forces),
but the aim of this section will solely be the discussion of electrostatic and steric forces which
arise between two surfaces covered by polymers. For the calculations of these forces, usually
two different approaches are used.
In the mean field approach the action of the monomers is replaced again by an effective
potential (cf. Section 3.2) and using Flory-Huggins arguments [Flory1969, Netz2003] the
monomer (number) density ρ m (r ) is calculated by minimizing the free energy G of the whole
system. Another approach is given by scaling theories which divide a polymer into a
sequence of blobs (cf. Section 2.4, [deGennes1979]). Both approaches will be used in the
following to derive the surface forces which are mediated by adsorbed polymers.
3.3.1 General remarks
The adsorption of a polymer onto an interface is necessarily accompanied with a confinement
of the chains, which is always associated with an increase in free energy (see Section 2.3).
Therefore, there has to be an attractive interaction which decreases the free energy and leads
to a stable conformation. This is equivalent to the idea that the existence of monomer-surface“bonds” is more favoured than monomer-solvent-“bonds” and that the associated gain in
energy is (at least) able to compensate for the loss in entropy.
Generally, one has to distinguish the case when (in principle) every monomer is able to be
attached to the surface (adsorbed polymer) from the case when only one part of the polymer
(e.g. one end) can be bound to the surface (grafted polymer).
For example, the former case is realized for most polyelectrolytes (every charged monomer
can be in principle adsorbed onto an oppositely charged surface) and for polymers whose
monomers exhibit a big surface affinity. Theoretical considerations show that the adsorbed
polymer chains can be divided into three different types: trains, loops and tails (cf. Fig.
3.3.1) [Jenckel1951, Böhmer1990, Fleer1993]. All monomers of trains are bound to the
surface whereas loops and tails have no direct connection to the surface. Loops connect two
different train segments and tails are the unbound end of the chain. Obviously the fractions of
27

trains, loops and tails depend strongly on the properties of the polymer and the surface: After
adsorption of a short rigid polymer (Lp ≈ LC) we would expect a rather compact polymer layer
which consists mainly of trains and of few loops and tails whereas for a softer polymer (Lp <<
LC) the loop and tail fractions should increase. Furthermore, for a strong monomer-surface
interaction (e.g. polyelectrolytes at low electrostatic screening) we expect also a rather
compact polymer layer, whereas the thickness of the adsorbed layer will strongly increase
with decreasing monomer-surface interaction.
The case of grafted polymers can be found e.g. for co-block-polymers consisting of a
hydrophobic anchor and an (hydrophilic) polyelectrolyte. In solution such co-block-polymer
will be adsorbed to any hydrophobic interface (e.g. solution-air-interface or hydrophobic
surfaces), whereby the hydrophobic anchor makes sure that only one end of the polymer is
attached to the interface.
Depending on the distance s between the grafting points of the polymer and the monomerinterface affinity there are several chain conformations possible (cf. Fig. 3.3.2). If there is a
high monomer-interface affinity (i.e. adsorption of the polymer is possible) the chains exhibit
a pancake structure which is similar to an adsorbed polymer. For low affinity (i.e. a nonadsorbing surface) distance between the grafting points is important. For s > 2 Rg there is no
confinement acting onto the polymer chains (cf. Section 2.3) leading to a mushroom
conformation which is similar to a Gaussian coil that is attached at one end to the surface.
However, for s < 2 Rg the chains feel a confinement by adjacent chains leading to a steric
repulsion between the chains. Hence the chains can only escape into the solution leading to a
polymer brush which is able to form very extended layers: For uncharged polymer brushes
the chain repulsion is steric in nature and hence the brush thickness L is usually on the order
of Rg. However, due to the charged monomers, polyelectrolytes have a much stronger
monomer-monomer-repulsion and therefore the thickness L of polyelectrolyte brushes can be
as much as one half of the contour length LC.
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loop

tail

train

Fig. 3.3.1:. Theoretical considerations show that adsorbed polymer chains can be divided into
three different types [Jenckel1951, Böhmer1990, Fleer1993]: Trains are bound to the surface,
while loops and tails do not have a direct connection to the surface. Loops connect two
different train segments and tails are the unbound end of the chain.

brush
mushroom

L
pancake

s

Fig. 3.3.2:.Different chain conformation (compared to Fig. 3.3.1) can be observed for
polymer, grafted at one point to the surface. For a high monomer-interface affinity the chains
exhibit a pancake structure which is similar to an adsorbed polymer. For low affinity (e.g. a
non-adsorbing surface) a mushroom or brush conformation, respectively, can be found,
depending on the distance between adjacent chains.

3.3.2 Adsorbed neutral polymers
Adsorption of neutral polymers onto surfaces becomes possible if an attractive interaction
between (each of ) the monomers and the surface exist (which leads to an gain in energy upon
adsorption). Numerous studies have been performed in the 70ies and 80ies of the 20. century,
but here only most important results (showing the main features) will be given.
Generally, one has to distinguish (i) if the adsorbed polymers are in ideal (thermodynamic)
equilibrium with the bulk solution (i.e. if the system exhibits an adsorption-desorption
equilibrium) or (ii) if the polymers are irreversible adsorbed to the surface (restricted
equilibrium or thermodynamically trapped system, respectively).
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In the limit of a weak monomer-surface interaction (i.e. a small adsorption energy compared
to kBT ), scaling as well as the mean field approaches predict a rather diffuse adsorbed
polymer layer, whose volume fraction φ (z ) (i.e. the product of monomer volume and density,
φ (r ) = Vm ⋅ ρ m (r ) ) decays with increasing distance z to a planar and attractive surface as (cf.

Fig. 3.3.3) [deGennes1981]
φscaling ( z ) ∝ z −4 / 3
φmf ( z ) ∝ e

− z / DLay

(scaling approach)
.

(3.23)

(mean field approach)

Additionally, the fundamental length scale of the adsorbed polymer layer is given by
 1

1
d
= 
⋅ φ ( z )  ,
DLay  φ ( z ) dz
 z =0

(3.24)

i.e. DLay is a measure for the thickness of the adsorbed layer. Interestingly, this result holds for
the ideal ( z > DLay ) as well as restricted equilibrium ( Rg > z > DLay , whereby Rg denotes the
Flory radius of the polymer in solution). Interestingly, DLay is inversely proportional to the
gain in energy upon adsorption (per monomer) in the mean field picture, which shows that the
thickness of the adsorbed polymer layers increases with decreasing monomer-surface
coupling.
Consider now two planar surfaces (separation D) which are covered by adsorbed neutral
polymers. If both surfaces approach, there will be a mixing of the polymer volume fraction,
which leads to a rearrangement in the case of ideal equilibrium or an compression of the
adsorbed layers in case of restricted equilibrium. In both cases, the interaction will change the
conformation and hence the free energy of the whole system, which leads to the occurrence of
a steric force between the surfaces.
De Gennes used these results to calculate this force, but started his consideration with the
remark that for the interaction in theta-solvent mean field theories can be used to calculate
the steric forces (as due to the vanishing excluded volume of the monomers the differences
between scaling and mean field theories can be neglected), whereas for good solvents he
suggests to use scaling theories [deGennes1981, deGennes1982].
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φ (z )

diffuse adsorption layer

z = DLay

z = distance to the surface

Fig. 3.3.3: Both, scaling as well as the mean field approaches predict a rather diffuse adsorbed
polymer layer, whose volume fraction φ (z ) decays with increasing distance z. The
characteristic length scale of the adsorbed layer is given by DLay, which is usually on the order
of several chain diameters.

He found in case of the ideal equilibrium with a theta or good solvent that both theories
predict an attractive force, whose interaction energy per unit area, wIE(D), scales as
[deGennes1982]
(i) wIE ( D) ∝ − D −1 / 2

(small gap limit, D < DLay )

(ii) wIE ( D) ∝ − D −2 .

(large gap limit, D > DLay )

In the case of restricted equilibrium with a good solvent he notices that both theories lead to
different results [deGennes1982]: Using scaling theory and sophisticated calculations, he
showed that in the narrow gap limit the adsorbed polymers behave like a semidilute polymer
solution and hence that the disjoining pressure between the plates is given by the osmotic
pressure of a semidilute polymer solution [deGennes1979]:
pRE, good ( D) = posm ( D ) ∝ D −9 / 4

for D < DLay

(3.25)

In the large gap limit ( Rg > D > DLay ), de Gennes notices that the volume fraction profile φ (z )
will only slightly differ from Eq. 3.27 and hence that the disjoining pressure is a function of
the monomer volume fraction in the middle of both surfaces, which leads to
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pRE, good ( D) ∝ D −3

for

Rg > D > DLay .

(3.26)

Summing up, the scaling picture of restricted equilibrium with a good solvent leads to
(i) wRE, good ( D) ∝ D −5 / 4

(small gap limit, D < DLay )

(ii) wRE, good ( D) ∝ D −2 ,

(large gap limit, D > DLay )

whereas a mean field approach would lead to a vanishing interaction, i.e. pRE,good(D) = 0
[deGennes1982].
3.3.3 Adsorbed polyelectrolytes
There are numerous calculations and numerical analyses regarding the conformation of
polyelectrolytes adsorbed onto oppositely charged surfaces. However, to the best of my
knowledge, all these studies predict a rather compact polyelectrolyte layer (on the order of the
polyelectrolyte chain diameter ≈ 1 ... 2 nm) which is attributed to the strong electrostatic
interaction between the charged monomers and the surface. This electrostatic attraction is
usually much stronger than the attractive forces driving the adsorption of neutral polymers
(e.g. vdW-forces), hence extended (swollen) layers are possible for the adsorption of neutral
polymers but appear to be unlikely for polyelectrolytes.
Using the theory of Netz and Joanny for the adsorption of semiflexible polyelectrolytes, one
can calculate the adsorbed layer thickness as follows [Netz1999]: First, one assumes that the
(highly charged) polyelectrolyte is adsorbed on the surface within a layer with thickness D
(cf. Fig. 3.3.4). If the Debye length is larger than the layer thickness (D < κ-1) the attractive
force F+ per monomer can be written as
F+
∝ −4π lBσ 0 τ
k BT

(3.27)

whereby σ0 denotes the charge density of the surface and τ the line charge density of the
chain.
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D < Lp
λ
D

Fig. 3.3.4: Polyelectrolyte chain confined in a layer, whose thickness is much smaller than the
chain persistence length Lp.
However, Odijk showed that due to the confinement the free energy of the chain is increased,
which results in an osmotic pressure and tries to push the monomers back into solution (cf.
Section 2.5). Hence, from the balance of both forces (i.e. the minima of the free energy per
chain) it is possible to calculate the scaling laws of the layer thickness:
(i) D ∝ ( lB σ 0 τ L1p/ 3 )

−3 / 5

 Lp
(ii) D ∝ 
 lB σ 0 τ


for D < κ-1 < Lp (stiff chain)

1/ 3






for Lp < D < κ-1 (semiflexible chain)

(3.28)

This model leads to stable polyelectrolyte adsorption, but also assumes in the beginning of the
calculations that the layer thickness is always smaller than the Debye length, which is not
valid in solution of high ionic strength. However, this description is widely accepted and this
compact adsorption can be understood by the fact that both repulsive (cf. entropy) and
attractive (cf. electrostatic attraction) contributions scale linearly with degree of
polymerization N. Hence only the interaction per monomer is of interest and the successful
adsorption just shows that both interactions cancel each other. Furthermore, as all energies
scale linearly with N, all the properties of the adsorbed layer do not depend on the chain
length in these models. This is a quite binary picture of the adsorption, because either all
chains are able to adsorb and create a polyelectrolyte layer or no chain is able to do that.
However, after adsorption a rather compact polyelectrolyte layer is found and hence the
situation is very similar to that of a charged, flat surface. Therefore, it is theoretically as well
as experimentally well established that electrostatic forces (cf. Section 3.2) usually govern the
interaction between two surfaces covered by adsorbed polyelectrolytes. Hence, we expect that
the force profile F(D) is dominated by a double layer repulsion (cf. Eq. 3.19), which decays
exponentially with the Debye length κ −1 (cf. Eq. 3.10) for large surface separations
( D >> κ −1 ).
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3.3.4 Grafted neutral polymers: mushroom conformation
A grafted polymer will adopt the mushroom conformation if (i) the polymer is grafted to a
non-adsorbing interface and (ii) if the distance s between the grafting points is much larger
than the radius of gyration (i.e. s > Rg , cf. Fig. 3.3.2).
For a neutral polymer mushroom (grafted at an isolated surface and immersed in a good
solvent), de Gennes was able to show, that the monomer volume fraction φ ( z ) increases in
the interval Lp < z < Rg with
φ ( z) ∝

1 2/3
⋅z
s2

and drops out quickly for z > Rg (cf. Fig. 3.3.5) [deGennes1980]. Hence, if now a second nonadsorbing surface is introduced, the neutral polymer mushroom will be usually confined
between both surfaces and the volume fraction profile φ (z ) will deviate from that of an
isolated surface.
In 1974 Dolan and Edwards calculated that the interaction energy wNM(D) (per unit area) for
this configuration in dependence of the surface separation D [Dolan1974]:
wNM ( D ) =

k BT
s2

 π 2 ⋅ a ⋅ L

3
C
+ ln  D ⋅

2
8π ⋅ a ⋅ LC
 6 ⋅ D


 

 

for

3⋅ D 2

−
k T
wNM ( D) = B2 ⋅ 2 ⋅ e 2⋅a⋅LC
s

for

D
≤ 1 .5
a ⋅ LC

D
a ⋅ LC

> 1.5 ,

(3.29a)

(3.29b)

whereby a and LC denote the Kuhn and contour length of the polymer (respectively).
Obviously, the fundamental length scale of this interaction is given by the product of Kuhn
and contour length and hence Eq. 3.29 can be made dimensionless by using the normalized
2
~ (ξ ) = w( D) ⋅ s .
variables D → ξ = D / a ⋅ LC and wNM ( D) → w
N ⋅ k BT
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φ (z )

s

Rg
φ ( z) ∝

1 2/3
⋅z
s2

z = distance to the surface
Fig. 3.3.5: The volume fraction profile φ (z ) of a polymer mushroom. In the interval
Lp < z < Rg it increases with φ ( z ) ∝ z 2 / 3 and drops out for z > Rg .

Fig. 3.3.6: The normalized interaction energy for a polymer mushroom confined between two
non-adsorbing surfaces (red) decays almost exponentially over several orders of magnitude
for 0.5 < ξ < 1.5 and hence, can be well approximated in this region by a simple exponential
decay (black).
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~ (ξ ) shows that the normalized interaction energy decays almost exponentially for
A plot of w
~ (ξ ) can be approximated in this interval by
0.5 < ξ < 1.5 (cf. Fig. 3.3.6) and hence that w

~ (ξ ) ≈ 34.72 ⋅ e −4.09⋅ξ
w

for 0.5 < ξ < 1.5 .

(3.30)

(Please note that this approximation is wrongly cited in most of the publications.) Obviously,
the decay length of this approximation is given by γ −1 = a ⋅ LC / 4.09 and scales with the
square root of the Kuhn and the contour length.
Unfortunately, to the best of my knowledge I am not aware of any similar theoretical
approach that calculates wNM(D) for polyelectrolyte mushrooms, confined between two nonadsorbing surfaces. However, it is reasonable to approximate polyelectrolytes as neutral
polymers if the salt concentration I of the surrounding solution is large. This approach will be
discussed intensively in Section 3.4.
3.3.5 End-grafted neutral polymers brushes

A grafted polymer will adopt the brush conformation if (i) the polymer is grafted at a nonadsorbing interface and (ii) if the distance s between the grafting points is much smaller than
the radius of gyration (i.e. s < Rg ). In this case, the an interchain repulsion will arise, which
forces the polymer chains to dangle into the solution (cf. Fig. 3.3.7).
Scaling approaches: Theory of Alexander and de Gennes

For neutral polymer brushes attached to a planar surface, Alexander used a scaling
approch to show that the fundamental length scale of the blobs is given by the distance s

between the grafting points [Alexander1977]. This picture was extended by de Gennes, who
noticed that in the interval a > z > s the brush appears like a mushroom and hence that the
volume fraction profile φ ( z ) is given by [deGennes1980]
φ ( z) ∝

1 2/3
⋅z
s2

for a > z > s .
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L

φ (z )
φ ( z ) ∝ s −4 / 3
s

φ ( z) ∝

1 2/3
⋅z
s2

z = distance to the surface
Fig. 3.3.7: The volume fraction profile φ (z ) of a polymer brush. Alexander showed, that the
blob size is given by the average distance s between adjacent chains [Alexander1977]. For
s < z < L , the density is homogeneous and drops out quickly for z > L . Hence, φ (z ) can be
approximated by a simple step-like profile (AdG theory [deGennes1980]).

However, “after travelling the distance of one blob away from the surface” the brush seems to
consist of a homogeneous distribution of blobs in the scaling picture and thus de Gennes
assumes that the volume fraction profile φ ( z ) is given by a constant value in this region
φ ( z) ∝

1 2/3
⋅ s = s−4 / 3
s2

for s < z < L

(3.31)

and then drops out very quickly for z > L. The course of φ ( z ) is given in Fig. 3.3.7 and one
clearly resolves that in the scaling theory of Alexander and de Gennes (called AdG theory in
the following) the volume fraction profile of a neutral polymer brush can be well
approximated by a step profile,
 N /( L ⋅ s 2 )

0< z< L

0

elsewhere

φstep ( z ) ∝ 


(3.32)

(which accounts for the fact, that the N monomers per chain have to be distributed in the unit
volume ∝ L ⋅ s 2 ). Comparing with Eq. 3.31, this step profile leads directly to the scaling law
for the thickness L of a neutral polymer brush:
LAdG ∝ N ⋅ s −2 / 3 .

(3.33)
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In a later work, de Gennes also calculated the interaction of two planar surfaces covered by
similar neutral polymer brush (symmetric case) [deGennes87]
9
3


−
4
4
D
D




  − 
 
 2 L 
 2L  



k T
p AdG , symm ( D ) = B3
s

wAdG , symm ( D ) =

FAdG , symm ( D )

2π R

for D < 2L.

(3.34)
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Additionally, these considerations were extended by O'Shea et al., who used the assumed lack
of brush interpenetration to show that this theory can be successfully applied to describe the
interaction of a neutral polymer brush with a bare, non-adsorbing surface [O’Shea93]. They
concluded that this asymmetric case can be described with Eq. 3.32 by replacing 2L by L and
dividing Eq. 1 by 2 leading to [Butt2005]
k T
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Please note that the symmetric and asymmetric force profile differ by a prefactor of four. This
seems to be counterintuitive as one would expect that the magnitude of the force is reduced by
a factor of two if one of the two brush layers is replaced by a bare surface. However, the force
(measured between curved surfaces) is proportional to the interaction energy (per unit area) of
planar surfaces and this integration leads to the prefactor of four (as twice the magnitude is
integrated over twice the interaction length).
Furthermore, both force profiles are non-linear functions which can be well approximated at
intermediate surface separations (0.2 ≤ D/L ≤ 0.9) by an exponential function with a decay
length given by γ −1 = − L / π (symmetric) resp. γ −1 = − L / 2π (asymmetric) which depends
only on the brush thickness L [Israelachvili91].
Interestingly, no properties of the polymer (e.g. Kuhn, persistence or contour length) enter
into this steric repulsion, which underlines the universal description of polymers in the scaling
picture.
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Mean field theories: Step-like and parabolic volume fraction profiles
In the mean field picture, usually two forces are acting on the monomers of a neutral polymer
brush. First, due to the confinement of the monomers within the brush, an osmotic pressure

posm arises which is proportional to the average < φ (r ) 2 > of the squared monomer volume
fraction profile φ (r ) [Fleer1993]. Please note that the quantity < φ (r ) 2 > is often very
difficult to calculate and hence it is usually approximated by < φ (r ) > 2 in mean field theories.
This is a very crude approximation as it completely neglects any effects caused by
fluctuations in the monomer concentration. Interestingly, it is possible to show that the error
(introduced by this approach) is large for diluted polymer solution, but becomes very small if
the fluctuations are small (e.g. for large monomer concentration) [deGennes1979].
Hence, using this approach the osmotic pressure within the brush is given by
posm (r ) = υ ⋅ < φ (r ) > 2 ⋅k BT / 2 ,

(3.36)

which causes a stretching of the chains [Pincus1991, Biesheuvel2004]. (The prefactor υ is
called excluded monomer volume (parameter) and is a measure for the volume of one
monomer.) However, this stretching decreases the conformational freedom of the chain and
hence leads to an elastic force, which is given in the limit of a small stretching L' of the chain
Felast ( L' ) = −

F ( L' )
3 ⋅ k BT
3 k T
⋅ L' → pelast ( L' ) = elast2
= − 2 B 2 ⋅ L'
2
N ⋅a
s
s N ⋅a

for L' << LC .

(3.37)

The neutral brush will be in equilibrium, if both opposing pressures cancel each other, which
leads to the scaling law for the brush thickness L
1/ 3

posm + pelast = 0 → Lmf,step

 υ ⋅ a2 

= N ⋅ 
2 
 6⋅s 

(3.38)

if one adopts the step-like volume fraction profile of the AdG theory (cf. Eq. 3.32).
Consider now two surfaces which are covered by neutral polymer brushes of equilibrium
thickness L = Lmf,step and which are separated by the distance D. If D is smaller than twice the
brush thickness, due to the lack of interpenetration both brushes will be compressed to D/2
and the disjoining pressure pNB(D) will arise:
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which leads to the interaction energy wNB(D) per unit area
(3.39)
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However, experimental results (e.g. [Kent1995]) and numerical studies (see e.g.
[Cosgrove1987, Chakrabarti1989]) showed, that the volume fraction profile is better
described by a parabolic function and hence that the step profile of the scaling theories is
inappropriate to describe neutral polymer brushes.
Using an analytical SCF (self consistent field) theory Milner, Witten and Cates showed that a
parabolic volume fraction profile indeed gives a global minimum in the free energy of a
grafted polymer brush, which can be understood by the following analogy: In their mean field
approach they dropped the assumption that every chain is stretched to the same extent (i.e. the
equilibrium brush thickness), which leads to a distribution of stretched chain lengths within
the brush. Additionally, their calculations showed that the distribution of the monomers in the
effective (mean field) potential is ruled by the same equations of motion, which describe the
movement of a particle in a potential. Hence, there is technically no difference if the
distribution is calculated by minimizing the global free energy or if the conformation of the
chain (consisting of N monomers) is treated as (more or less) random walk with N steps in a
mean field potential. Here, the step number (i.e. = 1 for the first step and = N for the last one)
has to be identified with the time (in the picture of a particle moving within a potential).
If we start this motion at an arbitrary position above the surface we have to make sure, that the
last step always ends at the surface (otherwise the chain would not be grafted). This means in
analogy that every particle (moving in the mean field potential) has to arrive at the same point
in space regardless of the respective starting point.
For single particles, this unique property is only fulfilled by the harmonic potential (i.e. the
potential of a harmonic oscillator) which has a parabolic profile. Here, it is well known that
the resonance frequency does not depend on the elongation of the oscillator and hence that the
oscillator always needs the same time to move from the starting point to the origin of the
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potential. However, as in the mean field approach the effective potential depends linearly on
the monomer density [Biesheuvel2004], the analogy directly shows that the volume fraction
profile φ (z ) has to be of the form [Milner1988a]

(

)

φ ( z ) ∝ φ 0 ⋅ 1 − z 2 / L2max for 0 ≤ z ≤ Lmax

which starts with φ 0 at z = 0 and decays to zero at the end of the brush (z = Lmax). This shows
that the extension of the chains is not fixed (as in the step-like profile) and leads to a
distribution of the chain ends between the surface (z = 0) and the maximum stretching of Lmax.
Using this parabolic volume fraction profile they calculated
Lmax = Lmf,MWC

 8 ⋅υ ⋅ a 2
= N ⋅  2 2
 π ⋅s





1/ 3

(3.40)

as scaling law for the maximum chain extension and
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for the interaction of two planar surfaces covered by a neutral polymer brush (called MWC
theory) [Milner1988a, Milner1988b, Milner1988c, Kim2009].
Comparison of the scaling and mean field approaches
A comparison of Eq. 3.33, 3.38 and 3.40 shows that both approaches leads to scaling laws for
the brush thickness L or the maximum chain stretching Lmax, respectively, which differ only in
numerical prefactors and hence, which exhibit the same dependence on the essential
parameters.
Regarding the interaction energies, both approaches differ slightly in their distance
dependence: the scaling theory of AdG predicts exponents of – 5/4 and 7/4 (for the osmotic
and elastic contribution, respectively), whereas the mean field approaches generally lead to –1
and 2. This difference in scaling was intensively discussed by de Gennes in literature (see e.g.
[deGennes1976, 1979, 1981, 1982]) and is attributed by the fact that Flory-Huggins like mean
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field theories generally overestimate the elastic and entropy interaction by a large amount
[deGennes1976].
A comparison of the discussed interaction profiles Eq. 3.35, 3.39 and 3.41 (cf. Fig. 3.3.8 after
~ (ξ ) = w(ξ ) / w(ξ = 0.5) ) shows, that the
normalization to D → ξ = D / 2 ⋅ L and w( D) → w

prediction of the theories using the step-like volume fraction profiles almost completely
match and hence they will be hard to distinguish experimentally. Additionally, the usage of a
parabolic volume fraction profile (MWC) leads to a correction term of the form ξ 5 / 5 and
thus to a less steep increase in interaction for touching polymer brushes.
However, for strong compression of the brush, the difference between parabolic and step
profile become less pronounced and therefore all force laws almost coincide for small surface
separations.
Hence, as the calculated steric force laws exhibit nearly the same distance dependence, the
fitting quality of these laws to measured data will be almost the same for all steric theories
(presented so far). Therefore, the fits might solely differ in the steric parameters
(corresponding to a certain theory) and thus it will be practically very hard to make the
decision which theory gives the best description of the measured data.
In contrast to this, if one compares the prefactors of the force laws Eq. 3.35, 3.39 and 3.41, it
is obvious that scaling and mean field theories differ strongly in the scaling of the magnitude
of F(D) on L: In the scaling approach (AdG theory, Eq. 3.35) the magnitude scales linearly on
L, whereas for mean field theories generally the scaling ∝ L2 / N is observed. In Section 5.3 it
will be investigated if this different behaviour can be used to distinguish at least between
scaling and mean field theories.
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Fig. 3.3.8: Comparison of the discussed interaction profiles following the models of
Alexander and de Gennes (blue) and mean field theories using a step-like (red) or parabolic
volume fraction profile (theory of Milner, Witten and Cates, black), which are normalized as
described in the text. Obviously, theories using the step-like volume fraction profiles (blue
and red) almost completely match and hence cannot be distinguished experimentally.
Additionally, the parabolic profile in the MWC theory leads to a less steep increase in
interaction for touching polymer brushes. Hence, it is reasonable to test the experimental data,
if at least theories incorporating a step-like or parabolic volume fraction profile can be
distinguished in the measurements.

3.3.6 End-grafted polyelectrolyte brushes

The theoretical description of end-grafted brushes becomes much more complicated if they
are formed by (charged) polyelectrolytes. Obviously, the presence of charged monomers will
lead to a delicate balance between the polyelectrolyte charges and the mobile counter ions,
which renders the calculation of the whole system difficult. However, numerical studies
[Israels1994] show that for the most relevant polyelectrolyte brush phases the brush is almost
completely neutralized by the incorporated counter ions, i.e. per charged monomer one
counter ion can be found within the brush.
Obviously, in this context two cases have to be distinguished with respect of the bulk salt
concentration ρ ∞ of the solution (surrounding the polyelectrolyte brush):
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(i) If ρ ∞ exceeds the monomer density within the brush by far, the brush can easily achieve
electro-neutrality by incorporation of counter ions from solution. Due to the uptake of salt
ions from solution, this phase is denoted as salted polyelectrolyte brush. Obviously, there
will be an equilibrium between the salt concentration within and outside the brush, leading
to a strong dependence of the brush thickness L on ρ ∞ .
(ii) If ρ ∞ is much smaller than the monomer density (e.g. salt free solution), the brush has to
keep most (or all) of its counterions order to maintain electro-neutrality. Therefore, a
change in ρ ∞ will not affect the properties of this osmotic polyelectrolyte brush, i.e. the
brush thickness L is independent on ρ ∞ in this regime.

Theories of Pincus, Tirrell and Biesheuvel
The first analytical calculations of polyelectrolyte brushes have been performed by Pincus
who derived the scaling and force laws for locally neutralized as well as non-neutralized
brushes (the latter one is called Pincus brush) [Pincus1991]. In this mean field theory he
assumed that the neutralized brush (i) exhibits a step-like volume fraction profile φ (z ) and (ii)
is formed by a quenched polyelectrolyte (i.e. with constant fraction f of charged monomers
per chain).
The conformation of the brush is again calculated by a balance of chain elasticity (cf. Eq.
3.35) with an osmotic pressure, which differs in origin for the osmotic and the salted brush:
(i) For the salted brush, Pincus suggests to use the osmotic pressure of the monomers
posm (r ) = υ ⋅ φ 2 (r ) ⋅ k BT / 2

(cf. Eq. 3.34), whereby the contribution of counterions is included in the (effective) excluded
volume υ by an electrostatic term υel . Using this approximation, Pincus treats the salted
polyelectrolyte brush as neutral brush with step-like volume fraction profile and incorporates
the effects caused by counter ions only indirectly. However, in a later work it was shown by
Biesheuvel (whose model explicitly includes electrostatic effects into the free energy) that the
approach of Pincus is indeed valid for the quenched, salted polyelectrolyte brush.
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Using very sophisticated calculations, he arrives at [Biesheuvel2004]
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(3.42)

for the equilibrium brush thickness of a quenched, salted polyelectrolyte brush and the
interaction of two surfaces, which are symmetrically covered by a suchlike brush. Obviously,
this is exactly the (mean field theoretical) result of Section 3.3.5 for a neutral brush with an
effective excluded monomer volume of

υ = υ0 +

f2
2 ⋅ ρ∞

(3.43)

and hence gives a justification for Pincus approximation of υ .
(ii) For the osmotic brush, Pincus suggests to model the counterions as ideal gas. The
osmotic pressure inside the polyelectrolyte brush is then given by
posm = piG ∝

f ⋅N
⋅ k BT
L'

for L' < LC

and balancing the elastic and osmotic pressure leads to
q
LOB,
Pin ∝

f ⋅N ⋅a

(osmotic brush)

as scaling law for the equilibrium brush thickness L. Tirrell and co-workers extended these
considerations and calculated [Balastre2002]
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(3.44)

for the interaction of two surfaces, which are symmetrically covered by an quenched, osmotic
polyelectrolyte brush.
However, more sophisticated calculations of Biesheuvel (who explicitly incorporates the
electrostatic effects caused by the counterions) show that the equilibrium brush thickness of
an osmotic brush fulfils the equation [Biesheuvel2004]

45

N2
−3
3
L
f
N
L
⋅
+
⋅
⋅
+
υ
⋅
=0
0
N ⋅ a2
2 ⋅ s2

(3.45)

which is a complicated function and also includes (in contrast to Pincus and Tirrell) a
dependence of L on the grafting density s −2 . Furthermore, he calculates
OB,q
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(3.46)
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as force law for the quenched, osmotic polyelectrolyte brush. Obviously, these equations
coincide with the results of Pincus and Tirrell in the limit of a vanishing intrinsic monomer
excluded volume, i.e. for υ0 = 0 .
Interestingly, the osmotic and salted brush differ essentially in their scaling behaviour: The
−1 / 3
⋅ s −2 / 3 and hence shows a
brush thickness of the salted brush scales with LSB
Pin ∝ N ⋅ ρ ∞

pronounced dependence on the salt concentration ρ ∞ and the grafting density s −2 , whereas
the brush thickness of the osmotic brush is completely independent on these parameters (in
the limit of υ0 → 0 ).

3.3.7 Application of neutral polymer theory to polyelectrolytes

From the calculations of Biesheuvel [Biesheuvel2004] one can infer, that it is valid for
quenched polyelectrolyte brushes to incorporate the electrostatic terms into the excluded
volume according to Eq. 3.43. Hence, strong polyelectrolytes brushes can be described in the
mean field picture using the same equation derived for neutral polymer brushes, if the
excluded volume υ is replaced in the calculations by the superposition of an intrinsic ( υ0 )
and an electrostatic term ( υel ), i.e. by υ = υ0 + υel .
Furthermore, one can infer that it is generally reasonable to approximate polyelectrolytes as
neutral polymers if the bulk salt concentration ρ ∞ is so large that the effective excluded
volume υ and persistence length Lp are dominated by their intrinsic values (i.e. υ → υ0 and
Lp → Lp,0 ). Hence, in this limit the electrostatic contribution to υ and Lp can be neglected and

the conformation of the polyelectrolyte is similar to that of a neutral polymer
[Muthukumar1997]. Obviously, this limit is fulfilled if the polyelectrolyte conformation in
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solution does not deviate to much from a coiled state, i.e. for effective persistence lengths Lp
much smaller than the contour length LC.
For the quenched, salted polyelectrolyte brush with step-like volume fraction profile in
the mean field picture, this approach led to Eq. 3.42, whereas for the parabolic volume
fraction profile (which is expected to give the more realistic description of polymer brushes)

of the MWC theory the interaction energy per unit area is given by
(3.47)
w
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As no chain properties enter into the AdG theory (which underlines the universal approach of
scaling theories), Eq. 3.34 should be able to describe a quenched, salted polyelectrolyte
brush in the scaling picture at least for high ρ ∞ . As mean field and scaling theories

generally give the same scaling law for the equilibrium brush thickness L, one can assume
q
that LSB,
Bies of Eq. 3.42 gives also the proper brush thickness for the AdG theory (which shows
q
that any electrostatic contribution is only indirectly incorporated into the force law via LSB,
Bies ).

Furthermore, this approximation allows to extend the theory of Dolan and Edwards towards
polyelectrolytes and hence to estimate the interaction between two surfaces covered by
polyelectrolyte mushrooms (cf. Section 3.3.4): The normalized surface separation is now

given by ξ = D / 2 ⋅ Lp ⋅ LC and the decay length of the interaction profile w(D) scales (in the
interval 0.5 < ξ < 1.5 ) with
γ −1 ∝ Lp ⋅ LC .

Using Eq. 2.16, this scaling can be written in terms of the bulk salt concentration ρ ∞ :

γ −1 ∝ Lp ⋅ LC ∝ κ −1 ⋅ LC ∝ LC / ρ ∞

for Lp,0 < Lp, el << LC → Lp ≈ Lp, el .

(3.48)

Hence, we expect that the interaction energy wNM ( D) per unit area of neutral mushrooms (cf.
Section 3.3.4) can be approximated (at intermediate surface separations D) by Eq. 3.30,
whereby the decay length shows the same scaling as the Debye length λ−1 ∝ 1 / I ∝ κ −1 .
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3.4 Hydrodynamic forces
It is well known that bodies, which move with a certain velocity through a fluid, often
experience a friction force that acts as resistance to the movement and which is denoted as
hydrodynamic, drag or viscous force, respectively. For example, Stokes was able to show that
the hydrodynamic force acting on a sphere with radius R is given by

FStokes = 6πη ⋅ R ⋅ v

(3.49)

if the sphere moves with a small velocity v in a fluid of viscosity η . Small means in this
context that the fluid exhibits a laminar flow around the sphere, which is equivalent to a flow
with negligible Reynolds number ( Re → 0 ) [Demtröder1998].
The occurrence of such hydrodynamic forces can be understood if one regards that the fluid is
deformed in the vicinity of the body in order to allow its movement. Obviously, if the flow is
further confined by additional obstacles, e.g. by a wall, the deformation of the liquid and thus
the magnitude of the hydrodynamic force will increase and become dependent on the distance
to the obstacle. The calculation of this distance dependent hydrodynamic force is often
difficult and can be performed analytically only for certain geometries.
One rare example for an analytical calculation is given in the theory of Brenner, who
considered a sphere with radius R that approaches an infinitely extended wall with the
velocity v in a fluid with viscosity η [Brenner1961]. In the limit of a low Reynolds number,
no-slip boundary condition and for a small surface separation D (measured between the wall
and the sphere surface), his result can be well approximated by [Mackay1961, Craig2001]

FBrenner ( D) = 6πη ⋅ R 2 ⋅ v / D ,

(3.50)

which is very similar to Stokes’ law, Eq. 3.49, if the viscosity is interpreted to be also distance
dependent, η ( D) = η ⋅ R / D .
Further calculations performed by Vinogradova showed that a correction factor f * can be
introduced in this equation, [Vinogradova2006]
FVino ( D) = 6πη ⋅ R 2 ⋅ v ⋅ f * / D ,

(3.51)

which incorporates effects caused by a surface roughness σ RMS of the sphere
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f* =

D
D + σ RMS

(and which simply shifts the plane of origin from D to D + σ RMS in Eq. 3.51).
Please note that in the hydrodynamic forces always the true approach velocity v enters, which
is in most direct force measurements (e.g. colloidal probe technique or surface forces
apparatus) not given by dD / dt as often one of the surfaces is able to be deflected by the
surface forces [Bonaccurso2002, Bonaccurso2003]. Hence, if v0 denotes the approach velocity
(set in the measurement), D0 the initial surface separation (at the beginning of the approach,
i.e. at t = 0) and zDefl(t) the deflection of the surfaces, the true surface separation Dtrue(t) is
given by
Dtrue (t ) = D0 − v0 ⋅ t + z Defl (t )

and the true approach velocity v by
v(t ) =

dz Defl (t )
− v0 .
dt

This has to be considered always, if hydrodynamic forces are fitted to data from direct force
measurements.
If the viscous fluid is given by a mixture of a solvent with (poly-)ions or polymers, its
viscosity η can be often treated as superposition of a pure solvent viscosity η 0 and a
contribution η I , which depends on many properties of the (poly-)ion (e.g. type, concentration
etc.).
For salts, a formula was developed empirically [Jones1929],

η / η0 = 1 + A ⋅ I + B ⋅ I + D ⋅ I 2 ,
which is (for D = 0) known as Jones-Dole expression and which allows to calculate the
viscosity η in dependence of the bulk salt concentration I. For many salt, the coefficients A, B
and D are tabulated, e.g. in [Jenkins1995] or [Salomäki2004].
However, iIf the solute is given by polymers it is useful to regard the so called reduced
viscosity η r which is defined by

ηr =

η − η0
.
η 0 ⋅ I Mono
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The behaviour of η r depends strongly on the monomer concentration IMono of the polymer and
the salt concentration I of the bulk solution [Muthukumar1997]. For very high I, the reduced
viscosity depends monotonically on IMono, regardless if the polymer is neutral or charged.
However, at very low I, a non-monotonically behaviour of η r on IMono can be observed for
polyelectrolytes:
(i) At very low monomer concentrations IMono of the polymer (dilute solution), the reduced
viscosity η r can be expanded into a virial series

η r = [η ](1 + k H ⋅ [η ] ⋅ I Mono + ...) with [η ] = lim η r ,
I Mono →0

whereby [η ] and kH denote the intrinsic viscosity and the Huggins coefficient,
respectively. Please note that the scaling of [η ] with the degree of polymerization N can be
derived to be [η ] ∝ N 2 [Muthukumar1997].

(ii) If IMono is further increased and exceeds a certain critical value, the polyelectrolyte chains
will be able to interdigitate against the electrostatic repulsion and form the so called semidilute polyelectrolyte solution. Surprisingly, it is observed experimentally that the reduced

viscosity η r decreases in this regime with

η r ∝ 1 / I Mono ,
which is known as Fuoss law [Fuoss1948a, Fuoss1948b, Fuoss1949, Fuoss1952,
Förster1995]. This increase in reduced viscosity upon dilution is a very fascinating
property of polyelectrolyte solutions and was questioned for very long time (which is
briefly outlined in [Förster1992]). Again, using careful calculations Muthukumar was able
to show that there exist also a scaling relation between η r and N, which is given by

η r ∝ N [Muthukumar1997].
(iii) Finally, at much higher monomer concentrations the polyelectrolyte chains begin to
entangle and the solution regains the usual behaviour, i.e. it shows again an increase in η r

with increasing IMono.
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Chapter 4. Experimental Methods Based on Atomic Force Microscopy (AFM)
The atomic force microscope (AFM) is a subtype of the scanning probe microscopes
(SPM) which use the interaction of a small probe with a sample to gain material information
(e.g. topology, friction, (electrical) resistance, elasticity etc.). The probe can be scanned over
the sample surface, leading to a spatial resolution of the measurement on the order of the
geometric extension of the probe used. In practice, atomic resolution can be obtained using
this technique, which is more than 1000 times better than the diffraction limit of optical
microscopes.
The AFM was invented by Binning, Quate and Gerber in 1986 and uses the force acting
between tip and surface for measurement [Binnig1986]. Due to the Pauli’s exclusion principle
there is always at least a repulsive force between “touching” atoms and hence AFM can be
applied to almost every surface (cf. the scanning tunneling microscope (STM), which
measures the tunneling current between tip and sample and which cannot be applied to nonconducting samples [Binnig1982, Binnig1983]) under artificial (e.g. vacuum) as well as
ambient conditions (e.g. air, fluids). Furthermore the AFM allows to measure surface forces
with a very high accuracy [Butt1991, Ducker1992], which will be used in this thesis.
This chapter will introduce the experimental techniques, which are related to atomic force
microscopy (AFM) and colloidal probe technique (CPT). Here, the common approaches are
described as well as those techniques, which have been developed in the course of this work,
namely a unique algorithm for the averaging of CPT force profiles and colloidal probe
tapping mode (CPTM).

4.1 AFM setup
The AFM consists of four main parts: a 3D piezo tube (called scanner), a probe which is
attached onto a cantilever, a deflection detector and the AFM controller (cf. Fig. 4.1). The
piezo scanner itself consists of several piezoelectric crystals whose extension depend on the
applied voltage (cf. piezoelectric effect) and which allow a systematic movement of the
scanner top in three dimensions. This property is used to scan the probe over the sample,
whereas either the sample is mounted on the scanner and the probe is fixed (e.g. Veeco
Multimode) or the probe is moved and the sample is fixed (e.g. Asylum Research MFP 3D) or
a mixture of both is implemented (e.g. Veeco BioScope II: sample is moved in x-y-plane and
probe in z-direction).
51

Deflection Detector

Piezo Scanner

Fig. 4.1: An atomic force microscope (AFM) generally consists of at least four main parts: a
3D piezo scanner, a probe which is attached onto a cantilever, a deflection detector and the
AFM controller (which is omitted in this scheme). Usually, the properties of the cantilever and
the probe (e.g. the spring constant and their geometries) can be chosen over a wide range of
parameters, which allows to optimize the measurement process.

In atomic force microscopy, the force acting between probe and sample is measured
[Binnig1986]. This force leads to a deflection of the elastic cantilever (cf. Chapter 3.2.) and is
determined using a deflection detector. In literature many different detectors are discussed
(most of them are optical implementations), but at the moment the so called light lever
method is used in almost every AFM, as it allows a very simple/cheap and accurate
measurement [Meyer1988]. Here, a laser beam is collimated onto the end of the cantilever
and the reflected beam is directed into a four-quadrant photodetector which measures the
intensity of the light separately in every quadrant (cf. Fig. 4.1). A change in cantilever
deflection leads to a shift of the reflected beam on the photodetector and therefore to a shift in
the measured intensities, whereas the sum over all quadrants remains constant. Therefore, by
calculating the difference between the vertical or horizontal quadrants, one can calculate the
vertical or horizontal displacement of the cantilever, respectively.
Obviously, the results of AFM measurements strongly depend on the elastic properties of the
used cantilever (as they determine how the probe-surface interaction is transferred into the
cantilever deflection). Hence, the next section will shortly review some theoretical models
that relate material with elastic properties of AFM cantilevers. Afterwards, it will be shown,
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how the AFM can be used to directly measure surface forces (Section 4.3) and to image
surface topologies (Section 4.4).

4.2 Elastic properties of the AFM cantilever: spring constant and mode spectrum
Commercially available AFM cantilevers can be modelled by a homogeneous bar of length l
which has a uniform cross-section (cf. Fig. 4.2). It can be shown, that the spring constant in
this model is given by [Stokey1989]

k=

3⋅ E ⋅ I
l3

(4.1)

with E denoting the Young’s modulus, I the moment of inertia of the bar and l the length of
the cantilever. For a rectangular cantilever with width b and thickness h the moment of inertia
is given by I = h3 b / 12 and Eq. 4.1 reads k = E h3 b / (4 l3).
However, Eq. 4.1 cannot be used directly as most of the material properties of the cantilever
(Young’s modulus E, density ρ etc.) are often not accurately known and hence this approach
leads to large errors in Eq. 4.1. One way to circumvent this problem is the measurement of
dynamic properties of the cantilever and to relate these properties to the spring constant. The
harmonic oscillator theory shows that it should be possible to excite vibrations on the
cantilever.
However, for an accurate calculation of the cantilever mode spectrum, the geometry and the
bending properties of the cantilever have to be considered. If one assumes that there is no
internal friction within the bar and that the amplitude of vibration is small compared to any
length scale in the system, the bar obeys the differential equation (cf. Fig. 4.2)
E⋅I ⋅

∂ 4 z ( x, t )
∂ 2 z ( x, t )
+
µ
⋅
= F ( x, t )
∂x 4
∂t 2

(4.2)

where, µ the mass per unit length of the beam, F the external applied force per unit length, x
the spatial coordinate and t the time.
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z
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l

Fig. 4.2: Geometry of an arbitrarily shaped cantilever.

In practice two situations have to be distinguished:
1. The stab is fixed at one end (x = 0) and free at the other, leading to the boundary conditions
∂z ( x, t )
z (0, t ) =
∂x

x =0

∂ 2 z ( x, t )
∂ 3 z ( x, t )
=
=
= 0.
∂x 2 x =l
∂x 3 x =l

(one free end)

2. Both ends are fixed, leading to
z (0, t ) =

∂z ( x, t )
∂x

= z (l , t ) =
x =0

∂ 2 z ( x, t )
= 0.
∂x 2 x =l

(both end fixed)

In absence of any external force (i.e. the bar is placed in vacuum without any loading:
F(x, t) = 0) the solution of Eq. 4.2 is given by [Butt1995]
z ( x, t ) = ∑iCi ⋅ sin (ωi ,vac t + ϕ i ) ⋅ Φ i ( x) = ∑i qi (t ) ⋅ Φ i ( x) .

(4.3)

The parameters Ci and ϕi are constant and depend on the boundary conditions. Furthermore,
the deflection z(x, t) of the cantilever decomposes into a sum of harmonic oscillators whereas
in each term the dependence on t or x is separated in the two functions qi(t) or Φi(x),
respectively.
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The resonant frequencies ωi,vac of the cantilever modes (the subscript i,vac refers to the i-th
mode and the fact, that dissipative terms were set to zero) are given by
α =
4
i

µ ωi2,vac l 4

(4.4)

EI

whereas the αi have to fulfil the equations
cos α i cosh α i = −1

(cantilever with one free end)

tan α i = tanh α i

(cantilever with both ends fixed)

and leads to the values of αi as given in Tab. 4.1 (cf. [Butt1995], [Sader1998] and
[Cook2006]).
Obviously, in absence of damping the mode spectrum of the cantilever consists of infinitely
sharp peaks at the resonant frequencies ωi,vac which can be calculated using Eq. 4.4 or

ωi ,vac =

α i2
ω .
α12 1,vac

(4.5)

Cleveland et al. used Eqs. 4.1 and 3.4 for i = 1 to remove the (often unknown) cantilever
thickness h from Eq. 4.1 and calculated [Cleveland1993]
b (l ω1,vac )

ρ3

4

E

3

k=

.

(4.6)

as spring constant for a rectangular cantilever with homogeneous density ρ. The advantage of
Eq. 4.6 is that b and l can be easily measured using an optical microscope and ρ and E can be
well approximated by tabulated values.
However, up to here the whole theory neglects any damping of the cantilever, but this is not
valid as many AFM measurements are not performed in vacuum. Generally, the presence of
flow around the cantilever will lead to a shift of the resonance frequencies, a decrease of the
vibration amplitude and to a broadening of the peaks in the mode spectrum.
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i

αi, free end

αi, fixed end

ωi,vac/ω1,vac , free end

1

1.88

3.93

1.00

2

4.69

7.07

6.22

3

7.85

10.21

17.44

4

11.00

13.35

34.23

(i + 1 / 4)π

-

≥5

(i − 1 / 2)π

Tab. 4.1: Dependence of αi on the resonance mode number i and the boundary condition.

To quantify these effects, John Ellie Sader solved Eq. 4.2 in presence of a hydrodynamic
force which is due to the movement of the medium (gas or fluid) surrounding the bar. He
starts his analysis by defining an appropriate Reynolds number for the flow by [Sader1998]

ρ fl ω b 2
.
Re =
4η fl

(4.7)

Here ρfl and ηfl denote the density and viscosity of the fluid, respectively, ω = 2π ⋅ f

the

characteristic (angular) frequency of the vibration and b the nominal width of the bar. For
Re → ∞ , the medium can be regarded as inviscid and the shift of the resonance frequencies is

given (for rectangular bar of width b, height h and density ρ) by [Sader1998]

ωi , fl

 π ρ fl b 

= ωi ,vac 1 +
4 ρ h 


−1 / 2

.

(4.8)

However, from Eq. 4.7 one can infer that a reduction of the cantilever width b causes a
reduction of the Reynolds number and indeed, Sader et al. were able to show that for
commercial AFM cantilevers under usual conditions Re is on the order of unity [Sader1995].
Hence, viscous effects cannot be neglected.
(Obviously, the regard of viscous effects is much more important in liquid environments than
in air. Due to the very low viscosity of air, the resonance frequencies are often shifted less
than 20% from their vacuum value. In contrast to this, very large viscous effects are often
observed in liquids (e.g. water), so that the resonance frequency usually drops by a factor of
more than 5, if the cantilever is immersed in water.)
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In the limit of small dissipative effects he showed that the amplitude Zi(ω) of the deflection of
the i-th mode is proportional to

Z i (ω ) ∝ ωi2, fl


⋅  ω 2 − ωi2, fl


(

)

2

+

ω 2ωi2, fl 

−1 / 2

(4.9)


Qi2 

which is the frequency response of a damped harmonic oscillator with quality factor Qi and
hence the mode spectrum is still given by a superposition of damped harmonic oscillators.
Furthermore, Sader calculates the quality factor
 4µ

+ Γr (ωi , fl ) / Γi (ωi , fl )
Qi = 
2
π ρ b


(4.10)

and the shift in resonant frequency

ωi , fl

 π ρ fl b 2

= ωi ,vac 1 +
⋅ Γr (ωi , fl ) 


4µ



−1 / 2

.

(4.11)

Γi(ω) and Γr(ω) are the imaginary and real part of the hydrodynamic function
Γ(ω ) = Γr (ω ) + i ⋅ Γi (ω ) , respectively, which introduces the effects related to the flow around

the cantilever. The dissipative effects are considered to be small, if Γi(ω) << Γr(ω) is fulfilled.
For a bar with circular cross-section, Γ(ω) can be solved analytically [Morse1953,
Rosenhead1963]
Γcirc (ω ) = 1 +

4 i K1 (−i i Re )
i Re ⋅ K 0 (−i i Re )

with Re as defined in Eq. 4.7 (and b set to the diameter of the cylinder) and K0 and K1 being
the modified Bessel functions of second kind (which go to zero for Re → ∞). However, Sader
points out that to the best of his knowledge such a solution does not exists in literature for a
rectangular cross-section.
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To solve this problem he introduces a correction function Ω(ω) in the limit b >> h (thin
rectangular cantilever) by
Γ(ω) = Ω(ω) Γcirc(ω) = ( Ωr(ω) + i Ωi(ω) ) Γcirc(ω)
which is given by
Ωr(ω) = (0.91 – 0.48 ι + 0.47 ι2 – 0.13 ι3 + 0.04 ι4) / (1 – 0.57 ι + 0.49 ι2 – 0.13 ι3 + 0.05 ι4)
Ωi(ω) = (–0.02 – 0.03 ι + 0.02 ι2) / (1 – 0.60 ι + 0.55 ι2 – 0.18 ι3 + 0.08 ι4)
with ι = log10 Re (for the full approximation please refer to [Sader1998]). These results are
used in [Sader1999] to calculate the spring constant to
k = 0.1906 ρ fl b 2 l Qi Γi (ωi , fl )ωi2, fl

(4.12)

which depends only on geometric and “spectral” properties of the cantilever and allows a very
accurate determination of k.
A special benefit of Sader’s theory is the possibility to convert the cantilever mode spectra
between different environments. For example if AFM is used in solutions, it is often difficult
to find the resonance frequency by just exiting the cantilever and measuring the amplitude
answer. In this case the answer function is often a convolution of the cantilever and fluid cell
answer function, leading to several peaks in the answer function. However, in air the
resonance frequencies are easily measured (cf. Chapter 4.3.3) and can be easily converted
using Eq. 4.11.

4.3 Direct measurement of surface force profiles using the AFM
4.3.1 Measurement and conversion of single force profiles

Obviously, the AFM can be used to directly measure the distance dependent force acting
between two surfaces, whereby one surface is formed by the probe (attached to the cantilever)
and the second one by the sample (mounted to the AFM, cf. Fig. 4.1). During the
measurement, the position of one surface is usually fixed, whereas the location of the second
one (and hence the surface separation D) is controlled electronically using the z-piezo
element. In quasi-static measurements (i.e. for surface velocities dD / dt which are very small
compared to the velocity of an oscillating cantilever), the force F(D) arising between both
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surfaces will lead to a deflection zDefl of the cantilever (which can be determined
interferometrically or with the light lever method).
Obviously, in AFM based direct force measurements the surface separation D is usually
indirectly controlled by the extension of the z-piezo zPZT and the force is indirectly measured
by the deflection zDefl of the cantilever. Hence, in the measurement the raw force profile
zDefl(zPZT) is obtained, which has to be converted into the actual force profile F(D). I will
now focus on the properties of the raw force profile, whereas the conversion to F(D) will be
described at the end of this section.
In order to obtain a complete force profile, the extension zPZT has to be changed in such way,
that initially isolated surfaces come into contact and become separated again afterwards.
Hence, zDefl is usually cycled between a maximum and minimum extension and thus a force
profile generally consists of two curves, which represent approaching and separating surfaces
(cf. the red or blue profile in Fig. 4.3.1, left). Both curves may contain different information
about the interaction (cf. Fig. 4.3.1, right), but contain generally three well defined regions:
1. The baseline is characterized by the fact, that the surface separation is so large that the
interaction of both surfaces vanishes. Hence, the cantilever deflection zDefl is constant and can
be set to zero in the data analysis.
2. At a certain extension of the z-piezo, both surfaces will be in contact and hence the surface
separation D cannot be further decreased (this is the minimum surface separation
∆ accessible). Here, a further extension of the piezo will cause an equal deflection of the
cantilever, leading to a linear relationship between deflection zDefl and piezo extension zPZT.
This region is called constant compliance and the slope gives the sensitivity of the deflection
detector.
3. Obviously, the cantilever deflection zDefl follows a straight line in the baseline or in the
region of constant compliance, respectively (cf. dashed lines in Fig. 4.3.1a). Hence, both
regions give the asymptotic behaviour of zDefl with respect to the surface separation (i.e. for
D → 0 and D → ∞ ), which allows to convert the raw force profile zDefl(zPZT) into F(D).

Furthermore, the region of interaction of both surfaces is easily identified by a deflection,
which deviates from these two lines (cf. Fig. 4.3.1).
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Fig. 4.3.1: In AFM based direct force measurements, the raw data is usually given by a profile
of the cantilever deflection recorded over the variation of the z-piezo extension (left). Here,
the baseline (corresponding to no interaction) and the region of constant compliance (hardcore
repulsion between the surface and the probe) are very important parts of the raw force profile,
as they are used to convert the raw data into a true distance dependent force profile (cf. text).
Furthermore, a force profile generally consists of two curves, which represent approaching
(red) or retracting surfaces (blue). Both curves usually contain different information about the
interaction; some of them are exemplarily given in the right plot.

Fig. 4.3.2: Force profile after conversion of the raw data as described in the text.
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To convert this raw force profile into F(D), one makes use of the special properties of the
baseline and the region of constant compliance (cf. Fig. 4.3.1):
1. The baseline is determined and subtracted from the raw data (this is already done in all
figures).
2. Usually, the deflection zDefl of the cantilever is given in arbitrary units, which are converted
by the AFM into a voltage. The sensitivity of this voltage signal on the deflection is called
optical lever sensitivity OLS (unit [V/m]) and hence its reciprocal value (the inverse optical
lever sensitivity, InvOLS) gives a quantitative measure, how far the cantilever has to be

deflected for a certain change in voltage. Hence, for every (!) force profile one has to
determine the InvOLS in order to convert the raw deflection zDefl into meters.
Here, one make use of the property that for contacting surfaces a change in z-piezo extension
zPZT is equal to the change in zDefl (assuming hard wall interaction), i.e. ∆z PZT = − ∆z Defl . Hence,
the slope of zDefl at constant compliance gives InvOLS and allows the conversion of the
deflection zDefl from [V] into [m] (cf. Fig. 4.3.1, left).
3. To convert zDefl into D, the piezo extension z0 is calculated which is given by the crossing
of the baseline and the constant compliance regression lines. Afterwards, the apparent surface
separation D can be calculated from zPZT using D = zPZT – zDefl – z0 (which simply eliminates
the influence of zDefl on D, cf. Fig. 4.3.2, left y-label).
4. After these steps, the raw force profile is converted into zDefl(D) which can be easily
transformed into the actual force profile F(D) by applying Hooke’s law, i.e.
F ( D) = k ⋅ z Defl ( D) , if the spring constant is known (cf. Fig. 4.3.2, right y-label).

Please note, that this procedure gives only an apparent surface separation, as the minimum
surface separation ∆ usually cannot be directly determined using the AFM (in contrast to
other techniques like the SFA). Generally, this causes no real problem in measurements on
flat surfaces (as ∆ is on the order of the surface roughness and thus can be neglected if long
ranged forces are measured), but can lead to deviations from the expected force profile for
thick layers e.g. made of polymers. However, if the force profile exhibits at least one point of
inflection (cf. polymer brush force laws of Section 3.3), then ∆ can be determined from the
force profiles, a procedure which will be explained in Section 5.3.

61

4.3.2 Requirements for quantitative force measurements

The conversion of the raw data shows that for quantitative force measurements the spring
constant of the used cantilever has to be determined with high precision, which can be
achieved by measuring and fitting the noise spectrum of the cantilever to the appropriate
theories (cf. Section 4.2 and 4.3.3). However, here it is often better to use rectangular
cantilevers, as they allow theoretically a much more simple modelling than e.g. triangular
cantilever.
Furthermore, the considerations of Section 3.1 showed that the geometry of the probe will
have a profound influence on the measured force. If probe curvature radius R is comparable or
smaller than the range of the force, the full geometry of the probe has to be regarded and
integration over the surfaces might lead to an effective force which is measured by the
cantilever (e.g. [Butt1991a]). This is often the case, if sharp AFM tips are used as probes and
hence complicated calculations might have to be performed in order to relate the measurement
with a theoretical model.
However, if R is very large with respect to the range of the force, Derjaguins approximation
can be applied to relate the force F(D) acting between the spherical probe and the planar
sample with the interaction energy per unit area w(D) acting between the same but planar
surfaces (cf. Section 3.1): F ( D) = 2 π R ⋅ w( D) . This is the motivation for the colloidal probe
technique (CPT), in which a colloidal probe, i.e. a sphere with radius R, is glued at the end of
a cantilever and acts as probe in force measurements (cf. [Ducker1992, Butt2010] and Section
4.3.4). The radius R is obtained using an optical microscope and Eq. 3.14 can be easily
applied to normalize the measured force profiles.
Furthermore, the proper conversion of the raw data into F(D) requires that the baseline and
region of constant compliance can be determined precisely. Therefore it is necessary that the
raw data are free from artefacts, e.g. caused by misalignment of the light lever system (which
can manifest as fringe in both regions, cf. Fig. 4.3.3) or external disturbance of the
measurements. For example, a baseline fringe will make it difficult to determine the zerodeflection (i.e. in absence of an interaction), whereas in constant compliance it will make it
impossible to determine the InvOLS. Generally speaking, a baseline fringe will simply reduce
the resolution / sensitivity of the force curve, whereas a constant compliance fringe makes it
often impossible to convert the raw data.
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a

distortion at
constant compliance

baseline fringe

c

unphysical curvature
of the force profile
due to artefact at
constant compliance

periodic distortion due
to baseline fringe

Fig. 4.3.3: The proper conversion of the raw data into the true force profile requires that both
the baseline and the region of constant compliance are free of artefacts. Most often, artefacts
are created by misalignment of the laser spot onto the cantilever beam, which manifest itself in
interference patterns at the baseline (a) or even at constant compliance (b). Occurring at the
baseline, these patterns are called baseline fringe and lead to pronounced periodic distortions,
if the force profile is plotted logarithmically (c). Please note, that this artefact strongly reduces
the force resolution as the course of the real force profile F(D) is masked by this distortion.
Additionally, artefacts at constant compliance render a proper conversion of the raw data
impossible and often lead to an unphysical curvature of the converted force profile (c).

Also, a sufficient large extension of the z-piezo has to be chosen to ensure, that both surfaces
are in contact and appear (almost) incompressible, which is very essential for measurements
on soft polymer layers. If zPZT is chosen to small, then the constant compliance is not reached
and (i) a wrong InvOLS will be calculated later and (ii) the force profile will often show an
unphysical curvature for small D (cf. Fig. 4.3.3c). Here experience shows, that a certain
cantilever also exhibits a certain lever sensitivity, i.e. that the InvOLS usually does not scatter
too much for a certain kin of cantilever. If the “typical” InvOLS is known for the
measurement condition (the lever sensitivity strongly depends on the medium and also on the
salt concentration of the liquid), one can easily compare the measured lever sensitivity with
the expected one and one can look for unphysical constant compliance in F(D).
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4.3.3 Measurement of the mode spectrum and the cantilever spring constant

A very elegant way to measure the cantilever spring constant k was introduced by Hutter and
Bechhoefer and uses the fact, that cantilever is thermally excited and that thermal energy is
stored in each mode of the cantilever spectrum (cf. Section 4.2). Hence, the analysis of the
thermal noise in the deflection signal yields information about the mode spectrum or, more
precisely, as the thermal excitation of the cantilever is stochastic and independent on the
excitation frequency (white noise), the power spectral density of the deflection noise should
be a measure of the cantilever mode spectrum.
In this thesis, the mode spectrum was obtained as follows (cf. Fig. 4.3.4): First the cantilever
is bought in contact with freshly cleaved mica in order to determine the InvOLS. Then, to
allow thermally driven oscillation without any disturbance, the cantilever is brought far above
the mica surface and the deflection noise is recorded by feeding the deflection voltage (using
a signal access box) into an analog-digital converter card (National Instruments, München,
Germany) of a PC. There, the deflection voltage is sampled with 1 Megasamples per second,
allowing a maximum sample frequency of 500 kHz. The sampling, the conversion using the
InvOLS and the calculation of the power spectral density of the deflection voltage is
performed by a home-written script in LabView (National Instruments, München, Germany).
The resolution of the power spectral density is improved by performing this measurement at
least 100 times, followed by an averaging of all obtained power spectral densities.
An example of the mode spectrum of a CSC12 cantilever (MicroMasch, Tallin, Estonia) is
given in Fig. 4.3.4b. Obviously four cantilever modes can be resolved. In this thesis three
different methods were used to determine the spring constant from the power spectral density.
1. For the method of Cleveland [Cleveland1993], the knowledge of the resonant frequency of
the fundamental mode is sufficient. Here, Eq. 4.8 is used to convert the measured frequency

ωi,fl into its vacuum value ωi,vac and afterwards Eq. 4.6 is applied to calculate the spring
constant.
2. The method of Sader [Sader1998, Sader1999] requires the knowledge of the resonant
frequencies ωi,fl and the quality factor Qi of the i-th mode. Both parameters are obtained by a
fit of Eq. 4.9 to the data in the neighbourhood of the i-th peak (cf. 4.3.4c). Afterwards Eq.
4.12 is applied to calculate the spring constant.
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Fig. 4.3.4: The cantilever deflection noise is recorded by feeding the deflection voltage (using
a signal access box) into an analog-digital converter card and by calculating the power spectra
density of the recorded time series (a). A typical result for a CSC12 cantilever is given in (b),
which shows the power spectra density of the cantilever deflection noise, whereby 4 cantilever
resonance frequencies are clearly resolved (red arrows). Afterwards the properties of each
resonance frequency is determined (c) by fitting a Lorentzian profile to the data (red line).
Using these properties, it is possible to apply different theories to determine the spring
constant of the cantilever (cf. text).

3. The method of Butt and Jaschke [Butt1995] uses Parseval’s theorem, which states that the
area under the power spectral density is equal to the square of the magnitude of the signal.
Hence an integration of power spectral density is equal to the square of the rms-deflection
< z2 >. However, two corrections have to be made, which were calculated according to Butt
and Jaschke. First of all, they used Eq. 4.3 to show that the potential energy of the i-th mode is
given by

(sin α i + sinh α i ) .
k 2
qi (t ) α i4
2
3
2

Wi =
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The equipartition theorem states that in thermal equilibrium the average value of Wi is equal
to ½ kB T, leading to an equation which relates the power of the modes with the average rmsdeflection of the cantilever:
< z2 > =

12 k B T
k

1

∑α
i

4
i

=

kB T
.
k

(3.13)

Obviously the i-th mode contributes with 12 ⋅ α i−4 to < z2 >, hence 96% of the vibrational
energy is stored in the first mode, 2.5% in the second mode, 0.3% in the third mode and so on.
Hence if one only considers the area below the fundamental peak the systematic error in k will
be 4%. Therefore, the electronics should be able to measure at least four modes (i.e. the
corner frequency has to be higher than 35 x the fundamental frequency of the cantilever, cf.
Table 4.1) to keep the systematic error below 1%.
Furthermore, one has to account for the fact, that the light lever method measures the
inclination of the cantilever (i.e. z*(x, t) = dz/dx) and not the deflection itself. Butt and Jaschke
calculated a correction factor for the i-th mode to convert the rms-inclination into the rmsdeflection by [Butt1995, Cook2006]
2
< zi >  3 sin α i + sinh α i
χ =
=
⋅
< zi*2 >  2 α i sin α i sinh α i
2
i

2


 .


Therefore, the equipartition theorem for the fundamental mode reads now
k = 0.96 kBT / <z12> = 0.82 kBT / <z1*2>.
The method of Butt and Jaschke is implemented within this thesis by a fit of Eq. 4.9 to the
power spectral density (in the neighbourhood of the i-th mode), leading to Sader’s parameters

ωi,fl and Qi and the amplitude of the i-th mode Zi,0. Afterwards, the Lorentzian profile (Eq.
4.9) is integrated with respect to ω, giving the area Ai of the i-th mode in the power spectral
density, and < z2 > is determined by the sum of χi2 Ai.
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4.3.4. Preparation of colloidal probes

In this thesis, colloidal probes (CP) are created by gluing silica spheres (from Bangs
Laboratories, Fishers, IN; radius R = 3 µm, determined using an optical microscope) with
UV-cureable epoxy (NOA68, Norland Adhesives, Cranbury, NJ) onto the following
cantilevers:
(i) NP-0 (spring constant in the range k = 0.58 N/m) from Veeco (Dourdan, France),
(ii) CSC12 (k = 0.005 N/m to 0.03 N/m) from MicroMasch (Tallin, Estonia),
(iii) OBL (k = 0.005 N/m to 0.03 N/m) from Veeco (Dourdan, France).
Obviously, the suitable spring constant can be chosen within two order or magnitude by
employing the appropriate cantilever.
Here, the following preparation procedure is used:
1. Before any preparation, the CP stock solution is decanted and diluted. Microscope cover
glasses are cleaned according the RCA standard and a small drop of diluted CP stock solution
is spread over one cover glasses and allowed to evaporate. This leads to a substrate, which is
covered by isolated and aggregated CPs. Every time, a new CP cover glass is prepared, the
probes should be tested in calibration force measurements (e.g. SiO2 vs. SiO2 in aqueous salt
solutions) to be sure, that the probes are free of contamination.
2. Freshly before preparation of a CP cantilever,
(i) a small drop of epoxy is placed onto a second cover glass and a tungsten wire (diameter ~
0.1 mm) is used to spread the epoxy in lines on the glass.
(ii) all cantilevers are cleaned with an argon-plasma at 35 W for at least 2 min (Harrick
Scientific, NY).
3. Afterwards, a tungsten wire is electrochemically etched in a solution of 1 M NaOH using
an adjustable AC current, until an thin apex (~ 5 µm) is obtained. Using an micromanipulator
installed in an optical microscope, a small drop of epoxy (radius < 5 µm) is transferred from
the cover glass to the end of each cantilever. Then, the same procedure is used with a freshly
etched tungsten wire (apex < 1 µm) to place the CPs onto the spot with glue on the cantilever
(cf. Fig. 4.3.5). In order to prevent from contamination with epoxy, it is reasonable to etch the
tungsten wire every time before placing a CP.
4. After gluing, the epoxy is cured using an intense UV-lamp and afterwards, the geometrical
properties of the CP cantilevers are determined using the microscope.
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Fig. 4.3.5: For the colloidal probe technique, a micromanipulator (attached to an optical
microscope) is used to mount a colloidal probe with µm precision onto the end of a cantilever
beam. Here, a tungsten wire is used to transfer the colloidal probe. The left and right picture
shows the situation directly before and after the transfer onto the cantilever.

4.3.5 Averaging of Force Profiles

Due to the thermal movement of the cantilever, the resolution limit of the force measurement
is restricted to the noise level, which can be determined e.g. at the baseline. Fig. 4.3.6a shows
for example the logarithm of the approach force profile of Fig. 4.3.1. Here, the baseline
appears as a quite constant noise floor for D > 200 nm and the profile clearly shows that the
interaction can only be resolved down to approx. 0.02 mN/m.
However, the origin of this noise floor is a random process (thermal excitation) and hence it
should be possible to reduce the noise level by averaging over several measurements. In an
ideal case, if the same force profile is measured n-times then the signal-to-noise ratio should
increase by the factor

n after averaging.

In this thesis, a genuine algorithm for averaging of force curves has been developed. First of
all, stronger requirements on the raw data apply, if an averaging over several 100 curves shall
lead to useful results:
1. Preferentially, rectangular and uncoated cantilevers are used. The first properties allows
(due to the simple geometry) to determine the spring constant with small error (typically
below 4%), whereas the second one arises from the fact that coated cantilevers often show a
much higher drift than uncoated ones (which is due to the difference in thermal expansion
coefficient of the cantilever and the coating).
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a

b

Fig. 4.3.6: (a) Comparison of a single force profile (red) with the average of 100 force
profiles (light orange). Please note that due to the averaging the noise level is reduced by
roughly one order of magnitude, which increases the force resolution also by a factor of 10.
This allows to resolve forces, which are masked by thermal noise in the single profile and also
increases the experimentally accessible interaction range of the surface forces (cf. dashed
boxes). Furthermore, the right plot (b) shows histograms of the deflection on the baseline
(dots) for a single profile (red) and for the average of 10 (dark orange) and 100 (light
orange) force profile, respectively. Obviously, the histograms follow a Gaussian distribution
(lines), which indicates that the deflection is in fact caused by thermal movement of the
cantilever. Please note, that the distribution width simply decreases with the amount of
averaged profiles (without changing its shape) which is the expected behaviour for a removal
of erratic and random fluctuations in the cantilever deflection.

2. If not noted otherwise, a scan size (= range of zPZT) of at least 1000 nm is used, whereby the
raw data is sampled with at least 64000 points. This has the following advantages:
(i) This large scan size ensures that (even for very long ranged forces) at least half of the force
curve is given by the baseline. Hence, the effect of a small laser misalignments (which usually
lead to baseline fringes) can be compensated, as the offset value of the deflection (for isolated
surfaces) can be determined over a range, that is equal to the wavelength of one fringe
( = λLaser / nMedium ). This procedure makes the averaging robust against the occurrence of small
fringes as even very small vertical scattering in the raw data can have a strong influence of the
averaged force curve in the regions of small forces. Furthermore, this approach makes sure
that the offset is determined in a region which is definitely free of interaction.
(ii) Due to the high sampling rate, the raw data contains enough information even for very
small ranged forces.
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3. Please note that the apparent surface separation and the InvOLS are calculated from the raw
data. Hence, a scattering in these raw data properties will lead to scattering of the a vertical
and horizontal “position“ of F(D), which simply means that the single force profiles are
shifted against each other with respect to D and F. This can be optimised by two approaches:
(i) It is preferred to wait until the drift of the deflection becomes neglectable (this will be
usually reached earlier for uncoated than coated cantilevers). If the deflection shows a
pronounced drift, the baseline has to be fitted with a line instead of a constant value, which
increases the scattering e.g. in the determination of z0.
(ii) The Nanoscope software of the Veeco Multimode allows to set a trigger for the maximum
loading force. This possibility should be always used as it makes sure that the surface
separation of each single profile is almost within the same interval.
In this thesis, at least 200 raw force profiles per experimental condition (e.g. for a given salt
concentration) are acquired using this protocol. Afterwards, the raw data is averaged using a
self-written script in MatLab (MathWorks, Natick, MA), which operated in several
consecutive steps:
1. Before the script is started, all raw force profiles that exhibit artefacts are excluded
manually from the further analysis.
2. Then, for all remaining force profiles the standard deviation σBase of each baseline is
calculated and afterwards the median of all obtained σBase is determined. Afterwards, all force
profiles are automatically excluded from the further analysis whose σBase exceed the
calculated median. Here, the idea is used that even the smallest artefacts on the baseline
increase σBase and hence this approach usually drops the “worst” baselines.
3. Now, for each remaining force profile the interval of D is calculated (i.e. [Dmin, Dmax]) and
afterwards the biggest value of Dmin and the smallest value of Dmax are determined. Obviously,
all force profiles have the interval [max(Dmin), min(Dmax)] in common and hence the average
of F(D) is unambiguously defined within this interval.
4. After all this information is collected, the actual averaging process starts. Here, a simple
sum average of the zDefl(D) curves is calculated, with one exception: The average is performed
sequentially, i.e. if i denotes the number of averaged curves and z Defl, i ( D) is the actual

[

]

average, then the i + 1 average is simply given by z Defl, i+1 ( D) = i ⋅ z Defl, i ( D) + zDefl, ( D) / (i + 1) .
However, z Defl, i+1 ( D) is only accepted as i + 1 average, if the standard deviation of the
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baseline of z Defl, i+1 ( D) is reduced with respect to z Defl, i ( D) (this is the expected behaviour for
a noise whose origin is a random process). This approach effectively eliminates all raw data
from the averaging, which would increase the noise level (e.g. due to a scattering during the
fitting of the baseline or the constant compliance).
The result of this approach is shown in Fig. 4.3.6b, where the resolution of a single force
profile is compared to the average of 100 curves. Furthermore, Fig. 4.3.6c shows that the
standard deviation of the baseline indeed decreases by the expected factor of

n.

4.4 Imaging with AFM
One advantage of the AFM in comparison to the SFA is the ability of scanning the sample,
i.e. the use of the x-y-part of the piezo scanner to shift the probe relative to the sample. Hence,
it is possible to accurately choose the point of interaction which enables one to measure the
topology of the surface. Depending on the kind of interaction several AFM imaging modes
can be distinguished:

4.4.1 Contact mode imaging

In contact mode imaging the probe touches the sample. Due to the hardcore repulsion the
cantilever is deflected, while the deflection is proportional to the force acting between probe
and sample. During imaging, the deflection (and thus the force) is kept constant by a PID
regulator which is located inside the AFM controller. The regulator compares the chosen and
the actual deflection and the difference (regulation error) is fed into the z-piezo. For example,
if the deflection is too low, the z-piezo is extended leading to a stronger hardcore repulsion
and hence to a decrease in regulation error.
Obviously, the regulator ensures that at any point of the sample the force acting between
probe and sample is kept constant. Hence, if the probe is scanned (within the x-y-plane) the
regulator gives the voltage necessary to keep the force constant, which leads to a voltage-map
of the sample. Here, depending on the compressibility of the sample, two cases can be
distinguished:
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1. If the compressibility of the sample (at the chosen force) is uniform over the entire surface,
the voltage-map is proportional to the sample height. Hence, if the piezo sensitivity is known
(relationship between extension and voltage) the height profile of the sample surface can be
directly determined. This is the case, if hardcore repulsion is used for imaging (large force
applied onto the sample), or if the sample surface is uniform (cf. complete coating of the
surface with one compound).
2. If the compressibility (at the chosen force) is heterogeneous over the sample, the voltagemap is only a qualitative measure of the sample height. This follows from the fact that the
decrease in height by applying a loading force depends on the compressibility. Hence, softer
materials are more compressed than harder ones, leading to an error in the height profile. For
example, this is the case, if the sample is a mixture of different compounds (e.g. a polymer
brush and a flat silicon surface or biological materials adsorbed onto gold).
Therefore, in order to minimize the error in the height profiles, contact mode is usually done
with hardcore repulsion as interaction force. However, the second case allows to gain more
insight in the surface properties as the measured height for each compound depends on the
force applied by the probe. Therefore, it is possible to make several contact mode images
which differ only in the magnitude of the applied force and to analyse the changes in the
height profiles. For example, using this technique Heinz and Hoh were able to measure the
lateral distribution of surfaces charges on a heterogeneous sample [Heinz1999].

4.4.2 Intermediate- and non-contact mode imaging

In Section 4.2 it was shown, that the cantilever behaves like a damped harmonic oscillator, i.e.
it possesses several resonant frequencies ωi,fl with quality factors Qi, that depend on the
properties of the cantilever and the surrounding media. Therefore, it is possible to excite the
cantilever at its resonance frequencies in order to induce an oscillation of the tip, whereby this
movement can be modelled using the oscillator differential equation
d
1
d2
z (l , t ) + β i z (l , t ) + ωi2, fl ⋅ z (l , t ) = * (F0 cos(ω ⋅ t ) + F ( D + z (l , t )) ) .
2
dt
dt
mi

(4.13)

In this equation F0 and ω give the excitation force and frequency of the cantilever,
respectively, F(D + z) denotes the probe-sample force (which depends on the probe-sample
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separation D + z), βi the damping coefficient (e.g. βi = ωi,fl / Qi in Sader’s model), ωi,fl and Qi
the resonance frequency and quality factor of Eq. 4.9, respectively, and mi* the effective
cantilever mass. The latter is caused by the fact, that the resonance frequency of the harmonic
oscillator in absence of any losses (Qi → ∞) is given by ωi2,vac = k / mi* . Hence, if one applies
Eqs. 4.1 and 4.4, one finds
*

mi =

3

α i4

m

which gives an effective mass of only 0.24 m for the fundamental mode (i = 1, α1 = 1.88) in
vacuum. Please note that this is an effective mass within the oscillator mode and does not
mean that the cantilever is getting lighter or the spring constant is getting higher in order to
hold ωi2,vac = k / mi* for the resonant frequencies. It is only a recalculation to describe the
movement of an extended body in terms of a one-dimensional vibration.
For F(D – z) = 0 Eq. 3.15 can be solved analytically and the steady-state solution is given by
z (l , t ) = Z i (ω ) cos(ω ⋅ t + ϕ i )

which is a harmonic oscillation with amplitude [Demtröder1998]
Z i (ω ) =

[(

F0
ω 2 − ωi2, fl
*
mi

)

2

+ ω 2 β i2

]

−1 / 2

(4.14)

and phase
tan ϕ i (ω ) = −

β ω

ω

i
2
i , fl

−ω

.

(4.15)

Please note that the maximum in amplitude is found at

ωi2,res = ωi2, fl − β i2 / 2 .

(4.16)

which deviates only slightly from ωi,fl for high Qi (i.e. βi << ωi,fl). For small amplitudes, F(D –
z) can be expanded into a Taylor series around D:
F ( D + z (l , t )) = F ( D ) +

d
F ( x)
z (l , t ) + O ( z 2 ) = F ( D ) + F ' ( D) ⋅ z (l , t ) + O ( z 2 ) .
dx
x= D
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This can be introduced into Eq. 4.13

d
F ' ( D) 
1
d2
 ⋅ z (l , t ) = * (F0 cos(ω ⋅ t ) + F ( D ) )
z (l , t ) + β i z (l , t ) +  ωi2, fl −
2
* 
dt
dt
mi 
mi


and simplifies to the original case
F
d
d2
z (l , t ) + β i z (l , t ) + ωi2, force ⋅ z (l , t ) = 0* cos(ω ⋅ t )
2
dt
mi
dt

(4.17)

if the transformations
z (l , t ) +

F ( D)
→ z (l , t )
ωi2, fl mi*

and

ωi2, force = ωi2, fl −

F ' ( D)
mi*

are applied. Obviously, losses (due to a surrounding medium) and external forces shift the
frequency spectrum of the cantilever by [Albrecht1991]

ωi2,res = ωi2, fl − F ' ( D ) / mi* − β i2 / 2 .

(4.18)

Hence, for βi = constant the resonant frequency ωi,res is shifted to higher frequencies for
repulsive probe-sample interaction ( F ' ( D ) < 0 ) and to lower frequencies for an attractive
interaction ( F ' ( D) > 0 ).
This property is used in non-contact imaging: Depending on the force (attractive vs.
repulsive) the cantilever is driven at a frequency ω that is slightly lower (repulsive) or higher
(attractive) than the resonance frequency ωi,res. Due to the interaction ωi,res is shifted and as ω
is kept constant the amplitude of the tip oscillation reduces without direct contact. This
decrease is measured by the AFM and kept constant by the PID regulator in non-contact
mode, i.e. the probe-sample distance is reduced if the vibration amplitude is too high and
increased if the amplitude is too low. Like in contact mode this leads to a voltage-map which
is a measure of the sample height.
Sometimes, the force has a very steep onset or is very small. Then it can happen that this tip
slightly touches the sample surface. Here, the hardcore repulsion leads again to a decrease of
the vibration amplitude, which can be detected and used as feedback for the PID-regulator. As
the tip taps the surface for a small time of each oscillation, this mode is called Tapping or
intermediate contact mode.
However, these imaging modes have the big advantage, that the lateral force (applied by the
probe onto the sample) is several orders of magnitude smaller compared to the contact mode.
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Hence, it is possible to image compounds loosely bound onto the surface, e.g. clusters or other
small particles. In contact mode the clusters would only be pushed around by the probe, no
stable image is possible and the sample surface is damaged by the probe. Using intermediate
or non-contact modes, this problem can be often avoided.
4.4.3 Resolution of the image

In AFM imaging the interaction arises between probe and sample. Hence, the probe geometry
strongly affects the resolution of the image and usually very sharp probes are employed in
order to gain high resolution images. However, the magnitude of interaction depends on the
imaging mode employed and thus for each imaging mode dedicated cantilevers can be
bought.
In contact mode the probe-sample interaction can be very strong. Therefore, one often uses
rather soft cantilevers (k ≈ 1 Nm-1) with probe radii on the order of 25 nm to 75 nm. In
intermediate- and non-contact mode the interaction is much lower than in contact mode.
Therefore, stiffer cantilevers with very sharp probes (radii between 2 nm and 25 nm) are
usually used. (Here actual parameters depend on the environment: in air very stiff cantilevers
are used (k > 20 Nm-1) leading to high frequencies ( > 300 kHz), whereas in solution often
cantilevers with k ≈ 2 Nm-1 and frequencies around 10 kHz are used.)
However, the true resolution depends on both, the probe radius and the vertical extension of
the sample height profile. If the sample is rather flat (cf. mica with roughness < 1 Å), then
only a small part of the probe interacts with the sample and atomic resolution can be achieved.
On the other hand, if the sample is very corrugated (with extensions comparable to the probe
radius) it might happen that the probe is not able to penetrate completely into the valleys of
the sample, leading to an underestimation of peak-valley distances in the height profiles.
Furthermore, it should be considered that each image is a convolution of the sample surface
and the probe geometry. Hence, peak-valley distances might be determined very accurately
with AFM (error < 1 Å is obtainable), whereas the lateral extension of particles might be
strongly overestimated due to tip convolution (cf. Fig. 4.4.1). Therefore, it is always necessary
to determine the probe geometry on different length scales in order to get an impression about
the expected error in the measurement of lateral sizes.
In this thesis, AFM tips are tested with a Nioprobe self-imaging sample (Aurora Nanodevices,
Nanaimo, Canada) and with a home-made gold cluster sample (cluster radii < 15 nm;
synthesized according to [Turkevich1951]). As the surface structures of both samples are
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already known, a comparison of the measured with the expected images allows to estimate the
shape and curvature radius of the used AFM tip. This procedure should be regularly repeated
and at least performed every time, a new surface is investigated.
nioprobe sample
a

gold cluster sample
b

30 nm

40 nm

15 nm

20 nm

0 nm

0 nm

R < 10 nm
500 nm

c

500 nm
d

30 nm

40 nm

15 nm

20 nm

0 nm

0 nm

R >> 10 nm
500 nm

500 nm

Fig. 4.4.1: All AFM tips are tested prior usage against reference samples of well known
geometry, namely the Nioprobe self imaging sample (a, c) and a gold cluster sample (b, d). A
sharp Nioprobe image suggest a very small tip radius (< 10 nm), but due to the random
structure of this sample it is often difficult to check for double tips or for deformation of the
tip geometry on larger length scales. Hence, it is always necessary to check the tip also against
more separated object (like clusters). A good tip should give sharp images of both samples (a,
b). However, bad tips usually give blurred images one or both of the sample (c, d).
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Chapter 5. Forces acting between bare and polyelectrolyte coated silica
surfaces
This chapter gives the experimental results of direct force measurement performed between
bare and coated silica surfaces, whereby the focus is set on coatings of linear polyelectrolytes,
which have been physisorbed from aqueous solutions with low and high salt concentrations
IAds.
The first two sections will shortly review the forces acting (i) between bare silica (Section
5.1) and (ii) between silica surfaces covered by linear polyelectrolytes physisorbed at IAds = 0
(salt-free deposition solution). Both cases are well investigated in literature (cf. [Horn1989,
Ducker1992, Serr2003]) and hence, these systems can be used to validate the measurement of
surface forces.
Afterwards, the thesis will focus on the quantification of surface forces created by linear
polyelectrolytes physisorbed at IAds = 1 M NaCl (cf. Section 5.3), while more detailed
investigations will be performed on poly(styrene sulfonate) by systematic variation of several
polymer properties and salt concentrations in the sections 5.4 to 5.6.
Please note, that the following paragraphs give general information about the materials and
methods, which apply for all measurements performed in this thesis. However, sometimes
changes of this experimental procedure are necessary, which will be discussed separately in
the beginning of each section.

Materials and Methods
Chemicals - All solutions are created with ultrapure water using a Milli-Q device (Millipore,
Billerica, MA). Sodium chloride (NaCl, p.a. grade) was obtained from Merck (Darmstadt,
Germany) and 3-aminopropyldimethyl-ethoxysilane from ABCR (Karlsruhe, Germany).
Sodium poly(styrene sulfonate) (PSS) with monomer count ranging from N = 380 (contour
length LC = 95 nm) to 1800 (LC = 450 nm) was purchased from Polymer Standard Service
(Mainz, Germany) in the following batches: pss13030 (77 kDa, N = 380, PDI < 1.1),
pss14061 (123 kDa, N = 600, PDI < 1.2), pss26058 (168 kDa, N = 840, PDI < 1.2) and
pss200203 (350 kDa, N = 1800, PDI < 1.2). PSS with an average mass of 1.4 MDa (N = 6800,
LC = 1700 nm, PDI < 1.2) was a generous gift of BASF (Ludwigshafen, Germany).
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PAH

PLL

PSS

H H O
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(CH2)4
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Br
N

N

Chemical formulas of poly(allylamine)hydrochloride, PAH, poly-l-lysine, PLL, and sodium
poly(styrene sulfonate), PSS.

As cationic polyelectrolytes poly(allylamine)hydrochloride (PAH, 70 kDa, contour length
LC=220 nm) and poly-l-lysine (PLL, 300 kDa, LC=350 nm) are used as received from Sigma
Aldrich.
All chemicals are used without further purification. The polyelectrolyte deposition solutions
are prepared by solving 3 mM (with respect to the monomer concentration) of the respective
polyelectrolyte in Milli-Q water and by adding NaCl afterwards, until the desired ionic
strength IAds (ranging between 0 M and 1 M NaCl) is reached.
Surface preparation – Microscope slides (Roth, Karlsruhe, Germany) are used as silica
surfaces. They are cleaned according to the RCA standard and freshly used. CPs are prepared
as described in Section 4.3.4 and are cleaned with argon-plasma at 35 W for 2 min (Harrick
Scientific, NY). The silica surfaces intended for PSS adsorption are positively charged by
silanization (one day in argon-silane atmosphere, direct use after silanization).
Afterwards, the polyelectrolytes are physisorbed onto the silica by immersing the surfaces for
one hour at 30°C into the respective deposition solution. After adsorption the surfaces are
directly transferred (i.e. without drying, if not otherwise noted) into the fluid cell of our
commercial DI Multimode AFM with Nanoscope IIIa Controller (Santa Barbara, CA). For
asymmetric measurements and imaging, bare CPs are cleaned with argon-plasma at 35 W for
2 min and directly used.
Force measurements –The force measurements are performed after PSS adsorption in NaCl
solutions (free of PSS, if not otherwise noted) of different ionic strengths: starting at 1 M,
then diluting down to 1 mM and enriching again to 1 M. These solutions are freshly prepared
before each measurement run by solving the appropriate amount of a 2 M NaCl stock solution
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in fresh Milli-Q water. This procedure ensures, that the pH-value of these solutions is almost
neutral, although it is not directly controlled using a buffer solution (which would introduce
additional multivalent ions in most cases and hence, which might complicate the
interpretation of the force profiles).
Force curves are recorded not later than five minutes after change of the solution. Symmetric
measurements (both surfaces covered with PSS) as well as asymmetric measurements (one
PSS covered surface against a bare silica CP or a silicon tip) are performed. During one
experiment at least 200 force curves for each salt concentration at different positions on the
surface are recorded, with one approach/separation cycle per five seconds (corresponding to a
approach velocity of v = 0.45 µm / s).
Shown are usually only the averaged force curves, which are obtained as described in Section
4.3.5. After the measurement spring constants are determined using the methods of Butt,
Sader and Cleveland [Butt1995, Sader1999, Cleveland1993] (cf. Section 4.3.3).
Afterwards, the distance dependent force curves F(D) are normalized by the radius of the CP
to give (according to Derjaguin’s approximation, cf. Section 3.1) the interaction energy per
unit area w(D) of two flat surfaces: w( D) = F ( D) /(2 π R) . This allows an easy quantification of
the force curves with the theoretical models which are often calculated for the interaction of
two infinitely extended, flat surfaces.
Imaging – The morphology of the PSS layers is measured using AFM tapping mode in PSS

free NaCl solutions of different ionic strengths (between 1 M and 1 mM NaCl as indicated).
Here, sharp AFM tips on DNP-S cantilevers (R ~ 25 nm; Veeco, Dourdan, France) as well as
colloidal probes glued (R ~ 3 µm; Bangs Laboratories, Fishers, IN) to NP-0 cantilever
(Veeco, Dourdan, France) are used, which leads to AFM images with a fine (DNP-S) or
coarse (CP) resolution, respectively. In this study 512 x 512 pixels are recorded per image and
the z-limit of the piezo scanner was set to 500 nm, in order to increase the height resolution of
the AFM. Directly after preparation (of the CP) CPTM images with a coarse lateral resolution
(curvature radius = CP radius R = 3 µm) are obtained.
Image processing – Images obtained with the AFM are stored in raw data format, i.e. in

absence of any automated filtering or image processing by the AFM software. Afterwards the
images are processed using the Nanoscope 5 software (which is delivered with our
commercial DI Multimode AFM) as follows: For larger images (scan area > 1 x 1 µm) the
spherical distortion introduced by the piezo scanner is removed by fitting a spherical plane (of
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second order) into the data and by subtracting the fitted spherical plane from the data. For
smaller images this correction is skipped, as no distortion was noticeable.
General remarks – Please note, that due to simplicity all concentrations will be given in the

rest of this thesis in the unit M = mol per litre. To allow a distinction, those concentrations
will be now denoted by an I ([I] = 1 M) instead of an ρ (as used in the theoretical sections).
Additionally, it is important to keep in mind that in this thesis generally two different salt
concentrations are employed, which are completely independent from each other: IAds denotes
the salt concentration in the deposition solution and hence, determines the properties of the
polyelectrolytes and the surfaces during the adsorption process. Afterwards, the surfaces are
immersed into a solution, containing the bulk salt concentration I. During the experiments, the
surfaces forces are investigated in dependence of I, which allows to identify the different
contributions of the measure force profile (cf. Chapter 3).
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5.1 Forces between bare silica surfaces
Introduction
Every time, one component of the colloidal probe technique (CPT) has been changed (e.g. the
slide carrying the colloidal probes for the preparation process or the glue employed), the
surface forces of a reference system should be measured in order to ensure, that the CPT still
leads to reproducible results. In this thesis, the accuracy and reproducibility of the setup is
determined using bare and freshly RCA cleaned silica surfaces. Although the surface
properties of silica strongly depend on the preparation conditions (e.g. storage in wet or dried
state), the force profiles acting between bare silica surfaces are extensively discussed in
literature and show often a better reproducibility in comparison to other model surfaces (e.g.
like mica, which is a natural product and whose properties can strongly depend on the mining
field it comes from [Israelachvily1991]). Additionally, bare and silanized silica will serve as
substrate for all physisorbed polyelectrolyte layers and hence, a determination of its properties
is crucial for a understanding of measured force profiles.
This section starts with a discussion of the forces acting between bare silica surfaces as
determined by the conventional CPT. It will be shown that these forces are dominated by an
electrostatic double layer repulsion, that the decay length is given by the Debye length (as
expected for a smooth, charged surface) and that the surface charge density (of isolated silica
surfaces) is almost independent on the bulk salt concentration I.
Afterwards, this reference system is also used to investigate experimental protocols for the
measurement of tapping mode force curves: Here, a colloidal probe is glued at the end of a
tipless tapping mode cantilever, whereby the force profile can be reconstructed by the change
in the cantilever resonance frequency [Albrecht1991]. It will be shown, that the height image
(obtained by tapping mode imaging) contains information about the lateral distribution of the
surface forces. This new imaging technique (colloidal probe tapping mode, CPTM) will be
used in the sections 5.4 to 5.6 to distinguish domains on the silica surfaces, which lead to
different surface force laws.
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5.1.1 Colloidal probe technique on bare silica surfaces
Between bare silica surfaces only purely repulsive forces are observed for bulk salt
concentrations I ranging between 1 and 100 mM NaCl, i.e. the distance dependent force F(D)
is positive for all surface separations D and hence, all force profiles will be shown on a
logarithmic scale only. Additionally, as all force profiles show no noticeable approachretraction hysteresis, also only the approach part of the profiles will be shown (cf. Fig. 5.1.1).
Additionally, this lack of hysteretic effects clearly shows (i) that clean silica surfaces are
interacting with each other and (ii) that the whole system is in thermodynamic equilibrium
during the measurement (i.e. the relative velocity of the surfaces is small compared to the
movement of the ionic clouds and hence, hydrodynamic effects can be neglected).
Fig. 5.1.1 shows the measured force profiles (dots) and the fits to the simple exponential
decay (Eq. 3.19, lines)
(5.1.1)
 e ⋅ψ 0  − κ ⋅ D
 ψ 0  −κ ⋅D
FDH ( D)
k T ⋅ ρ∞
 ⋅ e
 ⋅ e
= 0.0482 ⋅ I ⋅ tanh 2 
= 64 ⋅ B
⋅ tanh 2 
2π ⋅ R
κ
 103 mV 
 4 ⋅ k BT 

(with the surface potential ψ 0 and the Debye length κ −1 as free fitting parameters, both are
given Fig. 5.1.2 and in Tab. 5.1.1, respectively). Obviously, the force profiles are almost fully
described by the linear (Debye-Hückel-) solution of the Poisson-Boltzmann equation (cf.
Section 3.2) and the measured decay length show a very good agreement with the expected
Debye length (cf. Fig. 5.1.2, left).
Hence, the silica surfaces indeed behave as expected for smooth, charged surfaces immersed
in a monovalent and aqueous salt solution and the force profiles can be identified as ordinary
double layer repulsion. Deviations from Eq. 5.1.1 occur only at surface separations D that are
small compared to the respective Debye length κ −1 , which indicates that in these regions of
the force profile additional effects (e.g. due to charge regulation [Behrens1999a-c, PericetCamara2004, Popa2010b]) have to be considered. At very large D deviations occur due to
thermal noise.
However, from Eq. 5.1.1 one can infer, that it is not possible to determine the sign of the
surface potential ψ 0 from symmetric CPT measurements. However, for silica surfaces it is
well known that the surface charges are created by the dissociation of silanol groups on the
surface (cf. [Papirer2000]), which leads to a negative surface potential ψ 0 and hence, the
minus sign is added in Tab. 5.1.1.
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D

Fig. 5.1.1: Representative force profiles (dots) acting between bare silica surfaces at
different bulk salt concentrations I (as indicated by the arrows) and the fits to the (linearized)
solution of the double layer repulsion (lines, cf. Section 3.2). Obviously, most of the profiles
are dominated by electrostatic forces, whereby a deviation from the exponential decay
occurs only for surface separations D which are small (due to charge regulating effects) or
large (due to thermal noise) compared with the respective Debye length. Furthermore, these
measurements show that after calculating the average of at least 100 single force curves
highly resolved force profiles can be obtained: The apparent lateral resolution is approx. 0.2
Å per data point, whereby the force F(D) is resolved over 3 orders of magnitude,
corresponding to a force resolution of approx. 3 pN.

−1
κ meas
( κ −1 ) / nm

ψ 0 / mV

σ 0 / mC ⋅ m -2

10 mM

3.10 (3.04)

- 12.8

- 2.9

5 mM

4.37 (4.30)

- 15.2

- 2.5

2 mM

7.05 (6.80)

- 19.2

- 2.0

1 mM

10.30 (9.61)

- 24.9

- 1.9

I

Tab. 5.1.1: Electrostatic parameters - The first two columns show the electrostatic
parameters obtained from the fits of Eq. 5.1.1 to the direct force measurements shown in Fig.
−1
and
5.1.1 (comparison of the expected (Debye length) κ −1 and measured decay length κ meas

the measured surface potential of silica ψ 0 ). The remaining column shows the surface
charge density σ 0 as obtained by the Poisson-Boltzmann theory (i.e. by applying Grahame's
equation, Eq. 3.13, to ψ 0 ).
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Fig. 5.1.2: (left) The measured decay length (circles) almost perfectly matches the expected
Debye length (dashed line according to Eq. 3.10, cf. Section 3.2), as expected for smooth,
charged surfaces. (right) The suface potential ψ 0 (of isolated silica surfaces) shows a slight
dependence on the bulk salt concentration I, which can be sufficiently described using a
constant (i.e. independent on I) charge density of σ 0 = - 2.3 mC/m² and Grahame’s equation
(Eq. 3.13, cf. Section 3.2).

Surface potential ψ 0 / mV
this work

[Serr2003]

[Ducker1992]

[Meagher1995]

[Horn1989]

10 mM

- 12.8

- 13

- 34

- 19

- 28

1 mM

- 24.9

- 29

- 53

- 45

- 32

I

Tab. 5.1.2: Comparison of the measured surface potential ψ 0 with literature data. Only Serr
performed symmetric CPT measurements on real silica surfaces (pH = 6, KCl as salt),
whereas Ducker et al. used oxidized silicon as substrate (pH = 5.6, NaCl) and Meagher et al.
performed completely asymmetric measurements between silica and polypropylene surfaces.
Additionally, Horn et al. used SFA instead of CPT to measure the interaction between two
silica surfaces in salt solutions containing NaCl.

The calculation of the surface charge density σ 0 according to Grahame’s equation,
 e ⋅ψ 0 
 ψ0 
 = 0.117 ⋅ I ⋅ sinh 
 ,
 51.5 mV 
 2 ⋅ k BT 

σ 0 = 8 ⋅ k BT ⋅ ε 0 ⋅ ε ⋅ ρ ∞ ⋅ sinh 

(cf. Eq. 3.13) shows that σ 0 is on the order of 2 mC/m² (corresponding to one charge per 80
nm²) and only slightly increases with rising bulk salt concentration I.
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A comparison of the measured parameters with literature values is given in Tab. 5.1.2. A very
good agreement is found with the data of Serr, who employed the same approach (CPT on
silica surfaces, symmetric surfaces) but differed in some experimental details (i.e. pH = 6 and
usage of KCl instead of NaCl). However, the works of Ducker et al., Meagher et al. and Horn
et al. report on surface potentials ψ 0 which exceed the values of Tab. 5.1.1 by a factor of up
to 2. For the CPT measurements (Ducker and Meagher) this discrepancy might be explained
by a deviation in surface preparation: For example, Ducker et al. used oxidized silicon
substrates instead of silica, which has a pronounced influence on the charge density (as shown
in [Serr2003]). Furthermore, Meagher et al. determined the electrostatic parameters by the
interaction of silica with a polypropylene surface, which is a very asymmetric system. Hence,
due to the very complex charging behaviour of silica surfaces it is very likely that the
asymmetric setup leads also to a change in the surface charge density of the silica.
Interestingly, by employing a very sophisticated preparation procedure, Horn et al. are able to
perform symmetric force measurements on silica surfaces. They obtain values for the surface
potential, which are generally higher compared to symmetric CPT measurements. This might
be related to the fact, that by using interferometrically techniques it is possible to measure the
absolute value of the surface separation D in SFA, whereas in CPT the surface separation is
calculated from the data. Hence, in CPT the surface separation might be subject to a small
shift (e.g. due to surface roughness) and thus to a underestimation of D. However, as the
surface potential ψ 0 is obtained by extrapolation of Eq. 5.1.1 down to D = 0, an
underestimation of D (and hence of the plane of origin) is always accompanied by an
underestimation of ψ 0 , which might explain the deviations in Tab. 5.1.2.

5.1.2 Measurement of tapping mode force curves employing bare silica surfaces

In Section 4.2 it is shown that each AFM cantilever exhibits a spectrum of several resonance
frequencies ωi,fl and that it is possible to excite forced oscillations, if the cantilever is driven
in the vicinity of a resonance frequency (i.e. at ω ≈ ωi,fl ). Additionally, Sader was able to
show that the amplitude Z(ω) of the forced oscillation can be well approximated by a simple a
damped harmonic oscillator model, if the quality factor Qi of the respective resonance
frequencies is large [Sader1998]. In this case, Z(ω) has the Lorenzian shape
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Z (ω ) ∝  ω 2 − ωi,2fl


(

)

2

+

ω 2ωi,2fl 

Qi2 

−1 / 2

.

(5.1.2)

Interestingly, further calculations reveal that the resonance frequencies of the cantilevers are
shifted if a force F(D) is applied at its end. If ωi,fl denotes the i-th resonance frequency in
absence of an external force, then the shifted resonance frequency ωi,res is given in first
approximation (i.e. for small cantilever oscillation amplitudes) by

ωi,2res = ωi,2fl ⋅ (1 − 1 / 2Qi2 ) − F ' ( D ) / mi*

(5.1.3)

(with mi* denoting the “effective cantilever mass” as introduced in Section 4.4.2)
[Albrecht1991]. Hence, a force acting on the cantilever might introduce a shift of the
resonance spectrum which also changes the amplitude of the forced oscillation according to
Eq. 5.1.2. This property is used in intermediate and non-contact imaging, as it allows to obtain
information about the surface topology without the need of scratching the AFM tip over the
surface (like in contact mode imaging). In these imaging modes, the cantilever is usually
driven at a constant frequency ω (chosen close to a resonance frequency) and the surface
separation D is controlled by a PID regulator in such way, that the amplitude Z(ω) is damped
by a constant value.
However, if the reduction of Z(ω) is a result of a frequency shift (which is a common situation
for imaging in liquid) the gradient F’(D) of the applied force F’(D) will have a pronounced
influence on the imaging result. Thus, for the interpretation of AFM images which are
obtained in liquid, it is often necessary to know the properties of the forces that caused by the
surfaces.
Here, it is convenient to start with a simple system, for example with bare, smooth and
charged surfaces, which exhibit a simple double layer repulsion. For such surfaces, the
distance dependent forces profiles can be easily determined using CPT (cf. Section 5.1.1).
Additionally, a colloidal probe can be attached at the end of a tipless tapping mode cantilever
and the dependence of Z(ω) on the surface separation D can be easily measured using the
AFM, leading to a tapping mode profile Z(D). Hence, if the cantilever is driven with small
amplitude at a constant frequency ω in the vicinity of a resonance frequency ωi,fl of high Qi,
then the theory predicts that the gradient of the surface force F’(D) can be extracted from
Z(D), which allows a comparison with the antiderivative F(D) as obtained by ordinary CPT.

This is done in this thesis as follows:
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1. For the measurement of the tapping mode profile Z(D) the A beam of a tipless D-NP0
cantilever (spring constant k = 0.58 N/m to 1.2 N/m) is used, which is equipped at its end with
a common colloidal probe (radius ~ 3 µm).
2. In a solution of given bulk salt concentration I, the resonance spectrum Z(ω) of the
cantilever is determined in dependence of the driving frequency ω (cf. Fig. 5.1.3).
3. Afterwards, a driving frequency ω is set to a value which is slightly smaller than the
resonance frequency ωi,fl (cf. red and black lines in Fig. 5.1.3) and the driving amplitude is
adjusted in such way, that the rms-amplitude of the cantilever deflection is approx. 0.25 V. As
the A beam of a D-NP0 cantilever usually exhibits an InvOLS of 40 nm/V, this amplitude
corresponds to a 10 nm oscillation of the CP. Hence, only forces whose range exceeds 10 nm
by far should be investigated (e.g. double layer repulsion for I ≤ 1 mM, cf. Fig. 5.1.1).

Fig. 5.1.3: Dependence of the forced oscillation amplitude Z(ω) of a D-NP0 cantilever (A
beam) on the driving frequency. Two distinct resonance peaks are resolved, whereas the peak
at ω1,fl = 9.4 kHz (red line) has the value, which is expected for the 1st resonance mode of the

A beam. For the measurement of tapping mode force curves, the cantilever is excited at
ω = 9.1 kHz (black line) and the spatial dependence of Z(ω) on the surface separation is
recorded.
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single force profile

averaged force profile

Fig. 5.1.4: Tapping mode force curve recorded between two silica surfaces immersed into a
aqueous salt solution, containing I = 0.1 mM NaCl. (top row) A typical tapping mode force
curve consists of two profiles, (i) the distance dependent amplitude of the forced cantilever
oscillation Z(zPZT) and (ii) the deflection of the cantilever zDefl(zPZT). Here, the cantilever
deflection can be used to determine contact of both surfaces (constant compliance) and hence,
to transform Z(zPZT) into Z(D), cf. the right picture in the top row. (bottom row) However,
tapping mode force curve usually exhibit a high noise level and thus, the signal to noise ratio
(SNR) has to be increased before a further evaluation can take place. This is done in this
thesis by recording several tapping mode force curve and by calculating their average. A
representative result for an average over 10 force curves is given in bottom row, which shows
a significant increase in SNR.
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Fig. 5.1.5: (top) Gradient F’(D) of the surface force as obtained by applying Eq. 5.1.3 to the
data shown in Fig. 5.1.4. Surprisingly, this gradient consists of two contributions, i.e. a longranged and a short-ranged repulsion. The long-ranged force is attributed to a hydrodynamic
drag force (cf. Section 3.4). This contribution is removed from F’(D) by fitting Eq. 5.1.6 to
the data for D > 200 nm (cf. inset) and by subtracting the fit from the original data. (bottom)
The remaining F’(D) shows a simple exponential decay, which matches perfectly the
gradient of the surface force as obtained by ordinary CPT.
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4. Now, both surfaces are approached by engaging tapping mode imaging and after the
imaging has started, the measurement is changed to tapping mode force curves. Here, a ramp
is applied onto the z-piezo of the AFM and the dependence of the cantilever oscillation
amplitude Z(zPZT) on this ramp is recorded. Please note that soft tapping mode cantilever can
be deflected by the surface interaction and hence, also the cantilever deflection zDefl(zPZT) has
to be recorded in order to convert Z(zPZT) into the desired amplitude profile Z(D). (Other
studies, which also tried to quantify tapping mode force profiles, missed to measure this
deflection [Nnebe2004].)
However, the ramp on the z-piezo is chosen in such way, that always contact of the CP with
the silica surface is reached, which is determined by the occurrence of constant compliance in
the deflection of the cantilever. Afterwards, the deflection is normalized as described in
Section 4.3.1, which transfers zDefl(zPZT) into zDefl(D) and thus Z(zPZT) into Z(D). This
procedure leads to a profile as shown in Fig. 5.1.4, top row.
5. In order to reduce the noise, several Z(D) profiles are recorded and averaged, leading to an
averaged profile as depicted in Fig. 5.1.4, bottom row.
6. Now, a damping of the profile Z(D) is interpreted as a shift of the resonance frequency

ωi,fl . This means that for every surface separation D the resonance spectrum Z(ω) of Fig.
5.1.3 is shifted by ∆ω until Z(ω + ∆ω ) equals Z(D), which converts Z(D) into ∆ω (D) .
Afterwards, ∆ω (D) can be introduced into Eq. 5.1.3 to calculate F’(D). A representative
result of this procedure is given in Fig. 5.1.5.
Surprisingly, the reconstructed gradient F’(D) consists of two contributions, i.e. a long-ranged
and a short-ranged repulsion, whereas due to the double layer repulsion of the silica surfaces
only one repulsive contribution
FDH ( D) ∝ e −κ ⋅D → F 'DH ( D) = − FDH ( D) ⋅ κ

(5.1.4)

is expected (cf. Eq. 5.1.1). Using CPT one can indeed show that the double layer repulsion is
the only force present in this systems. Hence, this “additional” long-ranged contribution is
only visible in tapping mode force curves, where the average velocity of the colloidal probe is
(due to the forced oscillations) much higher with respect to ordinary CPT measurements.
Thus, it is reasonable to assume that a hydrodynamic drag force is the origin of this longranged contribution. Using the theories of Section 3.4, the drag force can be approximated for
large surface separation D by (cf. Eq. 3.50)
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FDrag ( D) ∝ v( D) / D
and therefore to the additional contribution
F ' Drag ( D) ∝ v( D) / D 2

(5.1.5)

to F’(D). Here, the function v(D) denotes the (average) velocity of the colloidal probe at a
surface separation D, which can be expressed by the measured rms-amplitude Urms(D) of the
probe oscillation:
v( D) ∝ U rms ( D) ⋅ ω .
However, a fit a Eq. 5.1.5 to the longer ranged repulsion in Fig. 5.1.5 does not lead to
reasonable results in the thesis, as this approach always led to a drag force, which is much
larger than the measured force. Although there is no theoretical explanation, a fit of
F ' Drag ( D) ∝ v( D) / D

(5.1.6)

to the data leads to a drag force, which is smaller or equal to F’(D) over almost the complete
profile (cf. red line in Fig. 5.1.5, top). Hence, the fit of Eq. 5.1.6 to F’(D) at large D can be
subtracted from F’(D), which results in a simple exponentially decaying function as shown in
Fig. 5.1.5, bottom, and which shows that the long-ranged contribution can be indeed
effectively eliminated by subtracting the fitted drag force from F’(D).
A comparison with the gradient of the respective CPT force profile (red dots in Fig. 5.1.6,
bottom) clearly shows that this function is a simple double layer repulsion and hence, that
F’(D) as obtained from the tapping mode force curves can be well approximated by the
simple superposition
F ' ( D) ≈ F 'DH ( D) + F 'Drag ( D) .
Obviously, F 'Drag ( D) dominates F ' ( D) at large surface separations D (i.e. at a small
damping of the cantilever oscillation), whereas for small D and thus at higher damping the
double layer repulsion gives the main contribution to F ' ( D) . Therefore, in the next paragraph
imaging is done at a damping of approx. 80%, which ensures that the double layer repulsion is
the dominant force in the imaging process.
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5.1.3 Colloidal probe tapping mode (CPTM)

In Section 4.4.2 it is shown that during tapping mode imaging the PID regulator of the AFM
controls the surface separation D suchlike that F ' ( D) is kept constant for all positions (x, y)
on the surface. This leads to a surface map D(x, y) which is usually interpreted as height map
of the imaged surface.
However, the measurement of the tapping mode force curves in the previous section also
showed that F ' ( D) can be a superposition of different forces. Hence, the profile D(x, y) as
obtained by tapping mode imaging does not only contain information about the real height
map of the surface, but also about the lateral dependence of the surface force. Consider for
example a silica surface with a (small) surface potential ψ 0,silica , which is not homogeneously
distributed over the surface, but a function of the position D(x, y) on the silica:

ψ 0,silica = ψ 0,silica ( x, y ) . In this case, the double layer repulsion will also be a function of the xy-position, which will be approximated in first order by
(5.1.7)
2

 1 
 ⋅ψ 0,silica ( x, y ) ⋅ψ 0,CPT ( x, y ) ⋅ e −κ ⋅D
F ' DH ( D, x, y ) = −2π ⋅ κ ⋅ R ⋅ 0.0482 ⋅ I ⋅ 
 103 mV 
in the following (cf. Eq. 5.1.1 in the limit e ⋅ψ 0,i ( x, y ) << k B T ). Obviously, for every position
there is only one surface separation D(x, y) which fulfils F 'DH ( D, x, y ) = const . Thus, the
height difference ∆D between the two positions (x1, y1) and (x2, y2) is simply obtained by
rearrangement of Eq. 5.1.7:
(5.1.8)
 ψ 0,silica ( x1 , y1 ) 
.
F ' DH ( D, x1 , y1 ) = F ' DH ( D, x 2 , y 2 ) → ∆D = D( x1 , y1 ) − D( x 2 , y 2 ) = κ −1 ⋅ ln

ψ
(
x
,
y
)
0,
silica
2
2


This shows clearly, that the height difference ∆D measured between two points in a tapping
mode image is always a result (i) of a real height difference of the imaged surface, (ii) of a
change in the surface forces or (iii) of both effects. Hence, the proper interpretation of the
map D(x, y) requires always the knowledge about all forces that are involved in the imaging
process (i.e. about the tapping mode force profile) and about the imaging parameters (e.g. the
chosen damping of the cantilever oscillation) which strongly influence “the height” on the
tapping mode force profile.
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Although this property of tapping mode imaging might complicate the interpretation of
D(x, y), it can be also used to investigate the lateral distribution of the surface forces. For
example, the derivation of Eq. 5.1.8 already demonstrated that a change in ψ 0,silica is reflected
by a height difference in the tapping mode image. Hence, if the surface forces are
systematically changed (e.g. by changing the bulk salt concentration I), the development of
the recorded tapping mode images can be used to rapidly estimate how the surface forces
change laterally. An example of this method is given in Fig. 5.1.6, where a bare silica surface
is imaged at different bulk salt concentrations I (as indicated) with a silica colloidal probe
(radius ~ 3 µm).
a

I = 100 mM

b

I = 10 mM

100 nm

50 nm

0 nm

5 µm
c

5 µm

I = 1 mM

5 µm

Fig. 5.1.6: CPTM images of a silica surface, measured at different bulk salt concentrations I as
indicated. For high I (a), the contribution of the double layer repulsion on the recorded image
can be neglected and hence, this image can be regarded as reference. As expected, a smooth
silica surface is imaged, which carries some contaminations (red arrows). For low I (b and c),
the influence of the double layer repulsion on the image increases and hence, surface structure
are resolved (green arrows) which can be attributed to a local change of the surface potential.
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These images are recorded without changing the imaging parameters (e.g. driving frequency
and amplitude) during the measurement. Furthermore, for imaging the damping of the
cantilever oscillation is set to a value, which led to a dominance of the double layer repulsion
onto the tapping mode force curve (cf. previous section), so that a change in height can be
really interpreted by a local change in FDH ( D) .
(If the damping is chosen to small, then F ' ( D ) would be dominated by the long-ranged
hydrodynamic drag force (cf. Fig. 5.1.5), which shows no noticeable lateral variance. This
leads to quite stable trace-retrace cycles during imaging, but also to a quite featureless surface
structure. However, if the damping is chosen to large, then F ' ( D) is dominated by a shortranged hard-core repulsion and thus, a true height image of the silica surface with the
resolution of the colloidal probe is obtained. This shows that the evaluation of the tapping
mode force profiles provides useful information about the imaging process.)
Interestingly, changes in the surface structure are indeed observed, if the bulk salt
concentration I is changed. For a high salt concentration (I = 100 mM, Fig. 5.1.6a) a smooth
surface is imaged (roughness < 1 nm as determined by tapping mode imaging with a sharp tip
in air) that exhibits only three features (two of them are marked by the red arrows), which will
be related to dirt on the silica surface (cf. discussion below). The same features are also
observed at an intermediate salt concentration (I = 10 mM, Fig. 5.1.6b), which shows that in
fact the same surface area is imaged (i.e. low lateral drift during the whole experiment).
Furthermore, a slight structuring of the surface can be observed (cf. green arrows), which
becomes more pronounced at a small salt concentration (I = 1 mM, Fig. 5.1.6c).
The knowledge of the tapping mode force curve (cf. Fig. 5.1.5) allows an interpretation of
these images: For I = 100 mM, the electrostatic repulsion is small in magnitude and range and
thus, the tapping mode image almost completely corresponds to the real height profile of the
surface. Hence, images recorded at high salt concentration are a good estimate for the real
height profile and can be used as reference image.
However, the magnitude of the electrostatic repulsion increases with decreasing bulk salt
concentration I and hence, also the influence of the repulsion on the tapping mode image
increases for small I. Hence, as the “additional” surface structures in Fig. 5.1.6a and b are
visible only at small I, it is more likely that they are caused by a (lateral) change of the
electrostatic repulsion (and thus the surface potential) than by a real change of the surface
height. This interpretation is further supported by the observation, that the “height” of these
structures increases with decreasing I, which is already expected from Eq. 5.1.8.
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Additionally, these considerations are also useful to understand the behaviour of surface
contaminations in CPTM: Due to the large curvature radius of the colloidal probe (approx.
3 µm), the lateral resolution of CPTM images is much coarser with respect to ordinary
tapping mode images (employing AFM tips with curvature radius on the order of several 10
nm). However, in Fig. 5.1.6 there seems to exhibit two different resolutions, a coarse
resolution at the structures indicated by the green arrows and a much finer resolution of the
features marked by red arrows.
This apparent increase in CPTM resolution is obviously only possible, if the surface exhibits a
feature which is similar to a sharp spike. If the colloidal probe touches the spike during
imaging, the force profile is dominated by a hardcore repulsion between spike and probe and
hence, a self-image of the colloidal probe is obtained in the region of the tapping mode image,
where the spike is located. This is very similar to the so called Nioprobe sample (cf. Section
4.4.3) which consists only of sharp spikes. Thus, an image of this sample is simply a selfimage of the AFM probe, which allows the determination of the probe geometry.
However, with increasing double layer repulsion (caused by a decrease of I), also the imaging
distance to the surface increases and hence, the height of the contaminations decrease. This is
the reason, why at I = 100 mM three contaminations are resolved in the CPTM image (cf. Fig.
5.1.6a), whereas at I = 10 mM one of them vanishes (cf. Fig. 5.1.6b) and at I = 1 mM only one
remains (cf. Fig. 5.1.6c). Obviously, if the “imaging distance” is larger than the height of the
contamination, no hardcore repulsion can enter into the force profile and the feature vanishes
from the CPTM image. These two properties (self-imaging of the colloidal probe and increase
in height with increasing I) allow an easy identification of surface contaminations in CPTM
images.
In this section a very simple system (i.e. bare, smooth silica surfaces) have been investigated
using CPTM, which leads to rather “featureless” images. However, this method will be
applied to physisorbed polyelectrolyte layers in the following sections, which leads to much
more interesting CPTM images.
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5.2 Forces between surfaces covered by linear polyelectrolytes physisorbed from
saltfree solution
Surface Preparation
This section will focus on the forces acting between silica surfaces which are covered by
linear polyelectrolytes that have been physisorbed from a salt-free aqueous deposition
solution. Here, the cationic poly-l-lysine (PLL, 300 kDa, LC=350 nm) are directly physisorbed
onto the silica surfaces, whereas for the anionic sodium poly(styrene sulfonate) (PSS, 350
kDa, LC = 425 nm) the surface charge of the silica is reversed by silanization. All
measurements are performed symmetrically (i.e. sample and colloidal probe are covered by
the respective polyelectrolyte) and without drying of the surfaces.
(More detailed information on the preparation and measurement are given in the Materials
and Methods paragraph of Section 5.)

5.2.1 Forces between surfaces covered with PSS
In this case, only purely repulsive forces are observed for bulk salt concentrations I ranging
between 1 and 100 mM NaCl, i.e. the distance dependent force F(D) is positive for all surface
separations D and hence, all force profiles will be shown on a logarithmical scale only.
Additionally, as all force profiles show no noticeable approach-retraction hysteresis, also only
the approach part of the profiles will be shown in the following (cf. Fig. 5.2.1). Again, this
lack of hysteretic effects clearly shows that clean PSS layers are interacting and that
hydrodynamic effects are negligible in the measurements.
Fig. 5.2.1 shows the measured force profiles (dots) and the fits to (lines)
(5.2.1)
 e ⋅ψ 0  −κ ⋅D
 ψ 0  −κ ⋅D
FDH ( D)
k T ⋅ ρ∞
 ⋅ e
 ⋅ e
= 0.0482 ⋅ I ⋅ tanh 2 
= 64 ⋅ B
⋅ tanh 2 
κ
2π ⋅ R
 103 mV 
 4 ⋅ k BT 

(with the surface potential ψ 0 and the Debye length κ −1 as free fitting parameters, both are
given Fig. 5.2.2 and in Tab. 5.2.1, respectively).
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D

Fig. 5.2.1: Representative force profiles (dots) acting between PSS layer physisorbed onto
silanized silica surfaces from a salt-free deposition solution, as measured at different bulk
salt concentrations I (as indicated by the arrows), and the fits to the (linearized) solution of
the double layer repulsion (lines, cf. Section 3.2). Obviously, similar to the case of bare
silica, most of the profile is dominated by this electrostatic repulsion.

−1
κ meas
( κ −1 ) / nm

ψ 0 / mV

σ 0 / mC ⋅ m -2

100 mM

0.41 (0.96)

- 0.7

- 0.50

10 mM

2.69 (3.04)

- 1.8

- 0.41

5 mM

4.55 (4.30)

- 2.3

- 0.37

1 mM

9.45 (9.61)

- 4.6

- 0.33

I

Tab. 5.2.1: Electrostatic parameters - The first two columns show the electrostatic
parameters obtained from the fits of Eq. 5.2.1 to the direct force measurements (comparison
−1
and the measured
of the expected (Debye length) κ −1 and measured decay length κ meas

surface potential of the PSS layer ψ 0 ). The remaining column shows the surface charge
density σ 0 as obtained by the Poisson-Boltzmann theory (i.e. by applying Grahame's
equation, Eq. 3.13, to ψ 0 ).
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Fig. 5.2.2: (left) The measured decay lengths (circles) almost perfectly match the expected
Debye length (dashed line according to Eq. 3.10, cf. Section 3.2), which shows that the
measured surface forces are also electrostatic in origin. This is in agreement with theory (cf.
Section 3.2), which predicts the adsorption of polyelectrolytes into a compact and charged
layer. (right) The suface potential ψ 0 (of isolated PSS layers) shows a slight dependence on
the bulk salt concentration I, which is well described using a constant charge density of
σ 0 = - 0.38 mC/m² and Grahame’s equation (Eq. 3.13, cf. Section 3.2).

Obviously, similar to the case of bare silica surfaces, the force profiles are almost fully
described by the linear (Debye-Hückel-) solution of the Poisson-Boltzmann equation (cf.
Section 3.2) and the measured decay length show a very good agreement with the expected
Debye length (cf. Fig. 5.2.2, left). Deviations from Eq. 5.2.1 occur only at surface separations
D that are small compared to the respective Debye length κ −1 . Their origin is unclear and
might be attributed to charge regulation effects or to very short ranged steric contributions
(caused by small loops, dangling into solution). Unfortunately, an unambiguous correlation
with these explanations is not possible yet, as reasonable models are missing or to
complicated and hence, it is not possible to plan the experiments for a systematic
investigation.
However, the measurements clearly support current theoretical models of polyelectrolyte
layers which are physisorbed from a saltfree deposition solution (cf. Section 3.3). They
predict, that a rather compact layer is formed (with a thickness of a few chain diameters) and
hence, that the physisorbed layer behaves similar to a quite smooth and charged surface.
Therefore, double layer repulsion is expected to act between two suchlike prepared layers,
which is indeed observed in the experiments.
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5.2.2 Forces between surfaces covered with PLL

The forces acting between physisorbed PLL layers show similarities but also strong
differences to those performed on PSS layers. First of all, the force profiles are not purely
repulsive (as observed for PSS), but consist of two contributions: (i) a short ranged attraction
and (ii) a long ranged repulsion (cf. Fig. 5.2.3). The magnitude of the attractive contribution
increases with decreasing bulk salt concentration I (cf. Fig. 5.2.4) and hence, a jump of the
colloidal probe onto (during approach) or off the surface (during retraction), respectively, can
be observed at very low I (cf. Fig. 5.2.3).
Interestingly, for surface separations D, which are larger than the jump distances, the force
profile is purely repulsive and no hysteresis is observed here in the approach-retraction cycle.
Hence, as the retraction part of the force profile only consists of one jump-out event and the
same repulsion which is also observed in the approach part. Therefore, only the force profiles
corresponding to approaching surfaces will be discussed in the following (cf. Fig. 5.2.4).

I = 0.05 mM NaCl

Fig. 5.2.3: In contrast to PSS, the force profiles of surfaces covered by PLL (physisorbed from
salt-free solution) exhibit two contributions: a short-ranged attractive force and a long-ranged
repulsion. The magnitude of the attractive contribution increases with decreasing I and thus, at
very small I jumps of the colloidal probe onto or off the surface, respectively, can be
observed. However, for large surface separations D, the force profile is dominated by the
repulsion and in this region, no approach-retraction hysteresis is observed.
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D

Fig. 5.2.4: Representative force profiles (dots) acting between PLL layer (physisorbed from
salt-free solution onto silica) as measured at different bulk salt concentrations I (as indicated
by the arrows), and the fits to the (linearized) solution of the double layer repulsion (lines,
cf. Section 3.2). The force profiles are distributed in two plot for the sake of clarity.
The long ranged contribution is again clearly identified as double layer repulsion (cf. also
Fig. 5.2.5). However, the origin of the attractive force (whose magnitude increases with
decreasing I) is unclear and attributed to patch charge attraction (cf. text).
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Fig. 5.2.5: (left) The measured decay lengths (circles) almost perfectly match the expected
Debye lengths (dashed line according to Eq. 3.10, cf. Section 3.2), as expected for smooth,
charged surfaces. (right) However, in contrast to the previously discussed measurements, the
suface potential ψ 0 shows a pronounced dependence on the bulk salt concentration I, which
cannot be sufficiently described using a constant charge density. This suggests, that the
charging mechanism of PLL is much more complex in comparison to bare silica or PSS.

I

−1
κ meas
( κ −1 ) / nm

ψ 0 / mV

σ 0 / mC ⋅ m -2

10 mM

3.22 (3.04)

+ 14.4

3.3

5 mM

5.62 (4.30)

+ 9.6

1.6

1 mM

10.19 (9.61)

+ 23.2

1.7

0.5 mM

15.11 (13.60)

+ 28.1

1.5

0.1 mM

30.76 (30.40)

+ 35.8

0.9

0.05 mM

41.9 (42.99)

+ 37.5

0.7

Tab. 5.2.2: Electrostatic parameters - The first two columns show the electrostatic parameters
obtained from the fits of Eq. 5.2.5 to the direct force measurements between two PLL layers
−1
(comparison of the expected (Debye length) κ −1 and measured decay length κ meas
and the

measured surface potential of silica ψ 0 ). The remaining column shows the surface charge
density σ 0 as obtained by the Poisson-Boltzmann theory (i.e. by applying Grahame's equation,
Eq. 3.13, to ψ 0 ).
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Obviously, Fig. 5.2.4 clearly shows that the long ranged repulsion exhibits a simple
exponential decay and again, a fit of Eq. 5.2.1 to this part of the force profile can be used to
quantitatively describe the repulsion. Using this approach, one obtains information about the
surface potential ψ 0 of (isolated) PLL layers and the apparent decay length κ −1 , which can be
easily compared with the calculated Debye length. All these parameters are given in Tab.
5.2.2 and Fig. 5.2.5.
Again, the measured decay length matches the expected Debye length almost perfectly and
hence, the long ranged repulsion is clearly identified as electrostatic double layer repulsion.
Additionally, the fits of the surface potential or surface charge density, respectively, lead to
physically reasonable values. Hence, at large surface separations the force profile of the PLL
layers behave as expected for a compact and charged polyelectrolyte layer.
However, for smaller surface separations D an attractive contribution arises, which is usually
attributed to (i) van der Waals forces [Israelachvily1991], (ii) bridging or (iii) patch charge
attraction [Popa2009, Popa2010a]). Van der Waals forces can be ruled out as origin of the
attractive contribution, as the magnitude of these forces usually does not depend on the bulk
salt concentration I, whereas the opposite is observed in the measurements (cf. Fig. 5.2.4).
Also attraction of both surfaces due to bringing of PLL chains over the gap can be excluded,
as the retraction part of the force profiles generally show only one jump-out event, but no
forces related to the stretching of single PLL chains. Thus, it is very unlikely that the PLL
chains are flexible and strongly attracted by the surfaces, so that they bridge the gap and are
attached to the opposing surface, but that they are also stiff and only weakly bound, so that no
stretching of PLL chains is visible in the force profile. Hence, as the magnitude of the
attractive force increases with decreasing I, it is reasonable to assume an electrostatic origin of
this contribution, which leads directly to patch charge attraction.
A similar behaviour of the force profiles upon a change in I is reported in literature for
different polyelectrolytes (e.g. for PSS in [Popa2009], [Popa2010a]). For example, this
behaviour is often found, if the polyelectrolytes are adsorbed from deposition solution with a
low (monomer) concentration, so that the surface charge density is almost neutralized and
hence, charge overcompensation is not achieved. In this case, the polyelectrolyte surface
coverage is usually below its saturation value and thus, the formation of surface
heterogeneities becomes likely.
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5.2.3 Conclusion of this section

Using CPT it is shown in this section that polyelectrolytes, which are physisorbed from a
saltfree solution onto an oppositely charged surface, form in general a charged and quite
compact polyelectrolyte layer. This behaviour is theoretically [Borukhov1998, Netz1999,
Netz2003] and experimentally [Claesson1994, Claesson2005, Berndt1992, PericetCamara2006a] well established and shown explicitly in this thesis for the artificial polyanion
PSS and the natural polycation PLL.
In detail, all force profiles of this section show (at least at large surface separation) a simple
exponential decay, whose decay length almost perfectly matches the expected Debye length.
Hence, this force is clearly identified as double layer repulsion (cf. Section 3.2). As deviations
from this repulsion occur only at surface separations D, which are smaller than the Debye
length κ −1 , one can further conclude that the layers behave for D > κ −1 like a simple, smooth
and charged surface, which suggests that the physisorbed polyelectrolytes form a rather
compact layer. (This picture is further supported by other experiments, which indicate that
usually a thin layer with a thickness of a few nanometers is formed [Lowack1998, PericetCamara2006a, Günther2009].)
However, this behaviour can be intuitively understood, if one keeps following facts in mind:
(i) The surfaces can be either neutralized by N counterions (per unit area) or by 1
polyelectrolyte molecule with N charges. The latter is entropically favourable and
promotes the adsorption of the polyelectrolyte onto an oppositely charged surface
[Fleer1993].
(ii) However, as there is almost no electrostatic screening in a salt-free solution, the
polyelectrolyte chains are subject to a strong electrostatic monomer- monomer-repulsion
and hence, the chain adopts a stretched conformation in solution (cf. Section 2.4).
(iii) Hence, as the chains are already stretched, the loss in entropy (due to the confinement of
the chain into a compact polyelectrolyte layer) is negligible and thus, easily compensated
by the strong electrostatic attraction of the oppositely charged surface. Thus, it is
reasonable that the polyelectrolytes form a compact and flat adsorption layer.
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5.3 Forces between surfaces covered by linear polyelectrolytes physisorbed at 1 M
NaCl [Block2007]
Introduction
The discussion of Section 5.2 shows that linear polyelectrolytes which are physisorbed from a
salt free deposition solution (IAds = 0 M) form a rather compact adsorption layer. Therefore,
most of the surface forces is given by a simple electrostatic double layer repulsion. In this
case, it is theoretically [Odijk1978] and experimentally [Yashiro2002] well established that
the polyelectrolytes exhibit a very stretched conformation in solution (i.e. Lp ≥ LC). Hence, the
confinement of the chain into a compact adsorption layer requires only a small amount of free
energy, which is easily compensated by the electrostatic interaction between the monomer and
the oppositely charged surface [Borukhov1998, Netz1999, Netz2003].
However, the addition of salt to the adsorption solution has often a profound effect on the
conformation of the physisorbed polyelectrolytes. For example, Hesselink calculated
analytically for strong polyelectrolytes a linear relationship between the surface coverage (i.e.
the adsorbed polyelectrolyte mass per unit area) and the square root of the salt concentration
IAds of the deposition solution [Hesselink1977]. Interestingly, this quantitative dependence is
indeed observed experimentally (performed on single polyelectrolyte layers [Cosgrove1986,
Ahrens2001, Yim2000] and multilayers [Schmitt1996, Steitz2000, Gopinadhan2007,
Cornelsen2010]) as well as numerically [Böhmer1990, Fleer1993]. Hence, by adding salt to
the deposition solution it is easily possible to increase the amount of adsorbed polyelectrolyte
by more than a factor of 3 [Cornelsen2010].
Obviously, this large increase in adsorbed polyelectrolyte is in strong contrast to the idea of a
compact and thin polyelectrolyte adsorption layer. Hence, it is more likely that the adsorption
layer becomes more extended and less compact and thus one would expect a change in the
surface forces. Interestingly, in their pioneering work Luckham and Klein were able to show
that the addition of 0.1 M KNO3 to the deposition solution changes the force profiles between
poly-L-lysine covered mica surfaces from pure electrostatics to long ranged steric forces
which indicates, that (at least) some of the PE chains adsorb in a non-flat conformation onto
the surface. Yet, on first approach, an irreversible compression of the layers occurred, which
rendered the quantification of the experiments difficult [Luckham1984]. To avoid the
irreversible compression of the polymer chains, it is necessary to reduce the applied force,
which is achieved in this thesis by the usage of the colloidal probe technique.
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Surface Preparation
This section will focus on the forces acting between silica surfaces which are covered by
linear polyelectrolytes that have been physisorbed from an aqueous deposition solution
containing 1 M NaCl. Here, the cationic polyelectrolytes poly(allylamine)hydrochloride
(PAH, 70 kDa, contour length LC=220 nm) and poly-l-lysine (PLL, 300 kDa, LC=350 nm) are
directly physisorbed onto the silica surfaces, whereas for the anionic sodium poly(styrene
sulfonate) (PSS, 350 kDa, LC = 425 nm) the surface charge of the silica is reversed by
silanization. All measurements are performed symmetrically (i.e. sample and colloidal probe
are covered by the respective polyelectrolyte) and without drying of the surfaces.
(More detailed information on the preparation and measurement are given in the Materials
and Methods paragraph of Section 5.)

5.3.1 Experimental Results
The left column of Fig. 5.3.1 summarizes the approach part of the measured force profiles for
all polyelectrolytes investigated (the discussion of the retraction part of the profiles will be
done individually). The approach part is completely reproducible for all polyelectrolytes (i.e.
during one measurement run, no change of this part is observed between subsequently
recorded force curves) and hence, only the averaged force profiles are given.
Obviously, all profiles show a purely repulsive interaction which exhibit an exponential decay
at intermediate surface separations. A similar decay is also observed in Section 5.2 (saltfree
adsorption of polyelectrolytes), whereas in that situation the decay length λ−1 is identified by
the Debye length κ −1 (cf. Section 3.2), which is there given by κ −1 = 0.304 nm / I .
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Fig. 5.3.1: Comparison of forces acting on surfaces covered with linear polyelectrolytes (top:
PLL, middle: PSS, bottom: PAH) which are physisorbed from a deposition solution
containing (left column) IAds = 1 M NaCl or (right column) no salt, i.e. IAds = 0 M (data
taken from Section 5.2). The symbols give the measured and averaged force profiles and the
lines the fits to the respective theory (see text).

107

However, a direct comparison of the force profiles for the case of salted (IAds = 1 M NaCl, left
column of Fig. 5.3.1) and saltfree (IAds = 0 M, right column of Fig. 5.3.1) deposition solution
shows, that the addition of salt has a profound effect on the properties of the physisorbed
polyelectrolyte layer, as the force profiles generally increase in range and magnitude. Perhaps
the most remarkable change can be found for PLL, whose attractive interaction (observed for
IAds = 0 M and for small I) completely vanishes if physisorbed in presence of 1 M NaCl.
To get a quantitative information about the interaction range, all force profiles are fitted by an
exponentially decaying function as described in Section 5.2. The decay lengths λ−1 obtained
by this approach are summarized by symbols in Fig. 5.3.2, whereas the dotted line gives the
expected Debye length κ −1 and thus allows an easy comparison. This figure clearly shows
that λ−1 strongly deviates from the Debye length for all polyelectrolytes that are physisorbed
at IAds = 1 M NaCl: the decay length does not only exceed κ −1 , but also differs completely
from the 1 / I -scaling of the Debye length. Obviously, both effects cannot be explained by
the Poisson-Boltzmann-theory and hence, the observed forces cannot be described by a simple
electrostatic double layer repulsion.
The presence of these long-ranged forces leads to the conclusion that at least some parts of the
polyelectrolyte dangle into the solution and that therefore the polyelectrolyte layer exhibits a
non-flat conformation. According to Section 3.3 three possible non-flat chain conformations
can be found after the adsorption of the linear polyelectrolytes: (i) pancake, (ii) mushroom or
(iii) polyelectrolyte brush, respectively.
The first possibility can be ruled out by simple geometrical considerations: In the pancake
structure, most of the polyelectrolyte chain is still attached to the surface. Hence, at large
surface separations D, the distance between the surface and the small chain fraction of
unbound monomers (i.e. which are not directly attached to the surface) can be neglected
against D. Thus, in colloidal probe technique the adsorbed layer will simply appear as rough,
charged surface and hence one expects double layer repulsion which decays with the Debye
length. However, this is not observed here. (Deviations from the double layer repulsion is
expected for surface separations D comparable to the thickness of the pancake, since
overlapping chains of opposing slides should lead to a short ranged steric contribution.)
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Fig. 5.3.2: Comparison of measured decay length (open symbols: salt-free physisorbed, full
symbols: physisorbed at 1 M NaCl) with expected Debye length (dotted line). Obviously,
the decay length does not only deviate quantitatively from the Debye length if the
polyelectrolyte is physisorbed in presence of 1 M NaCl (full symbols), but shows also a
completely different scaling with respect to the bulk salt concentration I (cf. the solid line,
which is a fit to guide the eyes). Hence, it is not possible to explain these surface forces
using the DLVO theory.

Additionally, the considerations of Section 3.3.7 on polyelectrolyte mushrooms showed that
for such conformation a scaling of the decay length with the square root of the chain
persistence length (at least in the limit of a high salt concentration) is expected. Using the
theories of Odjk and Houwaart [Odijk1978] and Fixman and Skolnick [Fixman1978] (cf.
Section 2.4), which predict a I −1 scaling of the persistence length on the salt concentration I
of the surrounding solution, one ends up again with a 1 / I scaling of the decay length on the
salt concentration. Hence, the decay length the forces profile acting between polyelectrolyte
mushroom covered surfaces should show the same scaling on I as the Debye length (at least in
the limit of a high salt concentration). However, this is also not observed here and hence, only
a brush-like conformation of the polyelectrolyte chains remains as possible explanation.
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5.3.2 Fitting of the AdG theory to the force profiles

Following the previous considerations, it is reasonable to test the data for evidence of the
brush conformation by fitting a force law, predicted by a steric theory, to the data and by
evaluating the obtained parameters of the brush. Here, it is convenient to use as first
approximation the theory of Alexander and de Gennes (called AdG below), as this theory (i)
gives the simplest model of steric interaction as it contains only two free parameters, (ii)
contains no properties of the physisorbed polymer (universality of the scaling approach) and
(iii) predicts a force law, which is very similar to the predictions of more complicated theories
(cf. Section 3.3.5). As only symmetric force measurements are performed in this section, the
AdG force profile is simply given by Eq. 3.34 (cf. Section 3.3.5 and 3.3.7),
FAdG , symm ( D )
2π R
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(5.3.1)

whereby L and s denote the equilibrium brush thickness and the average distance between two
grafting points s, respectively.
Before the measured force profiles can be fitted to Eq. 5.3.1, one has to account for the
following fact: In AFM based force measurements usually the apparent surface separation
DCP is determined from the point of contact of both surfaces, which is the contact of both PE
layers in this Section. Contact is reached if the displacements of cantilever and piezo are equal
(called constant compliance). However, D in Eq.5.3.1 denotes the true distance between the
substrate surfaces and not between the solution-polyelectrolyte interfaces DCP. Obviously, the
PE layers can only be compressed to a height ∆, because otherwise both substrates would
touch and squeeze the PE out of the contact area leading to irreproducable
approach/separation cycles. Hence, it is reasonable to expect a discrepancy between the true D
and the apparent surface separation DCP, which is given by D=DCP+2∆ and which leads to a
horizontal shift of the force profile, if ∆ is a priori set to zero. A proper determination of this
displacement is crucial as the fitted value of the grafting density strongly depends on it.

110

surface
separation D

z

brush
thickness L

average taildistance s

decay length = – L/π

Fig. 5.3.3: Force between two PLL layers physisorbed from IAds = 1 M NaCl solution,
measured in I = 5 mM NaCl (dots, obtained by averaging over 1500 approach curves) and fit
to the theory of Alexander-de Gennes, Eq.5.3.1, with (solid line) and without (dashed line)
the displacement parameter ∆. At small separations, the red dots coincide and appear as a red
line. Additionally, at intermediate D the force profile can be well approximated by a simple
exponential decay, whose decay length is proportional to the brush thickness L. The inset
that
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Fortunately, the shape of an AdG force profile is only determined by L, whereas the parameter
s only causes a “vertical shift” of the force profile (on logarithmic scales), whereas the
displacement ∆ manifest itself only in a “horizontal shift”. Therefore, it is possible to
determine the displacement ∆ by performing a least-mean squares (LMS) fit of the theoretical
force profiles to the measured force profile as long as the steep decline at large separations
can be resolved by the measurement (cf. for example Fig. 5.3.3).
Hence, the fit of the measured force profiles to Eq. 5.3.1 are performed as follows: In section
3.3.5 it is shown that the AdG force profile decays exponentially at intermediate surface
separations (0.2 ≤ D/L ≤ 0.9), whereby the decay length is given by γ −1 = − L / π (symmetric
case). Thus, a raw estimate for the brush thickness L is obtained by fitting the measured force
profile to an exponentially decaying function and by setting L = −γ −1 ⋅ π

as first

approximation. Afterwards, this value is used as starting value in a least mean squares (LMS)
fit of Eq.5.3.1 to the whole force profile, which optimizes the free parameters L, s and ∆, until
a good description of the measured data by Eq. 5.3.1 is achieved.
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A representative result of this approach is given in Fig. 5.3.3, which compares two fits of
Eq.5.3.1 with (a) ∆ fixed to zero and (b) ∆ regarded as free parameter. For ∆ = 0 one can
conclude that at short separations the measured force profile will be overestimated by
Eq.5.3.1 by at least one order of magnitude, which is simply due to the fact that a compression
of the (non-flatly adsorbed) polyelectrolyte layers to zero causes the osmotic pressure to go to
infinity. On the other hand, a shift of 2∆ results in an excellent agreement between Eq.5.3.1
and the experimental data. Thus, for all measurements ∆ (and hence D = 0) is determined in
such manner and the results of this fitting procedure are given in Fig. 5.3.1 by the solid lines.
Obviously, this approach leads generally to a very good agreement between Eq.5.3.1 and the
measured force profiles. Please note that by approaching DCP = 0 (which is equivalent to

D = 2∆ ) the polyelectrolyte layers cannot be compressed any further and the force profile
will show a vertical slope and deviate from Eq.5.3.1.
Additionally, using Fig.5.3.1 and 5.3.3 one can notice that the force between both surfaces
generally vanishes at a distance that corresponds to twice the brush thickness L as calculated

by the AdG theory. In conclusion, L is taken as thickness of one polyelectrolyte layer.
The measurements show that chains of the layer dangle into solution leading to steric forces.
The question is, if these chains are connected (i.e. networks) or independent of each other (i.e.
brushes). It is reasonable to assume that the chains are not connected and form a brush-like
conformation:
1. It is possible to reversible swell and shrink the layer (which will be shown in detail in the
next paragraph). Furthermore, the force measurements show that the polyelectrolyte layer
adopts its equilibrium conformation already within one minute after a change of the solution.
In case of a network of loosely bound chains, bonds would have to break and to form newly
within this timescale which is highly unlikely.
2. In Section 5.4.4 tapping mode images of PSS layers will be shown, that have been obtained
at different ionic strengths using sharp tips (R ≈ 25 nm) or colloidal probes (R ≈ 3 µm),
respectively. There, it is not possible to image any changes in the layer conformation with a
sharp tip, which is attributed to the fact that the unbound fraction of the polyelectrolyte chains
escape away from the sharp AFM tip. Hence, the tip penetrates the brush and moves directly
down to the substrate. However, if a colloidal probe instead of a sharp tip is used, it is
possible to image a swelling/shrinking of the whole PSS layer.
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Both facts indicate that connections between the chains are unlikely and that the steric
interaction is created by single chains protruding into solution. However, Eq. 5.3.1 contains
the parameter s that measures the average distance between two grafting points for endgrafted brushes. As the interaction between the brushes is created by opposing tails and not by
the grafting points and as AdG brushes exhibit one tail per grafting point, one can conclude
that in fact s measures the average distance between adjacent tails. Hence, it is reasonable to
say that in these measurements the parameter s corresponds to an average distance between
neighbouring tails or loops (subsumed as pseudo-tails below [Papastavrou2006]).
Please note that for all measurements it was not necessary to add electrostatic forces to
describe the force profiles. It has to be concluded that the polyelectrolyte chains protruding
into solution are surrounded by their counterions and do not produce a net surface charge. A
similar feature was experimentally found and theoretically described for PE brushes, where all
counterions are incorporated into the brush leading to brush neutralization [Zhulina1995,
Ahrens1998, Balastre2002].

5.3.3 Parameter plots and scaling laws

Depending on the relation between monomer concentration IMono within the polyelectrolyte
brush and the salt concentration I of the solution surrounding, two completely different phases
of the polyelectrolyte brush are described in Section 3.3.6: The osmotic brush is reached, if
the salt concentration in the bulk solution I is negligible compared to the monomer
concentration and hence, the brush thickness L is in first approximation independent on a
change of I. In contrast to this, a salted brush is formed, if the salt concentration I is increased
2 α
until I ≥ IMono is fulfilled. Here, the brush thickness L is proportional to L ∝ ( I ⋅ s ) with

scaling exponent α = -1/3. This behaviour is explained by a balance between an osmotic force
(that stretches the chain because of the excess of counter ions neutralizing the chain) and an
elastic one (which oppose this stretching). An increase in I decreases the imbalance between
the counter ion concentration in the brush and in the subphase, therefore the osmotic pressure
is reduced and L shrinks (cf. Section 3.3.6, [Biesheuvel2004, Zhulina1995, Ahrens1998]).
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Fig. 5.3.4: Brush thickness L (left) and average distance between pseudo-tails s (right) as
obtained by fits of the AdG theory to the measured force laws for PSS (blue), PAH (green)
and PLL (orange). The dark (respectively light) symbols correspond to measurements
performed while lowering (respectively rising) the salt concentration. The error bars given for
PLL represent twice the standard deviation and are also representative for PSS and PAH.
Obviously, the layer thickness (left) changes over one order of magnitude and reaches at last
25% of the contour length of the respective polyelectrolyte. Within experimental error, no
swelling-shrinking-hysteresis is observed. The straight lines are power laws, the respective
exponents are given in the legend and are in agreement with the value for polyelectrolyte
brushes. Additionally, the average chain distance s (right) seems to be constant during the
measurement, at least for PSS.

Interestingly, the range of the repulsive force profiles of Fig. 5.3.1 (left colum) indeed
increase as I is decreased. In terms of the AdG theory, where the decay length is directly
proportional to the brush thickness, this simply indicates a swelling of the whole
polyelectrolyte layer. Please note, that this conclusion is independent on the theory used to
describe the polyelectrolyte brush, as this kind of proportionality of the decay length is found
in all these theories (cf. Sections 3.3.5 to 3.3.7).
To gain more quantitative insight into the swelling behaviour of the physisorbed
polyelectrolyte layers, the dependence of the brush thickness L on the product of molecular
area s² and ionic strength I is plotted (double-)logarithmically in Fig. 5.3.4 (left). Furthermore,
regression lines obtained by a LMS-fit to the data points is included in the figure, which
2 α
shows clearly that the data points follow a straight power law of the form L ∝ ( I ⋅ s ) . The

slope of the regression lines equals -1/3 within 15% in every case which supports the idea that
the polyelectrolyte layer exhibit a brush-like conformation.
However, completely unexpected is the finding that adsorption in 1 M NaCl lead to
polyelectrolyte layers that are several orders of magnitude thicker than layers of flatly
adsorbed polyelectrolyte. Following the values given in Fig. 5.3.4 (left), the brush thickness
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exceeds 100 nm for all polyelectrolytes which is more than 25% of the contour length (cf.
values on page 108). This strong stretching is not observed for brushes from neutral polymers
[Israelachvili1991, Klein1990], but for polyelectrolyte brushes [Ahrens1998] and can only be
explained by a huge osmotic pressure (caused by counterions that are incorporated into the
brush to achieve local electro-neutrality). This mechanism leads to the scaling exponent α
originally derived for PE brushes.
From Fig.5.3.4 (right) one can infer that s is constant within the experimental error if the salt
concentration is changed between 1 M to 1 mM. This leads to the conclusion that the chain
stretching is accompanied by only minor structural rearrangements of the PE layer.
To check the swelling and shrinking of the PE-layer for hysteretic effects the salt
concentration was decreased and increased by factors of five over three decades. Considering
the data from all experiments and the experimental resolution there is, surprisingly, no
indication that swelling-shrinking hysteresis occurs. Thus, one can infer that swelling and
shrinking of the physisorbed layers is completely reversible on the timescale of our
experiment (< five minutes).
From the assumption that one polyelectrolyte chain is located in the unit volume L.s2 one can
cross-check the condition for the salted brush, I > IMono. It is found to be valid for PAH above
10 mM, for PSS above 57mM and for PLL above 310mM. The far too high value for PLL
suggests that within the unit volume only a fraction and not a whole PLL chain is located.
Also the decrease of the chain charge due to binding of the counter ions (Manning
condensation) is neglected, which was found to be substantial [Zhulina1995, Balastre2002].

5.3.4 Model independent master law for the force profiles

In Section 3.3.5 and 3.3.7 it is shown, that the different models of salted polyelectrolyte
brushes also lead to different force laws. Although they are very similar in the leading terms,
they can strongly differ in prefactors or also exhibit additional terms (e.g. the theories of
MWC and Biesheuvel) and thus, the parameters of the polymer brush also depend on the
respective model used for fitting. Interestingly, all theories so far predict that
(i) the brush thickness L scales with L ∝ N ⋅ I −1 / 3 ⋅ s −2 / 3 (in the limit of small intrinsic excluded
volume υ 0 / υ el → 0 ) and
(ii) the characteristic length scale of the force profile is always ξ = D /(2 ⋅ L) (i.e. all distance
dependent terms can be expressed by ξ ).
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Hence, by using the characteristic length scale ξ instead of D, all steric force profiles
(presented in the sections 3.3.5 and 3.3.7) can be written as the product
F (ξ ) /(2 π R) = g ( L) ⋅ h(ξ ) ,

(5.3.2)

whereby all properties of the brush (e.g. brush thickness L, grafting density s −2 , Kuhn or
persistence length, etc.) only enter into the prefactor g(L) and the distance dependence of
the force is ruled by h(ξ ) . For example, in the AdG theory, these functions are given by
g AdG,symm ( L) =

8kB T L
35 s 3

h(ξ ) = 7 ⋅ξ −5 / 4 + 5 ⋅ξ 7 / 4 − 12 ,

and

whereby for the neutral brush with step-like volume fraction profile the equations
g NB ( L) =

6 ⋅ k BT
L2
⋅
s2
N ⋅ a2

h(ξ ) = 2 ⋅ ξ −1 + ξ 2 − 3 ,

and

follow (cf. Section 3.3.5).
These examples show that regarding the scaling of g(L) on the brush thickness L, scaling
theories (like AdG) strongly differ from mean field theories: The latter predict generally a
quadratic scaling, (i.e. g ( L) ∝ L2 , cf. gNB(L) and Section 3.3.7), whereas in the scaling picture
the magnitude increases linearly with L (i.e. g ( L) ∝ L , cf. gAdG,symm(L)). This interesting
property gives an easy and model free approach to compare the measured force profiles with
the predictions of scaling and mean field theories, respectively:
1. The following points refer to a set of force profiles, which are determined for one
polyelectrolyte (e.g. PSS physisorbed from 1 M NaCl) in dependence of the bulk salt
concentration I.
2. Obviously, from (i) and (ii) one can conclude that for all theories the characteristic length
scale ξ of the force profile (and thus of h(ξ ) ) scales with the bulk salt concentration I as

ξ ∝ I 1 / 3 . Hence, independent on the model (and hence the particular structure of h(ξ ) ), all
measured force profiles F(D) of this set should exhibit the same distance dependence, if
they are plotted over D ⋅ I 1 / 3 instead of D alone and if the force is in fact steric in origin.
This is a useful property, as the knowledge of the bulk salt concentration is sufficient to
perform this normalization (i.e. no brush parameter has to be determined).
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PSS, scaling

PSS, mean field

PAH, scaling

PAH, mean field

PLL, scaling

PLL, mean field

Fig. 5.3.5: Comparison of forces acting from Fig. 5.3.1 (top: PSS, center: PAH, bottom:
PLL) which are normalized according to scaling (left column) or mean field arguments (right
column), respectively. Obviously, if the scaling approach is used, the data for PSS perfectly
collapses onto a single master curve, whereas for PAH and PLL still a small vertical shift is
observed. However, normalization according to mean field arguments leads in all cases to a
large vertical shift, which shows that this approach is insufficient for the description of the data.
The dashed lines gives the noise levels.
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3. This procedure eliminates the distance dependent term in Eq. 5.3.2, whereby the vertical
shift in the force profiles contains solely information about the structure of g(L). Hence, if the
scaling approach is valid, all force profiles F(D) should collapse on one master curve, if they
are normalized to F ( D) → F ( D ⋅ I 1 / 3 ) ⋅ I 1 / 3 (as g ( L) ∝ L ∝ I −1 / 3 ). However, if the mean
field approach gives the proper description, the normalization has to be done according to
F ( D) → F ( D ⋅ I 1/ 3 ) ⋅ I 2 / 3 (as in this case g(L) should scale like g ( L) ∝ L2 ∝ I −2 / 3 ).

4. Please note that, although the scaling of g(L) on I is weak (+1/3 or +2/3 for scaling or mean
field theories, respectively), it should be noticeable in the experiments as the bulk salt
concentration is usually changed over 3 orders of magnitude. The results of this normalization
is given in Fig. 5.3.5.
Fig. 5.3.5 clearly shows, that after the normalization D → D ⋅ I 1 / 3 all force profiles
(determined for a given polyelectrolyte) indeed exhibit the same distance dependence and are
at the most vertically shifted. Hence, upon a change of the bulk salt concentration I the force
profiles in fact behave as expected for polyelectrolyte brushes.
However, the magnitude of the forces shows a big difference if scaling or mean field
arguments are employed for normalization: If the force profiles are normalized according to a
scaling theory (i.e. F ( D) → F ( D ⋅ I 1 / 3 ) ⋅ I 1/ 3 , left column of Fig. 5.3.5) the data obtained for
PSS almost perfectly collapses onto a single master curve, whereas for PLL and PAH still a
very small vertical shift remains (the curves differ by a factor of approx. 1.3 if I is changes by
a factor of ten). For PAH, this shift can be related to small rearrangement of the layer upon
decrease of the bulk salt concentration I, which increases the average distance s between the
brush-like physisorbed PAH chains (cf. the arguments in the paragraph “Parameter plots and
scaling laws” and the observations in “Discussion of the approach-retract-cycles”). For PLL,
the origin of the shift is unclear, as PLL gives very reproducible force profiles (cf.
“Discussion of the approach-retract-cycles”) and hence, layer rearrangements appears to be
unlikely. However, if mean field arguments are employed for the normalization (i.e.
F ( D) → F ( D ⋅ I 1/ 3 ) ⋅ I 2 / 3 , right column of Fig. 5.3.5), none of the data collapses onto a

master curve and a large vertical shift is observed (i.e. the curves differ by a factor of approx.
2.7 if I is changes by a factor of ten). This shows, that due to the L² scaling of the magnitude
of the force (as obtained in mean field theories) the surface force are overestimated, which is
in agreement with the criticism of de Gennes on mean field approaches (cf. Section 3.3.5 and
[deGennes1976, 1979, 1981, 1982]).
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Please note, that the laws for normalization are obtained without choosing a particular model.
This means that due to their basic properties, all models (derived using either scaling or mean
field arguments, respectively) behave equally, if the appropriate normalization is applied to
the force profiles. Furthermore, the collapse of the data in Fig. 5.3.5 reveals three interesting
facts about the measured surface forces:
1. The force profiles completely behave as expected for a steric force arising between
polyelectrolyte brush covered surfaces. Hence, in contrast to the measurements of Section 5.2
(polyelectrolytes physisorbed from salt-free solution) these forces cannot be of electrostatic
origin. The same conclusion is already drawn in the beginning of this section, where it is
shown that the decay length of the force profiles cannot be bought in agreement with the
Debye length. However, the description of the data by a single master curve (per used
polyelectrolyte) also shows that not only the decay length but the scaling of the whole force
profile (i.e. decay length and magnitude of the force) upon a change in I completely deviates
from double layer repulsion. This gives a much stronger argument towards a steric origin,
than only regarding the decay length as now the magnitude of the force is additionally
considered.
2. Furthermore, the collapse onto a single master curve shows that also only one type of force
profile is needed to describe the data. Hence, if the brush-like physisorbed chains would
perform a transition from the salted (high I) to the osmotic brush (very low I), it should lead to
a change in the profile ruling the surface forces (cf. Section 3.3.6). Hence, such a transition
should manifest itself in a deviation of the corresponding force profile from the master curve.
However, within experimental resolution this is not observed in Fig. 5.3.5 and thus, the bulk
salt concentrations I used in the experiments are in all cases to large to reach the osmotic
brush. This is in agreement with the conclusion of the previous paragraph.
3. As the mean field force profiles generally overestimate the surface forces, it is very likely
that the application of such models on measured data generally lead to an overestimation of
the average distance s between the brush-like physisorbed chains (especially at low I).
These conclusions show that the model free description of the data leads to valuable
information. However, a big disadvantage is given by the fact, that brush parameters cannot
be obtained by this method. They can only be determined by applying a particular model and
by fitting the corresponding force law to the data.
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5.3.5 Discussion of the approach-retraction-cycles
Up to now, only the (purely repulsive) approach part of the force profiles has been discussed.
Thus, the aim of this paragraph is to treat the sometimes different behaviour of the approachretraction-cycles observed for the employed polyelectrolytes.
The easiest situation is found for PSS, which shows no approach-retraction-hysteresis, i.e.
both parts of the force profile usually superimpose. The occurrence of adhesion or pulling
forces is generally an indication for a destabilization of the layers and is only rarely observed.
A similar behaviour is found for PLL, which also shows below I = 50 mM NaCl no approachretraction-hysteresis like the PSS (cf. Fig. 5.3.6a). However, for bulk salt concentrations
exceeding 50 mM NaCl, a pronounced hysteresis is observed (cf. Fig. 5.3.6b): although still a
purely repulsive approach part is found (which is completely reproducible among
consecutively recorded force curves), the retraction part shows small adhesion and
occasionally occurring pulling events, which can be attributed to the stretching of PLL chains.
This is a very surprising behaviour, as it clearly shows that:
(i) the PLL layers are bought out of thermodynamic equilibrium by the compression with the
colloidal probe (which leads to the hysteresis),
(ii) the layers are even further deformed by stretching of chains,
(iii) the layers are also able to re-arrive at equilibrium after retraction of the colloidal probe, as
the approach part of the force curves is completely reversible.
This is a very remarkable feature, as the nature of acting force permanently changes between
repulsion and attraction in the approach and retract part of the force profile, respectively, and
furthermore, this is reproducibly achieved without a change in the repulsive force.
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Fig. 5.3.6: Approach (red) and retraction part (blue) of a single force curve, measured
between PLL covered surfaces. Below 50 mM (left) no approach-retraction-hysteresis is
observed and the force is purely repulsive. However, above 50 mM (right) the approach
remains repulsive, whereas adhesion and chain stretching events can be observed.
It is reasonable to assume that the repulsion is also steric in origin (i.e. is caused by the
interaction of brush-like physisorbed chains) and hence, that the thereby induced “steric
stabilization” prevents the surfaces from a jump-in event. On the other hand, due to the small
surface separation (achieved at high compression), it is very likely that heterogeneities in the
PLL layers leads to adhesion of both surfaces and also that single PLL chains are able to
bridge the gap between the surfaces, which explains the stretching events in the retraction
part. Hence, the bridging forces are consistent with patchy PLL adsorption. (Interestingly, the
amount of bridging chains obviously depends on the applied pressure and the contact time of
both surfaces. Hence, a variation of both parameters might allow for a systematic
investigation of the association rates.)
Interestingly, the deformation of the PLL layer due to adhesion or pulling is weak and does
not affect the layer structure: This can be inferred from the observation, that force profiles
without approach-retraction-hysteresis (cf. Fig. 5.3.6, left) can be recorded directly after the
measurement of “hysteretic” surface forces at high I (cf. Fig. 5.3.6, right).
A much more complicated behaviour is found for PAH, which shows a purely repulsive force
profile without approach-retraction-hysteresis only (i) if the force curves are recorded directly
after adsorption and (ii) as long as the bulk salt concentration I exceeds 10 mM NaCl. (Please
note, that all measurements generally start at high I, followed by a decrease and afterwards an
increase in I, cf. the paragraph “Materials and Methods” in each section.) However, for
I < 10 mM NaCl, a situation similar to PLL can be observed: a pure repulsion upon approach,
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whereas the retraction part consists of a repulsive force in superposition with multiple chain
stretching events (cf. Fig. 5.3.7). Again, the hysteresis indicates that the structure of the PAH
layer is disturbed by the interaction with a second surface. But the highly reproducible
approach part (no changes are observed in the examples 1 – 10 of Fig. 5.3.7) also indicates on
the other hand that this is only a weak disturbance, which does not directly affect the layer
structure.
However, if the bulk salt concentration I is increased again (after being below 10 mM NaCl),
a new kind force profile is observed (cf. Fig. 5.3.8): For I = 10 mM NaCl still a purely
repulsive force is found, whereas for I exceeding 10 mM the force profile consists of a long
ranged attraction and a shorter ranged repulsion. Please note, that the magnitude of the long
ranged attraction increases with I. Obviously, the lack of hysteresis upon a change in I is
violated for PAH (in contrast to PSS and PLL), which indicates that the layer structure
changes after a decrease in I. Additionally, the decay length of the shorter ranged repulsion is
(within experimental error) in good agreement with values determined for the initial PAH
layers (cf. Fig. 5.3.4, left), which points to only small changes in the structure.
Obviously, this structural change is also able to explain the chain stretching events observed
at low I: It is reasonable to assume, that the change in the layer structure is accompanied by a
rearrangement of the brush-like physisorbed PAH chains. Hence, it is also likely that this
process leads to heterogeneities in the PAH layers which promote interdigitation or even the
catching of single PAH chains in the opposing layer.
Furthermore, the shorter ranged repulsion in the retract part of the force profile (which is in
contrast to the situation observed for PLL) indicates that most of the PAH layer does not
interdigitate (causing the steric repulsion of opposing chains) and hence, that the area fraction
of the heterogeneities has to be small. Thus, during compression of the layers, only a small
number of PAH chains get caught by the opposing layer and some stretching events are
observed in the retract part.
However, with increasing I the steric repulsion is decreased, which further promotes the
interdigitation of PAH chains at the heterogeneities (i.e. at the regions of lower chain density).
Additionally, due to the decrease in the steric force, the gap between both surfaces is also
decreased in constant compliance and thus, the bridging of single chains to the opposing
surfaces becomes more and more likely with increasing I. This is reflected in the force
profiles by the occurrence of an additional attractive force in the approach part, whose
magnitude increases with increasing I.
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Fig. 5.3.7: Sequentially recorded single force profiles between PAH covered surfaces (red:
approach, blue: retraction) as measured at I = 1 mM NaCl. For clarity, the force profiles are
shifted horizontally and vertically. Interestingly, the approach part is still purely repulsive and
highly reproducible recorded during the measurement run, whereas a superposition of (erratic)
chain stretching events and steric repulsion is observed in the retraction part (the latter in good
agreement with the repulsion upon approach).

Fig. 5.3.8: Behaviour of the approach part of PAH upon a change in I (the arrow gives the
direction of the performed changes). For a decrease in I, a purely repulsive force (with
increasing range) is observed. However, afterwards the bulk salt concentration I is increased
again and for I > 10 mM an additional attractive contributions is observed, whose magnitude
increases with I. Here, it is very likely, that some PAH chains have rearranged during the
decrease in I, which manifest itself in the occurrence of chain stretching events (cf. Fig. 5.3.7)
and attraction due to bridging forces.
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Please note that bridging of chains (which is observed for PAH and PLL) is generally in
contradiction to usual assumption that no interdigitation of chains is possible within a
polyelectrolyte brush. This shows that either the lack of interdigitation is not as strictly valid
as usually expected or that chains have rearranged and form areas with reduced brush grafting
density. Additionally, this chain rearrangement might be “invisible” in the steric parameters
obtained using the CPT: If the length scale of the heterogeneities is much smaller than the
interaction area of the colloidal probe (>> 1 µm²), their effect on the steric repulsion might be
averaged out on the length scale of the CP. Hence, the rearrangement does not necessarily
cause a change in the steric parameters, but might lead to additional contributions in the force
profiles, which is exactly the situation observed here.

5.3.6 Conclusion of this section
This section shows that the colloidal probe technique is an appropriate method to measure
small interaction energies; good accuracy can be obtained by averaging over at least 150 force
curves. With that approach the surface forces between layers from natural and artificial linear
polyelectrolytes (physisorbed in presence of 1 M NaCl) are investigated. Qualitatively, all
systems show the same behaviour: repulsive steric interaction known from brushes consisting
of neutral polymers. However, the polyelectrolyte layer thickness shows the scaling of a
salted brush (power law dependence on the product of molecular area and salt concentration,

α ≈ -1/3, fairly constant grafting density, extreme stretching) which lead to the conclusion that
linear polyelectrolytes adsorb in presence of high salt concentrations in brush-like structures.
This is a very surprising, but also reasonable behaviour: At high IAds, the polyelectrolytes
obviously exhibit a very coiled conformation and hence, the adsorption of such chains in a
thin, compact layer (like in the salt-free case) strongly decreases the conformational freedom,
leading to a strong decrease in entropy. Thus, with respect to salt-free adsorption much more
energy has to be spent to “uncoil” the chain and allow adsorption in a thin, compact layer.
Hence, with increasing I this process of compact adsorption becomes increasingly unlikely, as
more energy has to be spend and less energy is gained due to the electrostatic interaction of
the monomers with the oppositely charged surface. The result is, that at most one part of the
chain is uncoiled and most of the chains exhibits a coiled conformation even after adsorption,
which creates the extended layer observed in this section.
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Interestingly, all these extended layers show a high reproducibility of the approach part of the
force profiles, i.e. during the sequential recording of singly force profiles, no changes in the
approach part are observed. This is a remarkable feature, as the measurements on PLL and
PAH show that the structure of the layer might be disturbed by the interaction of both
surfaces, as is evidenced by adhesive or chain pulling events. Additionally, all polyelectrolytes show no swelling-shrinking-hysteresis (only exception: PAH at very high I),
which is again an indication for high stability of the physisorbed layers.
Please note, that the polyelectrolyte brushes obtained here exhibit a much smaller grafting
density (and thus, a much larger distance s between adjacent chains) with respect to other
investigations of polyelectrolyte brush mediated surface forces (cf. [Abraham2000],
[Balastre2002], [Li2006], [Liberelle2008], [Dunlop2009]). However, a decrease of the brush
density also decreases the salt concentration at which the transition between the salted and the
osmotic brush occurs. This allows to study the salted brush phase at much smaller bulk salt
concentration I and hence, increases the range of I in which the salted brush is observed by at
least one order of magnitude compared to the previously cited works. Obviously, this is a big
advantage as now the bulk salt concentration can be changed within a very large range, so that
a real model-free test of the results obtained by scaling and mean field approaches becomes
possible for the first time: Usually the predictions of both approaches cannot be distinguish
using measured surface forces, as they lead to very similar force profiles (cf. Section 3.3.5)
and almost the same scaling behaviour. Hence, the application of such profiles to the
measured forces leads generally in very good fits and only slightly differing steric parameters
(cf. Section 5.4.1). However, both approaches predict a different scaling of the magnitude of
the force on a change in L, which is used in this thesis to test both theories on the measured
force profiles without assuming any particular model.
Interestingly, this test clearly shows, that
(i) both approaches lead to correct predictions on the fundamental length scale of the force
profile, and
(ii) the predictions of the scaling theories is in good agreement with the experimental data
(perfect collapse on a single master curve for PSS and a small vertical shift for PAH and
PLL), whereas large deviations are observed for all polyelectrolytes, if a mean field
approach is employed.
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Hence, for the first time it is possible to distinguish both approaches using surface forces and
interestingly, the scaling approach gives a better description of the data than mean field
theories. This is very remarkable, as one major criticism on the scaling approach is the
predicted step-like volume fraction profile of polymeric brushes, whereas mean field theories
have been preferentially used in the past, as they indeed predict the (physically correct)
parabolic volume fraction profile.
One might argue, that these conclusion are drawn on a system, (i) which is not generally
know to exhibit a brush-like behaviour, and (ii) whose data basis might be to small at this
point to real convince for the accounted behaviour. However, in the following sections, more
and more experimental results will be given, which strongly indicate that linear
polyelectrolytes in fact adsorb in brush-like structures in presence of high salt concentrations.
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5.4 Conformation of single PSS layers physisorbed at IAds = 1 M NaCl [Block2007,
Block2008]

Introduction and Outline
In Section 5.3 it is shown that linear polyelectrolytes physisorbed from 1 M NaCl solution exhibit a
non-flat conformation. Interestingly, the surface forces acting between such layers can be
completely described using the theory of Alexander and de Gennes (AdG) which was originally
derived for end-grafted neutral polymers [Alexander1977, deGennes1987]. This is a behaviour very
different from polyelectrolytes adsorbed from salt-free solution, which show an electrostatic
repulsion (cf. Section 5.2 and [Claesson1994, Berndt1992, Butt2005]).
While for linear polyelectrolytes adsorbed from high salt concentration no electrostatic force is
directly observed (cf. Section 5.3), the thickness of the physisorbed layer scales like a salted brush
(this is one of the phases occurring in polyelectrolyte brushes and is characterized by incorporation
of counterions into the brush leading to charge neutralization within the brush). Therefore, it is
concluded that in presence of 1 M NaCl linear polyelectrolytes adsorb in coiled conformation onto
the surface. Parts of the chains dangle into solution (leading to high surface coverage and steric
forces) and surprisingly these chains show some properties known for neutral brushes even though
the brush thickness scales as polyelectrolyte brush.
However, the AdG theory was originally derived to describe the force acting between two surfaces
with end-grafted neutral polymer brushes, and the relevance for physisorbed polyelectrolytes is not
obvious. Clearly, further corroboration is necessary and thus, the aim of this section is to revise the
application of the AdG theory onto the measured force profiles. This will be done in several steps
performed on single, brush-like adsorbed PSS layers, which proved to create very reproducible
force profiles and exhibit highly reversible load-unload-cycles.
1. One of the assumptions of the AdG theory is a step-like brush profile, other theories like the
MWC use a (more realistic) parabolic polymer profile [Milner1988a]. The respective force curves
are rather similar: a steep increase of the force at small surface separations and an exponential decay
at intermediate separations with a decay length proportional to the brush thickness L. However, on
further separation of the surfaces both force curves differ (cf. discussion at the end of Section 3.3.5
and [Butt2005]). The step-like decrease of the brush segment density of the AdG theory leads to a
steep decrease of the surface forces, whereas the parabolic profile of the MWC theory results in a
slower decline.
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In Section 5.4.1, both theories (AdG and MWC) will be fitted to measured force profiles in order to
decide, if the step-like brush profile of the AdG is a sufficient approximation or if further
corrections (like in the MWC theory) have to be included to describe the data properly. To
distinguish the respective force curves, it is necessary to measure both small and large forces, i.e. to
resolve three orders of magnitude, which is achieved in this thesis by averaging over at least 200
force curves. An additional advantage of the good resolution is a reduced error for the grafting
density.
2. To further validate the description of the physisorbed polyelectrolyte layer as neutral brush,
asymmetric surfaces are investigated. Here, one surface is covered with PSS physisorbed from 1 M
NaCl, the other surface is either a colloidal probe as received (cf. Section 5.4.2), or a standard AFM
tip (cf. Section 5.4.3). Since both the colloid surface and the AFM tip are negatively charged
[Ducker1992], this might lead to further insight into the electrostatic forces which cause the strong
chain stretching. Additionally, it is also tried to penetrate the PSS layer with an AFM tip. It will be
shown that in asymmetric force measurements both steric and electrostatic forces can be found and
that their magnitude strongly depends on the dimension of the probe (cf. Section 5.4.3).
3. To probe the lateral homogeneity of the physisorbed layers and to investigate the PSS chain
conformation on the surface, the colloidal probe and the AFM tip are also used for imaging of the
surfaces. One might imagine that the chains adsorb as slightly deformed coils, with few anchoring
points on the surface. Or the chains adsorb flatly and cause a reversal of the surface charge (as is
known from polyelectrolyte adsorbed from salt free solution), with some isolated chains protruding
into the solution. To address these questions tapping mode images were taken at different salt
solutions and with probes of different length scales. Again, the result of the measurement (i.e.
which part of the extended PSS layer is imaged) depends strongly on the dimension of the probe
(cf. Section 5.4.4).
4. Additionally, the stability of the PSS brush-like conformation on the substrate surface is probed.
For this investigation, silica surfaces are covered by brush-like physisorbed PSS layers and the
surface forces are determined as described in the sections 5.3 to 5.4.3. Afterwards, the PSS layers
are dried for a few days, re-immersed into an aqueous 1 M NaCl solution and surface forces are
determined again and compared to the forces before drying (cf. Section 5.4.5).
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Materials and Surface Preparation
Materials - This section will focus on the forces acting between silica surfaces which are covered
by the linear polyanion sodium poly(styrene sulfonate) (PSS, 350 kDa, LC = 425 nm). The PSS
deposition solution is prepared by solving IAds = 1 M NaCl and 3 mM PSS monomers in Milli-Q
water and before adsorption of the PSS the surface charge of the silica is reversed by silanization.
Following cantilevers are used for this section:
- for colloidal probe technique cantilevers CSC12 (spring constant k = 0.005 N/m to 0.03 N/m),
- for layer penetration the D beam of D-NP cantilevers (spring constant k = 0.06 N/m to 0.12 N/m ,
curvature radius < 60nm),
- for tapping mode imaging the A beam of D-NP cantilevers (spring constant k = 0.58 N/m to 1.2
N/m), either equipped with a sharpened tip (called D-NPS cantilevers by manufacturer, curvature
radius < 25 nm) or with a colloidal probe attached to the end of an initially tipless D-NP
cantilevers (called D-NP0 cantilevers by manufacturer).
Force measurements – The force measurements are performed in deposition solution or in PSS free
NaCl solutions of different ionic strengths: starting at 1 M, then diluting down to 1 mM and
enriching again to 1 M. Force curves are recorded not later than five minutes after change of the
solution. Additionally, symmetric measurements (both surfaces covered with PSS) as well as
asymmetric measurements (one PSS covered surface against a bare silica CP or a silicon tip) are
performed.
Furthermore, changes in the PSS conformation are investigated by drying the surfaces either at
ambient conditions (approx. 25% r.h.) or at 0% r.h. (P2O5 inside an exsiccator).
Imaging – For imaging a silicon surface was used which is much flatter than silica (rms-roughness
determined with tapping mode about 1.7Å compared to 4.0Å). However, the PSS layers are
prepared as described above. The morphology is measured using AFM tapping mode in PSS free
NaCl solutions of different ionic strengths (between 1 M and 1 mM NaCl as indicated).
Experiments performed – Table 5.4.1 summarizes all experiments performed for this section. Four
different sets of surfaces (silica plus colloidal probe) have been created. All measurements are
repeated at least with two different sets of surfaces.
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Set spring constant
symmetric setup

spring constant
asymmetric setup

S1

28.2 mNm-1

-

S2

-1

34.4 mNm

-

S3

40.7 mNm-1

22.0 mNm-1

31.9 mNm-1

S4

purpose
CP: symmetric force profiles,
behaviour on drying
CP: symmetric and asymmetric force profiles

-1

28.2 mNm
5.1 mNm-1

CP: symmetric and asymmetric force profiles,
behaviour on drying

60.1 mNm-1
62.2 mNm-1

tip: PSS layer penetration

Table 5.4.1: The four different surface sets used in the experiment and the purpose of the
measurement, together with the respective spring constants of the cantilevers used.

5.4.1 Description of symmetric force profiles by the theories of AdG and MWC
Fig. 5.4.1 shows three representative force profiles at different salt concentrations (symmetric case,
i.e. both surfaces covered by PSS physisorbed from 1M NaCl solution) and fits to the symmetric
force profiles by the AdG and the MWC theory, respectively. No hysteresis is found between
approach and retraction of the surface and hence only the approach part of the force curve is given
in Fig. 5.4.1.
The force profiles are resolved over three orders of magnitude and a steep decline at large
separation is visible. Hence, it is reasonable to perform fits to AdG,
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or MWC theory
SB,q
wMWC
( D) =

2
SB,q
 D  −1  D  2 1  D  5 9 
FMWC
( D) π 2 ⋅ k B T L
=
⋅
⋅
  +   −   −  ,
2π R
8⋅ s2
LC ⋅ a  2 L 
 2 L  5  2 L  5 

(5.4.2)

respectively, in order to decide which theory describes the force profiles best (cf. sections 3.3.5 and
3.3.7). For the MWC fits, the Kuhn length of PSS is set to twice its intrinsic persistence length, i.e.
to a = 2.4 nm [Nierlich1985].
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Fig. 5.4.1: Representative force profiles (dots) if both surfaces are covered by PSS (physisorbed
from 1M NaCl solution) at different bulk salt concentrations I (as indicated by the arrows) and the
fits to the symmetric force profiles of the AdG and the MWC theory (lines, Eq. 5a resp. 5c). Above
10 mM NaCl, no difference in the quality of the fits of both theories is observed.

Fig. 5.4.1 shows that both theories result in very good fits of the experimental data; the parameters
to these fits can be found in Table 5.4.2.
Above 10 mM salt concentration in solution, a difference between the AdG and the MWC theory is
almost not noticeable (regarding the quality of the fits to the measured data). Here, the AdG theory
is sufficient to describe the force profiles properly and, like in previous measurements, the addition
of electrostatic forces is not necessary (cf. Section 5.3 and [Balastre2002]). Hence, the brush
appears neutral within the resolution of the CP.
Only below 10 mM NaCl concentration the force profiles are better described using the MWC
theory. The main difference between both theories is the assumed volume fraction profile which
indicates that at least below 10 mM the parabolic volume fraction profile (MWC theory) is more
realistic than the step-like one assumed by the AdG theory.
However, regarding the steric parameters (obtained by fits of Eqs. 5.4.1 and 5.4.2 to the data) a
slightly different picture emerges: Interestingly, both approaches lead to almost identical values for
the brush thickness L and the displacement δ (within experimental error), whereas strong deviations
are observed for the average distance between pseudo-tails s.
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I

LAdG [nm]

LMWC [nm]

sAdG [nm]

sMWC [nm]

δAdG [nm]

δMWC [nm]

set

PE
solution
+1M

24.7 ± 5.2
20.4 ± 4.3
-

25.3 ± 5.4
20.8 ± 4.0
-

57.2 ± 10.3
49.4 ± 11.5
-

47.3 ± 7.6
35.0 ± 7.8
-

0.8 ± 0.1
1.1 ± 0.3
-

0.6 ± 0.1
0.8 ± 0.2
-

S1
S2
S3
S4

1M

24.7 ± 6.3
21.2 ± 6.8
17.5 ± 5.7
-

24.8 ± 5.9
22.3 ± 6.3
17.6 ± 5.4
-

59.1 ± 12.9
58.8 ± 20.6
42.2 ± 10.7
-

47.8 ± 8.8
49.9 ± 14.9
24.6 ± 5.4
-

0.8 ± 0.2
1.0 ± 0.5
0.7 ± 0.2
-

0.5 ± 0.2
0.8 ± 0.5
0.5 ± 0.2
-

S1
S2
S3
S4

0.5 M

31.6 ± 6.6
28.2 ± 4.4
24.6 ± 2.0
14.9 ± 3.2

32.5 ± 6.5
29.1 ± 4.1
25.3 ± 1.9
10.6 ± 1.7

54.3 ± 8.8
54.8 ± 12.0
41.7 ± 2.8
43.5 ± 8.8

50.7 ± 6.4
49.0 ± 11.4
30.3 ± 1.9
14.0 ± 2.6

1.5 ± 0.1
1.6 ± 0.6
1.4 ± 0.1
0.7 ± 0.4

1.1 ± 0.1
1.2 ± 0.4
1.0 ± 0.1
0.6 ± 0.2

S1
S2
S3
S4

0.1 M

42.1 ± 5.0
41.7 ± 3.6
46.2 ± 4.3
33.3 ± 5.8

43.3 ± 4.2
43.3 ± 3.6
48.3 ± 3.5
37.8 ± 6.3

48.4 ± 5.1
46.2 ± 3.6
48.7 ± 7.2
61.1 ± 9.8

50.1 ± 3.6
47.5 ± 3.3
54.6 ± 8.5
76.9 ± 14.0

2.7 ± 0.1
3.0 ± 0.2
3.2 ± 0.8
2.2 ± 0.6

2.0 ± 0.1
2.3 ± 0.2
2.4 ± 0.7
1.1 ± 0.4

S1
S2
S3
S4

50 mM

47.9 ± 8.7
45.4 ± 3.6
55.0 ± 4.9
-

50.8 ± 9.0
48.1 ± 3.4
56.9 ± 4.5
-

52.1 ± 13.6
45.5 ± 3.9
53.6 ± 13.8
-

62.2 ± 20.1
50.4 ± 3.8
66.3 ± 21.7
-

3.0 ± 0.7
3.5 ± 0.2
3.2 ± 1.0
-

2.2 ± 0.6
2.6 ± 0.2
2.4 ± 0.8
-

S1
S2
S3
S4

10 mM

86.6 ± 25.7
77.9 ± 3.6
77.6 ± 2.5

94.2 ± 25.8
83.1 ± 3.3
75.5 ± 3.7

56.8 ± 10.2
43.3 ± 2.2
49.6 ± 1.6

92.3 ± 10.7
62.2 ± 3.1
69.8 ± 4.3

5.8 ± 0.5
6.5 ± 0.6
5.8 ± 0.4

4.3 ± 0.3
5.0 ± 0.5
4.2 ± 0.4

S1
S2
S3
S4

1 mM

128.7 ± 3.3

137.7 ± 3.6

46.5 ± 1.1

84.2 ± 1.7

11.8 ± 0.7

9.1 ± 0.3

S1
S2
S3
S4

Tab. 5.4.2: Comparison of parameters obtained by fits of the force profiles to AdG and MWC
theory, respectively.
This finding is representative for all symmetric force measurements and already expected from the
considerations of the sections 3.3.5 and 5.3: As the MWC theory is based on mean field arguments,
its force law overestimates the magnitude of the steric force by a factor of L (cf. Section 5.3), which
leads to an underestimation of s. This error becomes increasingly noticeable if the brush thickness L
is strongly increased (e.g. by a decrease of I). In fact, if the MWC force law is applied to the data a
strong increase of s by at least a factor of 2 is observed while lowering I from 1 M to 0.01 M NaCl
(cf. Tab. 5.4.2). Please note, that the error manifests itself only in the magnitude of the force and not
in its distance dependence (which explains why both theories lead to identical values of L).
In contrast to this, the average distance between pseudo-tails s is constant within experimental error
if the AdG theory is applied, which further supports the idea that the mean field theory of MWC
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leads to an overestimation of s. Thus, this example clearly shows that although the AdG and MWC
theory cannot be distinguished simply by the quality of the fits, a distinction is possible according to
scaling behaviour of the obtained steric parameters. Hence, as the AdG theory (i) sufficiently
describes the measured force profiles and (ii) does not overestimate the steric force, only the AdG
theory will be applied for the rest of this thesis.
The steric AdG parameters for all surface sets can be found in Table 5.4.2 or Fig. 5.4.2,
respectively. Obviously, there are only minor deviations between different surface sets.
Surprisingly, it is possible to swell the PSS brush from about 20 nm at 1 M NaCl to approx. 140 nm
at 1 mM NaCl, which corresponds is 1/3 of the contour length (= 425 nm). Additionally, the
parameters of the force measurements in deposition solution and in 1 M NaCl do not differ within
the experimental error. The removal of the PSS from the adsorption solution does not affect the
force profiles and hence, structural changes of the PSS layer are not observed.
The average distance s between pseudo-tails is constant within the experimental error, but changes
by 10% between different sets of surfaces (cf. Tab. 5.4.2). The steric interaction is created by these
(pseudo-)tails dangling into solution. The constant pseudo-tail density upon change of salt
concentration suggests that they are neither created nor destroyed, i.e. the chains of the brush do not
detach from the surface or form new adsorption points if they are pushed onto the surface by the
CP. This is an interesting behaviour because Fig. 5.4.2 shows that the brush swells by roughly a
factor of 10 and hence the chains creating the steric interaction have to be stretched also by roughly
this factor. This is only possible if some chains are anchored by strong local bonds at one side and
dangle into solution at the other side. Furthermore, they have to be coiled at high salt concentrations
and start to stretch upon decrease of the ionic strength.
However, no swelling-shrinking hysteresis is observed (cf. Fig. 5.4.2), i.e. the force curves do not
depend on previous salt concentration. Furthermore, at I = 1 mM NaCl concentration a brush
thickness of 120 nm is reached which amounts to 30% of the contour length of the PSS. Again, a fit
of the brush thickness to the power law
L ~ (I s2)α
gives a scaling exponent of α = - 0.3, which is in agreement with common theories of
polyelectrolyte brushes [Zhulina1995, Netz2003], the observations of Section 5.3 and with
measurements of other groups on PSS brushes: For example, Tran et al. report a scaling parameter
of -0.27, whereas Balastre et al. used the SFA to show that α can be found between -0.3 and -0.33
[Balastre2002, Tran1999].
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slope ≈ – 0.3

Fig. 5.4.2: Steric parameters obtained by application of the AdG theory to the force profiles.
(left) The average distance s between the pseudo-tails is constant during the whole
measurement, which indicates that the PSS layer structure is very stable against a change of
the bulk salt concentration I. This is a remarkable feature, as the brush thickness (right) shows
a strong response on a change in I: During the measurement, it is possible to swell and shrink
the PSS layer reversible over one order of magnitude and additionally, a brush thickness
corresponding to 30 % of the contour length is reached at I = 1 mM.

5.4.2 Comparison of symmetric and asymmetric force profiles
The previous sections showed, that PSS layer physisorbed from 1 M NaCl exhibits a non-flat
conformation (in contrast to PSS physisorbed from salt free solutions, which adsorbs flatly onto the
surface) and that this conformation causes steric forces that can be quantitatively described by force
laws derived for neutral end-grafted polymers, while the brush length scales by a power law derived
for salted polyelectrolyte brushes. Here, electrostatic forces play no or only a minor role even at salt
concentrations ( < 10 mM NaCl) where electrostatic forces usually dominate the force profile of
polyelectrolyte covered surfaces.
However, in Section 3.3.5 it is also shown that due to the lack of brush interpenetration the
symmetric AdG force law (derived for the interaction of two identical, neutral polymer brushes)
FAdG , symm ( D )
2π R
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(5.4.3)

can be easily extended to describe also the asymmetric interaction of a neutral polymer brush with a
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bare, non-adsorbing surface [O’Shea93]:
FAdG ,asymm ( D)
2π R
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(5.4.4)

Hence, to check if the PSS layer completely behaves as expected for a neutral brush, asymmetric
force curves are recorded. The measurement started with the recording of symmetric force profiles
as described above. Then the PSS covered CP was replaced by a bare CP and asymmetric force
profiles were measured. By replacing only one of the two surfaces a direct comparison between
symmetric and asymmetric force profiles is possible.
Fig. 5.4.3 shows five representative asymmetric force profiles at different salt concentrations and
the fits to the asymmetric force profiles according to the AdG theory (Eq. 5.4.4). Here the fits to the
MWC theory are omitted as the difference between AdG and MWC is too small to be significant.
Again only the approach part of the force curve is given.
Like the symmetric case (cf. Fig. 5.4.1) the force profiles are well described by the AdG theory. The
parameters to the asymmetric AdG fits are tabulated in Tab. 5.4.3 and are plotted for comparison in
Fig. 5.4.4 together with the parameters of the symmetric AdG fits. Both plots show a very good
agreement of the symmetric and asymmetric parameter set.
Furthermore, theory predicts that the symmetric and asymmetric force profile should overlap if the
asymmetric force profile is normalized as follows: the surface separation has to be doubled and the
amplitude of the force multiplied by a factor of four. Since the relevant parameters (s and L) are so
similar (cf. Fig. 5.4.4), it is easy to superimpose asymmetric and symmetric force curves. A
representative plot is given in Fig. 5.4.5, where an excellent match was obtained with factor of 1.5
(for the surface separation) and 3.6 (for the amplitude), respectively. This differs less than 25%
from the expected values. Hence, the PSS layers completely behave as it is expected for a
(neutralized) brush, i.e. they satisfy the assumptions made by the AdG theory.
However, Fig. 5.4.3 shows deviations from the AdG theory at larger surface separations even at 20
mM. At this salt concentration the symmetric force profiles are well described by the AdG theory
and hence one cannot attribute this deviation to polydispersity or to a different volume fraction
profile of the brush as the replacement of one PSS covered surface by a bare one does not change
properties of the remaining surface. Fig. 5.4.4 shows that there is interaction of the surfaces even at
surface separations where the steric interaction vanishes theoretically.
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Fig. 5.4.3: Representative asymmetric force profiles (dots) of surface set S4 at different bulk
salt concentrations I (as indicated by the arrows) and the fits to the asymmetric force
profiles of the AdG theory (lines, Eq. 5.4.4). There is an additional repulsive interaction at
large separation when the steric interaction vanishes. Therefore, an electrostatic contribution
is added to the steric force profile (cf. Fig. 5.4.5).

I

Surface Set S3
L / nm

s / nm

δ / nm

100 mM

36.9 ± 12.3

49.1 ± 2.5

2.4 ± 1.2

50 mM

45.8 ± 13.6

45.3 ± 15.8

3.0 ± 2.3

10 mM

70.3 ± 10.6

53.5 ± 13.1

5.3 ± 2.8

I

Surface Set S4
L / nm

s / nm

δ / nm

100 mM

28.9 ± 6.4

33.7 ± 11.6

2.2 ± 1.0

50 mM

60.5 ± 15.1

58.8 ± 11.5

7.5 ± 2.6

20 mM

70.3 ± 12.0

55.5 ± 10.6

7.1 ± 1.5

10 mM

83.4 ± 12.6

53.5 ± 9.0

8.7 ± 1.4

5 mM

100.3 ± 10.7

55.8 ± 6.4

9.1 ± 1.3

2 mM

110.7 ± 8.2

49.3 ± 3.5

11.2 ± 0.8

1 mM

138.4 ± 7.7

51.0 ± 3.2

14.1 ± 0.7

Tab. 5.4.3: Parameters of asymmetric force measurements for surface S3 (top) and S4
(bottom), whereby for simplicity only the results of the AdG theory are given.
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Fig. 5.4.4: Comparison of steric parameters obtained from symmetric (full squares) and
asymmetric force measurements (open circles), respectively. The left plot gives the average
pseudo-tail distance s versus brush thickness L for all force measurements performed on surface
set S4 (cf. Tables 5.4.1 and 5.4.3). For each experiment, this distance is constant within
experimental error, although the brush thickness changes by one order of magnitude. The right
plot shows the brush thickness L versus bulk salt concentration I for all force measurements
performed on surface set S4. The brush swells by roughly a factor of 10 on decrease of the salt
concentration and reaches 1/3 of the contour length at 1 mM NaCl. The swelling/shrinking is
reversible, i.e. it does not depend on the prior salt concentration. Fits to the symmetric and
asymmetric data (Eq. 5.4.3 or 5.4.4, respectively) yield the same brush thickness and in both
cases the brush thickness scales as known for salted polyelectrolyte brushes.

Fig. 5.4.5: Comparison of a symmetric (dark blue) and a normalized asymmetric force profile
(light blue), both recorded at 10 mM NaCl. Since the relevant parameters (s and L) are very
similar (cf. Fig. 5.4.4), it is easy to superimpose asymmetric and symmetric force curves by
normalizing the asymmetric force curve as motivated by theoretical considerations of O’Shea et
al. (cf. Section 3.3.5 and [O’Shea93])
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In order to investigate the influence of mobile charges (e.g. counterions) on the surface forces, an
electrostatic contribution to the asymmetric, steric force profile is added using the following
approximations: (1) the brush is almost completely neutralized by incorporated counterions (so
called salted brush), (2) the plane of origin of the electrostatic interaction is for one side the top of
the brush and for the second side the silica surface of the colloidal probe, (3) the brush behaves as a
spring and exhibits a neutral brush force profile, (4) the electrostatic interaction is approximated by
the solution of the linearized PB-theory in the limit of the constant potential boundary condition (cf.
Section 3.1).
Hence, the repulsive interaction between the planar top of the polyelectrolyte brush and the similar
charged planar silica surface is given by (cf. Eq. 3.21 and 3.22)
 e ⋅ψ 0,Silica
p DH ( D) = 64 ⋅ k BT ⋅ ρ ∞ ⋅ tanh 
 4 ⋅ k BT


 e ⋅ψ 0, PSS
 ⋅ tanh 

 4 ⋅ k BT

 −κ ⋅ D
 ⋅ e
and


 n ⋅ e ⋅ ψ 0,1 
 n ⋅ e ⋅ ψ 0,2
FDH ( D )
k T ⋅ ρ∞
 ⋅ tanh 
= 64 ⋅ B
⋅ tanh 

 4⋅k T
κ
2π ⋅ R
B
 4 ⋅ k BT 


(5.4.5)

 −κ ⋅ D
⋅e
,



whereby ψ 0,Silica and ψ 0,PSS denote the surface potential of the top of the PSS brush and the silica
surface, respectively, measured at infinite surface separation [Israelachvili1991]. At surface
separation D < κ-1 deviations from Eq. 5.4.5 might occur due to charge regulation effects of the
surfaces [Behrens1999] or van-der-Waals forces [Israelachvili1991], which are neglected here for
simplicity.
In this model an increase of the electrostatic interaction (e.g. by decreasing the surface separation)
will also increase the osmotic pressure acting on the brush and compress the brush. If L denotes the
undisturbed brush thickness (i.e. at infinite surface separation), D1 the equilibrium brush height
(under compression) and D the surface separation, then the equilibrium condition reads
pAdG(D1) = pDL(D – D1)
or, in other words, the brush is repelled by the silica surface until steric and electrostatic pressure
are equal. One can easily use this condition to compute the complete asymmetric force profile.
The force profile of this electro-steric force profile is fitted to the asymmetric force measurements
as follows: For a given D1 the separation D' ( = D – D1) between the top of the brush and the bare
surface is calculated which fulfils the equilibrium condition pAdG(D1) = pDL(D'). Hardcore repulsion
is added by setting negative D' to zero, as negative values indicate that the steric force is larger than
the highest achievable electrostatic force (i.e. at contact, when the PSS brush touches the bare
surface).
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Hence, for the CP measurement the complete asymmetric force profile is given by
FAdG+DL(D ≡ D1 +D') := FDL(D').

(electro-steric force profile)

(5.4.6)

The fitting procedure started by performing a LMS fit of the data to the purely steric force profile
Eq. 5.4.4 (as described in Section 5.3) followed by a LMS fit to FAdG+DL(D) (with keeping the
parameters L, s and δ from the previous fit) to obtain the surface potential ψ 0,PSS . The Debye length
used in Eq. 5.4.5 is calculated from the salt concentration in the aqueous solution and the values for
the surface potential of the CP, ψ 0,Silica , used in this fit are given in Table 5.4.3 and have been
obtained by measurement of the surface forces between two bare silica surfaces and fits to Eq. 5.4.5
(cf. Section 5.1).
Fig. 5.4.6 compares two representative asymmetric force profiles (the 1 mM and 20 mM profiles
from Fig. 5.4.3) with fits to the asymmetric AdG theory with (dashed line) and without (dotted line)
electrostatic contribution. In all cases the developed model describes the data almost perfectly,
whereas the electrostatic effect is more obvious at 1 mM than at 20 mM.
This is attributed to the fact that at 1 mM the Debye length is more than 4 times larger than at 20
mM and hence electrostatic effects will lead to stronger deviations at lower salt concentrations. The
surface potential ψ 0,PSS of the brush (0.02 to 0.06 mV, cf. Table 5.4.4) shows that in asymmetric CP
measurements the electrostatic forces are very weak (small surface potential) and can only be
detected at surface separations exceeding 2L where the steric force vanishes.
Applying Grahame's equation (cf. Eq. 3.13) leads to a very poor surface charge density of about 4.4
µC/m2, which corresponds to only one charge per 0.04 µm2 or to an average charge distance of 150
nm (hexagonal grid) resp. 200 nm (Cartesian grid). This is on the same order of magnitude as the
average pseudo-tail distance and would indicate that only every third resp. fourth brush exhibits one
visible charge to the bare CP. This shows furthermore that the electrostatic force is very weak as the
brush is almost perfectly neutralized by incorporated counterions.
Furthermore, by setting ψ 0,1 = ψ 0, 2 = ψ 0,PSS into Eq. 5.4.5 one can estimate the magnitude of the
electrostatic force in symmetric measurements to be on the order of 0.01 pN which is two orders of
magnitude less than the force resolution of 0.9 pN currently achievable by the setup used in this
thesis. Hence, in symmetric measurements electrostatic forces play no role (as the steric interaction
exceeds by far any electrostatic contribution) and deviations from the expected force profile may be
due to deviations of the expected volume-fraction profile, polydispersity or non-ideal behaviour of
the layer.
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Fig. 5.4.6: Comparison of two representative asymmetric force profiles (circles, 1 mM and
20 mM profiles from Fig. 5.4.3) with fits to the asymmetric AdG theory with (dashed line,
Eq. 5.4.6) and without (dotted line, Eq. 5.4.4) electrostatic contribution.

κ −1 / nm

ψ 0,Silica / mV

ψ 0,PSS / mV

σ0 / µC/m2

10 mM

3.04

12.79

0.02

4.6

5 mM

4.30

15.51

0.03

4.8

2 mM

6.80

19.38

0.04

4.1

1 mM

9.61

22.83

0.06

4.3

I

Tab. 5.4.4: Electrostatic parameters of asymmetric force measurements for surface S4,
additional to the steric forces (cf. Table 5.4.3): The first two columns give the Debye length
κ −1 and the surface potential ψ 0,Silica of the silica, which are used as fixed parameters for the
fitting of Eq. 5.4.6 to the data. The remaining columns show the values for the surface
potential of the brushψ 0,PSS and its surface charge density σ0 as obtained by this extended
asymmetric theory (σ0 is obtained by applying Grahame's equation, Eq. 3.13, to ψ 0,PSS ).
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5.4.3 Layer penetration using sharp AFM tips
In order to gain more insight into the structure of the brush-like physisorbed PSS, also asymmetric
force measurements are performed onto the PSS layers using AFM tips (curvature radius around 50
nm) instead of the large colloidal probes. Fig. 5.4.7 shows two representative force profiles
recorded at 1 mM and 10 mM which were obtained by averaging the approach part of the measured
force curves. These profiles can be directly compared to the asymmetric CP measurements of the
previous section because the same PSS brush bearing surface was used. As the Derjaguin
approximation cannot be applied to tips with curvature radius less then the interaction range this
figure shows the measured force F instead of the normalized force F / R. Hence, the decay length of
the force curve can be quantitatively measured but not the magnitude of the interaction. Here, only a
qualitative description is possible (e.g. the sign of the charge).
In Fig. 5.4.7 (logarithmic scale of the y-axis) the force profiles decay exponentially, with two
different slopes. The change of the slope occurs at approx. 0.1 nN. The decay length of the longer
ranged interaction (dashed line) matches well to the expected decay length for asymmetric brush
interaction in all cases (except for 1 mM NaCl), i.e. the decay lengths obtained here are in
reasonable agreement with the decay lengths (measured at intermediate surface separation) of the
data presented in the previous section (cf. Tab. 5.4.5).
In order to remove this steric contribution, the exponential approximation (dashed line) of the AdG
force law (cf. Section 3.3.5 and [Israelachvily1991]),
FAdG,asymm ( D) ∝ e

−

2π
D
L

,

is subtracted from the measured force profile and the result is given in Fig. 5.4.8. Obviously, the
force profile can be well described with a single exponential decay (which is now resolved over two
orders of magnitude) after removal of the steric contribution. Furthermore, the decay length of these
force profiles matches very well the expected Debye length (inset) and hence, one can infer this
contribution has an electrostatic origin.
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Fig. 5.4.7: Two representative asymmetric force profiles (dots) recorded by penetrating the
PSS layer with an AFM tip (curvature radius about 50 nm). The force profiles are well
described by two exponential fits (solid and dashed line). The decay length of the longer
ranged interaction (dashed line) matches very well to the expected decay length for
asymmetric brush interaction in all cases (except for 1 mM NaCl).

Fig. 5.4.8: The same asymmetric force profiles as given in Fig. 5.4.3 (plus the profile for 5
mM) but with longer ranged exponential fit (dashed line in Fig. 5.4.3) subtracted from the
original force profile. As the decay length perfectly matches the expected Debye length (cf.
inset) an electrostatic origin of this contribution is deduced.
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I

κAdG [nm]

κmeas [nm]

10 mM

11.7

9.5

5 mM

14.3

10.8

1 mM

22.8

31.4

Tab. 5.4.5: Comparison of the decay length κAdG of the asymmetric steric interaction (i.e.
κ AdG = L /(2 ⋅ π ) ), expected at the bulk salt concentration I, with the value, measured from the
longer ranged repulsion of Fig. 5.4.7. Except for 1 mM, the decay lengths are in reasonable
agreement.

Hence, it is reasonable to conclude that the asymmetric force profiles measured with a sharp tip
(instead of a CP) can be well described by a simple superposition of an electrostatic and a steric
contribution, or F ( D) = C1 ⋅ e

−

2π
D
L

+ C 2 ⋅ e −κ D . Furthermore, the electrostatic force is the dominant

contribution at small surface separations which means that the tip penetrates the brush and that the
force is caused by the interaction of the tip with the bottom of the brush (an interaction of the tip
with parts of the brush would lead to strong steric forces at small surface separations and hence the
steric contribution would dominate).
In addition, the electrostatic contribution is due to the interaction of the tip with a negatively
charged surface, i.e. uncoated parts of the silica surface (e.g. due to incomplete silanization) or with
PSS monomers directly adsorbed on silanized parts of the surface, as the interaction of the
negatively charged tip with a positively charge surface would lead to attractive forces and to
adhesion. Such attractive forces are not observed in the force profiles.
5.4.4 Imaging of the physisorbed PSS layers on different length scales
The previous sections showed, that the forces acting between PSS covered surfaces (physisorbed
from IAds = 1 M NaCl) strongly depend on the length scale of the probe employed in the direct force
measurement: a steric force profile is observed if a colloidal probe (radius ~ 3 µm) is used (cf.
sections 5.3, 5.4.1 and 5.4.2), whereas an electrostatic force law dominates the measured force
profile if a sharp AFM tip (curvature radius ~ 50 nm) is employed. Hence, as in AFM imaging the
recorded surface structure strongly depends on the interaction of the probe with the surface, it is
reasonable to assume that the length scale of the probe has also a profound influence on the
determined surface topology. This will be investigated in the following paragraphs.
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Tapping mode imaging on a small length scale
With a sharp AFM tip (radius ~ 25 nm) tapping mode imaging of the substrate and of the PSS layer
is performed in air (after drying) or in salt solutions, respectively. Previous work showed that silica
is too rough for such experiments [Pericet-Camara2006a] and hence silicon surfaces are used
instead, which decreases the rms-roughness by at least a factor of two. However, the sample
preparation is not changed.
The structure of the silicon surface before and after silanization (data not shown) is flat without any
holes or other features and exhibits a roughness of 1.9 Å (recorded in air). After PSS adsorption the
roughness increases to 4.1 Å in 1 M NaCl (cf. Fig. 5.4.9a), but the surface remains homogeneous
and structureless. From this and the lack of attractive forces during brush penetration one can infer,
that the PSS layer is adsorbed homogeneously on the length-scale of the AFM tip. On further
decrease of the salt concentration worm-like structures become visible, which are attributed to PSS
chains, and the roughness increases (reaching 5.3 Å at 1 mM NaCl concentration). This process is
irreversible: an increase of the salt concentration back to 1 M reduces the roughness only to 4.7 Å
and the difference between the both images taken at 1 M NaCl is obvious (cf. Fig. 5.4.9a before and
Fig. 5.4.9b after dilution) as the PSS chains are still visible.
Please note, that the height range (about 2 nm for all images) is independent of the salt
concentration. This is surprising as all force measurements indicate that range of the force strongly
depends on the salt concentration.
However, it is shown in Section 5.4.3 that the AFM tip is able to penetrate the PSS brush and hence,
it is reasonable to assume, that the tapping mode simply images the bottom of the PSS brush.
Furthermore, the observed chains are not much more stretched at lower salt concentrations (cf. Fig.
5.4.9c at 10 mM NaCl) compared to higher concentrations (cf. Fig. 5.4.9b at 1 M NaCl). Hence, one
can infer that the chains are attached by strong local bonds to the substrate and that the directly
adsorbed fraction of the chain monomers cannot escape into solution. Additionally, this strong
confinement prevents the chains from escaping the AFM tip and allows imaging of single chains.
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Fig. 5.4.9: Tapping mode images of the PSS layer (350 kDa, N = 1800, physisorbed from 1 M NaCl
solution onto silanized silica) at different bulk salt concentrations I (scale bar represents 100 nm). The
images a) and b) are recorded on decrease of I and image c) after re-increase to I = 1 M NaCl. Image
d) shows the data of b) in a 3D plot. At I = 1 M NaCl (a) the surface appears homogeneous and on
decrease of I (b) loops become visible, which are attributed to single PSS chains adsorbed at the
bottom of the brush. This change in surface structure is irreversible as indicated by (c), taken after
increasing I back to 1 M NaCl. The brush itself is invisible to the AFM tip as the chains escape from
the tip. The adsorbed chains are not much more stretched at 10 mM than at 1 M.
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Tapping mode imaging on a large length scale (CPTM)
Section 5.4.3 shows that the surface forces are dominated by an electrostatic repulsion at short
surface separations, if a probe with a small curvature radius (approx. 50 nm) is used. Additionally,
from Fig. 5.4.9 one can infer that such a probe can only image the (negatively charged) bottom of
the PSS brush (created by the PSS monomers bound to the oppositely charged surface), while the
brush itself is invisible to the probe.
Obviously, if the lateral structure of the PSS brush shall be resolved by AFM imaging, one has to
increase the influence of the steric force on the force profile. As shown in the sections 5.3 and 5.4,
this is achieved by the usage of a colloidal probe instead of a sharp AFM tip and leads directly to
the method of colloidal probe tapping mode (CPTM), which is introduced in Section 5.1.
The result of CPTM imaging on PSS (N = 1800) physisorbed at IAds = 1 M NaCl onto silanized
silica is shown in Fig. 5.4.10. On the length scale of the CP the PSS layers appears homogeneous,
which can be attributed to the fact, that the CP radius is much larger than the average distance
between neighbouring PSS chains as determined by the force measurements (3µm versus ~ 50 nm).
Furthermore, in contrast to the force measurements no swelling or shrinking is observed if the bulk
salt concentration I is changed. This seams to be counterintuitive at first sight, but is easily
explained as follows: A change in I affects the whole PSS layer and thus, also the whole PSS layer
will be subject to swelling or shrinking, respectively. Furthermore, as the layer appears
homogenous, a reference point is missing in the image which would allow to measure the PSS layer
thickness independently and hence no changes in the surface topology are observed.
I = 1 mM NaCl
25 nm

12.5 nm

0 nm

N = 1800

5 µm

Fig. 5.4.10: Colloidal probe tapping mode (CPTM) images of PSS layers (350 kDa,
N = 1800), physisorbed from 1 M NaCl solution onto silanized silica, measured at I as
indicated (scale bar = 5 µm, z-range = 25 nm). The layer appears homogeneously again on
the length scale of the colloidal probe (CP, radius R ≈ 3 µm) and in contrast to the force
measurements, no swelling or shrinking is observed on a change of I.
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Obviously, somehow a reference height has to be constructed on the surface, if a change in the PSS
layer morphology with CPTM should be resolved. This is done in this thesis as follows (cf. Fig.
5.4.11):
1. First, RCA cleaned silicon wafer (cut to approx. 12 x 60 mm) is dried and completely coated with
a 50 nm gold film by evaporation of gold inside a vacuum chamber (the thickness is controlled
using an ordinary quartz crystal microbalance).
2. A silica glass slide is cut into pieces of approx. 12 x 30 mm, RCA cleaned and dried inside a
laminar flow hood. The gold coated silicon wafers are taken out of the vacuum chamber and using
epoxy resin the silica slides are glued perpendicular onto the gold surface. Afterwards, the negative
surface charge of the gold is reversed by silanization as described in Section 5.
3. Directly before measurement, a silanized gold surface is transferred into the PSS deposition
solution. After adsorption of the PSS, the surface is rinsed in pure 1 M NaCl solution. This leads to
brush-like physisorbed PSS on the gold and silica surfaces.
4. Now, the silica is cleaved of the silicon, leaving two gold steps which separate a bare silicon
surface from two PSS covered gold surfaces. Afterwards, the silicon is cut in such way, that a 12 x
12 mm² piece remains, which has the gold step almost in its middle and PSS covered gold on one
side and bare silicon on the other side of the step.
As only one side is covered by PSS, it becomes possible to measure absolutely the PSS layer
thickness by performing CPTM of the gold step at different bulk salt concentrations I and to
compare the force profiles of the PE coated side with the uncoated one. To achieve reproducible
results the TM images are recorded keeping the imaging parameters (i.e. driving amplitude and
setpoint) constant.
Fig. 5.4.12 shows the thus obtained CPTM height profiles of the gold step at different I. Obviously,
a strong swelling / shrinking can be observed, if I is changed. Force curves measured on both sides
of the step confirm that long-ranged steric forces occur only on the gold-side of the step whereas
electrostatic double-layer forces with a Debye length κ −1 can be measured on the silicon side.
Therefore, this change in the step height is mainly caused by swelling or shrinking of the PSS-layer.
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Fig. 5.4.11: Preparation procedure of the gold step.

colloidal probe
PSS on
gold step

Fig. 5.4.12: Tapping mode images of a surface functionalized gold step (50 nm high) with
physisorbed PSS (350 kDa, N = 1800, IAds = 1 M NaCl) imaged with a CP tip (R ~ 3µm) at
different bulk salt concentrations I as indicated. With sharp tips (R ~ 25 nm) the brushes
cannot be resolved. Therefore, the step height is independent of I and only one
representative image for the measurements with a sharp tip is shown. However, if imaged
with a CP the surface force over the gold step is dominated by a steric repulsion of the
physisorbed PSS brush and hence, a strong swelling / shrinking of the step is observed upon
a change of I.
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Furthermore, the height HTM of the gold step is related to the decay length of the steric force created
by the PSS brush, i.e. with the brush thickness L as obtained from the force profiles (cf. Fig.
5.4.13).
In fact, there is a linear relationship between the brush thickness and the step height, but the slope
observed is approx. 0.5 in both experiments, whereas a factor of 1 is expected. This deviation can
be easily explained: Even in tapping mode imaging there is a normal force acting between the probe
and the sample surface. Although this force is much smaller in comparison to contact mode
imaging, it compresses the PSS brush during the imaging and hence, the observed step height is
smaller than the expected, undisturbed value. Additionally, the evaluation of the tapping mode force
curves for this systems shows that the imaging is operated at a damping of the oscillation, which
indeed compress the PSS by roughly a factor of 2. Hence, this compression is able to explain the
slope of approx. 0.5 observed in Fig. 5.4.13.

Fig. 5.4.13: Dependence of the gold step height HTM on the brush thickness L obtained from
the force profiles. Obviously, there is a linear relationship, but the slope observed is approx.
0.5 in both experiments, whereas a factor of 1 is expected. This deviation is attributed to the
compression of the PSS brush by normal forces, arising during the tapping mode imaging.
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5.4.5 Stability of the PSS layers after drying
To check the stability of the brush, three experiments are performed where the brush bearing
surfaces (i.e. the silica surface and the corresponding CP) are dried at ambient conditions (approx.
25% r.h.) and also at 0% r.h. and afterwards immersed again into a solution of 1 M NaCl. After
equilibrating for 1 h, the force profiles are recorded at various bulk salt concentrations I. Here, the
results are not as uniform as the other measurements:
One of the three surface sets (S2, cf. Table 5.4.1) showed forces which are attributed to electrostatic
interaction as their decay lengths match the expected Debye length. Obviously, the brush is
collapsed upon drying and is not able to swell again in solution yielding a quite flat PSS layer.
Another surface set (S4) showed bridging forces at INaCl > 0.1 M but restored almost completely the
original force profiles (i.e. before drying) at salt concentrations below 0.1 M. This is a surprising
fact as polyelectrolyte adsorption and drying are non-equilibrium processes. Furthermore, it was
even possible to dry this set two times at ambient r.h. and two times at 0% r.h. over a period of
altogether 3 months and regain the original force profiles.
The steric parameters of surface set S4 are tabulated in Tab. 5.4.6 and one can observe that
(i) the brush thickness at salt concentrations below 50 mM is not affected by the drying process,
(ii) the average pseudo-tail distance s increases from 50 nm to 55 nm upon drying, which decreases
the pseudo-tail density by approx. 20%.
These properties clearly show that after the first drying there is only a minor change in the PSS
layer structure, while after re-immersing not all chains are able to stretch again.
The third set (S1) showed at salt concentrations INaCl > 10 mM forces which are again attributed to
electrostatic interaction (like in the first case). However, below 10 mM repulsive forces occurred
with a decay length that is between the electrostatic and steric interaction. Here, it might be that the
layer structure has been stronger changed in comparison to the second case, but also less than in the
first case. It appears that the availability of binding places at the surfaces is important, when the
chains collapse. Probably, to improve the reproducibility, the silanization needs to be better
controlled.
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before
L / nm

I

s / nm

after
δ / nm

L / nm

s / nm

δ / nm

50 mM

37.9*

16.3 ± 7.8

61.4 ± 20.2

0.8 ± 0.6

20 mM

52.1*

52.9 ± 8.5

61.0 ± 8.5

2.4 ± 0.2

10 mM

77.6 ± 2.5

65.3 ± 12.7

54.7 ± 9.7

3.9 ± 0.6

49.6 ± 1.6

5.8 ± 0.4

5 mM

84.0*

72.6 ± 7.3

55.2 ± 5.2

4.0 ± 0.3

2 mM

115.3*

80.9 ± 10.0

60.6 ± 12.8

2.4 ± 2.9

1 mM

128.7 ± 3.3

126.0 ± 13.0

36.9 ± 3.3

21.7 ± 6.3

46.5 ± 1.1

11.8 ± 0.7

Tab. 5.4.6: Parameters of symmetric force measurements for surface S4 before (left 3 columns)
and after drying to 0% r.h. (right 3 columns) as obtained by fits of the AdG theory to the
symmetric force profiles. The values of the brush thickness marked by a star have been
extrapolated from the data of Tab. 5.4.2. Within experimental error, the drying has no effect on
the brush thickness for this surface set and for bulk salt concentrations I below 20 mM.
Furthermore, the average distance s is constant before and after drying and slightly increases from
approx. 50 nm to 55 nm, indicating a small rearrangement of the brush-like physisorbed PSS
chains.

5.4.6 Discussion and Conclusion
Discussion - Large length scale
On large length scales (i.e. with a CP, radius approx. 3 µm) symmetric and asymmetric
measurements show that the PSS layer physisorbed from 1 M NaCl completely behaves like a
salted brush: The brush thickness scales as expected for salted polyelectrolyte brushes, the dramatic
changes in the brush thickness are attributed to the entropy of the incorporated ions. Interestingly,
the force profiles are well described by the theories of Alexander, de Gennes and Milner, Witten,
Cates which were originally derived for neutral end-grafted polymers [Alexander1977,
deGennes1987].
Both theories (although differing in the assumed volume fraction profiles) lead to similar force
profiles; deviations of the fitting quality can only be observed below 10 mM NaCl where the brush
thickness reaches one third of the contour length. This means that above this concentration a
difference between a box-like (AdG) or parabolic (MWC) volume fraction profile cannot be
resolved in the force profiles, as the numerical result of both theories are numerically too similar.
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However, while both theories lead to almost identical values for the brush thickness L and the
displacement δ (within experimental error), strong deviations are observed for the average distance
between pseudo-tails s: It is constant within experimental error, if the scaling theory of AdG is
applied, whereas a strong dependence on I is observed if the mean field theory of MWC is
employed. This behaviour is expected from the considerations of the sections 3.3.5 and 5.3, which
showed that using mean field arguments the magnitude of the steric force will be generally
overestimated the magnitude of the steric force by a factor of L. This leads to an underestimation of
s that becomes increasingly noticeable if the brush thickness L is strongly increased (e.g. by a
decrease of I). Hence, (i) as the fitting quality of both approaches is almost identical, (ii) as the AdG
theory sufficiently describes the measured force profiles and (iii) as the AdG force law does not
overestimate the steric force, only the steric parameters of the AdG theory is considered for the rest
of this thesis.
The average pseudo-tail distance is found to be constant for both theories and all measurements and
is on the order of 50 nm. From the assumption that one PSS chain (350 kDa) is located in the unit
volume I.s2 one can cross-check the condition for the salted brush, I > IMono [Zhulina1995], which is
found to be valid for INaCl > 10 mM. However, an order of magnitude deviation was found before
and was attributed to counterion condensation, strong chain stretching and the finite volume of
monomers and hydrated ions [Ahrens2004, Boroudjerdi2005].
Additionally one can calculate a surface coverage s-2 of 0.2 mg/m2 which is almost one order of
magnitude less than reported in literature [Cosgrove1986, Schmitt1996, Ahrens2001, Serr2003].
This indicates that only a fraction of the adsorbed PSS creates a steric interaction with the CP and
that most of the adsorbed PSS is located inside or at the bottom of the brush. An indication of flat
PSS adsorption is the charge overcompensation which occurred on PSS adsorption onto positively
charged silane. Note that electrostatic force curves between negatively charged AFM tip and surface
are purely repulsive. This picture is further supported by tapping mode images which show a dense
layer at the bottom of the brush.
To explain forces arising at surface separations larger than twice the brush thickness (where the
steric force should vanish) an electrostatic contribution to the asymmetric force profiles had to be
added to the steric force. This extended asymmetric force law results in a very good fit of the
experimental data. This is used to estimate the surface potential of the PSS brush, which is created
by un-screened charges located at the brush-like adsorbed PSS chain.
For these considerations a crucial parameter is the surface potential of the bare silica CP as the
asymmetric force profile depends on the product of this and the surface potential of the brush.
However, the surface potential of the CP was already measured independently in Section 5.1 and is
used as a known parameter in the extended model.
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Hence, the only free parameter in the electrostatic fit is the surface potential ψ 0,PSS of the PSS
brush, which was determined to be below 0.1 mV for all investigated salt concentrations. Applying
Grahame's equation (cf. Eq. 3.13) leads to a very small surface charge density of about 4.4 µC/m2,
which corresponds to approximately one charge per brush-like physisorbed chain and clearly
shows, that the brush is almost perfectly neutralized by incorporated counterions. Hence, the brush
is dominated by a steric repulsion and appears neutral, if the measurements are performed with a
CP.
However, zeta potential measurements show charge reversal after PSS adsorption onto silanized
surfaces with potentials of about – 40 mV [Schönhoff2003, vonKlitzing2006]. Electrophoretic
investigations provide information on the surface potential, and the surface charge of particles. Yet,
equally important for the interpretation of electrophoretic mobility data are the hydrodynamic
properties of the outermost region of the interface. Zeta potential measurements rely on the different
mobility of the anchored chains and the desorbed and associated counterions [Donath1997] whereas
with surface forces one measures the equilibrium distribution of the mobile counterions, not their
hydrodynamic properties. However, a strong electrostatic repulsion is observed between an AFM
tip and the surface layer, which gives evidence that the immobile part of the PSS layer, the flatly
adsorbed chains, lead to surface charge reversal. The zeta potential relies on the mobility of the
counterions within the brush and above the flat PSS layer – and there is a net negative surface
charge even though it cannot be measured with probes on the µm-scale but only with probes on the
nm-scale.
Discussion - Small length scale
On a small length scale (AFM tip, curvature radius about 50 nm) the forces are best described by a
linear superposition of a steric and an electrostatic contribution. The force profiles showed neither
attractive forces nor adhesion but a strong electrostatic repulsion. Furthermore tapping mode
imaging showed a dense layer of PSS chains adsorbed on the surface.
Hence, it is concluded that the tip penetrates the brush (preventing the brush from being imaged)
and interacts with the layer at the bottom of the brush. However, it is also inferred that the layer at
the bottom of the brush acts as an anchor for the PSS chains protruding into solution. Without this
anchoring layer it is hard to explain why it is possible to reversibly swell and shrink the brush
thickness by one order of magnitude without any hysteresis. Furthermore, this layer might be
responsible for the possibility to dry the PSS layer and regain long-ranged forces in solution again.
After drying the brush will collapse but might be able to stretch again in solution if the osmotic
pressure is high enough. A chain can stretch again into solution, if it collapses onto the flat PSS
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layer, and does not form bonds with the positively charged silane surface. The bond between the
flat PSS layer and the segments of the collapsed chain is weak.
An investigation of the degree of silanization, the surface coverage and the behaviour on drying will
be a challenging task. Little is known about the trains, tails and loops. The observation of the flat
chains which seem to be anchored at different surface points yet form loops into solution after
exposure to diluted salt solutions suggests that some of the bonds between a PSS segment and the
silanized surface are weak and can be dissolved by increased osmotic pressure in dilute salt
solutions. Also, one has to consider cooperative effects. The separation of the pseudo-tails is fairly
stable, therefore it is likely that each chain is anchored by a feasible fraction of the PSS chain.
Conclusion of this section
By combining the information of asymmetric and symmetric measurements performed on two
different length scales, the conformation of the PSS layer physisorbed from 1 M NaCl solution is
determined: Like in Section 5.3 it is observed that the PSS chains adsorb in a coiled conformation
onto the silanized surface. Parts of the chains which are in contact to the oppositely charged surface
form a dense and flat PSS layer, as is deduced from the repulsive electrostatic force found with the
asymmetric tip measurements and from the AFM images (taken in air or 1 M NaCl, respectively).
The latter show a uniform surface structure of silane and the PSS layer.
But not all parts of the PSS chain adsorb onto the surface. These parts penetrate into solution and
cause a long-ranged steric force which is investigated by force measurements with the CP. The
chains are almost perfectly neutralized by counterions (leading to a very low surface potential,
about 0.02 - 0.06 mV) and are subject to a stretching as found in polyelectrolyte brushes. Hence in
symmetric measurements electrostatic interaction manifests itself only in chain stretching, but not in
a surface potential.
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5.5 Influence of the chain length on the conformation of single PSS layers physisorbed
at IAds = 1 M NaCl [Block2009]

Introduction
In the previous sections 5.3 and 5.4 it is shown that linear polyelectrolytes physisorbed from 1 M
NaCl solution exhibit a non-flat conformation, i.e. that parts of the polyelectrolyte chains dangle
into solution and show a behaviour very similar to neutral or salted polyelectrolyte brushes,
respectively. In detail, it is shown that such polyelectrolytes layers create a steric surface force,
whose magnitude and range generally exceed the electrostatic double layer repulsion. This is a
behaviour very different from polyelectrolytes physisorbed from salt-free solution, which form only
a rather compact adsorption layer and which create an electrostatic repulsion (cf. Section 5.2 and
[Claesson1994, Berndt1992, Butt2005]).
At the end of Section 5.3, this difference in behaviour is explained by the idea that at high IAds, the
polyelectrolytes exhibit a very coiled conformation and hence, the adsorption of such chains in a
thin, compact layer (like in the salt-free case) strongly decrease the chain entropy, which makes this
process thermodynamically unlikely. This argumentation makes a connection between the chain
statistics and the behaviour upon adsorption: Obviously, the number of conformational states
increases with degree of polymerization N and hence, for longer chains there are much more
possibilities to adopt a conformation with a certain property (e.g. radius of gyration) than for shorter
ones. This also shows that very long chains show a strong decrease in entropy upon adsorption into
a compact layer, whereas this decrease is negligible for very short chains.
Hence, a change in the degree of polymerization N strongly affects the chain statistics and it should
be possible to induce a transition between flat / compact and non-flat / coiled adsorption of
polyelectrolyte chains by choosing appropriate values for N. Furthermore, it will be interesting to
investigate, how the surface structure and thus the surface forces are altered during this transition.
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Materials and Surface Preparation
Materials - This section will focus on the forces acting between silica surfaces which are covered
by the linear polyanion sodium poly(styrene sulfonate) (PSS) of different degree of
polymerization N: pss13030 (77 kDa, N = 380, PDI < 1.1), pss14061 (123 kDa, N = 600, PDI <
1.2), pss26058 (168 kDa, N = 840, PDI < 1.2), pss200203 (350 kDa, N = 1800, PDI < 1.2) and a
PSS batch from BASF (Ludwigshafen, Germany) with an average mass of 1.4 MDa (N = 6800, LC
= 1700 nm, PDI < 1.2). The PSS deposition solution is prepared by solving IAds = 1 M NaCl and 3
mM PSS monomers in Milli-Q water and before adsorption of the PSS the surface charge of the
silica is reversed by silanization.
Following cantilevers are used for this section:
- for colloidal probe technique cantilevers CSC12 (spring constant k = 0.005 N/m to 0.03 N/m),
- for tapping mode imaging the A beam of D-NP cantilevers (spring constant k = 0.58 N/m to 1.2
N/m), either equipped with a sharpened tip (called D-NPS cantilevers by manufacturer, curvature
radius < 25 nm) or with a colloidal probe attached to the end of an initially tipless D-NP cantilevers
(called D-NP0 cantilevers by manufacturer).
Measurements with symmetric (both surfaces covered with PSS) as well as asymmetric surface sets
(one PSS covered surface against a bare silica CP or a silicon tip) are performed.
Imaging – Directly after preparation (of the CP) CPTM images with a coarse lateral resolution
(curvature radius = CP radius R = 3 µm) are obtained. Imaging with a finer lateral resolution
without changing the CP is possible as follows: at high surrounding salt concentrations I > 0.1 M
NaCl, the electrostatic repulsion between negatively charged CP and PSS chains is low and
therefore it is possible to attach a small fraction of PSS chains onto the CP by van der Waals
attraction. Afterwards it is possible to determine the effective curvature radius of the “PSS tip” by
using a self imaging artefact, like Nioprobe from Aurora NanoDevices Inc. (Nanaimo, Canada) or
TGT01 from MicroMasch (Tallin, Estonia).
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5.5.1 Morphology of the adsorbed PSS layers
The morphology of the PSS layers (physisorbed from 1 M NaCl solution) is investigated using
CPTM as described in the sections 5.1 and 5.4. Here, the use of a bare colloidal probe (CP) instead
of a sharp tip increases the contact area and hence the interaction between the cantilever and the
PSS chains protruding into solution.
Fig. 5.5.1 shows the PSS layer morphology (N = 380 ... 6800) as measured at a bulk salt
concentration I = 1 mM NaCl and with R ≈ 3 µm. For N ≥ 1800 a homogenously adsorbed PSS
layer is observed. Like in Section 5.4, a change of I leads to swelling/shrinking of the whole layer,
whereby the swelling/shrinking behaviour is quantitatively equal that of a PSS brush. However, as
the degree of polymerisation is decreased, the layer starts to exhibit holes (Fig. 5.5.1b, N = 840,
dotted circles) and eventually islands are observed (Fig. 5.5.1c, N = 600, dash-dotted circles),
whose height exceeds 10 nm. Furthermore, the height depends reversibly on I (cf. Fig. 5.5.2a-c), a
behaviour characteristic for polyelectrolyte brushes. Using these swelling/shrinking experiments
one can infer that the islands are domains formed by adsorbed PSS brushes, which is a very
surprising result.
However, for the shortest PSS (N = 380) the layer appears homogenous again (Fig. 5.5.1d), but
homogeneous refers to the length scale of the CP (radius R ≈ 3 µm). Fortunately at high I it is
possible to attach a small fraction of PSS onto the CP leading to a “tip” (curvature radius ≈ 100
nm), which acts like a “sharp tip”. Interestingly, this enables to investigate the surface morphology
of the PSS layers on two different length scales (approx. 100 nm vs. 3 µm) within one experiment at
the same position. Applied to N = 380 it is found, that the layer appears homogeneous only on the
coarse length scale (Fig. 5.5.2d, R ≈ 3 µm, same image as Fig. 5.5.1d but the z-scale is reduced to
increase the contrast), whereas small islands are visible on the fine length scale (Fig. 5.5.2e, f)
which are again attributed to PSS brush domains.
Surprisingly the images show, that there are two distinct PSS phases: In the first phase the PSS
chains are adsorbed flatly, i.e. in a 2D conformation (as already known for IAds = 0 M, cf. Section
5.2), whereas the second phase consists of chains that are adsorbed in a coiled (3D) conformation
and which show a behaviour similar to polyelectrolyte brushes (i.e. a change of surrounding salt
concentration I leads to reversible swelling/shrinking on 10 – 100 nm scale, cf. Fig. 5.5.2c).
Obviously, the area ratio of these two phases strongly depends on the degree of polymerisation N.
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a

25 nm

b

12.5 nm

0 nm

N = 1800, 6800

N = 840
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d

N = 600

N = 380

5 µm

Fig. 5.5.1: Colloidal probe tapping mode (CPTM) images of PSS layers (with degree of
polymerization as indicated), adsorbed from IAds = 1 M NaCl solution onto silanized silica,
measured at I = 1 mM (scale bar = 5 µm, z-range = 25 nm). For long PSS (a, N=1800, 6800)
the layer appears homogeneous, whereas a decrease in N leads to holes (b, dotted circles)
respectively islands (c, dash-dotted circles). The islands are brush domains which was
proven by swelling experiments (cf. Fig. 5.5.2a-c). For N = 380 (d) the layer appears
homogeneously again on the length scale of the colloidal probe (CP, radius R ≈ 3 µm).
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Fig. 5.5.2:
(a-c) CPTM imaging of PSS (N = 600) at (a) I = 0.1 M and (b) I = 1 mM. The inset (c)
gives a cross sections of one brush domain (red line in a and b) and shows, that the brush
domains swell if the surrounding salt concentration I is decreased. In the cross section, the
error bars are omitted as the relative error in height determination is below 5% (determined
by imaging of rectangular calibration gratings).
(d-f) CPTM imaging of PSS (N = 380) with a coarse (d) and a fine lateral resolution (R ≈
100 nm, e and f). d) and e) are recorded at the same area. I = 1 mM, scale bar = 5 µm (d, e)
respectively 1 µm (f), z-scale = 5 nm (d, e) respectively 25 nm (f); (d) is the same image as
Fig. 5.5.1d, but with smaller z-scale. The layer appears homogeneous only when imaged
with the large radius of the CP (d), whereas small islands (brush domains) are visible using
a smaller radius (e, f). A local increase in area fraction of these domains increases the steric
force acting onto the CP. Hence, these areas are less compressed by the CP and appear to be
higher on the length scale of the CP, therefore darker areas in (d) correspond to areas with
decreased amount of brush domains in (e). (f) zooms into the marked area of (e) so that the
geometry of single brush domains can be resolved.
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From Fig. 5.5.2c and 5.5.2f one can infer that the average domain radius is 45 nm (N = 380)
respectively 1.5 µm (N = 600). This shows that it is possible to vary the size of the domains and
hence the length scale of these “patches” over two orders of magnitude by choosing an appropriate
degree of polymerization N.
Furthermore, these patches affect surface properties like the rms-roughness σ (which depends on N
and I). Generally, as swelling/shrinking effects of the brush phase are only resolved by the CP, we
notice no dependence on I if a tip (R ≈ 100 nm) is used for imaging. For N ≥ 600 the AFM images
show only the PSS layer at the bottom of the brush if a tip is used for imaging, a behaviour which is
related to penetration of the brush phase (cf. Section 5.4.4). These images exhibit a rms-roughness
σ around 6 Å, which is independent on I. For N = 380 the brush phase can be imaged by the tip and
here σ is increased to 15 Å. Using a CP for imaging, a dependence of σ on I for N ≤ 600 is noticed,
which is related to swelling/shrinking of the brush phase. For N = 380, σ increases from 7 Å (I = 0.1
M) to 10 Å (I = 1 mM) and for N = 600 from 12 Å (I = 0.1 M) to 25 Å (I = 1 mM). This increase is
significant as the statistical error in the determination of σ is less than 1 Å. For larger chains (N ≥
840) σ becomes independent on I again, as the CP is not able to penetrate through the brush phase
(area fraction > 50%): for N = 840 the rms-roughness is about 20 Å, which reduces to 9 Å for N =
1800 and 6800. Hence, the rms-roughness is relatively small (σ < 10 Å) if only one phase is
adsorbed to the surface (i.e. A ≈ 0 or A ≈ 1), whereas it reaches significantly higher values if the
surface is laterally structured (A ≈ 50%).
However, in the section 5.2 and 5.3 it is found that the flatly adsorbed PSS chains create an
electrostatic force (due to charge overcompensation) whereas the brush phase shows only a steric
force. Hence, it is reasonable to conclude that the force (acting between two PSS covered surfaces)
will be generally a superposition of an electrostatic and a steric force whose respective contribution
depends on the area fraction A of the brush phase.

5.5.2 Quantification of the force profiles
The structure of the composed force profile for the asymmetric case (a bare silica CP interacts with
a PSS covered surface) and the symmetric case (both interacting surfaces are covered by PSS) have
been derived and validated in Section 5.4. It is shown that flatly physisorbed PSS chains create an
electrostatic repulsion FDL(D) whereas the brush phase shows only a steric force FAdG(D).
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Hence, in first approximation we assume that the surface force created by inhomogeneous PSS
layers will be a superposition of an electrostatic and a steric force whereas their respective
contribution depends on the area they occupy on the surface. From the definition of the brush phase
area fraction A one can infer that in the asymmetric case the fraction A of the unit area creates an
asymmetric steric force whereas the fraction (1 – A) shows an electrostatic force. Thus the
composed asymmetric force profile Fasymm(D) has the form

Fasymm ( D) = (1 − A) ⋅ FDL,asymm ( D) + A ⋅ FAdG,asymm ( D)

(5.5.1a)

with FDL,asymm denoting the asymmetric electrostatic force (acting between a flatly adsorbed PSS
layer and a silica surface) and FAdG,asymm the asymmetric steric force profile (see next paragraph and
Eq. 5.5.3a). Furthermore in the symmetric case the electrostatic, asymmetric steric and symmetric
steric forces contribute with fractions (1 – A)², 2.A.(1 – A) respectively A² to the composed force
profile, leading to
Fsymm ( D) = (1 − A) 2 ⋅ FDL,symm ( D) + 2 ⋅ A ⋅ (1 − A) ⋅ FAdG,asymm ( D) + A 2 ⋅ FAdG,symm ( D)

(5.5.1b)

with FDL,symm denoting the symmetric electrostatic force (acting between two flatly adsorbed PSS
layers) and FAdG,symm the symmetric steric force profile (cf. Eq. 5.5.3b). This follows from the fact
that in the symmetric case both surfaces are laterally structured and inhomogeneously covered by
the brush phase (hence the pre-factors of the contributions can be obtained by calculating

[(1 − A) + A] 2 ).
In Section 3.2 it is shown that for monovalent salts, at surface separations D larger than the Debye
length κ ( = 0.304 nm / I ) and for surface potentials ψ 0,1/ 2 < 25 mV the electrostatic repulsion
FDL can be well approximated by
 ψ

 ψ

FDL ( D)
= 0.0482 I tanh  0,1  tanh  0, 2  e −κD
2π R
103mV 
103mV 

(5.5.2)

(where ψ 0,1/ 2 denotes the respective surface potential at infinite surface separation). Hence, setting

ψ 0,1 = ψ 0,PSS and ψ 0, 2 = ψ 0,silica in Eq. 5.5.2 leads to FDL,asymm, whereas setting ψ 0,1 = ψ 0, 2 = ψ 0,PSS
results in FDL,symm.
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Please note that (in contrast to the steric forces) the electrostatic repulsion caused by flatly
physisorbed PSS chains is independent on the degree of polymerization N [Israelachvili1991,
Pericet-Camara2006a]. Furthermore, in the sections 5.3. and 5.4 (with A = 100%) it is shown that
the steric forces in Eq. 5.5.1 can be completely described using the theory of Alexander and de
Gennes:
FAdG,symm ( D)
2π R
FAdG,asymm ( D)
2π R
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(5.5.3a)

(5.5.3b)

Here, L and s denote the brush thickness or the average distance between pseudo-tails, respectively
(cf. Section 5.3).
From force measurements performed on flatly adsorbed polyelectrolytes (i.e. A = 0) it is known that
the electrostatic contribution is independent on N [Serr2003, Pericet-Camara2006a]. Hence, this
contribution can be measured independently (cf. with PSS layers adsorbed from salt free solution)
and used as fixed contribution in the force profiles Eq. 5.5.1a and 5.5.1b, respectively. In the
following, this is achieved by inserting the electrostatic parameters derived in Section 5.2 into Eq.
5.5.2, which approximates the influence of the electrostatic contribution on the composed force
profile Eq. 5.5.1.
Furthermore, the parameter A (i.e. the area fraction of the 3D brush phase) can be obtained by using
CPTM and hence only two parameters of the steric force, brush thickness L and pseudo-tail distance
s, are unknown in the composed force profiles. This means that, although Eq. 5.5.1a and 5.5.1b
contain many parameters, most of them can be eliminated by independent measurements and hence,
only L and s remain as free parameters in the fit.
An exemplary comparison of force profiles (symmetrically measured at I = 5 mM NaCl) is given in
Fig. 5.5.3 for N = 380, 1800 and 6800. Obviously, the range of the force increases with the degree
of polymerization N, which also indicates an increase in brush thickness L of the physisorbed
brushes. Additionally, the Debye-Hückel-approximation of the electrostatic double layer repulsion
between two flatly physisorbed PSS layers is added by the red dotted line in Fig. 5.5.3 (cf. Section
5.2), which also corresponds (due to A = 0) to the maximum electrostatic repulsion expected in the
composed force profiles Eq. 5.5.1.
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Fig. 5.5.3: Representative comparison of force profiles (measured at I = 5 mM NaCl) between
PSS layers for N = 380, 1800 and 6800; dots: measured, solid lines: fits to the appropriate
theory (cf. text). Obviously, the range of the force increases with the degree of polymerization
N, which also indicates an increase in brush thickness L. The dashed line , which gives the
maximum electrostatic contribution expected for these measurement conditions, is much
smaller than the steric forces observed in the experiments. Hence, all force profiles in the
section are dominated by a steric repulsion.

Obviously, all measured force profiles exceed this maximum electrostatic contribution by far even
for the smallest PSS investigated (N = 380), which indicates that for PSS (N > 380) physisorbed at
IAds = 1 M NaCl the steric forces generally dominate the composed force profiles and hence, the
electrostatic term in the Eqs. 5.5.1 can be omitted at least at high A ( ≈ 1 ):
Fasymm ( D) ≅ A ⋅ FAdG,asymm ( D)

(5.5.4a)

Fsymm ( D) ≅ A 2 ⋅ FAdG,symm ( D)

(5.5.4b)

On the other hand, any electrostatic contribution has only an influence on the composed force
profile, Eq. 5.5.1, if the steric contribution is weak, i.e. for very small area fraction A ( ≈ 0 ) of the
brush phase and for small degree of polymerization N (cf. N = 380 in Fig. 5.5.3). In this case, Eq.
5.5.1 can be simplified by
Fasymm ( D) ≅ FDL,asymm ( D) + A ⋅ FAdG,asymm ( D)

(5.5.5a)

Fsymm ( D) ≅ FDL,symm ( D) + 2 ⋅ A ⋅ FAdG,asymm ( D) .

(5.5.5b)
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A = 100 %

Fig. 5.5.4: Force profiles between adsorbed PSS layers (N = 6800, IAds = 1 M NaCl);
points: measured profile, lines: fit to Eq. 5.5.3a. Surprisingly, no difference between
symmetrically and asymmetrically measured force profiles is observed, which means that
neither the decay length (at intermediate surface separations D) nor the magnitude of the
force shows the expected scaling (cf. Section 5.4.2). As also further deviations from the
usual behaviour are observed (cf. text and Section 5.6), it is concluded that for some
unknown reason only an asymmetric steric force can be resolved.

For N = 1800 the symmetric and asymmetric force profiles have been already discussed in detail in
Section 5.3 and 5.4 and are completely described by the AdG theory. Qualitatively the same force is
found for N = 6800 (cf. Fig. 5.5.4), which is consistent with A = 100% obtained by CPTM
measurements for both degree of polymerization N.
However, if symmetric with asymmetric measurements for N = 6800 are compared, surprisingly no
change in the force profiles is observed, i.e. the force profile of both cases completely match. This
property is currently not understood and needs further investigation. In Section 5.6 it will be shown,
that these surface forces are also subject to an unusual strong hydrodynamic drag force at higher
approaching velocities, caused by abnormal high viscosities. Hence, for N = 6800 it is assumed that
(due to these deviations from the usual behaviour) it is only possible to measure the asymmetric
steric contribution (even in the symmetric case).

164

A = 60 %

Fig. 5.5.5: Asymmetric force profiles between adsorbed PSS layers for N = 840, measured
at I as indicated (points: measured profile, lines: fits to Eq. 5.5.4a). The force profiles are
well described by the AdG theory. The steric force exceeds to electrostatic one (data not
shown) by one order of magnitude although the brush phase area fraction is only 60% (cf.
Fig. 5.5.1b).

For N = 840 (cf. Fig. 5.5.5) and N = 380 (cf. Fig. 5.5.6) the same qualitative features as for N =
1800 are observed: Representative fits of Eq. 5.5.4a for N = 840 are given in Fig. 5.5.5 and show
that the force profiles are well described by a simple asymmetric steric force law (Eq. 5.5.4a) and
thus that the electrostatic contribution is very weak and can be neglected. However, for N = 380 the
steric and electrostatic forces are almost on the same order of magnitude (cf. Fig. 5.5.6, top) and
hence both contributions have to be considered for this degree of polymerization. Representative
fits of Eq. 5.5.5b to the data is given in Fig. 5.5.6, where both contributions are explicitly given by
the dashed lines and their superposition by the solid line. Obviously, the electrostatic repulsion
gives only a very little additional correction to the steric force even under this conditions.
Hence, summarizing one can state that the merit of Eqs. 5.5.1 is not the consideration of the
electrostatic force (which is essential for adsorption from IAds < 1 M NaCl, cf. Section 5.6) but the
proper renormalization of the magnitude of the steric force. Please note, that in Section 5.6 PSS
layers will be investigated which show in fact (due to a poor area fraction A of the PSS brush phase)
a pronounced electrostatic contribution in the surface forces and hence, which allows a test of Eqs.
5.5.1 on real data.
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A=6%

A=6%

Fig. 5.5.6: Symmetric force profiles between adsorbed PSS layers (N = 380); points:
measured profile, lines: fit to Eq. 5.5.5b. The bulk salt concentration during measurements is
(top) I = 5 mM NaCl or (bottom) as indicated by the arrows. In the top plot, both
contributions to Eq. 5.5.5b are explicitly shown by the dashed lines (blue: electrostatic,
green: steric), whereas their superposition is given by the solid line. The plot at the bottom
gives the result of this procedure for different I as indicated and shows, that the force profiles
are well described by Eq. 5.5.5b. Please note that even at this low area fraction of the brush
phase (A = 6%, cf. Fig. 5.5.2), the electrostatic repulsion gives only a very little additional
correction to the steric force.
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5.5.3 Scaling Laws

In Section 5.3 and 5.4 it is shown that the brush phase shows properties of neutral brushes and
salted polyelectrolyte brushes, respectively. The neutral properties are the validity of the AdG force
law and the absence of electrostatic forces between the brush and the opposing surface. The
neutralization by counterion incorporation is a property quite unique to polyelectrolyte brushes
[Zhulina1995]. There polyelectrolytes are grafted at one end to the surface whereas the distance
between adjacent grafting points s is similar to or smaller than twice the radius of gyration Rg
[Pincus1991, Israelachvili1991, Zhulina1995, Naji2003]. In this case a chain-chain repulsion
(caused cf. by the osmotic pressure of incorporated counter ions [Zhulina1995] or excluded volume
effects [Pincus1991]) forces the chains to protrude into solution leading to a PE layer of brush
thickness L, which obeys the power law [Zhulina1995, Naji2003]:
L ∝ N ⋅ ( I ⋅ s 2 ) −1 / 3 .

(5.5.6)

Fig. 5.5.7 shows the parameters (after fit of Eq. 5.5.4 and 5.5.5, respectively, to the measured force
profiles for N=380...6800, open symbols) after normalization according to Eq. 5.5.6. Obviously L
scales with – 0.3 with respect to I.s² (a behaviour already shown for homogeneous brush layers in
Section 5.3 and 5.4) and after normalization by N all data points fall together onto the same master
curve. Both facts indicate that the brush phase really behaves like an end-grafted PSS brush.
However, if grafting and adsorption lead to the same phase, the data points of Fig. 5.5.7 should
collapse onto the same master curve regardless how the parameters were obtained. Therefore, data
obtained by other experimental techniques, which have been performed on real end-grafted PSS
brushes, are added in Fig. 5.5.7 (solid symbols). Here, data from the measurements of Ahrens et al.
[Ahrens1998] (X-ray reflectometry (XRR) measurements on PEE-PSS brushes at the air-water
interface, grafting density set by a Langmuir trough) and Li et al. [Li2006] (surface force apparatus
(SFA) measurements on PtBS-PSS brushes at the solid-water interface, grafting density set by a
Langmuir-Blodgett transfer of an anchor onto mica) are included in the considerations and

surprisingly, their data points match very well onto the master curve of Fig. 5.5.7.
This shows that it makes physically no difference, if the brush phase has been adsorbed or endgrafted onto an interface. This is a surprising result as on the one hand all monomers of a PSS chain
have the same affinity to attach onto the surface. But on the other hand they also create the same
structures as if only the end-monomers would be able to adsorb to the surface.
Please note that the area fraction A of the brush phase shows a strong dependence on N: It scales
with N2.5 and reaches 100% around N = 1100 (cf. inset of Fig. 5.5.7).
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Fig. 5.5.7: Normalisation of the fitted brush thickness L (open symbols) according to the
scaling law (Eq. 5.5.6) reduces all data to a single master curve (I denotes the bulk salt
concentration and s the average tail distance). Furthermore, the master curve (derived from
physisorbed polyelectrolytes) is consistent with parameters obtained by different experimental
techniques (i.e. X-ray reflectivity (XRR) by Ahrens et al. [Ahrens1998] and surfaces forces
apparatus (SFA) by Li et al. [Li2006]) performed on real end-grafted PSS brushes (full
symbols). Obviously, the physisorbed PSS brush behaves physically like real end-grafted PSS
brushes. The inset shows the 3D area fraction A as function of the degree of polymerization N.
For N > 1100 full surface coverage of the brush phase is obtained.

However, the adsorbed brushes appear to be a bit shorter than the end-grafted brushes, indicating
that a fraction of each chain is adsorbed onto the substrate. To explain this behaviour theoretically
one has to calculate a mixture of flat and coiled adsorption. For flat adsorption, the theories of Netz
et al. [Netz1999] and Odijk [Odijk1983] are applied: Odijk calculated the statistics of a wormlike
chain (WLC) of contour length LC and persistence length Lp, which is confined in a tube of diameter
H (cf. Fig. 5.5.8, top). He introduces a new length scale, the deflection length λ ∝ H 2 / 3 Lp1 / 3 and

shows that for LC >> λ the chain can be regarded as sequence of rigid links, each of length λ.
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λ ≤ Lp
H ≤ Lp

Rγ >> Lp

H ≤ Lp
Fig. 5.5.8: Odijk [Odijk1983] (top) introduced the length scale λ to describe the behaviour of a
wormlike chain (WLC) with contour length LC and persistence length Lp, which is confined
within a layer of thickness H. For LC > λ, the confined polymer is described as sequence of
rigid links with length λ. Netz et al. [Netz1999] used these consideration and showed that the
polymer is adsorbed if the attractive force (driving the adsorption) equals the osmotic force
(caused by reduction in free energy due to confinement). As both forces scale linearly with the
monomer count, no dependence on the chain length is observed (top). However, within H it
makes no difference if the whole surface is covered by chains adsorbed flatly (top) or coiled
(bottom), if the amount of adsorbed monomers is the same. But the adsorption of coiled chains
increases the entropy of the system (as the conformational freedom of the system is increased),
which is therefore a more preferred state than flat adsorption and leads to a polyelectrolyte
brush with brush thickness L.

Furthermore he showed that for LC > Lp ≥ λ the free energy increases due to the confinement by
∆FOdijk
k BT

∝

LC

λ

ln

Lp

(5.5.7)

λ

with respect to the unperturbed chain. This equation can be used for our system, as LC > 100 nm, Lp
≈ 1.2 nm [Block2008] and Lp ≥ H (i.e. flat adsorption, which leads to Lp ≥ λ). Netz et al. [Netz1999]
used Eq. 5.5.7 to calculate an osmotic force acting on the chain due to confinement and showed that
adsorption of the polyelectrolyte is possible if this osmotic force is balanced by an (attractive)
electrostatic force. The balancing leads to an equilibrium thickness H of the polyelectrolyte layer.
Surprisingly both forces scale linearly with the contour length LC (cf. Eq. 5.5.7), hence the scaling
laws obtained for H show no dependence on LC.
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However, as long as the whole surface is covered by monomers it makes energetically no difference
within H, if the whole chain (cf. Fig. 5.5.8, top) or only a fraction γ of each polyelectrolyte chain
(cf. Fig. 5.5.8, bottom) is adsorbed onto the surface. As the fraction (1- γ) dangles into solution the
conformational freedom of the chain is increased and hence the entropy of the whole system.
Therefore, the system should prefer the partial adsorption of chains in order to increase it entropy
(with respect to complete flat adsorption, i.e. γ = 1).
The increase in conformational freedom increases the entropy of one chain and hence reduces the
free energy per chain. However, if only a part of the chain is adsorbed, the “unbound” chain fraction
will be confined by its neighbours (cf. Fig. 5.5.8, bottom) and this increases the free energy per
chain. Hence, a scaling law for the fraction γ of bound monomers per chain can be derived by
calculating the minimum in free energy with respect to γ.
In the following Rγ denotes the distance between adjacent unbound chains. If one assumes that Rγ
scales like the radius of gyration of the bound chain fraction, i.e. like
v

a γ N 
 .
Rγ ∝ Lp 
 L 
 p 

(5.5.8)

Here a denotes the monomer length (approx. 0.25 nm for PSS) and v is given by v = 3 / (d+2)
(according to Flory [deGennes1979]) whereas d denotes the dimensionality of the investigated
space. Later the dimensionality will be set to d = 2, as the bound chains form a flat, twodimensional layer.
The loss in free energy per chain (due to increased entropy) can be calculated as follows: Odjik
showed that the change in free energy scales linearly with LC (cf. Eq. 5.5.7). Hence, if one compares
the confinement of the whole chain into a tube of diameter H with the case in which only the
fraction γ is confined, the change in free energy reads
Lp
L
∆F +
∝ −(1 − γ) C ln
.
k BT
λ
λ

(5.5.9)

However, due to its neighbours the unbound fraction is slightly confined within a tube of diameter
Rγ whereas Rγ is much larger than Lp (cf. Eq. 5.5.8). Therefore, the unbound fraction has the same

conformational statistics as a Gaussian coil.
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Hence, the change in free energy due to neighbouring confinement is given by [Odijk1983]
Lp LC
∆F −
∝ (1 − γ) 2 .
k BT
Rγ

(5.5.10)

Minimizing the sum of Eq. 5.5.9 and 5.5.10 with respect to γ leads to

γ 2 v+1 +

2vB
B
γ+
(1 − γ) = 0
A
A

(5.5.11)

with
A=−

LC

λ

ln

Lp

and

λ

 Lp 
B =  
 LC 

2 v −1

.

For large LC >> Lp ≥ λ one finds – B/A << 1 and from Eq. 5.5.11 follows γ << 1 (for γ ≈ 1 Eq.
5.5.11 can be written as γ2v ~ –B/A << 1 leading to γ << 1, which is a contradiction to the
assumption γ ≈ 1). Therefore, Eq. 5.5.11 can be simplified to
γ 2 v+1 ∝ −

2vB
.
A

(5.5.12)

This leads directly to the scaling laws
γ ∝ N −2 v /( 2 v+1)

,

γ N ∝ N 1/( 2 v+1)

and

Rγ ∝ N v /( 2 v+1)

(5.5.13)

which shows that this conformation has a stable solution, that the distance Rγ between the unbound
chains increases with increasing N, whereas the bound fraction γ decreases with increasing N.
Furthermore, the decrease in free energy ∆f per unit area (which is caused by the additional
conformational freedom if the polyelectrolytes adsorb in a coiled conformation instead of a flat one)
can be obtained by inserting the scaling laws Eq. 5.5.13 into the sum of Eqs. 5.5.9 and 5.5.10. Using
γ << 1 for large N leads to
Lp 
Lp 
∆f
1 − γ  Lp LC L
1  Lp LC L
∝ 2  2 − C ln  ∝ 2  2 − C ln  .
k BT
Rγ  Rγ
λ
λ  Rγ  Rγ
λ
λ 
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Additionally, from Lp ≈ a ≈ λ follows LC/LP ≈ LC/λ ≈ N and thus
Lp 
N
1 L  1
∆f
∝ − N 1/( 2 v +1)
∝ 2 C 
− ln  ∝ −
2v
2v
k BT
Rγ Lp  ( γ N )
λ 
(γ N )

as N >> 1 and therefore 1/N << ln Lp/λ. This consideration show that ∆f scales for d = 2 like
∆f ∝ –N

0.4

and hence with increasing N it becomes more favorable for the system to adsorb in a

coiled conformation. The same is observed qualitatively, as the area fraction A of the brush domains
increases with N (cf. Fig. 5.5.7, inset) for N < 1100 and is constant for N ≥ 1100.
The theory assumes that the bound monomers are confined within Rγ² and that the full surface is
covered by monomers, i.e. that there are no holes in the flatly adsorbed layer. If A0 denotes the area
of one monomer, then γNA0 gives the area required by the bound monomers of one chain for close
packing and therefore Rγ² and γNA0 should be of the same order of magnitude. However, Eq. 5.5.13
shows that Rγ² and γNA0 exhibit different scalings, but within the investigated range of N (= 380 ...
6800) both terms differ by a factor of less than 1.7, if reasonable values are used (i.e. A0 = 45 Å² for
PSS, [Ahrens1998]; Lp = 1.2 nm and a = 0.25 nm, [Block2008]). Hence, the assumption of
monomer full coverage is self-consistent.
To end these considerations, the scaling of the average distance s between neighbouring chains
(within the adsorbed PSS brush domain) on the degree of polymerization will be determined. As s
should scale like Rγ a test of the developed model is possible. Fig. 5.5.9 shows s = s(N) (symbols)
and the fit of a power law s ∝ N α (solid line). The fit gives an exponent of α = 0.52, which is larger
than 0.3, the value expected by Eq. 5.5.13 for d = 2 respectively v = 3/4. This shows that the model
holds at least qualitatively and that the calculation of Rγ has to be improved. For example, the
surface properties (e.g. surface charge) are not considered within the model and they may have a
noticeable influence on Rγ. However, Fig. 6 indicates that the pseudo-tail distance s quantitatively
scales similar to twice the radius of gyration (obtained by experiments performed by Yashiro et al.
[Yashiro2002] respectively by applying the theories of Benoit et al., Odjik et al. and Fixman et al.
[Benoit1953, Fixman1978, Odijk1978]) of the whole PSS chain. Hence the conformation of the PSS
chain before adsorption might play an important role too and should be incorporated into the
developed model.
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Fig. 5.5.9: Comparison of the average pseudotail distance s on the radius of gyration Rg of PSS
(dotted: experimental values of Yashiro et al. [Yashiro2002]; dashed: theories by Benoit et al.,
Odjik et al. and Fixman et al. [Benoit1953, Odijk1978, Fixman1978], cf. Section 2.4) in
dependence on the degree of polymerisation N. A scaling law similar to the radius of gyration
is obtained. Furthermore for N ≤ 1800 the pseudotail distance matches well twice the radius of
gyration which indicates that per adsorbed PSS chain at most one brush chain is formed.

5.5.4 Conclusion of this section

It is shown that PSS surprisingly physisorbes as a two phase system, the phases differ in PSS
conformation (flat vs. brush domain) and in surface force (electrostatic vs. steric). This is a
completely unexpected behaviour and to the best of my knowledge never observed before in
investigations on physisorbed polyelectrolyte layers. Using CP force measurements and CPTM
imaging it is possible to fully characterize the properties of the brush phase and to derive the scaling
laws for: a) the brush thickness: L ∝ N ⋅ ( I ⋅ s 2 ) −1 / 3 , b) for the average molecular area: s 2 ∝ N and
c) for the brush phase area fraction: A ∝ N 2.5 for N < 1100 and A = 1 for N ≥ 1100. Furthermore the
radii of the brush domains vary between 50 nm for N = 380 and > 1.5 µm for N = 600.
A model is developed to show that a stable conformation exists in which the major part of the
polyelectrolyte chain extends into the solution, while N0.4 of the monomers are adsorbed onto the
substrate. This model explains qualitatively the adsorption behaviour of the polyelectrolytes, scaling
laws for the fraction of bound monomers per chain and for the distance between the unbound chains
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is derived. It is calculated that only for small N most of the monomers are bound to the surface and
that longer chains prefer to dangle into solution, a behaviour also found in the experiment.
Using these relations, it is now possible to built PSS layers with the desired surface properties, cf.
the requested magnitude or range of repulsive forces or size of brush domains. Furthermore,
Zappone et al. [Zappone2007] show for example that absorbed polymers can significantly reduce
the surface friction coefficient µ, which is related to the coiled/brush-like conformation of the
chains. Hence, it should be possible to adjust µ by choosing an appropriate value for N, which is a
challenge for the future.
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5.6 Dependence of the adsorption salt concentration on the conformation of single PSS
layers

Introduction
In the previous section it is shown that the conformation of PSS layers (physisorbed at 1 M NaCl)
strongly depends on the degree of polymerization N of the PSS chains. Generally, two different PSS
phases are observed, which differ in conformation of the PSS chains (flat vs. non-flat, brush-like
physisorbed) and in the surface forces created (dominance of electrostatic vs. steric forces). This
behaviour is explained by the fact that the PSS chains exhibit a coiled conformation in 1 M NaCl
and hence it is entropically unfavourable for the coiled chains to physisorb into a compact
polyelectrolyte layer (which would introduce a strong confinement to the chains). Additionally, a
simple theory is developed which shows that the preference to physisorb in a non-flat conformation
increases with rising N. This is attributed to the fact that the number of conformational states
increases with N, which introduces a connection between the chain statistics and the behaviour upon
adsorption.
However, the chain conformation is also affected by a change in IAds, which introduces a continuous
transition between a stretched and coiled chain conformation (in the deposition solution)
[Yashiro2002, Adamczyk2009]. Hence, an alternative way to investigate the influence of the chain
statistics on the adsorption behaviour is to measure the surface forces of PSS layers, which are
physisorbed at different IAds. These measurements allow to check the simple arguments of Section
5.5, which are mainly based on entropy consideration. Furthermore, the results might also give
more insight to the question, why most theories predict an adsorption-desorption transition at
sufficiently high IAds [Netz2003], whereas most experiments show that the surface coverage Γ
increases with Γ ~ I Ads [Schmitt1996, Cosgrove1986, Ahrens2001, Yim2000].
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Materials and Surface Preparation
Materials - This section will focus on the forces acting between silica surfaces which are covered
by the linear polyanion sodium poly(styrene sulfonate) (PSS) of different degree of
polymerization N: pss13030 (77 kDa, N = 380, PDI < 1.1), pss14061 (123 kDa, N = 600, PDI <
1.2), pss26058 (168 kDa, N = 840, PDI < 1.2), pss200203 (350 kDa, N = 1800, PDI < 1.2) and a
PSS batch from BASF (Ludwigshafen, Germany) with an average mass of 1.4 MDa (N = 6800, LC
= 1700 nm, PDI < 1.2). The PSS deposition solution is prepared by solving 3 mM PSS monomers
and a given amount of NaCl (leading to a salt concentration IAds) in Milli-Q water and before
adsorption of the PSS the surface charge of the silica is reversed by silanization.
Following cantilevers are used for this section:
- for colloidal probe technique cantilevers CSC12 (spring constant k = 0.005 N/m to 0.03 N/m),
- for tapping mode imaging the A beam of D-NP cantilevers (spring constant k = 0.58 N/m to 1.2
N/m), either equipped with a sharpened tip (called D-NPS cantilevers by manufacturer, curvature
radius < 25 nm) or with a colloidal probe attached to the end of an initially tipless D-NP cantilevers
(called D-NP0 cantilevers by manufacturer).
Measurements with symmetric (both surfaces covered with PSS) as well as asymmetric surface sets
(one PSS covered surface against a bare silica CP or a silicon tip) are performed.
Imaging – Directly after preparation (of the CP) CPTM images with a coarse lateral resolution
(curvature radius = CP radius R = 3 µm) are obtained. Imaging with a finer lateral resolution
without changing the CP is possible as follows: at high surrounding salt concentrations I > 0.1 M
NaCl, the electrostatic repulsion between negatively charged CP and PSS chains is low and
therefore it is possible to attach a small fraction of PSS chains onto the CP by van der Waals
attraction. Afterwards it is possible to determine the effective curvature radius of the “PSS tip” by
using a self imaging artefact, like Nioprobe from Aurora NanoDevices Inc. (Nanaimo, Canada) or
TGT01 from MicroMasch (Tallin, Estonia).
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5.6.1 Surface Morphology for PSS (N = 840) physisorbed at different IAds
The morphology of the physisorbed PSS layers is investigated using colloidal probe tapping mode
(CPTM) as described in Section 5.1 and 5.4. Here, the use of a bare colloidal probe (CP) instead of
a sharp tip increases the contact area and hence the interaction between the cantilever and the PSS
chains protruding into solution can be estimated during imaging. Fig. 5.6.1 shows a representative
example of the morphology of single PSS layers (N = 840) which are physisorbed from a deposition
solution with an ionic strength of IAds and imaged at a bulk salt concentration I = 0.1 M NaCl.
For adsorption from salt free solution (IAds = 0 M NaCl, cf. Fig. 5.6.1a) flatly adsorbed PSS is
observed as expected. There are some structures visible on the left side of the image, which can be
related to impurities on the surfaces (cf. Section 5.1): Please note the “increased” lateral resolution
of the image at the impurities (sharp features are visible) compared to the rest of the surface, which
is a clear indication that these impurities act like spikes in CPTM and therefore a “self imaging” of
the CP is observed at these impurities. Furthermore, a change of the surrounding salt concentration I
has no effect on the layer morphology, which shows that the surface is homogenously covered by
flatly adsorbed PSS.
However, the morphology of the physisorbed layer changes dramatically if salt is added to the
deposition solution: For IAds = 10 mM NaCl (cf. Fig. 5.6.1b) islands are observed which exhibit a
height on the order of several 10 nm (cf. Fig. 5.6.1d) and which are subject to swelling (or
shrinking) if the bulk salt concentration I is decreased (or increased, respectively). Furthermore, for
IAds = 1 M NaCl (cf. Fig. 5.6.1c) the “inverted” situation is resolved, i.e. holes (dash-dotted circle)
within an extended PSS layer, which shows that the area fraction the domains ( = area occupied by
non-flatly adsorbed PSS) rises by an increase of IAds.
These examples clearly show that the addition of salt to the deposition solution leads to a non-flat
conformation of physisorbed PSS chains. However, measurements performed for different degrees
of polymerisation N show that this is a general feature, which is found for all N investigated (cf.
Section 5.5). Furthermore, the height of these domains (of non-flatly physisorbed PSS chains) is on
the order of several 10 nm for all N and strongly depends (like in Fig. 5.6.1b and 5.6.1d) on the bulk
salt concentration I. Hence, it is assumed (like in previous sections) that the non-flat physisorbed
PSS chain exhibit a brush-like conformation and thus that the domains observed in CPTM are PSS
brush domains.
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IAds = 0 M
A=0%

IAds = 10 mM
A=6%

b
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flat PSS
12.5 nm
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PSS brush domain
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IAds = 10 mM

I = 10 mM
IAds = 1 M
A = 70 %

2 µm
Fig. 5.6.1: Colloidal probe tapping mode (CPTM) images of the PSS layer: degree of
polymerization N = 840; adsorbed at IAds as indicated; measured at I = 0.1 M (a-c) or as
indicated in the inset (d), respectively; scale bar = 2 µm; z-range = 30 nm; figures (b) and (d)
show the same sample. For adsorption from salt free solution (IAds = 0 M NaCl, a) flatly
adsorbed PSS is found as expected (the structures on the left side of the image can be related
to impurities on the surfaces, see text). After adsorption from a solution containing IAds = 10
mM NaCl (b) islands are observed (dotted circle) which can be attributed to PSS chains in a
PE brush-like conformation (cf. swelling/shrinking experiments shown in Fig. 1d) and shows
that PSS adsorbs in (at least) two phases even at rather small salt concentrations. A further
increase of IAds to 1 M NaCl (c) leads to almost full coverage of the brush phase and hence,
holes (dash-dotted circle) are imaged within a thick PSS layer.
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If this assumption is correct, the height H of the brush domains should scale with the ionic strength
I of the surrounding solution like a polyelectrolyte brush, i.e. H ~ I –1/3 [Zhulina1995]. Fig. 5.6.2a
shows this dependence for the relative height h(I) = H(I) / H(1 mM) of the domains, i.e. ratio of the
domain height H(I) measured at I normalized to the domain height H(I = 1 mM) at 1 mM. This
normalization is necessary as longer PSS chains (i.e. larger N) usually generate higher brush
domains (cf. Section 5.5) and hence the normalization allows an easy comparison of the
swelling/shrinking behaviour of PSS chains which differ in N.
Fig. 5.6.2a clearly shows that the brush domains generally swell (/ shrink) with an increase ( /
decrease) in I. Furthermore, the data points can be well explained by the power law I –0.26, which is
close to the I –1/3 expected for polyelectrolyte brushes. Hence, as in previous measurements these
islands can be clearly identified as PSS brush domains, which surprisingly shows that even small
amount of salt in the deposition solution (e.g. IAds = 10 mM NaCl for N = 840) leads to the
formation of the non-flat PSS brush phase.
Furthermore, this swelling behaviour allows an easy determination of the area fraction A of the
brush domains ( = area occupied by brush-like adsorbed PSS per unit area): CPTM images are
recorded at the same surface position for different I and the areas on the surface, which are subject
to strong swelling / shrinking can be easily identified as PSS brush domain. Fig. 5.6.2b shows the
dependence of A on the degree of polymerization N and the salt concentration IAds in the deposition
solution. In this plot one clearly resolves a monotonic increase of A with rising IAds, which appears
to scale like A ~ I Ads (dashed lines in Fig. 5.6.2b). To the best of my knowledge, there exists at
the moment no theoretical explanation for this special scaling, but it reminds very strongly to the
observation that the surface coverage Γ of physisorbed polyelectrolytes often increases with
Γ ~ I Ads

[Schmitt1996, Cosgrove1986, Ahrens2001, Gopinadhan2007, Yim2000, Steitz2000,

Cornelsen2010, Böhmer1990, Hesselink1977].
However, Fig. 5.6.2b also shows that the dependence of A on N is non-monotonic and non-trivial:
for a given IAds the highest brush surface coverage is found for N ≈ 1800 and both increasing and
decreasing N leads to a decrease in A. This shows that ratio between flat and non-flat physisorbed
PSS chains does not only depend on IAds (which is the most important parameter for the
conformation of the PSS chains in solution) but also strongly on the length of the PSS chain.
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a

b

Fig. 5.6.2: (a) Using CPTM the height H(I) of the brush domains can be easily resolved in
dependence of the bulk salt concentration I. However, to investigate the swelling / shrinking
behaviour of these domains it is more useful examine the relative height h(I), which is simply
the ration between the height at I to its value at I = 1 mM (cf. text). Interestingly, CPTM
reveals that the height of the domains generally scales with the power law I –0.26, which is close
to the I –1/3 expected for polyelectrolyte brushes. (b) Additionally, due to the swelling
behaviour it is easy to determine the area fraction A of the brush domains, i.e. the area
occupied by brush-like adsorbed PSS chains per unit area.There is a monotonic increase in A
with rising IAds, which appears to scale like A ~ I Ads , while the dependence on N is nonmonotonic and not so trivial (cf. text).
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In Section 5.5 it is shown that for chains which are strongly coiled in the deposition solution (low
persistence length compared to the contour length) the non-flat adsorption can be understood in
terms of a gain in entropy: If flatly physisorbed chains are replaced by non-flat ones, the
conformational freedom per chain increases and hence under certain circumstances also the entropy
per unit area. It is further shown, that the gain in entropy increases with the degree of
polymerization N and hence, longer chains prefer to physisorb in a non-flat conformation. However,
the dependence on N in Fig. 5.6.2b clearly shows, that this image is to simple and has to be revised
for chains whose conformation in solution is in between a fully stretched or coiled state,
respectively.

5.6.2 Quantification of the surface force created by inhomogeneously physisorbed PSS layers
To gain more information about the internal properties of the PSS brush domains (prepared at
different values of IAds and N) measurements are also performed in order to resolve the distance
dependent surface force F(D) created by physisorbed PSS layers. Obviously, from the CPTM
images and Fig. 5.6.2b one can infer that the force measurements will be performed in general on
inhomogeneous PSS layers, i.e. on layers in which the PSS chains will adopt flat and non-flat
conformations. However, these PSS phases create their unique surface force and hence for a
quantitative investigation of the surface forces one first has to calculate the surface force which is
caused by an inhomogeneously physisorbed PSS layer.
This is already done in Section 5.5, where it is shown that the composed asymmetric force profile

Fasymm ( D) is given by
Fasymm ( D) = (1 − A) ⋅ FDL,asymm ( D) + A ⋅ FAdG,asymm ( D) ,

(5.6.1a)

with FDL,asymm denoting the asymmetric electrostatic force (acting between a flatly adsorbed PSS
layer and a silica surface) and FAdG,asymm the asymmetric steric force profile (cf. Section 5.5). The
symmetric case is slightly more complicated, as now two inhomogeneous PSS layers are
interacting:
Fsymm ( D) = (1 − A) 2 ⋅ FDL,symm ( D) + 2 ⋅ A ⋅ (1 − A) ⋅ FAdG,asymm ( D) + A 2 ⋅ FAdG,symm ( D) .

(5.6.1b)

Here, FDL,symm and FAdG,symm denote the symmetric electrostatic force (acting between two flatly
adsorbed PSS layers) and the symmetric steric force profile, respectively.
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Again, all these contributions will be approximated as done in Section 5.5, i.e. by the DebyeHückel-approximation,
 ψ

 ψ

FDL ( D)
= 0.0482 I tanh  0,1  tanh  0, 2  e −κD ,
2π R
103mV 
103mV 

(5.6.2)

and by the steric force laws of Alexander and de Gennes:
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(5.6.3a)

(5.6.3b)

Please note that, although the composed force profiles contain much more parameters (compared to
the situation of Section 5.3) many of these parameters can be removed as follows: The area fraction
A of the brush phase (which critically determines the composition of the force profile) can be
determined independently using CPTM (cf. Fig. 5.6.1 and 5.6.2b). Thus, A is no free parameter in
Eqs. 5.6.1. Furthermore, the electrostatic contribution can be also measured independently, which is
shown in the sections 5.1 and 5.2. Hence, if the electrostatic parameters of Section 5.1 or 5.2,
respectively, are inserted into Eq. 5.6.2, also these parameters can be removed from Eqs. 5.6.1.
Obviously, using this procedures only the two steric parameters L and s remain adjustable in the fit
of the measured force profile to Eq. 5.6.1 and thus, this model has the same degree of complexity as
the ones presented in the previous sections.
Furthermore, in Section 5.4 the symmetric and asymmetric steric force laws (Eqs. 5.6.3) have been
compared with the actually measured force profiles and it is found that both methods lead to the
same parameters L and s. This means (technically) that a comparison of symmetric and asymmetric
force profiles can be used to validate the obtained steric fit parameters and (physically) that PSS
chains physisorbed onto silanized silica at 1 M NaCl show a force law which was originally derived
for neutral polymer brushes.
This validation will be generally performed as follows: First the asymmetric force profiles are fitted
to Eq. 5.6.1a as described above, i.e. by taken the surface potentials (of silica and PSS) from
Section 5.1 and 5.2, respectively, by calculating the Debye length in accordance to the bulk salt
concentration I and by using the value for the area fraction A of the brush phase as determined by
CPTM. Obviously, only the brush thickness L and the average distance s between brush-like
physisorbed chains remain as free parameters to the fit. Afterwards, all these parameters are inserted
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into Eq. 5.6.1b and as there are no free parameters in this equation, a comparison of the measured
force profile with the predicted one (according to Eq. 5.6.1b) becomes possible.
Quantification for N = 1800
The results of this procedure are given for N = 1800 in Figs. 5.6.3 to 5.6.6. As all force profiles
show no approach-retraction hysteresis and no attractive contributions, only the approach part is
given in figures (where a log-scale is used for the y-axis).
In detail, Fig. 5.6.3 shows representative asymmetric force profiles acting between a bare CP and a
PSS covered silica surface physisorbed at IAds = 1 mM NaCl and measured at I = 1 mM NaCl (Fig.
5.6.3a) or as indicated (Fig. 5.6.3b). These figures show that a superposition of an electrostatic and
a steric contribution according to Eq. 5.6.1a gives a good description of the asymmetric force
profiles. Furthermore, the comparison of the symmetric force profiles predicted by Eq. 5.6.1b with
the real measured ones shows that there is a very good agreement of the model with the measured
data, although Eq. 5.6.1b contains no free, adjustable parameters.
Qualitatively the same is observed in Figs. 5.6.5 and 5.6.6, which show similar measurements
performed on PSS layers (N = 1800) physisorbed at IAds = 1 mM NaCl and measured at I indicated.
Again, the steric parameters obtained by fits to the asymmetric measurements (cf. Fig. 5.6.5) can be
introduced in Eq. 5.6.1b and lead to a predicted force profile, which is very close to the measured
one (cf. Fig. 5.6.6).
(Please note that the steric parameters, i.e. the brush thickness L and the average distance s between
brush-like physisorbed chains, are given in Fig. 5.6.11 and will be discussed after the force profiles
for N = 6800 have been evaluated.)
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a

A = 12%

b

A = 12%

Fig. 5.6.3: (N = 1800, IAds = 1 mM NaCl, asymmetric surface setup) A superposition of an
electrostatic and a steric contribution (according to Eq. 5.6.1a) gives a good description of the
asymmetric force profiles. Shown are representative force profiles (dots), measured at I = 1
mM NaCl (a) or as indicated (b) and the respective fit to Eq. 5.6.1a (dashed line: electrostatic
and steric contribution, respectively; solid line: superposition).
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A = 12%

b

A = 12%

Fig. 5.6.4: (N = 1800, IAds = 1 mM NaCl, symmetric surface setup) Comparison of the
expected symmetric force profiles (solid lines, calculated using Eq. 5.6.1b and the parameters
(L, s, A) as obtained by fits of Eq. 5.6.1a to the asymmetric force profiles, cf. Fig. 5.6.3) with
the actual force profiles (dots), measured at I = 1 mM NaCl (a) or as indicated (b). Given are
the electrostatic and steric contributions to the force profile (dashed lines), the full
superposition (solid line) and the measured data (dots). The good agreement between the
predicted and the measured force profiles shows the validity of the model. (Please note that
there are no adjustable parameters left.)
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a

A = 20%

b

A = 20%

Fig. 5.6.5: Same as in 5.6.3, but for N = 1800, IAds = 10 mM NaCl, asymmetric surface
setup. Again, shown are representative force profiles (dots), measured at I = 1 mM NaCl (a)
or as indicated (b) and the respective fit to Eq. 5.6.1a (dashed line: electrostatic and steric
contribution, respectively; solid line: superposition).
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A = 20%

b

A = 20%

Fig. 5.6.6: Same as in 5.6.4, but for N = 1800, IAds = 10 mM NaCl, symmetric surface setup.
Again, shown are the expected symmetric force profiles (solid lines, calculated using Eq.
5.6.1b) and the actual force profiles (dots), measured at I = 1 mM NaCl (a) or as indicated (b).
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Discussion of hydrodynamic forces additionally observed for N = 6800
For N = 6800 a slightly different picture emerges. First of all, it was already mentioned in Section
5.5 that for this degree of polymerization even in symmetric surface configuration (i.e. both
surfaces covered by PSS) only an asymmetric force profile is observed. Hence, a test of Eqs. 5.6.1
as described for N = 1800 cannot be performed here, as the symmetric and asymmetric
measurements always give very similar force profiles. (The vanishing of the symmetric contribution
to Eq. 5.6.1b will be discussed at the end of this section.)
Furthermore, similar to Section 5.5 it is observed that all force profiles measured for N = 6800 are
at least one order of magnitude larger than the expected electrostatic double layer repulsion. Thus, it
can be inferred that the electrostatic contribution to the composed force profile, Eq. 5.6.1a, can be
completely neglected in the experimental range of IAds = 10...1000 mM NaCl for N = 6800.
However, a closer view to the force profiles (cf. Fig. 5.6.7) reveals that an asymmetric steric
repulsion is by far not the only contribution to the force profile. A fit of Eq. 5.6.3a leads generally
to a good match at either small or large surface separations D, but a complete description of the
force profile solely by fitting to Eq. 5.6.4a fails. For example, in Fig. 5.6.7 the fit is performed to
give a good match at small and intermediate D (< 250 nm), but the measured force seems to be
more long-ranged than predicted by the AdG force law. Furthermore, systematic measurements
(performed at different IAds) revealed that this “long-ranged tail” of the data gets more pronounced
the higher the salt concentration IAds is set in the deposition solution. Finally, for IAds = 1 M NaCl it
is indeed possible to show that there is a significant influence of the CP approach velocity on the
measured force profiles, which clearly indicates that this additional force has hydrodynamic origin.
This observation is completely unexpected, as (under similar measurement conditions)
hydrodynamic forces are observed neither for other polyelectrolytes (cf. Section 5.3 and 5.4) nor for
other degrees of polymerization (cf. Section 5.5). This indicates that in the present system the
apparent viscosity of the solution is increased for some unknown reason and additionally, it gives a
hint that the physisorbed PSS chains might play a role in this process.
To further quantify this hydrodynamic force (and also to prove its existence) force profile are
recorded at IAds = 1 M NaCl, whereby the approach velocity of the CP is systematically changed.
The considerations of Section 3.4 show, that hydrodynamic forces depend generally (in first order
approximation) linearly on the approach velocity v. Thus, although the true hydrodynamic force law
for this system might be unknown, one can simply assume that the acting hydrodynamic force
FDrag(D) might be written by the product of approach velocity v and a distance dependent term
fDrag(D), which is independent on v but depends somehow on the geometrical and kinetic properties
(e.g. the radius R of the CP and the apparent viscosity η of the solution):
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FDrag ( D) = f Drag ( D) ⋅ v
Hence, if the force profiles are recorded under the same experimental conditions but at different
approach velocities v1 and v2, the shape of the hydrodynamic force can be easily calculated from the
measured force profiles as follows: Assume, that the composed force profiles is simply the
superposition of an asymmetric steric force FAdG,asymm(D), Eq. 5.6.3a, with the (yet unknown)
hydrodynamic force FDrag ( D) , i.e.
Fasymm ( D, v) = FAdG,asymm ( D) + f Drag ( D) ⋅ v .
Hence, if the steric contribution is not affected by a change in v (which is suggested by the previous
measurements) it can be simply removed from the composed force profile by calculating
Fasymm ( D, v1 ) − Fasymm ( D, v 2 ) = f Drag ( D) ⋅ (v1 − v 2 ) ⇒ f Drag ( D) =

Fasymm ( D, v1 ) − Fasymm ( D, v 2 )
v1 − v 2

.

The result of this procedure is shown in Fig. 5.6.8, which shows the composed force profiles
(recorded at two different v) and the extracted hydrodynamic force (inset). The dependence of the
composed force profile on the approach velocity v is a clear indication that the additional, non-steric
contribution has indeed hydrodynamic origin. Furthermore, it is reasonable to assume that the (yet
unknown) hydrodynamic force is caused as the CP approaches the (infinitely) extended wall within
a viscous solution.
Hence, it should be possible to describe the hydrodynamic force by Brenners solution (cf. Eq. 3.50,
Section 3.4),
FBrenner ( D) = 6πη ⋅ v ⋅ R 2 / D ,

(5.6.4)

and indeed a fit of Eq. 5.6.4 to the extracted hydrodynamic force results in a very good agreement
(cf. inset in Fig. 5.6.8). Using this procedure, it is unambiguously possible to extract the
hydrodynamic force and thus, to determine the apparent viscosity η of the solution according to
Brenners equation, Eq. 5.6.4. The values are given in Fig. 5.6.13.
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A = 100 %

Fig. 5.6.7: (N = 6800, IAds = 1 M NaCl, measured at I = 50 mM NaCl) Although no
electrostatic or symmetric steric contributions are observed for N = 6800, a fit of the measured
data (dots) fails if solely the asymmetric AdG force law Eq. 5.6.3a is used.

Fig. 5.6.8: (N = 6800, IAds = 1 M NaCl, measured at I = 50 mM NaCl) Same as in Fig. 5.6.7,
but for two different approach velocities v = 0.11 and 1.8 µm s–1. The unexpected and
additional long-ranged contribution clearly depends on the approach velocity and can be
extracted by the algorithm described in the text. The result is given in the inset (dots) and is
well described by Eq. 5.6.4 (line). This shows that the additional long-ranged contribution is a
hydrodynamic drag force, caused by the CP approaching a planar substrate in a viscous fluid.
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Quantification for N = 6800
These considerations show that for the quantification of the force laws for N = 6800 the following
points have to be regarded:
(i) There is no difference between symmetric and asymmetric surface setups. Hence, only Eq.
5.6.1a will be applied to obtain the steric parameters. Furthermore, the data is assumed to be
consistent if similar values for the steric parameters are determined (regardless if there is a
symmetric or asymmetric surface setup).
(ii) Although the electrostatic terms can be neglected in Eq. 5.6.1a, an additional, hydrodynamic
force has to be added to the composed force profile. This contribution will be approximated by
Brenners equation.
Hence, the data obtained for N = 6800 will be fitted to the formula
Fasymm ( D, v) = FBrenner ( D, v) + A ⋅ FAdG,asymm ( D) ,

(5.6.5)

whereby 3 free parameters remain: the brush thickness L, the average distance s between brush-like
physisorbed chains and the viscosity η of the solution.
The results of this procedure are plotted in the Fig. 5.6.9 to 5.6.11. More in detail, the top plot of
Fig. 5.6.9 shows both contributions of Eq. 5.6.5 (i.e. the asymmetric steric and the hydrodynamic
force, dashed lines) and their superposition. Obviously, a very good match is obtained. Please note
that the hydrodynamic contribution exhibits almost a plateau (i.e. a constant hydrodynamic force) at
surface separations D > 50 nm and thus leads to changes in the force profile only at surface
separations where the steric force is small ( D ≈ 2 L ).
This shows that the regard of viscous effects indeed improves the description of the force profile at
large D, but has no noticeable effects at surface separations where the steric contribution dominates.

Hence, the addition of a hydrodynamic contribution simply increases the quality of the fit, but will
not affect the steric parameters obtained by fitting Eq. 5.6.5 to the data.
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a

A = 100 %

b

A = 100 %

Fig. 5.6.9: (N = 6800, IAds = 1 M NaCl, v = 1.8 µm s–1) A superposition of an hydrodynamic
and a steric contribution (according to Eq. 5.6.5) gives a good description of the force profiles.
Shown are representative force profiles (dots), measured at I = 5 mM NaCl (a) or as indicated
(b) and the respective fit to Eq. 5.6.5 (dashed line: hydrodynamic and asymmetric steric
contribution, respectively; solid line: superposition).
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A = 20 %

b

A=8%

Fig. 5.6.10: Same as in Fig. 5.6.9b, but for (a) N = 6800, IAds = 0.1 M NaCl, v = 1.8 µm s–1
and (b) N = 6800, IAds = 0.01 M NaCl, v = 1.8 µm s–1, respectively. In all cases there is a
good description of the force profiles by the composed force profile, Eq. 5.6.5.
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5.6.3 Discussion of the steric parameters

Fig. 5.6.11 shows the steric parameters (brush thickness L and average distance s between brushlike physisorbed chains) as obtained by fitting Eqs. 5.6.1 (N = 1800) and 5.6.5 (N = 6800),
respectively, to the measured force profiles. Here, the full symbols correspond to measurements on
PSS layers physisorbed at IAds = 1 M NaCl, whereas open symbols indicate a decrease in IAds (as
indicated in the legends). As in the previous experiments (cf. sections 5.3 to 5.4), it is apparent that
the average distance s between brush-like physisorbed chains is constant during the measurement,
which indicates that there is no rearrangement in the surface upon a change in the bulk salt
concentration I. Additionally, the brush thickness L shows again a pronounced dependence on the
bulk salt concentration I and scales in agreement with the theory of polyelectrolyte brushes (cf.
Section 3.3.6).
However, within experimental error no dependence of IAds on the internal properties of the brush
phase (i.e. s or L) is observed, which is a very surprising result. This means that, although the chain
conformation and thus the radius of gyration can be continuously changed between the coiled and
stretched state in the deposition solution (by choosing an appropriate IAds), there is no such-like,
continuous transition between flat and non-flat physisorbed PSS. Here, at first sight one would
probably expect to find some intermediate states of the brush phase, i.e. physisorbed polyelectrolyte
brushes whose brush thickness and grafting density (~ s −2 ) is below their values at IAds = 1 M NaCl.
However, this is not observed here and the measurements indicate that there is no dependence of
IAds on the internal properties of the brush phase (i.e. s or L).

One might consider that the fitting procedure may yield misleading results as the composed force
profiles consists of many different contributions and the validity of a simple superposition is also
not completely established. However, if one remembers that the brush thickness L is proportional to
the decay length of the steric force (which is true for all steric force laws, cf. Section 3.3), it is in
fact possible to show the independence of L on IAds directly in the measured force profile.
Fig. 5.6.12 shows the force profiles of PSS layers physisorbed at IAds (as indicated) and measured at
I = 1 mM NaCl. Adsorption from salt-free solution (IAds = 0) leads as expected to a flat PSS layer

(cf. Section 5.2). Here, the force profile is simply described by an electrostatic repulsion and the
decay length of the force profile is given by the Debye length. However, after addition of NaCl to
the deposition solution (IAds > 0) a second contribution enters in to the force profile, which is now
better described as bi-exponential decay. From previous measurements (cf. sections 5.3 and 5.4) it
known that this long-ranged contribution is given by the steric force, created by the brush-like
physisorbed PSS chains.
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a

b

slope ≈ – 0.3

Fig. 5.6.11: Average distance s between brush-like physisorbed chains (top) and brush
thickness L (bottom), respectively, for N = 1800 (green) and N = 6800 (blue). The full
symbols correspond to measurements on PSS layers physisorbed at IAds = 1 M NaCl, whereas
open symbols indicate lower values of the adsorption salt concentration (as indicated in the
legends). One observes that, as in the previous experiments (cf. sections 5.3 to 5.4), the
average distance s is constant during the measurements, whereas the brush thickness L shows
a pronounced dependence on the bulk salt concentration I, which scales as expected for
polyelectrolyte brushes.
However, within experimental error there is no dependence of the internal properties of the
brush phase (i.e. s or L) on IAds. Hence, only the area fraction A of the brush phase depends on
IAds, which is a surprising and very fascinating result.
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noise level

Fig. 5.6.12: Force profiles measured for N = 1800 at I = 1 mM NaCl in dependence on the salt
concentration IAds in the deposition solution. To improve the clarity the profiles are shifted
with respect to the x-axis. An increase in IAds leads to a transition of a purely electrostatic
force profile (IAds = 0) to a purely steric one (IAds = 1 M NaCl). Interestingly, at intermediate
IAds a bi-exponential decay is observed, which indicates the superposition of the electrostatic
and steric contribution. Additionally, the decay length of the steric force is (within
experimental error) independent on IAds, which supports the surprising observation of Fig.
5.6.11 that the brush thickness L is not affected by a change in IAds.

The strength of the steric force rises with IAds and reaches saturation for N = 1800 at IAds > 0.1 M
NaCl. Both observations are in agreement with the CPTM measurements (cf. Fig. 5.6.2) which
indicate that the brush area fraction A (and hence the magnitude of the steric force) increases with
IAds. Additionally, from the force curves one can infer that the brush thickness L is independent on
IAds as the steric decay length remains constant (see solid lines in Fig. 5.6.12). Furthermore,

applying the scaling law for polyelectrolyte brushes (cf. Section 3.3.6),
L ∝ N ⋅ ( I ⋅ s 2 ) −1 / 3 ,

(cf. Eq. 3) leads finally to the conclusion that also the average distance s is independent on IAds.
Hence, these observations (obtained without choosing a certain steric model) fully support the
interpretation of the steric parameters of Fig. 5.6.11.
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Surprisingly, only the area fraction A of the brush phase depends on IAds (cf. Fig. 5.6.2), which is a
very fascinating result. Summarizing, one can state that a change in IAds only affects external (i.e. A)
but not internal properties (i.e. L and s) of the brush phase. Furthermore, from the data of Fig. 5.6.2
the scaling relation
1/ 2

A ∝ I Ads

between A and IAds is obtained. Hence, if one regards the flat and non-flat PSS domains in fact as
two (thermodynamically) distinct PSS phases, then these observations lead directly to the
interpretation that a change in IAds (i.e. the salt concentration in the deposition solution) induces a
phase transition between flatly and non-flatly physisorbed PSS chains. In comparison to “more
usual” phase transition (i.e. condensation or transition to ferromagnetic behaviour), IAds would
therefore correspond to an inverse temperature of the thermodynamic system, whereas A might be
interpreted as (two-dimensional) order parameter of the phase transition [Stanley1971]. This
analogy is further supported by the fact that an increase in IAds induces a transition from a
disordered phase (i.e. the flatly physisorbed chains) into an ordered one (i.e. the brush-like
physisorbed chains, which keep a quite constant distance s between them).
Please note that a similar correspondence was indeed derived by de Gennes, who noticed at first
that closed self-avoiding random walks are formally described by the same equations like a certain
class of ferromagnets [deGennes1979]. He showed that there is an analogy between the radius of
gyration of the polymer chain and the correlation length in the ferromagnet, whereby the degree of
polymerization N can be understood as inverse temperature of the ferromagnet. (Thus the
thermodynamic limit N → ∞ corresponds to T → 0 and hence always induces a phase transition,
which is the crossover to ideal chain behaviour for closed self-avoiding random walks.)
However, it will be interesting to see if (i) either a similar analogy can be found between brush-like
physisorbed polyelectrolyte chains, or (ii) if it is possible to construct some kind of Landau theory
in order to describe the phase transition induced by IAds. Please note that if this behaviour (observed
here for the special case of PSS) is indeed a real thermodynamic phase transition, then it should be a
universal behaviour, i.e. the same behaviour should be observable for all linear polyelectrolytes.
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5.6.4 Discussion of the viscosity η

At the end, the unusual viscous effects will be discussed, which are observed for N = 6800. Fig.
5.6.13 (top) shows the dependence of the viscosity η of the solution as determined by fitting a
hydrodynamic force to the measured force profiles. Here, the full symbols correspond to
measurements on PSS layers physisorbed at IAds = 1 M NaCl, whereas open symbols indicate a
decrease in IAds (as indicated in the legends).
Interestingly, this procedure results in values for the viscosity η which are much larger than
expected for pure water (η water ≈ 1 mPa ⋅ s ). Please note, that additional values for η have been
obtained for IAds = 1 M NaCl by direct extraction of the hydrodynamic force as described in Fig.
5.6.8. Hence, these unusual high values are determined by two independent approaches and hence
are quite reliable.
Additionally, the viscosity η depends strongly on the salt concentration IAds in the deposition
solution (cf. Fig. 5.6.13, top), which clearly indicates that the PSS layer is directly related to the
deviation in η observed here. Therefore, it is reasonable to check if the PSS layer is such-like
swollen that the solution in the gap between the surfaces of the AFM behaves like a polyelectrolytesolvent mixture. Using the parameters L and s for Fig. 5.6.11 and the assumption that at most one
PSS chain (N = 6800) is located in the unit volume L ⋅ s 2 , one can estimate that the monomer
concentration inside the non-flatly physisorbed PSS layer is between 0.6 and 32 mM (for a bulk salt
concentration I between 1 and 1000 mM NaCl, respectively). These values can be compared with
the work of Lin et al. and Truzzolillo et al., which measured the viscosity of PSS solutions
(differing in monomer and bulk salt concentration and in the degree of polymerization). Their data
suggest that the reduced viscosity η r follows Fuoss’ law (cf. Section 3.4) for monomer
concentrations IMono = 0.1... 100 mM NaCl [Lin2004, Truzzolillo2009] and furthermore that η r is
on the order of 0.01 to 0.1 mM −1 for a PSS with N ≈ 400. Additionally, as the reduced viscosity η r
is expected to scale as η r ∝ N (cf. [Muthukumar1997] and Section 3.4), it is reasonable to estimate
the magnitude of η r for N = 6800 to be roughly on the order of 0.2 to 2 mM −1 (for IMono = 0.1 ...
100 mM NaCl).
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a

b

slope ≈ – 0.6
slope ≈ – 0.4

Fig. 5.6.13: (a) Dependence of the viscosity η (determined by fitting Eq. 5.6.5 to the
measured force profiles). Full symbols correspond to measurements on PSS layers
physisorbed at IAds = 1 M NaCl, whereas open symbols indicate a decrease in IAds (as
indicated in the legends). Interestingly, values for η are observed which are much larger than
expected for pure water (η water ≈ 1 mPa ⋅ s ). Additionally, a strong dependence of η on both I
and IAds is found. The latter indicates that the viscous behaviour is related to the conformation
of the PSS layer. (b) Thus, the fluid in the gap is treated as a water-PSS mixture and the
reduced viscosity η r is calculated, whereby the concentration of the PSS brush phase is
estimated from the steric parameters of Fig. 5.6.11. Interestingly, η r follows Fuoss law which
further supports the idea, that the PSS brush layer indeed behaves like a water-PSS mixture
for N = 6800.
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However, Fig. 5.6.13 shows the values for the reduced viscosity η r of the brush-like physisorbed
PSS layer, which is calculated according to

η r :=

η −η0
η −η0 N A L ⋅ s 2
≅
⋅
⋅
.
η 0 ⋅ I Mono
η0
N
A

Here, η denotes the apparent viscosity as determined by fitting a hydrodynamic force (cf. Eq. 5.6.5)
to the measured force profiles and η 0 is set to the viscosity of pure water as tabulated in common
physical & chemistry handbooks. Again, the monomer concentration is obtained using the
assumption that one PSS chain (N = 6800) is located in the unit volume L ⋅ s 2 , whereby the factor A
(area fraction of the brush domains) takes account of the fact that not the whole surface is covered
by brush-like physisorbed PSS chains. (Clearly, the normalization by A is a crude approximation, as
it simply averages the monomer concentration over the whole surface and hence, neglects effects
caused by the two distinct PSS phases. However, this is the easiest way to include the difference in
surface coverage of the brush domains for different IAds and allows at least to estimate the order of
magnitude of IMono.)
In Fig. 5.6.13 the full symbols correspond to measurements on PSS layers physisorbed at IAds = 1 M
NaCl, whereas open symbols indicate a decrease in IAds (as indicated in the legends). Additionally,
measurements that are performed at the same bulk salt concentration I are given in this figure by the
same type of symbols (e.g. circles, squares etc.). Interestingly, at constant I the reduced viscosity
indeed follows a power law (cf. lines) whose exponent is close to the – 0.5 expected for the Fuoss
regime, whereby the order of magnitude of η r is in the range expected for N = 6800. Both findings
further support the idea that the hydrodynamic force is in fact caused by the brush-like physisorbed
PSS layer, which behaves hydrodynamically under these conditions as a polyelectrolyte-water
mixture in the Fuoss regime.
Additionally, as the reduced viscosity η r scales as η r ∝ N it further sounds reasonable that these
forces are not observed in the previous sections because they are to small to be noticed under the
usually chosen experimental conditions (e.g. an approach velocity of v = 0.45 µm / s).
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5.6.5 Discussion, Outlook and Conclusion

This sections shows (in extension to the previous one) that PSS generally physisorbes in at least two
phases, which differ in PSS conformation (flat vs. brush domain) and in surface force (electrostatic
vs. steric). Using CPTM, both phases can be clearly distinguished as they create domains on the
surface and thus, it is simple to determine the area fraction A of the brush-like physisorbed PSS
chains. Interestingly, the area fraction A depends strongly on both, the degree of polymerization N
of the chains and the salt concentration IAds in the deposition solution. Furthermore, direct force
measurements are used to determine the internal properties of the brush phase (i.e. the brush
thickness L and the average distance s between brush-like physisorbed chains) and surprisingly, one
observes that these properties are completely independent on IAds.
This is a remarkable behaviour, as a change in IAds is known to induce a continuous transition
between a stretched (low IAds) and coiled chain conformation (high IAds) in the deposition solution
and thus, one would expect to find a value of L which is in between the thickness of a single,
compact polyelectrolyte layer (IAds = 0) and the fully extended brush phase (e.g. for IAds = 1 M
NaCl). Surprisingly, this is not observed and shows clearly, that the conformation in solution does
not necessarily correspond to the conformation after adsorption. For example, for IAds = 1 mM NaCl
and N = 1800 a rather stretched conformation of PSS is observed in solution, but after adsorption
almost 10 % of the surface is covered by coiled and brush-like physisorbed chains (cf. Fig. 5.6.2,
bottom). On the other hand, a coiled conformation is found for IAds = 1 M NaCl and N = 380, but
after adsorption more than 90 % of the surface is covered by the flat PSS phase. These examples
clearly show that the surface morphology depends non-trivially on IAds and N and hence that the
behaviour cannot be described solely by applying the simple entropic considerations of Section 5.5.
However, it is also argued that a change in IAds might induce a phase transition between the flat
and brush-like physisorbed chains (i) as an increase in IAds generally increases the area fraction A by
A ∝ I Ads and (ii) as the internal properties of the brush phase L and s (as detected by surface
forces) remain unaffected upon a change in IAds. Interestingly, the first property is also found for the
surface coverage of polyelectrolyte single- and multilayers [Schmitt1996, Cosgrove1986,
Ahrens2001, Yim2000, Gopinadhan2007, Cornelson2010] and might give an explanation for this
observation. Indeed, the cited studies often employ rather short PSS chains (degree of
polymerization << 600), which exhibit an area fraction A of the brush-like PSS phase below 20%
(according to Fig. 5.6.2, bottom). This suggests, that a further increase in IAds in fact might lead to
an increase in A, which would match the observation in the high salt experiments (cf.
[Cornelson2010]).
To test this idea, it is useful to compare the amount of brush-like physisorbed chains with increase
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in surface coverage, observed using complementary techniques. The surface force (measured in this
thesis) suggest that one PSS chain is located in the unit volume L s². Hence, the amount of PSS
monomers per unit area should be given by N / s². For N = 1800 and 6800 full surface coverage of
the brush phase (A = 100%) is obtained for IAds = 1 M NaCl. Hence, by using the values of Fig.
5.6.11 one can estimate that the brush phase increases the PSS surface coverage by ∆Γ ≈ 0.3 and
0.6 mg/m² for N = 1800 and 6800, respectively. (Please note that this increase is simply the mass of
the brush-like physisorbed PSS chains, which are additionally attached to the surface with respect to
salt-free adsorption, IAds = 0).
On the other hand, very similar values for ∆Γ are described in literature. For example, Cosgrove et
al. observes an PSS coverage (N ≈ 3700) between 0.2 – 0.9 mg/m² for IAds = 0 and between 1.36 –
2.2 mg/m² for IAds = 1 M NaCl, which shows that the PSS surface coverage increases by roughly
∆Γ ≈ 1 mg/m² if 1 M NaCl is dissolved in the deposition solution [Cosgrove1986]. Similar values
are measured by Schmitt (UV-Vis measurements of PSS monolayers (N ≈ 800) on aminobutylsilansurfaces [Schmitt1996]) and Ahrens et al. (x-ray reflectometry on PSS layers (N ≈ 20 and 380)
adsorbed to a DODAB monolayer [Ahrens2001]), who report on ∆Γ ≈ 0.3 ... 0.6 mg/m². These
examples show that the mass of the brush phase is comparable to the increase in surface coverage
(if salt is added to the deposition solution), which further supports the idea.
Interestingly, if there is in fact such a correlation between the area fraction A and the surface
coverage Γ (i.e. if the brush-like physisorbed PSS chains are indeed responsible for the increase in
surface coverage), then this would point to a universal behaviour upon adsorption and plots similar
to Fig. 5.6.2 (bottom) should be found generally for linear polyelectrolytes (under the appropriate
adsorption conditions). Additionally, a break-down of the famous scaling Γ ∝ I Ads should be
observed for N > 1100 and IAds > 1 M NaCl (as here already full surface coverage is reached). This
prediction allows a test of the interpretation using complementary techniques like reflectometry or
ellipsometry.
Please note, that the induced phase transition is frozen after adsorption, as most of the experiments
indicate that there is no change in surface structure or properties if I is afterwards changed between
1 mM and 1000 mM NaCl.
For the very long PSS with N = 6800 some deviations from the behaviour of the previous sections is
observed. First of all, asymmetric and symmetric surface setups lead to force profiles, which are
identical within experimental error, which is a yet unsolved problem. It is argued, that perhaps
chain interdigitation might be responsible for this behaviour and indeed (using the scaling relations
of Section 5.5) one can calculate that the monomer concentration in the brush phases indeed
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increases with decreasing N. Hence, an increase in N also leads to a dilution of the brush phase,
which makes interdigitation more likely. However, the lack of interdigitation is also needed for a
steric stabilization of adjacent (brush-) chains: If opposing blobs are able to interdigitate, then this
should be also possible for adjacent blobs and hence, there is no reason for the chains to adopt a
brush-like conformation. In this case one would rather expect a mushroom than a polyelectrolyte
brush. However, the consistency of the force profiles with the previous measurements (by means of
the master plot in Section 5.5) strongly suggests that the PSS chains still adopt a brush-like
conformation. Obviously, further measurements are necessary here, which have not been performed
yet due to lack of even longer PSS chains (N > 6800).
Interestingly, for N = 6800 also a hydrodynamic contribution to the force is found, which is not
observed in the previous measurements. By a systematic change of the approach velocity it is
possible to extract this contribution from the composed force profiles (without choosing a certain
hydrodynamic model) and it is possible to show that this force is very well described by a spherewall interaction within a viscous solution. These measurements showed that the brush-like PSS
layer is in fact the origin of the hydrodynamic force and behaves like a simple polyelectrolyte-water
mixture which is squeezed out of the gap between the CP and the wall. Surprisingly, very high
values for the viscosity are observed, which are in good agreement with direct measurements of
viscosity of PSS solutions.
Concluding, one might state that the impact of these investigations can be found in the following
observations:
(i) One cannot generally infer the conformation after adsorption from the chain conformation in the
deposition solution. Here, additional effects (e.g. due to monomer-monomer- and monomersubstrate-interaction) have to be taken into account.
(ii) Even very low salt concentrations might lead to a noticeable amount of brush-like physisorbed
PSS chains (cf. Fig. 5.6.2, bottom, for N = 1800).
(iii) The increase in surface coverage Γ of single and multiple polyelectrolyte layers, Γ ∝ I Ads ,
might be attributed to an increase in brush-like physisorbed PSS chains. Furthermore, homogeneous
coverage of the brush phase is not self-evident.
(iv) For very long chains, viscous effects might play an important role in systems, where colloids
are covered by physisorbed polyelectrolytes. Here, dynamical behaviour (e.g. the diffusion
coefficient of colloid) might differ significantly from the expectation.
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Chapter 6. Conclusion and Outlook
Conclusion of the thesis
A central point of this thesis is the investigation of surface structure and surface forces, which
are created by single layers of linear polyelectrolytes. In detail, the properties of cationic
poly(allylamine)hydrochloride (PAH) and poly-l-lysine (PLL) and anionic sodium
poly(styrene sulfonate) (PSS) are determined, which have been physisorbed onto oppositely
charged silica surfaces in presence of a predefined salt concentration IAds.
For these investiagtions, a new averaging method for colloidal probe force profiles is
developed, which allows to average over an arbitrary amount of single force profiles. This
leads to an ultimate force resolution of 1 pN after the data processing, which corresponds to a
signal to noise ratio of > 1000, i.e. the measured force can be usually resolved over 3 order of
magnitude. Both parameters are usually not obtained by common colloidal probe technique,
but they are required for a systematic investigation of force profiles which are composed of
different contributions. Furthermore, a new kind of tapping mode imaging is presented (so
called colloidal probe tapping mode, CPTM), which uses a colloidal probe instead of a sharp
tip and hence which allows to resolve lateral inhomogeneously distributed surface forces.
Additionally, the basics to understand such-like obtained tapping mode images are developed,
which is the requirement for a semi-quantitative interpretation of those images.
For adsorption from salt-free solution (IAds = 0) the dominance of an electrostatic double
layer repulsion is observed, which is commonly attributed to the adsorption of the
polyelectrolyte chains into a rather flat and compact layer and which is in full agreement with
theoretical predictions and enormous experimental data available in literature. Additionally,
the CPTM images support the idea that rather compact, featureless and homogeneous layers
are formed under these conditions.
However, careful analysis of the surface forces show that even a small addition of salt to the
deposition solution (i.e. IAds > 1 mM NaCl) introduces a new contribution to the surface force,
which is attributed to polyelectrolytes chains that are non-flatly physisorbed and thus dangle
into solution. Using scaling considerations, it is shown for all investigated polyelectrolytes
that this non-flat conformation can be described by brush-like chain adsorption (cf. Section
3.3.5); other conformations like mushroom or pancake are excluded (cf. Section 5.3).
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Interestingly, these non-flatly physisorbed chains combine properties of neutral and
polyelectrolyte brushes:
(i) Using systematic measurements it is shown that the force is very well described by the
theory of Alexander and de Gennes (AdG, cf. Section 5.4), which was originally derived
for neutral polymer brushes. Hence, by fitting the AdG force law to the measured data, it is
possible to determine the steric properties of this brush-like conformation, i.e. the (brush)
thickness L of the polyelectrolyte layer and the average distance s between brush-like
physisorbed chains. Additionally, although the chains are charged the electrostatic
contribution to the surface forces is too small to be noticeable (cf. Section 5.4.2).
(ii) Furthermore, the thickness L of this polyelectrolyte layer is much larger compared to the
compact layer (observed for salt-free adsorption) and is also subject to a pronounced
swelling and shrinking if the bulk salt concentration I is decreased or increased,
respectively. Surprisingly, all measurements indicate that L follows a scaling law known
for salted end-grafted polyelectrolyte brushes, i.e. L ∝ N ⋅ ( I ⋅ s 2 ) −1 / 3 (with N denoting the
degree of polymerization). Furthermore, the osmotic brush phase is never observed in the
experiments, but chain stretching up to 1 / 3 of the contour length is regularly achieved.
Surprisingly, CPTM imaging applied to PSS shows that the brush-like physisorbed chains are
not homogenously distributed over the surface, but form brush domains which coexist with
flatly physisorbed chains (cf. sections 5.5 and 5.6). This clearly shows that PSS generally
physisorbs in two distinct phases, which differ in conformation (flat vs. brush) and the surface
force caused (electrostatic vs. steric repulsion). Additionally, it is shown that the force profile
of the two phase system is in good approximation simply the superposition of a steric and an
electrostatic repulsion, whereby their respective contribution to the composed force profile is
given by their area fraction.
The quantitative analysis reveals that the internal properties of the brush phase (i.e. the brush
thickness L and the average distance s between brush-like physisorbed chains) is surprisingly
independent on IAds. This is remarkable, as a change in IAds is known to induce a continuous
transition between a stretched (low IAds) and coiled chain conformation (high IAds) in the
deposition solution (cf. [Fleer1993, Yashiro2002]) and thus, one would probably expect to
find a value of L which is in between the thickness of a single, compact polyelectrolyte layer
(IAds = 0) and the fully extended brush phase (e.g. for IAds = 1 M NaCl). Surprisingly, this is
not observed and shows clearly, that the conformation in solution does not necessarily
correspond to the conformation after adsorption.
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However, it is also shown that the area fraction A of the brush domains strongly depends on
the degree of polymerization N and the salt concentration IAds in the deposition solution:
(i) For constant N the scaling relation for the brush area fraction A ∝ I Ads is determined,
which is very similar to the common observation that the surface coverage Γ of adsorbed
polyelectrolyte layers increases also with Γ ∝ I Ads

[Schmitt1996, Cosgrove1986,

Ahrens2001, Yim2000, Gopinadhan2007, Cornelson2010]. A relation between both
observation would indicate that the brush-like physisorbed PSS chains are responsible for
the increase in surface coverage. In fact, Section 5.6 shows that the mass of the brush
phase is approx. 0.5 mg/m² which is comparable to the increase in surface coverage (if the
polyelectrolytes are physisorbed in presence of 1 M NaCl instead of a salt-free deposition
solution) reported in literature [Cosgrove1986, Schmitt1996, Ahrens2001]. Furthermore, as
a change in IAds does not affect the internal properties of the brush phase, but solely its area
fraction A, it is argued in Section 5.6 that an increase in IAds can be understood as a phase
transition from the (disordered) flat phase towards the (ordered and extended) brush phase.
Here, further theoretical considerations would be desirable.
(ii) However, at a given IAds a non-monotonic chain length dependence with a maximum at
N ≈ 2000 is observed for the brush area fraction A. Here, an increase as well as decrease in
N leads to a reduction of A and thus reduces the formation of the brush-like physisorbed
chains.
Please note that (to the best of my knowledge) neither the existence of these brush domains
nor a successful quantification of their properties is described in literature. Also, a phase
separation of physisorbed polyelectrolytes chains into distinct domains seems to be a new
concept, which is currently not reflected in any theory so far published. These advances have
been only possible due to (i) an improved force sensitivity, (ii) an increase in signal-to-noise
ratio and (iii) the application of CPTM (which enabled the systematic investigation of the
phase transition between the flat and brush PSS domains).
Additionally, all relevant scaling laws for the properties of the heterogeneous PSS layers (i.e.
the dependence of N, I and IAds on the brush area fraction A, the brush thickness L and the
average distance s between brush-like physisorbed chains) are derived by the measurements.
This knowledge enables a systematic variation of the ratio between the electrostatic and steric
contribution to the composed force profile, which allowed for the first time a systematic
investigation and quantitative analysis of electro-steric surface forces.
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Outlook
1. Although most experiments are performed on PSS layers, it is quite reasonable to expect
the observed behaviour also for other linear polyelectrolytes. Here, it would be very
interesting to see, if the coexistence of a flat and a brush phase can be also observed for other
polyelectrolytes and if it is also possible to induce a phase transition between both phases in
dependence of the salt concentration IAds of the deposition solution. Hence, those experiments
investigate the idea, if brush-like adsorption is a universal behaviour.
2. Furthermore, most theories on polyelectrolyte adsorption predict that polyelectrolyte chains
physisorb as a rather flat and compact layer, which is due to the fact that the free energy
depends linearly on the degree of polymerization N. Hence, if one monomer is able / not able
to physisorb then the same is also valid for the whole chain and the adsorption is independent
on N. These considerations further lead to the idea that polyelectrolyte multilayers (formed by
sequential adsorption of single layers on oppositely charged surfaces) are stabilized by local
electrostatic bonds and thus, this process should be also independent on N.
However, this thesis shows that polyelectrolyte chains are able to physisorb in a brush-like
conformation and that also brush domains can be found on the surface. Obviously, both
situations are not covered by current theories, i.e. theoretical consideration do not account for
distinctive phases of adsorbed polyelectrolytes nor for phase coexistence. Here, it will be
interesting to see, if new theories are developed which give a deeper understanding in the
adsorption behaviour observed here.
3. Additionally, it is shown that degree of polymerization N strongly affects the adsorption
process and hence, a similar behaviour should be expected for the adsorption of
polyelectrolyte multilayers. However, up to now no dependence of the multilayer thickness
dPEM on N is observed (e.g. [Büscher2002]), which is a clear contradiction. However, the
parameter plots of Section 5.5 and 5.6 might help to find adsorption conditions (e.g. degree of
polymerization N and salt concentration IAds of the deposition solution), which lead to a
dependence of dPEM on N.
Furthermore, if brush-like physisorbed polyelectrolyte chains are in fact responsible for the
increase in surface coverage (as concluded in Section 5.6), then a break-down of the famous
scaling Γ ∝ I Ads should be observed for parameters where the brush phase has already
reached full surface coverage (A = 100%, e.g. N > 1100 and IAds > 1 M NaCl for PSS). Hence,
this prediction allows a test of my observation using complementary techniques like
reflectometry or ellipsometry.
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